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A B S T R A C T

By definition, telomeric sequences are located at the very ends or terminal regions of chromosomes.
However, several vertebrate species show blocks of (TTAGGG)n repeats present in non-terminal regions
of chromosomes, the so-called interstitial telomeric sequences (ITSs), interstitial telomeric repeats or
interstitial telomeric bands, which include those intrachromosomal telomeric-like repeats located near
(pericentromeric ITSs) or within the centromere (centromeric ITSs) and those telomeric repeats located
between the centromere and the telomere (i.e., truly interstitial telomeric sequences) of eukaryotic
chromosomes. According with their sequence organization, localization and flanking sequences, ITSs can
be classified into four types: 1) short ITSs, 2) subtelomeric ITSs, 3) fusion ITSs, and 4) heterochromatic
ITSs. The first three types have been described mainly in the human genome, whereas heterochromatic
ITSs have been found in several vertebrate species but not in humans.
Several lines of evidence suggest that ITSs play a significant role in genome instability and evolution.

This review aims to summarize our current knowledge about the origin, function, instability and
evolution of these telomeric-like repeats in vertebrate chromosomes.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction. What are interstitial telomeric sequences?

1.1. Telomeres

Telomeres are specialized nucleoproteic complexes localized at
the physical ends of linear eukaryotic chromosomes that maintain
their stability and integrity [1]. They provide a protective “cap” for
chromosomal DNA against illegitimate recombination, exonucleo-
lytic attack and degradation, and oxidative damage [1,2]. In all
vertebrates, the DNA component of telomeres consists of extended
arrays of the TTAGGG hexamer [3,4]. Interestingly, this “vertebrate”
telomere motif was also found in most Metazoa (except nematodes
and arthropods) and in the unicellular metazoan sister group
Choanozoa (see [5] for review). Telomeric DNA is bound by a
specialized multiprotein complex known as shelterin, constituted
by six proteins (POT1, TPP1. TIN2, TRF1, TRF2 and RAP1) and their
variants (for example, mice have two forms of POT1, POT1a and
POT1b) [1,6]. Besides telomeric repeats and shelterin, telomeres
also comprise (UUAGGG)n-containing RNA molecules (telomeric
repeat containing RNA or TERRA), a novel class of RNA transcribed
from the subtelomere towards the telomere which plays critical
roles in telomere biology, such as heterochromatin formation at
chromosome ends and regulation of telomerase activity [7–11].
Spontaneous or induced telomere shortening is usually prevented
by telomerase, a reverse transcriptase which adds telomeric
repeats to the chromosome ends, thus elongating telomeres [1,12–
14]. Telomerase activity is usually inactive in somatic cells, so
telomere shortens with each cell division, but it is active in
germline cells, stem cells, immortalized cell lines, activated
lymphocytes, and most of the tumor cells analyzed so far [14].
Alternatively, telomere elongation can occur in the absence of
telomerase through the so-called ALT (for ‘Alternative Lengthening
of Telomeres’) mechanism, which involves homologous recombi-
nation between telomeres and has been described in several tumor
cells and immortalized cell lines [14–17]. Interestingly, telomerase
and ALT mechanisms of telomere elongation coexist in some
human tumor cells [14].

1.2. Interstitial telomeric sequences

By definition, telomeric sequences are located at the very ends
or terminal regions of chromosomes. However, several vertebrate
species show blocks of (TTAGGG)n repeats present in non-terminal
regions of chromosomes, the so-called interstitial telomeric
sequences (ITSs), interstitial telomeric repeats or interstitial
telomeric bands, which include those intrachromosomal telo-
meric-like repeats located near (pericentromeric ITSs) or within
the centromere (centromeric ITSs) and those telomeric repeats
located between the centromere and the telomere (i.e., truly
interstitial telomeric sequences) of eukaryotic chromosomes [18–
20] (Fig. 1). The presence of ITSs has been assumed to be the result
of tandem chromosome fusions (telomere–telomere fusions)
during evolution or the insertion of telomeric DNA within unstable
sites during the repair of DNA double-strand breaks (DSBs)
[4,18,19,21]. We will consider the origin and evolution of ITSs in
detail in sections 3 and 4 of this review.

1.3. Relationship between ITSs and true telomeres

It has been shown that ITSs do not represent a functional
telomere [4]. The only exception reported so far is represented by
an Indian Muntjac cell line, where in a small percentage of cells
ITSs get amplified and chromosomes fall apart into many small
fragments with functional telomeres on most chromosome ends
[22]. Moreover, unlike terminal telomeric sequences (i.e., true
telomeres), ITSs seem not to be directly associated with the nuclear
matrix [23]. Nevertheless, ITSs can interact with telomeres, as
demonstrated by the recent discovery of structures named
“interstitial telomere loops” or ITLs. These ITLs are chromo-
some-end structures which result from the interaction of
telomeres and ITSs, and are dependent on the telomere-repeat
binding factor 2 (TRF2, from the shelterin complex) and lamin A/C
(a canonical component of the nucleoskeleton) [24,25]. This
structure has important implications in organismal aging, telo-
mere and genome stability, regulation of gene expression and
chromosome condensation [25].

1.4. ITSs detection

ITSs are usually detected at the chromosome level by using
Fluorescence in situ hibridization (FISH) with a DNA or PNA
(Peptide Nucleic Acid) telomeric probe or the primed in situ
labeling (PRINS) technique, but for most short ITSs (<100 bp)
molecular methods such as Southern blot or pulsed field gel
electrophoresis (PFGE) are necessary to detect these sequences and
to determine the exact co-localization of ITSs and the associated
breakage or recombination sites. Only a few short ITSs can be
detected by FISH or PRINS, due to the relatively low sensitivity of
these techniques (about 1 kb, being PRINS more sensitive than
FISH) [26,27]. It is important to note that when we refer to ITSs, we



Fig. 1. Examples of ITSs. Patterns of hybridization of (TTAGGG)n repeats in a
metaphase spread from a Chinese hamster ovary (CHO) cell after FISH with a
telomeric probe. Note the presence of telomeric signals at the centromeric regions
of all chromosomes (heterochromatic centromeric ITSs) (white arrows) except the
largest pairs, one interstitial signal in the long arm of chromosome 4 (i.e., truly
interstitial ITSs) (yellow arrow), and terminal signals (true telomere) (red arrow) at
one of the ends of a small metacentric chromosome.
(modified from [132])
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refer to a block of telomeric repeats, not a single TTAGGG repeat,
since ITSs sites contain several TTAGGG repeats (even in the case of
short ITSs). Thus, when using FISH or PRINS for chromosomal
detection of ITSs, each fluorescent signal means a block of ITSs, not
a single ITS or TTAGGG repeat. Moreover, specific chromosome
regions containing ITSs are named “ITSs sites”. Each ITSs site
contains several TTAGGG repeats. Since methods for detection and
quantification of ITSs have been described and discussed in detail
elsewhere [18,20,28], they will not be considered in the present
review.

1.5. ITSs could represent a significant part of telomeric DNA in
vertebrates

Even if the extent to which ITSs vary between individuals and
among different species of vertebrates is almost completely
unknown, a recent study in passerine birds showed that ITSs
constitute 15–45% of total telomeric DNA [29]. This finding
suggests that ITSs could represent a significant part of the
telomeric DNA in several vertebrate species. Given that the
presence of ITSs in vertebrate chromosomes �particularly in their
centromeric or pericentromeric regions- is a rather widespread
phenomenon (see next sections for details), the study of these
sequences is of great interest. Therefore, in this review we will
summarize our current knowledge about the origin, function,
Table 1
Types of ITSs found in vertebrate cells (see Section 2 of this review for details).

