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Abstract: Telomeres play a major role in maintaining genome stability and integrity. Putative
involvement of telomere dysfunction in the formation of various types of chromosomal aberrations is
an area of active research. Here, we report a case of a six-month-old boy with a chromosomal gain
encompassing the 11q22.3G25 region identified by SNP array analysis. The size of the duplication
is 26.7 Mb and contains 170 genes (OMIM). The duplication results in partial trisomy of the region
in question with clinical consequences, including bilateral renal dysplasia, delayed development,
and a heart defect. Moreover, the karyotype determined by R-banding and chromosome painting as
well as by hybridization with specific sub-telomere probes revealed the presence of an unbalanced
t(9;11)(p24;q22.3) translocation with a unique breakpoint involving the sub-telomere region of the
short arm of chromosome 9. The karyotypes of the parents were normal. Telomere integrity in
circulating lymphocytes from the child and from his parents was assessed using an automated
high-throughput method based on fluorescence in situ hybridization (FISH) with telomere- and
centromere-specific PNA probes followed by M-FISH multicolor karyotyping. Very short telomeres,
as well as an increased frequency of telomere loss and formation of telomere doublets, were detected
in the child’s cells. Interestingly, similar telomere profiles were found in the circulating lymphocytes
of the father. Moreover, an assessment of clonal telomere aberrations identified chromosomes
9 and 11 with particularly high frequencies of such aberrations. These findings strongly suggest that
telomere dysfunction plays a central role in the formation of this specific unbalanced chromosome
rearrangement via chromosome end-to-end fusion and breakage-fusion-bridge cycles.

Keywords: postnatal; telomere; sub-telomere region; duplication; trisomy; chromosomal instability

1. Introduction

Children with unbalanced genomic aberrations present with variable phenotypes that
include three relatively common manifestations: developmental delay, intellectual disability,
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and malformation of the heart [1-4]. Thus, precise and sensitive evaluation of these
aberrations is an important challenge to clinicians offering genetic counseling to families,
in particular prenatal counseling. Although substantial progress in the identification
of genomic aberrations and their clinical manifestations has been made during the last
few decades [5], the detection of repeated sequences such as telomere and centromere
sequences is underestimated using standard cytogenetic techniques [6]. Consequently,
crucial information is lacking not only on the analysis of mechanisms underlying the
formation of these aberrations but also on the handling of the resulting mental and physical
complications of these patients on their follow-up.

Telomere instability is a biological factor that contributes to the formation of genomic
aberrations [7]. Telomere DNA consists of long hexamer iterations (ITAGGG)n, which
are responsible for the integrity and stability of the genome [8]. In normal somatic cells,
telomere DNA is shortened by 50220 bp during each cell division [9,10]. When telomeres
become too short, cells stop dividing and ultimately enter senescence [11]. Hence, telom-
eres are considered a cellular clock controlling cell division and cell death [12]. Telomere
dysfunction is considered one of the major mechanisms causing chromosomal instability
occurring through breakage/fusion/bridge (B/F/B) cycles, described first by McClin-
tock [13]. Thus, when telomeres are lost from a replicated chromosome, the ends of its
sister chromatids may fuse. If the centromeres during anaphase are pulled into opposite
directions, the fused sister chromatids will break unequally. This process will be repeated
in the subsequent cell cycles until the chromosome acquires new telomeres securing its
stability, however, at the cost of a heavy genetic burden [14]. Thus, B/F/B cycles have been
described frequently during the course of tumor progression [7]. In clinical genetic settings,
analysis of telomere length and stability has not yet been introduced as a routine technique
in the elucidation of prenatal and postnatal karyotypes. Therefore, the process of B/F/B
cycles has not been addressed in the mechanisms of chromosomal aberrations in this group
of patients.

Recently, we demonstrated that the introduction of telomere and centromere (TC)
staining followed by M-FISH (TC+M-FISH) not only renders analysis of chromosomal
aberrations more efficient and robust but also permits quantification of telomere lengths
and aberrations [6].

Here, we have applied this technique to identify the possible origin of a 26.7 Mb
duplication of 11q22.3q25 in a six-month-old boy. We propose a causal role of the telomere
instability identified in the parents that contributes to the formation of this duplication via
breakage fusion bridge cycles. We discuss the importance of telomere analysis in prenatal
as well as in postnatal diagnosis.

2. Materials and Methods
2.1. Materials

Blood samples were obtained from a six-month-old boy and from his parents (father
36 years old; mother 36 years old). A cohort of 150 healthy donors was included as controls.
Cytogenetic slides were prepared according to previously published protocols [15].

