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Table 3 Continued

Remarkable Base position and size of the identified CNV? Protein- CNV  Corresponding
Clinical  clinical Parental coding assess- or candidate
Case Gender diagnosis features CNV Position WGA-4500° FISH® Start (max) ~ Start (min) ~ End (min) ~ End (max)  Size (min) Size (max) analysis genes® ment! gene(s)
27 F MCA/MR del 7q22.1q22.2  arr cgh 7q22.1q22.2 ish del(7)(q22.1g22.2) 97314215 98261079 105604920 106451506 7343841 9137291 135 P
(RP11-10D8 — (RP11-124G15+,RP11-
RP11-72J24)x1 188E1-,RP11-95P19-) : )
28 F MCA/MR Epilepsy del 12q13.13 arr cgh 12q13.13 ish del(12)(q13.13) 50987232 51016427 51956291 52180088 939864 1192856 44 P
(RP11-7418 — (RP11-624J6-)
RP11-624J6)x1
29 M MCA/MR dup 16q22.3 arr cgh 16q22.3 ish dup(16)(g22.3) 70355260 70848592 72328913 73785124 1480321 3429864 25 P
(RP11-90L19— (RP11-115E3++, /
RP11-8SK4)x3 RP11-90L19++)
30 M RTS susp. dup 16g24.1 arr cgh 16g24.1 ish dup(16)(g24.1) 82699729 82797548 83749375 84123857 951827 1424128 16 P
' (RP11-140K16 — (RP11-770B4++,
RP11-44201)x3 RP11-140K16++)
31 M MCA/MR Epilepsy del 2q24.2q24.3  arr cgh 2q24.2 ish del(2)(q24.2) 160407234 161072815 162883584 166923475 1810769 6516241 28 P TBRI
(RP11-89L13— (RP11-638N12-) ’
RP11-79L13)x1
32 M MCA/MR del 3p26.2 arr cgh 3p26.2 ish del(3)(p26.2) 3943353 4016797 4198468 4329970 181671 386617 2 P SUMF1
(RP11-32F23)x1 (RP11-32F23-)
33 M MCA/MR [gA del 7q21.11 arr cgh 7q21.11 ish del(7)(q21.11) 83597839 83601541 84549609 84788160 948068 1190321 3 P SEMA3A
deficiency (RP11-22M18)x1 (RP11-115M2+,
RP11-35304-,
RP11-22M18-)
34 M MCA/MR dup 14932.2 arr cgh 14932.2 ish dup(14)(g32.2) 99330486 99337358 99841558 99845472 504200 514986 7 P EMLI, YY1
(RP11-128L1)x3 (RP11-177F8++)
35 M MCA/MR Epilepsy dup 16p13.3 arr cgh 16p13.3 ish dup(16)(p13.3) 4851459 5678447 5906909 6165923 228462 1314464 9 P A2BPI
(RP11-349111)x3 (RP11-349111++)
36 M MCA/MR dup Xp22.2p22.13 arr cgh Xp22.2p22.13 not performed 16874735 16952121 17596600 17638351 644479 763616 2 P
) (RP11-2K15- (X-tiling array)
RP11-115110)x3
dup Xp21.3 arr cgh Xp21.3 not performed 28704076 28704076 28868075 28868075 163999 163999 1 P ILIRAPLI
(RP11-438J7)3 (X-tling array) ‘
37 F MCA/MR del 1p34.3 arr cgh 1p34.3 ish del(1)(p34.2) 37830131 38338265 39466349 39583645 1128084 1753514 dn 7 P
(RP11-89N10— (RP11-195A8+,
RP11-416A14)x1 RP11-166F21-)dn
38 M MCA/MR  Hyper dup 1g25.2 arr cgh 1q25.2 ish dup(1X(1g25.2} 177088480 177 196858 177535659 177859828 338801 771348 dn 9 P
: IgE (RP11-177A2— (RP11-177A2++, '
RP11-152A16)x3 RP11-152A16++)
39 M MCA/MR del 2p24.1p23.3  arr cgh 2p24.1p23.3 ish del(2)(p23.3) 20037821 23094244 26815794 28414457 3721550 8376636 dn 86 P
(RP11-80H16— (RP11-88F6-, »
RP11-88F6)x1 RP11-373D23+)dn
40 F MCA/MR CHD del 3p26.1p25.3  arr cgh 3p26.1p25.3 ish de!(3)(p26.1-p25.3) 8190557 8497949 9930973 10026217 1433024 dn 18 P

(RP11-128A5—
RP11-402P11)x1

(RP11-936E1-,
RP11-402P11-,
RP11-1079H21+) dn
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Table 3 Continued

Remarkable
clinical

Base position and size of the identified CNV? Protein- CNV  Corfesponding
Parental coding assess- or candidate

