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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 Mizuno®, Kenji Kurosawa’,
Nana Okamoto'-8, Shozo Honda!, Satoshi Araki®, Shuki Mizutani’, Hironao Numabe!?, Shinji Saitoh!l,
Tomoki Kosho!?, Yoshimitsu Fukushima'?, Hiroshi Mitsubuchi!?, Fumio Endo!3, Yasutsugu Chinen!4,

Rika Kosakil®, Torayuki OkuyamalS, Hirotaka Ohki'®, Hiroshi Yoshihashi!’, Masae Ono!8, Fumio Takada!®,
Hiroaki Ono?’, Mariko Yagi?!, Hiroshi Matsumoto??, Yoshio Makita?3, Akira Hata?* and Johji Inazawa'?®

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 artificial 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.*8 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,!"!2 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, '3 clinical cytogenetists need to discriminate between CNV's
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-stage 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
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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-level G-banding karyotyping. Geno-
mic DNA and metaphase chromosomes were prepared from peripheral blood
lymphocytes 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. This means that a
CNV detected by GDA is certainly relevant to the patient’s phenotypes.
Subsequently in the second screening we applied ‘MCG Whole Genome
Array-4500" (WGA-4500) that covers all 24 human chromosomes with 4523
BACs at intervals of approximately 0.7 Mb to analyze subjects in whom no
CNV was detected in the first screening. WGA-4500 contains no BACs spotted
on GDA. If necessary, we also used ‘MCG X-tiling array’ (X-array) containing
1001 BAC/PACs throughout X chromosome other than pseudoautosomal
regions.!? The array-CGH analysis was performed as previously described.!>?*
For several subjects we applied an oligonucleotide array (Agilent Human
Genome CGH Microarray 244K; Agilent Technologies, Santa Clara, CA, USA)
to confirm the boundaries of CNV identified by our in-house BAC arrays. DNA
labeling, hybridization and washing of the array were performed according to
the directions provided by the manufacturer. The hybridized arrays were
scanned using an Agilent scanner (G2565BA), and the CGH Analytics program
version 3.4.40 (Agilent Technologies) was used to analyze copy-number
alterations after data extraction, filtering and normalization by Feature Extrac-
tion software (Agilent Technologies).

Fluorescence in situ hybridization
Fluorescence in situ hybridization was performed as described elsewhere?? using
BACs located around the region of interest as probes.

RESULTS

CNVs detected in the first screening

In the first screening, of 536 cases subjected to our GDA analysis,
54 (10.1%) were determined to have CNV (Figure 1; Tables 1 and 2).

15t Screening using GDA

2n Screening using WGA-4500

536 cases 349 cases
Pathogenic CNV Pathogenic CNV
0
54 cases (10.1%) 48 cases (13.8%) VOUS
6 cases (1.7%)

ﬁ

no CNV
482 cases (89.9%)

Figure 1 Percentages of each screening in the current study.

349 negative cases

Benign CNV
9 cases (2.6%)

no CNV
286 cases (81.9%)
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Table 1 A total of 40 cases with CNV at subtelomeric region(s) among 54 positive cases in the first screening

Position where CNV detected

Gender Loss Gain Corresponding disorder’ OMIM or citation Parental analysis®

M 1p36.33 Chromosome 1p36 deletion syndrome #607872

M 1p36.33p36.32 Chromosome 1p36 deletion syndrome #607872

M 1p36.33p36.32 Chromosome 1p36 deletion syndrome #607872

M 1p36.33p36.32 Chromosome 1p36 deletion syndrome #607872

M 1q44 Chromosome 1q43-q44 deletion syndrome #612337

F 2q37.3 2q37 monosomy® Shrimpton et al.24

F 2q37.3 237 monosomy® Shrimpton et al.2*

M 3929 Chromosome 3q29 deletion syndrome #609425

F 5p15.33p15.32 Cri-du-chat syndrome #123450

M 5q035.29q35.3 Chromosome 5q subtelomeric deletion syndrome Rauch et al.25

F 6p25.3 Chromosome 6pter-p24 deletion syndrome #612582

M 7936.3 7q36 deletion syndromed Horn et al.?®

F 7q36.3 7q36 deletion syndrome? Horn et al.26

M 9p24.3p24.2 Chromosome 9p deletion syndrome #158170

F 9g34.3 Kleefstra syndrome #610253

F 10g26.3 Chromosome 10q26 deletion syndrome #609625

F 16p13.3 Chromosome 16p13.3 deletion syndrome #610543

F 22q13.31 Chromosome 22q13 deletion syndrome #606232

M 22q13.31q13.33 Chromosome 22q13 deletion syndrome #606232

M 15q26.3 15q overgrowth syndrome® Tatton-Brown et al.27

F 15q26.3 15q overgrowth syndrome® Tatton-Brown et al.2”

M 21g22.13g22.3 Down's syndrome (partial trisomy 21) #190685

M Xp22.33 A few cases have been reported; e.g. V5-130 in Lu et a/.28

M Xq28 Chromosome Xq28 duplication syndrome #300815

F 1q44 Chromosome 1q43-q44 deletion syndrome #612337
8p23.2p23.3

M 3p26.3 3p deletion syndromed Fernandez et al.?%
12p13.33pl11.22

F 3p26.3 3p deletion syndromed Fernandez et al.2°
16pl13.3 Chromosome 16p13.3 duplication syndrome #613458

F 4q35.2 4q— syndromed Jones et al.30
7q936.3

M 5p15.33 Cri-du-chat syndrome #123450
20p13

M 5p15.33p15.32 Cri-du-chat syndrome #123450
2p25.3

F 6q27 6q terminal deletion syndromed Striano et al.3!
11925

F 6q27 6q terminal deletion syndromed Striano et al.3!
8q24.3

M 7q36.3 7q36 deletion syndromed Horn et al.2® dn
1q44

M 9p24.3p24.2 Chromosome 9p deletion syndrome #158170
7q36.3

F 10p15.3p15.2 Chromosome 10p terminal deletiond Lindstrand et al.32 pat
7p22.3p22.2

M 10p15.3 Chromosome 10p terminal deletiond Lindstrand et a/.32
2p25.3

M 10g26.3 Chromosome 1026 deletion syndrome #609625
2q37.3 Distal trisomy 2q¢ Elbracht et al.33

M 18g23 Chromosome 18q deletion syndrome #601808
7q36.3

F 22q13.31q13.33 Chromosome 22q13.3 deletion syndrome #606232 pat
17q25.3 One case was reported Lukusa et al.34

M Xp22.33/Ypll1.32 Contiguous gene—deletion syndrome on Xp22.39 Fukami et al.35
Xq27.3g28 Chromosome Xq28 duplication syndrome #300815

Abbreviations: F, female; CNV, copy-number variant; M, male; OMIM, Online Mendelian Inheritance in Man; dn, de novo CNV observed in neither of the parents.

aThe name of disorder is based on entry names of OMIM, expect for entry names in DECIPHER and description in each cited article.

bpat, father had a balanced translocation involved in corresponding subtelomeric regions.