Informed consent, according to the Declaration of Helsinki, was obtained from patients
and their parents. Analyses were performed in the context of current diagnosis explorations.

Informed consent was collected from healthy donors (ethical approval code: Comités
de protection des personnes CPP 97/06 and Nephrovir study).

2.2. Methods
2.2.1. Molecular Genetics

DNA from blood samples was extracted using the DNEasy Blood Kit (QIAGEN,
Courtabouf, France).

Microarray analysis was carried out using an SNP array with approximately 300,000 SNP
across the genome (HumanCyto SNP-12 Tllumina®, Illumina, Evry, France) with a practical
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average resolution of 70 kb. Data were analyzed with GenomeStudio v.2011.1 software
(genome build hg19).

2.2.2. Preparation of Metaphase Spreads

Cultured lymphocytes were exposed to colcemid (0.1 ug/mL) (Gibco KaryoMAX,
ThermoFisher, Waltham, MA, USA) for 1 h at 37 °C, 5% CO5, in a humidified atmosphere to
block them in metaphase. After cell harvest and centrifugation for 7 min at 1400 rpm at room
temperature (RT), the supernatant was removed and the cells were re-suspended in a warm
(37 °C) solution of 0.075 M KC1 (Merck, Kenilworth, NJ, USA) and incubated for 20 min
in a 37 °C water bath (hypotonic shock). For pre-fixation of the cells, approximately five
drops of fixative (3:1 ethanol/acetic acid) were added to each tube under gentle permanent
agitation and the tubes were centrifuged for 7 min at 1400 rpm at RT. The supernatant was
removed and the cells were suspended in fixative solution and centrifuged as before. After
two additional rounds of fixation, cells were stored in fixative solution at 4 °C overnight
and metaphases were spread on cold, wet slides the next day. Slides with metaphase
spreads were dried overnight at RT and stored at —20 °C until further use.

2.2.3. Cytogenetics Investigation

R-banding of chromosomes for karyotyping and fluorescence in situ hybridization was
carried out using standard procedures. Specific probes for sub-telomere regions of short
and long arms of chromosome 9 (tel9p: RH65569, tel9q: D9S2168) and 11 (tell1lp: D1152071,
telllq: D1154974) (Cytocell, Sysmex, Baltimore, MD, USA) and for whole chromosome
11 painting (XCP11) (MetaSystems, Altlussheim, Germany) were employed.

2.2.4. Quantification of Telomere Length and Assessment of Telomere Aberrations

Telomere and centromere staining followed by M-FISH was performed on cytogenetic
slides as described previously in M’kacher et al. [6]. Telomeres were hybridized with a
Cy-3-labelled PNA probe specific for (TTAGGG) and centromeres with a FITC-labelled
probe specific for centromere sequences. The M-FISH technique was applied after the
capture of telomere and centromere signals.

Quantification of telomeres in nuclei was performed using a high-throughput auto-
mated process (TeloScore, Cell Environment, Evry, France) that makes it possible to quantify
mean telomere FISH signals and their heterogeneity as well as their intercellular variation
in a vast number of cells [6]. The mean fluorescence intensity signals (FI) of telomeres
strongly correlated with the telomere lengths estimated by conventional Southern blot
analysis using the telomeric restriction fragment (TRF) (R2 = 0.721 and p = 2.128 x 1078).
The mean telomere length is expressed in kb.

Telomere aberrations were classified as (1) telomere loss, (2) telomere doublets, and
(3) telomere deletion. An average of 50 metaphases of each individual was scored for
these analyses.

3. Results
3.1. Case Presentation

A six-month-old boy presented with developmental delay, bilateral renal dysplasia,
and malformation of the heart. Genomic analysis of the proband using an SNP array
revealed the presence of a partial trisomy 11q22.3G25 (Figure 1) encompassing a 26.7 Mb
duplication with 170 genes (OMIM).

Conventional cytogenetics using R-banding demonstrated the presence of an un-
balanced translocation (Figure 2A). Chromosome painting confirmed this translocation:
der(9)t(9;11)(p24;q22) (Figure 2B). The breakpoint in chromosome 9 was localized to the re-
peated sequence of the telomere region. The presence of sub-telomeres of 9p was confirmed
(Figure 2C). It should be added that the SNP analysis of chromosome 9 did not reveal any
alterations (Figure 1). Furthermore, the karyotypes of both parents were normal.
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Figure 1. Genomic analysis of proband using SNP array reveals a 26.7 Mb duplication of 11q22.3g25.