Type of ITSs Characteristics

Short Few exact telomeric repeats (usually less than 100 bp long) tand
(see Fig. 2 of this review for details).

Subtelomeric Head-to-tail tandem arrays containing several hundreds of bp o
chromosomes.

Fusion Head-to-head blocks of telomeric repeats flanked by subtelome
Heterochromatic Large blocks of telomeric-like sequences, spanning several hund
instability and evolution of ITSs. It is important for the reader to
bear in mind that this review will focus on ITSs only in vertebrate
cells. We will consider in detail several aspects related to ITSs,
including types, structure, organization, instability, function, and
evolutionary origin of these telomeric-like repeats.

2. Types, structure and organizatian of ITSs

ITSs can be classified into four different types or classes,
according to their sequence organization, localization and flanking
sequences: short, subtelomeric, fusion, and heterochromatic ITSs
[18,30] (Table 1). The first three have been identified in the human
genome.

2.1. Classes of ITSs found mainly in the human genome

2.1.1. Short ITSs
These ITSs comprise few exact telomeric TTAGGG repeats,

usually up to 20 hexamers (i.e., 120 bp, although most human short
ITSs are less than 100 bp long) tandemly oriented [21,30,31]. Short
ITSs are present at over 50 loci in human chromosomes (for
example, 21q22, 2q31 and 7q36) [27,30,32] and on mitotic
chromosomes of the Chinese hamster [33]. They have also been
found in other primates and rodents like mouse, chimpanzee,
gorilla and rat [19,27,30–32,34,35]. Short ITSs can be divided into
five subclasses based upon their flanking sequences [30] (Fig. 2): in
class A, the telomeric array is flanked by the same repetitive
element on both sides, such as short interspersed nuclear element
(SINE), long terminal repeat (LTR) or long interspersed element
(LINE); in class B, the telomeric array is flanked by the same direct
repeat on both sides; in class C, the telomeric array is flanked by
unique sequences; in class D, the telomeric array is flanked by
transposable elements on one side (i.e., interrupts a transposable
element) and unique sequences on the other side, and in class E,
the telomeric array is inserted at the junction between two
different repetitive elements.

2.1.2. Subtelomeric ITSs
These ITSs are present on all human chromosome ends and are

composed of head-to-tail tandem arrays containing several
hundreds of base pairs of exact and degenerate tandem repeats
(which differ from the canonical TTAGGG sequence by one or more
base substitutions or small indels) inserted into subtelomeric
domains. Subtelomeric ITSs are polymorphic and unstable
sequences, and have been observed to be associated with telomeric
proteins and can even contain genes. ITSs were isolated from the
subtelomeric region of human chromosomes 4p, 6p, 16p, 20p, 22q,
and Xq [21,30,31].

2.1.3. Fusion ITSs
These ITSs are composed of head-to-head blocks of TTAGGG

repeats flanked by subtelomeric sequences, that originated from
end fusions of ancestral chromosomes [30,32]. They are very rare
in the human genome: the telomeric-like sequences in 2q13 and
1q41 represent the only fusion ITSs so far characterized in the
emly oriented. Comprise five subclases, depending on their flanking sequences

f exact and degenerative tandem repeats inserted into subtelomeric regions of

ric low copy repeats, originated from end fusions of ancestral chromosomes.
reds of kb, usually found at the centromeric regions of chromosomes.



Fig. 2. Schematic representation of the different types of short ITSs found in
vertebrate cells (see Section 2.1 of this review for details). Short ITSs can be divided
into five subclasses based upon their flanking sequences: in class A, the telomeric
array is flanked by the same repetitive element on both sides (green boxes); in class
B, the telomeric array is flanked by the same direct repeat (blue arrows) on both
sides; in class C, the telomeric array is flanked by unique sequences (grey boxes); in
class D, the telomeric array is flanked by transposable elements on one side (green
box) and unique sequences from the other side (grey box), and in class E, the
telomeric array is inserted at the junction between two different repetitive
elements (green and yellow boxes). Red boxes represent blocks of telomeric repeats,
comprising each one several units of the hexamer TTAGGG (usually up to 20
hexamers).
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human genome [18,30,32]. Fusion ITSs were also found in the
Indian muntjac [36], but in this case, the fusion sites contain
telomeric repeats immediately adjacent to satellite I (a class of
Cervidae-specific centromeric satellite sequence), suggesting that
ITSs played a role in the fusion event [36,37].

2.2. Heterocromatic ITSs

Besides the above types of ITSs, a fourth class of ITSs, named
heterochromatic ITSs, which comprise large blocks of telomeric-
like sequences (spanning several hundreds of kb) usually located
within or at the margin of constitutive heterochromatin, has been
found in several species of vertebrates other than human [4,18,19].
Due to its predominant location in the chromosomes, this type of
ITSs has also been named “pericentromeric” or “centromeric” ITSs
[18]. However, the term “heterochromatic” is more appropriated,
since this type of ITSs can be also located in non-centromeric or
truly interstitial regions of vertebrate chromosomes
[4,19,34,35,38–42] or distributed along an entire chromosome
arm (as is the case of several chromosomes of the hamsters
Phodopus sp. [40]), or even an entire (micro)chromosome, like in
some birds [43]. The existence of heterochromatic ITSs at the
pericentromeric regions of vertebrate chromosomes has been
recently demonstrated by FISH in the Mongolian gerbil (Meriones
unguiculatus) [44], where FISH signals corresponding to ITSs
included a wider area than the centromere (detected by
anticentromere antibodies). In Chinese hamster (Cricetulus griseus)
chromosomes, heterochromatic ITSs is organized as extended
uninterrupted arrays of telomeric repeats, without restriction
enzyme sites, being the telomeric sequences in the middle of two
blocks of satellite DNA [45]. These ITSs localize at pericentromeric
regions and associate with nucleosomes that have a shorter repeat
length than bulk chromatin [46]. Therefore, a sequence-driven
telomeric chromatin organization has been proposed [46]. Gámez-
Arjona et al. [47] proposed that the short nucleosomal organization
of higher eukaryotes telomeres and hamster ITSs could be
explained by the presence of specific proteins or chromatin
features that could lead to compaction of nucleosomes, which
might require the presence of perfect telomeric repeat arrays.
However, this is not always the case. In arvicoline rodents, a co-
distribution of heterochromatic ITSs and the satellite DNA Msat-
160 (another repeat located in the pericentromeric regions of
chromosomes) has been found, in which both repeats occupe
adjacent regions in some chromosomes, with a variable over-
lapping region in some of them [34]. In addition, it has been shown
that some telomeric proteins, such as TRF1, TRF2 and RAP1 can also
locate to ITSs [48–52], suggesting a role of the shelterin complex in
the organization and functioning of heterochromatic ITSs (see
Section 5.3 of the present review for details). One of the best
studied ITSs are those ones from the Chinese hamster (Cricetulus
griseus). In this species, heterochromatic ITSs comprise 250–500 kb
of DNA on each chromosome, constitutes the major component of
satellite DNA, and represents about 5% of the genome [53].
Accordingly, Chinese hamster cell lines (like CHO or CHE) usually
contain a high proportion of ITSs, easily visualized using FISH with
a telomeric probe [54,55]

2.3. ITSs identifiable by cytogenetic methods in vertebrate
chromosomes

Despite the above classification, using a cytogenetic approach
(i.e., telomere FISH or PRINS), two kinds of ITSs can be usually
identified in vertebrate chromosomes: heterochromatic ITSs (seen
as strong signals after telomere FISH or PRINS), and short ITSs (of
about 1 Kb of size and seen as faint signals after telomere FISH or
PRINS, depending on the sequence copy number of the ITSs)
[19,30,32,34,35,40–42]. Large ITSs blocks, either pericentromeric
or non-centromeric ones, are very likely the result of repeated
events of telomeric repeats amplification [34,40]. We will consider
this and other issues concerning the evolutionary origin of ITSs in
the next section of this review.

