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broad nasal bridge, long palpebral fissures, and a tented mouth, as
well as some degree of brachytelephalangy [Horn et al., 2011].
Variable neurological abnormalities, including seizures and mus-
cular hypotonia, were also associated with this condition. Extensive
biochemical analysis showed that hyperphosphatasia was unlikely
to be the result of increased activity of osteoblastic cells or hep-
atobiliary dysfunction, and the causes of HPMRS were unknown
[Kruse et al., 1988].

In 2010, Krawitz et al. performed whole-exome sequencing of
three siblings with HPMRS (OMIM 239300) and identified homo-
zygous or compound heterozygous mutations in PIGV in a total of
six families with HPMRS [Krawitz et al., 2010]. PIGV encodes a
molecule that acts as the second mannosyltransferase in the gly-
cosylphosphatidylinositol (GPI) anchor biosynthesis pathway.
Subsequently, mutations in PIGO, PGAP2, PGAP3, and PIGW,
which are also involved in GPI biosynthesis, have been identified in
individuals with HPMRS (OMIM 614749, OMIM 614207, OMIM
615716, and OMIM 610275, respectively) [Krawitz et al., 2012,
2013; Hansen et al.,, 2013; Chiyonobu et al., 2014; Howard et al.,
2014]. In this study, we performed whole-exome sequencing of a
family with HPMRS but without mutations in PIGVand PIGO and
identified compound heterozygous mutations in PIGL.

MATERIAL AND METHODS
Exeme Sequencing

DNA was extracted using a standard protocol from blood samples
of an affected female and her parents. Control DNA was obtained
from 192 healthy Japanese individuals. This study was approved by
the Ethics Committee of Tohoku University School of Medicine.
We obtained informed consent and specific consent for photo-
graphs from the parents of the affected individual.

Exome sequencing was conducted on an individual with
HPMRS. Targeted enrichment was performed using the SureSelect
Human All Exon V2 kit. Exon-enriched DNA libraries were se-
quenced on the llumina Hiseq 2000 for 101 bp. Burrows-Wheeler
Aligner (BWA) was used to align the sequence reads to the human
genome (hgl9); all parameters of BWA were kept at the default
settings. Following removal of duplicates from the alignments,
realignment around known indels, recalibration, and SNP/indel
calling were performed with Genome Analysis Toolkit (GATK, 1.5)
[McKenna et al., 2010]. ANNOVAR was used for the annotation
against the RefSeq database and dbSNP [Wang et al., 2010].

Sanger Sequencing

Each exon with flanking intronic sequences in PIGV, PIGO, PIGN,
PIGB, and PIGL was amplified with primers based on GenBank
sequences (NM_017837.2, NM_152850.3, NM_176787.4,
NM_004855.4, and NM_004278.3, respectively). The M13 reverse
or forward sequence was added to the 5’ end of the polymerase chain
reaction (PCR) primers for use as sequencing primers. PCR was
performed in 15 pl of solution containing 67 mM Tris—=HCI (pH
8.8), 6.7mM MgCl,, 17 mM NH,SOy,, 6.7 uM EDTA, 10mM B-
ME, 1.5 mM dNTPs, 10% (v/v) DMSO, 1 uM of each primer, 25 ng
genomic DNA and 1U of Tag DNA polymerase. The reaction
consisted of 37 cycles of denaturation at 94°C for 20 sec, annealing at

the indicated temperature for 30sec and extension at 72°C for
30 sec. PCR products were purified using MultiScreen PCR plates
(Millipore, Billerica, MA). The purified products were sequenced
on an ABI 3500xL Genetic Analyzer (Applied Biosystems, Foster
City, CA).

For subcloning, PCR products of exon 1 and 2 in PIGL were
subcloned using a pTOPO TA cloning kit (Invitrogen, Carlsbad,
CA) and transformed in TOP10F competent cells (Invitrogen).
Plasmids were purified from each colony and sequenced.

Flow Cytometry

Surface expression of GPI-anchored proteins (GPI-APs) of gran-
ulocytes was determined by staining cells with PE-conjugated
mouse anti-human CD59 (H19), anti-human DAF (IA10), anti-
human CD24 (ML5), anti-human CD16 (3G8) antibodies, each
isotype IgG (BD Biosciences, Franklin Lakes, NJ) and Alexa 488-
conjugated inactivated aerolysin (FLAER; Protox Biotech,
Canada). CD59, DAF, CD24, and CD16 are GPI-APs and FLAER
binds to surface GPI-APs. The surface expression was then analyzed
using a flow cytometer (Canto II; BD Biosciences) and FlowJo
software (Tommy Digital, Inc., Tokyo, Japan).