Figure 2. Identification of der(9)t(9;11)(p24;q22)(D1154974+,wcp11+,RH65569+,0952168+) in
metaphases of the proband using conventional and molecular cytogenetics. (A) Conventional R-
banding reveals the presence of the unbalanced translocation. (B) Chromosome 11 painting (green)
confirms the translocation (yellow arrow). (C) FISH with chromosome-specific sub-telomere probes
demonstrates that the sub-telomere region, containing the tel9q (RH65569) marker (green arrow),
within the derivative chromosome 9 short arm, is preserved. (D) Sub-telomere sequences of 11q
(D1154974) are present at the end of the short arm of the derivative chromosome 9 (red arrow).
Sub-telomeres for the q region are in red, and the sub-telomere p region is in green. Metaphases
were counterstained with DAPIL. One hundred metaphases were analyzed, and twenty metaphases
were classified.

3.2. Telomere Analysis

To understand the origin and the mechanism underlying the formation of this partial
trisomy, telomere length and telomere aberrations were assessed in the proband and in his
parents using telomere and centromere-specific probes followed by M-FISH (Figure 3).
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Figure 3. Telomere (red) and centromere (green) staining followed by M-FISH confirms the presence
of this unbalanced translocation: der(9)t(9;11)(p24;q22.3).

This approach allows the quantification of telomere signals in the nuclei as well as
in metaphases. The mean telomere length of the father was 6.91 kb, which is a significant
reduction compared to controls at a similar age (<45 years and >35 years) (p = 1.83107°)
(Figure 4A). The mean telomere length of the proband was 8.5 kb, which is also a significant
reduction compared to that of healthy donors (<5 years) (p =5 x 10~*) (Figure 4A). The
mean telomere length of the mother was 8.69 kb. Our approach also permits detailed
quantification of telomere length in individual cells, thus making it possible to assess the
frequency of cells with extreme telomere shortening (<5 kb). The frequency of such cells
was significantly higher in the father (16.4%) and in the mother (8.6%) than that observed
in healthy donors (3.2%) with similar telomere length (p < 10716) (Figure 4B).

Next, we determined the telomere phenotypes in cells of the proband, of his par-
ents, and of donors of similar age. Telomere aberrations are classified into three groups:
(i) Telomere loss is defined as a signal-free end at a single chromatid, an aberration that
leads to telomere end fusion and breakage/fusion/bridge cycles [6]; (ii) telomere doublets
or telomere fragility are defined as more than one telomere signal at a single arm, an aberra-
tion signaling inadequate telomere replication and dysfunction of the shelterin proteins [6];
(iii) telomere deletion is defined as the loss of two telomere signals on the same arms, an
aberration considered to represent double-strand breaks, leading to activation of DNA
repair mechanisms.

In metaphases of the proband and his parents, telomere loss was significantly more
extensive than that in healthy donors (0.5 per cell for the proband, 1.7 per cell for the father,
0.5 per cell for his mother, and 0.2 per cell for the healthy donors, p < 10~'%) (Figure 5B).
Similar results were obtained on the frequencies of formation of telomere doublets that are
considered a marker of fragility of telomeres (13.6/cell for the proband, 15.6/cell for the
mother, 11.8/cell for the father, and 4.5/ cell for healthy donors, p < 1073) (Figure 5A,B). The
frequencies of telomere deletion are much lower and similar to that observed in controls.
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Figure 4. Quantification of telomere length in interphase lymphocytes of the proband and his parents.
(A) Telomere length (kb) as a function of age in a large cohort of lymphocytes from healthy donors
(150 donors, mean age 36 years, range 0.5-79 years) (red circles), in the father (blue triangle), in the
mother (red square), and in the proband (purple cross). A linear regression of biological telomere loss
with the age of healthy donors is presented. A significant difference between the telomere length of
the proband and of controls with similar age (<5 years) is noted. The telomere length of the father is
significantly reduced compared to that in healthy donors with similar age (<45 years and >35 years)
within the lower limit. (B) Global quantification of telomere signals in nuclei of 10,000 cells of the
proband, his parents, and of a healthy donor. The method allows estimation of mean telomere length
and the frequency of cells with extreme telomere shortening (<5 kb). A higher rate of these cells was
observed in the father (16.4% in the father compared to 8.6% in the mother, 2.9% in the proband, and
3.5% in controls of similar age).

