
BioMol Concepts 2015; 6(1): 67–75

*Corresponding author: Mitsuhiro Shimizu, Program in Chemistry 
and Life Science, School of Science and Engineering, Department 
of Chemistry, Graduate School of Science and Engineering, Meisei 
University, 2-1-1 Hodokubo, Hino, Tokyo 191-8506, Japan,  
e-mail: shimizum@chem.meisei-u.ac.jp
Yuichi Ichikawa and Hitoshi Kurumizaka: Graduate School of 
Advanced Science and Engineering/RISE, Waseda University, 2-2 
Wakamatsu-cho, Shinjuku-ku, Tokyo 162-8640, Japan
Yoshifumi Nishimura: Graduate School of Medical Life Science, 
Yokohama City University, 1-7-29 Suehiro-cho, Tsurumi-ku, 
Yokohama 230-0045, Japan

Short Conceptual Overview
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Nucleosome organization and chromatin 
dynamics in telomeres

Abstract: Telomeres are DNA-protein complexes located 
at the ends of linear eukaryotic chromosomes, and are 
essential for chromosome stability and maintenance. In 
most organisms, telomeres consist of tandemly repeated 
sequences of guanine-clusters. In higher eukaryotes, most 
of the telomeric repeat regions are tightly packaged into 
nucleosomes, even though telomeric repeats act as nucleo
some-disfavoring sequences. Although telomeres were 
considered to be condensed heterochromatin structures, 
recent studies revealed that the chromatin structures in 
telomeres are actually dynamic. The dynamic properties 
of telomeric chromatin are considered to be important for 
the structural changes between the euchromatic and het-
erochromatic states during the cell cycle and in cellular 
differentiation. We propose that the nucleosome-disfavor-
ing property of telomeric repeats is a crucial determinant 
for the lability of telomeric nucleosomes, and provides a 
platform for chromatin dynamics in telomeres. Further-
more, we discuss the influences of telomeric components 
on the nucleosome organization and chromatin dynamics 
in telomeres.
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Introduction

In eukaryotic chromosomes, genomic DNA is assembled 
into arrays of nucleosomes, the structural and func-
tional units of chromatin. The nucleosome comprises the 
histone octamer and 146 bp of DNA (1, 2). Eukaryotic chro-
mosomes are linear DNA molecules, and their ends, called 
telomeres, are composed of special nucleoprotein com-
plexes. Telomeres are essential for genome stability and 
maintenance, and their structures change dynamically 
throughout the cell cycle and in cell differentiation (3–7). 
In telomeric repeats with the normal length, the telomere 
is in the closed form called the protected state, which is 
maintained by the shelterin complex with heterochro-
matic marks. As cell division progresses, telomere short-
ening leads to an open state called the deprotected state. 
Further shortening of telomeres causes the dysfunctional 
state, in which the telomeres are not protected from the 
DNA damage response machinery, resulting in disease-
causing telomere fusions (3–7).

In most organisms, telomeric DNA consists of 
tandem 5–8 bp repeats with guanine-clusters (G-clus-
ters) (Table 1), and the G-rich strand is extended to form 
a 3′-single-stranded overhang (G-tail) at the chromo-
some ends (8). For example, the telomeric repeats in 
human and budding yeast are (TTAGGG)n and (TG1-3)n, 
respectively. However, the telomere organizations are 
significantly different between lower and higher eukary-
otes (4, 5, 7). First, the lengths of the telomeric repeats 
are relatively longer and variable in mammals, about 
10–15 and 20–60 kbp in humans and mice, respectively. 
In contrast, the repeats are shorter, about 300 bp, in both 
fission yeast and budding yeast. In addition, in lower 
eukaryotes, the telomeric repeats have a nonnucleosomal 
chromatin structure, whereas in higher eukaryotes, they 
are organized within arrays of nucleosomes with short 
linker DNAs (Table 1). Furthermore, the components of 
the telomeric architecture are diverse among organisms. 
This review focuses on the nucleosome organization 
and the chromatin dynamics in telomeres, in terms of 
the structural properties of the telomeric repeat DNAs, 
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nucleosome formation, and architectural components of 
the telomere.