Functional Analysis

PIGL-deficient CHO cells (M2S2) [Nakamura et al., 1997] were
transiently transfected with PIGL ¢cDNA that was driven by the
strong SRa promoter (pME hPIGL-HA or pME HA-hPIGL). Two
days later, cells were stained with anti-CD59, anti-DAF and FLAER
and analyzed by flow cytometry. Lysates were separated using SDS—
PAGE and Western blotting was performed.

RESULTS
Clinical Report

The patient was the first child of healthy and non-consanguineous
Japanese parents. She was born at 33 weeks and 3 days of gestation
by caesarean because of maternal infection. Her weight and height
at birth were 2,510 g and 51 cm, respectively. She was treated with
oxygen inhalation for several days because of transient tachypnea.
She was suspected as having Beckwith—-Wiedemann syndrome
because of hypotonia, a large tongue, separation of the rectus
abdominis muscle, and coarse facial features.

At 4 months of age, the patient’s serum levels of ALP were found
to be extremely high at 4,394 IU/L (Normal, 395-1,289 IU/L) and
she was referred to our hospital. A radiograph of her hands showed a
slight delay of bone maturation and slight dilation of the ulnar
metaphysis. Alpha D3 administration was started at 5 months and
ended at 1 year and 8 months of age. Laboratory investigations for
inborn errors of metabolism, including toluidine blue staining in a
urine sample, glycosaminoglycan in the urine, and lysosome
enzymes, were normal. Karyotyping analysis on cultured leukocytes
and subtelomere MLPA, FISH for 17p11.2 detecting Smith~Mage-
nis syndrome, and array CGH analysis were all normal.

Twitching of the extremities with epileptic discharge on EEG
started at 4 months of age and required anti-convulsant therapy.
Brain CT and MRI showed dilatation of the bilateral lateral ven-
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tricles, third and fourth ventricles and sub-arachnoid space, as well
as hypoplasia of the cerebellar vermis. She was suspected as having
mild deafness (right: 30 dB and left 45dB).

At 1 year and 10 months, her weight and height were 7.9kg
(—2SD) and 80 cm (—1 SD), respectively. Her craniofacial features
included midface hypoplasia, hypertelorism, long palpebral fis-
sures, strabismus, depressed nasal bridge, anteverted nostrils, tent-
ed upper lip vermilion, full cheeks, a high palate, and ear anomalies
(Fig. 1A). Teeth eruption was not observed. In the extremities, the
2nd and 3rd digits were overlapping. The terminal phalanges of the
hands and feet were short with hypoplastic nails. Her development
was as follows: head control at 5 months, crawling at 1 year and
7 months, sitting at 2 year and 3 months, and walking while holding
onto something at 2 years and 7 months. At 3 years and 6 months,
she was unable to walk independently, and speech development was
markedly delayed. ALP remained persistently elevated (3,000-
4,500 U/L, Fig. 1B).

Molecular and Biochemical Analysis

Mutation screening for genes in GPI biosynthesis showed that no
mutations were identifiable by Sanger sequencing analysis in any
exons coding for PIGV, PIGO, PIGN, and PIGB. We then performed
exome sequencing with a sample from the proband. Using the
sequencing analysis pipeline from BWA and GATK, we identified
approximately 8,883 nonsynonymous, nonsense, splicing site var-
iations, coding insertions, and/or deletions (indels) per individual.
Filtering steps using variant databases (dbSNP132, the 1,000 Ge-
nome Project database and ESP 5,400) resulted in the identification
of 216 variants. Two frameshift mutations in PIGL (c.36_48del [p.
Leul3Alafs*11] and c.254_255del [p.Glu86Aspfs*2]) were detected

as variants in genes that participate in the GPI-anchor biosynthesis
(hsa00563) and the GPI-anchor biosynthesis (hsa00563)/metabolic
pathway (hsa00110) in KEGG pathway, respectively. Sanger se-
quencing validated the heterozygous state of the two variants in
PIGL (Fig. 2A). Two variants resulted in a premature termination
and it was assumed that truncated proteins were produced (Fig. 2B).

Subcloning of PCR products of exons 1 and 2 from parental
samples followed by sequencing showed that the father was hetero-
zygous for c¢.36_48del and the mother was heterozygous for
¢.254_255del in PIGL, thus confirming the compound heterozy-
gosity in the affected individual (Fig. 2A).