3.3. Correlation between Telomere Instability and the Formation of Chromosomal Rearrangements

In order to assess a putative correlation between telomere instability and the occurrence
of chromosomal aberrations, we calculated the frequencies of telomere loss and of telomere
doublets within each chromosome from both the proband and his parents. Significantly higher
frequencies of telomere losses and of telomere doublets were identified in chromosomes 11 and
9 than in any other chromosomes (p < 10~2) of the parent (Figure 6). This finding is striking
because these two particular chromosomes take part in the duplication and translocation
events in the proband.

It should be mentioned that also micronucleus formation and non-clonal aberrations,
such as centric ring and dicentric chromosomes, were observed in circulating lymphocytes of
the father (Figure 7) but not in the mother or in the proband. These findings strongly suggest
a central role of telomere dysfunction in the formation of micronuclei and of non-clonal
chromosome aberrations. Moreover, our findings emphasize the clinical relevance of scoring
also micronuclei and non-clonal aberrations in analyses of chromosomal aberrations.
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Figure 5. Detection of telomere aberrations by assessing telomeres on each chromosome in lympho-
cyte metaphases. (A) FISH on metaphase from the proband, the father, and mother using probes
specific for telomere (red) and centromere (green) sequences, respectively, showing multiple forma-
tions of telomere doublets (yellow insert) and loss (green insert) in chromosome 9 and 11, respectively.
(B) The frequency of telomere losses and of telomere doublet formations per cell in the proband, his
father, his mother, and in the control. A significant difference was observed between the frequencies in
the parents and in the proband compared to those in the control (p < 10~1% and p < 1073, respectively).
One hundred metaphases were analyzed per case.
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higher rate of telomere doublet, reflecting inadequate telomere replication and dysfunction of the
shelterin proteins. (B) High rates of telomere loss and doublet formation in chromosomes 9 and 11 in
the parents. Remarkably, these two chromosomes are implicated in the chromosomal aberration of
the proband. Twenty metaphases were analyzed.
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Figure 7. Metaphase of paternal circulating lymphocyte showing multiple non-clonal chromoso-
mal aberrations. (A) Dicentric chromosome (green star), acentric chromosome (yellow star), and
chromosome deletion (red star); (B) centric ring (blue star) and acentric chromosome (yellow star).

4. Discussion

The consequences of telomere shortening and dysfunction in normal and pathological
conditions have been extensively studied. Thus, telomeres play complex roles not only in
cellular processes such as cellular senescence and apoptosis but also in transcriptional regu-
lation [16], chromosome stability [17], mitochondrial function [18], meiotic regulation [19],
and cellular differentiation [20]. Recently, we have demonstrated that telomere shortening
and high frequencies of telomere aberrations are common characteristics of certain genetic
disorders, including infertility disorders [21].

However, analysis of telomere instability has not yet been implemented in the clinical
genetics laboratory as a routine analysis in either prenatal or postnatal diagnostics. This may
be ascribed to the fact that conventional cytogenetic techniques, as well as molecular genetic
approaches, are not suitable for the detection of repeated sequences such as telomeres.
Furthermore, the sensitivity of some of the techniques used for quantification of telomere
length is inadequate. These technical challenges may, in part, explain some of the conflicting
data published on measurements of telomere lengths in newborns with genetic disorders
such as Down syndrome [22,23] and Turner syndrome [24,25].

Thus, there is an urgent need for standardization of the techniques employed for
the quantification of telomeres and a need for establishing a publically available database
for telomeres.

To meet these fundamental requirements, we recently developed an automated ap-
proach for the quantification of telomere length in vast numbers of single cells. The
technique is based on cytogenetic preparations and fluorescence in situ hybridization
(FISH) with specific probes for telomeres and centromeres. The technique is robust, reliable,
and reproducible [6,15]. With this approach, we have previously shown that telomeres
in cells of patients with certain genetic syndromes were significantly shorter than those
in cells of healthy controls of similar age [26]. Furthermore, the frequencies of patient
cells with drastic telomere shortening were much higher compared with cells of healthy
controls [6]. In the patient cells, we also found higher rates of telomere aberrations resulting
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in augmented telomere shortening, possibly leading to the progression of chromosome
instability [27,28].

In the present study, we have applied our approach as a proof of principle in a clinical
setting to assess telomere dysfunction in a six-month-old boy presenting with an unbal-
anced translocation. We wished to validate not only the additional benefits of investigating
telomere dysfunction in postnatal diagnostic workups in clinical genetics but also the feasi-
bility of combining such an analysis with the identification of chromosomal aberrations.