3. Evolutionary origin of ITSs

3.1. Evolutionary origin of heterochromatic ITSs

End-to-end joining of two telomeres can lead to the formation
of a block of ITSs (heterochromatic ITSs), like the one observed in
several chromosomes of many vertebrate species [4]. In some
cases, these ITSs may undergo amplification, leading to large
blocks of heterochromatic ITSs within the pericentromeric or
centromeric regions of chromosomes [4]. Moreover, deletion or
translocation of ITSs is also possible, leading to the absence of ITSs
in one of several branches derived from the same ancestor [56] or
the transposition of ITSs into euchromatic locations (i.e., truly ITSs)
[38,39–42], respectively. Fusion ITSs, like those found at 1q41 and
2q13 in the human genome, are supposed to be also originated by
telomere–telomere fusion of ancestral chromosomes [30,32].

Concerning the evolutionary origin of heterochromatic ITSs,
Ruiz-Herrera et al. [19] proposed several years ago a four-step
mechanism to explain the presence of this kind of ITSs in
vertebrate chromosomes, which is in line with the “centromere-
from-telomere” hypothesis by Villasante et al. [57] and the notion
of “chromosome plasticity” (which refers to the transforming
potential of the chromosome material in which its functional
elements, i.e., centromeres and telomeres, are the key players,
giving rise to species-specific karyotypes; see [58] for an update):
(1) initial fusion events telomere–telomere fusions of ancestral
chromosomes during evolution, giving rise to ITSs, located mainly
at the pericentromeric regions of chromosomes derived from
Robertsonian (Rb) fusions, (a chromosome rearrangement involv-
ing centric fusion of two acro- or telocentric chromosomes to form
a single metacentric), (2) amplification of (TTAGGG)n repeats
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present in the ancestral karyotypes (through mechanisms such as
unequal crossing-over or DNA polymerase slippage and gene
conversion; see Section 6.1 of this review for details), (3)
subsequent reorganization of chromosomes (inversions, transloca-
tions and tandem fusions) and further redistribution of ITSs to
internal parts of the genome (alternatively, small-scale reorgan-
izations and point mutations would cause progressive degenera-
tion of the original telomeric array) and (4) breakage/fission
(chromosome rupture in which the presence of telomeric repeats
at the breakpoints would provide the substrate for a new stable
telomere, or a chromosome fission event leading to the generation
of new acrocentric chromosomes). This last step in the mechanism
of origin of heterochromatic ITSs proposed by Ruiz-Herrera et al.
[19], is supported by several studies showing that ITSs are naturally
prone to breakage [52,58–61] and is in line with the notion of
chromosome plasticity, particularly centric fission [58]. In this
context, the presence of heterochromatic ITSs in vertebrate
chromosomes is explained by assuming that ITSs represent
remnants of structural chromosome rearrangements that occurred
during karyotypic evolution, such as Robertsonian (Rb)-like
fusions, tandem chromosome fusions or pericentric inversions
[34,40,42,62–65]. Published data suggest that tandem chromo-
some fusions mostly involve telocentric chromosomes [36,43,66–
68].

3.2. Sometimes heterochromatic ITSs are just a component of
centromeric satellite DNA

Despite the above considerations, several studies have shown
that, in some cases, the presence of centromeric ITSs in vertebrate
chromosomes simply reflects the fact that these telomeric
sequences are a component of the centromeric satellite DNA
[34,35,42,69–74]. In fact, ITSs represent a primordial component of
the repetitive DNA in cetaceans, fishes and rodents [34,45,75–78]
and constitutes a major motif of repetitive DNA in some species of
other vertebrate groups, like amphibians (frogs) [72] and
marsupials (kangaroos and wallabies) [69,70]. In these cases, ITSs
are assumed to be the result of amplifications of telomeric repeats
that occurred independently during the chromosomal evolution of
species. Moreover, studies in cotton rats (Sigmodon sp.) and in
several species of fishes (from the Orders Anguilliformes,
Mugiliformes, Salmoniformes and Syngnathiformes) strongly
suggest that ITSs may also be the result of movement of
heterochromatin during chromosomal rearrangements or that
nucleolus organizer regions (NORs) played some role in the
formation of ITSs, since these telomeric sequences have been found
in the vicinity or within NORs sites of some chromosomes
[35,78,79].

3.3. Evolutionary origin of short and subtelomeric ITSs

Although it is widely accepted that the evolutionary origin of
both heterochromatic and fusion ITSs can be explained by
telomere–telomere fusions between ancestral chromosomes
during the evolution of organisms (with or without further
amplification, translocation or deletion of these telomeric
sequences), the evolutionary origin of other ITSs, especially short
ITSs is far from being solved. Several years ago, Ruiz-Herrera et al.
[19] proposed a model to explain the presence of short ITSs in the
genome of vertebrates which implies that these sequences are
originated by the insertion of telomeric repeats during the repair of
DSBs during evolution, with or without the intervention of
telomerase. Thus, telomerase-mediated repair of DSBs (“chromo-
some healing”) could lead to the appearance of ITSs, at least in the
chromosomes of rodents and primates [19,80]. In this view, the
short ITSs found in the chromosomes of vertebrates are considered
relics of ancient breakage within fragile sites rather than fragile
sites themselves [19,21,30]. Short ITSs may be inserted with (i.e.,
deletion, insertion or duplication) or without modification of the
flanking sequences [18,19,21,31] (we refer the reader to Fig. 4 in
[19] and Fig. 2 in [18] for details). As suggested by previous studies,
deletion of flanking sequences seems to be the most frequent
target site modification occurring during the insertion of short ITSs
in primates and rodents [21,27]. Moreover, the comparison of the
loci of 10 human ITSs with their genomic orthologs in 12 primate
species by Nergadze et al. [21] showed that short ITSs appeared
suddenly during primate evolution, not from the expansion of pre-
existing telomeric repeats, as is the case for other microsatellites.
These telomeric-like sequences were inserted in a pre-existing and
well conserved unrelated sequence [21].

Despite the above findings concerning the short ITSs insertion
events in primates and rodents, at present there is not sufficient
evidence that telomerase per se is capable to seed telomeric
repeats into genomic regions. In fact, Hanish et al. [81], examining
the requirements for telomere formation in human HeLa cells,
found that the size distribution and the total yield of telomerase
products did not correlate with the capacity of the telomeric
sequences to seed new telomeres in these cells. In other words,
neo-telomere formation did not correlate with the ability of
human telomerase to elongate telomeric sequences in vitro. Thus,
short ITSs in vertebrate chromosomes could have arisen by the
repair of DSBs but without the intervention of telomerase. Recent
evidence provided by studies about the Breakage-Induced-
Replication (BIR) [82–87] mechanism of DNA repair, and the
Targeted Telomere Insertion (TTI) mechanism of telomere main-
tenance [17], support this view.