End (max) Size (min)  Size (max) analysis genes® ment? gene(s)

Clinical

Case Gender diagniosis features CNV Position WGA-4500° FISHY Start (max)  Start (min)  End (min)

41 M MCA/MR del 3p22.1p21.31 arrcgh 3p22.1p21.31  ish del(3)(p22.1)

52]}9USY) UBLINY 4O [BUINO[

MCA/MR

Corneal

de

3pl4.3pl4.2

(RP11-241P3~

RP11-88B8)x1

arr cgh 3pl4.3pl4.2

(RP11-40N8—
RP11-91C10)x3

(RP11-61H16+,
RP11-241P3-,
RP11-78010+)dn
ish del(3)(p14.2)

(RP11-105A11++)mat

41365663 42284365 48177538 49198542 5893173 7832879 dn 123" P

57370434 58149 199 58742633 58887574

2 M 593434 1517140 mat 11 B
: opacity (RP11-80H18- (RP11-79419-, )
RP11-79J9)1 RP11-230A22+)mat )
del 8q21.11q21.13 arr cgh 8q21.11g21.13  ish del(8) 75722961 75821163 81110557 81493446 5289394 5770485. dn 12 p
(RP11-225)6 — (q21.11¢21.13) :
RP11-214E11)x1 (RP11-225J6-,
RP11-48B3-+)dn
43 M MCAMR del 3026.31q26.33 arr cgh 3¢26.31-q26.33  ish del(3)(q26.32) 175650310 176531688 180613203 181653281 4081515 6002971 dn 12 P
(RP11-292L5- (RP11-300L9+, -
RP11-355N16)x1 RP11-105L6-)dn
44 M MCA/MR CHD del 13q13.2q13.3 arr cgh 13q13.2 ish del(13)(q13.2) 33451136 33895560 34813379 34909905. 917819 1458769 dn 1P
(RP11-269G10— (RP11-142E9+,
90FB)x1 RP11-381E21-,
RP11-98D3+)dn
del 22q11.21 arr cgh 22q11.21 ish del(22)(q11.21) 19310307 19310307 19590642 19590642 280335 280335 pat 15 B
(RP11-155F20 - (RP11-155F20-, '
54C2)x1 RP11-590C5-,
RP11-54C2-)pat ‘ .
45 F  aRS del 18q21.2 arr cgh 18q21.2 ish del(18)(q21.2) 48218621 49166752 51288665 51861143 2121913 3642522 dn 9 P
' (RP11-89B14)x1 (RP11-159D14+,
o RP11-186B13-,
RP11-111C17-)dn .
46 M MCA/MR dup 19p13.3 arr cgh 19p13.3 1095485 2418857 3499581 4460252 1080724 3364767 on 113 P
(RP11-49M3 - '
RP11-268021)x3 _
47 F  MCA/MR - Autism del "19p13.3 arr cgh 19p13.3 ish del(19)(p13.3) 4844383 6043505 6859584 6881792 816079 2037409 dn 23 p
(RP11-30F17 - (RP11-33017-)dn ’
S RP11-33017)x1 .
48 M MCAMR del Xp1l.3 . arr cgh Xp11.3 ish del(X)(p11.3) 44403077 44433162 46795584 46795588 2362422 2392511 mat 8 P
‘ (RP11-151G3— (RP11-203D16-)mat
RP11-4814)x0
49 M MCA/MR dup 3p26.3 arr cgh 3p26.3 ish dup(3)(p26.3) 2377366 2443357 2619407 2628216 176050 250850 pat’ 1 B
A (RP11-6301)x3 (RP11-6301++)pat : )
50 M MCA/MR dup 5pl4.3 arr cgh 5pl4.3 ish dup(5)(p14.3) 19046234 19485530 19656108 20798445 170578 1752211 pat 1 B
' : (RP11-91A5)3 (RP11-91A5++)pat . .
51 M MCAMR . dup 5q13.3 arr cgh 5q13.1 ish dup(5)(q13.1) 66417271 66481371 67501700 67838977 1020329 1421706 mat 3 B
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Table 3 Continued