Conventional R-banding and chromosome painting of metaphases of the proband’s
cells identified an unbalanced translocation der(9)t(9;11)(p24;q22.3) with a unique break-
point involving the repeated telomere sequences region of the short arm of chromosome 9.
The subtelomere region had been preserved in chromosome 9 with an absence of only
telomere repeated sequences in the breakpoint, thus suggesting that this aberration is
related to telomere deletion. Moreover, genomic analysis using SNP arrays revealed the
presence of a partial trisomy 11q22.3q25 encompassing a 26.7 Mb duplication.

The karyotypes of both parents were normal. However, quantitative analysis of cells
of the father revealed telomere shortening and high rates of telomere loss. Although the
telomere lengths of the mother were comparable to those of healthy donors of similar age,
a high frequency of telomere doublets was found in her circulating lymphocytes and also
in those of the father, although at lower frequencies.

Remarkably, a detailed analysis of telomere aberrations in individual chromosomes of
the proband and his parents showed that the higher rate of both telomere loss and deletion
in cells of the father and of the mother occurred on chromosomes 9 and 11, i.e., those two
chromosomes implicated in the translocation in the proband. Therefore, an association
between a particular telomere fragility observed on chromosomes 9 and 11 in the mother
and telomere loss in the same chromosomes in the father may constitute an increased
risk of a translocation event. In addition, the high rate of micronucleus formation and
non-clonal aberrations in the circulating lymphocytes of the father emphasizes the central
role of telomere dysfunction in the progression of chromosomal instability [29].

We hypothesize that loss of telomere functionality in chromosomes 9 and 11 allows
chromosome end-to-end fusion and subsequent activation of breakage/fusion/bridge
(B/E/B) cycles that will be repeated for several cell divisions. Ultimately, these events
result in DNA duplications and unbalanced chromosomal rearrangements. A schematic
representation of our hypothesis on the formation of the duplication and the unbalanced
translocation in the proband after the loss of telomeres is outlined in Figure 8.

Our findings are in accordance with previously published data and support the notion
that high rates of formation of micronuclei [30,31] as well as of non-clonal aberrations such
as dicentric chromosomes are superior biomarkers of chromosomal instability in patients
with genetic disorders and in their parents with no clinical symptoms. Our study extends
our insights into the origin of this kind of genomic instability.

To our knowledge, this is the first study reporting a putative causal association be-
tween telomere instability in parents and the formation of a specific de novo chromosome
aberration in their offspring.

However, these novel findings also call for a need for further analyses of the role of
telomere dysfunction in our understanding of the origin of prenatal (post-conception) chro-
mosome aberrations. The introduction of these analyses in the clinical setting is warranted
for the follow-up of chromosomal anomalies found in parents and their newborns.



Genes 2022, 13,1762

10 of 12

@® Centromere

LI IR W0

l Telomere loss

§ lelomere NN S T i

§ Sub-telomere

l Replication (S-phase)
QNI e
l Fusion of incomplete chromatide
ORI IR N
L0 I
Bridge (formation of dicentric )

QR T T MATMT ST WA ! 1 [ (@ 100

Breakage

v l
LTINS 0 ! [ WU [ N0
Cell Division
QLI IS N0 1 1] —> NNRNT [ TN A 109 '

Inversionand Micronucleus
¥ acquisition of telomere

AL NN 1 09

Figure 8. Schematic representation of a possible mechanism implicated in the formation of the
chromosomal aberration observed in the proband. The breakage/fusion/bridge cycles are initiated
after telomere loss. Chromosome 9 is depicted in blue, and chromosome 11 in green. See text
for details.

5. Conclusions

The main result of our study is the identification of telomere instability in parents with
normal karyotypes and the implication of this telomere instability in the formation of a
chromosomal rearrangement in their offspring.

Our findings strongly suggest that telomere instability in parents may play a causal
role in the formation of chromosomal aberrations and in the progression of chromosomal
instability of their offspring. Further analysis will be needed to validate this hypothesis.
Genomic analysis of this region of chromosome 11 (11q22.3) could shed light on the
possible mechanisms.

Collectively, this data and our previous findings [6,21,32,33] underscore the need
for further investigations on telomeres and their putative association to chromosomal
aberrations in the clinical genetics setting. We also propose that telomere analysis (length
and aberrations) be included in future prenatal diagnosis as a routine procedure in the
establishment of karyotypes. For these investigations, the agreement on a standard cut-off
of telomere aberrations and the generation of a database of telomere lengths and aberrations
are mandatory.

