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Discussion

Kabuki syndrome (or Niikawa-Kuroki syndrome; MIM#
147920) was originally described by Niikawa et al. [1] and
Kuroki et al. [2] independently in 1981. Both papers
reported patients with multiple anomalies and mental
retardation syndrome characterized by distinctive facial
features. This syndrome was accompanied by various organ
anomalies and health-related issues, in particular, structural
CNS abnormalities, such as microcephaly, hydrocephalus,
Alnord Chiari I malformation and Dandy—-Walker malfor-
mation are frequently observed in these patients [3]. In
contrast, endocrine problems did not seem common in
Kabuki syndrome. Premature thelarche, which usually
requires no special treatment, was at relatively high fre-
quency (about 20 %) according to the previous review
article [5]. Congenital hypothyroidism was found in 3 of 18
children with Kabuki syndrome [13]. In contrast, congenital
abnormalities in hypothalamic pituitary axis have rarely
been reported. As shown in Table 2, GH deficiency was at
the highest complication in the hypothalamic pituitary axis,
and most of them were successfully treated with recombi-
nant GH. The second frequent complication was precocious
puberty. Pathogenesis of premature thelarche and preco-
cious puberty are, at least in part, overlapped and derived
from hypothalamic dysfunction [14]. Two cases showed
central DI either with or without a structural abnormality in
the pituitary gland. Central DI can be caused by congenital
malformation or secondary destruction or degeneration of
neurons originating from the supraoptic and paraventricular
nuclei of the hypothalamus. The causes of secondary
destruction or degeneration include neoplasms, such as a
germinoma or craniopharyngioma, Langerhans cell histio-
cytosis, autoimmune or infectious inflammation, vascular
diseases, or trauma [15]. Congenital mid-brain malforma-
tion also causes congenital central DI, whereas about half of
the cases are classified as the idiopathic type. The present
case developed polydipsia and polyuria at 6 years of age,
but neither potentially responsible destructive disease nor
hypothalamic pituitary dysgenesis was identified, hence the
etiology of her central DI would be classified as the idio-
pathic type. The other case was suggested that central DI
might be derived from pituitary dysgenesis, because struc-
tural abnormality was observed in MRI. We speculate that
the posterior pituitary gland of both cases may have already
been partially defective on a congenital basis, and became
insufficient to secrete an appropriate level of AVP during the
patient’s growth and development. Alternatively, it is pos-
sible that self destruction or apoptosis of the cells occurred
in the posterior lobe of the pituitary gland and finally led to
the development of the central DL

Kabuki syndrome has an estimated incidence of 1 in
32,000 births on the basis of data from “Monitoring for
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Congenital Anomalies” in Kanagawa Prefecture in Japan
[5]. Most of the cases are sporadic, and a few cases were
shown to be transmitted from mildly affected parents [16,
17]. Mutations in the mixed lineage leukemia 2 (MLL2)
gene were found in 62-75 % of patients with Kabuki
syndrome [18-21], thus suggesting that there is a wide
range of variable expressivity or the existence of other
causal gene(s). Although congenital abnormalities in the
pituitary gland or hypothalamus are rare in Kabuki syn-
drome, the potential for such abnormalities should be taken
into account for all Kabuki patients.

The molecular mechanism(s) responsible for the MLL2
gene mutations on the development of symptoms in Kabuki
syndrome remains unknown, and the genotype-phenotype
correlation has not been clearly identified. The MLL2 gene
encodes H3-K4 histone methyltransferase which forms a
complex assembly with other proteins and regulates the
gene transcription [22]. It is possible that variations in
interacting proteins or polymorphisms in the MLL2 gene
itself may be responsible for the phenotypic variability of
Kabuki syndrome. A biochemical analysis of the MLL2
complex would be useful to better understand the mecha-
nism responsible for the variable expressivity and incom-
plete penetrance of Kabuki syndrome.

In summary, various potential manifestations of Kabuki
syndrome, especially on the hypothalamic pituitary axis
should be carefully evaluated. The accumulation of genetic
data and clinical symptoms will provide important infor-
mation to understand the molecular mechanism(s) by
which the MLL2 gene results in the development or clinical
variability of Kabuki syndrome.

Conflict of interest The authors declare that they have no conflict
of interest.
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ABSTRACT: Kabuki syndrome (KS) is a rare congenital
anomaly syndrome characterized by a unique facial ap-
pearance, growth retardation, skeletal abnormalities, and
intellectual disability. In 2010, MLLL2 was identified as a
causative gene. On the basis of published reports, 55-80%
of KS cases can be explained by MLL2 abnormalities. Re-
cently, de novo deletion of KDM6A has been reported in
three KS patients, but point mutations of KDM6A have
never been found. In this study, we investigated KDM6A
in 32 KS patients without an MLL2 mutation. We iden-
tified two nonsense mutations and one 3-bp deletion of
KDMO6A in three KS cases. This is the first report of
KDMBG6A point mutations associated with KS.

Hum Mutat 34:108-110, 2013. © 2012 Wiley Periodicals, Inc.

