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Fluorescence in situ hybridization characterization of
apparently balanced translocation reveals cryptic
complex chromosomal rearrangements with
unexpected level of complexity

Philippos C Patsalis*', Paola Evangelidou’, Spyros Charalambous® and Carolina Sismani®

'Department of Cytogenetics, The Cyprus Institute of Neurology and Genetics, Nicosia, Cyprus

The great majority of apparently balanced translocations are associated with multiple miscarriages and
normal phenotype. Several mechanisms have been proposed to explain how a small percentage of
apparently balanced translocations are associated with abnormal phenotypes. One of the proposed
mechanisms that have not been well investigated is that apparently balanced translocations may host
‘cryptic’ complex chromosomal rearrangements (CCRs). To test this hypothesis, this study investigated 20
non-preselected cases with apparently balanced translocations in order to determine the presence of
cryptic CCRs. Multiprobe subtelomeric and whole chromosome paint FISH analyses revealed and further
characterized three cryptic CCRs. Two out of three CCRs showed an unexpected level of complexity. The
results of this study provided evidence that the link between an apparently balanced rearrangement and
the appearance of abnormal phenotype may be partly explained by the presence of cryptic CCRs. The
results also suggested that what is reported as apparently balanced translocation by classical cytogenetics
may host cryptic CCRs, which could be more common than initially thought. Furthermore, the use of both

of the above-mentioned FISH methodologies was absolutely necessary to detect the CCRs.
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Introduction

Reciprocal translocations are a mutual exchange between
terminal segments from the arm of two chromosomes and
are present in 0.1% of the population.'* Although most
carriers of balanced translocations are phenotypically
normal, an association of cytogenetically balanced trans-
locations with phenotypic abnormalities has been re-
ported.® The risk of phenotypic abnormality associated
with de novo balanced translocations is likely to be due to
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the chance of chromosome breakage disrupting a gene* or
they may not be truly balanced at the DNA level.®
Families in which a cytogenetically balanced transloca-
tion is present in both a normal and a child with a
phenotypic anomaly have been a long-standing puzzle for
human geneticists. The conventional wisdom has been
that if the same balanced karyotype found in the carrier
parent and is also detected at prenatal diagnosis, there is no
increased risk for phenotypic abnormality in the child.
However, Fryns and co-workers claimed an apparent excess
of mental and/or physical defects in these translocation
children.® In some of the same rearrangements per se must
not be of phenotypical relevance and might just be a
coincidental. However, there are reasons to believe that in
the majority of the cases there may be an unidentified link
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between the rearrangement and the abnormal phenotype.
Mechanisms proposed to explain this phenomenon in-
clude the following: (a) Production of a recessive mutation
by the translocation that is expressed when a mutation in
the same gene is inherited from the other parent. (b) Far
more plausible is the ‘position effects’, with variable
expression of a gene or genes near the translocation
breakpoint.” (c) Due to uniparental disomy, an apparently
balanced reciprocal translocation transmitted from a
carrier parent may be structurally balanced but function-
ally imbalanced. Due to postconceptional ‘correcting’ loss
of the homolog from the normal noncarrier parent, a
uniparental disomy will be developed, if the chromosome
involved is subject to imprinting.® (d) If the same
rearrangement is found in one parent who is normal,
further subtle rearrangements might have occurred during
meiosis, for example, through unequal crossing over. (e)
The rearrangement is more complex than it seems to be, as
the defect is beyond the resolution of routine G-banding
techniques. Therefore, cytogenetically apparently balanced
translocations may have cryptic complex chromosomal
rearrangement that can only be detected by additional
methodologies. This hypothesis needs to be further
investigated.

We hypothesize that this phenomenon might be more
common than was initially thought and requires further
investigation. Therefore, in this study we aim to investigate
20 families with cytogenetically apparently balanced
translocations in order to determine the presence and
frequency of cryptic CCRs.

Materials and methods
Patients and chromosomal analysis

A total of 20 different familial or de novo apparently
balanced translocation were included in this study
(Table 1). FISH analysis was not carried out previously.
The pedigree and the status of familial or de novo for the
chromosomal anomaly, as well as the family history and
the clinical findings of other members in the family, were
determined (Table 1). In Cases No. 1 and 4, all family
members with the chromosomal abnormalities are asso-
ciated with mild mental retardation, while Patient No. 20 is
associated with malformations and mental retardation. In
Case No. 9 one family member that has the same
chromosomal abnormality also has malformations and
mental retardation. Case 10 is an unaffected father, who
has a son with ‘apparently normal karyotype’, malforma-
tions and mental retardation. In all other cases, the
abnormalities are associated with multiple miscarriages,
including abnormal derivative chromosomal abnormalities
in aborted fetuses or children with clinical findings. The
chromosomal analysis was carried out or repeated for all or
the majority of the other family members using standard
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methodology for G-banding analysis at the 550-750 band
level.

