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ABSTRACT
Background and methods: Ring chromosomes are
often associated with abnormal phenotypes because of
loss of genomic material at one or both ends. In some
cases no deletion has been detected and the abnormal
phenotype has been attributed to mitotic ring instability.
We investigated 33 different ring chromosomes in
patients with phenotypic abnormalities by array based
comparative genomic hybridisation (CGH) and fluorescence in situ hybridisation (FISH).
Results: In seven cases we found not only the expected
terminal deletion but also a contiguous duplication. FISH
analysis in some of these cases demonstrated that the
duplication was inverted. Thus these ring chromosomes
derived through a classical inv dup del rearrangement
consisting of a deletion and an inverted duplication.
Discussion: Inv dup del rearrangements have been
reported for several chromosomes, but hardly ever in ring
chromosomes. Our findings highlight a new mechanism
for the formation of some ring chromosomes and show
that inv dup del rearrangements may be stabilised not
only through telomere healing and telomere capture but
also through circularisation. This type of mechanism must
be kept in mind when evaluating possible genotype–
phenotype correlations in ring chromosomes since in
these cases: (1) the deletion may be larger or smaller
than first estimated based on the size of the ring, with a
different impact on the phenotype; and (2) the associated
duplication will in general cause further phenotypic
anomalies and might confuse the genotype–phenotype
correlation. Moreover, these findings explain some
phenotypic peculiarities which previously were attributed
to a wide phenotypic variation or hidden mosaicism
related to the instability of the ring.

Ring chromosomes are usually associated with
abnormal phenotypes due to the loss of material at
both or at least one chromosome end. Thus, in
principle, the abnormal phenotypes are essentially
due to haploinsufficiency of those dosage sensitive
genes contained in the deleted segment(s). The
finding of ring chromosomes without apparent loss
of genetic material in subjects with abnormal
phenotypes led investigators to hypothesise that
the ring formation with the related difficulties in
the sister chromatid separation at cell division
induced the generation of secondary aneuploid
cells. Some aneuploidies, being lethal at the cellular
level, would in turn give rise to increased cell death
rate. Altogether this situation should lead to the
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‘‘ring syndrome’’1 that in cases with intact ring
chromosomes is characterised, independently of
the chromosome involved, by severe growth failure, minor dysmorphic features, and mild to
moderate mental retardation, without major malformations. In a review of 207 cases, Kosztolányi2
estimated that one fifth of subjects with autosomal rings are affected by the ‘‘ring syndrome’’
phenotype. Indeed, more recent papers have
demonstrated that intact ring chromosomes may
cause areas of hypopigmentation along the lines of
Blaschko as the only sign of ring-induced mosaicism,3 or specific features such as a characteristic
type of epilepsy and electroencephalographic pattern as reported for several ring (20) chromosomes,4
thus weakening the hypothesis of the ‘‘ring
syndrome’’. Moreover, fluorescent in situ hybridisation (FISH) analysis at first, and more recently
whole genome array screenings, have demonstrated that in most of the cases a cryptic deletion
is at the basis of the phenotypic abnormalities in
apparently intact rings.5–7 Recently the case of an
r(14) has been reported with the combination of an
inverted duplication with a terminal deletion
characterised using high resolution molecular
karyotyping and FISH.8 The patient presented
overlapping clinical features described in terminal
deletion, duplication and ring chromosome 14
cases. By examining 33 probands with ring
chromosomes through array based comparative
genomic hybridisation (CGH) we detected the
same situation in seven of them, suggesting both
a new mechanism of ring formation and a warning
for clinical geneticists to consider this possibility
while performing genotype–phenotype correlations.

MATERIALS AND METHODS
Patients
The initial chromosome examination which
detected a ring chromosome was performed in 17
cases in different cytogenetic laboratories in Italy
and in 16 cases in Zurich, Switzerland. In one case
(case 33, from Zurich), the ring chromosome was
transmitted from a mildly affected mother with
low mosaicism to a non-mosaic daughter, while in
all the other cases the ring formation had occurred
de novo. Three cases, 8 (case 14 in Ballarati et al9), 9
(case 10 in Ballarati et al9 and Guala et al10) and 25
(Baumer et al11) had already been published.
147
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In 28 cases array based CGH was performed using the Agilent
Human Genome CGH Microarray Kit 44B (Agilent
Technologies, Santa Clara, California, USA), and in six cases
the 244A Kit. In one case (case 21) we used both platforms.
These platforms are high resolution oligonucleotide based
microarrays that allow genome-wide survey and molecular
profiling of genomic aberrations with a resolution of about
100 kb and 20 kb, respectively. Labelling and hybridisation were
performed following the protocols provided by Agilent. Briefly,
500 ng of purified DNA of a patient and of a control (Promega
Corporation, Madison, Wisconsin, USA) were double-digested
with RsaI and AluI for 2 h at 37uC. After 20 min at 65uC, DNA
of each digested sample was labelled, by the Agilent random
primers labelling kit, for 2 h using Cy5-dUTP for the patient
DNA and Cy3-dUTP for the control DNA. Labelled products
were column purified and prepared according to the Agilent
protocol. After probe denaturation and pre-annealing with
50 mg of Cot-1 DNA (Invitrogen, Carlsbad, California, USA),
hybridisation was performed at 65uC with rotation for 40 h.
After two washing steps the arrays were analysed with the
Agilent scanner and the Feature Extraction software (v8.0;
v9.1.3). Graphical overview was obtained using the CGH
analytics software (v3.1; v3.4). All the breakpoint sequences
were analysed with self chain and segmental duplication repeats
tools from UCSC (http://genome.ucsc.edu/).