The ¢.36_48del and ¢.254_255del in PIGL were not reported in
dbSNP132, the 1,000 Genome Project database or in ESP 5,400.
c.254_255del, and not c.36_48del, was reported in one in 1,000
Japanese exomes (http://www.genome.med.kyoto-u.ac.jp /SnpDB/
) and identified in 1 in 192 of our in-house Japanese controls in a
hetrozygous manner, suggesting that ¢.254_255del could be iden-
tified at a frequency of 1:200-1:1000 in Japanese people.

These genomic analyses suggested that the patient has PIGL-
deficiency, which is one of the inherited GPI deficiencies. More than
100 mammalian proteins are modified by a GPI anchor at their C
terminus [Krawitz et al., 2010]. The expression of GPI-APs have
been decreased in other inherited GPI deficiencies [Maydan et al.,
2011; Chiyonobu et al,, 2014; Howard et al., 2014]. To examine if
the GPI-APs decreased in cells from our patient, peripheral blood
cells were analyzed by flow cytometry. Surface expression of various
GPI-APs on the granulocytes from the patient (Fig. 3, thick lines)
was severely decreased (2% of the control in CD16 expression)
compared with that from the normal samples (dotted lines).

PIGL-deficient CHO cells (M2S2) [Nakamura et al., 1997] were
transiently transfected with wild type (Fig. 4, dotted line),
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c.36_48del mutant (thick line) or ¢.254_255del mutant (thin line)
PIGL cDNA with an HA-tag at the C-terminus (upper panels) or at
the N-terminus (lower panels). Both mutants could only partially
restore the surface expression of GPI-APs. The activity of the
c.254_255del mutant was severely affected, and the N-terminal
tagged construct had almost no activity. These results suggested that
the remaining activity was not due to the truncated proteins. Faint
bands (* and **) could be detected in the lysate of C-terminally
tagged c.36_48 mutant transfected cells (Fig. 5A), which corre-
sponded to the isoforms starting at the downstream methionines (2
and 3 of Fig. 5B) that showed residual PIGL activity. No band could
be detected from the lysate of the ¢.256_255 mutant tagged at either
terminus (data not shown).

DISCUSSION

We report on the case of a girl with distinctive facial features, severe
intellectual disability, and persistent increased serum levels of ALP
who was diagnosed with HPMRS. Whole-exome sequencing iden-
tified two frameshift mutations in PIGL, which were inherited from
the father and mother, suggesting that PIGL mutations are respon-
sible for HPMRS.

Many eukaryotic cell surface proteins are bound to the cell
membrane by a GPI-anchor. More than 20 different gene products
are involved in GPI biosynthesis [Fujita and Kinoshita 2012].
Recent studies revealed that genetic defects in various components
of the GPI-anchor biosynthesis pathway cause inherited GPI defi-
ciencies. Somatic mutations in PIGA in hematopoietic stem cells
cause paroxysmal nocturnal hemogloburinuria [Ware et al., 1994].

)
“
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A promoter mutation in PIGM causes portal venous thrombosis
and absence seizures [Almeida et al., 2006]. Germline mutations in
PIGN and PIGA cause congenital anomalies with hypotonia and
seizures [Maydan et al., 2011; Johnston et al., 2012]. Germline
mutations in PIGV, PIGO, PGAP2, PGAP3, and PIGW have been
identified in individuals with HPMRS [Krawitz et al., 2010, 2012,
2013; Chiyonobu et al., 2014; Howard et al., 2014]. Recently,
mutations in PIGT have been identified in a family with intellectual
disability [Kvarnung et al., 2013]. Thus, the clinical spectrum of
disorders caused by the GPI-anchor deficiency has expanded.
PIGL encodes a 252 amino acid endoplasmic reticulum (ER)
protein, located on the ER membrane with one transmembrane
region and most of the protein located on the cytoplasmic side
[Nakamura et al., 1997]. PIGL is involved in the second step of GPI
biosynthesis, which is de-N-acetylation of N-acetylglucosaminyl-
phosphatidylinositol (GlcNAc-PI). Following de-N-acetylation,
glucosaminyl-phosphatidylinositol (GlcN-PI) flips to the luminal
side of ER where GlcN-PI undergoes further extensions followed by
its transfer to acceptor proteins [Nakamura et al., 1997; Watanabe
et al., 1999]. Mutations in PIGL have been identified in CHIME
syndrome, an autosomal recessive disorder characterized by colo-
bomas, congenital heart defects, early onset migratory ichthyosi-
form dermatosis, intellectual disability, and ear anomalies,
including conductive hearing loss [Ng et al., 2012]. Our patient
manifested severe intellectual disability, seizures, ear anomalies,
and feeding difficulties, which overlapped with symptoms of
CHIME syndrome [Ng et al., 2012]. However, our patient did
not have colobomas, congenital heart defects, early onset migratory
ichthyosiform, or genitourinary abnormalities. Inherited GPI
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deficiencies caused by a defect in the GPI-biosynthesis genes should
show similar symptoms that result from the decreased expression of
various GPI-APs on the cell surface. The severity depends on the
amount of the GPI-anchor produced in ER, and the individual’s
genetic background may also have some influence on variations.
Clinical manifestations in our patient were more similar to those in
individuals with HPMRS, including hypertelorism, long palpebral
fissures, broad nasal tip, tented upper lip, brachytelephalangy,
severe intellectual disability and persistent hyperphosphatasia
(Table I) [Horn et al., 2011]. These results suggest that frameshift
mutations in 5’ terminus of PIGL cause HPMRS. It is possible that
PIGL mutations identified in patients with CHIME syndrome
might have higher residual activities.