Nucleosome formation with 
telomeric repeat sequences in vitro
Telomeres have the common sequence feature of a cluster 
of G-residues in the tandem repeats, in most organ-
isms (Table 1). Nucleosome assembly on the telomeric 
sequences from various organisms has been exten-
sively analyzed, by competitive reconstitution assays in 
vitro (4, 9–11). These studies revealed that all telomeric 
sequences tested show comparative positive free energies 
in nucleosome formation, relative to average nucleosomal 
DNA. These results imply that the affinities of telomeric 
sequences for histone octamers are the lowest among the 
sequences tested. Thus, telomeric DNAs have a feature 
that disfavors nucleosome formation in vitro.

The structures of nucleosomes reconstituted from 
various telomeric sequences have been examined by mic-
rococcal nuclease (MNase) digestion. Arabidopsis telom-
eric DNA reconstituted in nucleosomes was protected from 
MNase digestion, resulting in an approximately 147-bp 
fragment, which is the canonical nucleosome length (9). 
It is worthwhile to note that footprinting studies, using 
DNase I, hydroxyl radicals, exonuclease III or λ exonucle-
ase, revealed that telomeric nucleosomes occupy multiple 
positions without a rotational setting (9–11). Thus, there is 
no preferred location for nucleosomes on telomeric DNA 
sequences.

Pisano et  al. (12) compared the mobility of nucle-
osomes reconstituted from the human telomeric 
sequence (TTAGGG)27 (hTEL27) with those reconstituted 
from the standard average sequence, called TAND1. 
After the reconstitution, the nucleosomes were ligated 

to a longer sequence containing a nucleosome position-
ing sequence, the TG pentamer, and their mobility was 
examined. The histone octamer moved from the hTEL27 
sequence to the TG pentamer, whereas the nucleosomes 
formed on the control TAND1 sequence remained, 
showing that telomeric nucleosomes have high intrin-
sic mobility under physiological conditions (12). Atomic 
force microscope (AFM) imaging analyses revealed that 
the nucleosome spacing on the relatively longer human 
telomeric repeats (about 800–1500 bp) varied randomly, 
whereas the spacing on the 5S ribosomal DNA and the 
601 DNA, which are both known as nucleosome posi-
tioning sequences, was mostly uniform (13, 14). These 
studies indicated that the telomeric nucleosomes are 
labile and intrinsically mobile, consistent with the 
results of the competitive reconstitution and footprint-
ing assays in vitro.

Nucleosome organization  
in telomeric repeat sequences  
in vivo
The nucleosome organization at telomeres on chromo-
somes has been extensively analyzed by MNase and 
DNase I digestions of nuclei isolated from various organ-
isms (15–24). In a typical experiment, the DNA purified 
from the MNase- or DNase I-digests is resolved by agarose 
gel electrophoresis and analyzed by subsequent South-
ern blotting. In Saccharomyces cerevisiae, the subtelom-
eric repeats were assembled into nucleosomes, whereas 
the telomeric tracts of TG1-3 were protected in DNA frag-
ments with larger and more heterogeneous sizes than that 
of a nucleosome (23). These studies suggested that the 
yeast telomere is a nonnucleosomal chromatin structure. 

Table 1 Nucleosome organization in telomeric chromatin and comparative free energies for nucleosome formation in vitro.

Organism  
 

In vivo  
 

In vitro

Repeat unit   Telomeric chromatin DNA   ΔΔG (kcal/mol)a

Homo sapiens   TTAGGG   Nucleosomal   (GGGTTA)30   1.35
Mus musculus   TTAGGG   Nucleosomal   –   –
Arabidopsis thaliana   TTTAGGG   Nucleosomal   (GGGTTTA)26   1.10
Tetrahymena thermophila   TTGGGG   Nonnucleosomalb   (GGGGTT)28   2.00
Schizosaccharomyces pombe   T1-2ACA0-1C0-1G1-6   Nonnucleosomal   –   –
Saccaromyces cerevisiae   TG1-3   Nonnucleosomal   (GGTGTGTG)20  1.60

aValues are derived from Ref. (9).
bSome 3%–10% of the telomeric region in Tetrahymena is organized in nucleosomes (24).
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Instead, the specific DNA-protein complex called the telo-
some is formed in the telomeric repeats (7). The yeast Rap1 
protein binds to the telomeric repeat sequences to form 
the telosome, along with Rif1 and Rif2. A recent report 
revealed the X-ray structure of Rif1 and Rif2 bound to the 
Rap1 C-terminal domain, and proposed a model for the 
Rap1-Rif1-Rif2 assembly at telomeres (25). This structure 
led to the Velcro model for telomere organization, which 
may explain telomere homeostasis.