FISH

FISH studies using multiprobe subtelomeric specific probes
for all the long and short arm of chromosomes were
performed as previously described.” Whole chromosome
paint FISH analysis was performed using the probes and the
methodology according to Vysis Co.

Results
Cases 1-6, 13, 14, 17-20 were karyotyped in our lab before
2002 and cases 7 and 15 were initially karyotyped and
referred to us from another laboratory. Therefore, chromo-
somal analysis was repeated in our laboratory for all of
these cases, so all-20 cases were recently re-analyzed with
G-banding at the 550-750 band level (Table 1). Pedigree
and family history were collected in detail and chromoso-
mal analysis was carried out in all family members. This
analysis revealed several other members in the families
with the same apparently balanced chromosomal abnorm-
ality or a related unbalanced translocation.
Multisubtelomeric and whole chromosome paint FISH
analyses determined additional abnormalities, not
previously seen with G-banding analysis, in the cases 10,
15 and 20 (Table 1). Case 10 was reported from different
cytogenetic laboratories as an apparently balanced
two-way translocation between chromosomes 6 and 7.
Multiprobe subtelomeric FISH analysis determined a
cryptic three-way translocation with the involvement of
the telomeric region of the long arm of chromosome 10
(Figure 1a and b). This abnormality was also detected and
confirmed by whole chromosome paint FISH (Figure 1la
and b). A small segment of chromosome 10 from 10926.1-
qter was translocated onto chromosome 6ql6.2.
Chromosome 6 from 6ql16.2—qter was translocated onto
chromosome 7q34 and the chromosomal region from
7q34-qter was translocated onto chromosome 10q26.1.
Case No 15 was originally found by G-banding analysis as
an apparently balanced two-way translocation between
chromosomes 2 and 3. FISH analyses revealed the involve-
ment of chromosome 15. A very small segment of
chromosome 15 from 15q15.1 to 15q15.3 was inserted
into the chromosomal region 2q31 and the chromosomal
region from 15q15.3 to the telomere was translocated onto
chromosome 3q22 (Figure 1c and d). Chromosome 3 from
3q22-qter was translocated onto 2q31 and the chromoso-
mal region from 2q32-qter was translocated onto 15q15.1.
The revised karyotype of case 15 includes a CCR with a
three-way translocation and an additional small size
insertion (Table 1, Figure 1c and d). Case No 20 was
originally described by G-banding analysis as a de novo
three-way translocation between chromosomes 6, 8 and
12. FISH analyses were performed and identified not only



$3132Uan uewny Jo [eunof ueadoany

Table 1 Karyotypes of apparently balanced translocation and CCRs and their association with clinical conditions

Case Cytogenetic analysis Revised Karyotype Inheritance Anomaly is associated with
1 46,XX, t(4;7)(q21;p15) Same Familial Mental retardation
2 47,XX, t(11;22)(923.2;911.2) Same Familial Multiple miscarriages
3 46,XX, t(11;14)(q13;911.2) Same Familial Multiple miscarriages
4 46,XY, t(7;11)(p21;p23) Same Familial Mental retardation
5 46,XX, t(11;12)(p15.5;922) Same Familial Multiple miscarriages
6 46,XX, t(11;22)g23;q11.2) Same Familial Multiple miscarriages
7 46,XX, 1(6;16)(q26;923) Same Familial Multiple miscarriages
8 46,XY, t(13;14) (913921.2;q12q13) Same Familial Multiple miscarriages
9 46,XX, 1(7;8)(932;924.13) Same Familial Multiple miscarriages®
10 46,XY, t(6;7)(q16;q34) 46,XY,t(6;7;10) (q16.2;934;926.1) Familial Multiple miscarriagesb
11 46,XY, t(2;13)(931;932) Same Familial Multiple miscarriages
12 46,XX, t(5;17)(922;923.3) Same Familial Multiple miscarriages
13 46,XX, t(7;10)(pter;q11) Same Familial Multiple miscarriages
14 46,XY, t(2;6)(q33;p23) Same Familial Multiple miscarriages
15 46,XY, t(2;3)(q31;923) 46,XY,t(15;2;15;3;2)(q15.1915.3;931;915.1;922;931)  Unknown Malformations, Mental
retardation
16 46,XY, t(10;17)(q24;p13) Same Familial Multiple miscarriages
17 46,XX, t(7;16)(922;q24) Same Familial Multiple miscarriages
18 46,XX, t(20;21)q13.1;922.3) Same Familial Multiple miscarriages
19 46,XY, t(1;4)(931;932) Same Familial Multiple miscarriages
20 46,XX, 1(6;8;12) (p22.2;924.3;913.1) 46,XX, der(6)t(6;12;7,8;12) De novo Malformations, mental
(p22;p11.2;932.3;924.21;q13)ins(6;7) retardation

