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Using array comparative genome hybridisation (CGH) 41 de novo reciprocal translocations and 18 de novo
complex chromosome rearrangements (CCRs) were screened. All cases had been interpreted as “balanced”’
by conventional cytogenetics. In all, 27 cases of reciprocal translocations were detected in patients with an
abnormal phenotype, and affer array CGH analysis, 11 were found to be unbalanced. Thus 40% (11 of 27)
of patients with a “’chromosomal phenotype" and an apparently balanced translocation were in fact
unbalanced, and 18% (5 of 27) of the reciprocal translocations were instead complex rearrangements with
>3 breakpoints. Fourteen fetuses with de novo, apparently balanced translocations, all but two with normal
ultrasound findings, were also analysed and all were found to be normal using array CGH. Thirteen CCRs
were detected in patients with abnormal phenotypes, two in women who had experienced repeated
spontaneous abortions and three in fetuses. Sixteen patients were found to have unbalanced mutations, with
up to 4 deletions. These results suggest that genome-wide array CGH may be advisable in all carriers of
"balanced”” CCRs. The parental origin of the deletions was investigated in 5 reciprocal translocations and 11
CCRs; dll were found to be paternal. Using customised platforms in seven cases of CCRs, the deletion
breakpoints were narrowed down to regions of a few hundred base pairs in length. No susceptibility motifs
were associated with the imbalances. These results show that the phenotypic abnormalities of apparently
balanced de novo CCRs are mainly due to cryptic deletions and that spermatogenesis is more prone to
generate multiple chaotic chromosome imbalances and reciprocal translocations than oogenesis.

interrupted in female patients with Duchenne muscular

dystrophy (DMD) carrying Xp2l/autosome balanced
translocations,' it became obvious that abnormal phenotypes,
present in 6.1% of translocation carriers,” might be caused by
the breakage of dosage-sensitive genes or by the separation of
the gene from its cis regulatory elements, leading to its aberrant
expression. Although in translocations associated with contig-
uous gene syndromes, deletions at the breakpoint had never
been excluded,” the idea that the abnormal phenotype in
reciprocal balanced translocations was caused by the direct
breakage of a dosage-sensitive gene has become predominant.
In addition to the breakage of genes responsible for autosomal
dominant phenotypes, balanced translocations could unmask a
mutation in the second allele causing an autosomal recessive
phenotype or could cause the disruption of an imprinted gene
causing an apparent imprinting disorder.*’

Complex chromosome rearrangements (CCRs) are structural
chromosome anomalies involving >2 chromosomes or >2
breakpoints. In the literature, CCRs have been reported with
varying numbers of breakpoints, from the simplest, with 3
breakpoints, to the most complex, with =8 breakpoints.®®
Conventional cytogenetics is of limited use in determining
whether a CCR is balanced or unbalanced. The finding that 23%
of the CCRs, although apparently balanced, have been

Once it was found that the dystrophin (DMD) gene is
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ascertained among individuals with multiple congenital
anomalies and/or mental retardation, and that among those
with de novo occurrence, more than half have been found in
individuals with phenotypic abnormalities,® suggests that
imbalances may be a common finding. Detailed flurorescence
in situ hybridisation (FISH) studies of translocation break-
points have reported the existence of cryptic deletions near
translocation breakpoints.” The application of high resolution
platforms to detect copy number changes in carriers of
apparently balanced translocations is now revealing that
conventional cytogenetics may have resulted in errors, by
overlooking more complex situations. Several reports describing
cither single cases or small series of apparently balanced
reciprocal translocations and complex rearrangements have
revealed unexpected complexity and instability of the human
genome.'* "' In particular, the complex nature of constitutional
de novo apparently balanced translocations in patients with
abnormal phenotypes is surprising.'’ '*

Abbreviations: BAC, bacterial artificial chromosome; CCR, complex
chromosome rearrangement; CGH, comparative genome hybridisation;
DMD, Duchenne muscular dystrophy; DSB, double-strand break; FISH,
flurorescence in situ hybridisation; PATRR, aplindromic AT-rich repeat; STR,
short tandem repeat



Cryptic deletions in “’balanced’” reciprocal and CCRs

In this paper we systematically analysed 59 rearrangements
involving both reciprocal translocations (27 found in patients
with abnormal phenotype, and 14 in fetuses, all but two with
normal echographic findings) and complex rearrangements (13
in patients with abnormal phenotype; 3 in fetuses with normal
echographic findings; 2 in women who had experienced
repeated spontaneous abortions) for the presence of cryptic
chromosome imbalances.

METHODS

Patients

A brief description of the phenotypes of the patients with
reciprocal translocations and the cytogenetic interpretation
made by conventional investigation are reported in table 1, and
table 2 shows the conventional karyotype in 14 prenatal cases.
Patients 17 and 22 had been previously published."” **

Table 3 gives a brief description of the phenotypic abnorm-
alities of the patients with CCRs, together with their karyotype
definition as stated by conventional cytogenetics. Table 4
summarises the conventional karyotype found in the two
women with normal phenotypes (patients 55 and 56) who had
repeated spontaneious abortions, and table 5 shows a conven-
tional karyotype in the three prenatal cases (patients 57, 58 and
59) investigated for advanced maternal age. Patients 47, 54,
and 49 have been previously published.® > ¢

FISH analysis and genotyping

In all CCR patients except four (two already published (patients
49 and 54), patient 56 and patient 59 (prenatal patient)), FISH
with whole chromosome painting probes (Chromoprobe
Multiprobe System; Cytocell Technologies, Cambridge UK or
Qbiogene, Irvine, California, USA) and in some patients probes
for the subtelomeric regions (To Tel Vysionand Multi-color
DNA Probe Mixtures; Vysis, Chicago, Illinois, USA) were
applied so to better define each rearrangement. In patient 44,
multicolour FISH was performed using the 24 Xcyte mFISH
DNA Probe Kit, following the manufacturer’s instructions
(Metasystem, Hamburg, Germany). In patient 57, a spectral
karyotyping (SKY) was performed using the protocol previously
reported.'”” Genotyping of polymorphic loci on DNA from the
the probands and parents was performed by amplification with
primers labelled with fluorescent probes (ABI 5-Fam and Hex)
followed by analysis on an ABI 310 Genetic Analyzer (Applied
Biosystems, Foster City, California, USA).

FISH analysis of patients 43 and 50 was performed following
conventional protocols as previously described." Bacterial
artificial chromosome (BAC) clones were selected from the
human library RPCI-11 according to the UCSC Human Genome
Assembly (freeze May 2004) and provided by the Wellcome
Trust Sanger Institute (http:/www.sanger.ac.uk/). BAC DNA
was labelled with biotin and digoxigenin using nick translation.
The probes were visualised using fluorescein isothiocyanate—
avidin and the chromosomes were made fluorescent by 4’,6-
diamidino-2-phenylindole. Hybridisations were analysed with
an epifluorence microscope, and images captured with a
PowerGene FISH System (PSI).