FISH
To confirm array CGH results and demonstrate the inversion of
the duplication in patients 7 and 13, FISH experiments were
performed. All bacterial artificial chromosome (BAC) probes
used were selected according to the UCSC Human Genome
Browser and were obtained from the human library RPCI-11.
DNA extraction and FISH experiments were carried out as
previously described.12 The inversion of the duplication was
determined in two cases by dual colour FISH experiments
according to standard protocols.

Genotyping
Genotyping of polymorphic loci 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, California, USA). The UCSC
Genome Browser maps and sequences were used as references.
Amplification was performed with Taq Gold (Applied
Biosystems) using standard protocols. In case 13, primers were
designed in the duplicated region. The sequences of the
informative markers are the following:
c 15DUP3 left: CTCAGCGAGAGACCATCCTC,
right: AAGAGAGCAGGAGGGAAAGC;
c 15DUP4 left: CCAAAAAGTGCATGGTGTTG,
right: AGGGAATGTGACCTGTGGAG;
c 15DUP11 left: CAGAATTCGGGACAGGAAAA,
right: CCAATCGCCTGCTCTCTTAG;
c 15DUP13 left: TGGAGAACACCTGGAAAAGG,
right: CGGCCGTTCTCATGTATCTT;
c 15DUP15 left: TAAGCAAGCACCAAGCACAC,
right: TTGTTGCTTCTGTGGGAAAA

RESULTS
We identified seven dup del or inv dup del rearrangements
among 33 different ring chromosomes (fig 1). The denomination of ‘‘inv dup del’’ was reserved to those two cases (cases 7
148

and 13) in which, thanks to the availability of lymphoblastoid
cell lines, we demonstrated by dual colour FISH that the
duplication was inverted. In case 7 the BACs used were RP11164b1 (biotin labelled) and RP11-122a8 (digoxigenin labelled)
(fig 2A); in case 13 the inversion was identified by BAC RP111072p10 (biotin labelled) and RP11-522b15 (digoxigenin
labelled) (fig 2B). The orientation of the duplication could not
be investigated in the five cases with a ‘‘dup del’’ rearrangement
(cases 5, 10, 21, 26, 33). The chromosomes involved were:
chromosome 13 (cases 5, 7 and 10), chromosome 15 (case 13),
chromosome 18 (cases 21 and 26) and chromosome 22 (case 33).
Data on array-CGH results and parental origin of the 33 cases
are given in table 1.
The clinical features of the seven patients with inv dup del or
dup del ring chromosomes and the array CGH findings with the
resulting genomic imbalance are listed in table 2.
In the two inv dup del cases (cases 7 and 13) microsatellite
analysis in patients and parents with markers mapping to the
deleted regions (D13S173, D13S1315: case 7; D15S642,
D15S107: case 13) indicated a paternal origin of the rearrangement in both cases (fig 3). Moreover, microsatellite markers of
the duplicated region showed that the rearrangement was
intrachromosomal since only two alleles, the paternal one
showing a double peak area, had been detected for all the
informative markers (D13S1283, D13S790, D13S1323; 15DUP3,
15DUP4, 15DUP11, 15DUP13, 15DUP15) (fig 3A,B).
In case 33, with a dup del(22q), the rearrangement was
probably maternal in origin. We did not perform microsatellite
analysis since parental DNA was not available. However, the
mother who had some phenotypic abnormalities showed a low
mosaicism (1 out of 50) for the same ring in lymphocytes.
In case 21 with an inv dup del(18p), the array CGH results
with the Agilent Kit 44B (100 kb resolution) identified in 18p a
single deleted oligonucleotide (170,229–170,285 kb). A second
analysis with the Agilent Kit 244A, with a resolution of about
20 kb, confirmed a real terminal deletion of 207.5 kb (fig 1F). In
this case, as in case 26, a second deletion was detected at 18q.