CEntry names in DECIPHER.
dDescription in each cited article.
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All the CNVs detected in the first screening were confirmed by FISH.
Among the positive cases, in 24 cases one CNV was detected. All the
CNVs corresponded to well-established syndromes or already
described disorders (Table 1). In 16 cases two CNVs, one deletion
and one duplication, were detected at two subtelomeric regions,
indicating that one of parents might be a carrier with reciprocal
translocation involved in corresponding subtelomeric regions, and at
least either of the two CNVs corresponded to the disorders. We also
performed parental analysis by FISH for three cases whose parental
samples were available, and confirmed that in two cases the sub-
telomeric aberrations were inherited from paternal balanced translo-
cation and in one case the subtelomeric aberrations were de novo
(Table 1). In the other 14 cases, CNVs (25.9%) were detected in
regions corresponding to known disorders (Table 2).

CNVs detected in the second screening and assessment of the CNVs
Cases were subject to the second screening in the order of subjects
detected no CNV in the first screening, and until now we have
analyzed 349 of 482 negative cases in the first screening, In advance,
we excluded highly frequent CNVs observed in healthy individuals
and/or in multiple patients showing disparate phenotypes from the
present results based on an internal database, which contained all
results of aCGH analysis we have performed using WGA-4500, or
other available online databases; for example, Database of Genomic
Variant (http://projects.tcag.ca/variation/). As a result, we detected 66
CNVs in 63 cases (Figure 1; Table 3). Among them, three patients
(cases 36, 42 and 44) showed two CNVs. All the CNVs detected in the
second screening were confirmed by other cytogenetic methods
including FISH and/or X-array. For 60 cases, we performed FISH
for confirmation and to determine the size of each CNV. For five cases,
cases 13, 36, 48, 57 and 63, with CNVs on the X chromosome, we used
the X-array instead of FISH. For cases 4, 6, 1619 and 34, we also used
Agilent Human Genome CGH Microarray 244K to determine the
refined sizes of CNVs. The maximum and minimum sizes of each
CNV determined by these analyses are described in Table 3.

Well-documented pCNVs emerged in the second screening

CNVs identified for recently established syndromes. We assessed the
pathogenicity of the detected CNVs in several aspects (Figure 2)21,37-38
First, in nine cases, we identified well-documented pCNVs, which are
responsible for syndromes recently established. A heterozygous deletion at
1q41—q42.11 in case 2 was identical to patients in the first report of
1q41q42 microdeletion syndrome.* Likewise a CNV in case 3 was identical
to chromosome 1q43—q44 deletion syndrome (OMIM: #612337),%° a CNV
in case 4 was identical to 2q23.1 microdeletion syndrome,*! a CNV in case
5 was identical to 14q12 microdeletion syndrome*? and a CNV in case 6
was identical to chromosome 15q26-qter deletion syndrome (Drayer’s
syndrome) (OMIM: #612626).4* Cases 7, 8 and 9 involved CNVs of
different sizes at 16p12.1-p11.2, the region responsible for 16p11.2-p12.2
microdeletion syndrome.**> Although an interstitial deletion at 1p36.23-
P36.22 observed in case 1 partially overlapped with a causative region of
chromosome 1p36 deletion syndrome (OMIM: #607872), the region
deleted was identical to a proximal interstitial 1p36 deletion that was
recently reported.*® Because patients with the proximal 1p36 deletion
including case 1 demonstrated different clinical characteristics from cases of
typical chromosome 1p36 deletion syndrome, in the near term their
clinical features should be redefined as an independent syndrome.*

CNVs containing pathogenic gene(s). In four cases we identified
pPCNVs that contained a gene(s) probably responsible for phenotypes.
In case 10, the CNV had a deletion harboring GLI3 (OMIM: *165240)

Two-stage aCGH analysis for patients with MCA/MR
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Table 2 Other cases among 54 positive cases in the first screening

Position where CNV detected

Gender Gain Loss Corresponding disorder oMIM
F 4pl6.3 Ring chromosome
4q35.2
M 3q22.323 BPES #110100
M 2q22.3 ZFHX1B region *605802
M 4q22.1 Synuclein (SNCA) region  *163890
F 7p21.1 Craniosynostosis, type 1~ #123100
F 7q11.23 Williams syndrome #194050
F 8023.3g24.11 Langer-Giedion syndrome #150230
M 15q11.2q13.1 Prader-Willi/Angelman #176270/
#105830
F 17pll.2 Smith-Magenis syndrome  #182290
M 17q11.2 Neurofibromatosis, type |  +162200
M 22qll.21 DiGeorge syndrome #188400
F 22g11.21 DiGeorge syndrome #188400
F Xp22.31 Kallmann syndrome 1 +308700
F Whole X Mosaicism

Abbreviations: CNV, copy-number variant; F, female; M, male; OMIM, Online Mendelian
Inheritance in Man.

accounting for Greig cephalopolysyndactyly syndrome (GCS; OMIM:
175700).4” Although phenotypes of the patient, for example, pre-axial
polydactyly of the hands and feet, were consistent with GCS, his severe
and atypical features of GCS, for example, MR or microcephaly, might
be affected by other contiguous genes contained in the deletion.*®
Heterozygous deletions of BMP4 (OMIM: *112262) in case 11 and
CASK (OMIM: *300172) in case 13 have been reported previously.*>°
In case 12, the CNV contained YWHAE (OMIM: *605066) whose
haploinsufficiency would be involved in MR and mild CNS dysmor-
phology of the patient because a previous report demonstrated that
haploinsufficiency of ywhae caused a defect of neuronal migration in
mice®! and a recent report also described a microdeletion of YWHAE
in a patient with brain malformation.>?

Recurrent CNVs in the same regions. We also considered recurrent
CNVs in the same region as pathogenic; three pairs of patients had
overlapping CNVs, which have never been reported previously. Case
16 had a 3.3-Mb heterozygous deletion at 10q24.31-g25.1 and case 17
had a 2.0-Mb deletion at 10q24.32—q25.1. The clinical and genetic
information will be reported elsewhere. Likewise, cases 14 and 15 also
had an overlapping CNV at 6q12—q14.1 and 6q14.1, and cases 18 and
19 had an overlapping CNV at 10p12.1-p11.23. Hereafter, more
additional cases with the recurrent CNV would assist in defining
new syndromes.

CNVs reported as pathogenic in previous studies. Five cases were
applicable to these criteria. A deletion at 3p21.2 in case 20 overlapped
with that in one case recently reported.>* The following four cases had
CNVs reported as pathogenic in recent studies: a CNV at 7p22.1 in
case 21 overlapped with that of patient 6545 in a study by Friedman
etal.,'* a CNV at 14q11.2 in case 22 overlapped with those of patients
8326 and 5566 in Friedman et al.,'* a CNV at 17q24.1-q24.2 in case 23
overlapped with that in patient 99 in Buysse et al5* and a CNV at
19p13.2 in case 24 overlapped with case P11 in Fan et al.5

Large or gene-rich CNVs, or CNVs containing morbid OMIM
genes. In cases inapplicable to the above criteria, we assessed CNVs

113

Journal of Human Genetics

P13



Two-stage aCGH analysis for patients with MCAMR

S Hayashi et a/

114

up(-010628-11dy
-91066-11dY)

TX(FZWGYZ-T1dY
“<Gr6901-11dY)

