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Abstract. Beyond their role in replication and chromo-
some end capping, telomeres are also thought to func-
tion in meiotic chromosome pairing, meiotic and mitotic
chromosome segregation as well as in nuclear organiza-
tion. Observations in both somatic and meiotic cells sug-
gest that the positioning of telomeres within the nucleus
is highly specific and believed to be dependent mainly
on telomere interactions with the nuclear envelope either
directly or through chromatin interacting proteins. Al-

though little is known about the mechanism of telomere
clustering, some studies show that it is an active process.
Recent data have suggested a regulatory role for telomere
chromatin structure in telomere movement. This review
will summarize recent studies on telomere interactions
with the nuclear matrix, telomere chromatin structure and
factors that modify telomere chromatin structure as re-
lated to regulation of telomere movement.
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Introduction

Telomeres are structurally and functionally complex.
They consist of an array of simple DNA repeats at the ex-
treme end of the chromosome, with a more complex array
of repeats adjacent to it. A large number of proteins have
been identified that bind to telomeric DNA repeats or to
the protein complexes that are built at the chromosome
end. Telomeric repeats are believed to be an essential and
sufficient cis-element for telomere function. Telomeres
share several features characteristic of heterochromatin,
but information about their structure is still incomplete.
Chromatin structure is an important factor for determin-
ing protein-DNA interactions, with consequences for
DNA metabolism and transcription control [1-4]. Since
the emergence of the nucleosome model of chromatin,
there has been considerable progress in elucidating how
chromatin structure at the level of nucleosome organi-
zation can either repress or potentiate transcription [5,
6]. Although telomeres do not contain any active genes,
telomere chromatin structure could influence the interac-
tion of telomeres with the nuclear matrix and expression
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of genes in subtelomeric regions. In the mammalian in-
terphase nucleus, telomeres appear to be attached to the
filamentous nuclear matrix [7], while in budding yeast
cells, telomeres are clustered in a few perinuclear chro-
matin domains [8]. In many cells chromosome arms are
sequestered within the nucleus, and they may be aligned
from telomere to centromere. This arrangement may be
maintained in part by associations of telomeres with
each other and with the nuclear envelope (Fig. 1). There
is reason to believe that the resulting nuclear domains
are important for establishing or maintaining chromatin
structure and transcriptional activity. Dramatic changes
in chromosomal position within the nucleus may occur,
for example, at the beginning of meiosis. Telomeres may
play a profound role in these movements, which are criti-
cal for meiotic recombination and segregation. Here we
present an overview of the telomere chromatin structure
in the biology of the cell with an emphasis on telomere
movement.

Telomere chromatin structure
Telomeric DNA is mostly composed of double-stranded
TTAGGG repeats, which are necessary for telomere
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Figure 1. Model representing the interaction of telomeres with the nuclear matrix.

function in somatic cells [9, 10]. The termini of human
telomeres carry an overhang (~300 nucleotides) of sin-
gle-stranded 3" DNA [10]. Telomere movement certainly
will be dependent upon their stability and recognition
of physiological signals generated during transcription,
replication and segregation. Telomeres and telomere-cap-
ping proteins allow cells to distinguish natural chromo-
some ends from damaged DNA. Disruption of telomeric
function can trigger a DNA damage response, including
p53-dependent apoptosis [11]. Overloading of DNA re-
pair activities can also threaten the integrity of chromo-
some ends, thereby leading to extensive genome insta-
bility [12, 13]. Telomeric proteins stabilize telomeres by
protecting the single-stranded overhang from degradation
or by remodeling the telomeres into a t-loop structure [13,
14]. Invasion of the single-stranded overhang into the ad-
jacent double-stranded telomeric tract forms the t-loop
structure. At the ends of human chromosomes, three in-
terconvertible states may exist: t-loops, POT1 capping
and engagement with telomerase [3]. The telomeric com-
plex contains a number of proteins, and it will be impor-
tant to investigate which members of the complex have a
direct role in meiosis and telomere movement. Proteins
such as TRF1, TRF2, Rapl, Ndjl and Tazl are found at
meiotic telomeres, and genetic studies indicate that these
proteins are important for meiotic telomere functions.
TRF1, TRF2 and Rapl form a complex with three other
telomeric proteins, POT1, TIN2 and TPP1 (referred to
as shelterin), which allows cells to distinguish telomeres
from sites of DNA damage [15]. Without the protective
activity of shelterin, telomeres are no longer hidden from
the DNA damage surveillance mechanism, and chro-
mosome ends are inappropriately processed as double-
strand breaks by DNA repair pathways which could lead
to telomere dysfunction (Fig. 2) [16]. The current data
argue that shelterin is not a static structural component of
the telomere. Instead, shelterin is emerging as a protein
complex with DNA remodeling activity that acts together
with several associated DNA repair factors to change the