In contrast to the yeast telomeres, the telomeric repet-
itive elements in higher eukaryotes, such as mammals 
and some plants, are organized into packed arrays of 
nucleosomes, i.e., closely spaced nucleosomes (15–22). 
This is inconsistent with the fact that both the human 
and yeast telomeric sequences have lower affinities for 
histone octamers. Regarding this issue, it should be 
noted that Tommerup et  al. (17) suggested that nucleo-
some-free regions exist in the unusual chromatin in the 
human telomere. They examined the telomeric chromatin 
in two subclones of a HeLa cell line, in which one sub-
clone (HeLa-L) carries long telomeric repeats of ∼22.5 kb, 
and the other subclone (HeLa-S) has much shorter telo
meres with only 2–7 kb telomeric repeats. An array of 
tightly packed nucleosomes is formed in the longer telo-
meric repeats in HeLa-L cells, whereas an altered form of 
chromatin, characterized by diffuse MNase patterns, is 
formed in the shorter telomeric repeat region in HeLa-S 
cells. Thus, it was speculated that human telomeres have 
a bipartite chromatin structure, with an array of packaged 
nucleosomes with short linkers in the proximal region of 
the telomere and unusual chromatin near the telomere 
terminus. The diffuse MNase pattern could be derived 
from the nucleosome-free regions, but the numbers and 
sizes of the nucleosome-free regions, as well as their loca-
tions, cannot be predicted (17).

The long tandem repeats in human telomeres make 
it difficult to obtain detailed structural information. It 
is also challenging to discuss the exclusive effect of the 
DNA sequence because such cell biological studies cannot 
exclude the effects of endogenous telomere-binding 
factors. Therefore, we utilized the yeast minichromosome 
system, which consists of an array of positioned nucle-
osomes (26, 27) to examine the effects of human and yeast 
telomeric repeat sequences on nucleosome positioning 
in vivo (28). It allows a detailed analysis of properly posi-
tioned nucleosomes, without human telomere-associated 
factors, in yeast cells. Thus, the effects of the DNA ele-
ments of telomeric repeats, such as the number of repeats 
and the base composition, could be solely examined 
in vivo, as described in the next section.

Nucleosome-disfavoring  
properties of telomeric repeats  
in vivo, as revealed by the yeast  
minichromosome system
Previously, we developed an in vivo assay system to 
examine the effects of DNA sequences on nucleosome 
formation, using the defined yeast minichromosome 
system (26, 27). The TALS circular DNA is a derivative of 
the TRP1ARS1 plasmid (29), which contains the α2 opera-
tor, and it is assembled into minichromosomes harboring 
an array of positioned nucleosomes in MAT α cells (30, 
31). The minichromosome system comprising positioned 
nucleosomes allowed us to evaluate the detailed effects of 
DNA structures on the formation of nucleosomes in vivo.

We inserted various lengths of human and yeast telo-
meric repeat sequences (hTELn and yTELn, respectively, 
see Figure 1A) into the center of nucleosome IV in the TALS 
minichromosome (28). MNase digestion-based analyses of 
the yeast minichromosomes revealed that both the human 
and yeast telomeric repeat sequences disfavor nucleosome 
formation in vivo, in a length-dependent manner. Specifi-
cally, the shorter hTEL2 and hTEL4 inserts were incorpo-
rated near the pseudo-dyad axis of nucleosome IV, whereas 
the longer inserts of hTELn (n = 6, 12, 29) and yTELn (n = 4.5, 
9) (see Figure 1A) disrupted the positioning of nucleosome 
IV. To clarify the sequence requirements for this feature, 
we further analyzed the insertion of sequence isomers of 
the telomeric repeat sequences, called SI-An and SI-Bn 
[(TGTAGG)n and (TGTGAG)n (n = 6, 12), respectively]. These 
SI-An and SI-Bn sequences have the same base composition 
as the human telomeric repeat, but the G-cluster portion, 
which is a characteristic of the telomeric repeat, is dis-
rupted in the repeats. In contrast to the longer hTELn (n  ≥  6) 
insert, all of the sequence isomers (SI-An and SI-Bn, n = 6, 
12) were incorporated in the positioned nucleosome IV (the 
results are summarized in Figure 1B). Thus, the periodic 
appearance of the G-clusters is responsible for the nucle-
osome-disfavoring properties of the telomeric repeats (28).