¥SYD d 6 up  QIPE0LY TLIPEOY 60LG6¥GY P2961vGYy £GVS8EIY 16226E1v (€ T1dY TTAXX)IEP US| ' 1TdgTIdX ySo e g 11dy TTdX fep JWAVON W €1
Up(+9N9Z-11dY IX(£0£GE-11dY
“pZ4b-11dY) ~GI762-11dY) Aydosnshpoyna)
JyHMA d 22 up 688101 OP60E6 (969202 1ST1//0Z 1129¥11 8218001 (E'€TAXL TP ys! €'E€Td/T Y8 me 'ETbLT I8P Jyledopl  UWNVON N z1
UP(+GTI9TE-TTdY IX(19ZL1-11dY
“pYZZT-11dY) —pYZZT-11dY) Ayoedo
pdNd d 81 up  086680E€ 29997/ PSLVSOGS 96V OELYS VEBESE 1S VLLPI61S (T'2eb)piNep us!  €'22bl'zebyt udd ue gzgbi zebrl 19p (e3UI0)  YWNVOW 4 11
UP(-Z149t€-11dY
“LTr2-T1dY TX(£TWZG-T1dY
111862 11dY) < 0ZIBET-T1dY)
€12 4 oL up  061.886 PPT.818 961805GY VEE/G9YY 0610LV9E 9001295E (€TdT ¥ 1d)L)ep us! g1dz v1ds udd e €1dz'y1ds Iop HNNON W 01
(-11rSL-11dY 1X(50667-11dY
-0ZINBBE-T1dN) < 1ZN89E-TT1dY)
d Gzl ¥62209¢ ZOSY9EE G609/v¥E O0ZELLZE 869807V 6Z IVBE/BST (2" TT1dX9T)Iep US| Z' 110971 yso ue Z'11d91 19p UNVON A 6
UP(+TTrGZ-11dY
+0ZNBRE-1TdY TX(GHOST-T1dY
-G1709¢-T1dY) < GT709€-11d¥)
d Vel Up  ¥868GZY ELL1S6 26VEPYIE VOPGZ86Z 1€9EL882 B80S +RI LT (Z'T1d)otiep ust  Z'11d1721d9r ydd ue 2 11d91 fop aHD YWNOW W 8
TX(GYOST-11dY
UPG-TTIGL-TTdY) < 1I60E-11dY)
4 8€1 up  2ST8Y9G 9989187 2Z6VEPYIE vOVGZB6Z 8ES800LZ OPEGHELST (Z'T1d)omPP Ust  Z'11dT'21dot yBdo we Z'1Td1ZTdot I8p aHD ¥WNOW W L
X(7408-11dY
(-Z1480¢-11d¥) “0106£-11dY4)
d 9 6162VLE 8IEVILE VEEIYE96 12v82696 ESOVIZE6 GIV6E1EH (z'gegbXsTiep usi  £'ggbz ogbgr yso ue Z'9zZbsT [ep aHD  ¥WNOW W 9
TX(9N9Z-TTdY
(-941€8-11d¥) < B069€-11dY)
d @z 00212£9 €BGI6EG /EE68BYSE ZIV689VE 628/6262 LE189.82 (Z'STbXp TP us! Z'e1bzibyr uSBo e Z'eTbzTbpT fop YANOW A S
(-9THG/E-TTdY) TX(EZHZL-TTdY)
d L 6178222 14G/912 1686/86V1 9Z8GS86Y1 SGZ889/P1 2LV 1694P1 (1°€2b)(Z)1P us! 1'£2bz udo ue zzbz 18p HANOW A ¥
(-83961-11dY
‘+61096-T1dY) TX(839GT-T1d¥)
d 11 LE0YPIC 820VL OTO It ve 099 1SZEYE 2€9 L1 V2 €16 966 T¥E (ryb)(T)IeP ust pyb1 udo ue YO 19p Asda|id3  yWAOW A €
Up(-v0L9¢-T1dY
-610%22-11dY IX(0136£2-11dY
‘+67190£-T1dY) “ZrGeT-11dy)
d Gg up  BEVIBYY 86LT00G 1€6/9Y2ZZZ 86EVES 122 009ZEG91Z 26¥ 986612  (TT'Z¥bIvb)(T)ep us! Ipbr udo e 1T Zrbipdbr 18P HANVOW W z
up(+pdgz-11dY TX10661-11dY
-EY90T-11dY “Lr18-11dd)
+EWZOT-T1dY) 2z 9edez oed1
d 2zt up  06G8GGZ LEZOL9T LILEPTTIT [L60T9G01 0980688 /Z1G8S8 (22°9cdez 9ed)(1)iep us! yso ue zz'9edez 9gdl Iop HNNVOW W 1
(sjausd s ,seuss sisfieve (xew)eziS (ujw) 8zis  (Xew) pu3  (Uiw) pug  (Uiw) Uels  (Xeiw) ueis qHS!4 q00S7-YOM uoNISOd AND sainjesy sisouSelp japuay ase]
a1epipued o -ssasse  Suipod |plusied fesits ey
Suipuodseioy  AND -Usiold eAND P3yRUBpP; 8y} jo 821s pue uonsod aseg ajqexewsy

8U1US9I0S PUZ 3U} Ul AND UMM SIseD 3AUYI-AIXIS € |qel

Journal of Human Genetics

P14



115

Two-stage aCGH analysis for patients with MCAMR

S Hayashi et al

(++0TrTOE-T1dY)

€X(61L1-TTdY)

Journal of Human Genetics

P15

d <1 ¥Y9ZGEYZ 922E€LZT ¥SOBEIODT GOLE6L6 6LV0ZS8 06£202Z8 (1°91d)(t)dnp ys 1'91dy y3o Je dnp QHD YWAON W 92
EX(LMBL-TTdY
(++€102PG-T1dY) —€1906-11dY
d 0g< Iy TP e G0/ 24181 999914211 169698601 98696916 0ZZELZ 88 (Z'11b)Z)dnp usi JETbZ 11bz UBo e dnp fsdandy  HNVOW W sz
IX(v2av91-11dY
(-12016) —¥0L6T-11dY)
d up ZO6VOEE 6166TL1 6L2€SSCL Z/L896T1 £588¥201 LLESYZE (2 €1d(BT)I9P ys! Z'E1daT Yso ue 13p. 'dsns SWS W ve
(-ETM64-11dY
-£168-11dY
-GIE6-TTdY) X(ETIN6L-TTdY
(Z'vZb1vzb) < £168-11dY)
d 62 LIPT110Y OTE9S9E ZTBLIBGYY T10/266¥9 16£9£609 S9E9/509 (LDIBP Ul Z'vzbTvzbs1 ydo ue 1op HANON W £z
EX(2TAYR-T1dY aHl
(++2292S1-11dY) <ge9zsI-11dY) ‘Ay1oedo
d o0g< PIZY6T T GOESEZ SY6VIZIZ 626¥EG0Z ¥2990£0Z T££0L002 (Z'TTIDMP )P ys) Z'T11bp1 yso Le dnp (e3wio)  HWNOW 4 44
IX(0Z)2Z-T1dY
up(-0Zye-11dY) “€2r06-114Y)
d 82 Up  BI9EZCE ZOLIVE LLZ60VY [86EEZ9 GZZ268G 609G8IE (T°zzd)(£)1=p ys! 1°zedz uso ire 12p YNNVON W 12
IX(£1468-11dY
(-£9€-11dY) < 11442 11d¥)
d 61 €8Z1ZV9 ZE90E0S VPG T14GTS L6G06E1S G9665£9F 19Z0ST oY (1e'1ed)eNsp ust  zZ'1zd1g 12de Y30 e |ap YANMOW 4 0z
TX(0ZN66-TTdY
UP(-ZNITH-T1dY) < EZNTZ-T1dY)
d 1¥ Up  229€60Z BE9LL0Z 22STT090T 28500901 681826 £0T 006 L16 E0T (E€'FZbXOTNeP usl  T'62bzevzboT Yy8o Le 1op YANON W 61
IX{£1801T-11dY
UP(-ZNITH-1TdY) “[180T-11d¥)
d 99 up GZ8BIEE GESSPEE B09626G0T LS0¥T6SOT 297 89S 20T £8/09S 20T (€€'vzb)XoT)ep ust  T'GZb1e pehoT udo e 12p GHO MWNYOW W 81
TX(11I18T
STIdY-TTdY
(-OTHST-TTdY) —~90812-T11dY)
d 21 11295v2 91v/2ve L08//G0E VZOBSGOE VOSIEIVZ 96GT1ZT18Z (€2’ TTd)OD)IBP yst  g2°11d1°ZTdoT YSo Le 18p YANOW W L1
(-129011-11dY
“LYP9T-T1dY) IX(E2Y16
(gz'11d1Z1d) < 1068-11dY)
d 81 GI9EYOZ 66EE00Z 0S688062 10V.LG06Z 2Z00VS0.2 S8ZSHO L2 (0TNep uysl ¢z 11d121dOT UBo L 1op aHO HWAOWN 4 a1
(+91T-11dY-PY066 IXETILTZ-T1dY
-T1dY-LNG-TTdY) — EZdEPE-T1dY)
d o1 V25 L9E€YV Z668CEE B82S 1986L VCvviv6.L 9EPGYI9L POOVBY S/ (R 2ICHE TS T'v1bg ysd ue 12p $1Z W Gl
X(p12€2-11dY
up(-81d82-114dY) 91205
d 9% up  [YRTL09T 06ZYAT I 8TL101G8 8/1926€8 88VIEL69 1.862069 (€TbX9)IPP st -1TdY)Z P1bZ1bo Y30 Le 1'y1bz1ba |op YNAON W 4