The BIR mechanism, also known as recombination-dependent
DNA replication, has been extensively investigated in Escherichia
coli and its bacteriophages and in budding yeasts (see [87] for
review). BIR is one of the three major homology-dependent repair
pathways of DNA DSBs in yeast (the other ones are gene conversion
and single-strand annealing), and occurs when only one DSB end
shares homology with a donor sequence. Thus, BIR is responsible
for the repair of one-ended DSBs [87]. This mechanism is believed
to be responsible for restarting DNA replication at broken
replication forks and allows yeast telomeres to be maintained in
the absence of telomerase, resembling the ALT mechanism of
telomere maintenance that occurs in human cancer cells [87,88].
Moreover, studies in yeast demonstrated that both post-replication
repair (PRR) and homologous recombination (HR) pathways (like
BIR) are involved in the expansion of ITSs, thus contributing to ITSs
instability [84]. The rate of repeats expansion is determined by the
interplay between PRR and HR. Thus, BIR could explain length
polymorphism characteristic of ITSs in human cells [83]. In fact,
BIR, which originates non-reciprocal translocations or insertions,
was recently demonstrated in mammals [83]. It has been shown
that BIR is often interrupted soon after initiation, giving rise to
properly repaired DNA [85,86]. However, under some circum-
stances �such as the collapse of replication fork, changes in the
regulation of DNA replication or in the timing of DNA synthesis
initiation- BIR can be triggered, giving rise to genetic instability in
the form of trinucleotide repeats expansion and other mutations
such as translocations or copy-number variations [85,86] (Fig. 3A).

We know now that microhomology-mediated BIR or MM-BIR, a
BIR-like mechanism involving template switching at positions of
microhomology [90,91]] can elongate human telomeres, and that
BIR repair of damaged forks induces genomic duplications of up to
200 Kb in human cells [83], and can even be involved in disease
associated trinucleotide expansions [82,83,85,86]. Moreover, the
MMBIR model has been used to explain telomere healing in human
cells [92,93]. MMBIR-like events have been described in various
model systems, including mouse embryonic stem cells [94] and



Fig. 3. Possible origin of short and subtelomeric ITSs by Break-Induced-Replication (BIR) and Targeted Telomere Insertion (TTI) mechanisms (see Section 3.3 of this review for
further details). BIR is often interrupted after initiation, giving rise to a properly repaired DNA. However, under some circumstances, after a replication-fork stalling event, the
stalled fork may collapse, leading to the formation of a one-ended DSB, which initiates the BIR process, which involves strand invasion of the single-stranded 30 end (red line
with arrowhead). After BIR, repeat expansion occurs (A). Dashed lines represent new DNA synthesis (in this case, new interstitial telomeric repeats). Please note that this
Figure is a simplified representation of the BIR process. In TTI (B), extra-chromosomal telomeric DNA (resulting from a previous telomere recombination event, not shown in
the Figure) is inserted in a NR2C/F binding site during the repair of a DNA DSB. After the insertion, a new potential fragile site containing ITSs appears in the repaired
chromosome. Upon breakage of ITSs sites, intra- or inter-chromosomal rearrangements could appear. In B, a double-stranded DNA (belonging to an unreplicated
chromosome) is represented; red boxes represent blocks of TTAGGG repeats and grey boxes represent each one of the strands of chromosomal (non-telomeric) DNA.
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human cells [95,96]. According to current models [90,91], MMBIR
is initiated by DNA breakage generating a single DNA end, and
proceeds with multiple template switches at positions of micro-
homologies that could be as short as 1–3 bp, leading to varying
levels of amplification and rearrangements (see [97] for review).
Interestingly, studies in yeast showed that BIR can switch to
MMBIR, i.e., the collapse of classical BIR can lead to MMBIR [97].

It has been proposed more than a decade ago, that DNA
polymerase slippage can give rise to ITSs [89]. Thus, the
misalignment between template and primer strand during DNA
replication can lead to insertion or deletion of repeated units,
which results in the expansion or shortening of a block of ITSs, like
it happens with microsatellites. This process could explain the
formation of few (short) ITSs, like those located at 21q22, 2q31 and
7q36, and the subtelomeric ITSs found at 6pter in the human
genome [18,89]. However, the recent evidence reviewed above
favors BIR-like mechanisms (like MMBIR) instead of a DNA
polymerase slippage process to explain the insertion and expan-
sion of short ITSs in the vertebrate genome [82,87,89].

Besides BIR-like mechanisms, the abovementioned TTI mecha-
nism, recently described in ALT human cancer cells, could also
explain the evolutionary origin of ITSs in vertebrate cells [17]
(Fig. 3B). Previously, Londoño-Vallejo et al. [15] found that some
chromosomes of human cancer cells using the ALT mechanism of
telomere elongation exhibit interstitial telomeric signals after
Chromosome Orientation FISH (CO-FISH) with a telomeric probe.
The authors suggested that the presence of interstitial telomeric
repeats in ALT cells were probably the mark of past non-
homologous end-joining (NHEJ) events between two chromosome
ends still carrying telomeric repeats [15]. However, Marzec et al.
[17] showed recently that these ITSs (supposedly expanding
several kb pairs, since they could be detected by telomere FISH)
originate from the insertion of extra-chromosomal telomeric DNA
(a by-product of telomere recombination or telomere sister-
chromatid exchanges, characteristic of ALT cells) in broken
chromosomal sites. Since this mechanism of telomere-driven
genomic instability is different from the common breakage-fusion-
bridge (BFB) cycles mechanism, and is due to the activation of a
telomere maintenance mechanism, these authors named it
“targeted telomere insertion” (TTI) [17]. The chromosome regions
where telomeric repeats are inserted correspond to regions
regulated by orphan nuclear receptors of the NR2C/F classes,
which belong to the nuclear hormone receptor family of
transcription factors [17]. ITSs originated by this mechanism
generate potential common fragile sites, thus contributing to the
elevated genomic/chromosome instability found in ALT cells [17].
Upon breakage of ITSs sites, intra- (due to a chromosome break) or
inter-chromosomal (translocation or recombination between
chromosomes) rearrangements may arise [17]. Although TTI was
found in ALT human cells, we cannot ruled out the possibility that
this mechanism also occurs in another cell types in vertebrates.

In conclusion, even if the hypothesis of Ruiz-Herrera et al. that
the presence of short ITSs in the chromosomes of vertebrates could
be the result of the repair of DSBs during evolution could be valid,
present evidence suggests that short ITSs could be inserted in the
genome of vertebrates via DNA repair mechanisms (such as MMBIR
or TTI) but without involving the intervention of telomerase. These
mechanisms could explain the insertion of a few bp up to several
Kb pairs of telomeric repeats and the origin of both subtelomeric
and short ITSs. Nevertheless, further studies will be needed to
determine the precise mechanism of origin of these ITSs in
vertebrates.

4. ITSs and karyotypic evolution in vertebrates

4.1. ITSs in vertebrate chromosomes: the study by Meyne et al.

In 1990, Meyne et al. [4] published a seminal work about the
chromosomal distribution of telomeric sequences in 100 verte-
brate species using FISH with a telomeric DNA probe. All of the
species studied showed telomeric FISH signals at the termini of all
chromosomes, but 55 of these species also showed one or more
non-telomeric sites of hybridization, meaning that telomeric
sequences were also located at interstitial regions of
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chromosomes, mostly near or within the centromere [4]. Thus,
Meyne et al. [4] demonstrated that the chromosomes of many
vertebrate species contain centromeric, pericentromeric or even
truly ITSs. Given that the probe used in this study allowed to detect
only ITSs longer than 1 kb, the figure of 55/100 cases is very likely
an underestimate, so small or very small ITSs blocks could be also
present in the chromosomes of the species analyzed. Several
studies performed following the one by Meyne et al. [4], confirm
that the chromosomal distribution of telomeric sequences in
vertebrates (i.e., telomere-only or telomere plus ITSs pattern)
depends on the species considered (see for example
[33,34,40,41,43,69,70,78,98–105]). Both terminal telomeric and
ITSs can be present in the autosomes (even B chromosomes and
microchromosomes) [4,43,98] and the sex chromosomes
[41,98,106,107], depending on the species. Moreover, the number,
localization and degree of amplification of ITSs varies with the
karyotype and the morphology of the chromosomes [34,40]. In
addition, the evolution of ITSs, specially pericentromeric ITSs,
seems to be associated with the one from satellite DNA repeats
[40].