Two mechanisms are mainly considered for the 
nucleosome-disfavoring properties of the longer telomeric 
repeats. In one mechanism, the human telomeric repeats 
are occupied by yeast proteins, such as Tbf1 (TTAGGG-
binding protein factor 1) and Rap1 (a yeast telomeric-bind-
ing protein) (32–34), to prevent histone octamer binding. 
In the other mechanism, the anti-bending property of the 
telomeric repeat DNA confers its resistance to nucleosome 
formation. As we discussed previously (28), it is most likely 
that an inherent structural feature of the DNA is the major 
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determinant for the nucleosome-disfavoring properties. We 
will discuss the components influencing the nucleosome 
organization and chromatin dynamics in telomeric repeat 
sequences, and clarify their properties in the next section.

Components that influence nucleo-
some organization in telomeric 
chromatin

Structural properties of telomeric DNA repeat 
sequences

Our studies support the idea that the inherent structural 
features of the DNA in telomeric repeat sequences are 

critical for nucleosome formation (28). The 24-bp insert 
(hTEL4) was incorporated into nucleosome IV, in contrast 
to the 36-bp insert (hTEL6). Figure 1C shows the putative 
DNA path of the 36-bp insert, which was superimposed 
on the crystal structure of the yeast nucleosome (35), and 
would span from superhelix axis location (SHL) +1 to -2.5. 
As the telomeric repeat length increases, the flexibility of 
the longer repeat DNA could become more limited, espe-
cially around at SHL -1.0 to -2.5, thus inhibiting the forma-
tion of nucleosome IV in the yeast minichromosome (28). 
As described below, several lines of evidence support the 
idea that the structures of DNA sequences containing 
consecutive G-residues differ from that of the canonical 
B-DNA.

The crystal structure of the DNA oligomer d(G-G-G-G-
C-C-C-C) revealed that its overall structure is similar to an 
A-form duplex, with a shallow minor groove and a deep 

Figure 1 Telomeric repeats act as nucleosome-disfavoring sequences in vivo.
(A) Experimental design. Several human and yeast telomeric repeat sequences were inserted into the positioned nucleosome IV in the yeast 
minichromosome TALS (figure modified from ref. 28). (B) Summary of the effects of the 36-bp telomeric repeats (hTEL6 and yTEL4.5), as well 
as the sequence-isomers of human telomeric repeats (SI-A6, SI-B6). (C) Projection of 36 bp of the human telomeric repeat sequence (hTEL6) 
on the crystal structure of the yeast nucleosome core particle (PDB: 11D3) (35) (figure modified from ref. 28). (D) A model for the dynamics 
of telomeric chromatin: inter-conversion between the euchromatic and heterochromatic states in the telomeric repeat region. The proper-
ties of the DNA in telomeric repeat sequences cause the formation of labile nucleosomes, thus facilitating the inter-conversion. Telomeric 
components are also responsible for the dynamic alterations of chromatin states. In the euchromatic state, telomeric repeat sequences are 
transcribed into TERRA (shown in red).
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major groove (36). The aqueous structures of this oligomer 
and its sequence isomer d(C-C-C-C-G-G-G-G) were analyzed 
by CD and NMR spectroscopies, together with unrestrained 
molecular dynamics (37). The structure of d(C-C-C-C-G-G-
G-G) is quite unusual, as it forms an A-type double-helix 
with B-type sugar puckering. In the aqueous structure of 
the DNA duplex of d(G-G-G-G-C-C-C-C), the G-G stacking 
is A-like (38). In addition, poly(dG)-poly(dC) in solution 
can adopt the A-form, depending on the environment (39). 
Thus, the A-like structural properties of the G-cluster seg-
ments (36–40), which may be more rigid than the canonical 
B-form, would be responsible for inhibiting the incorpora-
tion of longer telomeric repeats within the nucleosome.