structure of the telomeric DNA, thereby protecting chro-
mosome ends, and thus regulate telomere movement. A
key point to address in the future is how these proteins are
involved either directly or indirectly in meiotic telomere
movement and functional organization in mitotic cells.

Telomeric sites are implicated in establishing functional
nuclear chromatin organization. Studies of the dynamic
behavior of telomeric DNA repeats in living human os-
teosarcoma U20S cells indicated a majority of telomeres

Figure 2. Telomere FISH analysis showing human metaphase chro-
mosomal spreads. Telomere signals are red and centromere signals
are green. (a) represents the metaphase section of control 293
cells and (b) the metaphase of 293 cells with expression of mutant
TRF24B2M and knockdown of hRad9 (note almost all chromosomes
undergo telomere fusion).
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had constrained diffusive movement, while individual
telomeres demonstrated significant directional move-
ment [17]. Intriguingly, a subfraction of telomeres were
shown to associate and dissociate, suggesting that in vivo
telomere clusters are not static but dynamic structures.
This phenomenological observation, although mechanis-
tically vague, might have important biological/functional
implications. Telomeres have also been observed to as-
sociate with promyelocytic leukemia (PML) bodies, with
a subset of telomeres again having a higher degree of
mobility [17]. Association of telomeres with PML bod-
ies may explain the high incidence of chromosomal re-
arrangements in somatic cell subtelomeric regions [18,
19] and for recombination-based interchromosomal telo-
meric DNA exchanges in ALT cells [20].

Status of nucleosomal organization of telomere
chromatin

Chromatin structure is an important factor regulating pro-
tein-DNA interactions, and there is a difference between
nucleosomal organization of bulk DNA as compared with
telomeres, where telomeric histone H4 is hypoacetylated
(reviewed in [21, 22]). Interestingly, ataxia-telangiectasia
(A-T) cells show relatively higher levels of micrococcal
nuclease (MNase) digestion of chromatin as compared
with normal cells [23]. In fact, cells from normal control
individuals have a telomere chromatin MNase digestion
nucleosomal ladder, each containing partials up to seven
subunits, whereas A-T cells revealed a less extensive
MNase periodicity, and telomeric nucleosomal arrays
with up to three subunits are detected. These results sug-
gest that telomeric nucleosome arrays in A-T cells are less
uniformly spaced or extend over a smaller region than ar-
rays of normal cells [23]. Ataxia-telangiectasia mutated
(ATM) has been shown to be associated with chroma-
tin, and a fraction of it is detected in nuclear aggregates
[24-26]. However, it is not clear how inactivation of ATM
could lead to altered nucleosomal periodicity. As men-
tioned above, the telomeric histone H4 is hypoacetylated,
and ATM does interact with chromatin-modifying factors
[27]. 1t is possible that ATM regulates nucleosomal peri-
odicity, which could influence telomere movement.