DISCUSSION
Ring formation in the seven dup del/inv dup del rearrangements
The classic mode of formation of ring chromosomes is breakage
in both arms of a chromosome, loss of distal fragments followed
by fusion of the proximal broken ends. In this case the patient
has a partial monosomy for the distal short arm and distal long
arm. In other cases, especially patients with no or very mild
abnormal phenotype, loss of the telomeres with retention of
subtelomeric sequences has been reported. It has been assumed
that even this small genetic loss may contribute to an abnormal
phenotype (patient 2 in Sigurdardottir et al13). The other mode
of formation is telomere-to-telomere fusion, with telomeric and
subtelomeric sequences being retained, and in this case no
genetic material would be lost. It has been hypothesised that
the phenotypic abnormalities in this type of ring chromosome
are due essentially to what is called ‘‘dynamic mosaicism’’ with
pre- and postnatal growth retardation and microcephaly as
consistent features.2 14 Several examples show the presence of
specific phenotypes otherwise typically associated with dominant gene mutations in patients carrying ring chromosomes not
deleted for the responsible genes.15 16 Thus, hemizygosity of the
responsible gene(s) in a significant proportion of somatic cells
due to the ring instability may explain the phenotype.
Obviously, cryptic deletions of critical sequences distal to the
commercial subtelomeric clone in one of the two arms had also
J Med Genet 2008;45:147–154. doi:10.1136/jmg.2007.054007
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Figure 2 (A) Case 7, dual colour fluorescence in situ hybridisation (FISH) with bacterial artificial chromosome (BAC) RP11-164b1, green fluorescence,
and RP11-122a8, red fluorescence. (B) Case 13, dual colour FISH with BAC RP11- 1072p10, green fluorescence, and RP11-522b15, red fluorescence. In
both cases FISH analysis on patients’ metaphases demonstrates that the duplication is inverted in the ring chromosome.
J Med Genet 2008;45:147–154. doi:10.1136/jmg.2007.054007
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Figure 1 Array based comparative
genomic hybridisation (CGH) profiles of
six out of seven inv dup del
rearrangements; A: case 5; B: case 7; C:
case 13; D: case 33; E: case 26; F: case
21. In case 21 the array CGH profile refers
to experiment with the CGH Microarray
Kit 244A; in all the other cases with the
CGH Microarray Kit 44B. The green
arrows in E and F indicate the small
deletions.
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Case

Ring

Array results

Genomic imbalance*

Parental origin

(AM)
(SS)
(FT)
(SF)
(GJ)

r4
r5
r13
r13
r13

del 4p15.1pter
del 5q35.3qter
del 13q31.3qter
del 13q32.1qter
dup del 13q

nt
nt
Paternal
Maternal
Paternal

Case 6 (PS)
Case 7 (AG)

r13
r13

del 13q33.3qter
inv dup del 13q

Case 8 (MR)
Case 9 (MA)
Case 10 (AV)

r13
r13
r13

del 13q34qter
del 13q31.1qter
dup del 13q

Case 11 (BR)
Case 12 (DJ)
Case 13 (FD)

r13
r15
r15

del 13q33.2qter
del 15q26.3qter
inv dup del 15q

Case
Case
Case
Case
Case
Case
Case
Case

r15
r15
r15
r15
r15
r15
r15
r18

del 15q26.3qter
del 15q26.3qter
del 15q26.3qter
del 15q26.3qter
del 15q26.3qter
del 15q26.3qter
del 15q26.3qter
dup del 18p
del 18q22.1qter

Case 22 (SE)

r18

Case 23 (FN)

r18

Case 24 (TE)

r18

Case 25 (GF)

r18

Case 26 (TM)

r18

del 18pterp11.12
del 18q22.3qter
dup 18p
del 18q23qter
del 18p11.21qter
del 18q22.3qter
del 18p11.32pter
del 18q22.3qter
dup del 18p;
del 18q22.3qter

del 4p: 28.5 Mb
del 5q: 0.6 Mb
del 13q: 26.5 Mb
del: 18.2 Mb
del 13q: 5.8 Mb
dup 13q: 5.9 Mb
del: 8.2 Mb
del 13q: 10 Mb
dup 13q: 20 Mb
del 13q: 4.5 Mb
del 13q: 33.7 Mb
del 13q: 10 Mb
dup 13q: 22.8 Mb
del 13q: 9.97 Mb
del 15q: 2.3 Mb
del 15q: 5 Mb
dup 15q: 2 Mb
del 15q: 4.8 Mb
del 15q: 4.6 Mb
del 15q: 4.9 Mb
del 15q: 3.8 Mb
del 15q: 2.2 Mb
del 15q: 2.1 Mb
del 15q: 1.6 Mb
del 18p: 207.5 kb
dup 18p: 5.4 Mb
del 18q: 12.8 Mb
del 18p:11.7 Mb
del 18q: 6.7 Mb
the whole 18p dup: 15.4 Mb
del 18q: 882 kb
del 18p: 13.7 Mb
del 18q: 5.5 Mb
del 18p: 1 Mb
del 18q: 5.4 Mb
del 18p: 500 kb
dup 18p: 14.8 Mb
del 18q: 7.8 Mb

Case
Case
Case
Case

(GM)
(CM)
(NA)
(GA)

r20
r20
r20
r21

Case 31 (KJ)
Case 32 (MD)
Case 33 (AM)

r22
r22
r22

Case
Case
Case
Case
Case

1
2
3
4
5

14
15
16
17
18
19
20
21

27
28
29
30

(TS)
(BT)
(PM)
(MM)
(MG)
(CC)
(AM)
(LM)

No imbalances
No imbalances
No imbalances
dup 21q21.3q22.2
trp 21q22.2q22.3
del 22q13.31qter
del 22q13.32qter
dup del 22q

dup 21q: 11.2 Mb
trp 21q: 5.8 Mb
del 22q: 3.1 Mb
del 22q: 2.6 Mb
del 22q: 946 kb
dup 22q: 785 kb

nt
Paternal
nt
Paternal
nt
nt
Paternal
Paternal
Paternal
Paternal
Paternal
Maternal
Maternal
nt
Paternal
nt