(p22;932.3933)ins(6;8)(p22;q24.21q24.22)

?One member in the family with the same abnormality has malformations and mental retardation.
®One member in the family with apparently normal karyotype has malformations and mental retardation.
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Figure 1 FISH analyses, partial karyotypes and ideograms describing the identified CCRs. (a) Partial karyotypes from
multisubtelomeric and whole chromosome paint FISH analyses showing the translocated segments between the
chromosomes 6, 7 and 10. (b) Partial karyotypes of G-banded chromosomes and ideograms showing translocated segments
between the chromosomes 6, 7 and 10. (c) Partial karyotypes from multi subtelomeric and whole chromosome paint FISH
analyses showing the translocated segments between the chromosomes 2, 3 and 15. (d) Partial karyotypes of G-banded
chromosomes and ideograms showing translocated segments between the chromosomes 2, 3 and 15. (e) Partial karyotypes
from multisubtelomeric and whole chromosome paint FISH analyses showing the translocated segments between the
chromosomes 6, 7, 8 and 12. () Partial karyotypes of G-banded chromosomes and ideograms showing translocated segments
between the chromosomes 6, 7, 8 and 12.
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Figure 1 Continued

that the above aberration was a four-way translocation,
involving chromosome 7 as well, but also revealed
additional insertions of very small chromosomal segments.
A very small segment of chromosome 7 from 7q32.3-q33
was inserted into chromosome 6p22 and the adjacent
larger segment of chromosome 7q33-qter was translocated
onto 8q24.21. Another very small segment of chromosome
8 from 8q24.21-q24.22 was also inserted into chromo-
some 6, proximal to the previously described inserted
7q32.3-q33 segment. The remaining chromosome 8 from
8q24.23-qter was translocated onto chromosome 12q13.
Furthermore, chromosome 12 was broken at two sites, at
12p11.2 as well as 12q13. The first segment of chromosome
12 from 12p11.2-pter was translocated onto chromosome
7q32.3 and the second segment from 12ql3-qter was
translocated onto the abnormal chromosome 6 proximal
to the 8q24.22 segment. This very complex karyotype is
concluded with the translocation of segment 6p22-pter
onto 12p11.2 (Figure 1 e and f). FISH analyses were carried
not only in all 20 individuals listed in Table 1 but also in at
least one phenotypically normal family member who was a
carriers of the same apparently balanced translocation. No
CCRs were found in these individuals.

Discussion

In the cytogenetic literature, a number of rearrangements
were classified as apparently balanced translocations,
however, after further investigation they were determined
as CCRs. '°~!2 Investigation with FISH methodologies in
the above reports as well as in other studies have been
shown to be helpful in resolving these cases, and allowed
the identification of cryptic translocated segments.'*

Cryptic CCRs in apparently balanced translocations
PC Patsalis et al

npg)

i
H

B8 EE Hs
-Ei = gz Bz
== xHp i
B & o m= =
B = =

6 7 8

This study investigated 20 families with cytogenetically
apparently balanced translocation, in order to determine
the presence of cryptic CCRs and showed that three of
them involved additional rearranged chromosome regions,
which finally revised the karyotype as CCR. The results
raised the important possibility that apparently balanced
translocations may often host cryptic CCRs.

The results of this study suggest that it is highly possible
that CCRs might be more common than initially thought.
Previous large-scale surveys in newborns,® as well as in
spontaneous abortions,'® suggested that CCRs must be
extremely rare. However, with the progress of FISH and
other methodologies several families with previously uni-
dentified CCRs have been revealed and reported. In fact,
the incidence of subtle rearrangements or CCRs is probably
much higher than previously thought,'® as shown by the
increasing number of cases that are re-evaluated using FISH
techniques.’®~!®> On the other hand, it is important to
discuss the ‘mode of ascertainment’, as the impact of CCRS
and other chromosomal abnormalities is largely under-
estimated in the literature. Deletions and other chromoso-
mal abnormalities have been reported not to have any
association with any phenotypic effect.!” To date, asympto-
matic transmitted deletions of at least nine distinct regions
of the human genome have been reported.'”