DNA paternity testing

Paternity was tested in patients 43, 45-47, 49-50, 52 and 57
after informed consent. From each sample of the trios (alleged
father, mother and child), 10 ng DNA was amplified by PCR,
using the commercial AmpFLSTR Identifiler PCR Amplification
Kit (Applied Biosystems, Alabama, USA). This product ampli-
fies in a multiplex PCR reaction 15 short tandem repeat (STR)
loci (D8S1179, D21S11, D7S820, CSF1PO, D3S1358, THOI,
D13S317, D16S539, D2S1338, D19S433, vWA, TPOX, D18S51,
D5S818, FGA) and the sex-typing marker amelogenin. The
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samples were amplified through 28 PCR cycles according to the
manufacturer’s specifications and 0.2 ml of each amplified
sample was analysed by capillary electrophoresis (ABI Prism
310 Genetic Analyser; Applied Biosystems). Alleles were scored
using the Genotyper Software version 2.5.2 (Applied
Biosystems). The statistical calculation used to evaluate the
weight of the evidence for a non-excluded man was the
probability of paternity (W).

Molecular karyotyping

Molecular karyotyping was performed in all patients using Agilent
Technologies Array CGH Kits (Santa Clara, CA). Parents of
probands showing cryptic deletions were also analysed to exclude
that the imbalance was inherited. These platforms are 60-mer
oligonucleotide-based microarrays that allow genome-wide sur-
vey and molecular profiling of genomic aberrations with a
resolution of ~100 kb (kit 44B) and ~20 kb (kit 244A).
Aliquots of 500 ng of DNA from patients, parents and same-sex
reference samples (Promega, Madison, Wisconsin, USA) were
double-digested with Rsal and Alul for 2 hours at 37°C. After heat
inactivation of the enzymes at 65°C for 20 minutes, each digested
sample was labelled by random priming (Agilent Technologies)
for 2 hours using Cy5-dUTP for patient/parent DNAs and Cy3-
dUTP for reference DNAs. Labelled products were column-
purified. After probe denaturation and pre-annealing with 50 pg
of Cot-1 DNA, hybridisation was performed at 65°C with rotation
for 24 hours (44B) or 40 hours (244A). After two washing steps,
the array was analysed using an Agilent scanner and Feature
Extraction V.9.1 software. A graphical overview of the results was
obtained using CGH Analytics V.3.4.27 software.

We also used Agilent customised arrays with a very high
resolution (<1 kb in most patients) to narrow down the
breakpoints in seven patients (42, 43, 45, 47, 49, 50 and 51)
with one or two deletions. Customised arrays were designed
using eArray software (http://earray.chem.agilent.com/) and
probes were selected from those available in the Agilent
database. We then analysed all the breakpoint sequences with
self chain and segmental duplication repeats tools from UCSC
(http://genome.ucsc.edu/). The tandem repeats finder tool
allowed us to search for the presence of AT-rich repeats and
STR sequence accumulation.

RESULTS

Reciprocal translocations: postnatal and prenatal cases
Table 6 summarises the results of array CGH showing that 11
out of 27 translocations found in patients with an abnormal
phenotype were in fact unbalanced.

Figure 1 shows array CGH profiles in patients 1-11; in each
figure, the deleted chromosome is detailed at the top of each
profile, and the patient number below. Nine patients showed a
single deletion, which occurred at one of the breakpoints in six
patients (patients 1-4, 10 and 11), on chromosomes unrelated to
the translocation in two (patients 5 and 9), and on a derivative
chromosome but in a region different from the breakpoint in one
(patient 6). Patient 8 had two deletions, one at each of the
breakpoints, and patient 7 had three deletions, all on chromo-
somes unrelated to the translocation. The parental origin of the
deletions was investigated in five patients (patients 2-7) and was
found to be paternal in all of them (supplementary table 1;
available at http://jmg.bmj.com/supplemental). The remaining 14
patients (28-41), all ascertained by prenatal diagnosis, were found
by array CGH screening to be balanced.

Complex chromosome rearrangements

Table 7 summarises the results of array CGH in 16 patients with
imbalanced CCRs; figure 2 shows array CGH profiles in patients
42-53, 55, 57, 58 and 59. The parental origin of the deletions
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Table 1

Conventional karyotype and description of phenotype in 27 postnatal patients with de novo reciprocal translocations

Patient

Conventional karyotype

Phenotype

1

2

20

21

22
23

24
25
26

27

1(2;7)(p13;931.1)(2qter—2p13::7q31.1—7qter;7pter—7q31.1::2p13—2pter)

1(1,5)(q23.3,924.2)(1 pter—1q23.3::5q24.2— 5qter, 5pter—5q24.2::1923.3— 1 gfer)

1(2;9)(q33;p22)(2pter—2933::9p22—pter, Ypter—Pp22::2933— 2qter)

12,7)(931,932)(2pter—2931::7q32—7qter;7pter—7q32::2q31— 2qter)

(1,17)(924;p13)(1pter—1¢24::17p13—17pter;17qter—17p13::1q24— 1 gter)

1(2,8)(q31,924)(2pter—2931::8q24—8qter;8pter—8q24::2q31— 2qter)

1(8;14)(q13;q13)(8pter—8q13::14q13— 14qter, 1 4pter—14q13::8q13—8qter)

6,7)(q12;p21)(6pter—6q12::7p21—7pter;6qter—6q12::7p21—7qter)

t(1,9)(q44;p13.3)(1pter— 1q44::9p13.3— Ppter;Yqter—9q44::1q44— 1 gter)

H7,9)(p11.2;p22)(7qter—7p11.2::9p22— Ppter;9qter—9p22::7p11.2—7pter)

1(2;17)(923;925)(2pter—2q23::17q25—17qter; 1 7pter—17q25::2q23— 2qgter)

1(5,7)(q34;p21.1)(5pter—5q34::7p21.1—7pter;7qter—7p21.1::5q34—5qter)
1(12;15)(932.1,926.2)(12pter—12932.1::15q26.2— 1 5qter, 1 5pter— 15¢26.2::12932.1— 1 2qter)
H11;14)(q13;14924.1)(11pter—11q13::14q24.1—14qter, 1 4pter—14q24.1::11q13—11gter)
1(5,6)(921,921)(5pter—5921::6921—6qter;6pter—6q21::5921— Sqter)
1(3;10)(p12;q26)(3qter—3p12::10g26— 10gter, 1 Opter—10926::3p 12— 3pter)
1(X;18)(q22.3;923)(Xpter—Xq22.3::18923— 18qter; 1 8pter— 18q23::Xq22.3— Xgter)

H11;12)(p13;q14.3)(11gter—11p13::12q14.3— 12qter; 1 2pter—12q14.3::12p13—12pter)

#{16;Y)(p10;q10)(16qter—16p10::Yq10— Yqter;Ypter—Yq10::16p10— 16pter)

1(5;10)(q15;922)(5pter—5q15::10q22— 10gter; 1 Opter—10q22::5¢ 15— Sqter)