Paternal
Paternal
nt
Maternal
nt

nt
Maternal
Paternal
Maternal

*Map positions are based on genome the Assembly May 2004; nt, not tested.

been suspected to be responsible for some phenotypic abnormalities.17
Our study demonstrates that some ring chromosomes have
been formed through a more complex rearrangement leading to
concurrent deletion and contiguous duplication. Although the
inversion of the duplicated region has been demonstrated only
in two cases (cases 7 and 13) in whom lymphoblastoid cell lines
were available, we assume that the duplication was inverted
also in all the other ring cases with a duplication contiguous to a
terminal deletion. Thus, the rings sharing the same type of
rearrangement were 7 out of 33. This suggests a different
mechanism at the basis of such ring chromosomes with the
formation of an intermediate inv dup del chromosome that
circularises to stabilise itself. Obviously this mechanism has
important implications for the phenotype which is not only due
150

to the simple deletion as generally assumed for ring chromosomes but also to the associated duplication.
A single case of a ring chromosome 14 containing a terminal
deletion and an additional inverted duplication proximal to the
deletion has been recently reported.8 There are a few reports in
the literature, suggesting similar rearrangements. One case is a
ring chromosome 9 with an inverted duplication of the distal
segment of 9p.18 However, in this case the inverted duplication
was only suggested by high resolution banding, and there was
no apparent concomitant distal 9p deletion. Another case is an
r(21) with partial trisomy for much of 21q and partial
monosomy for distal 21q (patient 10 in McGinniss et al19)
found in a patient with mild Down stigmata. The molecular
and cytogenetic data of this patient were consistent with the
model of r(21) formation in which asymmetric breakage and
J Med Genet 2008;45:147–154. doi:10.1136/jmg.2007.054007
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Table 1 Array based comparative genomic hybridisation (CGH) results, genomic imbalance and parental
origin of the 33 cases
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Case

Array results

Genomic imbalance*

Clinical features

Case 5
(GJ)

dup del 13q

del 13q: 5.8 Mb (from 108.248 Mb to
telomere); dup 13q: 5.9 Mb (from 101.920 to
107.896 Mb)

Case 7
(AG)

inv dup 13q

del 13q: 10 Mb (from 104.243 Mb to
telomere); dup 13q: 20 Mb (from 82.097 to
103.639 Mb)

Case 10
(AV)

dup del 13q

Case 13
(FD)

inv dup 15q

del 13q: 10 Mb (from 104.008 to
114.123 Mb); dup 13q: 22.8 Mb (from 81.242
to 104.047 Mb)
del 15q: 5 Mb (from 95.258 Mb to telomere);
dup 15q: 2 Mb (from 93.502 to 95.128 Mb)

Case 21
(LM)

dup del 18p;
del18q22.1qter

Case 26
(TM)

dup del 18p;
del18q22.3qter

Case 33
(AM)

dup del 22q

Age at examination: birth
Oligohydramnios, intrauterine growth retardation (36 weeks–1400 g/39 cm), cystic kidneys,
hypotelorism, narrow forehead, dysplastic and low set ears, short neck, 2 umbilical vessels,
bilateral cryptorchidism, arthrogrypotic restriction of movements in almost all limb joints,
deviation towards the middle of fingers 2 and 5; hypoplastic lungs, died 9 h after delivery.
Age at examination: birth, 2 years
At birth muscular hypotonia and anal atresia; growth parameters always below the 3rd centile;
profound psychomotor delay and mild dysmorphic features. Imaging studies revealed patent
ductus arteriosus, pale optic discs, mild cerebral atrophy and rostral hypoplasia.
Age at examination: 12 years
Facial dysmorphisms included: low forehead, downslanting palpebral fissures, misshapen ears;
microcephaly, deafness, spastic cerebral palsy, severe motor and mental retardation
Age at examination: birth, 3, 6, 9 years
Referred at 3 years because of growth retardation and dysmorphic features; slightly retarded
psychomotor development. Growth parameters at birth, at 3, 6 and 9 years well below the 3rd
centile. Total IQ was 67. Asymmetric café au lait spots, hypochromic spots and naevi on limbs
and chest, microcephaly, triangular face, abnormal hand ossification with an additional phalanx on
the third finger
Age at examination: 35 years
Asymmetric and broad face, prominent nasal bridge, attached lobuli of auricles, normal external
ear canal, narrow and tapering fingers, proximally implanted and retroflexible thumbs, talipes
equinovarus on both sides, growth and mental retardation
Age at examination: birth, 5 years
At birth: cleft lip and palate, mild muscular hypotonia, heart defect (pulmonary stenosis,
ventricular septal defect (VSD), surgery at 1 year). Delayed psychomotor development; all growth
parameters at 5 years: ,, 3rd centile. Abnormal EEG pattern. Facial dysmorphisms
Age at examination: 11 years
Narrow forehead, full orbits, deep-set eyes with downslanting palpebral fissures, bulbous nose,
flat philtrum, full lips, macrostomia, small and prominent ears, truncal obesity, limited excursions
in elbows, tapering fingers, transverse palmar crease on the right, moderate to severe mental
retardation

del 18p: 0.207 Mb (from telomere to
0.207 Mb); dup 18p: 5.4 Mb (from 0.215 to
5.814 Mb); del 18q: 12.8 Mb (from 63.221 Mb
to telomere)
del 18p: 0.500 Mb (from telomere to
0.467 Mb); dup 18p: 14.8 Mb (from 0.571 to
17.137 Mb); del 18q: 7.8 Mb (from 68 Mb to
telomere)
del 22q: 946 kb (from 48.745 Mb to telomere);
dup 22q: 785 kb (from 47.857 to 48.641 Mb)

