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Fig. 2. Methylation-sensitive Southern blots and microsatellite analysis of BWS-s043, and electrophoretic mobility shift assay (EMSA) for
2,023,018C>T. (a) Methylation-sensitive Sothern blots of ICR1 and ICR2. Methylation indices [MI, %] are shown below each lane. MI was
calculated using the equation M /(M + U) x 100, where M is the intensity of the methylated band and U is the intensity of the unmethylated band.
m, methylated band; um, unmethylated band. BWS-s043 showed ICR1-GOM, whereas the relatives did not. Methylation statuses of CTS1 and
CTS4 are shown in Fig. S2b,c. Methylation of ICR2 in BWS-s043 was normal. (b) Microsatellite analysis at 11p15.4-p15.5. Ratios of the paternal
allele to the maternal allele in BWS-s043 were approximately 1, indicating no uniparental disomy. Red peaks are molecular markers. (¢) EMSA
using the wild-type (Wt) probe and the mutant (Mut) probe encompassing 2,023,018C>T. The unlabeled Wt probe or Mut probe (x50 or x200
molar excess) was used as a competitor. The arrows and asterisks indicate the protein-DNA complexes (A and B) and supershifted complexes,
respectively. mES NE, nuclear extract from mouse ES cells; OCT4/SOX2 NE, nuclear extract from human HEK293 cells expressing OCT4/SOX2;

Ab, antibody.

for BWS-s043, were not located at any protein-binding
sites that have been reported as involved in methyla-
tion imprinting (CTCF, OCT, and ZFP57) (3, 4, 10,
12, 16). Furthermore, we did not find any protein-
oligonucleotide complexes in EMSA using mouse ES
nuclear extracts and oligonucleotide probes encompass-
ing all variants, except for BWS-s043 (Fig. S1). There-
fore, we analyzed further three variants in BWS-s043,
which were in and around the OCT-binding site 1.
First, we re-confirmed that BWS-s043 showed GOM
near CTS6 within ICR1, but it did not demonstrate
LOM at ICR2, paternal uniparental disomy of chromo-
some 11, or a CDKNIC mutation (Fig. 2a,b, and data
not shown). The 2,023,018C>T variant was located
in the second octamer motif of OCT-binding site 1
within repeat A2 (Fig. la). The other two variants
were located approximately 450bp on the telomeric
side of the 2,023,018C>T variant, between repeats A2
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and B4 (Fig. 1a, Table 1). The 2,023,018C>T variant
was absent in other family members, indicating a de
novo variant (Fig. 1a). To clarify if the de novo vari-
ant in the patient occurred on the maternal or paternal
allele, we performed haplotype analysis with PCR cov-
ering all three variants. We found all three variants were
located on the same allele and the 2,023,018C>T vari-
ant occurred de novo on the maternal allele because the
2,022,561-562CT>delCT and 2,022,565G>C variants
were on the maternal allele in the patient (Fig. 1b,c).
Next, we investigated the methylation status of
ICR1. Methylation-sensitive Southern blots and bisul-
fite sequencing showed normal methylation of ICR1
in the parents and the maternal grandmother (Figs 2a
and S2). As for the 2,022,561-562CT>delCT and
the 2,022,565G>C variants, the variant allele was
unmethylated in the mother, but methylated in the
grandmother (Fig. 1d). On the basis of methylation



analysis, the variant allele in the grandmother must have
been transmitted by her father, and that in the mother
must have been transmitted by her mother. The results
indicated that the variant allele could be either methy-
lated or unmethylated during gametogenesis, strongly
suggesting no relation between the variants and ICR1-
GOM. On the other hand, bisulfite sequencing including
the 2,023,018C=>T variant revealed that both the vari-
ant and wild-type alleles were heavily methylated in
the patient (Fig. 1e), while differential methylation was
maintained in other family members and normal con-
trols without the variant (Fig. S2a). As the de novo
variant on the maternal allele was located within the
OCT-binding site, which is required for the mainte-
nance of the unmethylated status in a mouse model,
the variant was likely involved in ICRI1-GOM (17, 18).

Finally, we performed EMSA to determine if
2,023,018C>T influenced the binding ability of nuclear
protein factors, such as OCT4 and SOX2 (Fig. 2¢). The
wild-type probe formed two complexes (A and B) with
the nuclear extracts of mouse ES cells and HEK293
cells expressing OCT4/SOX2 (lanes 2 and 3), whereas
such complexes were not observed in the mutant probe
(lanes 11 and 12). Complexes A and B competed more
efficiently with wild-type than with the mutant com-
petitor (lanes 4 to 7). Furthermore, complex B, but not
A, was supershifted with the antibody against OCT4
(lane 8). The supershift did not occur with the anti-
body against SOX2 and with both antibodies using the
mutant probe (lanes 9, 13, and 14). These data demon-
strated that 2,023,018C>T abrogated binding ability of
a nuclear factor, most likely OCT4. Taken together, our
data strongly suggest that 2,023,018C>T is a mutation
that could prevent OCT4 binding to the OCT-binding
site and induce ICR1-GOM, leading to BWS.

Discussion

We identified a novel de novo point mutation, chrll:
2,023,018C>T, in OCT-binding site 1 within repeat A2
in a BWS patient with ICR1-GOM. Our data strongly
suggest the involvement of the mutation in GOM at
ICR1. In a mouse cell model, the evolutionarily well-
conserved dyad octamer motif within ICR1, which is
bound by OCT protein, has been shown to be required
for the maintenance of unmethylated status competing
against de nove methylation (17). In addition, the
importance of a SOX motif flanked by an OCT
motif has also been reported (19). Recent studies have
shown that the SOX—OCT motif functions to maintain
unmethylated status in vitro and in vivo; a cooperative
function of CTCF and OCT/SOX for maintenance
of differential methylation has been suggested as
responsible (18, 19). Although there is one OCT-
binding site in mice, three evolutionarily conserved
OCT-binding sites (0, 1, 2) are located in and around
ICR1 in humans. As all mutations and the small deletion
previously reported in addition to our case occurred in
site 1 within repeat A2 (Fig. la), site 1 within repeat
A2 likely plays a more important role for maintaining

A novel mutation of the OCT-binding site in BWS

unmethylated status of maternal ICR1 in humans than
the other OCT-binding sites (10, 12, 13).