7;12)(p15;q13)(7qter—7p15::12q13—12qter; 1 2pter—12q13::7p15—7pter)

#9;21)(p11;p11)(9qter—9p11::21p11—21pter;21gter—21p11::21pter)
1(7;16)(q34;q13)(7pter—7934::16q13—16qter; 1 6pter—16q13::7934—7qgter)

1(7,9)(935;932)(7pter—7935::9932—9qter, Ppter—9q32::79q35—7qter)
1(3,;5)(925;q15)(3pter—3925::5q15—5qter; 5pter—5q15::3q25— 3qter)
(10;17)(q26.1,921)(10pter—10g26.1::17q21—17qter;17pter—17g21::10926.1—10gter)

9;13)(921.3;933)(9pter—9921.3::13933— 13qter; 1 3pter— 13933::9921.3—9qter)

Female, 22 years old, verbal dyspraxia, mildly
delayed psychomotor development

Male, diffuse hypotonia, absence of speech, poor eye
contact, stereotyped movements, poor social
interaction and stress-induced anxiety attacks. Ectopic
hypoplastic right kidney, mild enlargement of the
ventricular system at the frontal horns

Male, absence of speech, microretrognatia, long
philtrum, clinodactily

Male, 5 years old, seizure on first day of life,
psychomotor and speech retardation, mildly
dysmorphic face, bruxism, partial epilepsy

Female, mild intrauterine growth refardation, podalic
delivery at term. Birt hweight 10th centile, length 50th
centile; walking at 18 months, ataxic gait at

34 months; absence of language

Male, oligoamnios, caesarean section, intrauterine
growth refartdation. At birth, weight and length <3rd
centile. Presently (8 months) weight 8500 g (25th—
50th centile) height 76 cm (75th centile) head
circumference 43.5 cm (<3rd centile), mild facial
dysmorphism, severe hypotonia, low-set thumb,
simian crease. CPK, LDH, GOT, GPT, ALP increased
Female, terinatal hypotonia, stereotyped hand
movements, ataxic walk, mild mental retardation,
dysmorphic face, speech retardation, ventricle
asymmetry, hypotelorism

Male, mild mental retardation, myoclonic epilepsy,
central core myopcfhy, congenitq| mye|operoxidqse
deficiency

Female, moderate mental retardation, mild facial
dysmorphism

Female, trigonocephaly with prominent metopic
suture, downslanting palpebral fissures, depressed
nasal bridge, anteverted nares, bilateral epicanthic
folds, small and dysplastic ears, urinary reflex, mental
retardation

Female with campomelic dysplasia, narrow forehead,
upslanting palpebral fissures, narrow lids, strabismus,
glcucoma, cataract, cleft pc1|qre, heqring loss and
mental retardation

Female, mental retardation, epilepsy, microcephaly,
obesity

Male, speech and language retardation, attention
deficit

Male, walking at 12 months, speech at 40 months,
dysmorphic face with teleorbitism

Female, psychomotor retardation

Female, corneal leucoma

Female, pituitary hormone deficiency
hypogonadism'

Female, mesenchymal hypertrophy, macroglossia,
lymphatic hyperplasia, hypophysary microadenoma,
aggressive angiomyxoma, naevi with “‘cigarette
paper”’ scars

Male, epileptic encephalopathy with myoclonic
seizures, severe psychomoror refardation

Male, foot malformation, psychomotor retardation,
walking at 24 months, limited speech and cognitive
deficit., movement impairment with stereotyped
movements, no control of sphincrers

Female, diabetes, bilateral clinodactyly, limited
speech and cognitive deficit

Female, Melkersson-Rosenthal syndrome'

Female, mild psychomotor retardation, thyroid
dysfunction, insufficient ponderal growth

Male, mild psychomotor retardation

Male, high birth weight, developmental delay
Female, growth retardation, microcephaly, mental
retardation (IQ of 68), mildly dysmorphic features
Male, dysmorphic pattern, moderate mental
retardation

ALP, alkaline phosphatase; CPK, creatine phosphokinase, GOT, glutamate oxaloacetate transaminase; GPT, glutamate pyruvate transaminase; LDH, lactate
dehydrogenase.
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was investigated in 11 patients (patients 42, 43, 45-51, 53,
58and was found to be paternal in all (supplementary table 2;
available at http://jmg.bmj.com/supplemental). To better define
the CCRs, either chromosome painting or FISH with subtelo-
meric probes was performed for all patients except case 57, who
was investigated by SKY (figs 3-5). Chromosome painting of

(o]
_g o DNA from patients 54 and 49 has been previously reported."” '¢
2 8 Please note that interpretation of breakpoints was made using
5 B ""2 2222232223233 the information coming both from the FISH analysis and from
°f £5555500502% hromosome banding and array CGH. In most of the patients
£eo £338383888282¢% chromosome g 4 b ’
2% g caoddaddass the number of breakpoints estimated by conventional and
o z é ‘:’6 222> molecular cytogenetics increased after array CGH investigations
; ‘§ = T § § é § § § é § § § § (table 7, first column). This increase was particularly evident in
= T SRRYRRRERRYY patients 52, 53 and 58, for whom the number of breakpoints
L |88 Zdaaddddaaad doubled.
Array and FISH results in subjects with abnormal
phenotype
% Of the patients with an abnormal phenotype (42-54), all except
5 patient 54 were unbalanced. A single deletion was found in six
E patients (in patients 42, 43, 44 and 48 at one of the breakpoints
g and in patients 45 and 46, on chromosomes or on chromosome
" iw ;? regions unrelated to the rearrangement). Two deletions were
2 e F present in patients 47, 49, 50 and 51 (six deletions at the
E b a0009 00 m_ﬁ_ ° f;_’;g breakpoints and two elsewhere). Three deletions were present
2|F ggggfeeee 9&_2 g5 in case 52, with one deletion at one of the breakpoints and two
g T TeEEEEEEELE _gjg deletions elsewhere. Four deletions were present in case 53, two
g 5 55555555535 £S5 at one of the breakpoints and two elsewhere.
8|2 z2zzZzzzzzzz2z=2Z22Z

FISH analysis was performed with clones flanking the three
deletion breakpoints of two patients (43 and 50) and confirmed
that the deletions coincide with the breakpoints (fig 6A,B). In
patient 43, BAC RP11-291L15 (green) mapped to a deleted
region on chromosome 4 (its signal was present only on the
homologous region not involved in the rearrangement)
whereas RP11-6L6 (red), mapping distally to RP11-291L15,
gave hybridisation signals both on the homologous region not
involved in the rearrangement and on der(11). This finding
demonstrated that the deletion breakpoint coincided with that
of the translocation t(4;11). In patient 50, the deletion
breakpoints of chromosome 6 coincided with the insertion
breakpoints of chromosome 11, as RP11-93P6, mapping just
distal to the last deleted probe detected by array CGH (table 7),
gave FISH signals much futher from the centromere than in the
normal chromosome 6, due to the insertion of 11q13—ql4.