4.2. Are ITSs and the evolutionary status of species related?

From their study, Meyne et al. [4] proposed that a relationship
exists between the presence of non-telomeric sequences in the
chromosomes and the evolutionary status of vertebrate species.
Thus, primitive species (having “primitive” karyotypes) show a
telomere-only pattern of telomeric sequences (TTAGGG)n distri-
bution, intermediate or evolving species possess chromosomes
with ITSs (acquired by amplification or translocation of telomeric
sequences or by chromosome end-to-end fusion events), and
highly evolved species present chromosomes with no or a few ITSs,
since the amplified regions may be lost after extensive chromo-
some rearrangements occurring during evolution [4]. Although
some studies in rodents [34,35] or bats [73] support this view (at
least for most of the species studied), other studies in birds (where
numerous ITSs were found in the chromosomes of primitive
species) [43], reptils (where ITSs are common in both basal and
derived lineages within the suborder Serpentes [42] and where
species from the Order Squamata present a high frequency of ITSs
despite their generally conserved karyotypes [98]), and mammals
(where several ITSs were found in recent species) [40,70] do not
fully support it, and suggest that the presence, absence or
amplification of ITSs in vertebrate chromosomes is related to
the evolutionary status of single chromosomes, rather than that of
entire karyotypes or species. In this view, “primitive” chromo-
somes are considered those ones containing only a few or none
ITSs, “evolving” chromosomes are the ones derived from fusions
and other rearrangements which occurred in “primitive” chro-
mosomes, and “highly evolved” chromosomes are the ones
containing several ITSs [70].

4.3. ITSs and the role of Rb fusions in the karyotypic evolution of
vertebrates

Since Rb fusions are one of the most frequent type of events
occurring during the karyotypic evolution in vertebrates (specially
in mammals and birds), it is important to consider that there are
three different types of Rb fusions, based on the relationship
between telomeric sequences and the fusion event [58,62] (Fig. 4):
In the first case (Fig. 4A), the acrocentric chromosomes fuse and a
dicentric chromosome results, without the involvement of
telomeric sequences (because they were lost due to extensive
telomere shortening), as observed in vitro by Blasco et al. in mTR-/-
mice (where telomere shortening was induced by the deletion of
the telomerase RNA gene in the mouse germ-line) [108], and
recently by Sánchez-Guillén et al. in wild house mice populations
[109]; in the second case (Fig. 4B), a chromosome breakage event
occurring within minor satellite sequences results in the loss of the
telomeres and part of the centromeres involved in the fusion, as
seen in feral mouse populations [110,111] (in the newly formed
centromeric region of every Rb chromosome about 20–60 kb of
minor satellite DNA are retained, flanked by two blocks of about 6
megabases each of major satellite DNA) [110]; finally, there is
another mechanism by which a Rb fusion may arise (Fig. 4C), in
which the telomeres of the chromosomes involved in the fusion
event are retained but presumably inactivated (since the presence
of functional telomeres prevents chromosome fusion [62]),
forming a block of telomeric sequences at the centromeric region
of the rearranged chromosome, which appears like an ITSs signal
after telomere FISH or PRINS, as seen in many vertebrate species
[4,40,73,99]. Inactivation or the loss of function of telomeres could
be due the loss of telomere-associated proteins, changes in
telomere chromatin or telomerase inactivation [62]. Thus, end-
to-end joining of two telomeres can lead to the formation of
interstitial telomeric sites (heterochromatic pericentromeric or
centromeric ITSs). This latter type of chromosome fusion is termed
“Robertsonian-like” fusion, since telomere loss or inactivation is a
prerequisite for the formation of true Rb fusions (otherwise,
telomeres stabilize the chromosomes so they cannot be fused). It is
important to note that all Rb fusions give rise to dicentric
chromosomes [62], although one of the centromeres is usually
inactivated and the resulting chromosome visualized as a
monocentric one. The process of telomere/centromere inactivation
or telomere transformation into centromeres involves epigenetic
mechanisms which are still not fully understood [58,112]. In
summary, Rb fusions may arise by telomere shortening, chromo-
somal breakage within centromeric satellite sequences, or
telomere inactivation.

5. ITSs and genome instability

5.1. The instability of ITSs in vertebrate cells

Many studies demonstrated that ITSs may act as hotspots for
breakage, recombination, rearrangement and amplification sites,
conferring fragility to the region where they are inserted
[25,52,59,113–116], and that these sequences may participate in
DNA repair and regulation of gene expression [54,113,117].
According with Revaud et al. [113], ITSs instability is related to
the cell cycle phases, the occurrence of breaks within ITSs, the
functions of DNA-PKcs, and the DNA DSBs repair pathways
recruited in accordance with the chromatin state of the exposed
cells (see next section for details). Moreover, a co-localization of
ITSs and fragile sites has been found at the cytogenetic level in
rodents and primates, and previous cytogenetic studies in non-
human primates have indicated that there is a relationship among
evolutionary breakpoints, fragile sites and the existence of ITSs
[14,48]. Interestingly, Barros et al. [118] found that in the fish
Ancistrus sp. (Loricariidae) 5S rDNA regions contain fragile sites
which co-localize with ITSs sites. These sites provide chromosomal
instability, resulting in telomeric recombinations via TRF2 and BFB
cycles. In the human genome, al least 19 ITSs (involving
chromosomes 1, 2, 3, 6, 7, 8, 10, 11, 12, 14 and 18) were found to
co-localize with fragile sites in the same chromosome [18].
Moreover, several unstable ITSs loci were found to be associated
with human sporadic gastric tumors [89].

Data from Bosco and de Lange [52] showed that telomeric DNA
is inherently fragile, regardless of its genomic localization. A recent
study in the human genome demonstrates that very small ITSs
(defined as two TTAGGG repeats separated by less than 100 bp) are
recombination hot spots, being the average recombination rate at



Fig. 4. Types of Robertsonian (Rb) fusions based on the relationship between telomeric sequences and the fusion event (see Section 4.3 of the present review for details). In
the first case (A), the acrocentric chromosomes fuse and a dicentric chromosome results, without the involvement of telomeric sequences (because they were lost due to
extensive telomere shortening); in the second case (B), a chromosome breakage event occurring within minor satellite sequences results in the loss of the telomeres and part
of the centromeres involved in the fusion; finally, in the third case, (C), the telomeres of the chromosomes involved in the fusion event are retained but inactivated (due to
inactivation or loss of telomere-associated proteins, changes in telomere chromatin, telomerase inactivation, etc.), forming a block of telomeric sequences at the centromeric
region of the rearranged chromosome, which appears like an ITSs signal. Red boxes represent the telomeres of the chromosomes involved in the fusion and green boxes
represent their centromeres.
(based on [62])
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these ITSs higher than expected compared to sites placed
randomly troughout the genome [25]. Since no significant
correlation was observed between the number of ITSs in a 10 kb
genomic window and the frequency of recombination of these
sequences, it was suggested that isolated ITSs recombine as
frequently as more dense ITSs regions, and that it is not necessarily
the occurrence of a given number of repetitive DNA that influences
recombination, but the presence of a certain type of ITSs [25].
Therefore, ITSs represent a favorable substrate for chromosomal
breakage, thus promoting genome instability.