ICR1-GOM cases, including ours, with muta-
tions/deletions also show partial hypermethylation in
spite of pre-existent genetic aberrations in the oocyte
(9, 12, 13, 20), suggesting aberrant hypermethylation
at ICR1 would also be stochastically acquired at a
cellular level even in the existence of such aberrations.

As for SRS, including familial cases, the ICRI1
mutation has not been found except in one sporadic case
to date (10). We did not find any promising mutations
in this study, suggesting the cause of ICR1 methylation
defects to differ between SRS and BWS.

In conclusion, we identified a novel de novo point
mutation of OCT-binding site 1 within repeat A2,
a location suggested to play an important role for
maintaining the unmethylated status of maternal ICR1
in humans, on the maternal allele in a BWS patient
with ICR1-GOM. However, genetic aberrations of
ICR1 explain only 20% of BWS cases with ICR1-
GOM (10). As aberrant methylation may occur as
a consequence of stochastic events or environmental
influences irrespective of ICR1 mutations, unknown
causes for ICR1 methylation defects should be clarified.

Supporting Information
The following Supporting information is available for this article:

Fig. S1. EMSA for all variants found in this study, except for
those in BWS-047 and BWS-s061, using the nuclear extract from
mouse ES cells. The variant in BWS-s081 was located outside
of ICR1, and a CpG site within the probe sequence was mostly
unmethylated in three normal controls (data not shown). Thus,
an unmethylated probe was used for it. Since the variants in
BWS-s100 and SRS-s03 were located 3’ of CTS6 and found on
the maternal allele, unmethylated probes were used for them.
As for the variant in SRS-002, it was located 5" of CTS1 but
its parental origin was unknown. Thus, both unmethylated and
methylated probes were used for it. There was no difference
between a wt-probe and a variant-probe in each variant except for
the BWS-s043 mutation. A wt-probe for the BWS-s043 mutation
formed two complexes, whereas such complexes were not
observed with a probe for the mutation. These results suggested
that only the BWS-s043 mutation affected the protein—DNA
interaction (see text and Fig. 2¢ for details). WT, probe for the
wild-type sequence; MUT, probe for the BWS-s043 mutation;
VAR, probe for the variant sequence; um, unmethylated probe; me,
methylated probe; mES NE, nuclear extract from mouse ES cells.
Fig. S2. Bisulfite sequencing of the region encompassing the
2,023,018 variant, CTS1, and CTS4. (a) Results for the 2,023,018
variant. In the healthy members of the BWS-s043 family,
comprised of the maternal grandmother, mother, and father,
showed differential methylation. Three normal controls also
showed differential methylation. In particular, normal control 3
was heterozygous for a SNP (rs61520309) and showed differential
methylation in an allele-dependent manner. Open and filled circles
indicate unmethylated and methylated CpG sites, respectively. (b)
Results for CTS1. Two normal controls that were heterozygous for
a SNP (152525885) showed differential methylation. The healthy
family members also showed differential methylation, whereas the
patient, BWS-s043, showed aberrant hypermethylation. CpG sites
within CTS1 are indicated by a short horizontal line. X indicates
T of the SNP (1s2525885). (¢) Results for CTS4. The healthy
family members and two normal controls showed differential
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methylation. Among them, the parents and two normal controls
were heterozygous for a SNP (rs2525883). The patient, BWS-s043,
showed aberrant hypermethylation. CpG sites within CTS4 were
indicated by a short horizontal line. X indicates T of the SNP
(rs2525883).

Table S1. PCR primers and oligonucleotide probes used in this
study.

Additional Supporting information may be found in the online
version of this article.
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Summary

Objective Arboleda et al. have recently shown that IMAGe
(intra-uterine growth restriction, metaphyseal dysplasia, adrenal
hypoplasia congenita and genital abnormalities) syndrome is
caused by gain-of-function mutations of maternally expressed
gene CDKNIC on chromosome 11pl15.5. However, there is no
other report describing clinical findings in patients with molecu-
larly studied IMAGe syndrome. Here, we report clinical and
molecular findings in Japanese patients.

Patients We studied a 46,XX patient aged 8-5 years (case 1) and
two 46,XY patients aged 16-5 and 15-0 years (cases 2 and 3).
Results Clinical studies revealed not only IMAGe syndrome-
compatible phenotypes in cases 1-3, but also hitherto unde-
scribed findings including relative macrocephaly and apparently
normal pituitary-gonadal endocrine function in cases 1-3, famil-
ial glucocorticoid deficiency (FGD)-like adrenal phenotype and
the history of oligohydramnios in case 2, and arachnodactyly in
case 3. Sequence analysis of CDKNIC, pyrosequencing-based
methylation analysis of KvDMRI1 and high-density oligonucleo-
tide array comparative genome hybridization analysis for chro-
mosome 11p15.5 were performed, showing an identical de novo
and maternally inherited CDKNIC gain-of-function mutation
(p.Asp274Asn) in cases 1 and 2, respectively, and no demonstra-
ble abnormality in case 3.

Conclusions The results of cases 1 and 2 with CDKNI1C muta-
tion would argue the following: [1] relative macrocephaly is
consistent with maternal expression of CDKNIC in most tissues
and biparental expression of CDKNIC in the foetal brain; [2]
FGD-like phenotype can result from CDKNIC mutation; and
[3] genital abnormalities may primarily be ascribed to placental
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dysfunction. Furthermore, lack of CDKNIC mutation in case 3
implies genetic heterogeneity in IMAGe syndrome.

(Received 1 October 2013; returned for revision 24 November
2013; finally revised 26 November 2013; accepted 29 November
2013)

Introduction

IMAGe syndrome is a multisystem developmental disorder
named by the acromym of intra-uterine growth restriction
(IUGR), metaphyseal dysplasia and adrenal hypoplasia congenita
common to both 46,XY and 46,XX patients, and genital abnor-
malities specific to 46,XY patients.” In addition to these salient
clinical features, hypercalciuria has been reported frequently in
IMAGe syndrome."” This condition occurs not only as a spo-
radic form but also as a familial form.”™ Furthermore, transmis-
sion analysis in a large pedigree has revealed an absolute
maternal inheritance of this condition, indicating the relevance
of a maternally expressed gene to the development of IMAGe
syndrome.”