Telomere association with nuclear matrix

Cytological observation of telomere associations with the
nuclear matrix has a long history, as Rabl described the
proximity of telomeres to the nuclear envelope (Fig. 1)
in amphibia as early as 1885 [28]. However, it is still un-
clear whether the relationship between telomeres and the
nuclear envelope is a passive consequence of anaphase
chromosome orientation or the result of an active process
that maintains an ordered nuclear architecture during in-
terphase. In meiosis, remarkable chromosomal reorgani-
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zation and telomere clustering is a universally conserved
feature of the pre-pachytene ‘bouquet’ stage of meiosis
(for details see [29]). Several lines of evidence establish
that one of the most likely functions of the bouquet is to
ensure the efficient initiation of synapsis of homologous
chromosomes.

Direct evidence that chromosomes are restricted to sub-
domains in Drosophila melanogaster interphase nuclei
comes from examination of the arrangement of polytene
chromosomes. Individual chromosome arms never in-
tertwine, and telomeres tend to cluster at the side of the
nucleus opposite the chromocenter [30]. With probes that
paint whole chromosomes, it was shown that individual
chromosomes occupy distinct positions [31, 32]. The or-
ganization of telomeres in embryonic diploid D. melano-
gaster nuclei has also been investigated; again, a highly
polarized configuration was revealed [31, 33, 34].

Biochemical evidence for interaction of telomeres
with the nuclear matrix

Mammalian telomeres are packaged in telomere-specific
chromatin [21, 22]. Human and mouse cell lines have their
telomeric tracts attached to the nuclear matrix, which is
a proteinaceous subnuclear fraction [23, 35, 36]. Telo-
mere-length homeostasis in yeast requires the binding of
a protein along the telomeric tract [37-39], and changes
in the telomeric protein complex influence the stability
of chromosome ends [40]. In mammals, a nuclear matrix
binding site occurs at least once in every kilobase pair
of the telomere tract [36], suggesting that mammalian
telomeres have frequent, multiple interactions with the
nuclear matrix (Fig. 1).

Factors linked with telomere movement

Telomeres tend to form associations with each other.
These associations have been implicated in the forma-
tion of nuclear domains that may be important for tran-
scriptional regulation, sister chromatid pairing at mitosis
and for homologous meiotic synapsis. These functions do
involve telomere movement, which may depend on the
status of telomere structure.

Telomere clustering is often adjacent to the nuclear en-
velope, although it is distributed independent of nuclear
pores. It contributes to the global positioning of inter-
phase chromosomes. The clustering of telomeres in bud-
ding yeast contributes to the repression of subtelomeric
chromatin, conferring a telomere position effect (TPE),
which resembles the position-effect variegation (PEV)
nucleated by centromeric repeats in flies. Indeed, it is
thought that the mechanisms that bring fission and bud-
ding yeast telomeres together are likely to provide para-
digms for other repeat-dependent interactions. Telomere
nuclear envelope association occurs through two redun-
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dant mechanisms: one dependent on the Ku heterodimer
and the second on the silencing factor Sir4. Sir4 has the
‘partitioning and anchoring domain’ (PAD) [41], which is
adjacent to the lamin-like carboxyl terminus of Sir4 and
binds specifically to the protein Escl (Establishes Silent
Chromatin) [42]. Escl is a large acidic protein localized
along the inner nuclear membrane at interpore spaces. /n
vivo a non-silent telomere can be localized at the nuclear
envelope through interaction with Ku; and being thus
placed in a zone enriched for Sir proteins, this telomere is
thought to have a better chance to become repressed [4].
When targeted to DNA, the Ku80 subunit is able to relo-
calize DNA to the nuclear periphery in a manner inde-
pendent of Sir4 or Escl [8, 43]. The efficiency of Ku80-
mediated anchorage varies between G1 and S phases of
the cell cycle, being stronger in G1. This mechanism may
reflect a link between telomere anchoring and telomere
end protection. Once the Sir-dependent chromatin is es-
tablished, silencing itself will reinforce the perinuclear
localization through the Sir4 anchoring pathway. In this
way, the formation of silent chromatin is self-reinforcing
and contributes to the spatial positioning of telomeres.
In mammalian cells, several protein factors influence the
telomere/nuclear matrix interaction, such as inactivation
of ATM or 14-3-3-sigma or ectopic expression of hTERT
[23, 44, 45]. For example, inactivation of ATM function
was found to enhance the frequency of chromosome end
associations, telomere loss and increased telomere nuclear
matrix interactions [23, 46]. Interestingly both somatic
and germ cells deficient in ATM function had more than
80% of the telomeric DNA attached to the nuclear matrix
whereas in control cells only about 50% is attached to the
nuclear matrix [23, 47]. It is not clear at present how in-
activation of ATM enhances the association of telomeres
with the nuclear matrix. It is possible that inactivation of
ATM modifies the telomere chromatin structure, the nu-
clear matrix or even an intermediate protein factor link-
ing the two. Recently, several chromatin-modifying fac-
tors interacting with ATM have been reported. The most
promising ATM interacting chromatin modifying candi-
date that could influence telomere chromatin structure is
hMOF, the human ortholog of the Drosophila MOF gene
(males absent on the first), encoding a protein with his-
tone acetyltransferase activity, and whose target substrate
is lysine 16 (K16) of histone H4 [27].