(s)ousd pJusw ,seusd sisfieue (Xew)ezis (uiw)azi§ (Xew)pug  (Ww)pu3  (U) BEIS  (XewW) LEIS aHSI4 Q005 E-YIM uonISo4 AND saunjesy  sisouselp 19pusY ase

ajepipued o -ssasse  Buipoo jejuaied
Buipuodseuoy  AND -uidloid

jeauits
ajqessewaYy

reauifo
eAND PalIUap! ay1 4o 32is pue onysod aseg

panunuo) € ajqer



Two-stage aCGH analysis for patients with MCAMR

@
116

$ Hayashi et af

UP (+1ZH6£0T-TTdY
“11d20F-11dY
~139€6-11dY)

TX(11d20y-11dY
< Gy8ZI-11dY)

d 81 up  099GE8T PZOSEPT L1Z92001 €L60£66 6¥6/6V8 /SG0618 (£'62dT1°9zd)ENRP ys! £'Gzdigzdg uSBo e g'ggdi'9zde |3p QHO HWAOW 4 of
UP(+EZAELETTY TX(9488-11dY
'-9488-11dy) <9THOS TT1dY)
d 98 up  9£99/E8 0GSTZLE [StvIv8e ¥6LG1892 tYZv60€2 128LE00Z (e gzd)(2)ep us! ¢'gzdipedz ySo e ggzdivede 1op JNAVIN W 6€
(++91VZG1-11dY €X(91¥2S1-11dY
HEYLLT-TTdY) —gYLLT-TTdH} EE]
d 6 up  8YETLL 1088BEE BTZBGSBLLI 6G9GEG LLT 8GBI6TLLT 08V 880 LLT (Z'ggbT)(T)dnp ys! Z°Gebt uso ue 2'Gzb1 dnp 1dfH YWNVOW W 8E
up(-124991-11dY TXFIVITH-11dY
+8YG6T-11dY) —0TNBS-T1dY}
d 7 up  YISES/1 ¥BOBZIT GYIEBSEE 6YEIIVPEE GICBEESE IETOESLE (Z'ved)T)iop ust £pgdT Yo e evedt 1ep YAAOW A L€
(Aee Buljn-x) EX(£L[BEP-T1dY)
Idvyi d 1 666€9T 666E9T  G/089887 G/08988Z 9/010.8Z SL0V0.8C pauopad jou €'12dx y8o ue € Tedx dnp
EX(OTISTT-11ad
(Aene Buiji-x) “<GINZ-TIdY)
d 2 919€9. 6LVPP9  TSEBE9LT 00996G/1 12126691 SELT£891 pawjopad Jou  g1'gzdz zzdx udd ue g1°zgdz'zzdx dnp JWAYON W 9g
(++TLI6PE T T1dY) EX(1TIBYE-T1dY)
Idgey d4 6 YOVVIET Z9V8ZZ EZ6G919 6069065 [vV8/9G 6SV IS8V (£'eTd)(9T)dnp s €'ETd9T udd ue €'g1dg1 dnp Asdendl  YWAVOW W GE
(H84LLT-T1d¥) €X(118Z1-11dY)
TAA‘TIWI  d L 98671G 00Zv0S ZLVGY866 8SG1v866 8SE/LEE66 98VOEECE6 (z'ZebXrT)dnp us| Z'zeby uBo we Z'zeby1 dnp HAYOW W vE
(-8TIWZZ-11dY
“FOESE-TTdY
+ZWGTT-T1dY) TX(8TWZZ-T1dY) Aousiep
YEVWIS d € 1ZE06T 1 BI0BYE O918BLY8 6096VS V8 I¥GT09E8 BEBLEGES (T1°12Zb)(L)IBP Us! 11°12bz yso ue 11 12bs 18P ¥8l HWNON W €€
(-€24TE-T1dY) TX(EZ42€-T1dY)
awns d 2 L1998€ T/918T 0O/66ZEY 8IYBETY L6L9T0Y E£SEEVEE (Z'92d)E)=p us! 2'92d€ yso ue ¢'gede 1p YWNVON W 43
IX(E17164-T1dY
(-ZINBEY T 1d¥) “€1168-11dy)
1491 d 82 Iv29159 69/0181 G/YE€Z699T ¥85EBBZIT ST182/L0191 ¥EZ LOY 091 (Zeb)z)iep us! Z'vebz ydo e ¢ pgbzpzbz 19p Asdaldl  MWWOW W 1€
(++9TMOPT-T1dY eX(T0Zrr-T1dY
++590£L-T1dY) <9THOPI-T1dY)
4 91 8Z1veZr 1 LZ8196 LGBEZIV8 GLE6VLES 8VSL6/78 62166928 (1 veb)g1dnp s [r2bgl udo ue 1'vzb31 dnp ‘dsns gy W (o]
(++6T1106-11dY EX(PM68-11dY
HHEIGTT-T1dY) —61106-11dY)
d sz ¥9862P€ TZE08YT PEZ1G8LEL E£1682ZEZ/ Z6G8Y80L 09ZGSE0L (£ZZb)9T)dnp st £'2Zb9T udd ue £'gebyt dnp HWNYON W 62
IX(9ryz9-11dy
(-9rvz9-114y) ~8IvL-11dY)
d ¥ 9682611 ¥986£6 BBO0BIZS 16295616 LZv9T0T1S 2€Z /8605 (ET'ETbXZT)P us! ET°€TbZT ydo ute ET'EIbZT 9P fsdapdy  ¥WAOWN 4 82
(-61dG6-11dY'-13881 X(b2rz/-11dY
-11dY'+GTOPZT-TTdY) “8Q0T-11dY)
d  GET 162 LE16 1¥8EYEL 906G ISYI0T 026 YOO SOT 6/019286 GIZVIEL6  (2'2ZbT'Zeb)(Z)ep us! 2'zeb1'zzbs uyBo e Z'zeblzebs 1ep HWAVOW A iz
(S)puad plus ,Seusd sisAfeue (xew)ezis (Ulw) BZIS  (Xew)pui  (Uiw) puz  (UiW) LelS  (xew) pers aHSIH 006 -¥YOM UoIISO4 AND sainjes) sisoueip iapusr) asen)
ajepipued 10 -ssasse  Suipoo (ejusied jeatuits  je2ID
Suipuodssiio)  AND -uidjold eAND PaLiIUap; 3y} jo azys pue uoiysod sseg ajqeyeLDy