Subsequently, Arboleda et al.* have mapped the causative gene
to a ~17-2-Mb region on chromosome 11 by an identity-by-des-
cent analysis in this large pedigree and performed targeted exon
array capture and high-throughput genomic sequencing for this
region in the affected family members and in other sporadic
patients. Consequently, they have identified five different mis-
sense mutations in the maternally expressed gene CDKNIC (cy-
clin-dependent kinase inhibitor 1C) that resides on the
imprinting control region 2 (ICR2) domain at chromosome
11p15.5 and encodes a negative regulator for cell proliferation,*™
Notably, all the missense mutations are clustered within a specific
segment of PCNA-binding domain, and functional studies have
implicated that these mutations have gain-of-function effects.*
Thus, IMAGe syndrome appears to constitute a mirror image
of Beckwith-Wiedemann syndrome (BWS) in terms of the
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CDKNIC function, because multiple CDKNIC loss-of-function Ethical approval and samples
mutations have been identified in BWS with no mutation shared
in common by IMAGe syndrome and BWS.*°

However, several matters remain to be clarified in IMAGe
syndrome, including phenotypic spectrum and underlying mech-
anism(s) for the development of each phenotype in CDKNIC-
mutation-positive patients, and the presence or absence of
genetic heterogeneity. Here, we report clinical and molecular
findings in three patients with IMAGe syndrome and discuss Sequence analysis of CDKN1C
these unresolved matters.

This study was approved by the Institutional Review Board
Committee at ‘Hamamatsu University School of Medicine.
Molecular studies were performed using leucocyte genomic
DNA samples of cases 1-3 and the parents of cases 1 and 2,
after obtaining written informed consent.

The coding exons 1 and 2 and their flanking splice sites were
amplified by polymerase chain reaction (PCR) (Fig. 1a), using

Patients and methods primers shown in Table S1. Subsequently, the PCR products were
subjected to direct sequencing from both directions on ABI 3130
Patients autosequencer (Life Technologies, Carlsbad, CA, USA). In this

regard, if a nucleotide variation were present within the primer-
binding site(s), this may cause a false-negative finding because of
amplification failure of a mutation-positive allele. Thus, PNCA-
binding domain was examined with different primer sets. To con-
firm a heterozygous mutation, the corresponding PCR products
were subcloned with TOPO TA Cloning Kit (Life Technologies),
and normal and mutant alleles were sequenced separately.

We studied one previously described 46,XX patient (case 1)7
and two hitherto unreported 46,XY patients (cases 2 and 3). In
cases 1-3, no pathologic mutations were identified in the coding
exons and their splice cites of NR5A1 (SF1) and NROB1 (DAXI)
relevant to adrenal hypoplasia,® and MC2R, MRAP, STAR and
NNT involved in familial glucocorticoid deficiency (FGD).?
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Fig. 1 Summary of molecular studies. (a) Sequence analysis of CDKNIC. CDKNIC consists of three exons (E1-E3), and the black and white boxes
denote the coding regions and the untranslated regions, respectively. CDKNIC protein is composed of 316 amino acids and contains CDK binding
domain, PAPA domain and PCNA-binding domain. The p.Asp274Asn mutation found in this study and the previous study® is shown in red. The four
mutations written in black have also been identified in IMAGe syndrome.* The plle272Ser mutation written in green has been detected in atypical
IMAGe syndrome lacking skeletal lesion,” and the pArg279Leu mutation written in blue has been found in SRS.** Electrochromatograms denote a de
novo p.Asp274Asn mutation in case 1 and a maternally inherited p.Asp274Asn mutation in case 2. (b) Methylation analysis of KvDMRI at the ICR2
domain. The cytosine residues at the CpG dinucleotides are unmethylated after paternal transmission (open circles) and methylated after maternal
transmission (filled circles). KCNQIOTI is a paternally expressed gene, and KCNQI and CDKNIC are maternally expressed genes. The six CpG
dinucleotides (CG1—CG6) examined by pyrosequencing are highlighted with a yellow rectangle, and the positions of PyF & PyR primers and SP are
shown by thick arrows and a thin arrow, respectively. A pyrogram -of case 3 is shown. (c) Array CGH analysis for chromosome 11p15.5 encompassing
the ICR2 domain in case 3. A region encompassing KvDMR1 and CDKNIC is shown. Black, red and green dots denote signals indicative of the
normal, the increased (>+0-5) and the decreased (<—1:0) copy numbers, respectively. Although several red and green signals are seen, there is no
portion associated with >3 consecutive red or green signals.

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8



Methylation analysis of KvDMR1 and array CGH analysis
for chromosome 11p15.5

Increased expression of CDKNIC, as well as gain-of-function
mutations of CDKNIC, may lead to IMAGe syndrome. Such
increased CDKNIC expression would occur in association with
hypermethylated KvDMR1 (differentially methylated region 1) at
the ICR2 domain, because CDKNIC is expressed when the cis-
situated KvDMRI1 is methylated as observed after maternal
transmission and is repressed when the cis-situated KvDMR1 is
unmethylated as observed after paternal transmission.” Thus, we
performed pyrosequencing analysis for six CpG dinucleotides
(CG1-CG6) within KvDMRI, using bisulphite-treated leucocyte
genomic DNA samples (Fig. 1b). In brief, a 155-bp region was
PCR-amplified with a primer set (PyF and PyR) for both methy-
lated and unmethylated clones, and a sequence primer (SP) was
hybridized to single-stranded PCR products (for PyF, PyR and
SP sequences, see Table S1). Subsequently, methylation index
(M1, the ratio of methylated clones) was obtained for each CpG
dinucleotide, using PyroMark Q24 (Qiagen, Hilden, Germany).
To define the reference ranges of Mls, 50 control subjects were
similarly studied with permission.

Increased CDKNIC expression may also result from a copy
number gain of the maternally inherited ICR2 domain. Thus, we
performed high-density array CGH (comparative genomic
hybridization) using a custom-build 33 088 oligonucleotide
probes for chromosome 11pl5.5 encompassing the ICR2
domain, together with ~10 000 reference probes for other chro-
mosomal regions (Agilent Technologies, Santa Clara, CA, USA).
The procedure was carried out as described in the manufac-
turer’s instructions.