Brain CT and MRI of our patient showed cerebellar atrophy.
Frontotemporal atrophy and cerebellar hypoplasia have been
shown in patients with PIGT mutations [Kvarnung et al., 2013].
Cerebral and cerebellar atrophy have been reported in a patient with
PIGO mutation [Nakamura et al., 2014] and in patients with PIGN
mutations [Maydan et al., 2011; Ohba et al., 2014], suggesting that
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cerebral atrophy and cerebellar atrophy are common features in
patients with inherited GPI deficiencies. It is of note that cerebral
atrophy has been also observed in patients with CHIME syndrome
[Shashi et al., 1995; Schnur et al., 1997].

Our previous study demonstrated that mutant CHO cells
having defects in the later step genes efficiently secrete ALP
into the medium, whereas most ALP produced in the early
step mutants is degraded in the cells [Murakami et al., 2012]
because GPI transamidase is activated through binding with a
mannose-containing GPI intermediate before this enzyme com-
plex processes the precursor proteins for release. However, there
are cases that are inconsistent with these experimental results.
Some PIGA-deficient patients showed mild elevation of ALP
(4121U/L, normal range, 39-117IU/L) [Johnston et al., 2012].
Elevation of ALP has not been reported in previously reported
patients with PIGL deficiencies [Ng et al., 2012]. There may be
differences in in vitro culture and in vivo body conditions;
however, the primary reason for these differences needs to be
identified in the future.
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FACS analysis of granulocytes from our patient demonstrated
severely decreased expression of GPI-APs. Functional analysis using
PIGL-defective CHO cells revealed that the isoforms starting from
the downstream methionines showed residual PIGL activity. It has
been reported that two well-conserved motifs are essential for PIGL
activity (Fig. 5B underlines). Two faint bands corresponding to the
sizes of these isoforms were detected by western blot; the bigger
band had both motifs but not the N-terminal transmembrane
region. These two translation start sites do not fit well with Kozak’s
rule; therefore, these isoforms were not detected in the wild-type
cells.

Severely decreased expression of GPI-APs in granulocytes of the
patient suggest that these mutations in PIGL are associated with
decreased GPI biosynthesis. Previous studies showed that the
disruption of PIGL caused lethality in Saccharomyces cerevisiae
[Watanabe et al., 1999], suggesting that PIGL has been considered
as the only enzyme to catalyze the second step of GPI biosynthesis in
yeast. Although the disease mechanims remain unknown, it is
possible that a truncated protein translated from the allele with
¢.254_255del or C-terminal protein isoforms shown in our func-
tional analysis using CHO cells might have the minimal residual
activity of PIGL.

