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The epigenetic regulation of
mammalian telomeres
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Abstract | Increasing evidence indicates that chromatin modifications are important
regulators of mammalian telomeres. Telomeres provide well studied paradigms of
heterochromatin formation in yeast and flies, and recent studies have shown that

mammalian telomeres and subtelomeric regions are also enriched in epigenetic marks
that are characteristic of heterochromatin. Furthermore, the abrogation of master
epigenetic regulators, such as histone methyltransferases and DNA methyltransferases,

correlates with loss of telomere-length control, and telomere shortening to a critical
length affects the epigenetic status of telomeres and subtelomeres. These links between
epigenetic status and telomere-length regulation provide important new avenues for

understanding processes such as cancer development and ageing, which are

characterized by telomere-length defects.

Telomeres are nucleoprotein structures that protect the
ends of chromosomes from DNA repair and degrada-
tion'?, In vertebrates, telomeres do not contain genes and
consist of TTAGGG repeats that are bound by a special-
ized multiprotein complex, known as ‘shelterin’ or ‘the
telosome, which has fundamental roles in the regulation
of telomere length and protection'?. The subtelomeric
regions located adjacent to telomeres are also enriched
in repetitive DNA, and contain a low density of genes.
Proper telomere functioning requires both a minimum
length of TTAGGG repeats and the integrity of the
shelterin complex"* Telomere length is maintained by
telomerase, a reverse transcriptase that adds telomeric
repeats de novo after each cell division, counteracting
the end-replication problem in those cell types in which
it is expressed®. Alternative ways to maintain telomere
length have also been described, such as ALT (alternative
lengthening of telomeres), which relies on homologous
recombination between telomeric sequences®. In mam-
mals, the length of telomeres differs between individuals
and species and is under complex genetic control”®.
Most adult cells, including stem cells, progressively
lose telomeres during cell division and tissue renewal,
and it has been proposed that this telomere shortening
is rate limiting for human lifespan and contributes to
the development of age-related pathologies*’. Strong
support for this idea comes from the study of the telom-
erase-deficient mouse model'*'?, and from some cases
of dyskeratosis congenita and aplastic anaemia, which
show premature loss of tissue renewal associated with

decreased telomerase activity and short telomeres*".
By contrast, the vast majority of human cancers have
aberrantly elevated telomerase levels or activated ALT
mechanisms, and are able to maintain telomeres and
divide indefinitely>'.

Until recently, little was known in mammals about
what has long been known in yeast and Drosophila
melanogaster to be an important aspect of the regulation
and functioning of telomeres and subtelomeric regions
— their chromatin structure. Like yeast and fly telomeres,
mammalian telomeres are thought to have properties
that are characteristic of heterochromatin, as indicated
by the fact that they can transcriptionally silence nearby
genes'>'®. Unlike yeast, in which only subtelomeres have
nucleosomes, telomeric chromatin in humans contains
nucleosomes that show a slightly altered spacing com-
pared with non-telomeric chromatin'”®. However, the
molecular details of the structure of mammalian telomeric
heterochromatin remained unknown. Recent studies have
shown that mouse telomeric and subtelomeric chromatin
contains histone modifications that are commonly found in
heterochromatin'-?', and that subtelomeric DNA can be
methylated'®**, Moreover, increasing evidence indicates
the existence of functional links between these epigenetic
marks and telomere-length homeostasis'®"*. Alterations
of histone modifications in telomeric chromatin
or of DNA methylation in subtelomeric regions correlate
with telomere-length deregulation'*'*, pointing to a
higher-order structure at telomeres that is epigenetically
regulated and is important for length control®.
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Heterochromatin
Chromosomal material that
is tightly coiled and generally
inactive in terms of gene
expression.

Nucleosome

The fundamental unit into
which DNA and histones are
packaged in eukaryotic cells. It
is the basic structural subunit
of chromatin and consists of
~200 bp of DNA wrapped
around an octamer of histone
proteins.

Histone modifications
Histones undergo post-
translational modifications
that alter their interaction with
DNA and nuclear proteins. In
particular, the tails of histones
H3 and H4 can be covalently
modified at several residues.
Modifications of the tail
include methylation,
acetylation, phosphorylation
and ubiquitination, and affect
several biological processes,
including gene expression,
DNA repair and chromosome
condensation.

DNA methylation

DNA methylation occurs
predominantly in repetitive
genomic regions that contain
CpG residues. DNA methylation
represses transcription directly
by inhibiting the binding of
specific transcription factors,
and indirectly by recruiting
methyl-CpG-binding proteins
and their associated
repressive chromatin-
remodelling activities.