Alternatively, telomeric repeat sequences can adopt 
four-stranded DNA structures, called G-quadruplexes 
or G4 DNA (41). The G-quartet is the basic structural 
unit of G4 DNA, in which four G-bases are connected by 
Hoogsteen-base pairs and assembled in a square planar 
manner. In telomeres, the 3′ single-stranded overhang of 
the G-rich strand has the potential to form the G4 struc-
ture, which may be important for telomeric DNA protec-
tion (41, 42). It was also proposed that G4 structures can 
form on the G-rich template for lagging strand synthesis 
during the replication of the double-stranded telomeric 
repeat regions, causing replication fork arrest at telomeric 
repeats (41, 42). In fact, G4 structures have been quanti-
tatively visualized in human cells, using an engineered, 
structure-specific antibody (43). However, it was recently 
shown that G4 formation is not required for DNA poly-
merase δ stalling on telomeric lagging strands (44). Taken 
together with consideration of our structural studies 
(28), it is uncertain whether the double-stranded telom-
eric repeats in the yeast minichromosomes form G4 DNA 
during DNA replication, which should prevent nucleo-
some formation.

Telomere repeat direct binders TRF1 and TRF2

As mentioned earlier, the nucleosome-disfavoring prop-
erties of the human telomeric repeats, as revealed by the 
in vitro reconstitution studies and the in vivo assay system 
using the yeast minichromosome, argue against the fact 
that packed nucleosomes with short spacing are formed 
in the tandem repeats of human telomeres in vivo. This 
inconsistency suggests that telomeric components may 
play an important role in both the formation and dynam-
ics of nucleosomal arrays in the telomeric repeats in 
human telomeres.

Mammalian telomeres are assembled into a special-
ized chromatin structure containing the shelterin complex, 

composed of six proteins: TRF1, TRF2, POT1, RAP1, TIN2, 
and TPP1 (3–5). The shelterin complex is essential for tel-
omere length maintenance and chromosome protection. 
TRF1 and TRF2 have a Myb-like domain and specifically 
bind to the double-stranded DNA sequence of GGGT-
TAGGG in two repeats (45, 46), and occupy approximately 
30% and 15% of all repeat regions, respectively (47).

To examine the interaction between TRF1 and nucleo-
some, Cacchione and co-workers (48) performed a gel 
mobility shift assay and DNase I footprinting in vitro. TRF1 
specifically recognizes its binding sites located within 
nucleosomes, and forms a ternary complex. TRF1 binding 
to a nucleosome depends on the orientation of the binding 
sites on the nucleosome surface, and causes alterations 
in the nucleosome structure without histone octamer 
dissociation. Furthermore, TRF1 specifically induces the 
mobility of telomeric nucleosomes, which are intrinsically 
mobile, and also causes the compaction of telomeric DNA 
through TRF1-nucleosome interactions (49). Thus, TRF1 
has the ability to regulate the telomeric chromatin struc-
ture, including the nucleosome organization, through its 
various interactions with nucleosomes, such as binding to 
a site within nucleosomes, inducing nucleosome mobility, 
and compacting telomeric DNA regions.

The effects of TRF2 on nucleosome organization have 
also been extensively studied in vivo (50–52) and in vitro 
(52–54). A recent chromatin immunoprecipitation and 
MNase mapping assay demonstrated that TRF2 overex-
pression reduces the nucleosome density and increases 
the internucleosomal distance at telomeres in vivo (52). 
These results confirmed a previous report that TRF2 over-
expression increases nucleosome spacing at telomeres 
in transgenic mice (50). When nucleosome arrays were 
assembled on telomeric repeats in the presence of TRF2 
in vitro, the distance between nucleosomes increased 
and became less regular (52). In vitro analytical agarose 
gel electrophoresis and AFM studies revealed that TRF2, 
as well as the TRF2 DNA binding domain, promotes the 
folding of nucleosomal arrays into more compact struc-
tures (53, 54), thus generating results that seem to be 
inconsistent with the in vivo studies mentioned earlier. 
Although the relationship between nucleosome spacing 
and chromatin compaction remains uncertain, it is appar-
ent that TRF2 affects the telomeric chromatin structure.