Remarkable Base position and size of the identified CNV? Protein- CNV Corresponding
Clinical  clinical Parental coding assess- or candidate
Case Gender diagnosis  features CNV Position WGA-4500° FISH® Start (max)  Start (min)  End (min)  End (max)  Size (min) Size (max) analysis genes® ment$ gene(s)
52 M MCA/MR dup 7p22.3 arr cgh 7p22.3 ish dup(7)(p22.3) 1 .954016 954584 1101944 568 1101943 mat 12 B
(RP11-23D23)x3 (RP11-23D23++,
RP11-1133D5+)mat
53 MCA/MR dup 8p23.2 arr cgh 8p23.2 ish dup(8)(p23.2) 3324954 3726061 4564671 5973493 838610 2648539 pat 1 B
(RP11-79119— (RP11-89119++, .
RP11-89112)x3 RP11-89112-++)pat
54 MCA/MR dup 9g33.1 arr cgh 9q933.1 ish dup(9)(q33.1) 118980752 119452372 119614984 120011559 162612 1030807 pat 2 B
‘ (RP11-150L113 (RP11-150L 1++)pat , ) " '
55 MCA/MR dup 10¢22.3 arr cgh 10g22.3 ish dup(10)(¢22.3) 77356915 77718484 77873148 78230039 154664 873124 mat 1 B
(RP11-79M9)x3 (RP11-79M9++)mat
56 MCA/MR  ELBW, dup 12¢21.31 arr cgh 12q21.31 ish dup(12)(q21.31) 80924954 82678148 82830190 85768388 152042 4843434 pat 3 B
hepato- (RP11-91C4)x3 (RP11-91C4++,
blastoma RP11-142L2+)pat .
57 GS del Xpll.23 arr cgh Xpl11.23 not performed 47752808 47747918 47852109 47868412 104191 115604 mat 3 B
(RP11-876B24) (X-tiling array)
x0 mat ‘
58 MCA/MR dup 8q11.23 arr cgh 8q11.23 ish dup(8)(q11.23) 53665974 53717675 54235229 54576654 517554 910680 3 VOus
(RP11-221P7)x3 (RP11-221P7++, '
: RP11-26P22++) .
59 MCA/MR  Micro- dup 10q11.21 arr cgh 10g11.21 ish dup(10)(q11.21) 41986946 42197693 42320775 43603027 123082 1616081 15 VOous
cephaly (RP11-178A10)x3 (RP11-178A10++) '
60 MCA/MR dup 11pl4.2pl4.1 arrcgh 11pl4.2pl4.1 ish dup(11) 26723462 27033270 27213374 27445504 180104 722042 4 VOUS
(RP11-1L12)x3 (p14.2p14.1) ! .
. (RP11-1L12++) :
61 MCA/MR dup 12p1l.1 arr cgh 12p11.1 ish dup(12)(p11.1) 33333493 33359944 33572956 33572956 213012 239463 2 VOus
(RP11-88P4)x3 (RP11-472A10++) .
62 aRS dup 12g21.31 arr cgh 12¢q21.31 ish dup(12)(g21.31) 79949648 82172368 83968319 85768388 1795951 5818740 12 VOUS
(RP11-91124— (RP11-91C4++,
RP11-91C4)x3 RP11-142L2++)
63 MR Congenital dup Xql2 arr cgh Xql2 Not performed 66212661 66216353 66921699 66948538 705346 735877 1 Vvous
myopathy (RP11-90P17 — (X-tiling array) ' ‘

RP11-383C12)x3

Abbreviations: aRS, atyplical Rett syndrome; B, benign; CNV, copy-number variant; dn: de novo CNV observed in neither of the parents; ELBW, extremely low birth weight; FISH, fluorescence in situ hybridization; GS, Gillespie syndrome; mat: CNV identified
also in mother; P, pathogenic; pat: CNV identified also in father; RTS, Rubinstein-Taybi syndrome; SMS, Smith-Magenis syndrome; VOUS, variant of uncertain clinical significance; ZLS, Zimmermann-Laband syndrome.
2The sizes were estimated by WGA-4500, X-array, FISH or Agilent Human Genome CGH microarray 244K.
bThe notation systems is based on ISCN2005.36
SThe number of protein-coding genes contained in the respective CNVs.
AThe result of CNV assessment.
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63 cases with CNV ]

v

CNV identical to recently
established syndrome ves

9 cases

*no

— - 4 cases
CNV containing pathogenic gene }yes—-——-

*no

*no

5
pathoge,nic\CNV in previous siudies]ve?—ﬂes—

*no

Large CNV, gene-rich CNV 12 cases
or CNV containing morbid OMIM gene | yes

[Reourrer{t CNVs at the same region l-———:—yes Scases

no

9 cases [
Inherited

Parental inheritance

] 12 cases

A 4

Benign CNV
9 cases

de novo or.
inherited in a boy

not available

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,°7%8
SEMA3A (OMIM: *603961) in case 33,°° EMLI (OMIM: *602033)
and/or YY1 (OMIM: *600013) in case 34,1 A2BPI (OMIM:
*605104) in case 352 and ILIRAPLI (OMIM: *300206) in case
36.5 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)(p1l.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
Xp11.3 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).3®

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

analyses of patients with MCA and/or MR.38%-%8 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 2 targeted array for sub-
telomeric regions and/or known genomic disorders and detected
clinically relevant CNVs in 4.4-17.1% of the patients 25657071
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. ‘ .