In conclusion, we identified compound heterozygous deletions
in PIGL in a patient with distinctive facial appearance, develop-
mental delay, intellectual disability, brachytelephalangy, and hyper-
phosphatasia. The clinical features were similar to those of HPMRS
caused by mutations in PIGV, PIGO, PGAP2, PGAP3, and PIGW.
Our findings will broaden the clinical spectrum of disorders with
defects in the GPI biosynthesis pathway.
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Haploinsufficiency of SHOX on the short arm pseudoautosomal
region (PARI) leads to Leri-Weill dyschondrosteosis (LWD),
and nullizygosity of SHOX results in Langer mesomelic dysplasia
{LMD). Molecular defects of LWD/LMD include various micro-
deletions in PARI that involve exons and/or the putative up-
stream or downstream enhancer regions of SHOX, as well as
several intragenic mutations. Here, we report on a Japanese male
infant with mild manifestations of LMD and hitherto unreported
microdeletions in PARI. Clinical analysis revealed mesomelic
short stature with various radiological findings indicative of
LMD. Molecular analyses identified compound heterozygous
deletions, that is, a maternally inherited ~46 kb deletion involv-
ing the upstream region and exons 1-5 of SHOX, and a paternally
inherited ~500kb deletion started from a position ~300kb
downstream from SHOX. In silico analysis revealed that the
downstream deletion did not affect the known putative enhancer
regions of SHOX, although it encompassed several non-coding
elements which were well conserved among various species with
SHOX orthologs. These results provide the possibility of the
presence of a novel enhancer for SHOX in the genomic region
~300 to ~800 kb downstream of the start codon.

© 2013 Wiley Periodicals, Inc.

deletion;

Key words: SHOX; langer mesomelic dysplasia;

enhancer

INTRODUCTION

SHOX on the short arm pseudoautosomal region (PARI1) is a
transcription factor gene exclusively expressed in the developing
limbs and pharyngeal arches [Rao et al., 1997; Clement-Jones
et al., 2000]. Haploinsufficiency of SHOX leads to idiopathic short
stature and Leri—-Weill dyschondrosteosis (LWD; OMIM #127300),

© 2013 Wiley Periodicals, Inc.
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and nullizygosity of SHOX results in Langer mesomelic dysplasia
(LMD; OMIM #249700) [Rao et al., 1997; Belin et al., 1998; Shears
et al., 1998; Zinn et al., 2002]. Previous studies in patients with
LWD and LMD have identified several copy-number abnormalities
in PARI that involved coding exons and/or the putative upstream
or downstream enhancer regions, together with multiple point
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mutations in the coding region [Rao et al., 1997; Belin et al., 1998;
Shears et al., 1998; Benito-Sanz et al., 2005, 2011, 2012b; Fukami
etal., 2005, 2006; Bertorelli et al., 2007; Sabherwal et al., 2007; Chen
et al., 2009; Durand et al., 2010]. The putative enhancers of SHOX
have been mapped to a ~300 kb region ~95 kb upstream, and to a
~30kb region ~250 kb downstream from the start codon [Benito-
Sanz et al,, 2005, 2012a,b; Fukami et al, 2006]. The putative
downstream enhancer region contains several conserved non-cod-
ing elements (CNEs) that exert enhancer activity in the developing
chicken limb bud [Sabherwal et al., 2007] and in human osteosar-
coma cells [Fukami et al., 2006; Benito-Sanz et al., 2012b]. Since
molecular abnormalities have not been detected in a substantial
portion of patients with LWD/LMD [Zinn et al., 2002; Fukami
etal., 2008; Rosilio et al., 2012], it appears that unknown genetic or
environmental factors are also involved in the development of these
conditions.

The clinical severity of SHOX abnormalities is highly variable
[Binder, 2011]. Relatively severe phenotypes in adult female
patients indicate that gonadal estrogens enhance skeletal abnor-
malities in SHOX abnormalities [Ogata et al., 2001; Binder, 2011].
However, there may be other phenotypic modulators for this
condition [Binder et al., 2004]. Here, we report on a male infant
with mild LMD phenotype and compound heterozygosity of
hitherto unreported microdeletions in PARI.

CLINICAL REPORT

This Japanese male infant was a dizygotic twin conceived by in vitro
fertilization. At 24 weeks gestation, an ultrasound examination

delineated short extremities in one fetus and a normal skeletal
appearance in the other. At 27 weeks gestation, caesarean section
was performed because of bradycardia in both fetuses. At birth,
the patient presented with a mesomelic appearance with a body
length of 33.5cm (1.1 SD), weight of 1,130 g (4+0.4 SD), and
head circumference of 26.5cm (+1.0 SD). His twin brother was
normally proportioned with body length 35.5 cm (-0.1 SD), weight
854 g (-1.5 SD), and head circumference 25.0 cm (0 SD). Bone
survey of the patient at 2 months of age showed markedly curved
radii, hypoplastic ulnas and fibulas, and metaphyseal splaying
(Fig. 1A). The patient and his brother received standard medical
interventions for prematurity, and were discharged from hospital at
3 months of age.