Results

Clinical findings

Detailed clinical findings are shown in Table 1. Cases 1-3 exhib-
ited characteristic faces with frontal bossing, flat nasal root, low
set ears and mild micrognathia, as well as short limbs. They had
TUGR and postnatal growth failure. Notably, while birth and
present length/height and weight were severely compromised,
birth and present occipitofrontal circumference (OFC) were rela-
tively well preserved. Radiological examinations revealed general-
ized osteopenia, delayed bone maturation and metaphyseal
dysplasia with vertical sclerotic striations of the knee in cases
1-3, slender bones in cases 1 and 2, scoliosis in cases 2 and 3,
arachnodactyly in case 3 and broad distal phalanx of the thumbs
and great toes in case 2 (Fig. 2). Cases 1 and 3 experienced
adrenal crisis in early infancy and received glucocorticoid and
mineralocorticoid supplementation therapy since infancy. Case 2
had transient neonatal hyponatremia and several episodes of
hypoglycaemia without electrolyte abnormality in childhood and
was found to have hypoglycaemia and hyponatremia without
hyperkalemia when he had severe viral gastroenteritis at
15-5 years of age. Thus, an adrenocorticotropic hormone stimu-
lation test was performed after recovery from gastroenteritis,

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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revealing poor cortisol response. Thereafter, he was placed on
glucocorticoid supplementation therapy. As serum electrolytes
were normal, mineralocorticoid supplementation therapy was
not initiated. Genital abnormalities included cryptorchidism and
small testes in cases 2 and 3, and hypospadias in case 3. How-
ever, pituitary-gonadal endocrine function was apparently nor-
mal in cases 1-3. Urine calcium secretion was borderline high or
increased in cases 1-3, although serum calcium and calcium
homeostasis-related factors were normal. In addition, feeding
difficulties during infancy were observed in cases 1 and 2, but
not in case 3, and oligohydramnios was noticed during the preg-
nancy of case 2. There was no body asymmetry in cases 1-3.
Thus, clinical studies in cases 1-3 revealed not only IMAGe syn-
drome-compatible phenotypes, but also hitherto undescribed
clinical finding (Table 2).

Sequence analysis of CDKN1C

A heterozygous identical missense mutation (c.820G>A,
p.Asp274Asn) was identified in cases 1 and 2 (Fig. la). This
mutation occurred as a de novo event in case 1 and was inher-
ited from the phenotypically normal mother in case 2. No
demonstrable mutation was identified in case 3.

Methylation analysis of KvDMR1 and array CGH analysis
for chromosome 11p15.5

The Mls for CG1-CG6 were invariably within the normal range
in cases 1-3 (Fig. 1b), and no discernible copy number alter-
ation was identified in cases 1-3 (Fig. 1c). The results excluded
maternal uniparental disomy involving KvDMR1, hypermethyla-
tion (epimutation) of the paternally inherited KvDMRI1 and
submicroscopic duplication involving the maternally derived
ICR2 domain, as well as submicroscopic deletion affecting the
paternally derived ICR2 domain.

Discussion

CDKN1C mutations in IMAGe syndrome

We identified a heterozygous CDKNIC missense mutation
(Asp274Asn) in cases 1 and 2. This mutation has previously
been detected in a patient with IMAGe syndrome.” Furthermore,
de novo occurrence of the mutation in case 1 argues for the
mutation being pathologic, and maternal transmission of the
mutation in case 2 is consistent with CDKNIC being a mater-
nally expressed gene. Thus, our results provide further evidence
for specific missense mutations of CDKNIC being responsible
for the development of IMAGe syndrome.

Clinical features in CDKN1C-mutation-positive cases 1
and 2

Several matters are noteworthy with regard to clinical findings
in CDKNIC-mutation-positive cases 1 and 2. First, although
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Table 1. Clinical findings of cases 1-3

Case 1* Case 2 Case 3
Karyotype 46,XX 46,XY 46,XY
Present age (year) 85 165 15-0
Characteristic face Yes Yes Yes
Pre- and postnatal growth
Gestational age (week) 35 37 38
Birth length (cm) (SDS) 37-0 (—3-5) 40-0 (—4-0) 41-0 (—4-3)
Birth weight (kg) (SDS) 1-34 (~2.9) 2:03 (—3-5) 1-71 (=3-4)
Birth OFC (cm) (SDS) 30-7 (—0-3) 32-0 (—0-9) 33-0 (—0-1)
Birth BMI (kg/m?) (percentile) 9-8 (<3) 12:7 (50) 10-1 (<3)
BMI (kg/m?) at 2 years of age (SDS) 142 (—1-8) 13-0 (—3-4) Unknown
Present height (cm) (SDS) 92-8 (—6-2) 124.7 (—7-8) 1352 (=5-1)
Present weight (kg) (SDS) 16-0 (—1-9) 25-4 (—3-5) 30-4 (—2-6)
Present OFC (cm) (SDS) 52-0 (—0-2) 53-0 (—2-5) Unknown
Present BMI (kg/mz) (SDS) 18-6 (+1-6) 16-3 (—2-6) 16:6 (—1-7)
Skeletal abnormality
Examined age (year) 55 16-5 15-0
Generalized osteopenia Yes Yes Yes
Delayed maturation Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Slender bones Yes Yes No
Scoliosis No Yes Yes
Arachnodactyly No No Yes
Broad thumbs & big toes No Yes No
Adrenal dysfunction
Examined age (year) 0-1 (39 days) 155 0-5 (6 months)
before therapy
MRI/CT Undetectable Undetectable Undetectable
ACTH (pg/ml) 9010 [19-9 + 8-8] 427 [22-9 £ 6-2] >1000 {229 £ 6-2]
Cortisol (pg/dl) 84 [8-3 & 3.4] 69 [9:5 4= 2.9] <1-0 [9-5 & 2.9]
After ACTH stimulationt N.E. 9-4 [> 20] <1-0 [> 20]
Plasma renin activity (ng/ml/h) N.E. 6:0 [1-0 + 0-1] >25 [1-01 £ 0-14]
Active renin concentration (pg/ml) 21 400 [2-5-21-4] N.E. N.E.
Aldosterone (ng/dl) 69 [9-7 &+ 4-5] 52 [85 & 1-4] 4.1 (74 £ 22]
Na (mEg/1) 122 [135-145] 141 (127%) [135-145] 126 [135-145]
K (mEq/1) 8-0 [3-7-4-8] 4-2 (4-0%) [3-7-4-8] 65 [3-7-4-8]
Cl (mEqg/1) 86 [98-108] 103 (98%) [98-108] 89 [98-108]