*Genomic distances are based on the Assembly May 2004.

Figure 3 Microsatellites analysis of the duplicated region in case 7 (A:
15DUP15) and in case 13 (B: D13S1283). In both cases paternal alleles
in the patients show a double peak area.
J Med Genet 2008;45:147–154. doi:10.1136/jmg.2007.054007

reunion of the long arms of an intermediate isochromosome or
robertsonian translocation chromosome generated a large r(21).
An unusual r(21) in mosaic state, in a child who had some
manifestations of Down syndrome, has been reported by
Palmer.20 Molecular studies demonstrated that the ring carried
a duplicated region and a concomitant distal deletion and
suggested the following mechanism: an initial robertsonian
translocation occurred between one paternal and one maternal
chromosome 21 in a trisomic cell, followed by distal breakage
and deletion in both long arms of the translocation, leading to
the formation of a ring chromosome. Three older reports
described four mosaic cases each involving two cell lines, one
with an isochromosome or robertsonian translocation chromosome and the other with a ring chromosome.21–23 In these cases
the authors suggested a post-zygotic secondary event in the
translocation chromosome to explain the ring formation.
Our findings indicate a different mechanism of formation of
the deleted and duplicated ring chromosome. In fact, the
duplicated region never involved the proximal portion of 13q,
15q, 18p, 22q as expected in an isochromosome or a
robertsonian chromosome but rather involved more distal
regions contiguous to the deletion region. The most well
known mechanism for formation of inv dup del type
rearrangements is non-allelic homologous recombination
between homologous segmental duplications located at the
rearrangement’s breakpoints,24–26 leading to an intermediate
dicentric chromosome. In our cases, the cytogenetic breakpoints
do not fall in regions known to contain segmental duplications;
therefore, the formation of the dicentric chromosomes cannot
be explained by non-allelic homologous recombination
(NAHR). The resolution of the array platforms used is too
low to reveal if specific DNA motifs leading to instability such
151
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Table 2 Array CGH results with the resulting genomic imbalance, the parental origin and the clinical features of the seven patients with dup del or inv
dup del rearrangements
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Ring formation in the other cases
In the other 26 cases, array CGH identified the following
rearrangements.
In 18 cases a distal deletion in one arm was present. For the 16
cases involving acrocentric chromosomes (chromosomes 13, 15
and 22) a second deletion at the short arm is likely and cannot
be excluded since these regions are not represented in the array
platforms. No recurrent breakpoints had been found in rings
involving the same chromosome and none of the breakpoints
was characterised by the presence of segmental duplications. In
cases 1 and 2, concerning an r(4) and an r(5), a single deletion at
the level of the short and long arm respectively had been
detected. Although a second very small deletion at the opposite
arm cannot be excluded while using higher resolution array
platforms, it is possible that ring chromosome formation in
these cases acted as an alternative way to stabilise a broken
chromosome next to telomere healing and capture. In three
cases of r(18) (cases 22, 24 and 25) array CGH identified two
distal deletions in both arms. A similar situation in two ring
chromosomes 18 characterised by FISH and microsatellite
analysis has been described (cases 4 and 5 in Stankiewicz et
al5). In these cases the ring chromosome could have been formed
through a classical mechanism involving two breakages in both
arms, loss of the distal fragments followed by fusion of the
proximal broken ends. In case 23, with an r(18), the whole 18p
arm was duplicated and a small distal deletion was present at
the opposite end. The phenotype was mild, according to
152

duplication of the whole 18p. Concerning the rearrangement,
we cannot exclude a small distal deletion in 18p with a similar
mechanism as demonstrated in other inv dup del rearrangements; alternatively, a pericentric inversion of chromosome 18
preceding the ring formation or an 18p direct/inverted duplication could be possible. A further blood sample from the patient
and further analysis are necessary to delineate the real situation.
In three patients with epilepsy and a ring chromosome 20 in
mosaic state (30–40%) (cases 27–29), we could not identify any
genomic loss even using the platform at about 20 kb resolution.
Many other similar cases have been reported,4 14 39 and the ring
in these cases might be derived from telomere–telomere fusion,
as already demonstrated by quantitative FISH analysis in one
mosaic r(20) patient.4
In case 30, with a ring chromosome 21 in a patient with
Down syndrome, array CGH identified an interstitial duplication followed by a distal triplication; a distal 21q deletion could
not be shown.