On his latest visit at 21 months of age, the infant manifested
obvious mesomelic short stature with a height of 69.3 cm (—3.9
SD), weight of 8.0 kg (—2.7 SD), and head circumference 0f 46.6 cm
(—1.0 SD; Fig. 1B). His developmental milestones were almost
normal. His brother had a proportionate short stature with a height
of 74.1cm (—2.6 SD), weight of 8.5kg (—2.3 SD), and head
circumference of 46.2 cm (—1.3 SD). The mother showed limited
movement of the wrist and mesomelic short stature (140 cm, —3.6
SD), while the father was clinically normal and had a normal height
(165 cm, —1.0 SD). Radiological examinations were not performed
for the parents or brother.

MOLECULAR ANALYSES

This study was approved by the Institutional Review Board Com-
mittee at the National Center for Child Health and Development.
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After taking written informed consent from the parents, leukocyte
genomic DNA samples were obtained from the infant and parents.
First, we performed direct sequencing analysis for SHOX by a
previously described method [Shears et al., 1998]. No nucleotide
alterations in the coding exons were identified in the infant. Next, we
performed multiplex ligation-dependent probe amplification
(MLPA) using a SALSA MLPA Kit (P018 SHOX-F1, MRC-Holland,
Amsterdam, the Netherlands). Two heterozygous deletionsin PAR1
were identified in the infant; a deletion involving exons 1-5 of
SHOX;, and a deletion affecting the downstream region of SHOX that
corresponds to four MLPA probes from 05649-L20176 to 13911-
L19678 (Fig. 2). Then, we examined the extent of the deletions by
comparative genomic hybridization (CGH) using a custom-built
oligo-microarray harboring 26,274 probes for PAR1 and several
reference probes for other chromosomal regions (4 x 180K format,
Agilent Technologies, Palo Alto, CA; Fig. 3A). The telomeric dele-
tion included a ~46 kb genomic interval (ChrX: 556,720-603,222;
hg 19, Build 37) affecting SHOX exons 1-5 and a ~28 kb region at the
5’ side of exon 1. The centromeric deletion encompassed a ~500 kb
interval (ChrX: 881,006—1,387,599) and started at a point ~300kb
from the start codon of SHOX. In silico analysis using UCSC

g TEL
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Genome Browser (http://genome.ucsc.edu/) and rVista 2.0
(http://rvista.dcode.org/) revealed that the deletions did not affect
the putative upstream or downstream enhancer regions of SHOX,
and that the downstream deletion encompassed a gene for cytokine
receptor-like factor 2 (CRLE2) and several CNEs (Fig. 4). Most of
these CNEs were well conserved in fugu, frog, chicken, dog and
monkey which preserve orthologs of SHOX (Shox), as well as in
opossum which is likely to preserve Shox, and were absent in mouse
which lack Shox (Ensemble Genome Browser, http://ensembl.org/;
Fig. 4). Next, MLPA and CGH were performed on the parental
samples. The ~46 and ~500kb deletions were detected in the
mother and father, respectively (Figs. 2 and 3A). Thus, the infant
was diagnosed as being compound heterozygous for a maternally
inherited ~46 kb deletion on the X chromosome and a paternally
inherited ~500kb deletion on the Y chromosome. The results of
MLPA and CGH were confirmed by fluorescence in situ hybridiza-
tion (FISH). FISH probes for SHOX exons 3—5 (probe A) and for a
region ~320 kb downstream of SHOX (probe B) were generated by
PCR using primers 5'-CAGCTCTTCCTCAAATTCTTTCC-3' and
5-GTGTCTGTCCCATCTICTGGTATC-3', and 5-ATAGTG-
CATGGGTATCAGAGGTC-3 and 5-GGAAAAAGAGTGGGT-
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CAGAACTT-3, respectively. In the infant, probe A detected only
one signal on the Y chromosome and probe B detected only one
signal on the X chromosome (Fig. 3B).

We attempted to obtain a DNA sample from the twin brother,
because he was predicted to carry the same Y chromosomal deletion
as the infant. However, the sample was not available for genetic
analysis.