Role of telomere-interacting proteins in telomere
movement

Telomeres interact not only with the matrix and nuclear
envelope, but also with each other (Figs. 1, 3). For ex-
ample, yeast cells immunostained with antibodies against
Raplp exhibit fewer spots than the expected number of
telomeres, suggesting telomere clustering [48]. Raplp is
localized to the nuclear periphery [48] and colocalizes
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with Sir3p, Sirdp and with Y’ telomere-associated DNA
[49, 50]. Genetic and biochemical evidence strongly sug-
gest that Raplp, Sir3p and Sirdp form a multiprotein
complex. Raplp has a dispersed nuclear staining in sir3
and sir4 mutants; the normal focal pattern of Sir3p stain-
ing is diffuse in a sir4 mutant. Similarly, Sir4p staining is
no longer punctate in a sir3 mutant. Telomeres, however,
are still clustered in these mutants as detected by the telo-
mere-associated DNA sequence Y’. One explanation is
that proteins other than Sir3p and Sir4p may be involved
in the localization of the telomeres [51]. According to the
model of Maillet et al. [SO] compartmentalization enables
bifunctional proteins such as Raplp and Abflp, which
can both activate and repress transcription, to perform
both functions simultaneously in the same nucleus. Ad-
ditionally, peripheral localization of telomeres helps to
anchor the chromosomes, preventing their reorganization
during interphase [52].

Although telomeres themselves may not mediate chro-
mosome segregation, the separation of telomeres during
cell division creates a special problem for the segrega-
tional system [53]. Evidence that cis-acting functions are
required for the separation of telomeres has been obtained
for Tetrahymena. Altering the telomerase RNA template
in Tetrahymena from GGGGTT to GGGGTTTT can cre-
ate a block in anaphase chromosome separation in the
micronucleus [54]. Cytological analysis revealed a fail-
ure of telomere separation of sister chromatids. Stretched
chromosomes were often seen as one continuous fiber
passing through the midzone of the spindle. Such obser-
vations propose that telomeres on sister chromatids are
normally associated until metaphase and that the defec-
tive telomeres prevent telomere separation. Thus, a spe-
cific element of the telomere repeat may be required in
cis to mediate chromatid separation. Intensive research
is ongoing to identify such cis elements and determine
whether these modify the telomere chromatin structure.
For example, mutations in the UbcDI gene, which en-
codes a class I ubiquitin-conjugating enzyme, cause telo-
mere-telomere attachments during both mitosis and male
meiosis [55]. In these mutants, telomeres associate inap-
propriately with the telomeres of their sister chromatids
and with telomeres of both homologous and nonhomolo-
gous chromosomes. The Sirdp of yeast telomeres also
binds the deubiquitinating enzyme Ubp3p, suggesting
that telomeric protein ubiquitination is a general phe-
nomenon [56].