panunuo) € 3jqel

Journal of Human Genetics

P16



117

Two-stage aCGH analysis for patients with MCA/MR

S Hayashi et al

EX(0T016-T1dY

BUW(HTTYSOT-TTdY) “<8NOVT-T1dY)

g € el 90/L1ev1 6¢E0201 L/68E8/9 00L10G/LS 1.L€18¥99 T1/2L1¥99 (T'eTb)G)dnp ys! T°E1bg yBd s £'e1bg dnp HNNOW W 16
ed(++GY16-11dY) E€X(GY16-TT1dY)

g 1 ed  T1Z2SLT 8L50LT  SYY86L0Z 80195961 OESG8Y61 YECIVO6I (e'p1d)(G)dnp us! £71dg yso ue £y1dg dnp YANVOW W 09
1ed(++10£9-T1dY) EX(T0E9-11dY)

2] 1 jed  0GB0SZ 0S09/1 912829C [OV619Z [SEEYYZ 99ELLET (£'92d)(g)dnp ys! £'9gdg y8o ue g'9edg dnp HA/NVOW W 6%

OX(PIr8y-11dy

1BW(-9TAE0Z-T1dY) < EDIST-TTdY)

d 81 lewr  T1GZ6EZ <2Tve9td 8BSSG6L9Y V8BS S6/L9Y <c9TLeyvy L/0E0V vy (€ TTd)X)3P ys! £ 114X ydo e €11dx 19p HNNVOW - W 14
IXL108E-11dY
Up(-£10€E-TTdY) “ LT40E-T1dY)

d or4 up  60VLEQC 60918 <C6L1889 ¥BG6S89 GSOSEY09 EBEVIBY (€'ETdN6TIIEP Us! €'ETdBT ydo e €E1d6T  19p wspny - YWNVOW 4 Ly

€X(120892-11dY
< EW6Y T1dY)
d ETT up  [9LVIEE ¥CL0BOT <2GC09v¥ 18G66VE [GBBIVZ GBVYGE0T £'€Td6T ydd Le €'€1del dnp HANOW W 9t
UP(-LTOTTT-11dY
-€18981-11dY

+¢TA6ST-T1dY) IX(#1868-11dY)
d 6 Up  ZIGTY9E €I612T1C EPTT1981G G99882 15 269916V 12981Z8Y (Z'1ZbX8T)Ip Us! Z'12bat yds ue Z'1zbg1 1ep sye 4 o7
1ed(-20v5-11dY
-GO065-TTdY TX(20¥S
~0Z4GGT-11dY) <02Z4G5T-11dY)
g  GI jed  GEE08Z GEE08Z TYI06S6T ZrI06S61 LOEQTEGT LOEOIESIT (1Z'11bXZ2)IeP us! 12°11bgz uso e 1z'11bzz 19p
up(+£Q86-11d4
“123T8E-T1dY 1X(5406
+63Z7T-11dY) “019692-11dY)
d 1 up 698GV T 618L16 GO6606VE G6LEECISPE 09GGE8EE 9IET IGVEE (Z'ETbXET)IBP us! Z'ETbeT udd ue g'eTbz eTbET 19p aHD YWNOW W bP
up(-97501-11dY TX(9TINGSE-11dY
+67100€-11dY) <§1262-T1dY)
d z1 up  1/62009 GISI80F 18ZES9181 €0ZET908T 8891€G9/1 OTE0SG96LT (2€'9zb)ENBP ys!  £€°9gb-1€°9gbe yBo e ££°9zb1e 9zbe  |ap dANMON W gV
up(+£g8Y-11dY
-9rgze-11dy) X(113rT2-11dY
(T 12Zb1T 12D) “9rgzz-11dy)
d ozt up  GBYOLLSG VBEGSZS 9VPE6YI8 LSGOTTI8 €91128GL 19622LGL (8)2pust  ET'Tgb1T 1Zbg uySo e €T°12bTT 12b8 I9p
RU(+ZZY0EZ-TTdY IX(6r6/-11dY
“6Ir6L-11dY) —8THO8-T11dY) Ryoedo
a 11 W OvTL1GT YEVEES ¥/G/888G €£9Z¥/8S 6616V18S PEVOLE LG (Z'TAXE)ISP YS! Zyideyide yso e Zyrdepide jep [B3uI0)  UWNMIN W 2
up(+0T08L-T1dY
“Ed41¥e-11dY X(8888-11dY
+9THIO- T 1dY) —€dvZ-11dY)
d g1 Up  6/8ZE£8/ SL1E68G ZVSB6T6Y 8EG/L18F GOEVBZZF E£99G9E IV (T'zzdXelep ust  Te'TedT zzde ySo e 1e'1zd1Zzde 19p HAAMOW W 1%
(5)ouad ppusw ,Seusd SisAieue (xew) 8zjS (Ufu) 8zi§  (xew) pu3y  (Uw) puz (i) UEIS  (xew) pejs oHSH 100G 7-¥YOM uoINsod AND sainea;  sisouSeip sepuan ase)
ajepipued 10 -ssesse  Suipod fejusied [B2MUlD  [RIIUID
Suipuodsaiion  AND -U1j0i4 eAND PBIIuap! 8y} Jo 8z1s pue uonisod aseq ojqexiewy

panunuoy ¢ sjqeL

Journal of Human Genetics

P17



S Hayashi &t a

Two-stage aCGH analysis for patients with MCAMR

118

*3WOIPUAS pueqeT—UURULIBWIWIZ '§T7 ‘Bdue:

“JUBLLISSISSE AND JO NSl Y],
‘SAND @A1j0adsal sy} Ul pauiejuod seuad Buipos-uisloid Jo sequinu sy,
9¢’'GOOZNDS| UO paseq st swajshs uolejou ay)q
Wtz AeileoidlW HOY) SWousn uewny Jua|iBy 4o HS|4 Kele-X ‘00GY-VOM AQ PajewIIss 21am $92Is Y],
UB)S |BIIULD UIBHIBOUN JO JueLIEA ‘SMOA PW0JPUAS SIUBBRIN-UYHWS 'SWS ‘awolpuds 1ghel-uisIsuigny ‘SLy ayle) Ul 0s[e payuapl AND 7ed ‘djussoyled J Layiow u) ose
palIuapl AND Jew ‘dwoipuis aidsalg 'SH uoleZIPUgAY My Ly 9oUBISBION] ‘HSI “yBiam yuIq mo| AlBwaixe ‘Mg13 'siusied syl JO JSYIIBL Ul PAAIISAO AND 0AOU 8P P ‘JUelEA Jaquinu-Adod 'AND ‘uSiusq ‘g {awaipuis 1oy jeondAe ‘Sye ‘suonensIqay