Author Contributions: Conceptualization, R.M. and E.J.; methodology, RM., E.J., M.M. and B.C.;
software, B.C.; validation, M.M., E.J., P-YM. and S.S.; formal analysis, W.N., M.A. and M.B.; investi-
gation, C.B. and N.O.; resources, A.P,, L.H., A.D. and A.B.-G.; data curation, B.C. and W.N.; writing,
RM,, EJ,, SS. and P.V,; writing—review and editing, R.M., P.C. and S.J. All authors have read and
agreed to the published version of the manuscript.



Genes 2022, 13, 1762 11 of 12

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the declaration
of Helsinki with informed consent of the patients. The collection of blood samples from healthy
donors was approved by the Ethics Committee of Gustave Roussy Cancer Campus, University
Paris Saclay (approval number 97-06). Written informed consent was obtained from healthy donors
and patients.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

Balasubramanian, M.; Barber, ].C.; Collinson, M.N.; Huang, S.; Maloney, V.K.; Bunyan, D.; Foulds, N. Inverted duplication of
1g32.1 to 1q44 characterized by array CGH and review of distal 1q partial trisomy. Am. ]. Med. Genet. A 2009, 149, 793-797.
[CrossRef] [PubMed]

Barber, ].C K. Reassignment of HMX1 indicates copy number variation within 4p16.1 may be an alternative cause of oculoauricular
phenotypes. Am. |. Med. Genet. A 2018, 176, 2034-2036. [CrossRef] [PubMed]

Kirk, B.; Kharbanda, M.; Bateman, M.S.; Hunt, D.; Taylor, E.J.; Collins, A.L.; Bunyan, D.J.; Collinson, M.N.; Russell, L.M,;
Bowell, S.; et al. Directly Transmitted 12.3-Mb Deletion with a Consistent Phenotype in the Variable 11q21q22.3 Region. Cytogenet.
Genome Res. 2020, 160, 185-192. [CrossRef] [PubMed]

Becker, K.; Di Donato, N.; Holder-Espinasse, M.; Andrieux, J.; Cuisset, ].M.; Vallée, L.; Plessis, G.; Jean, N.; Delobel, B.;
Thuresson, A.C.; et al. De novo microdeletions of chromosome 6q14.1-q14.3 and 6q12.1-q14.1 in two patients with intellectual
disability—Further delineation of the 6q14 microdeletion syndrome and review of the literature. Eur. J. Med. Genet. 2012, 55,
490-497. [CrossRef]

Lord, J.; McMullan, D.J.; Eberhardt, R.Y.; Rinck, G.; Hamilton, S.J.; Quinlan-Jones, E.; Prigmore, E.; Keelagher, R.; Best, S.K,;
Carey, G.K,; et al. Prenatal exome sequencing analysis in fetal structural anomalies detected by ultrasonography (PAGE): A
cohort study. Lancet 2019, 393, 747-757. [CrossRef]

M’Kacher, R.; Colicchio, B.; Borie, C.; Junker, S.; Marquet, V.; Heidingsfelder, L.; Soehnlen, K.; Najar, W.; Hempel, WM,;
Oudrhiri, N.; et al. Telomere and Centromere Staining Followed by M-FISH Improves Diagnosis of Chromosomal Instability and
Its Clinical Utility. Genes 2020, 11, 475. [CrossRef]

Murnane, J.P. Telomere loss as a mechanism for chromosome instability in human cancer. Cancer Res. 2010, 70, 4255-4259.
[CrossRef]

Blasco, M.A. Telomeres and human disease: Ageing, cancer and beyond. Nat. Rev. Genet. 2005, 6, 611-622. [CrossRef]
Whittemore, K.; Vera, E.; Martinez-Nevado, E.; Sanpera, C.; Blasco, M.A. Telomere shortening rate predicts species life span.
Proc. Natl. Acad. Sci. USA 2019, 116, 15122-15127. [CrossRef]

Vera, E.; de Jesus, B.B.; Foronda, M.; Flores, ].M.; Blasco, M.A. The rate of increase of short telomeres predicts longevity in
mammals. Cell Rep. 2012, 2, 732-737. [CrossRef]

Burbano, ].5.M.; Gilson, E. Long-lived post-mitotic cell aging: Is a telomere clock at play? Mech. Ageing Dev. 2020, 189, 111256.
[CrossRef] [PubMed]

Lin, J.; Epel, E. Stress and telomere shortening: Insights from cellular mechanisms. Ageing Res. Rev. 2022, 73, 101507. [CrossRef]
[PubMed]

Guérin, M.T.; Marcand, S. Breakage in breakage-fusion-bridge cycle: An 80-year-old mystery. Trends Genet. 2022, 38, 641-645.
[CrossRef] [PubMed]