Array results in subjects with repeated spontaneous
abortion and in prenatal cases

In the two women with repeated spontaneious abortion
(patients 55 and 56), one (patient 55) was unbalanced with a
single deletion at one of the breakpoints. All the prenatal cases
(patients 57-59) were unbalanced, with a single deletion at one
of the breakpoints in patient 57 and four deletions in patient 58
(all at the breakpoints), and a single deletion in a chromosome
unrelated to the rearrangement in patient 59.

Breakpoints analysis

To learn more about the mechanisms by which these rearrange-
ments originated, we investigated the surrounding sequences of
cach breakpoint. We searched for the presence of segmental
duplications flanking the rearrangement breakpoints as
described in Methods; no segmental duplications were detected.
To confirm whether any common sequence motifs might have
underlined these rearrangements, we narrowed down the
breakpoints to a few hundred base pairs in seven patients with
imbalances, using customised arrays (supplementary table 3;
available at http://jmg.bmj.com/supplemental).

i22)(q11.2;923)(11pter—11q11.2::22q23—22qer;22pter—22q23::11q11.2—11gter)
7)(p36.3;p11.2)(1gter—1p36.3::7p11.2—7pter,7qter—7p11.2::1p36.3— 1 pter)
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10;12)(922;q15)(10pter—10q22::12q15—12qter;12pter—12q15::10q22— 10gter)

7:12)(q11.1;911)(7pter—7q11.1::12q11—12qter;12pter—12q11::7q11.1—7qter)
5;6)(q31;q21)(5pter—5q31::6q21—6gter;6pter—6q21::5q31—5qter)
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1,13)(p33;934)(1gter— 1p33::13q34— 13qter, 1 3pter—13g34::1p33— 1pter)

5,;6)(q15;q23)(5pter—5q15::6q23::6qfer,bpter—6q23::5q15—5qter)
3;8)(p21,;924)(3qter— 3p21::8q24—8qtter, 8pter—8q24::3p21— 3pter)

1

1(3;9)(p23;921)(3qter—3p23::99219— Yqter; Ipter—9q21::3p23— 3pter)
5
6

Conventional karyotype

Table 2 Conventional karyotype of 14 prenatal cases with reciprocal translocations

Patient
8

29

30
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Table 3 Conventional karyotypes and phenotypes in thirteen patients with complex chromosome rearrangements

Patient  Conventional and painting karyotype Phenotype

42 1(3;8;13;21)(3pter—3q27::13q14.11—13qter;8pter— Male, severe mental refardation, absence of speech, autism
8q12::21922.2—2]1qter;13pter—13q12.1::21922.1—
21q22.2::3q27—3qter) G-banding + painting; balanced

43 t(4;11,20)(4pter—4q31.2::20p13—20pter; 1 1 gter— Male, prominent forehead, curly hair, bilateral epicanthus,
11p15::4q31.2—4qter;20qter—20p13::11p15—11pter)* G-banding+ psychomotor retardation, absence of spoken language at
subtelomeric FISH and painting (not shown); balanced 22 months

44 der(2)ins(2;X)(p21.1;p21.1),inv(2)(p22937.1)(p11.2933)(2qter— Female, Duchenne muscular dystrophy
2q37.1::2p22::Xp21.1::2936—2933::2p11.2—52933::2p12—
2p21::2p23—2pter) G-banding + painting; unbalanced: del(X)(p21.1)

45 t(5,7)(5qter—p11::7q11—7qter;7pter—7q11::5p11—5pter) H{14;20) Male, born at 39 weeks, birth weight 2650 (3rd-10th centile),
(14pter—14¢24::20q13.1—20qter)‘R-banding + painting; balanced lenght 37 cm (<<3rd centile), occipitofrontal circumference <50th

centile, arthrogryposis

46 1(2;4)(2qter—2p16.2::4q31.3—4qter;4pter—4q31.3::2p16.2— Male, moderate to severe mental retardation, behavioural
2pter) H{11;13)(11pter—11g21::13g21.1—13qter;13pter—13q21.1::11g21— problems with hyperactivity and high pain threshold, hypotonic
11gter) G-banding + painting; balanced facies: mild ptosis, epicanthic folds, antimongoloid palpebral

fissures, bilateral epibulbar dermoids

47 t1;2;4;11)(2qter—2q11.2::1p13.1—51g25::. 11::1g25— 1qter;2pter— Female, severe mental retardation, coarse facies, pachigyria,
2q11.2::4q31.1—4q33::4q35.1—4qter;4pter—4q31.1::11q13.1— stature <3rd centile®
11923::1p13.1—1pter; 1 Tpter—11p13::11p11.11-11q13.1::11923—
11gter)"® G-banding + painting; unbalanced: del(4)(q33—q35.1)

48 t{1;4)(q11.1;p14)(4p14::1q11.1—1qter,}t(5;18)(p10;q10)(5pter—5p10::18q10— Female, congenital heart defects with left ventricle and aortic valve
118qter,18pter—18q10::5p10— 5pter) G-banding + painting; unbalanced: hypoplasia, bilateral kidney hypoplasia, 4p— facial gestalt, died at
del(4)(p13pter) 4 days of age.

49 1(3;13)(3qter—3p23::13q34— 13qter; 1 3pter— 13q34::3p23— 3pter) 4;8;18) Male, mild mental retardation, thoracic kyphoscoliosis, deformity of
(4pter—4935::8921—qter;4qter—4q35::8p21—-8q21::1823— 18qter; fingers and toes'
18pter— 18q23::8p21—8gter))* G-banding + painting; balanced

50 1(1,3;6;11)(1gter—1p31::3q25— 3qter;3pter—3q25::11q13— 11gter;6pter— Male, complex craniosynostosis, metopic, coronal and sagittal
6q22::11q13—11q14::6q22—bgter;11pter—11q14::1p31— 1pter)’ G-banding+ synostoses, mild mental retardation with attention deficit
painting; balanced

51 t(1;10)(p21;p12)(1pter—1p21::10p12— 10gter, 10pter—10p12::1p21— Male, atrioventricular canal detected in 20th week of pregnancy. At
Tgter),{2;16)(p16;921)(2pter—2p16::16q21—16gter, 1 6pter—16q21::2p16— birth, tricuspid hypoplasia, low set ears, micrognathia. At
2pter) G-banding + painting; balanced 8 months, Dandy-Walker malformation on brain MRI

52 ins(4;16)(q23;q21q23)(16pter—16q21::4q23::16q23— 16qter) G-banding + Female, at 11 months, length and head circumference <3rd
painting; balanced centile, mixed hypo/hypertonia, high-pitched voice, severe mental

retardation, upslanting palpebral fissure, convergent squint,
epicanthic folds, long and narrow tongue