EX(Z10e8e-11dY

(Rese Buiji-x) + £1d06-11dY) AyzedoAy
SNOA 1 LI8GEL 9PEG0OL BEGBPE99 66912699 £GE91Z99 19921299 pawuiopiad JoN Z1bx yso Le Zibx dnp  jepnusBuoy A A €9
(++2721-11dY EX(POT6TTdY
“++$016-11dY) “ZI16-1TdY)
SNOA 21 Ov/818G 1G6G6LT B8BERILG8 6IEBIEER 89£2ZL128 8YIEV66L (te 12b)gT)dnp ust 1€ 12bz1 uso Le 1€'1gbz1 dnp Sye 4 29
(++0TVYZLP 11dH) EX(7d88-11dY)
SNOA ¢ €9v6€C  2I0EIC 9S62/SEE 9G6TLSEE PPE6GEEE E6VEEEEE (T"T1d)(21)dnp ust 111421 ydd Le 111421 dnp HWAOW 4 19
(++ZT71-11d¥)
(T'v1dz p1d) EX(ZTIT-T1dY)
SNOA ¥ Tv0geL  vOT0BT  VOSGYYLZ VLEEIZLZ 0LZEEOLZ 29VEZL9T (TT)dnpust  [p1dZ'p1d1T yBd Le T'p1dz'p1diT dnp YANVON W 09
(++0T1VY8/1-11dY) €X(0TVY8LT-T1dY) Aleydao
SNOA ST 1809191 Z8OEZT LZOEO9EV GLLOZEZY €69(612Z¢ 9¥6986 1V (12 TTb)XOT)dNp ys 12°'11b01 y3o Le 12’ 11bot dnp OIN YANANVOW 4 6G
(++22d9Z-11dY
++/d122-11dY) €X(£d122-11dY)
SNOA € 089016 ¥SG/1S VS99/G¥S 62ZGETVG G/9LTLEG tL6G99E£G (gz' 11b)(@)dnp yst £2°11bg yso ue £Z'11bg dnp YNNOW W 86
1ew Ox
(Redie Bui|t-x) (y299/8-T11dY)
a ¢ W p09GIT  I61¥00  2Iv898/v 601268 8I6LVLLV 808ZSLLY pauiiopad jou €Z°T10X U0 ue £2'11dX |op $9 W 6
1ed(+21271-11dY ewosejq
++7016-11dY) EX(POT6-T1dY) -ojeday
g € w'd  pEVEP8Y ZV0ZGT  8BES9LGR 0610£878 8¥18.1928 #S6¥2608 (1€ 12b)XzT)dnp ys! 1€°12bz1 ydo 1e 1€ 1gbz1 dnp ‘ME13 HANOW W 96
1BW(+HHEWNE/-TTdY) EX(BNG6L-TTdY)
g8 1 jew  yZIE€L8  ¥99YST  6E00EC8L SYIELBLL ¥8V8ILLL S169GE/L (€'2ZbXoT)dnp ys) €'Zzbo1 ydd uie €'gzbot dnp YAAOW 4 GG
1ed(++1705T-11dY) EX(TT0GT-11dY)
g9 z d  J080£0T 219291 6GS 110021 86 V19611 ZLEZSY 61T 252086811 (1°€€b)(E)dNp ys! 1°ggbe y3d ue 1°ggbp dnp JNNVOW W ¥
1ed(++21168-11dY £X(Z1168-11dY
++61168-11dY) —BTI6L-TTdH)
9 1 jed  68G8Y9Z OT98ER  E6VE/6G  1/9v95t 19092L€ YG6¥ZEE (2'gzd)@)dnp ys Z'€edg ydo ue Z'ezdg dnp HNAOW 4 €6
JeW(+GAEETT-TTdY
++E€ZALT-T1dY) EX(EZAEZ-TT1dY)
a zI jewi  E¥610T1 899 PY6I0TT  t85¥S6 910156 1 (€zzd)(2)dnp ysi £zeds ygo se g'ggds dnp HANOW W 25
(s)ouald pJusli ,5ouad sisAjeur (Xelw) 821§ (UMW) 8ZIS  (XBw) puF (UMW) pu3 (L) LEIS  (Xew) Leis aHSi4 qO0ST-¥OM uoINSO4 AND sainiesy sisoudelp iopusy ased)

ajepipues Jo -ssasse  Suipod jeusied

Suipuodsanoy  AND -uieioid

eANO Paiy1iuapy ayp jo azjs pue uogisod aseg

[exui
siqeyewsy

12212

panuiuo) g s|qeL

Journal of Human Genetics

P18



Two-stage aCGH analysis for patients with MCA/MR
S Hayashi et al

[ 63caseswithcNv |

[ CNV identical to recently
established syndrome

l 9 cases
yes

‘na

4 cases
[ CNV containing pathogenic gene )-;:s-—-—
* no

{Recurram CNVs at the same region h—sca&_

*nc

‘no

Large CNV, gene-rich CNV
or CNV containing morbid OMIM gene

[patboganic CNV in previous studissJyoss—mz—

12 cases
yes

9
do nove or
not avaiable inherited in a bay
1 v
Benign CNV
9 cases

Figure 2 A flowchart of the assessment of CNVs detected in the second screening.

from several aspects. A CNV that contains abundant genes or is large
(>3 Mb) has a high possibility to be pathogenic.?! The CNVs in cases
25-30 probably correspond to such CNVs. Also, we judged a CNV
containing a morbid OMIM gene as pathogenic:*! TBRI (OMIM:
*604616) in case 31,°° SUMFI (OMIM: *607939) in case 32,57
SEMA3A (OMIM: *603961) in case 33, EMLI (OMIM: *602033)
and/or YY1 (OMIM: *600013) in case 34,°6! A2BP] (OMIM:
*605104) in case 35°% and ILIRAPLI (OMIM: *300206) in case
36.93 Several previous reports suggest that these genes are likely to
be pathogenic, although at present no evidence of a direct association
between these genes and phenotypes exists.

CNVs de novo or X maternally inherited. Among the remaining
27 cases, 12 cases had CNVs considered pathogenic as their CNVs
were de novo (cases 37-47) or inherited del(X)(pl1.3) from the
mother (case 48). In the second screening we performed FISH for
36 CNVs of the 34 cases whose parental samples were available to
confirm that 24 cases had de novo CNVs, which were probably
pathogenic. A CNV in case 48, a boy with a nullizygous deletion at
Xpl11.3 inherited from his mother, was also probably relevant to his
phenotype (Tables 3 and 4). Meanwhile, although case 57 was a boy
with a deletion at Xp11.23 inherited from his mother, he was clinically
diagnosed with Gillespie syndrome (OMIM: #206700) that was
reported to show an autosomal dominant or recessive pattern,®
thus we judged that the deletion was not relevant to his phenotype.
As a result, cases 49-57 had only CNVs inherited from one of their
parents which are likely to be unrelated to the phenotypes; that is,
bCNV (Table 4).