119

Journal of Human Genetics



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

120

Table 4 Parental analysis of 34 cases in the second screening

Size of CNV (bp)

CNV .
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 1g41lg42:11 5001798 6481439 35 de novo P
7 M MCA/MR del 16pl2.1pll.2 2816866 5648152 -138 de-novo P
8 M MCA/MR del 16pll.2 951773 4258984 134 de novo P
with CHD ’
10° M MCA/MR del 7pl4.2pl3 8516513 9421233 70 de novo P
11 F MCA/MR del 14g22.1g22.3 2746662 3089980 18 de novo P
12 M MCA/MR "del 17q13.3 930940 1018839 22 de novo P
13 M MCA/MR del Xpll.4p1l.3 4034171 4103418 9 de novo P
14 M MCA/MR del 6ql2ql4.1 14194290 16071847 56 de novo P
18 M MCA/MR del 10q24.31g25.1 3345595 3368825 66 de novo P
19 M MCA/MR del 10q24.32¢g25.1 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 1g25.2 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
428 M MCA/MR del 8g21.11q21.13 5289394 5770485 12 de novo P
422 M MCA/MR del 3pl4.3pld.2 593434 1517140 11 Maternal B
43 M MCA/MR del 3g26.31926.33 4081515 6002971 12 de novo P
44b M MCA/MR del 13q13.2g13.3 917819 1458769 1 de novo P
440 M MCA/MR del 22q11.21 917819 1458769 15 Paternal B
45 F Rett syndrome del 18g21.2 2121913 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 Xp1l.3 2362422 2392511 18 Maternal P
49 M MCA/MR dup 3p26.3 176 050. 250850 1 Paternal B
50 M MCA/MR dup 5pl4.3 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 9g33.1 162612 1030807 2 Paternal B
55 F MCA/MR dup 10g22.3 154664 873124 1 Maternal B
56 M ‘MCA/MR dup 12g21.31 152042 4843434 3 Paternal B
57 M Gillespie del Xpl1.23 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.
5Two 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.”%’>74 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, 1q4l-q42.11, 1q43-q44,
2q23.1, 14ql2, 15g26-qter and 16p1l.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 6q14.1; case 16,
17: at 10p12.1-pl11l.23 and case 18, 19: at 10g24.31-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 Xpl1l.3 inherited from



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. o

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 8 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.
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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
maximumy; 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.2L:%8

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 CNVSs were assessed.
On the basis of the above criteria, among studies reported in the past5
years, we summarized 13 studies (Table 6).101415:17,54557581 Dyjpo.
nostic yield of pCNVs in each stidy 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,?®®2 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.5453
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 CNY

Author (year) Type Number Distribution® Number Type of disorders Number %
Schoumans et al.”% BAC 2600 1.0 Mb* 41 MCA and MR 4 . 9.8
de Vries et a7 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 et a/.78 BAC 3500 1.0 Mb* 95 MCA and/or MR i 15 15.8
Friedman et al.}4 SNP Affymetrix 100K 23.6kb** 100 MR 11 11.0
Thuresson et a/.’® BAC 1.0 Mb* 48 MCA and MR : 3 6.3
Wagenstaller et a/.80 SNP Affymetrix 100K 23.6 kb** 67 MR 11 16.4
Fan et a/.55 Oligo Agilent 44K 24Kb-43 kb** 100¢ MCA and MR, Autism 15d 15.0
Xiang et al.15 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 al.t? SNP Affymetrix 500K 2.5kb-5.8 kb** 120 MCA and/or MR 18 15.0
Bruno et a/8! SNP Affymetrix 250K 2.5kb-5.8kb** 117 MCA and/or MR 18 15.4
Buysse et af.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 nucleotide

polymorphism. -
#The number of clones or name of array is described.

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

9In 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.

ESeventeen 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.?8 Indeed, in
studies using a high-resolution microarray, most of the CNVs detected
were smaller than 500kb but ‘almost all pCNVs were relatively
large. 38183 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 microarrdy; for example a’

point mutation or microdeletion/duplication of a single gene, aberra-
tion of microRNA, aberration of methylation states, epigenetic abena—
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
hypothesizéd: (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.% Tt 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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ORIGINAL ARTICLE

Breakpoint determination of X;autosome balanced
translocations in four patients with premature

ovarian failure

Akira Nishimura—Tadakii, Takahito Wada?, Gul Bano?, Karen Gough?, Janet Warner?, Tomoki Kosho?,
Noriko Ando®, Haruka Hamanouel?7, Hideya Sakakibara’, Gen Nishimura®, Yoshinori Tsurusakil,
Hiroshi Doi', Noriko Miyake!, Keiko Wakui’, Hirotomo Saitsu', Yoshimitsu Fukushima®, Fumiki Hirahara’

and Naomichi Matsumoto!