KEY WORDS: Kabuki syndrome; KDMG6A; point muta-
tions; chromosome X

Kabuki syndrome (KS; MIM# 147920), first described by Niikawa
and Kuroki in 1981, is a rare congenital anomaly syndrome with the
characteristic facial features of a long palpebral fissure and eversion
of lateral third of the inferior eyelids [Kuroki et al., 1981; Niikawa
etal., 1981]. Individuals with KS also show mild to severe intellectual
disability, growth retardation, skeletal abnormalities, and a variety
of visceral malformations. Although KSis thought to inherit in auto-
somal dominant fashion, other inheritance patterns have also been
considered [Matsumoto and Niikawa, 2003]. In 2010, whole ex-
ome sequencing successfully identified loss-of-function mutations
in MLL2 in KS. MLL2 maps to 12q13.12 and consists of at least 54
coding exons. MLL2 encodes a histone H3 lysine 4 (H3K4)-specific
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methyl transferase and plays important roles in the epigenetic con-
trol of active chromatin states. On the basis of recent reports of
MLL2 mutations in KS, the mutation detection rate of MLL2 in KS
is 55-80% [Banka et al., 2012]. Among the published mutations,
73.2% (170/232) were truncation type, and pathogenic missense
mutations were mainly localized in exon 48 [Banka et al., 2012).
X-linked inheritance has also been implicated in KS. Sex chromo-
some abnormalities in KS have been reported many times and some
of the clinical manifestations are shared with Turner syndrome; pa-
tients showing overlapping features, called “Turner—Kabuki” syn-
drome, have been reported [Bianca et al., 2009; Dennis et al., 1993;
Niikawa et al., 1988; Rodriguez et al., 2008; Stankiewicz et al., 2001;
Wellesley and Slaney, 1994]. Common structural abnormalities (in-
version, translocation, and ring chromosome) involving Xp11 and
Ypl11 in the pseudoautosomal region were observed in KS, imply-
ing the potential involvement of the regions for pathogenesis in
KS [Matsumoto and Niikawa, 2003]. In addition, two unrelated KS
patients with ring X (p11.2q13) have been reported [McGinniss
et al., 1997; Niikawa et al., 1988]. However, an X-linked gene for
KS has not been identified until recently. In 2012, complete or par-
tial de novo deletions of KDM6A (MIM# 300228) were identified
in three patients with KS [Lederer et al., 2012]. KDMG6A resides at
Xp11.3 and encodes the lysine demethylase 6A (KDM6A) demethy-
lating di- and trimethyl-lysine 27 on histone H3 (H3K27) [Leeet al.,
2007]. H3K4 methylation by MLL2/3 is linked to the demethylation
of H3K27 by KDM6A [Lee et al., 2007]. These authors sequenced
KDMG6A in their series of 22 patients, but found no point mutations
[Lederer et al., 2012]. In this study, we investigated KDM6A with
regard to point mutations in KS after obtaining written informed
consents from families of patients. The institutional review board of
Yokohama City University School of Medicine approved this study.
To identify KDM6A mutations in KS, we examined this
gene’s 29 coding exons along with its exon-intron boundaries
(NM_021140.2) in 32 KS individuals with no MLL2 mutation, using
high-resolution melting analysis combined with direct sequencing.
We identified three mutations: ¢.3717G>A (p.Trp1239*) in patient
1 (male, hemizygous), ¢.1555C>T (p.Arg519*) in patient 2 (male,
hemizygous), and ¢.3354_3356delTCT (p.Leulll9del) in patient
3 (female, heterozygous) (Fig. 1). Nucleotide numbering reflects
cDNA numbering with +1 corresponding to the A of the ATG trans-
lation initiation codon in the reference sequence (NM_021140.2),
according to journal guidelines (www.hgvs.org/mutnomen). The
initiation codon is codon 1. One mutation (¢.3354_3356delTCT)
occurred de novo; parental samples were unavailable for the other
two. Because the two nonsense mutations were outside of the last

© 2012 WILEY PERIODICALS, INC.
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Figure 1.

KDMB6A mutations in three Kabuki syndrome patients. A-C: Electropherogram of patient 1: ¢.3717G>A (p.Trp1239*) (A), patient 2:

¢.1555C>T (p.Arg519*) (B), and patient 3: ¢.3354_3356delTCT (p.Leu1119del) (C). Hemizygous changes (A and B) and a heterozygous change (C) can
be seen. The altered or deleted nucleotides are written in red. D: p. Leu1119 is evolutionarily conserved from zebrafish to human. The position of

p.Leu1119is boxed in red. E: Facial photographs of patient 3.

coding exon, and in an exon 55 bp from the 3’ most exon—exon junc-
tion, the mutant alleles could be subjected to nonsense-mediated
mRNA decay (unfortunately living cells from the patients were un-
available, so we could not test this hypothesis). ¢.3354_3356del TCT
in patient 3 would lead to deletion of one amino acid within the
functionally important catalytic Jumonji C (JmjC) domain [Lee
et al., 2007]. The amino residue p.Leull19 is evolutionarily con-
served from zebrafish to human (Fig. 1D) and plays an important
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role in hydrophobic core formation with p.lle1126 and p.Met1129
to stabilize the JmjC domain [Sengoku and Yokoyama, 2011]. This
amino acid deletion may impair helix formation around the mutated
residue, resulting in domain destabilization.

Basically, KDM6A/Kdmé6a escapes X-inactivation in humans and
mice [Greenfield et al., 1998; Xu et al., 2008]. However, its expression
from the inactive X chromosome is lower (15-35%) than that from
the active X chromosome in female mice; thus, Kdm6a expression
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Table 1. Clinical Features of Patients with a KDM6A Mutation
Patient 1 Patient 2 Patient 3
Sex Male Male Female
Mutation c3717G>A ¢1555C>T  ¢.3354_3356delTCT
Protein change p.Trp1239* p.Args19* p.Leul119del
De novo status NA NA De novo
Paternal age at birth 34 42 27
Maternal age at birth 33 40 26
Characteristic face + + +
Microcephaly + + -
Long palpebral fissures + + +
Epicanthus + - -
Lower palpebral eversion + + +
Prominent ear + + -
Auricular deformity + + -
Depressed nasal tip + + NA
Short nasal septum + + NA
Abnormal dentition + + -
Hypodontia + + -
High-arched palate + + -
Micrognathia + - -
Short fifth finger + - +
Developmental delay + (Severe) + (Severe) + (Severe)
Intellectual disability + (Severe) + (Severe) + (Severe)
Short stature + + +
Prenatal growth retardation +(~1.96 SD) + -
Postnatal growth retardation + + +
Cardiovascular abnormality + - -
Joint laxity + + -
Recurrent otitis media + = -
Deafness + - NA
Karyotype 46, XY 46,XY 46,XX

2The deafness in patient 1 is conductive because of recurrent otitis media.

KDMG6A gene variants were deposited in a gene-specific database (http://www.lovd.
NI/KDM6A).

NA, not analyzed.

in female mice was not twice that in male mice [Xu et al., 2008].
In addition, UTY (Yql11.221), a paralog of KDM®6, has been sus-
pected to partially compensate in males while its function is not well
known [Lederer et al., 2012; Xu et al., 2008]. Patient 3 in our study
showed a random pattern of X-inactivation with the ratio 57:43 in
genomic DNA of peripheral leukocytes. Interestingly, marked skew-
ing of X-inactivation was observed in two female patients reported
by Lederer et al. (2012). In their lymphoblast, KDM6A deletion was
recognized at inactive X chromosome in all 70 mitoses. Here, we
propose the threshold model for the pathogenicity of KDM6A ab-
normality (Supp. Fig. $1). The two female patients with a KDM6A
deletion might not attain the appropriate level of KDM6A expres-
sion allowing normal development due to existence of specific cells
with unfavorable inactivation, whereas male and pure Turner syn-
drome female with appropriate KDM6A expression do not show KS
phenotype under assumption of unknown partial functional com-
pensation of KDM6A by UTY in Y chromosome (only for male)
(Supp. Fig. S1).

