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ity that LMNA mutations may cause active inflammation
in skeletal muscle during infancy by a certain mechanism.
In support of this notion, three of 15 L-CMD patients
report by Quijano-Roy et al. had inflammatory cell infiltra-
tion [2] In Patients 4, 7, 9, 10 and 11, muscle biopsies were
done at the age of 2years or later and inflammatory
changes were relatively milder compared to the other
earlier biopsies. These findings suggest that severities of
inflammation may be related to the age of biopsies.

Inflammatory myopathy manifesting with muscle weak-
ness starting during infancy is a poorly defined muscle dis-
order and limited number of patients were described in the
literature [4,17-20]. Thompson emphasized that respon-
siveness to corticosteroid is one of the crucial findings that
define the infantile myositis [17]. However, this is unlikely
to be always the case as some of our laminopathy patients,
who were initially diagnosed as infantile-onset inflamma-
tory myopathy also showed some clinical improvement
by corticosteroid therapy. Good response to steroids is
not only a feature of myositis but can also be seen in other
muscular dystrophies including Duchenne muscular dys-
trophy. Therefore, the possibility of laminopathy should
not be excluded solely based upon steroid responsiveness.
Interestingly, all steroid-responsive patients were ambulant
whereas non-responsive patients could not walk, which
might imply some genotype-phenotype correlation. None-
theless, the correlation between genotype and steroid
responsiveness cannot be discussed at this moment as all
patients for whom steroid was used had distinct mutations.
In any case, corticosteroid therapy could be considered for
infantile striated muscle laminopathy patients as some
patients respond, although its long-term efficacy is still
unknown.

The p.Arg249Trp mutation found in this study was pre-
viously reported in L-CMD patients [2], but not in AD-
EDMD or LGMDIB. In contrast, p.Glu358Lys mutation
has also been reported with extremely variability of pheno-
types, including AD-EDMD, LGMDIB, or L-CMD [10].
Thus, the same mutation can result in different phenotypes
and severities. These findings raise a possibility that other
unknown factor(s) may play a role in the development of
laminopathy phenotype.

Muscle imaging demonstrated selective muscle involve-
ment in all eight patients examined. Vastus lateralis and
intermedius were markedly affected, while involvement of
adductor magnus was minimal. In addition, medial head
of the gastrocnemius was remarkably involved while lateral
head was relatively spared in most patients. This selective
muscle involvement is basically identical to that observed
in AD-EDMD/LGMDI1B patients [21] and may be helpful
for the diagnosis of laminopathy in children.

Cardiomyopathy with conduction defects is a common
serious clinical problem in patients with EDMD and
LGMDI1B [1]. In the present study, 8 of 11 patients devel-
oped cardiac complications such as arrhythmia and heart
failure in their childhood and two died due to arrhythmia
and heart failure, respectively. These findings clearly
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demonstrate that accurate diagnosis followed by periodic
examination of cardiac function including electrocardio-
gram, holter electrocardiogram and echocardiogram, and
appropriate implantation of defibrillators is necessary to
avoid unexpected sudden death [22,23].

Our results expand clinical and pathological variation of
striated muscle laminopathy and the inflammatory histol-
ogy is an important diagnostic clue to the LMNA related
myopathy patients. Further analysis is needed to elucidate
the role of mutant A-type lamins in inducing inflammatory
process during infancy.
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Going BAC or oligo microarray to the well: A commentary
on Clinical application of array-based comparative
genomic hybridization by two-stage screening for

536 patients with mental retardation and multiple
congenital anomalies
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n this issue of the Journal of Human

Genetics, Hayashi et al. document the
results of their originally designed study of a
‘two-stage screening’ method that uses array-
based comparative genomic hybridization for
diagnosing patients who present with both
multiple congenital anomalies and mental
retardation (MCA/MR).! They collected
DNA samples from 536 patients with MCA/
MR by multicenter cooperation throughout
Japan (from Hokkaido to Okinawa). They first
screened all samples using the ‘MCG Genome
Disorder Array, which covers subtelomeric
regions and well-known disease-causing
regions using 550 or 660 bacterial artificial
chromosome (BAC)-based arrays that were
originally constructed by them. Next, samples
that did not show copy number variation
(CNV) in the first stage of screening were
screened again using ‘MCG Whole Genome
Array-4500, which minutely covers all
human chromosomes using 4523 bacterial
artificial chromosomes at intervals of
0.7Mb. In the first stage of screening, 54
(10.1%) patients showed CNVs that were
confirmed by fluorescence in situ hybridiza-
tion. In the second stage of screening, 63
(18.0%) of 349 patients demonstrated
CNVs, of which 60 cases were confirmed by
fluorescence in situ hybridization.