Glucocorticoid therapy
Mineralocorticoid therapy

Genital abnormality
Examined age (year)
Hypospadias
Cryptorchidism
Micropenis

Yes (since 2 months)
Yes (since 2 months)

85

Yes (since 15-5 years)
No

16:5
No
Yes (B) (operated at 2 years)
No

Yes (since 6 months)
Yes (since 6 months)

15-0
Yes (operated at 2 years)
Yes (operated at 2 years)
No

Testis size (R & L) (ml) - 5 & 8 [13-20] 4 & 10 [11-20]

Pubic hair (Tanner stage) 1 [10-0 £ 1-4 years]§ 4 [14-9 £ 0-9 years]] 4 [14-9 £+ 09 years]q

LH (mIU/ml) <0-1 [<0-1-1-3] 3.9 [0-2-7-8] 4.8 (0-2-7-8]

After GnRH-stimulation** 3.5 [1-6-4-8] N.E. N.E.

FSH (mIU/ml) 0-7 [<0-1-5-4] 4-2 [0-3~18-4] 17-6 [0-3-18-4]

After GnRH-stimulation** 12-0 [10-7-38-1] N.E. N.E.

Testosterone (ng/ml) - 4-3 [1-7-8-7} 3.7 [1.7-8-7]
Calcium metabolism

Examined age (year) 85 16:5 150

Calcium (mg/dl) 9.7 [8-:8-10:5] 9-2 [8-9-10-6] 9-8 [8:9-10-6]

Inorganic phosphate (mg/dl) 3.9 [3.7-5-6] 4.6 [3-1-5-0] 3.8 [3-2-5-1]

Alkaline phosphatase (IU/1) 458 [343-917] 623 [225-680] 309 [225-680]

Intact PTH (pg/ml) 23 [10-65] 43 [10-65] 28 [10~65]

PTH:P (pmol/l) N.E. <1-1 [<1-1] N.E.

(continued)

© 2013 John Wiley & Sons Ltd
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Table 1. (continued)

Case 1% Case 2 Case 3
1,25(0H), vitamin D (pg/ml) 50 {13-79] 67 {13-79] 50 {13-79]
Urine calcium/creatinine 0-82 [<0-25] 0-24 [<0-25] 0-44 [<0-25]
ratio (mg/mg)
%TRP 92 [80-96] 95 [80-96] 94 {80--96]
Others Feeding difficulties Feeding difficulties
Oligohydramnios

SDS, standard deviation score; OFC, occipitofrontal circumference; BMI, body mass index; MRI, magnetic resonance imaging; CT, computed tomogra-
phy; ACTH, adrenocorticotropic hormone; R, right; L, left; LH, luteinizing hormone; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing
hormone; PTH, parathyroid hormone; PTHrP, PTH-related protein; TRP, tubular reabsorption of phosphate; N.E., not examined; and B, bilateral.
Biochemical values indicate basal blood values, except for those specifically defined.

Birth and present length/height, weight, OFC and BMI have been assessed by sex- and gestational- or age-matched Japanese reference data reported in
the literature®®” and in the Ministry of Health, Labor, and Welfare Database (http://www.e-stat.go.jp/SG1/estat/GL02020101.do).

The values in brackets represent age- and sex-matched reference values in Japanese children.?®

The conversion factor to the SI unit: 0-220 for ACTH (pmol/l), 27-6 for cortisol (nmol/l), 0-028 for aldosterone (nmol/l), 3-46 for testosterone (nmol/l),
0-25 for calcium (nmol/l), 0-323 for inorganic phosphate (nmol/l), 0-106 for intact PTH (pmol/l), 2-40 for 1,25(OH), vitamin D (pmol/l) and 1-0 for
plasma renin activity (pg/l/h), active renin concentration (ng/l), Na (nmol/l), K (nmol/l), ClI (nmol/l), LH (IU/1), ESH (IU/l), alkaline phosphatase
(IU/1) and PTHrP (pmol/l).

*Clinical findings before 3 years of age have been reported previously.”

TACTH 0-25 mg bolus i.v,; blood sampling at 60 min.

iElectrolyte values at the time of severe gastroenteritis; other biochemical data in reference to adrenal dysfunction were obtained after recovery from
gastroenteritis and before glucocorticoid supplementation therapy.

§Reference age for Tanner stage 2 breast development in Japanese girls.?

fReference age for Tanner stage 4 pubic hair development in Japanese boys.*

**GnRH 100 ug/m2 bolus i.v; blood sampling at 0, 30, 60, 90, and 120 min,

Table 2. Summary of clinical features of cases 1-3

Case 1 Case 2 Case 3
CDKNIC mutation Yes Yes No
Previously reported IMAGe syndrome-compatible phenotype
IUGR Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Adrenal hypoplasia Yes* Yes* Yes*
Genital abnormality (Female) Yes Yes
Hypercalciuraf Yes No Yes
Hitherto undescribed findings
Body habitus Relative macrocephaly Relative macrocephaly Relative macrocephaly
Skeletal Arachnodactyly
Lack of slender bones
Adrenal FGD-like phenotype with no
obvious mineralocorticoid deficiency
Genital Apparently normal Apparently normal pituitary-gonadal Apparently normal
pituitary-gonadal endocrine function pituitary-gonadal
endocrine function endocrine function
Others Feeding difficulties Feeding difficulties Oligohydramnios

TUGR, intrauterine growth retardation; and FGD, familial glucocorticoid deficiency.
*Undetectable on magnetic resonance imaging and/or computed tomography.
TFrequent but not invariable feature.

pre- and postnatal body growth was severely impaired, pre- and brain.’® This expression pattern would be relevant to the relative
postnatal OFC was relatively well preserved. In this regard, while macrocephaly in IMAGe syndrome. Notably, the combination of
CDKNIC is preferentially expressed from the maternal allele in severely compromised body growth and well-preserved OFC is
most tissues, it is biparentally expressed at least in the foetal also characteristic of Silver—Russell syndrome (SRS) resulting

© 2013 John Wiley & Sons Ltd
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1 and this is

from HI9-DMR hypomethylation (epimutation),
primarily consistent with paternal expression of the growth-pro-
moting gene IGF2 in the body and biparental expression of
IGF2 in the brain.'* Thus, loss-of-imprinting in the brain tissue
appears to underlie relative macrocephaly in both IMAGe syn-
drome and SRS.