DISCUSSION

We identified compound heterozygous deletions in PAR1 in a male
infant. These deletions have not been described previously. The
deletion on the X chromosome included most of the coding exons
of SHOX, and therefore appears to result in complete loss-of-
function of the SHOX allele. Consistent with this, the mother
heterozygous for the same deletion manifested typical clinical
features of LWD. In contrast, the deletion on the Y chromosome
did not affect exons or the known putative enhancer regions of

Probe 8

SHOX. Furthermore, this deletion included no genes except CRLF2,
which has not been implicated in skeletal development [Siracusa
etal.,, 2011]. Clinical examinations of the infant revealed mesomelic
short stature and obvious skeletal changes that are more consistent
with LMD than with LWD [Fukami et al., 2005; Binder, 2011;
Ambrosetti et al., 2013].

Two possible explanations can be made for these results.
First, the Y chromosomal deletion in the infant may encompass
a hitherto unidentified cis-regulatory element of SHOX. Recent
studies have indicated that several genes such as SOX9 and LHX3
have multiple cis-acting modules widely distributed around the
coding exons [Gordon et al., 2009; Mullen et al., 2012]. Thus, it is
possible that coordinated action of multiple regulatory elements is
required for adequate SHOX expression in the developing limb
bud, and that one of such elements is located within the ~500 kb
region >300kb apart from the coding region. Indeed, the Y
chromosomal deletion in the infant harbored several CNEs that
are well conserved among various species with SHOX orthologs.
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One of the CNEs in the deletion may be a distal enhancer of SHOX/
Shox, because CNEs in the human genome frequently exert en-
hancer activity [Pennacchio et al., 2006]. In this regard, it is
noteworthy that the skeletal features of this infant are milder
than those of previously reported patients with SHOX nullizygosity
[Zinn et al., 2002; Fukami et al., 2005; Ambrosetti et al., 2013];
the infant showed no short stature or rhizomelia at birth. Further-
more, the father with the same Y chromosomal deletion manifested
no skeletal abnormalities, and the twin brother with possible Y
chromosomal deletion showed only mild proportionate short
stature. These results can be explained by assuming that deletions
involving only the putative enhancer regions exert a relatively
mild effect on skeletal growth compared to mutations/deletions
affecting the coding exons. Consistent with this, relatively mild
LWD phenotypes have been observed in patients with heterozygous
downstream deletions [Rosilio et al., 2012], and mild LMD phe-
notype has been described in a patient with compound heterozy-
gous deletions for SHOX exons and the putative downstream
enhancer region [Fukami et al., 2005]. Alternatively, cis-regulatory
deletions may be associated with broad phenotypic variation
compared to exonic deletions/mutations, because Chen et al.
[2009] have described profound phenotypes in patients with
enhancer deletions.

Second, the phenotype of the infant may be explained as an
extremely severe manifestation of LWD. If this is the case, the Y
chromosomal deletion would be a functionally neutral copy-num-
ber variation. The absence of skeletal changes in the father with the Y
chromosomal deletion supports this notion. In this regard, previ-
ous studies have indicated that phenotypic severities of SHOX
haploinsufficiency are variable and likely to be affected by multiple
factors [Binder et al., 2004; Binder, 2011]. Thus, some genetic or
environmental factors may have enhanced the abnormal skeletal
formation of this infant with a maternally derived SHOX intragenic
deletion.

In summary, we identified hitherto unreported deletions in
PARI in a Japanese infant with a mild LMD phenotype. Further
studies will clarify the presence or absence of a novel downstream
enhancer of SHOX in the genomicregion ~300 to ~800 kb from the
start codon.
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Summary

Objective Arboleda er 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 11p15.5. 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 11pl5.5 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 CDKNIC 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 acronym 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
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 cach 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
these unresolved matters.

Patients and methods

Patients

We studied one previously described 46,XX patient (case 1)
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 NR5AI (SFI) and NROBI (DAXI)
relevant to adrenal hypoplasia,® and MC2R, MRAP, STAR and
NNT involved in familial glucocorticoid deficiency (FGD).?

Ethical approval and samples

This study was approved by the Institutional Review Board

Committee at  Hamamatsu  University School of Medicine.

Molecular studies were performed using leucocyte genomic
I & yie g

after obtaining written informed consent.