Premature ovarian failure (POF) is a disorder characterized by amenorrhea and elevated serum gonadotropins before 40 years of
age. As X chromosomal abnormalities are often recognized in POF patients, defects of X-linked gene may contribute to POF. Four
cases of POF with t(X;autosome) were genetically analyzed. All the translocation breakpoints were determined at the nucleotide
level. Interestingly, COL4A6 at Xq22.3 encoding collagen type IV alpha 6 was disrupted by the translocation in one case, but

in the remaining three cases, breakpoints did not involve any X-

translocations had microhomology of a few nucleotides and the

linked genes. According to the breakpoint sequences, two
other two showed insertion of 3-8 nucleotides with unknown

origin, suggesting that non-homologous end-joining is related to the formation of all the translocations.
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INTRODUCTION

Premature ovarian failure (POF) is a disorder characterized by
amenorrhea and elevated serum gonadotropins before 40 years of
age. The risk of this disorder or natural menopause before 40 years is
approximately 1% of women.! Heterogeneous etiology should be

‘involved in POF, such as environmental, autoimmune and genetic

factors. X chromosomal abnormalities (partial ‘monosomies and
X;autosome-balanced translocations) are often observed in POF
patients. These rearrangements cluster at Xq13-q26 called the critical
region (for POF).?? The critical region is separated into two: critical
region 1 at Xql3—q21 and critical region 2 at Xq23-q26.24 It was
suggested that several X-linked loci expressing on both X chromo-
somes, which were required in a higher dosage for normal ovarian
function, were involved in POES Furthermore, genetic factors for POR
may be more complex as X;autosome translocations often disrupt no
genes; therefore, other factors, such as position effects on autosomal
genes, are proposed.® We had an opportunity to analyze four cases of
POF each having t(X;autosome). Precise determination of transloca-
tion breakpoints in these patients may reveal direct evidence of
POF-related genes and mechanisms of the formation of chromosomal

premature ovarian failure; X;autosome translocation

translocations. Breakpoint sequences will be presented and discussed
in relation to genes and formation process.

MATERIALS AND METHODS

Patients and genomic DNA preparation

A total of four POF patients with t(X;autosome) were recruited to this study.
Case 1 had secondary amenorrhea and the other three (cases 2, 3 and 4)
presented with primary amenorrhea. Cases 1, 3 and 4 are Japanese and
case 2 is Caucasian. Case 2 was reported previously.” Chromosome analysis
revea.led'46,X,t(X;4)(q21.3;p15.2) in case 1, 46,X,1(X;2)(q22;p13) in case 2,
46,X,t(X;4)(g22.1,q12) in case 3 and 46,X,t(X;14)(q24;q32.1) in case 4. All
translocations occurred de novo. In addition, 11 other POF patients were
collected to check candidate gene abnormality. After informed consent was
obtained, genomic DNA was prepared from peripheral blood leukocytes using
QuickGene-610L (Pujifilm, Tokyo, Japan). Institutional review board approved
the research protocol.

Fluorescence in situ hybridization

Metaphase chromosomes were prepared from peripheral blood lymphocytes of
POF cases. Bacterial artificial chromosome DNA was labeled with fluorescein
isothiocyanate- or Cy3-11-dUTP by Vysis Nick Translation kit (Vysis, Downers
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Grove, IL, USA), and denatured at 70°C for 10min. Probe-hybridization
mixtures (15 pl) were applied to chromosormes, incubated at 37 °C for 16-72h,
and then washed and mounted in antifade solution (Vector, Burlingame, CA,
USA) containing 4’,6-diamidino-2-phenylindole. Photographs were taken on
an AxioCam MR CCD fitted to Axioplan2 fluorescence microscope (Carl Zeiss,
Oberkochen, Germany).

Southern blot and inverse PCR

Genomic DNA was digested with restriction enzymes: EcoRI and HindIII for
case 1 and her parents, Sacl and EcoRI for case 2 and a normal female control,
BamHI and EcoRI for case 3 and her parents and Ndel and BgIII for case 4 and
her mother. Probes were made by PCR and labeled using DIG synthesis kit
(Roche Applied Science, Basel, Switzerland). Hybridization, wash and detection
were performed according to the manufacturer’s protocol. Inverse PCR was
performed using self-ligated DNA after digestion with EcoRI (cases 1 and 3),
Sacl (case 2) and BglIl (case 4). All the breakpoints were determined by
sequencing inverse PCR products. Information of primers used is available
on request.