Second, skeletal abnormalities including metaphyseal dysplasia
were identified in cases 1 and 2. In this regard, skeletal pheno-
type of mice lacking Cdknlc is grossly opposite of parathyroid
hormone-related protein (PTHrP)-null phenotype,”** and
PTHrP permits skeletal development at least in part by suppress-
ing Cdknlc expression.'> Thus, while serum calcium and calcium
homeostasis-related factors were normal in cases 1 and 2, dys-
regulated PTHrP and/or PTH/PTHIP receptor signalling might
be relevant to skeletal abnormalities in patients with gain-of-
function mutations of CDKNIC. In addition, such a possible
signalling defect might also be relevant to the frequent occur-
rence of hypercalciuria in IMAGe syndrome.

Third, adrenal dysfunction was mild in case 2, while case 1
experienced adrenal crisis in infancy as previously reported in
patients with CDKNIC mutations.”>* Indeed, adrenal pheno-
type of case 2 is similar to that of patients with FGD rather than
adrenal hypoplasia.®® Our results therefore would expand the
clinical spectrum of adrenal dysfunction in patients with
CDKNIC mutations. For adrenal dysfunction, cortisol and aldo-
sterone values remained within the normal range at the time of
adrenal crisis in case 1 (Table 1). However, as adrenocorticotro-
pic hormone and active renin concentrations were markedly

Case 3 5t 150 years of ags

Fig. 2 Representative skeletal roentgenograms in
cases 1-3.

increased, the overall results would be consistent with primary
hypoadrenalism, as has been described previously.® This notion
would also apply to the adrenal dysfunction in case 3 who had
apparently normal aldosterone value and markedly increased
plasma renin activity at the time of adrenal crisis.

Lastly, although male case 2 had bilateral cryptorchidism and
small testes, pituitary-gonadal endocrine function was appar-
ently normal as was secondary sexual development. Previously
reported patients with CDKNIC mutations, as well as those
who have not been examined for CDKNIC mutations, also
have undermasculinized external genitalia in the presence of
apparently normal endocrine function and pubertal develop-
ment."™71® Notably, an episode of oligohydramnios was
found in case 2 and has also been described in a 46,XY IMAGe
syndrome patient with cryptorchidism.'® This may imply the
presence of placental hypoplasia and resultant chorionic gona-
dotropin deficiency as an underlying factor for genital anoma-
lies.!! Tn support of this notion, imprinted genes are known to
play a pivotal role in body and placental growth,?® and SRS is
often associated with oligohydramnios, placental hypoplasia and
undermasculinization. !

Genetic heterogeneity in IMAGe syndrome

Molecular data in case 3 imply the presence of genetic heterogene-
ity in IMAGe syndrome. Indeed, there was neither demonstrable
CDKNIC mutation nor evidence for increased CDKNIC expres-
sion, while a pathologic mutation leading to gain-of-function or

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8



increased expression of CDKNIC might reside on an unexamined
region(s) such as promoter or enhancer sequences, In this regard,
while case 3 showed IMAGe syndrome-compatible clinical fea-
tures such as IUGR, metaphyseal dysplasia, adrenal hypoplasia
and genital abnormalities, case 3 lacked slender bones and had
arachnodactyly, in contrast to CDKNIC-mutation-positive cases 1
and 2. Such mild but discernible phenotypic variation might
reflect the genetic heterogeneity. This matter might be clarified in
the future by extensive studies such as exome or whole-genome
sequencing. In particular, when such CDKNIC-mutation-negative
patients with IMAGe syndrome-compatible phenotype have been
accumulated, a novel gene(s) mutated in such patients may be
identified. In this regard, if such a gene(s) exist, it is predicted to
reside in the signal transduction pathway involving CDKNIC.

Relevance of CDKN1C mutations to atypical IMAGe
syndrome and SRS

CDKNIC mutations have also been identified in atypical IMAGe
syndrome and SRS (Fig. 1la). Hamajima et al. revealed a mater-
nally inherited p.lle272Ser mutation in three siblings (two males
and one female) who manifested TUGR and adrenal insuffi-
ciency, and male genital abnormalities, but had no skeletal
lesion.? Similarly, Brioude ef al. found a maternally transmitted
p.Arg279Leu mutation in six relatives (all females) from a four-
generation family who satisfied the SRS diagnostic criteria,”***
after studying 97 SRS patients without known causes of SRS,
that is, hypomethylation (epimutation) of the H19-DMR, dupli-
cation of the ICR2 and maternal uniparental disomy for chro-
mosome 7 (upd(7)mat).24 Notably, although both mutations
had no significant effect on a cell cycle, they were associated
with increased protein stability that appears to be consistent
with the gain-of-function effects.”>*" Such increased stability
was also found for IMAGe-associated missense mutant
proteins,”® and an altered cell cycle with a significantly higher
proportion of cells in the G1 phase was shown for an IMAGe-
associated p.Arg279Pro mutation.** It is possible therefore that
relatively severe CDKNIC gain-of-function effects lead to
IMAGe syndrome and relatively mild CDKNIC gain-of-function
effects result in SRS, with intermediate CDKNIC gain-of-func-
tion effects being associated with atypical IMAGe syndrome?*

Thus, it would not be surprising that cases 1-3 also met the
SRS diagnostic criteria (Table 3).22% Indeed, cases 1-3, as well
as CDKNIC-mutation-positive SRS patients,® exhibited pre-
and post-natal growth failure with relative macrocephaly and
frequently manifested feeding difficulties and/or low body mass
index (BMI) at two years of age. However, while relative macro-
cephaly is usually obvious at birth in SRS patients with HI9-
DMR epimutations and upd(7)mat,21’23’25 it is more obvious at
2 years of age than at birth in CDKNIC-mutation-positive SRS
patients.*®  Purthermore, ~CDKNIC-mutation-positive ~ SRS
patients are free from body asymmetry,* as are typical and
atypical IMAGe syndrome patients described in this study and
in the previous studies.””*”?* Thus, SRS caused by CDKNIC
mutations may be characterized by clinically discernible macro-
cephaly at two years of age and lack of body asymmetry.