Dr M Kato is at the Department of Pediatrics, Yamagata
University Faculty of Medicine, 2-2-2 lida-nishi,
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The authors classified CNVs found in the
second stage of screening into three cate-
gories: pathogenic, benign or variant of
uncertain clinical significance). Initially,
pathogenic CNVs were classified according
to the following six criteria: (1) CNVs identi-
fied in recently established syndromes;
(2) CNVs containing pathogenic gene(s);
(3) recurrent CNVs in the same regions; (4)
CNVs reported as pathogenic in previous
studies; (5) large/gene-rich CNVs or CNVs
containing morbid OMIM genes; or (6)
de novo CNVs or CNVs that are maternally
inherited through the X chromosome. CNVs
that did not meet any of these criteria were
classified as benign if they were inherited
from a parent or as a variant of uncertain
clinical significance if parental samples were
not available. Consequently, 48 (13.8%) of
349 patients had pathogenic CNVs, 9 (2.6%)
had benign CNVs and 6 (1.7%) had a variant
of uncertain clinical significance.

MR is a highly heterogeneous condition
and nearly 2500 syndromes of various con-
genital abnormalities are associated with MR?
(http://becomerich.lab.u-ryukyu.ac.jp/). It is
very difficult to determine the etiology of
MR unless characteristic combinations of
features can be accurately described, such as
upslanted palpebral fissures in Down syn-
drome, overgrowth in Sotos syndrome, over-
eating in  Prader-Willi syndrome or
stereotypical hand movements in Rett syn-
drome, or unless specific and abnormal
findings on laboratory or neuroimaging
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examinations are found, such as a metabolic
screening indicative of phenylketonuria or
lysosomal diseases, or brain magnetic reso-
nance imaging indicative of polymicrogyria
or lissencephaly. G-banded karyotyping has
also been used to diagnose specific syndromes
in patients with MCA/MR, and fluorescence
in situ hybridizationis also useful for detecting
microdeletion or microduplication syn-
dromes; however, it is not easy for general
practitioners or even pediatric neurologists to
diagnose rare syndromes, such as Potocki-
Lupski syndrome (17p11.2 duplication syn-
drome), Smith-Magenis syndrome (17p11.2
deletion syndrome) or 1p36 deletion syn-
drome. On the other hand, clinical applica-
tions of chromosomal microarrays are rapidly
increasing for the diagnosis of congenital
anomalies, hematological and solid tumors,
and neuropsychological disorders, including
MR and autism. In particular, chromosomal
microarrays are used to diagnose MCA/MR.
The diagnostic yields of chromosomal micro-
arrays for detecting chromosomal aberrations
among patients with MCA/MR or MR
are only 7-15% in patients with normal
G-banded karyotyping, depending on the
probe coverage. These yields are much higher
than G-banded karyotyping, which shows a
yield of less than 3% if Down syndrome and
other recognizable chromosomal syndromes
are excluded.* The International Standard
Cytogenomic Array Consortium and other
groups support the consensus that chro-
mosomal microarray is a first-tier clinical



diagnostic test and should be used before
routine G-banded karyotyping for diagnosing
individuals with unexplained developmental
disabilities and/or congenital anomalies.>-
The ‘two-stage screening’ method by Hayashi
et al. shows a diagnostic yield of 10.1% for
the first targeted array and 13.8% for the
second array capable of analyzing the whole
genome. The total yield of their study was at
least 18.1% (97 of 536 cases), which is com-
parable to the recent reports on higher-reso-
lution oligonucleotide arrays. Unfortunately,
G-banded karyotyping is still the first diag-
nostic tool for diagnosing MCA/MR in Japan
because public health insurance currently
covers only G-banded karyotyping and
fluorescence in situ hybridization tests.
Although chromosomal microarrays are
much more expensive than G-banded cyto-
genetic analysis, the cost has reduced and is
now less than the total cost of both traditional
tests.” Thus, we now stand at the crossroads
of genetic testing.