Mutation analysis _

Genomic DNA was obtained from peripheral blood leukocytes by standard
methods and used for mutational screening. Protein coding exons of COL4A6
(exons 1-45), insulin-like growth factor binding protein 7 (IGFBP7) (exons 1—
5) and Cl4orf159 (exons 4-16) were screened by high-resolution melt analysis
using LightCycler 480 systern IT (Roche Applied Science, Tokyo, Japan), except
for exon 1 of IGFBP7, which were analyzed by direct sequencing. PCR mixture
contained 20ng genomic DNA, 1x ExTaq buffer, 0.2 mm each dNTPs, 0.3 um
each primer, 0.25 ul SYTO9 (Invitrogen, Carlsbad, CA, USA) and 0.25 U ExTaq
HS (Takara, Ohtsu, Japan). PCR was initially denatured at 94°C for 2min
and cycled 45 times for 10s at 94°C, 155 at 60°C and 155 at 72°C, and
then finalized at 72°C for lmin. High-resolution melt analysis was then
performed. For exon 1 of IGFBP7, PCR mixture contained 20ng genomic
DNA, 1x GC buffer II, 0.4 mm each dNTPs, 1 M each primers, 2% dimethyl-
sulfoxide and 0.04 U LaTaq HS (Takara), and then PCR was initially denatured

at 94°C for 2min and cycled 35 times at 94 °C for 20s, at 60°C for 20s,

at 72°C for 1min, and then finalized at 72°C for 2min. If a sample showed

EcoR | Hind Il

BamH | EcoR |

" CCA-3;

Breakpoint determination of X;autosome balanced franslocations
A Nishimura-Tadaki et a/

an aberrant melting curve pattern, the PCR product was purified using
ExoSAP-IT (USB, Cleveland, OH, USA) and sequenced by a standard

_method using BigDye terminator ver3 (Applied Biosystems, Foster City,

CA, USA) on the ABI PRISM 3100 Genetic analyzer (Applied Biosystems).
Sequences were compared with reference sequences using SeqScape version 2.7
(Applied Biosystems).

X-inactivation assay

Human androgen receptor assay and FRAXA locus methylation assay were
performed as described previously,®® with a slight modification. In brief,
genomic DNA of patients, their parents and a female control was digested
with two methylation-sensitive enzymes, Hpall and Hhal. Subsequently, PCR
was performed using digested and undigested DNA with human androgen
receptor assay primers (FAM-labeled ARf 5-TCCAGAATCTGTTCCAGAG
CGTGC-3" ARr: 5-CTCTACGATGGGCTTGGGGAGAAC-3")1 and FRAXA
primers (FAM-labeled FRM1f: 5'-~AGCCCCGCACTTCCACCACCAGCICCT
FMRIr:  5-GCTCAGCTCCGTITCGGTTTCACTTCCGGT-3),
electrophoresed on ABI PRISM 3100 Genetic analyzer and analyzed with
GeneMapper™ Software version 3.5 (Applied Biosystems).

RESULTS

Breakpoint sequences

Using fluorescence in situ hybridization analysis of metaphase chro-
mosomes, we could identify Bacterial artificial chromosome clones
spanning translocation breakpoints in each patient: RP11-636H11
at Xq22.3 (case 1), RP11-815E21 at Xq22.3 (case 2), RP11-589G9 at
4q12 (case 3) and RP11-904N19 at Xq24 (case 4). Southern blot
analysis could identify aberrant bands in all the patients (Figure 1) and
subsequent inverse PCR successfully cloned all breakpoints in the four
cases. Breakpoint sequences are shown in Figure 2. Junction sequen-
cing of der(X) and der(4) in case 1 revealed a 4192-bp deletion of
chromosome X (UCSC genome browser coordinates March 2006
version: chr. X: 107322 866-107327057bp) and 7082-bp deletion
(chr. 4: 1184635911853 387 bp) of chromosome 4, respectively. In
addition, five unknown nucleotides were recognized at the der(X)

Nde Bglll .

Figure 1 Southern blot analysis of four cases. (a) case 1, (b) case 2, (c) case 3 and (d) case 4. Aberrant bands are indicated with dots.
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Figure 2. Breakpoint sequences of t(X;autosome) in four cases. (a) case 1, (b) case 2, (c) case 3 and (d) case 4. Top, middle and bottom sequences indicate
those of normal X, derivative and normal autosomal chromosomes. Upper and lower cases indicate nucleotides of known and unknown origin, respectively.
Matched sequences are with gray shadow. Underline indicates duplicated sequence. Numbers are based on the nucleotide position of the UCSC genome

browser coordinates March 2006 version.