Here I begin by providing a brief overview of tel-
omere structure, function and general maintenance
mechanisms, followed by a summary of the well under-
stood role of epigenetic modifications in the regulation
of yeast telomeres. On this background, I then discuss
the epigenetic features of mammalian telomeres and the
mounting evidence that histone modifications and DNA
methylation at telomeric regions have a central role in the
regulation of telomere length. I conclude by discussion
the implications of these findings for our understanding
of the roles of telomeres in human disease and ageing.

Structure and function of telomeric regions

The structure of telomeric regions is generally con-
served among organisms from yeasts to humans with
some exceptions, including flies (see below). Telomeres
consist of double-stranded G-rich repeats ending in a
single-stranded 3“overhang (the G-strand overhang),
which provides the substrate for telomerase® (FIG. 1). The
G-strand overhang can also fold back and invade
the double-stranded region of telomeres, forming a
protective structure known as the T-loop?**’.

Telomere repeats are bound by sequence-specific
factors, known as telomere-repeat-binding factors. In
budding yeast, double-stranded TG, , telomeric repeats
are bound by Rap1?® (repressor—activator protein 1),
whereas Cdc13 (cell division control protein 13) binds
to the G-strand overhang®. In turn, Rapl recruits to
budding yeast telomeres the silent information regulator
proteins Sir2, Sir3 and Sir4, and Rap1-interacting factors
Rifl and Rif2, forming the so-called telosome™ (FIC. 1a).
The number of Rap1-Rif complexes has been shown to
count and autoregulate telomere length*. Both Rapl
and Rif proteins act as negative regulators of telomere
length, and mutations that affect these proteins result
in abnormally elongated telomeres®-**. By contrast,
disrupting the function of the Sir3 and Sir4 proteins
results in telomere shortening®. In the fission yeast,
Schizosaccharomyces pombe, the Myb-domain containing
Tazl protein is the major telomere-repeat-binding factor
that has been shown to negatively regulate telomere elon-
gation®, whereas a protein known as Pot1 (protection of
telomeres 1) binds and protects the G-strand overhang®
(FIG. 1b). Similar to the budding yeast Rap1 protein, Tazl
abrogation leads to aberrantly elongated telomeres and
loss of telomere silencing®. Homologues of budding
yeast Rap1 and Rifl proteins have been also described
at S. pombe telomeres, where they are recruited through
interaction with Tazl and also regulate telomere length
and telomeric silencing®.

In an analogous way to yeast, mammalian TTAGGG
telomere repeats are also bound by a multiprotein
complex known as the telosome or shelterin™? (FIC. 1¢).
Shelterin contains orthologues of yeast proteins that bind
to either the G-strand overhang, such as the POT1/TPP1
heterodimer***%, or to double-stranded repeats, such
as the Myb-domain-containing telomere binding factors
TRF1 and TRF2 and their interacting proteins RAP1 (an
orthologue of budding yeast Rap1) and TIN2 (TRF1-
interacting nuclear factor 2)"*. TRF1 also interacts
with the TANKI and TANK2 poly(ADP)-ribosylases

(also known as tankyrases)*'. TRF1 and the TRF1-
interacting proteins have been proposed to act as
negative regulators of telomere length in an analogous
manner to the budding and fission yeast Rap1 and Tazl
proteins, respectively, probably by controlling the access
of telomerase to the telomere'. TRF2 and POT1 seem
to have additional roles in telomere protection as they
prevent end-to-end chromosome fusions****, probably
through their ability to interact with DNA-damage
signalling and repair factors*-*%. A putative role for
mammalian shelterin components in disease is unclear,
although they are upregulated in some human carcino-
mas*~* and mice with increased Trf2 expression show
increased epithelial carcinogenesis®*. Interestingly, Trf2
conditional deletion in adult hepatocytes has no effect on
their viability®.

Telomere maintenance mechanisms

Maintenance by telomerase. In both yeast and mammals,
the G-strand overhang is the substrate for telomerase,
which consists of a reverse transcriptase (TERT) that
is able to synthesize telomeric repeats de novo and add
them to chromosome ends using an associated RNA
molecule (TERC) as a template. In contrast to yeast,
humans show telomere attrition with ageing, which is
thought to result from limiting amounts of telomerase
activity in the adult organism, which cannot compensate
for the progressive telomere shortening that occurs as
cells divide during tissue regeneration*®. In this regard,
telomerase has been found to be crucial for stem-cell
function and proliferative potential, providing a pos-
sible basis for the known roles of telomerase in cancer
and ageing. Whereas short telomeres that arise owing to
telomerase deficiency result in impaired stem-cell func-
tionality®, defective tissue regeneration and decreased
tumorigenesis®, telomerase overexpression has the
opposite effects®®.