The study by Hayashi et al. used bacterial
artificial chromosome-based arrays, while the
expanded commercial availability of high-
density oligonucleotide and single-nucleotide
polymorphism arrays facilitates their use. In
addition to good resolution, oligonucleotide
arrays can detect regions of loss of hetero-
zygosity and uniparental disomy (UPD),
which are clinically important for the
diagnosis of Silver—Russell syndrome and
Beckwith-Wiedemann syndrome. Although
major diseases caused by loss of heterozygo-
sity or UPD, such as Prader-Willi syndrome
and Angelman syndrome, can be clinically
suspected by their characteristic features
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and UPD, most chromosomes show no
phenotypic effects.® Physicians should know
the limitations of each microarray in order
to prevent the misdiagnosis of unfamiliar but
important UPD disorders, such as maternal
or paternal UPD chromosome 14.7

G-banded cytogenetic analysis still has the
advantage over microarrays in terms of cost
and ability to identify balanced rearrange-
ments. Recognizable chromosomal syn-
dromes, such as Down syndrome, trisomy
13, Turner syndrome, Klinefelter syndrome
and MCA/MR with a family history of recur-
rent miscarriage or reproductive loss, all of
which may be caused by balanced transloca-
tions, can be more efficiently diagnosed by
traditional karyotyping.?

The application of microarrays to clinical
testing is widening the scope of genomic
medicine. Microarrays have accelerated the
discovery of new syndromes and the causative
genes of sporadic diseases, such as epileptic
syndromes®® and highly complex neuropsy-
chological diseases.!® However, the increasing
number of variant of uncertain clinical signif-
icance cases makes definitive diagnosis diffi-
cult. No matter how far the tools for genetic
analysis progress, clinical diagnosis based on
medical history and examinations will remain
pivotal. Future collaborations between basic
scientists and trained clinicians, like the one
performed in the study by Hayashi et al.,! will
help to advance this new field.
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Laboratory examinations were normal including blood NHs,
blood gas analysis, serum lactate, blood glucose, cerebrospinal
fluid (CSF) glucose, CSF lactate, CSF white cell count, blood
amino acid analysis, urine organic acid analysis, and plasma very
long-chain fatty acid (VLCFA). Chromosome analysis and fluores-
cent in situ hybridization (FISH) studies for the LIS1 specific
deletion at 17p13.3 revealed no abnormalities.

Her electroencephalogram (EEG) showed low amplitude and
irregular waking background without obvious epileptic dis-
charges on day 0. The ictal EEG of complex partial seizures at 3
months of age revealed right fronto-central spike bursts. Audi-
tory evoked potentials (ABRs) and visual evoked potentials
(VEPs) both showed a flat pattern. Brain magnetic resonance
imaging (MRI) on day 0 revealed hypoplasia of bilateral cerebral
hemispheres with enlarged extraaxial space, a simplified gyral
pattern without a thickened cortex, a relatively spared volume of
the bilateral basal ganglia and thalamus, a mildly flattened brain
stem, and a hypoplastic corpus callosum (¢ Fig. 1a-c).

Patient 2

The microcephaly of the younger sister was recognized at a ges-
tational age (GA) of 28 weeks by means of ultrasonography. She
was born after 37 weeks gestation by spontaneous delivery fol-
lowing a normal pregnancy. The patient’s birth weight was
2566g (~0.5 SD), length 46.0cm (-0.7 SD), and OFC 27cm (~4.0
SD). Her Apgar score was 8 at 1min, and 9 at 5min. She devel-
oped generalized tonic seizures at 3 months of age. Her seizures
were well controlled with valproic acid beginning when she was
2 years old.

She was able to bottle feed through the first 12 months, but her
feeding skills deteriorated beginning at 18 months of age. At 2
years and 6 months, she was also diagnosed with GERD and
required the use of a duodenal feeding tube. She also had spastic
quadriplegia and visual impairment from early infancy. No
developmental progress was observed.

Clinical examination performed at 3 years and 1 month of age
showed microcephaly of OFC 41.5cm (-4.2 SD), and other
growth parameters were between ~1 and -2 SD. Her dysmor-
phism was similar to that of her older sister. She had marked
scoliosis, with hypertonic extremities and a posture character-
ized by asymmetrical tonic neck reflex. Deep tendon reflexes
were exaggerated, and ankle clonus appeared bilaterally. Erratic
myoclonus in the bilateral orbicular muscles and systemic myo-
clonus easily induced by sounds were often seen. There was no
spontaneous movement of the extremities.

Laboratory examinations were normal including blood chemis-
try, creatinine kinase, intrauterine infection screen, blood NH;,
blood gas analysis, serum lactate, serum glucose, CSF glucose,
CSF lactate, CSF white cell count, blood amino acid analysis,
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urine organic acid analysis, and plasma VLCFA. Chromosome
analysis (G band) was 46XX; FISH for the LIST specific deletion at
17p13.3 was negative. Array-based comparative genomic
hybridization (array-CGH) was performed using the Agilent
Human Genome Microarray kit 244A (Agilent Technologies,
Santa Clara, CA, USA), and it showed no apparent deletions or
duplication.