58 111;22)(11pter—11q11::22q11—22qter;22pter—22q11::11q11—11qter) {3;4;9)  Male, hypotonia, dysmorphic face, microphthalmia, epicantic folds,
(928;927;q13)(3pter—3q28::9932— Yqter; 4pter—4q27::9921.1—-9931;3qter— simian crease, unusual cry.
3q28::9p24—9q21.1::4q27— 4Aqter) G-banding + painting; balanced

54 1(2;5;16;17)(2pter—2q37.3::17q25.3— 17 qter; 5pter—5q21.2::16g22.3— Male, cerebellar hypoplasia, mild mental retardation, skeletal
16q13::5q22—5¢31.1::16q22.3—16qter G-banding + painting; balanced abnormalities and ataxia, height <3rd centile'

Table 4 Conventional quyorype in two women carriers of comp|ex chromosome rearrangements with normal phenotypes and
multiple miscarriages

Patient  Conventional and painting karyotype

55 12;6;8)(2pter—2q37.1::8q24.2—8qter;6pter—6q1 3::8q24.1::237.1— 2qter;8pter—8q24.1::6q13—éqter) G-banding + painting; balanced

56 1(6;12;15)(6pter—6q21::12q24.33—12qter; 1 2pter—12q24.33::6q23.1—bqfter; 1 Spter— 15¢26.2::6921—6023.1::15q26.2— 1 5qter). G-banding +
painting (not shown); balanced

Table 5 Conventional karyotype in three prenatal cases with de novo complex chromosome rearrangements
Ecographic

Patient  Conventional and painting karyotype findings Follow-up

57 der(3)H3;15)(p13;q13)1(3;21)(p11;q11),der(4)(p15)ins(10;4)(q11;p15),17;11)(p15;p13), Normal -
der(9)1(9;10)(p13;q11), der(10)t(3;10)(g22;911)
ins(10;4)(q11;p15),der(15)t(3;15)(p13;q13),der(21)#9;21)(p13;q11)"® G-banding+SKY;
balanced

58 1(5;6,8)(5pter—5q35::6q21—6q27::8q22—8qter; bpter—6q21::5q35— 5qter; Normal =
8pter—8q22::6q27—bqter)* Q-banding+ painting; balanced

59 ish inv(11)(p11.2913), ins(16;11)(q12;q13q14) Q-banding; balanced Normal At birth. microtia, low-set abnormal ears,

facial dysmorphisms
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Table 6 Array CGH findings in 11 carriers of reciprocal translocations associated with
phenotypic abnormalities*

Patient (total

no of

breakpoints Non-

before and Non-deleted  Deletion Deletion deleted Deletion

after array CGH)  Deleted regions probe (Mb)  start (Mb) end (Mb) probe (Mb)  size (Mb)

1(2,3) Del(7g22.3—431.1) 105.5 105.9 113.7 113.8 7.8

2(2,3) Del(1g24) 160.6 160.8 165.8 165.9 4.9

3(2,3) Del(2)(933.1) 199.84 199.90 203.15 203.16 3.2

4(2,3) Del(2)(q22.3-q23.1)  148.14 148.18 149.32 149.33 1.1

5(2,4) Del(6)(q14.3-15) 85.28 86.38 90.56 90.59 4.2

6(2,4) Del(2)(p22.3-p21) 33.56 33.61 41.97 42.32 8.4

7 (2,8) Del(2)(q23.3-g24.1)  152.52 152.55 157.12 157.17 4.6
Del(2)(q31.1) 175.8 175.87 177.02 177.08 1.7
Del(9)(pter-p24.2) 2.90 3.19 32

8(2,4) Del(6)(q12) 65.12 65.14 67.22 67.31 2.1
Del(7)(pter-p22.3) 2.37 2.38 2.4

9(2,4) Del(4)(p15.2) 27.24 27.25 27.516 27.88 0.6

10 (2,3) Del(9)(p23-p22.2) 13.49 13.86 17.33 17.62 3.4

11(2,3) Del(17)(q24.3) 65.22 65.37 66.91 67.02 1.5

*Array CGH resolution was about 100 kb (kit 44BB, Agilent) in all patients except 3, 4 and 8, which were studied at a

resolution of about 20 kb (kit 244A, Agilent).

Deletions away from the breakpoints are in italics.

Map positions refer o the Genome Assembly May 2004 (Build 35).
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Figure 1 Array comparative genome hybridisation profiles of the chromosomes involved in deletions in 11 patients with reciprocal translocations.
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Table 7 Array comparative genome hybridisation results in 16 patients with complex chromosomal rearrangements
Patient (total no of breakpoints Non-deleted Delefion start Deletion end Non-deleted probe Deletion size
before and after array CGH) Deleted regions probe (Mb) (Mb) (Mb) (Mb) (Mb)
42 (5,7) del(13)(q14.11) 37.82 38.049 41.54 41.69 3.5
43 (3,4) del(4)(g31.21) 144.7 144.8 147.18 147.28 2.38
44 (8,9) del(X)(p21.1) 32.37 32.42 33.47 33.81 1
45 (4,6) del(18)(q12.3) 37.4 37.5 38.4 38.5 0.9
46 (4, 6) del(5)(q22.2) 110.5 110.6 112.95 113.58 2.35
47 (10,14) del(4)(g32.3) 167.63 168.02 169.57 169.65 1.55

del(11)(p11.2) 46.19 46.26 46.83 46.91 0.57
48 (6,7) del(4)(pter-p15.1) 35,113 35.31 85
49 (6,9) del(4)(q34.1) 172.97 173.18 175.63 175.78 2.45
del(4)(q34.3) 178.93 179.23 179.83 180.11 0.6
50 (5,7) del(6)(q21) 108 108.31 111.53 111.77 3.22
del(11)(q14.3g21) 88.32 88.64 94 94.17 5.36
51 (4,6) del(1)(p21.1) 103.05 103.2 106.3 106.5 3.1
del(2)(g32.1) 181.94 182.1 184.9 184.38 2.8
52 (3,6) del(1)(p31.3) 63.45 63.54 69.37 69.76 5.83
del(4)(q24) 103.72 103.84 105.5 105.7 1.66
del(7)(p21.3) 8.41 8.56 10.75 10.85 2.19
53(7,14) del(3)(pter-p26.1) 4.32 4.38 43
del(4)(g21.3-q22.1) 87.44 87.91 90.15 90.31 2.2
del(8)(g21.11) 76.08 76.47 78.52 78.80 2.1
del(9)(g31.1931.2) 103.78 103.94 106.24 106.42 2.6
55 (4,6) del(8)(q13—q14.1) 74.42 74.46 77 .91 78.22 345
57 (10,15) del(3)(p12.3-p12.1) 76.63 77.29 84.73 85.04 7.44
58 (4,8) del(5)(933.3935.1) 156.06 156.28 169.08 169.60 13.0
del(6)(q16.1) 97.35 97.45 98.73 99.25 1.2
del(6)(q25.2) 152.55 152.84 155.22 155.28 2.37
del(8)(g23.3) 114.52 115.35 118.33 118.61 2.98
59 (5,7) del(2)((g22.1-922.2) 141.07 141.82 143.82 144.03 2
CGH, comparative genome hybridisation.
Breakpoints and size of the deletions in 12 patients with phenotypic abnormalities, in 1 normal woman with repeated spontaneous abortions and in 3 prenatal cases
without echographic anomalies.
Map positions refer to the Genome Assembly May 2004 (build 35).