However, Wu and de Lange (51) reported no evidence 
of altered nucleosomal spacing in telomeric chromatin 
or nucleosome eviction near the telomere terminus by 
the deletion of TRF2, although the telomere structures 
became deprotected. Furthermore, even when the entire 
shelterin complex was removed from mouse telomeres, 
by the double-knockout of TRF1 and TRF2, no significant 
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differences were observed in the nucleosome ladders 
generated by MNase digestion (55). Specifically, the 
telomeric repeat DNA remained packaged within nucle-
osomes in the absence of the shelterin complex. Thus, it 
is speculated that TRF1 and TRF2 can alter nucleosome 
organization in telomeres, but once the nucleosomes are 
formed, the removal of TRF1 and TRF2 does not affect the 
nucleosome organization. It is also possible that telomeric 
components other than the shelterin complex maintain 
nucleosomal arrays in telomeric repeat regions.

Although TRF1 and TRF2 contain similar functional 
domains, a remarkable difference exists in their N-ter-
minal regions, which are acidic and basic in TRF1 and 
TRF2, respectively. Unlike TRF1, TRF2 introduces positive 
supercoiling, and hence negative torsion is created on the 
adjacent DNA (56). Interestingly, the deletion of the acidic 
domain in TRF1 causes it to introduce positive supercoil-
ing into DNA (57). The TRF2-specific property is thought to 
lead to the stimulation of the invasion of single-stranded 
telomeric repeats to promote telomeric DNA looping 
(called a t-loop), and nucleosomes have the ability to 
facilitate this TRF2 activity, which may be involved in sta-
bilizing the looped telomere structures (56, 57). Thus, we 
speculate that each characteristic N-terminal domain may 
exert unique effects on the nucleosome organization in 
telomeres.

Histone variants, modifications, and 
chaperones

Histone post-translational modifications, histone vari-
ants, and histone chaperones play important roles in the 
regulation of transcription, as well as DNA replication, 
repair and recombination, and specific modifications and 
variants are often referred to as epigenetic marks (2). Tel-
omeres had previously been regarded as heterochromatin 
associated with condensed chromatin, in transcription-
ally silent chromosomal regions. The epigenetic marks 
in mouse and human telomeres have been extensively 
studied. The telomeric repeat sequences are identical 
between mouse and human, but their lengths in mice are 
longer (about 20–60 kbp) than those in humans (about 
10–15 kbp). In mouse telomeres, heterochromatic marks 
such as H3K9me3 and H4K20me3 are enriched, and his-
tones H3 and H4 are hypoacetylated (58, 59). In contrast, 
the levels of heterochromatic marks, H3K9me3, H4K20me3 
and H3K27me3, are relatively low in telomeres in human 
cells (60). Similarly, H3K9me3 and H3K36me are the least 
significant modifications detected at telomeres in CD4+ 
T-cells (61). Notably, a recent study revealed that the 

H3K9me3 density increased with the elongation of telom-
eres in human cells (62). Thus, the difference in the level 
of H3K9me3 in telomeres between mouse and human can 
be attributed to the difference in their telomere lengths, 
consistent with the report that the H3K9me3 density 
varies with telomere length in telomerase-deficient mice 
(63). The removal of the acetyl group of H3K9 residues by 
SIRT6, the NAD+-dependent histone deacetylase, is also 
important for telomere maintenance. The SIRT6 knock-
down causes premature cellular senescence and telomere 
dysfunction (64). These results indicate that the establish-
ment of the heterochromatin state in human telomeres is 
required for chromosome stability. It is likely that hetero-
chromatin plays a role in the tightly packed nucleosomes 
in human telomeres, detected as nucleosome ladders by 
MNase digestions, as discussed earlier.

Meanwhile, euchromatic marks are detectable in 
human telomeres. For example, the most significant 
modifications at telomeres are H2BK5me1 and H3K4me3, 
which are often associated with actively transcribed genes 
in CD4+ T-cells (61). The transcriptional regulator mixed 
lineage leukemia (MML), a mammalian trithorax-group 
gene product, associates with telomeres and contributes 
to their H3K4 methylation and transcription in a telomere 
length-dependent manner, and the level of H3K4 methyla-
tion decreases with the shortening of the telomere length 
(65). Thus, the current view is that both heterochromatic 
and euchromatic marks are detectable in human telom-
eres, dependent on the telomere lengths.