More interesting is the possibility that telomeres may
be involved in adherence of sister chromatids to one
another until anaphase. Normal telomere-telomere as-
sociations, seen cytologically in a variety of organisms,
could be mediated through single-stranded DNA tails
[57] or telomere proteins. The latter include the TBP pro-
teins of ciliates, the Rapl or Sir proteins of yeast, and
the TRF of mammals [9]. There are three ways in which
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proteins could mediate telomere-telomere associations
[58]. First, dimers or multimers of telomere-binding pro-
teins might be able to associate simultaneously with two
or more telomeres. Second, proteins may link telomeres
indirectly, through a third element such as a component
of the nuclear envelope. Several potential receptors for
chromatin have been identified that localize specifically
to the inner nuclear membrane during interphase. Lamin-
binding proteins LAP2 and LBR associate rapidly with
chromosomes and the reassembling nuclear envelope
during anaphase and telophase. LBR binds to two hu-
man homologs of the D. melanogaster heterochromatin
protein HP1, which is also found at telomeres. The third
variation suggests that telomere proteins might facilitate
DNA-DNA interactions between telomeres. Oligonucle-
otides of single-stranded, G-rich, telomeric DNA from
ciliates, vertebrates and yeast form alternative DNA struc-
tures in vitro that depend on non-canonical base pairing
of the guanines [59]. The beta-subunit of the Oxytricha
telomere protein and Raplp of yeast have the ability to
fold or stabilize telomeric DNA in G-quartet structures
that mediate telomere-telomere association in vitro [57].
Linear plasmids form telomere-telomere interactions in
vitro, similar to those on molecules isolated from yeast,
but only if their ends have a TG1-3 tail. Wellinger et al.
[60] argue that telomere-telomere interactions involve
duplex DNA held together by G:G base pairs, rather than
a triple helix or G quartet. TG1-3 tails and telomere-telo-
mere interactions were detected in vivo in strains lack-
ing telomerase, suggesting that telomerase-independent
mechanisms generate TG1-3 tails at the end of S-phase by
cell cycle-regulated degradation of the C1-3A strand. The
resulting single-stranded tails are a potential substrate for
telomerase, other telomere-binding proteins and can in-
fluence telomere movement.

Chromatin-modifying factors and telomere
chromatin structure

In higher eukaryotic cells, a portion of the transcription-
ally inactive heterochromatin, including that of telomeres,
is associated with a structure called the nuclear matrix
(Fig. 1) [61-63]. Conserved heterochromatin proteins
(HPs), which contain a characteristic chromodomain,
play a critical role in establishing and maintaining these
heterochromatic domains [64]. Heterochromatin proteins
are localized on three different chromosomal sites [65].
In mammals, chromodomain-containing proteins appear
to be either structural components of large macromolecu-
lar chromatin complexes or proteins involved in remodel-
ing the chromatin structure. The isoforms of HP1 (HP1¢,
HP1B and HP1y), heteromers that have been shown to
be associated with nucleosomal core histones [66] and to
reduce transcription of nearby promoters when directly
tethered to DNA [67]. HP1 has been suggested to be a
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conserved component of the highly compact chromatin
of centromeres and telomeres in Drosophila [68]. In ad-
dition, mutation of HP1 results in telomeric fusions [69],
and ectopic overexpression results in increased end as-
sociations [70]. It is thought that the proteins encoded
by the HP1 class of the conserved chromobox genes are
primarily involved in the packaging of chromosomal do-
mains into a repressive heterochromatic state. Thus, it is
possible that HP1 proteins may have a role, too, in the
regulation of telomere movement.