We compared the breakpoints sequence with the reference
sequences (UCSC; http://genome.ucsc.edu/) and no particular
DNA motifs (non-B DNA structures) predisposing to chromo-
some instability were detected.

DISCUSSION

Among the 59 patients with reciprocal translocations and CCRs,
42 deletions were found in 27 different samples. The size of the
deletions ranged from 0.57 to 35 Mb, with 40 deletions being
<10 Mb. The finding that the largest deletions were not
identified by conventional cytogenetics is not surprising,
considering the complexity of some rearrangements.

Reciprocal translocations

Warburton et al” collected data on the frequency and outcome of
apparently balanced reciprocal translocations ascertained at
prenatal diagnosis and estimated that at least 6.1% is associated
with serious congenital anomalies. We found that 40% (11 of
27) of patients had at least one deletion, either at one of the
breakpoints or elsewhere, suggesting that the phenotypic effect
is possibly due to the gene deletions, rather than the breakage
of a gene. Thus, genome-wide arrays should be used for
patients with a de novo translocation and an abnormal
phenotype. From these findings, we might assume that in
about 60% of reciprocal translocations associated with abnor-
mal phenotypes, the breakage or the abnormal expression of
dosage-sensitive genes cause the pathological phenotype.
However, we cannot exclude that genome-wide arrays at
higher resolution might reveal an increased percentage of
pathogenic deletions in these patients. The size of the deletions
varied from 0.6 Mb up to about 9 Mb. Surprisingly, deletions
were detected not only at the translocation breakpoints, but
also elsewhere in the genome (patients 5-7, 9). Hence,
apparently balanced translocations often hide complex

www.jmedgenet.com

chromosomal rearrangements. Similar findings have been
reported by Gribble ef al'® and Ciccone et al."

Complex chromosome rearrangements

Our findings show that deletions are the main cause of
phenotypic abnormalities, as we found at least a deletion in
12 out 13 of these patients. Similar findings have also been
reported in several papers describing single patients." ' *° The
total size of the deletions among 11 patients with phenotypic
anomalies (patients 42-47, and 49-53) varies between 0.9 and
about 10 Mb.

A 35 Mb deletion was detected in a female patient who died
a few hours after birth (patient 48). The complexity of the
rearrangement and the poor prenatal chromosome banding
made it difficult to determine if the rearrangement was really
balanced. At birth, FISH analysis of the Wolf-Hischhorn critical
region probe (chromosome 4p was involved in the rearrange-
ment) showed the presence of the deletion.

However, in our series in general, there was no association
between the severity of the pathology and either the number of
deletions or their sizes. We could not detect any deletion in one
patient with a CCR (patient 54) and profound mental
retardation and congenital anomalies, although he was also
tested with the 244 K platform. We also detected a cryptic
deletion of about 4 Mb at one of the breakpoints of the
rearrangement in one of the two normal women (patient 55)
investigated for repeated spontaneous abortion.

Of the seven genes within the deletion region, COL12A1 at least
is dosage-sensitive. Although no specific clinical investigations
were performed, the probands did not show any connective tissue
disorder. The total size of the deletions identified in the three
fetuses were 7, 19 and 2 Mb, respectively. We must stress that in
all patients ultrasonographic evaluations (cranial and abdominal
ultrasonography and Doppler echocardiography) gave normal
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Figure 2 Array comparative genome hybridisation profiles of the chromosomes involved in deletions in 16 patients with complex chromosome

rearrangements.

results, although in patient 58 clinical investigations of the
terminated fetus revealed severe micrognathia.

Patient 59 showed at birth low-set abnormal ears and facial
dysmorphisms. Our findings indicate that in prenatal cases
with apparently balanced rearrangements, array CGH should be
performed to determine whether chromosomal imbalances are
present and to allow proper prognosis. Altogether, the number
of deletions does not seem to be strictly related to the number
of breakpoints: patient 57, with 15 breakpoints, has a single
deletion, whereas patient 52, with six breakpoints, has three
deletions. This contradicts the idea that there would be a
relationship between the number of chromosome breaks and
the extent of the phenotypic effect.”

Mechanisms of formation of rearrangements having
cryptic imbalances

Reciprocal translocations

We tested the parental origin in five patients and found it to be
exclusively paternal. This is in agreement with the findings in all