In contrast to yeast and mammals, D. melanogaster
lacks telomerase activity and, in this species, telomeres
do not consist of telomerase-generated simple telomere
repeats, but of two main classes of retrotransposons,
HetA and TART®®, which are involved in telomere-length
maintenance. D. melanogaster also lacks the direct tel-
omere-repeat-binding factors that have been described
in yeast and mammals.

Alternative lengthening of telomeres. In the absence of
telomerase activity, both yeast and mammals are able
to maintain or elongate their telomeric or subtelomeric
DNA through the ALT mechanism. This phenomenon
was first described in budding yeast strains that were
deficient for the EST1 gene®*® (ever shorter telomeres 1),
and was later reported in telomerase-deficient human
cells**. In both yeast and mammals, ALT has been shown
to involve homologous recombination between telomeric
sequences, and has been associated with the formation
of extrachromosomal circles®. In yeast, two independ-
ent ALT pathways are defined by the Rad50 and Rad51
group genes®', as well as being defined according to their
telomere length®. In humans, ALT-positive cells are
characterized by heterogeneous telomere length, with
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PML body

Subnuclear compartments
that are defined by the
presence of the PML
(promyelocytic leukaemia)
protein. They have been
associated with diverse
nuclear functions including
transcription, DNA repair,
viral defense, stress, cell-cycle
regulation, proteolysis and
apoptosis.
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Figure 1| Structure of telomeres and subtelomeres in yeast and mammals. a | Budding yeast telomeres. Double-
stranded telomeric repeats are bound by the telomere-repeat-binding factor repressor-activator protein 1 (Rap1),
which in turn recruits the silent information regulator proteins Sir2,3,4 and the Rap1-interacting factors Rif1,2. The
G-strand overhang is bound by the single-stranded telomere-binding protein cell division control protein 13 (Cdc13).
Both Rap1 and Rif proteins act as negative regulators of telomere length, and mutations that affect these proteins
result in abnormally elongated telomeres. By contrast, disrupting the function of the Sir3 and Sir4 proteins results in
telomere shortening. b | Fission yeast telomeres. Double-stranded telomeric repeats are bound by the telomere-
repeat-binding factor Taz1, which in turn recruits homologues of budding yeast Rap1 and Rif1 proteins. The G-strand
overhang is bound by the single-stranded telomere-binding protein protection of telomeres 1 (Pot1). Taz1 acts as
negative regulator of telomere length. ¢ | Mammalian telomeres. Double-stranded telomeric repeats are bound by a
multiprotein complex known as ‘shelterin’ or the ‘telosome’, which comprises the Myb-domain-containing telomere
binding factors TRF1 and TRF2, TIN2 (TRF1-interacting nuclear factor 2), RAP1 (orthologue of budding yeast Rap1),
POT1 (orthologue of yeast POT1) and TPP1 (also known as POT1- and TIN2-organizing protein). The G-strand overhang is
also bound by the POT1-TPP1 heterodimer. Telomerase is able to recognize the 3" end of the G-strand overhang

to elongate telomeres. In telomerase-negative cells, telomeres can be maintained by mechanisms that involve
homologous recombination between telomeric repeats, the so-called alternative lengthening of telomeres (ALT).

— 10

the presence of both unsually short and long telomeres,
and by the co-localization of telomeres with a specific
type of PML body, the so-called ALT-associated PML
bodies (APBs)>*.

In mammals, the telomerase-deficient mouse model
has been instrumental in demonstrating telomere
maintenance in the absence of telomerase, in both

cultured mouse embryonic fibroblasts (MEFs)%*%* and
embryonic stem (ES) cells®, and in vivo in the context
of B-cell development, indicating that ALT takes place in
situations other than immortalized cell lines®. However,
although ALT can rescue the viability of telomerase-
deficient yeast strains®, it cannot rescue the viability
of telomerase-deficient mice, suggesting that ALT
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Pericentric heterochromatin
The late-replicating, gene-
sparse, transcriptionally
inactive, condensed chromatin
regions that are rich in
repeated sequence and occur
near the centromeres of
chromosomes.

Small interfering RNA

A non-coding RNA

(~22 nucleotides long) that is
derived from the processing of
long dsRNA during RNAI.
SiRNAs direct the destruction
or translation repression of
mRNA targets that they
hybridize with.

mechanisms are not sufficient for telomere maintenance
in multicellular organisms.