As a result, we estimated that 48 cases among 349 analyzed (13.8%)
had pCNV(s) in the second screening (Table 3; Figure 2). The CNVs
of the remaining six cases, cases 58-63, were not associated with
previously reported pathogenicity and their inheritance could not be
evaluated, thus we estimated they were variants of uncertain clinical
significance (VOUS).38

DISCUSSION
Because aCGH is a high-throughput technique to detect CNV's rapidly
and comprehensively, this technique has been commonly used for

analyses of patients with MCA and/or MR.3865-68 However, recent
studies of human genomic variation have uncovered surprising
properties of CNV, which covers 3.5-12% of the human genome
even in healthy populations.'®2%6% Thus analyses of patients with
uncertain clinical phenotypes need to assess whether the CNV is
pathogenic or unrelated to phenotypes.?! However, such an assess-
ment may diminish the rapidness or convenience of aCGH.

In this study, we evaluated whether our in-house GDA can work
well as a diagnostic tool to detect CNVs responsible for well-
established syndromes or those involved in subtelomeric aberrations
in a clinical setting, and then explored candidate pCNVs in cases
without any CNV in the first GDA screening. We recruited 536 cases
that had been undiagnosed clinically and studied them in a two-stage
screening using aCGH. In the first screening we detected CNVs in
54 cases (10.1%). Among them, 40 cases had CNV(s) at subtelomeric
region(s) corresponding to the well-established syndromes or the
already described disorders and the other 14 cases had CNVs in
the regions corresponding to known disorders. Thus about three
quarters of cases had genomic aberrations involved in subtelomeric
regions. All the subtelomeric deletions and a part of the subtelomeric
duplications corresponded to the disorders, indicating that especially
subtelomeric deletions had more clinical significance compared to
subtelomeric duplications, although the duplication might result in
milder phenotypes and/or function as a modifier of phenotypes.”
Moreover, parental analysis in three cases with two subtelomeric
aberrations revealed that two of them were derived from the parental
balanced translocations, indicating that such subtelomeric aberrations
were potentially recurrent and parental analyses were worth
performing. Recently several similar studies analyzed patients with
MCA/MR or developmental delay using a targeted array for sub-
telomeric regions and/or known genomic disorders and detected
clinically relevant CNVs in 4.4-17.1% of the patients.?$6>7071
Our detection rate in the first screening was equivalent to these
reports. Although such detection rates depend on the type of
microarray, patient selection criteria and/or number of subjects,
these results suggest that at least 10% of cases with undiagnosed
MCA/MR and a normal karyotype would be detectable by targeted
array.
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Table 4 Parental analysis of 34 cases in the second screening

CNV Size of CNV (bp)

Clinical Protein-coding Parental
Case Gender diagnosis del/dup Position Min. Max. genes analysis Pathogenicity
1 M MCA/MR del 1p36.23p36.22 1670237 2558590 32 de novo P
2 M MCA/MR del 1q41q42.11 5001798 6481439 35 de novo P
7 M MCA/MR del 16pl2.1pl1.2 2816866 5648152 138 de novo P
8 M MCA/MR del 16pl1.2 951773 4258984 134 de novo P

with CHD
10 M MCA/MR del 7pl4.2p13 8516513 9421233 70 de novo P
11 F MCA/MR del 14922.1922.3 2746662 3089980 18 de novo P
12 M MCA/MR del 17q13.3 930940 1018839 22 de novo P
13 M MCA/MR del Xpll1.4p1l.3 4034171 4103418 9 de novo P
14 M MCA/MR del 6ql2ql4.1 14194 290 16071847 56 de novo P
18 M MCA/MR del 10924.31g25.1 3345595 3368825 66 de novo P
19 M MCA/MR del 10924.32q25.1 2077638 2093622 41 de novo P
21 M MCA/MR del 7p22.1 341762 3223668 28 de novo P
24 M SMS susp. del 19p13.2 1719919 3304902 23 de novo P
37 F MCA/MR del 1p34.3 1128084 1753514 7 de novo P
38 M MCA/MR dup 1925.2 338801 771348 9 de novo P
39 M MCA/MR del 2p24.1p23.3 3721550 8376636 86 de novo P
40 F MCA/MR del 3p26.1p25.3 1433024 1835660 18 de novo P
41 M MCA/MR del 3p22.1p21.31 5893173 7832879 123 de novo P
422 M MCA/MR del 8q21.11921.13 5289394 5770485 12 de novo P
422 M MCA/MR del 3pl4.3pl4.2 593434 1517140 11 Maternal B
43 M MCA/MR del 3q26.31926.33 4081515 6002971 12 de novo P
440 M MCA/MR del 13q13.2q13.3 917819 1458769 1 de novo P
44p M MCA/MR del 22q11.21 917819 1458769 15 Paternal B
45 F Rett syndrome del 18q21.2 2121918 3642522 9 de novo P
46 M MCA/MR dup 19p13.3 2041395 2404096 113 de novo P
47 F MCA/MR del 19p13.3 816079 2037409 23 de novo P
48° M MCA/MR del Xpll.3 2362422 2392511 18 Maternal P
49 M MCA/MR dup 3p26.3 176 050 250850 1 Paternal B
50 M MCA/MR dup 5p14.3 170578 1752211 1 Paternal B
51 M MCA/MR dup 5q13.3 1020329 1421706 3 Maternal B
52, M MCA/MR dup 7p22.3 568 1101943 12 Maternal B
53 F MCA/MR dup 8p23.2 838610 2648539 1 Paternal B
54 M MCA/MR dup 9q33.1 162612 1030807 2 Paternal B
55 F MCA/MR dup 10922.3 154 664 873124 1 Maternal B
56 M MCA/MR dup 12q921.31 152042 4843434 3 Paternal B
57 M Gillespie del Xpll1.23 104191 115604 3 Maternal B

syndrome

Abbreviations: B, benign; CNV, copy-number variant; F, female; M, male; MCA/MR, multiple congenital anomalies and mental retardation; P, pathogenic.

2Two CNVs were detected in case 42.
bTwo CNVs were detected in case 44.
“Nullizygous deletion inherited from his mother probably affected the phenotype.

Another interesting observation in the first screening was that
subtelomeric rearrangements frequently occurred even in patients
with MCA/MR of uncertain whose karyotype had been diagnosed as
normal. This result may be consistent with a property of subtelomeric
regions whose rearrangements can be missed in conventional karyo-
typing,’? and in fact other techniques involving subtelomeric FISH or
MLPA also identified subtelomeric abnormalities in a number of
patients with MCA and/or MR in previous reports.”%’>7* Our result
may support the availability of prompt screening of subtelomeric
regions for cases with uncertain congenital disorders.

In the second screening we applied WGA-4500 to 349 cases to
detect 66 candidate pCNVs in 63 cases (18.1%), and subsequently
assessed the pathogenicity of these CNVs. The pCNVs included nine
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CNVs overlapping identical regions of recently recognized syndromes
(cases 1-9; deletion at 1p36.23—-p36.22, 1q41-q42.11, 1q43—q44,
2q23.1, 14ql12, 15q26-qter and 16pl11.2—pl2.2, respectively), four
CNVs containing disease-associated genes (cases 10-13; GLI3,
BMP4, YWHAE and CASK, respectively), three pairs of CNVs of
recurrent deletions (cases 14, 15: at 6q12—ql4.1 and 6ql4.1; case 16,
17: at 10pl12.1-p11.23 and case 18, 19: at 10q24.31-q25.1 and
10q24.32—-q25.1), five CNVs identical to pCNVs in previous studies
(cases 20—24), six large and/or gene-rich CNVs (cases 25-30) and six
CNVs containing a morbid OMIM gene (cases 31-36). For the
remaining cases, we estimated the pathogenicity of the CNVs from
a parental analysis (Table 4). We judged the 11 de novo CNVs
(cases 37—47) and 1 CNV on chromosome Xpl1.3 inherited from
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the mother (case 48) as probably pathogenic. And nine inherited
CNVs (cases 49-57) were probably benign. The clinical significance of
CNVs in the other six cases, cases 58—63, remains uncertain (VOUS).
As a result we estimated CNVs as pathogenic in 48 cases among 349
cases (13.8%) analyzed in the second screening, None of the pCNVs
corresponded to loci of well-established syndromes. This may suggest
that our two-stage screening achieved a good balance between rapid
screening of known syndromes and investigation of CNV of uncertain
pathogenicity.