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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Table 3. Silver—Russell syndrome phenotypes in cases 1-3 and in
affected relatives reported by Brioude et al,

Case 1 Case2 Case3 Brioude et al.*
Mandatory criteria
TUGR} Yes Yes Yes 414
Scoring system criteria
Postnatal short Yes Yes Yes 4/4
stature (£—2 SDS)
Relative macrocephalyl  Yes Yes Yes 4/4§
Prominent forehead Yes Yes Yes 4/4
during early childhood
Body asymmetry No No No 0/4
Feeding difficulties Yes Yes Unknown  3/4

during early (174 & 2/4)§
childhood and/or

low BMI

(<—2-0 SDS) around

2 years of age

IUGR, Intrauterine growth retardation; SDS, standard deviation score;
and BMI, body mass index.

The SRS diagnostic criteria proposed by Netchine et al”® and Brioude
et al? (low BMI around 2 years of age is included in Brioude ef al., but
not in Netchine et al.): The diagnosis of SRS is made, when mandatory
criteria plus at least three of the five scoring system criteria are observed.
For detailed clinical features in cases 1-3, see Table 1.

*While six relatives were found to have CDKNIC mutation, detailed
clinical features have been obtained in four mutation-positive relatives.?*
TBirth length and/or birth weight <—2 SDS for gestational age.

$SDS for birth length or birth weight minus SDS for birth occipitofron-
tal circumference <—15.

§Relative macrocephaly is more obvious at 2 years of age (4/4) than at
birth (2/4).

fOne patient is positive for feeding difficulties, and other two patients
are positive for low BML

Conclusion

In summary, we studied three patients with IMAGe syndrome.
The results provide implications for phenotypic spectrum,
underlying factor(s) in the development of each phenotype and
genetic heterogeneity in IMAGe syndrome, as well as a pheno-
typic overlap between IMAGe syndrome and SRS. Further stud-
ies will permit to elucidate such matters.
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Paris, Februrary 7 th 2015
Dear Colleague,

On behalf of the organising committee of our COST European Network for human
congenital imprinting disorders (EUCID, http://www.imprinting-disorders.eu), we
would like to invite you to participate in a consensus meeting on Silver-Russell
syndrome, in Barcelona, following the ESPE meeting, in october 2015 (Arrival on the
October 3 rd in the evening, 4rd-5th for all the participants and 6 th for the chairs and
secretaries of each working group).

Silver-Russell Syndrome/Russell-Silver Syndrome, has been described in 1953-1954.
Since then, many cases have been published in the litterature, however the clinical and
molecular diagnoses remain difficult, the prevalence is unknown and no published
specific clinical guidelines are available.

A consensus on clinical, molecular diagnoses and care guidelines in keeping with
evidence based publication and with the experience of experts, is needed for this group
of patients as well as for research in this field.

As an expert in the field, we would be very happy if you agree to participate. If you do
not intend to attend the ESPE meeting, your travel expenses to Barcelona, including
hotel, will be covered by COST (following the COST rules of reimbursement). If you are
attending the ESPE meeting, the additional nights of hotel and meals during the
consensus meeting will be covered by COST. We will have 3 different work groups
(WG1: Clinical diagnosis; WG2: Molecular diagnosis; WG2: Clinical guidelines) with
common and separate working sessions. All participants will contribute to a synthesis of
this work. Prior to the meeting, a detailed methodology as well as a consensus chart will
be sent to you. If you agree to participate, your attendance during the entire meeting is
required in order to build a consensus.

Please let us know as soon as possible if you can attend this consensus meeting, as the
number of participants is limited due to funding constraints and to allow for fruitful
discussion.

With Best regards,

Iréne Netchine, Karen Temple & Thomas Eggermann, on Behalf of the COST
organising committee for SRS/RSS consensus.

CiD.net
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Comprehensivé clinical studies in 34 patients with
molecularly defined UPD(14)pat and related
conditions (Kagami—Ogata syndrome)

Masayo Kagami!, Kenji Kurosawa?, Osamu Miyazaki3, Fumitoshi Ishino%, Kentaro Matsuoka® and

Tsutomu Ogata*19

Paternal uniparental disomy 14 (UPD(14)pat) and epimutations and microdeletions affecting the maternally derived 14¢q32.2
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 DLKI and RTLI,
and maternally expressed genes (MEGs) such as MEG3 (alias, GTL2),
RTLlas (RTLI antisense), MEGS8, 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.>*

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 SI).
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.>$ Such an
excessive RTLI expression is primarily due to loss of functional
RTLlas-encoded microRNAs that act as a tframs-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 (h=23)

Epimutations

Pts 24-28 (h=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%
~5x
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(-6.0to +2.4)

2.0 (0.8-5.5)
3:2

Methylated
Methylated®
2%
~5x%
Ox

5/5
27.5 (22-30)
4/5
4/4
4/4
2/3
27.5 (25-30)
3/3
25
35 (30-37)
4/5
4:1
01

0/5
3/5
5
-0.5(-0.9 to +1.4)
43.5 (41.0 to 50.0)
5
+2.2 (+0.5 f0 +3.7)
2.9 (1.61 to 3.28)
2/5
1/5
5
-1.8 (-7.1 10 +0.9)
5
-0.6 (~5.5 to +4.0)

Microdeletions
Subtype 1 Subtype 2 Subtype 3 Subtotal
Pts 29-31 (n=3) Pt32=1) Pts 33-34 (h=2) Pis 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)¢ lor2x
~5x ~Bx (Ix or ~2.5%)° ~2.5%
Ox Ox (Ix or Ox)* Ox
3/3 0/1 2/2 5/6
Unknown — 21 21
213 o1 172 3/6
212 — /1 3/3
3/3 o1 2/2 5/6
071 — o1 02
1/1 — o/l 1/2
Unknown Unknown Unknown Unknown
30 (27-33) 28 32.5 (30-35) 30 (27-35)
3/3 1 2/2 6/6
2:1 0:1 2:0 4:2
0/1 Unknown 01 0/2
0/3 /1 02 0/6
3/3 /1 1/2 46
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 [
+2.8 (+2.4 to +3.7) +1.5 +1.7 (+0.9 to +2.5) +2.5 (+0.8 to +3.7)
2.04 (1.30 to 2.84) 1.32 2.24 (1.55 {0 2.94) 1.79 (1.30 t0 2.94)