In both yeast and mammals, proteins that are involved
in the homologous recombination DNA-repair pathway
have been implicated in ALT>***-%2¢7. More recently,
components of the shelterin complex, such as POT1 and
TREF2, have also been suggested as potential regulators of
ALT, as they can influence telomere recombination®*.

Epigenetic regulation of yeast telomeres
Chromatin at telomeres has several characteristics that
are similar to those of heterochromatin at pericentro-
meric regions, such as the ability to silence nearby genes.
This phenomenon is known as ‘telomere position effect’
(TPE), and was first described in D. melanogaster® and
later reported in budding yeast™ and fission yeast”.

In budding yeast, TPE mainly involves Rap17> and
the Sir proteins™, although it can be influenced by many
factors®. A model for heterochromatin assembly and
spreading at budding yeast telomeres suggests that Sir pro-
teins are recruited to telomeres through their interaction
with Rap1, and then spread to subtelomeric regions, where
they interact with the amino (N)-terminal tails of histones
H3 and H4, promoting their hypoacetylation and leading
to transcriptional repression’”. Rap1 binds directly to
telomeric repeats, which in yeast are devoid of nucleo-
somes’, and interacts with Sir4, which recruits the other
Sir proteins (Sir2 and Sir3). The NAD-dependent histone
deacetylase activity of Sir2 can deacetylate histone H4,
which creates the binding of Sir3 and Sir4 to histone
tails at subtelomeric regions, promoting heterochroma-
tin formation and the spreading of telomere silencing
towards more centromeric regions”’. Telomeric hetero-
chromatin can be further stabilized by two higher-order
events: the folding back of the telomeres’”, allowing
additional Rap1-Sir and Sir-Sir interactions, and the asso-
ciation of the telomere with the Sir-rich nuclear periphery®.
The extent of subtelomeric spreading of Sir proteins
and of telomere silencing can be controlled by several
factors that define chromatin domain boundaries®"*2.
Finally, proteins that are involved in ubiquitination have
also been described as having an important function in
telomere silencing and telomere protection in budding
yeast® and in flies®, respectively, probably through
modification of telomere regulators, although formal
demonstration for this is still pending.

The involvement of chromatin factors in yeast
telomere-length regulation is well documented. Strikingly,
several mutations that disrupt telomeric silencing also
decrease the length of telomeres®*>-¥, suggesting that
telomeric silencing positively regulates telomere length
in budding yeast. The Rapl counting pathway seems
to be indirectly regulated by the Sir proteins®. The Rif
proteins are thought to have a direct cis-acting role in
telomerase inhibition*, and in decreasing the forma-
tion of telomeric heterochromatin by competing with
the Sir proteins for binding to the carboxy (C)-terminal
domain of Rapl (REF. 35). Chromatin factors might also
be more directly involved in telomere-length regulation.
In particular, the anchoring of telomeres to the nuclear
periphery is achieved, at least in part, through silent

chromatin®, and seems to regulate telomere length in
cells that are compromised for the Rapl counting
pathway®>*. Notably, deletion of Rif2 can also lead to
recombination-dependent telomerase-independent tel-
omere elongation’, suggesting a link between telomeric
chromatin and recombination.

The silencing machinery in the fission yeast S. pombe
is much more closely related to that of mammals than is
the budding yeast silencing machinery. The proper
functioning of S. pombe telomeres requires the SET-
domain-containing Clr4 histone methyltransferase®,
which is also involved in the methylation of H3K9
at pericentric heterochromatin, and which in turn cre-
ates a binding site for Swi6 (the orthologue of the
D. melanogaster heterochromatin protein HP1).
Furthermore, the pathway of heterochromatin formation
that is mediated by small interfering RNAs (siRNAs) has
been shown to regulate telomere silencing in this spe-
cies**. In particular, both the telomere-repeat-binding
protein Taz1 and the siRNA machinery have been shown
to be important for the establishment of telomeric
heterochromatin in fission yeast™.

Regarding telomere-length regulation in fission
yeast, various mutations that alleviate telomeric silenc-
ing and heterochromatin formation have no or limited
effects on telomere length, including the inactivation of
genes encoding Swi6, Clr4 and other components
of the RNAi machinery*. By contrast, results from
D. melanogaster show that the heterochromatin HP1
protein and components of the RNAi machinery nega-
tively regulate the transposition-based mechanism of
telomere elongation®”, suggesting that the role of het-
erochromatic activities in telomere-length regulation is
not necessarily conserved during evolution. Finally, in
fission yeast, deletions of set1, which encodes a histone
modifier that is involved in gene activation, and of the
SUMO E3 ligase gene plilp alleviate telomere silencing
and result in telomerase-mediated telomere elonga-
tion'®-1%2, These results raise the question of whether
absence of histone H3 lysine 4 (H3K4) methylation
and sumoylation cause telomere elongation by directly
modifying telomere structure or by modulating the
expression of telomere-length regulators. All together,
these findings suggest the existence of complex links
between telomere components, chromatin factors and
telomere-length regulation, which might involve both
direct and indirect effects.