Table 5 Summary of parental analyses

Average size (bp)

The average number of

Min. Max. protein-coding genes

Pathogenic CNVs?

del 23 3309267 4597 689 43

dup 2 1190098 1587722 61

Total 25 3139733 4356892 44
Benign CNVs®

del 3 538481 1030504 10

dup 334432 1740327 3

Total 11 390082 1546739 5

Abbreviation: CNV, copy-number variant.
“Twenty-four de novo CNVs and case 48.
bEleven inherited CNVs other than case 48.

Two-stage aCGH analysis for patients with MCA/MR
S Hayashi et af

Among the cases with parental analyses, the 25 pCNVs had larger
sizes and contained more protein-coding genes (average size, 3.1 Mb at
minimum to 4.4 Mb at maximum; average number of genes, 44) as
compared with the 11 inherited bCNVs that were probably unrelated
to phenotypes (average size, 0.39Mb at minimum to 1.5Mb at
maximum; average number of genes, 5) (Table 5). Although all of
the 25 pCNVs except 2 were deletions, about three quarters (8 of 11
cases) of the inherited bCNVs were duplications (Table 5). These
findings are consistent with previously reported features of pCNVs
and bCNVs.21.38

We also compared our current study with recent aCGH studies
meeting the following conditions: (1) a microarray targeted to whole
genome was applied; (2) patients with MCA and/or MR of uncertain
etiology, normal karyotype and the criteria for patients selection were
clearly described; (3) pathogenicity of identified CNVs were assessed.
On the basis of the above criteria, among studies reported in the past 5
years, we summarized 13 studies (Table 6).!%1415:17:545575-81 Dyjag.
nostic yield of pCNVs in each study was 6.3—16.4%, and our current
diagnostic yield of the second screening was 13.8%. Though cases with
subtelomeric aberration detected in the first screening had been
excluded, our diagnostic yield was comparable to those of the reported
studies. It is not so important to make a simple comparison between
diagnostic yields in different studies as they would depend on the
conditions of each study, for example, sample size or array resolu-
tion,*®82 however it seems interesting that the higher resolution of a
microarray does not ensure an increase in the rate of detection of
pCNVs. One recent study showed data that may explain the discre-
pancy between the resolution of microarray and diagnostic yield.**%
The authors analyzed 1001 patients with MCA and/or MR using one

Table 6 Previous studies of analyzing patients with MCA and/or MR using aCGH targeted to whole genome

Applied array Patients Pathogenic CNV

Author (year) Type Number® Distribution® Number Tvpe of disorders Number %
Schoumans et al.”® BAC 2600 1.0Mb* 41 MCA and MR 4 9.8
de Vries et al.7® BAC 32477 Tiling 100 MCA and/or MR 10 10.0
Rosenberg et al.”’ BAC 3500 1.0 Mb* 81 MCA and MR 13 16.0
Krepischi-Santos ef al.”8 BAC 3500 1.0 Mb* 95 MCA and/or MR 15 15.8
Friedman ef al.l4 SNP Affymetrix 100K 23.6kb** 100 MR 11 11.0
Thuresson et al.”? BAC 1.0Mb* 48 MCA and MR 3 6.3
Wagenstaller ef a/.89 SNP Affymetrix 100K 23.6kb** 67 MR 11 16.4
Fan et /.55 Oligo Agilent 44K 24 kb-43 kb** 100¢ MCA and MR, Autism 154 15.0
Xiang et al}® Oligo Agilent 44K 24 kb-43 kb** 408 MR, DD and autism 3 7.5
Pickering et al.10 BAC 2600 1 Mb* 354f MCA and/or MR 368 10.2
McMullan et af.1? SNP Affymetrix 500K 2.5 kb-5.8 kb** 120 MCA and/or MR 18 15.0
Bruno et a/8! SNP Affymetrix 250K 2.5kb-5.8 kb** 117 MCA and/or MR 18 15.4
Buysse et al.54 BAC 3431 1 Mb* 298 MCA and/or MR 26 8.7

Oligo Agilent 44K 24 kb-43 kb** 703 MCA and/or MR 74 10.5
Our current study BAC 4523 0.7 Mb 349 MCA and MR 48 13.8
Total 2613 305 11.7

Abbreviations: BAC, bacterial artificial chromosome; CNV, copy-number variant; DD, developmental delay; MCA, multiple congenital anomalies; MR, mental retardation; SNP, single nucleoctide

polymorphism.

2The number of clones or name of array is described.

YEach distribution referred to each article (*) or manual of each manufacturer (**).
CAll cases were analyzed by both a targeted array and a genome-wide array.

dIn five cases, CNVs were also identified by a targeted array.

®Ten cases with an abnormal karyotype were excluded.

fOnly cases studied with an array throughout the genome are described. Ninety-eight cases were also analyzed by a targeted array.

£Seventeen cases with an abnormal karyotype were excluded.
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of two types of microarray, BAC array and oligonucleotide array. The
BAC array was applied for 298 patients to detect 58 CNVs in 47
patients, and among them 26 CNVs (8.7%) were determined to be
causal (pathogenic). Conversely, the oligonucleotide arrays were
applied for 703 patients to detect 1538 CNVs in 603 patients, and
among them 74 CNVs (10.5%) were determined to be pathogenic.
These results may lead to the following idea: a lower-resolution
microarray detects a limited number of CNVs likely to be pathogenic,
because such CNVs tend to be large, and a higher-resolution micro-
array detects an increasing number of bCNVs or VOUS.* Indeed, in
studies using a high-resolution microarray, most of the CNVs detected
were smaller than 500kb but almost all pCNVs were relatively
large.>*#1:83 Most of the small CNVs were judged not to be patho-
genic, and the percentage of pCNVs stabilized at around 10%. This
percentage may suggest a frequency of patients with MCA/MR caused
by CNV affecting one or more genes, other than known syndromes
and subtelomeric aberrations. The other patients may be affected by
another cause undetectable by genomic microarray; for example a
point mutation or microdeletion/duplication of a single gene, aberra-
tion of microRNA, aberration of methylation states, epigenetic aberra-
tion or partial uniparental disomy.

As recently hypothesized secondary insult, which is potentially
another CNV, a mutation in a phenotypically related gene or an
environmental event influencing the phenotype, may result in clinical
manifestation.®* Especially, in two-hit CNVs, two models have been
hypothesized: (1) the additive model of two co-occurring CNVs
affecting independent functional modules and (2) the epistatic
model of two CNVs affecting the same functional module.3 It also
suggests difficulty in selecting an optimal platform in the clinical
screening. Nevertheless, information on both pCNVs and bCNVs
detected through studies using several types of microarrays is unam-
biguously significant because an accumulation of the CNVs will create
a map of genotype—phenotype correlation that would determine the
clinical significance of each CNV, illuminate gene function or establish
a new syndrome.
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