Genotype–phenotype correlations
The findings that 21% of the ring chromosomes we studied
show not only the expected deletion(s) but also a contiguous
duplication have important genotype–phenotype implications.
It is essential to emphasise that, at the beginning, the
identification of two out of seven inv dup del rearrangements
in ring chromosomes was absolutely fortuitous. Cases 7 and 13
belong to two series of patients, with deletions of chromosome
13 and chromosome 15, respectively, that were analysed by
array CGH and FISH for genotype–phenotype correlation
studies. These unexpected findings prompted the investigations
of further cases.
It is obvious that in a ring chromosome, phenotypic
correlations cannot be done any more assuming a simple
deletion before having excluded additional duplicated segments.
So far, it had been assumed that a ring of the length of the
normal homologue has lost little material, and thus the adverse
consequences for the phenotype are minor, and vice versa. This
would obviously not be true if a relatively large ring has a
deletion plus a duplication which compensate each other with
respect to size alteration. We cannot extrapolate from our dup
del ring cases which specific traits were due to the deletion and
which ones to the duplication: some of the patients were very
young at clinical examination and several of them have been
examined by different clinicians. However, at least in case 5,
with the r(13) having a deletion and a duplication of
approximately 6 Mb each, oligohydramnios and cystic kidney
may be attributed to trisomy 1340 41 and not to monosomy for
the distal 13q33.3-qter region.9 In case 13 with the r(15) having
a deletion of 5 Mb and a duplication of 2 Mb, abnormal hand
ossification with an additional phalanx on the third finger was
observed. Similar findings have been reported in an old case
with partial trisomy 15q42 but never in cases with a simple 15q
deletions.7 41 43 Thus, if up to now the explanation for the
spectrum and severity of symptoms in patients with apparently
identical ring chromosomes was attributed to mitotic instability
of the ring, causing the formation, in a mosaic state, of
secondary rings with either larger deletion or additional
duplication or both, from now on the possibility that the ring
is not only deleted but also duplicated should also be taken into
consideration.
In the other ring cases where the expected deletion had been
confirmed by array CGH the phenotype was more or less severe
according to the extension of the deleted region. For example,
case 9 with a 13q deletion of 33.7 Mb died at the age of 3 years
J Med Genet 2008;45:147–154. doi:10.1136/jmg.2007.054007
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as palindromic AT-rich repeats27 or other non-B DNA structures28 are present at the rearrangements’ breakpoints.
Moreover, results from microsatellite marker examinations of
the duplicated region in one r(13) (case 7) and in one r(15) (case
13) suggest that the rearrangement is intrachromosomic,
indicating that at least in these cases non-homologous end
joining can be responsible for the formation of the dicentric, as
demonstrated initially in maize29 30 and more recently in
humans—for example, in some cases of inv dup del(1p).31
An asymmetric breakage of the dicentric would lead to two
different abnormal chromosomes, one inv dup del chromosome
and a simply deleted one, that could be stabilised by different
mechanisms. Telomere healing and telomere capture are the
most well known mechanisms to stabilise broken chromosomes
and there are many descriptions in the literature of how these
work.32–35 In our cases the stabilisation of the inv dup del
chromosome is achieved through the formation of the ring,
representing a new mechanism through which such inv dup del
chromosome can stabilise itself. According to our hypothesis the
mechanism leading to dup del rings is a multi-step process: a
prezygotic event leading to the formation of the dicentric, a
postzygotic breakage leading to the inv dup del chromosome,
and the circularisation of the inv dup del in some cells. The
finding that these rings are present in most of the cells and no
cell lines showing either the inv dup del or the simply deleted
chromosome have been found, can be explained assuming an
early selection versus the most viable cell line(s). In this case an
important selection factor may be the restriction of telomerase
expression to the first embryonic stages36 impairing the broken
chromosomes to be stabilised by telomere healing. An example
showing that post-zygotic events may produce a mosaicism
present in the fetus but not in the adult is provided by the
classical inv dup del(8p). We37 and others38 demonstrated that it
can be found in mosaic with a del(8p) during the fetal life,
although in the great majority of postnatal cases the inv dup
del(8p) is present in all cells.
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Conclusions
We consider that re-examination using array CGH will solve
any discrepancy in patients with a clinical phenotype not
congruent with the size, the banding pattern of the ring and the
FISH results. Array CGH can show additional aneuploid