We reviewed the clinical details of the three patients (Table 1;
Supp. Text). All patients were born to unrelated healthy parents.
All the three showed severe developmental delay and intellectual
disability. Interestingly, patient 3 (female) presented less dysmor-
phic features and the two male patients 1 and 2 showed a much
more severe phenotype with multiple organ involvement (Table 1;
Fig. 1E). Null expression of KDM6A in males and residual KDM6A
expression from active X chromosome may explain sex-biased sever-
ity (Supp. Fig. S1). Alternatively, it could be explained by a lesser
effect of the in-frame mutation in female patient. However, in a
previous study, the severity of clinical symptoms varied also among
two female patients and a male with a KDM6A deletion [Lederer
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et al,, 2012]. More studies of KS patients with KDM6A abnormal-
ity are necessary. It is likely that the mutation type as well as the
X-inactivation pattern in affected organs in females may determine
the severity of KS.

In conclusion, we have described the first three point mutations
of KDM6A in KS. Our three patients out of 32 MLL2-negative pa-
tients (mutation detection rate: 9.3%) are comparable to the three
patients out of 22 MLL2-negative patients (13.6%) previously de-
scribed [Lederer et al., 2012], regardless of the mutation type. The
mutation detection rates for MLL2 (55-80%) plus KDMG6A (9~
13%) in KS suggest that other gene(s) may be found. Because both
MLL2 and KDM6A are histone modifiers, the other pathogenic
genes might have related functions. Further research is needed to
understand the pathomechanisms of KS as well as the role of histone
modification in human disease.
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Objective: Recently, COL4AT mutations have been reported in porencephaly and other cerebral vascular diseases,
often associated with ocular, renal, and muscular features. In this study, we aimed to clarify the phenotypic spectrum
and incidence of COL4A1 mutations.

Methods: We screened for COL4AT mutations in 61 patients with porencephaly and 10 patients with schizencephaly,
which may be similarly caused by disturbed vascular supply leading to cerebral degeneration, but can be
distinguished depending on time of insult.

Results: COL4AT mutations were identified in 15 patients (21%, 10 mutations in porencephaly and 5 mutations in
schizencephaly), who showed a variety of associated findings, including intracranial calcification, focal cortical
dysplasia, pontocerebellar atrophy, ocular abnormalities, myopathy, elevated serum creatine kinase levels, and
hemolytic anemia. Mutations include 10 missense, a nonsense, a frameshift, and 3 splice site mutations. Five
mutations were confirmed as de novo events. One mutation was cosegregated with familial porencephaly, and 2
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mutations were inherited from asymptomatic parents. Aberrant splicing was demonstrated by reverse transcriptase
polymerase chain reaction analyses in 2 patients with splice site mutations.

Interpretation: Our study first confirmed that COL4A1 mutations are associated with schizencephaly and hemolytic
anemia. Based on the finding that COL4A7T mutations were frequent in patients with porencephaly and
schizencephaly, genetic testing for COL4AT should be considered for children with these conditions.

ype IV collagens are basement membrane proteins

that are expressed in all tissues, including the vascula-
ture. COL4A1 (01 chain) and COL4A2 (02 chain) are
the most abundant type IV collagens, and form hetero-
trimers with a 2:1 stoichiometry (xlola2).! Mutations
in COL4AI and COL4A2 cause sporadic and hereditary
porencephaly, a neurological disorder characterized by
fluid-filled cysts in the brain that often cause hemiplegia
or tetraplegia.”™ In addition, a variety of clinical pheno-
types, including small vessel disease affecting the brain,
eyes, and kidneys, are associated with COL4AI abnor-
mality™®; neonatal porencephaly and adult stroke,” spo-
radic extensive bilateral porencephaly resembling hydra-
nencephaly,®  periventricular with
intracranial calcification,” HANAC (hereditary angiopa-
thy with nephropathy, aneurysm, and muscle cramps)
syndrome,'®!! Axenfeld-Rieger anomaly with leukoence-
phalopathy, and adult stroke and intracerebral hemor-
rhage.”*** Notably, COL4A! mutations were present in
2 patients with muscle—eye-brain/Walker—Warburg syn-
drome (MEB/WWS), which is characterized by ocular
dysgenesis, neuronal migration defects, and congenital
muscular dystrophy, suggesting that COL4AI is also
involved in normal cortical and muscular development in
humans.’® Consistent with this hypothesis, a mouse
model of a heterozygous COL4AI mutation (Coldal™
A«40) showed ocular dysgenesis, cortical ncuronal local-

leukomalacia

ization defects, and myopathy, along with cerebral hem- -

otrhage and porencephaly.™® The phenotypic spectrum
of COL4A! mutations is expanding; however, the whole
spectrum of systemic phenotypes and the incidence of
COL4AI mutations associated with porencephaly has not
been systemically examined.

In this study, we screened for COL4A1 mutations in
61 patients with porencephaly and 10 patients with schi-
zencephaly, which may be similarly caused by disturbed
vascular supply leading to cerebral degeneraton, but can
be distinguished depending on time of insule.>'¢7
COL4Al mutations were identified in 10 patients with
porencephaly and 5 patients with schizencephaly, who
showed a variety of associated findings, including intracra-
nial calcification, focal cortical dysplasia (FCD), ocular
abnormalides, pontocerebellar atrophy, myopathy, elevated
serum creatine kinase levels, and hemolytic anemia. Our
study demonstrated the importance of genetic testing for
COL4AI in children with porencephaly or schizencephaly.
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Patients and Methods

Patients

A total of 61 patients with porencephaly including a previous
cohort with porencephaly,® and 10 patients with schizencephaly
including a patient who also had porencephaly were analyzed for
COL441 mutations. Schizencephaly is defined as transmantle
clefis bordered by polymicrogyria in adjacent cortex.'® The clefis
extended through the entire hemisphere, from the ependymal lin-
ing of the lateral ventricles to the pial covering of the cortex.”
The clefts are further divided into those with closed lips and those
with open lips. In the clefts with closed lips, the walls affix each
other directly, obliterating the cerebrospinal fluid space within the
cleft at that point.>® COL4A2 mutations were negative for these
patients, Genomic DNA was isolated from blood leukocytes
according to standard methods, and amplified using an illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Buck-
inghamshire, UK). The DNA of familial members of patient 6
was isolated from saliva samples using Oragene (DNA Genotek,
Kanata, Ontario, Canada). Experimental protocols wete approved
by the committee for ethical issues at Yokohama City University
School of Medicine. All patients were investigated in agreement
with the requirements of Japanese regulations.