Several studies have shown that ITSs (interstitial telomeres) are
present in some constitutional autosomal structural rearrange-
ments in humans [114,119–123], in which telomeres lose their
ability to prevent chromosome fusion, leading to the presence of
ITSs at the fusion point of the derivative chromosome/s either in
stable or jumping telomeric translocations (unbalanced trans-
locations involving a donor chromosome arm or chromosome
segment that has fused to two or more different recipient
chromosomes) [124,125], telomeric associations, ring chromo-
somes and duplications. Some of these rearrangements were in
mosaic form [114,123]. The instability observed in these structural
rearrangements involving ITSs indicates that these telomeric-like
sequences are prone to breakage and may be involved in
generating mosaicism in humans [114,120,121].
Table 2
Factors affecting ITSs stability (see Section 5.3 of this review for details and references

Factor Condition 

Nature of the sequence Conserved 

Degenerative 

Length of ITSs High copy number 

Low copy number 

Chromatin status Condensed or relaxed/Hetero- or
euchromatin

Epigenetic status of the telomeric
sequence

Methylated or hypermethylated 

Demethylated or hypomethylated 

Telomere-associated proteins Present 

Absent 

Clastogen Radiaton/chemical mutagens 
5.2. Some ITSs are not hotspots for rearrangement or recombination

All of the abovementioned studies showed that ITSs are
naturally prone to breakage, a view in line with the notion of
chromosome plasticity, in particular centric fission [58]. However,
not all ITSs are hotspots for rearrangement or recombination [126–
128]. Azzalin et al. [30] proposed that short ITSs may not be fragile
sites but simply mark sites of DSBs that occurred within unstable
chromosome regions. In this way, short ITSs may be envisaged as
relics of ancient breakage within fragile sites, rather than fragile
sites themselves [30]. This hypothesis does not rule out the
possibility that very extended blocks of ITS, such as those present
in Chinese hamster cells could be prone to breakage and
recombination. In fact, several studies have shown that hetero-
chromatic ITSs can be involved in spontaneous and clastogen-
induced chromosomal aberrations [55,59,116,129–133], being the
frequency of aberrations involving these sequences higher than
expected based on the percentage of the genome covered by ITSs.

5.3. Factors affecting ITSs stability

Several external and internal factors decide the fate of ITSs
either as unstable hotspots or stable sequences [18] (Table 2):
).

Effect

Promotes ITSs instability
Favors ITSs stability
Promotes ITSs instability
Favors ITSs stability
Variable effect (can increase or decrease ITSs stability)

Favors ITSs stability

Promotes ITSs instability
Favors ITSs stability
Promotes ITSs instability
Variable effect (can increase or decrease ITSs stability, depending on the
clastogen
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5.3.1. Nature of the sequence
The primary sequence of ITSs consists of an AT-rich sequence

comprised of 50–60% of guanine. According to in vitro studies, this
composition favors the formation of guanine tetrad pairing and
other secondary higher-order DNA structures [52,134,135], which
could promote ITSs instability, since these structures are prefer-
ential sites for chromosomal recombination and exchange. On the
contrary, if the primary sequence of ITSs is degenerative (i.e.,
contains degenerative sequences which disrupts the guanine
tetrad pairing structure), this could favor the stability of ITSs, as
supported by the finding that an increased number of degenerative
sequences confers stability to microsatellites [89].

5.3.2. Length of the ITSs
Being ITSs considered as a kind of microsatellite DNA [18], a

high copy number of telomeric repeats can promote genomic
instability of ITSs (like the one observed in heterochromatic ITSs),
whereas a low copy number (short ITSs) could favor the stability of
ITSs. For example, in the human genome, short ITSs at 2q31 and
7q36, were found to be more stable than the one at 21q22 (which
contains a higher copy number of telomeric repeats than the ITSs at
2q31 and 7q36) [89].

5.3.3. Chromatin status
Chromatin conformation (i.e., condensed or relaxed) may have

a variable effect on ITSs stability. Those ITSs usually involved in
chromosomal aberrations are the ones located at the centromeric
regions of chromosomes (heterochromatic ITSs) [28,59]. Balajee
et al. [54] and Fernandez et al. [130] suggested that the increased
frequency of chromosomal aberrations at ITSs loci might be related
to their propensity to form secondary structures, thus promoting
recombination events. Some studies demonstrated that hamster
ITSs possess a particular chromatin structure, enriched in short
unpaired DNA segments, which confers alkali-sensitivity and
affects the DNA repair process in ITSs-rich chromosome regions
and thus influences their involvement in the formation of
chromosomal aberrations [46,117]. The highly compacted chroma-
tin present in heterocromatic ITSs may result in a greater torsional
stress that will produce a high density of short unpaired DNA
segments within, which turns these regions sensitive to damage
[117]. Moreover, the induction and repair kinetics of DNA SSBs and
DSBs induced by ionizing radiation in hamster cells showed that
the initial rejoining rate of DSBs within ITSs is slower than that in
the whole genome, demonstrating an intragenomic heterogeneity
in DSBs repair. In the absence of DNA-PKcs or Rad51C, the rejoining
rate of DSBs within ITSs was not modified, unlike in the whole
genome [117]. Moreover, interstitial telomeric chromatin in
hamster cells shares common structural features with truly
telomeric chromatin, and a higher nucleosome density than bulk
chromatin, which correlates with a highly regular chromatin
structure [46]. The size and location of ITSs appear to be very
important in their instability, since small ITSs located in the
euchromatin of human chromosomes do not display increased
radiation-induced instability compared with non-telomeric
sequences [128].

5.3.4. Epigenetic status of the telomeric sequence
Based on data on the epigenetic regulation of repetitive

sequences in mammalian cells, Lin and Yan [18] suggested several
years ago that histone modifications and DNA methylation likely
occurs in subtelomeric ITSs, which could protect ITSs-rich
chromosome regions from breakage and play important roles in
gene expression regulation. These authors proposed that hyper-
methylation favors ITSs stability, whereas demethylated or
hypomethylated ITSs tend to be unstable. Interestingly, in cells
that lack DNA methyltransferase, demethylation of subtelomeric
ITSs are associated with increased homologous recombination
between telomeric regions [136]. Despite the above observations,
data on the epigenetic control of ITSs in vertebrate cells are still
very scarce, mainly due to the fact that methods used for analysis of
telomeric chromatin usually cannot distinguish between ITSs and
telomeres.

5.3.5. Telomere-associated proteins (i.e., those belonging to the
shelterin complex)

The binding of these proteins (like TRF1, TRF2 and RAP1) to ITSs
[48–51,60,137,138], favors their stability by reducing unequal
homologous recombination events between telomeric sequences,
whereas in the absence of one or more of these proteins ITSs
instability arises [18,139,140]. Interestingly, it has been found that
human chromosome 2q14 presents a TRF1-controlled common
fragile site (induced by aphidicolin) containing ITSs [52]. TRF1
binds to and stabilizes this fragile site, but does not affect other
common fragile sites, so 2q14 is the first common fragile site
controlled by a sequence-specific DNA binding protein.

5.3.6. Clastogen
Clastogens such as radiation or chemical mutagens may have a

variable effect, since they can increase or decrease ITSs instability.
We will consider this issue in detail in the next section of this
review.

On the other hand, even if some studies suggest that telomerase
could play a role in the insertion of short ITSs in mammalian
genomes [19,21,59,81,141] thus affecting ITSs stability, there is not
sufficient evidence that telomerase per se is capable to insert
telomeric repeats into genomic regions (see Section 3 of the
present review for details). Therefore, the role of telomerase as a
factor affecting ITSs stability (as suggested by Lin and Yan [18])
remains to be determined.

6. Induced ITSs instability: the effect of clastogens on ITSs

6.1. Chromosomal aberrations directly involving ITSs

As previously mentioned, ITSs instability depends on several
factors, and clastogens may have a variable effect on these
telomeric-like sequences. Despite the involvement of ITSs in
chromosomal rearrangements such as fusions, fissions and
inversions, there are four different types of spontaneous or
clastogen-induced chromosomal rearrangements in which ITSs
may be directly involved: interstitial fragments, amplification,
deletion and transposition or translocation of ITSs (see [20,28,142]
for review) (Fig. 5). These aberrations can be identified using
telomere FISH (either with a DNA or a PNA probe) or PRINS [28].