The brain MRIs were performed at a GA of 30 weeks via intrau
terine imaging, at day 0, and at 3 years and 1 month (¢ Fig. 2a-g).
The former 2 MRI findings were almost identical to those of the
older sister. Cerebellar white matter around the dentate nucleus
had high T, signal intensity, showing unmyelinated cerebellar
white matter. The MRI at 3 years and 1 month of age demon-
strated marked dilatation of the posterior and inferior horns of
the lateral ventricles and severe volume reduction of whole
hemispheric gray and white matter, which was most dominant
in the frontal lobes, whereas the volumes of bilateral basal gan-
glia, thalamus, and infratentorial structures were relatively pre-
served. The patient’s EEG at 4 months of age and 3 years and 1
month of age demonstrated almost continuous spikes in the
mid-frontal to right frontal regions. ABR and VEP were normal.

Discussion

¥

There have been only 3 reports describing patients with micro-
cephaly with simplified gyri and enlarged extraaxial space
[1,2,8]. None of these reports included repeat MRI studies. As in
the previous reports, our patients suggested an autosomal reces-
sive trait of inheritance. Alternatively, an autosomal dominant or
X-linked dominant inheritance with gonadal mosaisism is also
possible. The genes responsible for microcephaly with simpli-
fied gyri only have been identified as MCPH1, ASPM, CDK5RAP2,
CENPJ, and WDR62 [1, 9]. However, it is not clear whether micro-
cephaly with simplified gyri and enlarged extraaxial space with
this phenotypic presentation can be explained by different
mutation patterns of the already identified genes or whether it
represents a distinct disease entity caused by still unknown
genes. The extraaxial space enlargement described previously
was less severe as compared to the present cases [1]. Dysmor-
phic features as observed in the present patients have not been
described previously, although multiple anomalies, eye defects
and jejunal atresia have been reported in patients with micro-
cephaly with simplified gyri [1]. It remains to be clarified
whether those phenotypic and neuroradiological features sug-
gest distinctive clinical entity. Moreover, there may be overlap in
the MRI findings between patients with microcephaly with sim-
plified gyri and enlarged extraaxial space and those with micro-
cephaly with simplified gyri and both enlarged extraaxial space

Fig. 1 Brain MRl of older sister at age of day 0.

‘The MRI (a and b: Trweighted image [TR 4000,

- TE132], ¢ Ty-weighted image [TR 500, TE 14.0])

showing hypoplasia of bilateral cerebral hemi-

{ spheres with enlarged extraaxial space, a simplified

gyral pattern without a thickened cortex, hypoplas-

tic corpus callosum, and a mildly flattened brain
stem.
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Clinical application of array-based comparative
genomic hybridization by two-stage screening for
536 patients with mental retardation and multiple
congenital anomalies

Shin Hayashi'?, Issei Imoto!?, Yoshinori Aizu*, Nobuhiko Okamoto®, Seiji MizunoS, Kenji Kurosawa’,
Nana Okamoto’®, Shozo Hondal, Satoshi Araki®, Shuki Mizutani’, Hironao Numabe!®, Shinji Saitoh!?,
Tomoki Kosho'?, Yoshimitsu Fukushima!?, Hiroshi Mitsubuchi'?, Fumio Endo'?, Yasutsugu Chinen'?,

Rika Kosaki!®, Torayuki Okuyama!®, Hirotaka Ohki'®, Hiroshi Yoshihashil’, Masae Ono'®, Fumio Takada!?,
Hiroaki Ono®’, Mariko Yagi?!, Hiroshi Matsumoto??, Yoshio Makita?®, Akira Hata?* and Johji Inazawal:?5

Recent advances in the analysis of patients with congenital abnormalities using array-based comparative genome hybridization
(aCGH) have uncovered two types of genomic copy-number variants (CNVs); pathogenic CNVs (pCNVs) relevant to congenital
disorders and benign CNVs observed also in healthy populations, complicating the screening of disease-associated alterations by
aCGH. To apply the aCGH technique to the diagnosis as well as investigation of multiple congenital anomalies and mental
retardation (MCA/MR), we constructed a consortium with 23 medical institutes and hospitals in Japan, and recruited 536 patients
with clinically uncharacterized MCA/MR, whose karyotypes were normal according to conventional cytogenetics, for two-stage
screening using two types of bacterial artificiai chromosome-based microarray. The first screening using a targeted array detected
pCNV in 54 of 536 cases (10.1%), whereas the second screening of the 349 cases negative in the first screening using a genome-
wide high-density array at intervals of approximately 0.7 Mb detected pCNVs in 48 cases (13.8%), including pCNVs relevant to
recently established microdeletion or microduplication syndromes, CNVs containing pathogenic genes and recurrent CNVs
containing the same region among different patients. The results show the efficient application of aCGH in the clinical setting.
Journal of Human Genetics (2011) 56, 110-124; doi:10.1038/jhg.2010.129: published online 28 October 2010
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INTRODUCTION