Mutation Analysis

Exons 1 to 52, covering the entite COL4AI coding region, were
examined by high-resolution melting (HRM) curve analysis.
Samples showing an aberrant melting curve pattern in the HRM
analysis were sequenced. Polymerase chain reaction (PCR) pri-
mers and conditions are shown in Supplementary Table S1. All
novel mutations were verified using original genomic DNA, and
screened in 200 Japanese normal controls by HRM analysis. For
the family showing de novo mutations, patentage was confirmed
by microsatellite analysis, as previously described.”’ Biological
parents were confirmed if >4 informative markers were compat-
ble and other markers showed no discrepancy.

Reverse Transcriptase-PCR

Reverse transcriptase (RT)-PCR using total RNA extracted
from lymphoblastoid cell lines (LCL) was performed essentially
as previously described.”” Briefly, total RNA was extracted using
RNeasy Plus MiniKic (Qiagen, Tokyo, Japan) from LCL with
or without 30uM cycloheximide (CHX; Sigma, Tokyo, Japan)
incubation for 4 hours. Four micrograms total RNA was sub-
jected to reverse transcription, and 2ul cDNA was used for
PCR. Primer sequences are ex20-F (5'-CCCAAAAGGTTTCC
CAGGACTACCA-3) and ex22-R (5'-GTCCGGGCTGACAT
TCCACAATTC-3; for patient 4); and ex22-F (5-GAATTC-
CAGGGCAGCCAGGATTTAT-3') and ex24-R (5'-CATCTCT
GCCAGGCAAACCTCTGT-3'; for patient 7). DNA of each
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PCR band was purified by QIAEXIL Gel extracrion kit (Qia-
gen; for patient 4) and E.Z.N.A, poly-Gel DNA. Extraction kit
{Omega Bio-Tek, Norcross, GA; for patdent 7), respectively.

Results

Mutation and RT-PCR analysis

COL4A1 abnormalities were identified in 15 patients
(Fig 1 and Table). Nine mutations occurred at highly
conserved Gly residues in the Gly-X-Y repeat of the col-
lagen triple helical domain. Interestingly, a missense
mutation (c.4843G>A [p.Glul615Lys]) at an evolution-
ary conserved amino acid and a nonsense mutation
(c.4887C>A [p.Tyr1629X]) were found in the carboxy-
terminal noncollagenous (NC1) domain. The other 4
mutations include a frameshift mutation (c.2931dupT
[p.Gly978TipfsX15]) and 3 splice site mutations
(c.1121-2dupA, ¢.1382-1G>C, and c.1990+1G>A).
None of these mutations was present in 200 Japanese
normal controls, and Web-based prediction tools sug-
gested that these mutations are pathogenic (Supplemen-
tary Table $2). The ¢.2842G>A (patient 1), ¢.3976G>A
(patient 2), c.4887C>A (patient 8), c.2689G>A (patient
13), and ¢.1990-+1G>A (patient 14) mutations occurred
de novo. The ¢.3995G>A mutation (patient 3) was not
found in the mothers DNA (the fathers DNA was
unavailable). The c¢.1121-2dupA (patient 4) and
¢2931dupT (patient 6) murations were found in the
asymptomatic fathers. c.1963G>A (patient 10) was
found in familial members affected with porencephaly as
well as asymptomatic carriers, suggesting incomplete pen-
etrance of the mutation (Supplementary Fig S1). The
remaining patients’ parental DNA was unavailable.

To examine the mutational effects of the 2 splice
acceptor site mutations (c.1121-2dupA and c.1382-
1G>C), RT-PCR and sequencing were performed (see
Fig 1). c.1121-2dupA caused the deletion of exon 21
from the wild-type COL4AI mRNA, resulting in an in-
frame 55-amino acid deletion (p.Gly374_Asn429delin-
sAsp). The effect of ¢.1382-1G>C was more compli-
cated. There were 3 PCR products amplified from LCL
treated with CHX, which inhibits nonsense-mediated
RNA decay (NMD). The middle band corresponded
to the wild-type allele. The sequence of the lower mutant
band showed a 33bp insertion of intron 22 and an 84bp
deletion of all of exon 23 from the use of cryptic splice
acceptor and donor sites within intron 22. The change
of amino acid sequence from this mutant transcript was
a deletion of 29 amino acids and an insertion of 12
amino acids (p.Gly461_Gly489delinsValHisCysGlyAsp-
PheTrpSerHisValThrArg). The upper band was only
observed in CHX-treated LCL, but was not evident in
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the untreared LCL, suggesting that this mutant transcript
may undergo NMD. Sequencing of the upper band
showed a 61bp insertion of intron 22 from the use of a
cryptic splice acceptor site within intron 22, as men-
tioned above. The product of this mutant transcript leads
to a frameshift, creating a premature stop codon
(p.Gly461ValfsX31), which is consistent with degradaton
of the mutant transcript by NMD.

Clinical Features

The clinical information for individuals with COL4AI
mutations is summarized in the Table, and their repre-
sentative brain images are shown in Figure 2 and Supple-
mentary Fig $2. COL4AI mutations were identified in
10 of 61 patients with porencephaly (16.4%). Of note,
COIL4AI mutations were identified in 5 of 10 patients
with schizencephaly (50.0%), revealing a novel associa-
tion between COL4AI mutations and schizencephaly.
Thirteen patients were born at term, and 2 patients
(patients 1 and 12) were born at preterm. Their body
weight was normal at birth except for 5 patients (paticnts
3, 4,9, 12, and 15) who were below —2.0 standard devi-
ations. The occipitofrontal circumference was available in
12 patients, and 6 patients (patients 2, 3, 6, 13, 14, and
15) were below —2.0 standard deviations. Two patients
(patients 11 and 12) were confirmed to have an antenatal
hemorrhage as previously reported.” 24 Among associated
findings with COL4Al murations, a patient showed
FCD that was histologically demonstrated (Fig 3A-F). In
addition, hemolytic anemia was found in 5 of 15
patients, suggesting that hemolytic anemia may be a
novel feature associated with COL4AI mutation. Ponto-
cerebellar atrophy along with severe bilateral porence-
phaly was observed in 2 patients, and a patient showed
cerebellar hypoplasia. Previously reported magnetic reso-
nance imaging and systemic findings associated with
COL4AIl mutations were also observed, indluding intra-
cranial calcification (7 of 15), myopathy (1 of 15; see Fig
3G, H), ocular abnormalities (4 of 15), and elevated se-
rum creatine kinase levels (6 of 15), confirming that
these features are useful signs for COL4AI testing. Case
reports are available in the Supplementary Data.