Breaks occurring at the centromeric region of chromosomes
having pericentromeric or centromeric ITSs may give rise to
acentric interstitial fragments or microchromosomes, which
appear labeled along their entire length after FISH or PRINS, since
they contain blocks of ITSs (Fig. 5A) [20,28,142]. Centromeric
breaks may also occur within the ITSs heterochromatic block but
without apparent chromosome break (visualized as a split signal
after telomere FISH or PRINS) or at the centromeric region of a
chromosome containing heterochromatic ITSs but not directly
involving ITSs themselves (the telomeric signal remains as a single
signal) [28].

Amplification of ITSs is visualized as an increase in the number
and/or the size and intensity of the ITSs hybridization signals after
telomere FISH or PRINS compared with the normal telomeric
hybridization pattern of the cell type or species being studied
[55,59,116,129,131,132,143] (Fig. 5B). Spontaneous amplification of
interstitial telomeric bands on specific marker chromosomes has
been observed in different sub-clones of the CHO cell line by



Fig. 5. Chromosomal aberrations directly involving ITSs (see Section 6.1 of the present review for more details). A) interstitial fragment (due to breakage at centromeric ITSs);
B) amplification of centromeric and non-centromeric ITSs; C) translocation or transposition of centromeric and non-centormeric ITSs and D) deletion or loss of centromeric
and non-centromeric ITSs. Red boxes represent the telomeres, black boxes represent the centromere, green boxes represent blocks of centromeric heterochromatic ITSs, and
blue boxes represent non-centromeric ITSs present in the chromosomes involved in the aberration. Please, note that only representative cases of each type of aberration are
shown.
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several authors [59,116,128,129,143]. Different mechanisms have
been proposed to explain amplification of ITSs, including unequal
crossing over between repeats of sister chromatids, breakage-
fusion-bridge cycles, hyper-recombinogenicity of ITSs, replication
slippage, gene conversion and excision and reintegration events,
i.e. the ‘rolling circle’ mechanism [18,20,28,142].

Translocation or transposition of ITSs means that a relocation of
one or more pairs of ITSs signals (i.e., blocks of ITSs, one per
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chromatid) compared with the normal telomeric hybridization
pattern of the species or cell type being studied has taken place
(Fig. 5C) [20,28,142].

Deletion or loss of ITSs can occur at the centromeric or
interstitial regions of chromosomes containing ITSs, and can be
total or partial. In the first case, the chromosome exhibits no
telomeric signal at ITSs sites (even using a PNA probe) (Fig. 5D),
whereas in the second case, the chromosome shows reduced
hybridization signals after telomere FISH (either with a DNA or a
PNA probe) or PRINS at ITSs sites [20,28,142]. Obviously, to detect
loss or deletion of ITSs in clastogen-exposed cells, the normal
pattern of distribution of these sequences in the cells under study
must be known. Additionally, loss of ITSs during the karyotypic
evolution of a given group of species can be detected by comparing
the distribution pattern of ITSs between ancestral and descendant
species.

6.2. Effects of clastogens on ITSs

Despite the spontaneous instability of ITSs, several studies
demonstrated that clastogenic agents can induce ITSs instability,
and provided further insights into the instability of ITSs sites in
vertebrate chromosomes [28].

It has been shown that chromosome regions rich in hetero-
chromatic ITSs are prone to breakage, fragility and recombination,
both spontaneous and induced by ionizing radiation
[23,59,129,130,143–149], restriction endonucleases [54], mitomy-
cin C and teniposide (VM-26) [130], and the radiomimetic
compounds bleomycin and streptonigrin [55,131,132]. The per-
centage of chromosomal aberrations involving ITSs was found to
be higher than expected based on the percentage of the genome
composed by telomeric sequences [55,129–132]. Moreover,
telomeric FISH signals have been observed at the site of breakage
in chromatid exchanges like tri- and quadriradials [130–132],
which suggests that ITSs are directly involved in the breakage
event. Despite the above observations, Desmaze et al. [128] studied
the radiation sensitivity of a short ITSs localized in the human
chromosome 2q31 and several human cell lines, and found that the
presence of ITSs did not enhance the formation of radiation-
induced chromosomal aberrations, indicating that ITSs are not
preferentially involved in these aberrations. More recently, Revaud
et al. [113] found that the exposure to 1 Gy of g-radiation
irradiation to hamster cells significantly increased the frequency
of aberrations involving pericentromeric ITSs but had no effect on
those ITSs located in the long arm of chromosome 9 (i.e., non-
centromeric ITSs). They also found that DNA-PKcs prevent the
formation of radiation-induced chromosomal aberrations in
pericentromeric ITSs [113], indicating that these enzymes are
involved in the repair of radiation-induced DSBs in these loci. In
addition, these authors [113] proposed that alternative non-
homologous end joining (A-NHEJ) mechanisms of repair are
preferentially recruited at pericentromeric ITSs for the repair of
radiation-induced DSBs.

Pandita and DeRubeis [150] exposed CHO cells to different
DNA-damaging agents (including bleomycin at the same dose and
time of exposure that those used in another study with Chinese
hamster cell lines [55]) and DNA synthesis inhibitors, applied FISH
with a telomeric DNA probe, and found that none of these
treatments induced the acquisition of interstitial telomeric bands
on marker chromosomes, suggesting that DNA damage itself do not
induce amplification of ITSs. However, some of the abovemen-
tioned studies showed amplification of telomeric sequences at
breakpoints and fragile sites [54,55,130] and more recently,
Sánchez et al. [131,132], by using FISH with a telomeric PNA probe
(a more efficient probe than the one used by Pandita and DeRubeis)
and Quantititative FISH (“Q-FISH”), showed that the antibiotics
bleomycin and streptonigrin can induce amplification of telomeric
repeat sequences in CHO cells, expressed both as an increased in
the number of ITSs FISH signals and in the size of ITSs. The
amplification of telomeric sequences in CHO cells by bleomycin
and streptonigrin seems to occur mainly in G1 or S phases of the
cell cycle [131,132]. The underlying mechanism involved in the
amplification of telomeric repeats by bleomycin and streptonigrin
in Chinese hamster cells remains to be established, but one
possible cause of the induced amplification could be hyper-
recombinogenicity of ITSs following treatment with these com-
pounds [146]. The amplification of ITSs induced by bleomycin and
streptonigrin in Chinese hamster cells (CHE and CHO cell lines) is
not accompanied by an increase in the activity of telomerase
[55,131,132], at least in the short-term. These data strongly suggest
that telomerase is not involved in the amplification of ITSs induced
by these compounds.

On the other hand, it was also found that bleomycin and
streptonigrin induce terminal as well as interstitial translocation of
telomeric sequences, and chromosome breaks at centromeric
regions rich in heterochromatic ITSs, although these regions are
not the preferential target of the clastogenic action of these
compounds [131,132]. Moreover, it has been observed that the
involvement of heterochromatic ITSs in the aberrations induced by
radiomimetic clastogens is not random. In effect, heterochromatic
ITSs were found to be preferentially involved in the chromosome-
and chromatid-type breaks and chromatid exchanges induced by
bleomycin and streptonigrin compared with other types of
unstable aberrations induced by these compounds [131,132]. In
addition, most of the chromosome breaks involving ITSs in CHO
cells induced by bleomycin occur at the centromeric region of
chromosomes, whereas in streptonigrin-exposed cells these
breaks occur outside the centromere [131,132]. More recently, it
was found that the methylating compound streptozotocin induces
the formation of acentric fragments, additional telomeric FISH
signals (which implies amplification and/or translocation of ITSs)
and centromeric breaks involving ITSs in CHO cells [151]. However,
these telomeric-like sequences are not preferentially involved in
the chromosome damage induced by streptozotocin, since the
percentage of aberrations involving ITSs did not differ between
control and exposed cells [151]. Moreover, no effect of streptozo-
tocin on telomerase activity in CHO cells was found 18 h after
treatment, indicating that this enzyme is not involved in the ITSs
instability induced by this compound [151].