junction as well as three unknown nucleotides at der(4) (Figure 2a).
Sequences of der(X) and der(2) in case 2 indicated six nucleotides
(chr. 2: 66 079 810-66 079 816.bp) were duplicated (Figure 2b). In case
3, 71 nucleotides (chr. X: 101480713-101 480 782bp) were deleted,
and unknown eight nucleotides were inserted in der(X), and unkriown
three nucleotides were also recognized in der(4) (Figure 2c). In case 4,
a nucleotide in chromosome X (chr. X: 117202250bp) and five
nucleotides in chromosome 14 (chr. 14: 9068395190683 955bp)
were missing (Figure 2d). The locations of X-chromosome break-
points are shown in Figure 3. Translocation breakpoints disrupted
COL4A6 at Xq22.3 in case 1 (Figures 3a and b, Table 1), IGFBP7 at
4912 in case 3 (Table 1) and CI4o1f159 at 14q32.12 in case 4 (Table 1).
Other breakpoints did not involve any functional genes. Adjacent

© genes to breakpoints (less than 100kb away) are COL4A5 (5kb away
at Xq22.3) and IRS4 (30kb away at Xq22.3) in case 2, NXE2 (12 or
21kb away at Xq22.1) in case 3 and KLHLI13 (67 kb away at Xq24) in
case 4 (Table 1). COL4A6, encoding collagen type IVoi6, was the only
disrupted X-linked gene in our POF patients.

X-inactivation assay

Human androgen receptor assay in cases 2 and 3 and FRAXA assay
in cases 1 and 4 clearly indicated skewed X inactivation in all cases
(100% in case 1, 94% in case 2, 98% in case 3 and 100% in case 4) and
random patterns in their mothers available for this study (20-80%).

Eleven other POF patients also showed random inactivation patterns

(30-70%).

Mutation search
Considering accumulation of X-chromosome structural abnormalities
in POR X-chromosomal genes disrupted by rearrangements would be
- the primary target of this study. As COL4A6 was completely disrupted
in case 1 (Figure 3b), we started analyzing COL4A6 as a candidate in
11 other POF patients. We found one heterozygous missense change,
c.1460G>T (p.Gly487Val) (Figure 3c). This mutation was not
recognized in 247 ethnically matched female controls (494 alleles).

Journal of Human Genetics

Web-based SIFT (http://sift.jcvi.org/) and PolyPhen (http://genetics.
bwh.harvard.edu/pph/) did not indicate harmful effects of the amino-
acid change on protein function: 0.26 by SIFT (predictable functional
damage is <0.05) and ‘benign’ by PolyPhen, but the amino acid was
evolutionally conserved (Figure 3d). The Gly487 was located between
the (Gly-X-Y)n repeats. Parental origin of the change could not be
confirmed as parental samples were unavailable. As IGFB7 at 4q12 and
Cl4orf159 at 14932.12 were also disrupted, both genes were analyzed
in the 11 POF patients, but no mutation was found.

.DISCUSSION

In this study, we could successfully determine the translocation
breakpoints at nucleotide level in all the four cases analyzed.
COL4A6 at Xq22.3 in case 1, IGFBP7 at 4ql2 in case 3 and
Cl4orfI59 at 14q32.12 in case 4 were disrupted. No genes were
disrupted in case 2. Importantly, COL4A6 was the only X-linked
gene that was our primary target as a causative gene for POE
One missense change with benign nature outside the functional
repeats was found in anmother POF patient who showed random
X inactivation (35%).

In case 1, based on the skewing of X inactivation, der(X) should be
active and normal X should be inactive. Thus, COL4A6 is predicted to
be functionally null in case 1 as the active allele is disrupted by the
translocation. Collagen type IV is an essential component of basement
membrane, consisting of six distinct o-chains (6t1-06) encoded by
COL4AI to COL4A6. These six genes are located in three pairs with
head-to-head orientation, COL4AI/COL4A2 on chromosome 13,
COL4A3/COL4A4 on chromosome 2 and COL4A5/COL4A6 on chro-
mosome X. The chains interact and assemble with specificity to form
three distinct patterns: olela2, 030445 and 050506.!! The 05- and
o6-chains are found in the basement membrane of skin, smooth -
muscle and kidney.'? Two transcripts of COL4A6 are known, isoforms
A and B (Figure 3b). The protein structure of collagen type IV
contains an amino-terminal collagenous domain (also called 7S
domain), a triple-helical region (Gly-X-Y) and a carboxyl-terminal

— 66 —
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Figure 3 Location of the X-chromosome breakpoints and the COL4A6 gene. (a) Breakpoint locations (zigzag lines) of four cases around Xg22.1-q24.
(b) Schema of the COL4A6 gene. Boxes are exons with numbering. White, dark gray, gray and light gray boxes indicate UTRs, 7S domain, triple-helical
region and non-collagenous (NC1) domain, respectively. Breakpoint of the translocation with associated deletion is shown above boxes. (c) Heterozygous
~ misserise mutation, ¢.1460G>T (p.Gly487Val) at exon 21, is shown in the upper panel and wild-type sequence is shown in the lower panel. a.a.: amino

acid. (d) Evolutionary conservation of the Gly487. CLUSTALW (http://align.genome:jp/} was used for this analysis. Dots show perfect conservation. Gray box is -

a space between the Gly—-X-Y repeats.