Discussion

We found a total of 15 novel mutations in this study.
Nine mutations occurred at highly conserved Gly resi-
dues in the Gly-X-Y repeat of the collagen triple helical
domain, suggesting that these mutations may alter the
collagen IV alale2 heterotrimers."* We reported for
the first time 2 mutations (a nonsense and a missense
change) in the NC1 domain. The nonsense mutation

Volume 73, No. 1



A Patient 6 Pallent8

¢.2931dupT c.4887C>A
p.GlyS78TrpfsX15 p.Tyr1620X
78 Collagen triple N
domain helical domain d c1
1 r‘:f__A/J I ; I t R t—_"IGGQ
Patient § Patient 10  Patient 11 Patient 13 Patient1  Patient15 Patient12 Patient 2 Patient 3 Patient 9

¢.1835G>A C.1963G>A  ¢.2608G>A  c.2689G>A  ©.2842G>A  C.3122G>A  ¢.3245G>A  ¢3976G>A  ©.3805G>A  ©4843G>A
p.Glys12Asp  p.Gly655Arg  p. Gly870Arg p.Gly8878er n.Gly848Ser p.Gly1041Glu p.Gly1082Glu  p.Giy1 325Afg p.Gly1332Asp p.GluiB15lys

H. Sapiens EraZPI; L SMK] LEED) BEKEE! plec PFIECHG
M. musculus PIhBV LPES B SMK| SPlEr] gE G D PFIECRHG
G. gallus AL LEEPP SLK| P D ERE PFIECHG
X. tropicalis GTSELP GAET P TMKES LGl ERED] D PFIBCHG
7. rubripes el Pl HMK F i s%na PFIECHG
¢. elegans geslEe GDRERN G TRED! PEERS PFIECNG

/"’J \ Upper band

WTr gttgecagGCcC WT allele ] ;
Mutant t tgc aa gGC ¢ >/ L\~ - —
A Ex20 Ex21 Ex21 Ex22

, ‘ji NPV AY Y VAT AV AP VAV AVAYAYAVAVAYAYATA
©.1121-2dupA CCTCCAGGCCTCCC TACACABBIGGAART

C Lower band T :

RT(+) (Mutant allele) = ’ - ’

Patient4 Father Mother RT(-) l\ Ex20 Ex22 /"!
| . -

\ FATAY
CCTCCAG ATGGAAT

E B — agI ex23 G

.&—“J k“"ﬁ.
WT ttta Upper band
Mutant ¢ ¢t t a (Mutant allele 1) K -
N \/\/\ exon 22 intron 22 intron 22 exan 23
'i\/\/ \/\A DANAAAAAA A AN 2AAA ,\/\[\[\;’,\/‘\! A
¢.1382-1G>C GAGAAAGLgcactg tttttacGTCARAA
Middle band
. {WT allele)
--—-———f§fﬂg~—-——-—- exon 22 exon 23 exon 23 exon 24
untreated CHX treated ; ;f\' N iy ""‘“‘"
Control RT(#)RT(-) RT(+) RT(-) PNy y\;{‘{\f‘w Al N Y %/\1 Y/ iy
CAGARLGGTCARAR CRAATAGGTITCCC
Lower band ‘ 2 ]
(Mutant allele 2) — g : o

exon22  intton22 intron 22 exon 24

[\f VY N)\’ WAPAY /\"\/\](}i\ :[\/\[1\’,-@ ’Vﬁ“\'

GACAAthqcactq g ttacacGTTTCCC

FIGURE 1: COL4A1T mutations in patients with porencephaly or schizencephaly. (A) Functional domains of COL4A1 protein.
The locations of 12 mutations, including 10 missense mutations (bottom), a nonsense mutation, and a frameshift mutation (top)
are indicated by arrows. The 75 domain is highlighted with blue and the NC1 domain with red. Gly-X-Y repeats within the col-
lagen triple helical domain are highlighted with yellow. All of the missense mutations occurred at evolutionary conserved
amino acids. The positions of the conserved Gly residues in the Gly-X-Y repeats are highlighted in gray. Homologous sequen-
ces were aligned using CLUSTALW (http://www.genome.jp/tools/clustalw/). (B) The c.1121-2dupA mutation in intron 20 is col-
ored red. Sequences of exons and introns are presented in upper and lower cases, respectively. (C) Reverse transcriptase (RT)-
polymerase chain reaction (PCR) analysis of patient 4 and his parents. (D) Schematic presentation of the wild-type (WT; upper)
and mutant (lower) transcripts and primers used for analysis. A single band (500bp), corresponding to the WT allele, was ampli-
fied using the mother’s cDNA template. Conversely, a lower band was detected from the ¢cDNA from the patient and his fa-
ther. In the mutant transcript, the 165bp exon 21 was deleted. Sequences of exons and introns are presented in upper and
lower cases, respectively. (E) The ¢.1382-1G>C mutation in intron 22 is colored red. (F} RT-PCR analysis of patient 7 and a con-
trol. (G) Schematic representation of the WT and mutant transcripts, and primers used for analysis. A single band (183bp), cor-
responding to the WT allele, was amplified using a control cDNA template. Conversely, upper and lower bands were detected
from the patient’s cDNA. The upper band (244bp), which was observed only in cycloheximide (CHX)-treated cells, had a 61bp
insertion of intron 22 sequences, leading to a frameshift. Absence of the upper band in untreated lymphoblastoid cell lines
strongly suggests that the mutant transcript may undergo nonsense-mediated mRNA decay. The lower band had a 33bp inser-
tion of intron 22 and 84bp deletion of the whole of exon 23, leading to an in-frame 51bp deletion.
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FIGURE 2: Computed tomography (CT) scan (A, D) and magnetic resonance imaging (MRI; B, C, E-L) of patients with COL4AT muta-
tions. (A-C) Images of patient 1. (A) The CT scan shows calcification along with the dilated lateral ventricular wall. (B) T2-weighted
and (C) T1-weighted images (Wils) at 5 years of age showing bilateral porencephaly. (D) The CT image of patient 2 with schizence-
phaly shows calcification of the lateral ventricular wall and brain parenchyma. (E, F) T1-Wils of patient 3 show unilateral schizence-
phaly at 15 months of age. (G) T2-WI of patient 4 at 3 years of age shows parenchymal defect of the left thalamus and basal ganglia
due to subependymal hemorrhage. (H) Fluid-attenuated inversion recovery image of patient 7 at 6 years of age showing unilateral
porencephaly. (I} T2-WI, {J) T2*-weighted gradient-echo image (WGRE), and (K) T1-WI of patient 9. (I) The MRI at 2 months of age
shows bilateral porencephaly with low-intensity lesions along with a deformed ventricular wall, which has hemosiderin deposition
and calcification. (J) T2*-WGRE showing hemosiderin deposition in the atrophic cerebellum. The atrophic pontocerebellar structures
are also shown in (K). (L) T1-WI of patient 15 showed schizencephaly in the left hemisphere at 2 years of age.
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FIGURE 3: Histopathological features of the resected fron-
tal tissue of patient 4 (A-F) and biopsied rectus abdominis
muscle of patient 7 (G, H). {A) Low-magnification view of
the cortex showing architectural abnormalities. (B, C) Two
examples of neuronal dustering. (D) Many neurons scat-
tered within the subcortical white matter. (E, F) Two serial
sections demonstrating the superficial layer of the cortex.
Note that the basal lamina of the pia mater (arrows in each
panel) is continuously labeled with antibodies against colla-
gen type IV (E) and laminin (F). (A-D) Kliiver-Barrera stain.
(E, F) Immunostained and then counterstained with hema-
toxylin. {G) Hematoxylin and eosin staining showing varia-
tion in fiber size, slightly increased endomysial connective
tissue, and internal nuclei. (H) Adenosine triphosphatase (pH
4.5) staining showing type 2B fiber deficiency. There was no
increase in number of type 2C fibers. Scale bars indicate
175um (A, E, F), 30gm (B, C), 80um (D), and 30xm (G, H).