23

0/3

3
-2.2(-331t0-1.3)

3
-1.3(-2.210 +0)

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

2/5
0/5
4
-19(-3.3t0~-1.3)
5
~1.3(-22t0+0)

2.8 (0.0-15.0)
13:21

33/34
25.5 {14-30)
25/31
25/259
23/27
10/25
26 (22-33)
10/23
25.5 (22-28)
34 (24-38)
27/34
23:11
1/21

0/34
20/34
30
+0 (~1.7 to +3.0)
44.7 {30.6 to 51.0)
34
+2.3 (+0.1 t0 +8.8)
2.79(1.24 10 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 Epimutations Total
Subtype 1 Subtype 2 Subtype 3 Subtotal
Pts 1-23 (h=23) Pts 24-28 (n=5) Pts 29-31 (n=3) Pt32h=1) Pts 33-34 (n=2) Pts 29-34 (h=6) Pts 1-34 (n=34)
Craniofaciocervical features
Frontal bossing 17/22 4/5 173 11 2/2 4/6 25/33
Hairy forehead 18/22 1/5 3/3 1/1 0/2 4/6 23/33
Blepharophimosis 18/22 3/5 2/3 0/1 1/2 3/6 24/33
Small ears 8/21 2/5 1/3 11 012 2/6 12/32
Depressed nasal bridge 23/23 5/5 3/3 01 1/2 4/6 32/34
Anteverted nares 19/22 4/5 3/3 0/1 2/2 5/6 28/33
Full cheek 20/21 4/4 2/2 0/1 11 3/4 27/29
Protruding philtrum 23/23 5/5 3/3 0/1 2/2 5/6 33/34
Puckered lips 11/21 3/5 3/3 0/1 0/2 3/6 17/32
Micrognathia 20/21 5/5 3/3 /1 172 5/6 30/32
Short webbed neck 22/22 5/5 3/3 11 2/2 6/6 33/33
Thoracic abnormality
Small bell-shaped thorax in infancy¥ 23/23 5/5 3/3 171 2/2 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 1/1 2/2 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 1/1 0/2 2/6 11/34
Diastasis recti 16/23 3/5 2/3 0/1 2/2 4/6 23/34
Developmental delay
Developmental delay 21/21 5/5 3/3 — 2/2 5/5 31731
Developmental/intellectual quotient 55 (29-70) 52 (48-56) Unknown Unknown Unknown — 55 (29-70)
Delayed head control (>4 m)" 14/16 4/4 1/1 —_ 11 2/2 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 2/2 —_ 1/1 3/3 23/23
Age at sitting without support (m)° 12 (8-25) 11.5 (10-20) 22.5 (18-27) e 18 18 (18-27) 12 (8-27)
Delayed walking without support (> 14 m)" 1717 3/3 2/2 — 212 4/4 24/24
Age at walking without support (m)° 25.5 (20-49) 25 (22-39) 60 (30-90) e 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)P 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 0/1 072 3/6 20/33
Constipation 12/20 3/4 1/2 — 0/2 1/4 16/28
Kyphoscoliosis 9/21 3/5 1/2 0/1 0/1 1/4 13/30
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Table 1 (Continued)

Microdeletions
UPD(14)pat Epimutations Total
Subtyps 1 Subtype 2 Subtype 3 Subtotal
Pis 1-23 (h=23) Pits 24-28 (h=5) Pis 29-31 h=3) Pt32 (=1) Pis 33-34 n=2) Pis 29-34 (n=86) Pts 1-34 (n=34)

Coxa valga 6/21 1/5 3/3 0/1 172 4/6 11/32

Cardiac disease 5/22 1/5 0/3 171 12 2/6 8/33

Inguinal hernia 5122 1/5 213 0/1 02 26 8/33

Seizure 1/21 0/5 0/3 0/1 0/2 0/6 1/32

Hepatoblastoma 3/23 /5 0/3 01 02 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 02 1/6 8/34

Abbreviations: CHA, coat-hanger angle; Dx, diagnosis; m, month; MW, 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 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.
3For details, see Supplementary Figures S1 and S2.
bThe MEG3-DMR is predicted to be grossly hypomethylated in the placenta.

SExpression 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.34
The 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://jspe.umin.jp/medical/keisan. html).
"Birth length and/or birth weight >+2 SD of the gestational age- and sex-matched Japanese reference data (http://jspe.umin.jp/medical/keisan.htm!).

iPresent length/height and/or present weight < —2 SD of the age- and sex-matched Japanese reference data (http:/jspe.umin.jp/medicalitaikaku.html).
iPresent length/height and/or present weight >+2 SD of the age- and sex-matched Japanese reference data (http:/jspe.umin.jp/medicalitaikaku.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/docfjapanese/prdlisrd/norma/n17 5/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
RTL1as5 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>>7~10 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 14¢32.2
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 ef af

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

w

European Journal of Human Genetics



Kagami-Ogata syndrome
M Kagami et al

[e)}

Patient 23 Patient 23

10 months

13 years

Patient 27 7

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
(210 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
invarjably 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 #18.1°

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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Patient 12 At birth 41 70
2 years 39 88
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(6th posterior ribs) Patient 34 At birth 35 58
1year 28 80
. 10 years 28 85
Patient 34 At birth 44 70
2 year 48 93
x 5 years 37 96
= 8 e
: -<'"é">- : UPD(14)pat At birth +28 ~ +45 58~80 (n=8)
iR B - . _
MW ratio = a / 5years +25 ~ +45 >78% (n=3)
Controls At birth -11 ~+1.8 82~89 (n=10}
~ & years -21~+15 83~98 (n=10)
~10vyears -9.3~ 420 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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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.
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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 54).!%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 (1xor 2 x) and
RTLI (~2.5%0r ~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#lI is clearly expressed in the fetal ribs and skeletal
muscles (Supplementary Figure S5) as well as in the placenta,'617
human RTLI mRNA and RTLI 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 G2 (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.

and