Regulation of telomere movement in meiosis
Telomeres have also been considered key structures of
meiotic chromosomes [47, 52, 71, 72]. Meiosis is a spe-
cialized cell division that ensures the proper segregation
of genetic material and formation of viable haploid gam-
etes. During early meiotic prophase telomeres redistrib-
ute and accumulate at a limited sector of the nuclear enve-
lope to form a chromosomal bouquet as telomeres gather
near the centrosome (for reviews, see [7]). The most
critical events of meiosis occur during prophase I, when
homologous chromosomes become aligned (prealign),
synapse (pair) and recombine with each other. A number
of studies suggest that bouquet formation mediates pre-
alignment of homologues and thereby facilitates synapsis
(reviewed in [29]). ATM has been shown to be involved
with the dispersal of telomeres from the telomere clus-
ters in spermatocytes, as the inactivation of ATM results
in the aberrant accumulation of cells with clustered telo-
meres (Fig. 3) [47]. The only known telomeric proteins
that have been implicated in bouquet formation are the
products of Tazl in fission yeast [73, 74] and Ndj1/Tam1
in budding yeast [75—77]. Whether such proteins are in-
volved in the regulation of telomere structure during telo-
mere movement is yet unknown, as the mechanisms by
which cells collect telomeres from disparate regions of
the nucleus and pull each chromosome into the bouquet
have remained elusive.

Abundant cytological evidence suggests that the localiza-
tion of telomeres during meiosis is distinct from that ob-

Figure 3. Spermatocytes showing telomere clustering and subse-
quent separation of telomeres in the postleptotene stage of meiosis
prophase I as detected by the TTAGGG probe and propidium io-
dide used as counterstain. (a) Spermatocytes of control mice at the
leptotene/zygotene stage. (b, ¢) Spermatocytes showing increased
telomere signal numbers; such telomere dispersal at the pachytene
was rarely seen in Afm™~~ spermatocytes.
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served in somatic nuclei. In meiotic cells telomeres clus-
ter at zygotene to form a so-called bouquet. The bouquet
arrangement of chromosomes has been noted in a variety
of organisms [52]. This nuclear arrangement is likely to
be functionally linked to the process of homologous pair-
ing and synapsis. During the period in which telomeres
form a cluster, there is also evidence that they are tightly
attached to the nuclear envelope and possibly interact
with the cytoskeleton. The most dramatic evidence for the
importance of these associations is chromosomal pairing
in the fission yeast [78], where prophase chromosome
movement apparently is directed by the telomeres. A gene
NDJ1 encodes a telomere-associated protein required for
meiotic chromosome segregation in S. cerevisiae [76].
This protein accumulates at the telomeres during mei-
otic prophase, and its absence results in high levels of
failed meiotic chromosome segregation. The ndj/ mutant
phenotype includes delays in the formation of synaptone-
mal complex axial elements, in synapsis and in the first
meiotic division; loss of telomeric localization of Rap1p;
reduced levels of sporulation and spore viability; and dis-
tributive segregation of linear heterologs. However, there
is no effect of the absence of Ndjlp on the segregation
of telomere-less ring chromosomes. This means that the
mentioned protein is not required for meiotic chromo-
some separation per se, but rather that Ndj1p is essential
to separate chromosomes that have telomeres.

Significance of telomere clustering

The mechanism of telomere clustering and the gene prod-
ucts needed to bring it about have remained difficult to
address, as it has not been possible to directly observe
telomere clustering in living cells. Currently, only a few
mutants exist that would aid in the identification of pro-
teins associated with telomere movement during bouquet
formation in mutant meiocytes in several model organ-
isms (including maize, mouse, and budding and fission
yeast). Results from studies of mutants indicate that the
function of the meiotic bouquet is actually to make mei-
otic prophase much faster and more efficient.

Perspectives

The maintenance of interchromosomal order for proper
function in the nucleus has been a topic of great interest
[79], but research in this area has moved slowly. This has
resulted in a lack of knowledge about how chromosomes
are moved around in the interphase somatic nucleus and
by an inability to pinpoint when such movements occur.
The bouquet is a special and very dramatic example of
establishment of chromosome domain polarity within
the nucleus of meiotic cells, and unlike somatic chro-
mosomal rearrangements, its functional importance is
well established, although how the telomere movements
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are regulated is yet unclear. Further progress in our un-
derstanding of the regulation of telomere movement by
identifying the factors involved in telomere chromatin
structure changes and the machinery responsible for
bringing telomeres into close proximity on the nuclear
envelope will have implications not only for our under-
standing of meiosis and chromosome homology search,
but also for our understanding of how chromosome do-
mains are set up and maintained within the somatic in-
terphase nucleus.
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