would cause a truncation of the NC1 domain rather
than mRNA degradation by NMD as the mutation was
located within 50bp of the exon—intron boundary of the
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second to last exon (exon 51).26 The NC1 domains are
the sites for molecular recognition through which the
stoichiometry of chains in the assembly of triple-helical
formation is directed’; therefore, these 2 mutations may
alter the assembly of the collagen IV alela2 hetero-
trimers. In addition, the effect of 2 splice site mutations
was examined using LCL, suggesting that in-frame dele-
tion/insertion mutant protein should be produced. Thus,
it is highly likely that impairment of the collagen IV
alolo2 heterotrimer assembly caused by mutant ol
chain is a common pathological mechanism of COL4AI
mutations. The ¢.2931dupT mutation found in patient 6
and his father might cause severe truncation of COL4A1
protein. It is possible that the truncation of COL4AIL
protein can also impair alale2 heterotrimer assembly
similar to substitutions of conserved Gly residues in the
Gly-X-Y repeat. Alternatively, the mutant transcript
might undergp NMD, and haploinsufficiency of
COL4Al might cause a weakness of basement mem-
brane. Biological analysis using patients’ cells will clarify
these possibilities.

COL4Al mutations in schizencephaly were first
demonstrated in this study. Schizencephaly was used by
Yakovlev and Wadsworth in 1946 to describe true clefts
formed in the brain as a result of failure of development
of the cortical mantle in the zones of cleavage of the pri-
mary cerebral fissures.'” Schizencephaly is differentiated
from clefts in the central mante that arise as the result
of a destruction of the cerebral tissues, which they called
encephalocrastic porencephalies, now known simply as
porencephaly.’? Schizencephaly has been understood as a
neuronal migration disorder, because the clefts are lined
by abnormal gray matter, described as polymicrogyria.
Conversely, porencephaly is understood to be a postmi-
gration accident resulting in lesions, without gray matter
lining the clefts or an associated malformation of cortical
development. It has been suggested that both schizence-
phaly and porencephaly are caused by encephaloclastic
regions, and can be distinguished depending on time of
insult.'®"” The present study clearly demonstrated that
COL4AI mutations caused both porencephaly and schi-
zencephaly, supporting the same pathological mechanism
for these 2 conditions.

The genes responsible for FCD have been elusive,
despite extensive investigation. The pathological features
of the cortical tubers of tuberous sclerosis (TSC) may be
indistinguishable from those of FCD. Apart from FCD
due to TSC, there is only 1 gene that may explain the
genetic basis of FCD, where a homozygous mutation in
CNTNAP2 has been identified in Amish children with
FCD, macrocephaly, and intractable seizures.”’ Surpris-
ingly, the present study discovered a patient with FCD
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and porencephaly, in whom aberrant splicing was dem-
onstrated and FCD1A was pathologically confirmed
using resected brain tissues. A recent report revealed
COL4Al mutations in 2 patients with MEB/WWS
showing cobblestone lissencephaly,'® and abnormal corti-
cal development has been observed in mouse models of
COL4AI mutations.">*® Thus, it is possible that
COL4A1 mutations are involved in cerebral cortical mal-
formations, including FCD. Identification of a greater
number of cases is required to confirm the association
between COL4AI mutations and cortical malformations
in humans.

In a few children, the sequelae were much more
severe than would be expected on the basis of their imag-
ing findings. This is of importance when counseling
parents with regard to prediction of neurodevelopmental
outcome.

Two patients with COL4AI mutations showed in-
tracranial calcification, pontocerebellar atrophy, ocular
abnormalities, and hemolytic anemia associated with
severe bilateral porencephaly (patient 9) or schizence-
phaly (patient 5). Severe hemorthagic destructive lesions
in the cerebrum were observed in these patients, and T2*
images also showed hemorrhage in the cerebellum, which
rﬁay have resulted in a thin brainstem and severe cerebel-
lar atrophy. Thus, these 2 patients could be considered as
the most severe manifestations affecting the developing
brain and eyes. A common feature of the 2 patients is
hemolytic anemia of an unknown cause, which required
frequent blood transfusions. Five of 15 patients with
COL4AI1 mutations showed hemolytic anemia. Interest-
ingly, 2 reports have demonstrated that mouse Coldal
mutants showed a significant reduction in red blood cell
(RBC) number and hematocrit.?®*? Given that Coldal
mutations lead to hemorrhage, chronic hemorrhage is
possibly involved in RBC loss. Alternatively, the Coldal
mutation may directly affect blood progenitor cells, as
they transmigrate across basement membranes before
entering the peripheral blood.*® Hemolytic anemia in
patients with COL4AI mutations would imply the latter
explanation. Further studies are required to clarify how
COL4A1/Col4al mutations are involved in anemia.