Mental retardation (MR) or developmental delay is estimated to affect
2-3% of the population.) However, in a significant proportion of
cases, the etiology remains uncertain. Hunter? reviewed 411 clinical
cases of MR and reported that a specific genetic/syndrome diagnosis
was carried out in 19.9% of them. Patients with MR often have

congenital anomalies, and more than three minor anomalies can be
useful in the diagnosis of syndromic MR>? Although chromosomal
aberrations are well-known causes of MR, their frequency determined
by conventional karyotyping has been reported to range from 7.9 to
36% in patients with MR*® Although the diagnostic yield depends
on the population of each study or clinical conditions, such studies
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suggest that at least three quarters of patients with MR are undiag-
nosed by clinical dysmorphic features and karyotyping.

In the past two decades, a number of rapidly developed cytogenetic
and molecular approaches have been applied to the screening or
diagnosis of various congenital disorders including MR, congenital
anomalies, recurrent abortion and cancer pathogenesis. Among them,
array-based comparative genome hybridization (aCGH) is used to
detect copy-number changes rapidly in a genome-wide manner and
with high resolution. The target and resolution of aCGH depend on
the type and/or design of mounted probes, and many types of
microarray have been used for the screening of patients with MR
and other congenital disorders: bacterial artificial chromosome
(BAC)-based arrays covering whole genomes,»® BAC arrays covering
chromosome X,!'? a BAC array covering all subtelomeric regions,!?
oligonucleotide arrays covering whole genomes,'*!> an oligonucleo-
tide array for clinical diagnosis'® and a single nucleotide polymorph-
ism array covering the whole genome.!? Because genome-wide aCGH
has led to an appreciation of widespread copy-number variants
(CNVs) not only in affected patients but also in healthy popula-
tions,!¥? clinical cytogenetists need to discriminate between CNVs
likely to be pathogenic (pathogenic CNVs, pCNVs) and CNVs less
likely to be relevant to a patient’s clinical phenotypes (benign CNVs,
bCNVs).2! The detection of more CNVs along with higher-resolution
microarrays needs more chances to assess detected CNVs, resulting in
more confusion in a clinical setting.

We have applied aCGH to the diagnosis and investigation of
patients with multiple congenital anomalies and MR (MCA/MR) of
unknown etiology. We constructed a consortium with 23 medical
institutes and hospitals in Japan, and recruited 536 clinically unchar-
acterized patients with a normal karyotype in conventional cyto-
genetic tests. Two-slage screening of copy-number changes was
performed using two types of BAC-based microarray. The first screen-
ing was performed by a targeted array and the second screening was
performed by an array covering the whole genome. In this study, we
diagnosed well-known genomic disorders effectively in the first screen-
ing, assessed the pathogenicity of detected CNVs to investigate an
etiology in the second screening and discussed the clinical significance
of aCGH in the screening of congenital disorders.

MATERIALS AND METHODS

Subjects

We constructed a consortium of 23 medical institutes and hospitals in Japan, and
recruited 536 Japanese patients with MCA/MR of unknown etiology from July

Two-stage aCGH analysis for patients with MCAMR
S Hayashi ef a/

2005 to January 2010. All the patients were physically examined by an expert in
medical genetics or a dysmorphologist. All showed a normal karyotype by
conventional approximately 400-550 bands-leve] G-banding karyotyping. Geno-
mic DNA and metaphase chromosomes were prepared from peripheral blood
lymphacytes using standard methods. Genomic DNA from a lymphoblastoid cell
line of one healthy man and one healthy woman were used as a normal control for
male and female cases, respectively. All samples were obtained with prior written
informed consent from the parents and approval by the local ethics committee
and all the institutions involved in this project. For subjects in whom CNV was
detected in the first or second screening, we tried to analyze their parents as many
as possible using aCGH or fluorescence in situ hybridization (FISH).

Array-CGH analysis
Among our recently constructed in-house BAC-based arrays,® we used two
arrays for this two-stage survey. In the first screening we applied a targeting
array, ‘MCG Genome Disorder Array’ (GDA). Initially GDA version 2, which
contains 550 BACs corresponding to subtelomeric regions of all chromosomes
except 13p, 14p, 15p, 21p and 22p and causative regions of about 30 diseases
already reported, was applied for 396 cases and then GDA version 3, which
contains 660 BACs corresponding to those of GDA version 2 and pericentro-
meric regions of all chromosomes, was applied for 140 cases,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>