segments, either deletions or duplications or both. Therefore
we suggest that all ring patients are (re-)examined using array
CGH.
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origin of two ring chromosomes 18 in a girl with developmental delay. Am J Med
Genet 2002;113:101–4.
Ciccone R, Giorda R, Gregato G, Guerrini R, Giglio S, Carrozzo R, Bonaglia MC, Priolo
E, Lagana C, Tenconi R, Rocchi M, Pramparo T, Zuffardi O, Rossi E. Reciprocal
translocations: a trap for cytogenetists? Hum Genet 2005;117:571–82.
Sigurdardottir S, Goodman BK, Rutberg J, Thomas GH, Jabs EW, Geraghty MT.
Clinical, cytogenetic, and fluorescence in situ hybridization findings in two cases of
‘‘complete ring’’ syndrome. Am J Med Genet 1999;87:384–90.
Pezzolo A, Gimelli G, Cohen A, Lavaggetto A, Romano C, Fogu G, Zuffardi O.
Presence of telomeric and subtelomeric sequences at the fusion points of ring
chromosomes indicates that the ring syndrome is caused by ring instability. Hum
Genet 1993;92:23–7.
Havlovicova M, Novotna D, Kocarek E, Novotna K, Bendova S, Petrak B, Hrdlicka M,
Sedlacek Z. A girl with neurofibromatosis type 1, atypical autism and mosaic ring
chromosome 17. Am J Med Genet A 2007;143:76–81.
Tsilchorozidou T, Menko FH, Lalloo F, Kidd A, De Silva R, Thomas H, Smith P,
Malcolmson A, Dore J, Madan K, Brown A, Yovos JG, Tsaligopoulos M, Vogiatzis N,
Baser ME, Wallace AJ, Evans DG. Constitutional rearrangements of chromosome 22
as a cause of neurofibromatosis 2. J Med Genet 2004;41:529–34.
Le Caignec C, Boceno M, Jacquemont S, Nguyen T, Tich S, Rival JM, David A.
Inherited ring chromosome 8 without loss of subtelomeric sequences. Ann Genet
2004;47:289–96.
Seghezzi L, Maraschio P, Bozzola M, Maserati E, Tupler R, Marchi A, Tiepolo L. Ring
chromosome 9 with a 9p22.3-p24.3 duplication. Eur J Pediatr 1999;158:791–3.
McGinniss MJ, Kazazian HH Jr, Stetten G, Petersen MB, Boman H, Engel E,
Greenberg F, Hertz JM, Johnson A, Laca Z, et al. Mechanisms of ring chromosome
formation in 11 cases of human ring chromosome 21. Am J Hum Genet 1992;50:15–
28.
Palmer CG, Blouin JL, Bull MJ, Breitfeld P, Vance GH, Van Meter T, Weaver DD,
Heerema NA, Colbern SG, Korenberg JR, et al. Cytogenetic and molecular analysis of
a ring (21) in a patient with partial trisomy 21 and megakaryocytic leukemia.
Am J Med Genet 1995;57:527–36.
Dallapiccola B, Bianco I, Brinchi V, Santulli B, Scarano G, Sicolo A, Stabile M,
Ventruto V. t(21q21q)/r[t(21q21q)] mosaic in two unrelated patients with mild
stigmata of Down’s syndrome. Ann Genet 1982;25:56–8.
Jalal SM, Martin JA, Benjamin TR, Kukolich MK, Townsend-Parcham JK. Unusual
mosaic trisomy 13 through 13/13 translocation and monosomy 13 with a small ring.
Ann Genet 1990;33:173–5.
Oka S, Nakagome Y, Teramura F, Hosono F, Katumata M. Trisomy/partial monosomy
mosaicism of No. 13 pair [46,XX,-13,+ rob(13q13q)/46,XX,r(13)(p11q34). Jpn J Hum
Genet 1977;22:73–8.
Giglio S, Broman KW, Matsumoto N, Calvari V, Gimelli G, Neumann T, Ohashi H,
Voullaire L, Larizza D, Giorda R, Weber JL, Ledbetter DH, Zuffardi O. Olfactory
receptor-gene clusters, genomic-inversion polymorphisms, and common chromosome
rearrangements. Am J Hum Genet 2001;68:874–83.
Shaw CJ, Lupski JR. Implications of human genome architecture for rearrangementbased disorders: the genomic basis of disease. Hum Mol Genet 2004;(suppl 13):
R57–64.
Ciccone R, Mattina T, Giorda R, Bonaglia MC, Rocchi M, Pramparo T, Zuffardi O.
Inversion polymorphisms and non-contiguous terminal deletions: the cause and the
(unpredicted) effect of our genome architecture. J Med Genet 2006;43:e19.
Kato T, Inagaki H, Yamada K, Kogo H, Ohye T, Kowa H, Nagaoka K, Taniguchi M,
Emanuel BS, Kurahashi H. Genetic variation affects de novo translocation frequency.
Science 2006;311:971.
Raghavan SC, Lieber MR. DNA structures at chromosomal translocation sites.
Bioessays 2006;28:480–94.
McClintock B. The behavior in successive nuclear divisions of a chromosome broken
at meiosis. Proc Natl Acad Sci U S A 1939;25:405–16.
McClintock B. The stability of broken ends of chromosomes in Zea Mays. Genetics
1941;26:234–82.
Ballif BC, Yu W, Shaw CA, Kashork CD, Shaffer LG. Monosomy 1p36 breakpoint
junctions suggest pre-meiotic breakage-fusion-bridge cycles are involved in
generating terminal deletions. Hum Mol Genet 2003;12:2153–65.
Varley H, Di S, Scherer SW, Royle NJ. Characterization of terminal deletions at
7q32 and 22q13.3 healed by De novo telomere addition. Am J Hum Genet
2000;67:610–22.
Vermeesch JR, Falzetti D, Van Buggenhout G, Fryns JP, Marynen P. Chromosome
healing of constitutional chromosome deletions studied by microdissection. Cytogenet
Cell Genet 1998;81:68–72.
Kostiner DR, Nguyen H, Cox VA, Cotter PD. Stabilization of a terminal inversion
duplication of 8p by telomere capture from 18q. Cytogenet Genome Res
2002;98:9–12.
Ballif BC, Wakui K, Gajecka M, Shaffer LG. Translocation breakpoint mapping and
sequence analysis in three monosomy 1p36 subjects with der(1)t(1;1)(p36;q44)
suggest mechanisms for telomere capture in stabilizing de novo terminal
rearrangements. Hum Genet 2004;114:198–206.
Flores I, Benetti R, Blasco MA. Telomerase regulation and stem cell behaviour. Curr
Opin Cell Biol 2006;18:254–60.