In summary, we found 15 mutations in COL4A7
among 71 patients with porencephaly or schizencephaly,
showing an unexpectedly high percentage of mutations
(about 21%) in these patients. Fourteen patients with
COL4A1 mutations had no family history of cerebral
palsy. The 15 patients with COL4A1 mutations showed a
variety of phenotypes, further expanding the possible
clinical spectrum of COL4A4l mutations to include
schizencephaly, FCD, pontocerebellar atrophy, and he-
molytic anemia. Genetic testing for COL4AI should be
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recommended for children with porencephaly and
schizencephaly.
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We reported on a male patient with rare leukoencephalopathy
and skeletal abnormalities. The condition was first noticed as a
developmental delay, nystagmus and ataxia at 1 year of age. At4
years of age, he was diagnosed as hypomyelination with skeletal
abnormalities from clinical features, brain magnetic resonance
imaging (MRI) and skeletal X-rays. His brain MRI revealed
diffuse hypomyelination. These findings suggested the classical
type of Pelizacus—Merzbacher disease (PMD) caused by proteo-
lipid protein ( PLP)-1 gene or Pelizacus—Merzbacher-like disease
(PMLD). However, we found neither mutation nor duplication
of PLP-1. The patient had severe growth retardation and general
skeletal dysplasia compatible with spondylo-epi-metaphyseal
dysplasia; however the mutation of discoidin domain receptor
(DDR) 2 gene was absent. The co-morbidity of hypomyelination
with skeletal abnormalities israre. We performed array CGH and
no causal copy number variation was recognized. Alternatively,
this condition may have been caused by a mutation of the gene
encoding a molecule that functions in both cerebral myelination
and skeletal development. © 2012 Wiley Periodicals, Inc.

Key words: Pelizacus—Merzbacher disease; cerebral hypomyeli-
nation; spondylo-epi-metaphyseal dysplasia

INTRODUCTION

Classical/connatal Pelizaeus—Merzbacher disease (PMD; #OMIM
312080) is one of the dysmyelinating/hypomyelinating disorders
which are characterize by a primary loss of myelin with a relative
sparing of axons; and they appears to relate to inadequate myelino-
genesis rather than myelin breakdown [Powers, 2004]. PMD is
caused by missense mutations, duplication or deletions in the
proteolipid protein (PLP)-1 gene on chromosome Xq22 [Inoue
et al., 1999; Lazzarini et al., 2004]. Hence, the lesions are restricted
to the CNS in these diseases.

© 2012 Wiley Periodicals, Inc.
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Common symptoms of connatal and classical types of PMD
are nystagmus, extrapyramidal symptoms, and psychomotor dete-
rioration. The onset of the classical-type PMD is at several months
to several years after birth, whereas these symptoms in connatal type
are shown early after birth and progresses rapidly [Lazzarini et al.,
2004]. In the classical type, myelination occurs only in the internal
capsule, optic radiation or brain stem [Inoue et al., 1999; Kagitani
et al., 1999; Lazzarini et al., 2004].

The clinical features of hypomyelinating disorders are variable;
however, there has been only one report of its being associated with
skeletal abnormality [Neubauer et al., 2006].

In this report, we describe a boy with hypomyelination and
spondylo-epi-metaphyseal dysplasia, and also analyzed the candi-
date genes; discoidin domain receptor (DDR) 2 and PLPI gene.

Additional supporting information may be found in the online version of
this article.
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Furthermore, copy number polymorphism was screened by com-
parative genomic hybridization (CGH). To our knowledge, thisisa
novel case with central hypomyelination and skeletal dysplasia.

CLINICAL REPORT
Patient Report

The patient is an 11-year-old boy and the only child of healthy and
nonconsanguineous parents. He was delivered at 40 weeks without
asphyxia. Family history was negative for genetic diseases including
neurological/neuromuscular diseases, metabolic diseases, and skel-
etal diseases. His birth weight was 3,088 g. He seemed to have no
dysmorphic features and no neurological symptoms at birth. He
gained head control at 4 months, sat alone at 8 months, stood while
holding a support at 10 months and could walk in a walker at 1 year
of age. However, he could never stand up without support because
of contractures of his knees and ankles. He began to speak words at
around 12 months. The motor deterioration was recognized sub-
sequently and he could only sit alone at the age of 2. Mild growth
retardation was manifested, with a weight of 9,060 g (—1.2SD),
height of 76cm (—1.8SD) and head circumference of 46cm
(—1.2SD) at the age of 18 months.

At the age of 4, he first visited our hospital. Magnetic
resonance imaging (MRI) of the brain revealed hypomyelination
except the posterior limbs of the internal capsule. X-ray analysis
of limbs and vertebrae revealed the following abnormal findings:
delayed appearance of epiphyses, short, flared, and broad meta-
physes and flattened vertebrae (Fig. 2a—c), which were already
indicated at 2 years of age. Nystagmus was first noticed at 4 years
of age. He had had continuous wheezing until the age of 5.
Vomiting appeared when the patient was around 7 years old and
got worse at 10 years of age. He was diagnosed as gastroeso-
phageal reflex and hiatus hernia, for which Nissen fundoplica-
tion was performed. Bronchography revealed tracheomalacia
and membranous stenosis.

At the age of 11, his height was 107 cm (—5.5SD); and weight,
21.3kg (—2.1 SD). The short stature had become obvious since the
age of 5 or 6 years. He had a depressed nasal bridge, mildly hypo-
plastic midface and anteverted nose, a long smooth philtrum and a
high palate. There was no sign of hypertelorism. He had a narrowed
chest with short ribs. Lordoscoliosis was noticed on the spine
position. His hands were small and puffy with short fingers. His
feet were also puffy with flattened arches, clubbed fingers, and spastic
ankles. The joints of limbs were prominent and showed contrac-
tures, Whereas the deformities of the upper limbs were mild, the
lower ones showed severe contractures; and he could hardly extend
or bend his knees and ankles by himself over 60°. Slow rotatory and
lateral nystagmus was noticed, and he could not gaze. The left eye
had external strabismus (exotropia). Deep tendon reflexes were
absent in the lower extremities because of their articular contracture.
Babinski’s reflexes were positive on both legs and there was no sign of
muscular hypotonia. The nose-finger—nose test revealed dysdiado-
chokinesia. Severe truncal ataxia was also present. Although he could
understand most of daily conversation, his speech was slurred with a
hoarse voice. Neither corneal muddiness nor cherry red spots were
present, but funduscopic examination revealed bilateral optic atro-

phy. His developmental quotient (DQ) by Kyoto Scale of Psycho-
logical Development 2001 was 47 at 9 years of age (cognitive-
adaptive; 40, language-social 55).

Laboratory results of a routine blood and endocrine functions
were normal. Both oligoclonal band and myelin basic protein
(MBP) in the cerebrospinal fluid (CSF) were absent. Lysosomal
enzyme activities, including -galactosidase, B-hexosaminidase, o.-
galactosidase, o-fucosidase, and arylsulfatase A, and assay of very-
long unsaturated fatty acids were within normal ranges. Screening
for urinary mucopolysaccharides was negative. G-banding analysis
revealed no chromosomal aberrations.