Table 1 Genes within a 100-kb distance from translocation
breakpoints

Case Chromosome X Autosome

1 COL4A6 None
[g22.3] [4p15.33]

2 COL4A5 (5kb) None
IRS4 (30kb) [2pl4]
[q22.3]

3 NXFZ22 (12 or 21 kb) IGFBP7
[g22.1] [4g12]

4 KLHL13 (67 kb) Cl4orf159
[g24] [14g32.12]

Round and square brackets indicate a distance from a breakpoint and chromosomal location,
respectively.

Underlined genes are disrupted by breakpoints.

aNXF2 is mapped to two adjacent segmental duplications.

non-collagenous (NC1) domain (Figure 3b).13 We found a missense
change, c.1460G>T (p.Gly487Val), in exon 21 in another POF patient
(Figure 3c). Although this change is not found in 247 Japanese
controls, its benign nature is suspected based on the web-based
programs, the location outside the functional repeats and random X
inactivation leading to the production of normal «6-chain. Parental
samples were unfortunately unavailable to test the ‘origin of the
nucleotide change.

COL4A6 abnormality is known to be related to Alport syndrome with
diffuse leiomyomas (AL-DS). COL4A6 deletions in AL-DS are limited
to exons 1, 1’ and 2 always together with COL4A5 deletion in diverse
extent.115 In this paper, we first describe a POF patient (case 1) with
disruption of only COL4A6 not involving COL4A5. The inactivated
normal X chromosome as well as the der(X) with disrupted COL4A6
should lead to functionally null status in the patient. Extracellular
matrix proteins (including COL4A6) have been shown to alter Leydig
cell steroidogenesis in vivo, implying that Leydig cell steroidogenic

159
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activity and matrix environment are interdependent.!® Therefore,
COL4A6 depletion in ovarian extracellular matrix may alter normal
steroidogenesis even in the ovary and have been possibly the cause of
POE especially in case 1. So far, there have been at least eight POF
genes registered in OMIM: FMRI at Xq27.3 (POF1, OMIM no.
311360), DIAPH2 at Xq22 (POF2A, OMIM no. 300511), POFIB at
Xq21 (POE2B, OMIM no. 300604), FOXL2 at 3@23 (POF3, OMIM no.
608996), BMPI5 at Xp1l.2 (POF4, OMIM no. 300510), NOBOX
at 7q35 (POF5, OMIM no. 611548), FIGLA at 2pl2 (POF6, OMIM
no. 612310) and NR5AI at 933 (POF7, OMIM no. 312964).
Furthermore, XPNPEP2 at Xq25," DACH2 at Xq21.2'8 and CHM
(Xq21.2)!? have also been described as being disrupted by transloca-
tions. COL4A6 may possibly be an additional X-linked gene related
to POE '

Two autosomal genes were disrupted: a gene encoding IGFBP7 at
4912 and CI401f159 on 14q32.12. IGFBP7 (also known as IGEBP-rP1
or MAC25) is a secreted 31-kDa protein, belonging to the IGFBP
superfamily. IGFBP7 is involved in proliferation, senescence and
apoptosis. Recently, it is reported that IGFBP7 loss has a functional
role in thyroid carcinogenesis.’ C140rfI59 is a hypothetical protein
with unknown function. Both disrupted genes were relatively
expressed in ovary based on the GeneCards database (http://www.
genecards.org/). We could not find any sequence aberrations in either
gene among other POF patients. Further analysis might be necessary
in relation to POR.

According to the precise breakpoint locations in all the cases
reported here, COL4A5 and IRS4 (case 2), NXF2 (case 3) and
KLHL13 (case 4) were localized near to breakpoints (within less
than a 100-kb distance). All the adjacent genes except for KLHLI3
are shown to be expressed in human ovary in the GeneCards database.
Interestingly, it was suggested that IRS4 protein expression was
decreased in theca cells of polycystic ovary syndrome?! and IGFBP7
protein suppressed estrogen production in granulose cells.?? Reduced
expression of these genes owing to the position effects by transloca-
tions could affect to normal ovarian function.

On the basis of the breakpoint sequences, two translocations (in
cases 2 and 4) had microhomology (defined as the presence of the
same short sequence of bases) of a few nucleotides and the other two
(in cases 1 and 3) showed insertion of 3-8 nucleotides of unknown
origin, suggesting that non-homologous end-joining is related to the
formation of all the translocations in our patients.?

In conclusion, we could determine four t(X;autosome) breakpoints
at the nucleotide level. We found that only one X-linked gene,
COL4AG6, was disrupted, resulting in functionally null status. All the
four translocations are formed by non-homologous end-joining.
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