Sequence analysis of CDKNTC

The coding exons 1 and 2 and their flanking splice sites were
amplified by polymerase chain reaction (PCR) (Fig. 1a), using
primers shown in Table S1. Subsequently, the PCR products were
subjected to direct sequencing from both directions on ABI 3130
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.
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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. (¢) Array CGH analysis for chromosome 11p15.5 encompassing
the ICR2 domain in case 3. A region encompassing KvDMRI 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.
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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 KvDMRI is
unmethylated as observed after paternal transmission.” Thus, we
performed pyrosequencing analysis for six CpG dinucleotides
(CG1-CG6) within KvDMR1, 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
IUGR 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
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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 MIs 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 KvDMRI, 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 17 Case 2 Case 3
Karyotype 46,XX 46,XY 46,XY
Present age (vear) 85 16:5 15:0
Characteristic face Yes Yes Yes
Pre- and postnatal growth
Gestational age (week) 35 37 38
Birth length {cm) (SDS) 370 (35) 40-0 (~4-0) 410 (—4-3)
Birth weight (kg) (5DS) 134 (~2.9) 2403 (~35) 171 (=34)
Birth OFC {em) (SDS) 307 (~0-3) 32:0 (-+-0-9) 330 (—~0-1)
Birth BMI (kg!m:) (percentile) 9.8 (<3) 12:7 (50} 10:1 (=3)
BMI1 {kg/m"") at 2 years of age (SDS) 14:2 {~1-8) 13:0 (~34) Unknown
Present height {cm) (SDS) 92:83 (—=6:2) 1247 (~7-8) 1352 (~5-1)
Present weight (kg) (SDS) 16:0 (~1-9) 254 (~3-5) 30:4 (—2-6)
Present QFC (cm) (SDS) 520 (~0-2) 530 (~2:5) Unknown
Present BMI (kg/n’!”’} (SDS) 18:6 (+1:6) 163 (+2-6) 16:6 (—17)
Skeletal abnormality
Examined age (year) 5-5 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)
Cortisol (pg/dl)

After ACTH stimulationt
Plasma renin activity (ng/mi/h)
Active renin concentration (pg/ml)
Aldosterone (ng/dh)

Na (mEqg/l)
K (mEg/D

Cl (mEg/D)

Glucocorticoid therapy
Mineralocorticoid therapy

Genital abnormality

Examined age (year)
Hypospadias
Cryptorchidism
Micropenis

9010 [19-9 & 88
§-4 [8:3 & 3.4]
N.E.

N.E.

21 400 [2-5-21-4]
69 [9:7 4 4-5]

122 [135-145]

8-0 [3.7-4-8]

86 [98-108]

Yes (since 2 months)

Yes (since 2 months)

85

427 122:9 + 6-2]

69 [9:5 + 2:9]

9.4 [> 20]

60 [1:0 & 0.1}
NL.E.

52 (85 4 14]

141 (127}) [135-145)
42 (4:0%) [3:7-4-8]
103 (98%) [98-108]
Yes (since 15-5 years)
No

165
No
Yes (B) (operated at 2 years)
No

>1000 {229 4 6-2]
<1.0 [9-5 £ 2:9]
<1.0 [> 20]

=25 [1-01 4 0-14]
N.E.

89 [98-108]
Yes (since 6 months)
Yes (since 6 months)

150

Yes (operated at 2 years)
Yes (operated at 2 years)
No

4 & 10 [11-20]

Testis size (R & L) (ml) —~ 5 & 8 [13-20]

Pubic hair (Tanner stage) 1{10:0 £ 1.4 years]§ 41149 £ 09 years]q 4 [14:9 & 09 years]y

LH (mIU/ml) <0-1 [<0-1-1-3] 39 [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] 42 [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) 85 165 150

Calcium (mg/dl) 9.7 [8:8-10-5] 92 [8:9-10-6] 9-8 [8-9-10-6]

Inorganic phosphate (mg/dl) 3.9 [3.7-56] 4.6 [3-1-5:0] 3-8 [3-2-5-1]

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

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

PTHrP (pmol/l) N.E. <1-1 [<1-1] N.E.

(continued)

- 136 -

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



IMAGe syndrome 5

Table 1. (continued)

Case 1* Case 2 Case 3
1,25(OH), 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(0OH), 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), Cl (nmol/1), LH (IU/l), FSH (IU/l), alkaline phosphatase
(TU/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.

1Electrolyte 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.”

9Reference age for Tanner stage 4 pubic hair development in Japanese boys.”

**GnRH 100 pg/m? 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
TUGR Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Adrenal hypoplasia Yes* Yes* Yes*
Genital abnormality (Female) Yes Yes
Hypercalciurat 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

IUGR, 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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Case 1 at 55 years of age

Case 2 at 16:5 years of age

from HI9-DMR hypomethylation (epimutation),'’ and this is
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
(PTHrP)-null  phenotype,'”'* and
PTHrP permits skeletal development at least in part by suppress-

hormone-related protein

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/PTHrP 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 at 15.0 years of age

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.”™'7"® 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.!' In 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
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