Overall, the studies performed so far concerning the effects of
clastogens on ITSs show that the involvement of these telomeric-
like sequences in the induced chromosomal aberrations and the
sensitivity of ITSs to clastogens depend on the size, location and
chromatin structure of the ITSs loci involved, as well as the
clastogen and the cell type exposed to it. Moreover, at least in the
short-term, telomerase activity seems to be unrelated to the ITSs
instability caused by chemical mutagens, since none of the
clastogens tested so far produced alterations of the enzyme
activity [55,131,132,151].

Two studies carried out a few years ago in our laboratory
provided the first evidence of long-term instability of ITSs caused
by clastogens, showing that bleomycin and streptonigrin induce
delayed instability of ITSs in CHO cells [152,153]. This instability
was cytogenetically detectable as additional (new) telomere FISH
signals (bleomycin and streptonigrin) or centromeric breaks
involving dissociation of the telomeric signal (streptonigrin) 6 days
after treatment [152,153]. These effects probably resulted from
breakage of heterochromatic ITSs blocks and further insertion of
these sequences at the sites of mono- or isochromatid breaks
occurring at G2 or G1-S phases of the cell cycle respectively, since
most of the additional FISH signals were present as single
(bleomycin and streptonigrin) or double (streptonigrin) dots and
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located at interstitial sites of the involved chromosomes [152,153].
It is noteworthy to mention that the observed instability was a
temporary effect, since it was no longer present in CHO cells
15 days after treatment. Further studies will be needed to
established the causes and the significance of the delayed
instability of ITSs.

7. Conclusions: importance and biological functions of ITSs

Despite ITSs do not work as functional telomeres and their
biological functions have not yet been clearly elucidated, the
studies reviewed here show that these telomeric-like sequences
play a significant role in genome instability and chromosomal
evolution. In effect, ITSs have been associated with chromosomal
rearrangements, fragile sites and recombination hot spots [18–
20,28,118,142]. Particularly, heterochromatic ITSs are involved in
chromosome fusions, fissions and inversions, promoting the
formation of new telomeres, and can undergo several types of
rearrangements, including breakage, amplification, translocation
or deletion, which can lead to the development of new karyotypes
and new species, thus favoring karyotypic evolution, in line with
the recent “centromere-from-telomere hypothesis” and the notion
of “chromosome plasticity” [57,58]. A recent work in three hamster
species of the genus Phodopus clearly demonstrates that ITSs play a
role in the reshaping of karyotypes [40]. Thus, heterochromatic
ITSs seem to have played a significant role in karyotypic evolution
in vertebrates. However, heterochromatic ITSs are not always
correlated with the rearrangements which occurred during
karyotypic evolution in vertebrate species, and in several cases
their presence in the chromosomes simply reflects the fact that
these sequences are a component of the centromeric satellite DNA
[34,35,42,69–74]. Moreover, the recent findings of the coexistence
of vertebrate (TTAGGG) and Arabidopsis-like (TTTAGGG) telomeric
sequences at the pericentromeric ITSs of pig chromosome 6 and in
the ITSs region of several different chromosomes in plants from the
Hyacinthaceae and Amaryllidaceae families [154,155], suggest that
plant and vertebrate telomeres share certain characteristics and
open new horizons in the study of telomere evolution. In addition,
short ITSs can be used as markers for phylogenetic studies, since
they behave as genetic mobile elements and can be considered as
rare genomic changes (i.e., they are unlikely to arise multiple times
independently in evolution), exhibiting low levels of homoplasy
(character state similarity not due to shared descent, i.e., produced
by convergent evolution or evolutionary reversal), thus being a
good tool to determine common ancestry [19]. Moreover, there is a
direct relationship between the percentage of short ITSs conserved
in different vertebrate species and the time of divergence between
them: the closer the species are (like, for example, humans and
chimps), the higher the percentage of ITSs conserved (human and
chimps share 90%, whereas mouse and rat only share 24% of short
ITSs) [19].

According with the recent “centromere-from-telomere” hy-
pothesis, telomeres evolved as the first functional element of the
eukaryotic chromosome, whereas the centromere emerged from
the telomere [57,58]. The emergence and subsequent rearrange-
ments of ITSs in the chromosomes of vertebrates perfectly fit with
this scenario. Also, the fact that ITSs are naturally prone to
breakage is in line with the notion of chromosome plasticity, in
which centric fissions play a major role [58].

On the other hand, ITSs exhibit polymorphism in terms of both
sequence and copy number (reflected by the different numbers of
alleles determined for each ITSs locus) [18], are associated to fragile
sites, are involved in DNA DSBs repair, and influence the
clastogenic effect of mutagens. These properties of ITSs makes
them a good endpoint for medical or clinical research, including
the study of hereditary diseases (chromosome instability
syndromes), the study of cancer (detection of genetic instability
in tumors) and the development of markers for linkage studies and
forensic genetics. For example, the ITSs at 22q11.2 identified in the
human genome by Yan et al. [27] using PRINS, is associated with
hotspots for disease-related chromosome breaks for multiple
disorders, such as DiGeorge syndrome and chronic myeloid
leukemia [156,157]. Moreover, deletion and translocation of ITSs
were frequently found in gastric carcinoma cells [158] and ITSs
have been implicated in several cases of mosaicism for autosomal
structural rearrangements in humans (see [114] and references
therein). The recent finding of ITSs in human BRCA2 deficient
breast tumors and cell lines suggests that these telomeric-like
sequences play a role in chromosomal instability related to
carcinogenesis [159].

Regarding the possible biological function of ITSs, some studies
suggest that heterochromatic ITSs may undergo epigenetic
modifications (like a higher nucleosome density compared with
non-telomeric chromatin, the association of ITSs with telomeric
proteins, formation of interstitial telomere loops, etc.) affecting
gene expression in particular cell lineages [19,25,46]. It has been
proposed that telomeric proteins possibly regulate gene expres-
sion through looping mechanisms or by modifying the chromatin
landscape [51]. Cellular levels of TRF1 and TRF2 proteins could
influence their binding to ITSs and thus the expression of
neighboring genes [51]. Further epigenetic and functional analyses
in vertebrate cells are required to better clarify the constitution and
functional significance of pericentromeric ITSs chromatin.

For short ITSs no direct indication on any particular function has
been provided so far. Current knowledge supports the view that
short ITSs could simply represent “relics” of ancient breakage
within fragile sites that occurred in the germ line during evolution
[19].

Thus, future research should focus on the possible biological
significance of ITSs by investigating the role of these telomeric-like
sequences in the regulation of gene expression (especially those
genes close to the ITSs sites), in meiotic and mitotic recombination
and in DNA repair occurring in ITSs-rich chromosome regions.
Further understanding of ITSs biology and functions is fundamen-
tal to get a full picture of the genomic instability and DNA repair
phenomena, and karyotypic evolution as well. Finally, despite the
recent evidence provided by studies about the BIR and TTI
mechanisms, further studies are needed to determine the precise
mechanism underlying the evolutionary origin if ITSs, especially
short and subtelomeric ITSs, and if telomerase played some role in
the insertion of ITSs in the chromosomes of vertebrates during
their karyotypic evolution.
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