Gascoigne, E.K.; Cheeseman, L M. Induced dicentric chromosome formation promotes genomic rearrangements and tumorigenesis.
Chromosome Res. 2013, 21, 407—418. [CrossRef] [PubMed]

M’kacher, R.; Bennaceur-Griscelli, A.; Girinsky, T.; Koscielny, S.; Delhommeau, F.; Dossou, J.; Violot, D.; Leclercq, E.; Courtier, M.H.;
Béron-Gaillard, N.; et al. Telomere shortening and associated chromosomal instability in peripheral blood lymphocytes of patients
with Hodgkin’s lymphoma prior to any treatment are predictive of second cancers. Int. J. Radiat. Oncol. Biol. Phys. 2007, 68,
465-471. [CrossRef]

Aguado, J.; d’Adda di Fagagna, F.; Wolvetang, E. Telomere transcription in ageing. Ageing Res. Rev. 2020, 62, 101115. [CrossRef]
Nassour, J.; Radford, R.; Correia, A.; Fusté, ].M.; Schoell, B.; Jauch, A.; Shaw, R.J.; Karlseder, J. Autophagic cell death restricts
chromosomal instability during replicative crisis. Nature 2019, 565, 659—-663. [CrossRef]

Picca, A.; Guerra, F,; Calvani, R. Mitochondrial Dysfunction and Aging: Insights from the Analysis of Extracellular Vesicles. Int. ].
Mol. Sci. 2019, 20, 805. [CrossRef]

Alleva, B.; Smolikove, S. Moving and stopping: Regulation of chromosome movement to promote meiotic chromosome pairing
and synapsis. Nucleus 2017, 8, 613-624. [CrossRef]

Pucci, E; Gardano, L.; Harrington, L. Short telomeres in ESCs lead to unstable differentiation. Cell Stem Cell 2013, 12, 479-486.
[CrossRef]


http://doi.org/10.1002/ajmg.a.32463
http://www.ncbi.nlm.nih.gov/pubmed/19248177
http://doi.org/10.1002/ajmg.a.40385
http://www.ncbi.nlm.nih.gov/pubmed/30055074
http://doi.org/10.1159/000507409
http://www.ncbi.nlm.nih.gov/pubmed/32316019
http://doi.org/10.1016/j.ejmg.2012.03.003
http://doi.org/10.1016/S0140-6736(18)31940-8
http://doi.org/10.3390/genes11050475
http://doi.org/10.1158/0008-5472.CAN-09-4357
http://doi.org/10.1038/nrg1656
http://doi.org/10.1073/pnas.1902452116
http://doi.org/10.1016/j.celrep.2012.08.023
http://doi.org/10.1016/j.mad.2020.111256
http://www.ncbi.nlm.nih.gov/pubmed/32380018
http://doi.org/10.1016/j.arr.2021.101507
http://www.ncbi.nlm.nih.gov/pubmed/34736994
http://doi.org/10.1016/j.tig.2022.03.008
http://www.ncbi.nlm.nih.gov/pubmed/35397934
http://doi.org/10.1007/s10577-013-9368-6
http://www.ncbi.nlm.nih.gov/pubmed/23793898
http://doi.org/10.1016/j.ijrobp.2007.01.050
http://doi.org/10.1016/j.arr.2020.101115
http://doi.org/10.1038/s41586-019-0885-0
http://doi.org/10.3390/ijms20040805
http://doi.org/10.1080/19491034.2017.1358329
http://doi.org/10.1016/j.stem.2013.01.018

Genes 2022, 13, 1762 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

M’kacher, R.; Colicchio, B.; Marquet, V.; Borie, C.; Najar, W.; Hempel, W.M.; Heidingsfelder, L.; Oudrhiri, N.; Al Jawhari, M.;
Wilhelm-Murer, N.; et al. Telomere aberrations, including telomere loss, doublets, and extreme shortening, are increased in
patients with infertility. Fertil. Steril. 2021, 115, 164-173. [CrossRef] [PubMed]

Bhaumik, P,; Bhattacharya, M.; Ghosh, P.; Ghosh, S.; Dey, S.K. Telomere length analysis in Down syndrome birth. Mech. Ageing Dev.
2017, 164, 20-26. [CrossRef] [PubMed]

Ghosh, S.; Feingold, E.; Chakraborty, S.; Dey, S.K. Telomere length is associated with types of chromosome 21 nondisjunction: A
new insight into the maternal age effect on Down syndrome birth. Hum. Genet. 2010, 127, 403—-409. [CrossRef]