de novo reciprocal translocations patients with cryptic imbalances
reported by Gribble ef al*® (three patients) and by Ciccone et al*?
(one patient; patient 3). Thus paternal meiosis seems to be more
prone to chromosomal exchange, although it is not clear if this
preference applies only to translocations associated with deletions,
both at the translocation breakpoints and elsewhere, or if it simply
reflects a tendency of male meiosis to form translocations. The
finding that the majority of interstitial deletions is paternal in
origin®' might indicate that the mechanisms leading to deletions
are more frequent during male meiosis, although the situation is
far from clear. Several studies have focused on the most common
non-robertsonian translocation, the t(11;22)(q23;q11), and found
this rearrangement in DNA from sperm but not in somatic tissues
isolated from karyotypically normal individuals, indicating that de
novo translocations do occur during male meiosis. However it is
not known whether translocation also arises in female meiosis.** It
is clear that this situation is completely different from robertso-
nian translocations, in which a marked preference for maternal
origin has been demonstrated. The same finding has been shown
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for all the recurrent de novo der(4)t(4;8)(pl6;p23) tested for
parental origin,” which were found to occur during maternal
meiosis. Different mechanisms of formation for robertsonian
translocations and the two most common translocations, t(11;22)
and t(4;8)(pl16;p23), have been hypothesised. Analysis of many
unrelated patients with t(11;22)(q23;q11) found that breakpoints
occur within palindromic AT-rich repeats (PATRRs) on 11923 and
22q11 (PATRR11 and PATRR22). The majority of the breakpoints
are localised at the centre of the PATRRs, suggesting that the
center of the palindrome is susceptible to double-strand breaks
(DSBs), thereby inducing incorrect chromosomal rearrange-
ment.”* Concerning robertsonian translocations, although the
mechanism of formation is unknown, these translocations may
originate during oogenesis due to a double-strand break (DSB)
initiated by the genomic architectural features and/or DNA
sequence at the short arm region of acrocentric chromosomes.
Meiotic pairing between non-homologous chromosomes and the
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Figure 3 Chromosome painting or subtelomeric fluorescence in situ
h)ﬂ)ridiscﬂion (FISH) in patients 42-48. (A-C) Patient 42, chromosome
painting. (A) Chromosomes 3, 15, 17 in red, blue and green, respectively;
3q27—gfer is translocated to 13q14.11 [der(13)]; der(3) shows distal q
unstained. (B) Chromosomes 8, 12 and 21 in red, blue and green,
respectively; 8q12—gfer is translocated to 21¢22.2 [der(21)]; der(8)
shows distal q as green and 21922 is inserted into 13q11 [(der 13)]. (C)
Chromosomes 2, 13 and 20 =in red, blue and green, respectively;
13q14.11—gter is translocated to 3q27 [der(3)]; der(13) shows both distal
p region and that under the centromere unstained; array comparative
genome hybridisation (CGH) found one deletion at 13q14.11 (table 7) (for
chromosome painting of patient 10 see Madan et af). (D-F) Patient 43,
subtelomeric FISH. (D) 4g31—gfer is translocated to 11p13 [der(11)]. (E)
11p13—>pter is translocated to 20p13 [der(20)]. (F) 20p13—pter is
translocated to 431 [der(4)]. Array CGH found a deletion at 4931.21
(table 7). (G-) Patient 44, chromosome painting. (G) Chromosome X in
yellow; Xp21.1 is inserted within 2p22 [(der 2)]. (H) Chromosome 2 in
yellow; der(2) has a p portion unstained. (1) Short arm of chromosome 2 in
ye||ow; most of the sﬁort arm is shifted onto the |ong arm of der(2). Array
CGH found one deletion at Xp21.1 (table 7). (L-N) Patient 45,
chromosome painting. (L) Chromosomes 5, 10 and 7 in red, blue and
green, respectively; 5p11—pter is translocated to 7q11 [der (7)] and
7q11—gfer is translocated to 5p11 [der(5)]. (M) Chromosomes 4, 14 and
18 in red, blue and green, respectively; 14q24—gter is translocated to
20q13.1 [(der(20)]; der(14) shows distal q portion unstained. (N)
Chromosomes 2, 13 and 20 in red, blue and green, respectively;
20q13.1—qer is translocated to 14¢24 [der(14)]; der(20) shows distal
portion unstained. Array CGH found a deletion at 18q12.3 (table 7). (O)
Patient 46, partial multicolour FISH. Chromosomes 2, 4, 11 and 13 in
green, yellow, grey and rose respectively. Chromosome 2p16.2—pter is
translocated to 4g31.3 and chromosome 11g21—qter to 13g21.1 and
vice versa. Array CGH found one deletion at 5q22.2 (table 7). (P-S) Patient
47, chromosome painting. (P) Chromosomes 1, 16 and 19 in red, blue and
green, respectively; 1q21 is unstained due to insertion of a portion of
chromosome 11 (11p13?) and 1p13.1—1pter is translocated to 432
[der(4)]. (Q) Chromosomes 2, 13 and 20 in red, blue and green,
respectively; 2q11—2qgter is translocated to 1p13.1 [der(2)]; der(1) has
most of the p arm unstained;. (R) Chromosomes 9, 11 and 22 in red, blue
and green, respectively; a portion of chromosome 11 (?11p13-p12) is split
and inserted at 121 [der(1)] and 4931.3 [der{4)] respectively, and a
portion of the proximal 11p is unstained due fo the insertion o{?4q32. (S)
Chromosomes 4, 14 and 18 in red, blue and green, respectively;
4q32—qter is translocated to 2q11 [der(2)] and a portion of chromosome
4 (4932??) inserted within 11p11 [der(11)]. Array CGH found two
deletions at 11p11.2 and 4932.3 (table 7). (T, U) Patient 48, subtelomeric
FISH . (T) 5p10—5pter is translocated to 1810 [der{18]]. (U)
1p14—1pter is translocated to 4p14[der(4)] and 21 p11.1—pter is
translocated to 1q11.1. Array CGH found a deletion at 4pter-p15.1
(table 7).

aberrant repair of the DSBs by recombination between homo-
logous sequences shared between these acrocentric chromosomes,
may lead to the formation of robertsonian translocations.” A
different mechanism has been suggested to be responsible for the
recurrent translocation t(4;8)(p16;p23), the breakpoints of which
coincide with homologous segmental duplications® favouring the
occurrence of non-allelic homologous crossing-over between non-
homologous chromosomes. We could not find segmental duplica-
tions at the breakpoints in any of the translocations we screened
by array CGH. The genome-wide array CGH definition of the
deletion breakpoints is too large both to identify possible non-B
DNA structures leading to the translocation as reported for
t(11;22) and to discern if there are special DNA sequences that
predispose to the occurrence of a deletion at the breakpoint. For
those patients in whom the imbalance involves chromosomes or
chromosomal regions different from the translocated regions, we
have to assume the same mechanisms lead to CCRS.
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Figure 4 Chromosome painting or subtelomeric fluorescence in situ
h%ridisoﬁon (FISH) in patients 50-53 and 55. (A-D) Patient 50,
cKromosome painting. (A) Chromosomes 1, 16 and 19 in red, blue and
green, respectively; Tp31—pter is translocated to 11q14 [der(11)]; der(1)
shows distal p portion unstained. (B) Chromosomes 3, 15 and 17 in red,
blue and green respectively; 3q25—qer is translocated to 1p31 [der(1)];
der(3) shows distal portion unstained. (C) Chromosomes X, 6 and Y in red,
blue and green, respectively; 6q21 is unstained due to the insertion of
11g13. (D) Chromosomes 2, 11 and 22 in red, blue and green,
respectively; 11q13 is inserted within 621 [der{6)] and 11q14—qter is
translocated to 325 [der(3)]; der(11) shows distal q portion unstained.
Array comparative genome hybridisation (CGH)Founcfrwo deletions at
6921 and 11q14.3-q21 (table 7). (E-G) Patient 51, chromosome painting.
(E) Chromosomes 1, 16 and 19 in red, blue and green, respectively;
1p21—pter is translocated to 10p12 [der(10)] and 16g21—gfer is
translocated to 2p16 [der(2)]. (F) Chromosomes 2, 13 and 20 in red, blue
and green, respectively; 2p16—pter is translocated to 1621 [der(16)];
der(2) has the very distal p portion unstained. (G) Chromosomes 5, 10 and
7 in red, blue cmc?/green, respectively; 10p12—pter is translocated to 1p21
[der(1)]; der(10) shows distal p unstained. Array CGH found two deletions
at 1p21.1 and 2g32.1 (table 7). (H). Patient 52, chromosome painting.
Insertion of 4923 within 16q21—q23. Array CGH found three deletions at
1p31.3, 4924 and 7p21.3 (table 7). (I, L) Patient 53, chromosome
painting. () Chromosomes 4 and 3 are red and blue respectively,
3q28—gfer is translocated to 9p24 [der(9)]; der(3) shows distal
unstained; 4q27—sqter is translocated to 9921.1 [der(9)], der(4) shows
distal q unstained. (L) chromosomes 9, 11 and 22 in red, blue and green,
respectively; a portion of chromosome 9 (9931.3-qter) has been split and
inserted at 4q27 [der(4)] and 328 [der(3)] and der(9) shows distal g
unstained; 11q11—gter is translocated to 2211 [der(22)]; der(11) shows
on|y the short arm of chromosome 11 and the centromere and der(22) has
all the long arm of chromosome 11. Array CGH found four deletions at
3pter-p26.1, 4921.3—-922.1, 8q21.11, 9931.1—q31.2 (table 7). (M-O)
Patient 55, chromosome painting. (M) Chromosomes 8, 12 and 21 in red,
blue and green, respectively; 8q24.1 is both inserted into 6q13 [(deré)],
and translocated to 2q37.1 [der(2)]; der(8) shows distal q unstained. (N)
Cchromosomes 2, 13 and 20 in red, blue and green, respectively;
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Figure 5 Chromosome painting or subtelomeric fluorescence in situ
h)ﬂ)ridisaﬁon (FISH) or spectral karyotyping in patients 57 and 58. Patient
57 (a) SKY analysis confirmed {7;11)(p15;p13), and allowed classification
of der(3) as derived from translocation of material of chromosomes 3, 15
and 21; der(9) as from a 1(9;10)(p13;q11); der(10) from a rearrangement
involving material of chromosomes 3, 4 and 10; der(15) from
1(3;15)(p13;q13); der(21) from 1{9;21)(p13;q11). For each chromosome,
multicolour fluorescence, inverted 4',6-diamidino-2-phenylindole, and
classified images are reported from left to right, respectively; numbers to
the right of the classified chromosome images indicate the chromosomal
origin. Array comparative genome hybridisation (CGH) found one deletion
at 3p12.3-p12.1 (table 7). (B, C) Patient 58 chromosome painting and
subtelomeric FISH. (B) Chromosomes 5 and 8 in red and green,
respectively; 5q35—>qter is translocated to 6q [der(6)] and 8q24—qter is
translocated to distal 5q [der(5)]; the unstained region of der(5) is
presumably filled by a portion of éq. (C) FISH with subtelomeric probes
shows the translocation of éqter to 8qter. Array CGH found four deletions
at 5q33.3935.1, 6q16.1, 6925.2, 8q23.3 (1ag|e 7).