Furthermore, in murine embryonic stem cells (ES 
cells) and neuronal precursor cells, the histone H3 variant 
H3.3 is localized in actively transcribed genes, as well as 
in telomeres (66–68). Hira and DAXX are H3.3 chaper-
ones; the former is required for H3.3 enrichment at active 
genes, whereas in the complex with ATRX, the latter facil-
itates the deposition of H3.3 at telomeres (67, 68). Ser31-
phosphorylated H3.3 (H3.3S31P) is enriched at telomeres 
during mitosis in pluripotent mouse ES cells, but not at 
telomeres in other nonpluripotent mouse and human 
cells. Cellular differentiation leads to a decrease in the 
H3.3S31P signals and to an increase in the H3K9me3 and 
H4K20me3 levels, and the telomere chromatin in ES cells 
becomes more MNase-resistant following differentiation 
(66). Thus, cellular differentiation-mediated histone mod-
ifications at the telomeres affect the underlying telomeric 
nucleosome organization, suggesting that the chromatin 
dynamics in telomeres are relevant to cellular differen-
tiation. Monitoring of the genome-wide dynamics of rep-
lication-independent H3.3 indicated that the turnover of 
the H3.3 enriched in telomeres is very slow, which may be 
necessary for the maintenance of telomeric stability (69). 
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Thus, the deposition of H3.3 at telomeres, its modifica-
tions, and turnover may be determinants for the dynamic 
nature of telomeric chromatin.

As discussed earlier, telomeric chromatin contains epi-
genetic marks associated with both heterochromatin and 
euchromatin. In fact, telomeric repeat regions are tran-
scribed into the noncoding RNA called TERRA (telomeric 
repeat containing RNA) (70). TERRA has been implicated 
in many processes, such as heterochromatin formation, tel-
omere end protection, control of telomere length, replicative 
senescence, and so on (71). In relation to these functions, 
TERRA interacts with several telomeric components, includ-
ing TRF1, TRF2, and ORC (72). Thus, TERRA is an important 
regulator of telomere structure and function (71–73).

Concluding remarks and 
perspectives
In spite of the nucleosome-disfavoring properties of telo-
meric repeat DNA, human telomeres are packaged into 
nucleosomal arrays. The formation of nucleosomal arrays 
in chromosomes should be more stable, as compared to 
a long nucleosome-free region. The covering of telomeric 
repeats by nucleosomes would suppress inappropriate 
recombination, thereby preventing telomere fusion and 
loss of telomere length control. In addition, nucleosome 
formation retains the telomeric repeat DNA in the B-form 
structure, thereby restraining it from the inappropriate 
formation of the G4 structure. Thus, packaging nucle-
osomes are necessary for the proper regulation of tel-
omere function.

Although telomeres were considered to be condensed 
heterochromatin structures, recent studies have revealed 
that the chromatin structures are highly dynamic in tel-
omeres. For instance, the telomeric repeat regions are 
transcribed into the noncoding RNA called TERRA, and 
they contain both the heterochromatic marks and euchro-
matic marks of histone modifications and variants. The 
dynamic properties of telomeric chromatin are considered 
to be important for the structural changes between the 
euchromatic and heterochromatic states, as well as for 
the changes between the protected and deprotected states 
during the cell cycle. As the transcribed TERRA interacts 
with TRF1, TRF2, and ORC (origin recognition complex), it 
is postulated that TERRA, together with telomeric proteins, 
participates in the inter-conversion between the euchro-
matic and heterochromatic states. Heterochromatin forma-
tion with telomeric components would contribute toward 
stabilizing nucleosomal arrays at human telomeres. We 

propose that the nucleosome-disfavoring property of the 
telomeric repeats provides a platform for such dynamics of 
telomeric chromatin, as shown in Figure 1D. The molecular 
mechanisms underlying the dynamics of telomeric chro-
matin, including the alterations of the nucleosome organi-
zation, remain elusive. Furthermore, it is possible that the 
nucleosome organization and dynamics may be regulated 
by the telomere organization in the nucleus, such as tel-
omere clustering at the nuclear periphery. Future studies 
on the mechanisms should provide important clues toward 
understanding telomere biology.
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