153

J Med Genet: first published as 10.1136/jmg.2007.054007 on 15 November 2007. Downloaded from http://jmg.bmj.com/ on January 8, 2023 by guest. Protected by copyright.

because of severe congenital anomalies,10 whereas case 8 with a
13q deletion of 4.5 Mb has moderate mental retardation but no
malformations (cases 10 and 14 in Ballarati et al9).
In case 30 segmental triplication of chromosome 21 could be
demonstrated. Previous assumptions of mosaic tetrasomy of 21
turned out to be erroneous: these cases with mosaicism for a
metacentric extra chromosome turned out to be examples of
mosaic tetrasomy 12p—the Pallister-Killian syndrome.41 The
11.2 Mb duplication in our patient covers the 21q21.3-q22.2
region considered to be most important for Down syndrome
phenotype, hence explaining her Down syndrome phenotype.
We have recently observed another case with the phenotype of
mild and atypical Down syndrome in whom array CGH results
demonstrated a complex rearrangement of chromosome 21 with
deleted and duplicated and also one triplicated segment (AS,
unpublished observation). The reason why such cases were not
detected before is probably that, unless there is an extra
chromosome, these cases would not be investigated for
potential segmental triplication with molecular methods;
array-CGH, however, shows the triplication without special
focused examinations.

Original article

38.
39.
40.

Pramparo T, Giglio S, Gregato G, de Gregori M, Patricelli MG, Ciccone R, Scappaticci
S, Mannino G, Lombardi C, Pirola B, Giorda R, Rocchi M, Zuffardi O. Inverted
duplications: how many of them are mosaic? Eur J Hum Genet 2004;12:713–7.
Soler A, Sanchez A, Carrio A, Badenas C, Mila M, Borrell A. Fetoplacental
discrepancy involving structural abnormalities of chromosome 8 detected by prenatal
diagnosis. Prenat Diagn 2003;23:319–22.
Herrgard E, Mononen T, Mervaala E, Kuusela L, Aikia M, Stenback U, Paakkonen L,
Airaksinen RL, Kalviainen R. More severe epilepsy and cognitive impairment in the offspring
of a mother with mosaicism for the ring 20 chromosome. Epilepsy Res 2007;73:122–8.
Witters I, Devriendt K, Legius E, Matthijs G, Van Schoubroeck D, Van Assche FA,
Fryns JP. Rapid prenatal diagnosis of trisomy 21 in 5049 consecutive uncultured

41.
42.

43.

amniotic fluid samples by fluorescence in situ hybridisation (FISH). Prenat Diagn
2002;22:29–33.
Schinzel A. Catalogue of unbalanced chromosome aberrations in man, 2nd ed.
Berlin: Walter de Gruyter, 2001.
Geneix A, Jaffray JY, Malet P, Foulon E, Jalbert P, Crost P. Partial trisomy 15 was
observed in a newborn with malformations of the head and extremities. A t(5;15)
translocation was found in the mother and maternal grandfather. Hum Genet
1979;51:335–8.
Tumer Z, Harboe TL, Blennow E, Kalscheuer VM, Tommerup N, Brondum-Nielsen K.
Molecular cytogenetic characterization of ring chromosome 15 in three unrelated
patients. Am J Med Genet A 2004;130:340–4.

See your work published in Journal of Medical Genetics
Journal of Medical Genetics is only as good as its articles, so we work hard to support the authors who
trust us to publish their work. Here are just a few reasons why you should send us your article:
c Academic credibility – You’ll be published in one of the top medical genetics journals in Europe.
c Maximum visibility for your article – Your work will be seen by a wide international audience,
both through the print journal (C 1500 readers per issue) and the website (C 42,000 unique visitors
every month).
c Hassle free peer review – Our fast and efficient submission process involves only the best
reviewers. The entire submission and peer review process is conducted online, saving you time and
shortening the wait for your paper to be published.
c Online First – Your article may appear on the journal website as soon as it’s accepted via our
‘Online First’ feature. Your colleagues could be reading your paper within days of you submitting it.
For more information or to submit an article visit www.jmg.bmj.com and click the Online Submissions
button.

154

J Med Genet 2008;45:147–154. doi:10.1136/jmg.2007.054007

J Med Genet: first published as 10.1136/jmg.2007.054007 on 15 November 2007. Downloaded from http://jmg.bmj.com/ on January 8, 2023 by guest. Protected by copyright.

37.