This study also emphasizes the need to combine high
resolution G-banding with different FISH methodologies.
The identification and the precise characterization of CCRs
may be difficult or even impossible using only conven-
tional cytogenetic techniques. The first cryptic CCR in case
10 is an unaffected father, who was reported to have an
apparently balanced two-way translocation from three
different cytogenetic laboratories in different countries.
He was referred for chromosomal examination, as he has in
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his family, one miscarriage and two still births with
malformations (all three were not karyotyped), a phenoty-
pically normal daughter with the same apparently ba-
lanced two-way translocation as the father, and a severely
mentally retarded son with an apparently normal karyo-
type (karyotyped twice). Before FISH analysis, G-banding
analysis of the unaffected father, the unaffected daughter
and the mentally retarded son from our laboratory
reported again the same findings as previously determined
by other cytogenetic laboratories. However, both multip-
robe subtelomeric FISH and whole chromosome paint FISH
analyses determined a balanced three-way translocation in
the unaffected father and daughter and unbalanced cryptic
subtelomeric rearrangement in the mentally retarded son.
This study is probably the first that demonstrates the
presence of a cryptic subtelomeric rearrangement in a
three-way translocation that was initially reported as an
apparently two-way balanced translocation (Figure 1 a and
b). The second family with No 15 was reported by G-
banding analysis as two-way reciprocal translocation and
not three-way CCR. The missed CCR in this case was
probably due to the emphasis given on the anomaly found
on the two abnormal chromosomes 2 and 3, and the
similarity of bands involved in the later found abnormal
segment of chromosome 15. Following identification and
characterization of these ‘missed’ anomalies using multip-
robe subtelomeric FISH analysis; such abnormalities in
many occasions could be identified with high-resolution
chromosomal analysis®'® (Figure 1 ¢ and d). The third case
No 20 was initially reported as apparently three-way
translocation by G-banding analysis and it is the only case
out of the 20 that is not an apparently balanced two-way
translocation. Multisubtelomeric FISH again identified
another unknown subtle chromosome abnormality, reveal-
ing a four-way chromosomal rearrangement (Figure 1 e and
f). It is important to discuss that all three CCRs found were
associated with malformations and mental retardation
(cases 10, 15, 20) (Table 1). However, three other cases,
who were associated with mental retardation (cases 1, 4) or
including a family member with malformations and
mental retardation (case 9), were found to have no CCRs.
It appears that cases with apparently balanced transloca-
tion and associated with mental retardation or malforma-
tions have higher frequency for cryptic chromosomal
abnormalities, but this is not always the associated
mechanism. It is also very important to point out that for
the last two families (cases 15 and 20), the analysis with
whole chromosome paint FISH unexpectedly revealed
additional new very small-translocated chromosome seg-
ments (Figure 1 c-f). These additional subtle rearrange-
ments were not possible to be identified neither by high-
resolution G-banding (750 band level) nor multiprobe
subtelomeric FISH analysis. The results of this study show
that CCRs may often involve additional cryptic chromo-
somal segments, showing a high degree of complexity.
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Some translocated chromosomal segments can only be
identified by multicolor whole chromosome FISH analysis.
Our investigation strongly recommends both FISH analyses
in all cases found to have balanced reciprocal transloca-
tions or other chromosomal anomalies simple or complex,
or unexplained family history and particularly prenatal de
novo or familial abnormal karyotypes.

This study provides evidence that apparently balanced
translocations classified by G-banding may host additional
chromosomal abnormalities and finally defined as CCRs.
Such CCRs may have an unexpected level of complexity
and may be more common that initially thought. We
suggest further investigation and re-evaluation of all cases
classified as apparently balanced translocation using at
least a combination of multiprobe subtelomeric and whole
chromosome paint FISH analyses. The clinical significance
of prenatal and postnatal identification of cryptic CCRs is
extremely important, as CCRs are associated with repro-
ductive problems, multiple miscarriages, stillbirths or
in patients with malformations, mental retardation,
dysmorphic features or congenital anomalies. Finally, the
findings of this study provide evidence that the unknown
link between an apparently balanced rearrangement and
the appearance of abnormal phenotype in the family may
often explained due to the presence of cryptic CCRs.
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