Electroencephalography showed slow basic-wave activity for his
age, low amplitude (<50 pV) and no spikes. The evoked potentials
revealed the following: brainstem auditory evoked potential
(BAEPs) showed only the 1st and delayed 5th waves (latencies of
5th waves; left 7.02, right 6.28 sec). Visually evoked potentials
showed no cortical response. Short sensory-evoked potentials
were also absent. In contrast, motor and sensory nerve conductive
velocities and F-waves were normal.

The brain MRI and MR spectroscopic (MRS) imaging were
shown in Figure la—c, which indicated hypomyelination same as
the findings at 4 years of age. MRI of the spine showed trans-
formation of the vertebral bodies, irregular vertebral spaces and
marked lordoscoliosis (Fig. 2d,e).

The skeletal survey revealed the following bone changes: Vertebral
bodies were oval shaped and flattened. C1—C2 instability was absent.
In the pelvis, flared iliac wings, short ischia, and convexed upper
acetabular margins were observed (Fig. 2h). In the hands, a few of the
small carpal bones were smaller than normal and calcified soft tissue
was observed around the carpals. The proximal phalanx showed a
cone-shaped epiphysis with an irregular metaphysis. Furthermore,
the metacarpals were shorter than normal. There was deformity of
the caput ulnae (Fig. 2g). In the foot, the toes were short and broad.
There was poor ossification of the knee joints (Fig. 2i). In the lower
limbs metaphyseal dysplasia was less severe than that in the upper
ones. Stippled calcification was present on the lateral bodies of the
sacral bones, the femoral heads, and on and around the epiphyses of
tubular bones. In addition, the bone-mineral content of all the
tubular bones was decreased. These skeletal findings were compat-
ible with the diagnosis of spondylo-epi-metaphyseal dysplasia of the
short limb-hand type (OMIM#271665).

At 14 years of age, respiratory failure appeared at episode of
infection and tracheostomy was performed ultimately after the
second episode of respiratory failure at the age of 16.

Genetic Analysis

Experimental protocols were approved by Institutional Review
board (IRB) of Osaka University Hospital and performed after
informed consent. DNA was extracted from whole blood using
Quick Gene DNA whole blood kit S (QuickGene-800 FUJIFILM,
Tokyo, Japan). The Discoidin domain receptor 2 gene (DDR2)
responsible for spondylo-epi-metaphyseal dysplasia with short
limb-hand type [al-Gazali et al., 1996; Cormier-Daire, 2008; Bargal
et al., 2009] and the PLP] gene were analyzed by polymerase chain
reaction (PCR) sequencing (DDR2 primer data was shown in the
Supplemental Data [eTable S1 available in Supporting Information
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online] and primer and PCR information of PLPI are available on
request.) [Osaka etal., 1999]. DDR2 and PLP1 revealed no sequence
abnormalities.

Microarray analysis of the patient was performed using cytoge-
netics Whole-Genome 2.7M array (Affymetrix, Santa Clara, CA)
and Agilent SurePrint G3 human CGH array 2 x 400K (Agilent,
Invitrogen, Santa Clara, CA) [Miyake etal., 2006]. A total of six copy
number changes (four deletions and two duplications) were
detected. One of them is copy number variations (CNVs) and
four were unrelated to any genes. One 87-Kb duplication at 2q22.1
including THSD7B gene was found, but was maternally inherited
based on the gPCR checking. No copy number change was found in
PLP] or DDR2 in these arrays.

DISCUSSION

This patient displayed two main symptoms simultaneously, that
is, those of central neurological abnormalities and bone dyspla-
sia. Regarding the central neurological symptoms, diffuse high
intensity in the cerebral white matter in T2-weighed MRI images
has not changed and is not progressive, and MBP and the
oligoclonal band were negative in his CSF. In addition, inherited
metabolic disorders resulting in demyelination, such as meta-
chromatic leukodystrophy (MLD), globoid-cell leukodystrophy
(GLD), and adrenoleukodystrophy (ALD), were excluded by
enzymatic analysis or assay of very-long unsaturated fatty acids.
MRS showing no increase in N-acetyl-asparatate (NAA) also
indicated no demyelinating pattern. These lines of evidence
indicate that neurological signs in this patient could be attrib-
uted to diffuse cerebral hypomyelination. Among the disorders
presenting central dysmyelination, deletion 18q, Cockayne syn-
drome (#OMIM 216400), hypomyelination and atrophy of the
basal ganglia and cerebellum (H-ABC) [van der Knaap et al.,
2002], sialic acid storage disease (Salla disease; #OMIM 269920)
and Tay syndrome (#OMIM 272800) were excluded by clinical
history and physical examination. His neurological symptoms
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and findings of ABR and MRI are reminiscent of Pelizaeus—
Merzbacher Disease (PMD) or Pelizacus—Merzbacher-like Dis-
ease (PMLD; #311601). In our case, delay of the motor develop-
ment appeared around 1 year of age, and his clinical symptoms
slowly progressed thereafter. Furthermore, neurological signs
including nystagmus, psychomotor deterioration, dysarthria,
and optic atrophy and MR finding of preserved myelination
in the internal capsule were compatible with the findings of the
classical PMD. However, neither duplication nor mutation in
the PLPI gene was detected.

Previous reports on spondylo-epi-metaphyseal dysplasia with
short limb-abnormal calcification (hand) type suggest the possi-
bility of autosomal recessive inheritance [al-Gazali et al., 1996;
Cormier-Daire, 2008]; however, our case shows no mutation on
DDR2 gene.

There is one report describing a case with hypomyelinating
leukoencephalopathy and metaphyseal chondrodysplasia, which
maps to Xq25-27 [Neubauer et al., 2006]. The clinical course and
brain MRI of that case is similar to those of our case, which are
compatible with classical PMD. However, our patient had no
deletion on chromosome level in the area Xq25-27. Furthermore,
the pattern of skeletal abnormality is different from our case, in
which the distal ulna, radius, distal femur, and proximal tibia
showed significant involvement whereas the vertebrae and pelvis
remained almost entirely unaffected (Table I).

Regarding the coexistence of skeletal abnormalities and neuro-
logical symptoms, Schimke immune-osseous dysplasia (SIOD) and
spondyloenchondrodysplasia with spasticity, cerebral calcifications
and immune dysregulation (SPENCD) should also be differenti-
ated. The former does not have metaphyseal dysplasia and hypo-
myelination similar to our case is not reported previously in SIOD
[Deguchi et al., 2008]. The latter is characterized by the specific
radiographic features. Our patient did not show enchondroma on
X-ray, cerebral calcification in CT and immune dysregulation
[Renella et al., 2006]. Dyggve~Melchior—Clausen syndrome and
Spondylo-epimetaphyseal dysplasia: a new X-linked variant with
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