Complex rearrangements
We investigated 15deletions found in complex rearrangements
for the parental origin and all turned out to be paternal. In
patients 47, 50, 51 and 53, paternity was confirmed using
microsatellite markers for both deletions present in each
patient, but in patient 58 for only one of the four deletions.
Therefore, the aforementioned propensity of male germ cells to
generate reciprocal translocations associated with cryptic
deletion is further reinforced by the findings that all 11/16
CCRs associated with deletion that were analysed for the
parental origin were found to be paternal. As constitutional
chromosome abnormalities such as translocations or marker
chromosomes may cause male infertility with arrest very early
in meiosis 1, it seems likely that the CCRs occurred at this
point and not during the previous spermatogonial proliferation,
when the mechanisms for recognising and correcting or
eliminating cells with errors would have blocked the cells as
soon as meiosis began. Confirming this, CCRs are rarely
transmitted through spermatogenesis and are frequently
ascertained by male infertility.®

It is important to stress that none of the deletion or
translocation breakpoints of our CCRs coincided with genomic
regions known to be associated with instability such as
segmental duplications.” Moreover, the narrowing of 22
breakpoints to a few hundred base pairs in 7 patients and the

2q37.1—2qter is translocated to 6q13 [der(2)]. (O) Chromosomes X, 6
and Y in reg, blue and green, respectively; 6q13 —gter is translocated to
8q24.1 [der(8)]; der{6) shows distal q unstained. Array CGH found one
deletion at 6q13q-14.1 (table 7).
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comparison of the deleted regions with the reference genome
(UCSC) excluded their coincidence with a non-B DNA structure
known to have a potential for genomic instability.”’?* These
findings indicate that the basic mechanism responsible for
occurrence of CCRs is not linked to particular DNA structures
and/or sequences, but to some, possibly external, factors acting
at meiosis 1.

We cannot exclude that CCRs are the consequence of an
improper repair of the DSBs that are the initiating event in normal
recombination.” A similar situation with activation of the
recombination pathway not resulting in functional exchanges
has been reported in an azoospermic man with meiosis I arrest.”
The fathers of our patients are apparently fully fertile; except for
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Figure 6 (A, B) Custom array CGH and
FISH analysis for breakpoint characterisation
of patients 43 and 50. Some of the
chromosomes involved in CCRs
(chromosome 4 in case 43 and
chromosomes 6 and 11 in case 50) are
indicated by ideograms and only the deleted
regions are shown in light brown in the
profile on the right. Blue lines, proximal and
distal breakpoints for each deletion; brown
lines are present (black) and deleted (green)
probes. TEe FISH images show the signals of
the BAC clones used to define the position of
the deletions in respect to the translocation

der (11) breckpoints.

two families with only a single child, all families have multiple
children and no problem in conceiving has been reported.
Moreover, only one of the fathers had any history of cancer that
might have suggested an intrinsic genomic instability;*® this man,
the father of patient 51, had developed Hodgkin’s lymphoma
8 years before the child’s conception. Regardless of the underlying
cause of formation of these abnormal sperm, we have to assume
thatit s, at least predominantly, linked to spermatogenesis. This is
in contrast with the higher female vulnerability to non-disjunc-
tion in meiosis I that led Hunt and Hassold”” to hypothesise that
either more errors occur during oogenesis, or that the mechanisms
for recognising and correcting or eliminating cells with errors are
more efficient in spermatogenesis.
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CONCLUSION
This study shows that:

(1) Phenotypic abnormalities, present in subjects with
“balanced” chromosome rearrangements occur in 40% of
translocation patients and in most patients with CCRs, due to
small deletions, most of which (27 of 42) occur the breakpoints.
The lack of association between the size and number of deletions
and the severity of the phenotype obviously depends on the gene
content of the unbalanced regions and the genomic background.

(2) All the deletions we analysed fully for the parental origin
(5 patients with a reciprocal translocation and 11 patients with
CCRs) originated during paternal meiosis. This suggests that
spermatogenesis is a very delicate moment susceptible to a type
of “explosion” of chromosomes that determines either recipro-
cal translocations or CCRs. We could not find specific DNA
sequences at the 22 breakpoints identified using a specific
customised array. Thus, we were unable to determine which
mechanisms are behind the concurrent breakage of several
chromosomes with loss of part of the broken portions and
random assortment. Considering that all the men who fathered
children with unbalanced translocations or CCRs are fertile, we
can hypothesise that during spermatogenesis some cells escape
the mechanism controlling correct crossing-over, undergoing
chaotic break and reunion of several chromosomes and
exposing the broken portions to exonuclease degradation.

(3) Several patients interpreted as having simple reciprocal
translocations in fact had CCRs with >3 breakpoints (5 of 27).

To conclude, once again array CGH allowed new insights into
cytogenetic diagnosis and research, showing that deletions may
be common in apparently balanced rearrangements associated
with abnormal phenotypes.
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