Jackson-Cook, C. A hypothesis: Could telomere length and/or epigenetic alterations contribute to infertility in females with
Turner syndrome? Am. . Med. Genet. C Semin. Med. Genet. 2019, 181, 108-116. [CrossRef] [PubMed]

Kveiborg, M.; Gravholt, C.H.; Kassem, M. Evidence of a normal mean telomere fragment length in patients with Ullrich-Turner
syndrome. Eur. ]. Hum. Genet. 2001, 9, 877-879. [CrossRef] [PubMed]

M’Kacher, R.; Jaillet, M.; Colicchio, B. Lung Fibroblasts from Idiopathic Pulmonary Fibrosis Patients Harbor Short and Unstable
Telomeres Leading to Chromosomal Instability. Biomedecines 2022, 10, 310. [CrossRef] [PubMed]

Ittel, A.; Gervais, C.; Galoisy, A.C.; M'Kacher, R.; Mauvieux, L.; Fornecker, L.M. Triradial and quadriradial chromosomes detected
in a case of B-cell prolymphocytic leukaemia. Br. |. Haematol. 2017, 179, 704. [CrossRef] [PubMed]

Cuceu, C.; Colicchio, B.; Jeandidier, E. Independent Mechanisms Lead to Genomic Instability in Hodgkin Lymphoma: Microsatel-
lite or Chromosomal Instability. Cancers 2018, 10, 233. [CrossRef]

Fenech, M. Cytokinesis-Block Micronucleus Cytome Assay Evolution into a More Comprehensive Method to Measure Chromoso-
mal Instability. Genes 2020, 11, 1203. [CrossRef]

Fenech, M.; Kirsch-Volders, M.; Natarajan, A.T.; Surralles, J.; Crott, ].W.; Parry, J.; Norppa, H.; Eastmond, D.A.; Tucker, ].D.;
Thomas, P. Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear bud formation in mammalian and human
cells. Mutagenesis 2011, 26, 125-132. [CrossRef]

Pampalona, J.; Soler, D.; Genesca, A.; Tusell, L. Whole chromosome loss is promoted by telomere dysfunction in primary cells.
Genes Chromosomes Cancer 2010, 49, 368-378. [CrossRef] [PubMed]

M’kacher, R.; Girinsky, T.; Colicchio, B.; Ricoul, M.; Dieterlen, A.; Jeandidier, E.; Heidingsfelder, L.; Cuceu, C.; Shim, G,;
Frenzel, M.; et al. Telomere shortening: A new prognostic factor for cardiovascular disease post-radiation exposure. Radiat. Prot.
Dosim. 2015, 164, 134-137. [CrossRef] [PubMed]

Oudprhiri, N.; M’kacher., R.; Chaker., D.; Colicchio, B.; Borie, C.; Jeandidier, E.; Dieterlen, A.; Griscelli, F.; Bennaceur-Griscelli, A.;
Turhan, A.G. Patient-Derived iPSCs Reveal Evidence of Telomere Instability and DNA Repair Deficiency in Coats Plus Syndrome.
Genes 2022, 13, 1395. [CrossRef] [PubMed]


http://doi.org/10.1016/j.fertnstert.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/33272625
http://doi.org/10.1016/j.mad.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28327364
http://doi.org/10.1007/s00439-009-0785-8
http://doi.org/10.1002/ajmg.c.31684
http://www.ncbi.nlm.nih.gov/pubmed/30741474
http://doi.org/10.1038/sj.ejhg.5200722
http://www.ncbi.nlm.nih.gov/pubmed/11781707
http://doi.org/10.3390/biomedicines10020310
http://www.ncbi.nlm.nih.gov/pubmed/35203522
http://doi.org/10.1111/bjh.14895
http://www.ncbi.nlm.nih.gov/pubmed/28832954
http://doi.org/10.3390/cancers10070233
http://doi.org/10.3390/genes11101203
http://doi.org/10.1093/mutage/geq052
http://doi.org/10.1002/gcc.20749
http://www.ncbi.nlm.nih.gov/pubmed/20088004
http://doi.org/10.1093/rpd/ncu296
http://www.ncbi.nlm.nih.gov/pubmed/25274533
http://doi.org/10.3390/genes13081395
http://www.ncbi.nlm.nih.gov/pubmed/36011306

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Molecular Genetics 
	Preparation of Metaphase Spreads 
	Cytogenetics Investigation 
	Quantification of Telomere Length and Assessment of Telomere Aberrations 


	Results 
	Case Presentation 
	Telomere Analysis 
	Correlation between Telomere Instability and the Formation of Chromosomal Rearrangements 

	Discussion 
	Conclusions 
	References