The chromatin structure of mammalian telomeres
Mammalian telomeric chromatin has several general
commonalities with that of yeast. Mammalian telom-
eres also have the ability to silence subtelomeric genes
through TPE'® and, similar to yeast, TPE in human
cells is influenced by telomere length and involves his-
tone hypoacetylation, as it can be disrupted by treatment
with the deacetylase inhibitor TSA''S. Mammalian
telomeres and subtelomeres also have similarities with
pericentromeric regions in terms of sequence composi-
tion and gene content: both are characterized by a high
content of DNA repeats and, whereas telomeres do not
contain genes at all, subtelomeres, like pericentromeric
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Figure 2 | Epigenetic modifications at mammalian pericentromeric and telomeric regions. a | Pericentromeric
repeats are enriched in chromatin modifications that are characteristic of constitutive heterochromatin domains, such
as trimethylation of histone H3 at lysine 9 (H3K9me3) and of histone H4 at lysine 20 (H4K20me3), and binding of
isoforms of heterochromatin protein (HP1). The two histone modifications are carried out by the SUV39H and SUV4-20H
HMTases, respectively. In addition, the retinoblastoma (RB) family of proteins has been shown to interact with the
SUV4-20H HMTases to efficiently trimethylate H4K20. The DNA at pericentric regions is heavily methylated. b | Both
telomeric and subtelomeric chromatin regions are also enriched in trimethylated H3K9 and H4K20, and HP1 isoforms.
In addition, subtelomeric DNA is heavily methylated by the DNMT1, DNMT3a and DNMT3b enzymes. Both histone
trimethylation and DNA methylation have been shown to independently act as negative regulators of telomere length.
In addition, DNA methylation inhibits telomere recombination. 5metC, DNA methylation at 5-methylcytosine.

regions, are gene-poor. However, unlike yeast, in which
only subtelomeric repeats contain nucleosomes”,
both mammalian telomeres and subtelomeres contain
nucleosomes, and these show a slightly altered spacing
compared with the non-telomeric chromatin'”*%.
Consistent with the observations of TPE in human
cells, many marks that are usually found in hetero-
chromatin can be found in mammalian telomeres. In
particular, similar to mammalian pericentromeric
regions (FIG. 2a), trimethylation of H3K9 and H4K20
have recently been identified at mammalian telomeric
and subtelomeric domains'-! (FIG. 2b). These histone
modifications are carried out by ‘suppressor of variega-
tion’ histone methyltransferases. In the case of H3K9,
the enzymes responsible are SUV39H]1 and SUV39H2,
which are homologues of the yeast Clr4 HMTase, whereas
H4K20 trimethylation is carried out by SUV4-20H1 and
SUV4-20H2 (REFS 103-106) (TABLE 1). Proteins of the retin-
oblastoma family of tumour suppressors (RB, p107 and
p130; also known as RB1, RBL1 and RBL2) interact with
SUV420H1 and SUV4-20H2 to maintain trimethylation

of H4K20, at both telomeric and pericentric chromatin®.
Human and mouse telomeres and subtelomeres can also
be found to be enriched in HP1 (REFS 16,19-21). These
proteins are recruited to chromatin through their affin-
ity for trimethylated H3K9 residues and are important
for chromatin compaction at both regions!?-2"%%:10,
In addition, mammalian telomeric and subtelomeric
repeats are characterized by low levels of acetylated
H3 (AcH3) and H4 (AcH4)'7",

The control mechanisms that regulate TPE and the sta-
tus of epigenetic marks at mammalian telomeres remain
to be discovered. The observations that human TPE is
reversed when the TRF1 protein is overexpressed'® and
enhanced when telomeres are overelongated' suggest
that shelterin components might affect the epigenetic
status of telomeres by their ability to regulate telomere
length. Indeed, interactions between TRF1 and the HP1-
interacting developmental regulator SALL1 (REF. 108),
as well as between TIN2 and HP1 (REF. 109), have been
reported, although their in vivo significance remains
to be established.
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Table 1 | Epigenetic modifications at mammalian telomeres and subtelomeres

Chromatin marks Location

or proteins

HPlo, HP1B, HP1y -

Activity responsible

Telomeres, subtelomeres,
pericentric chromatin

Trimethylated H3K9  SUV39H1, SUV39H2 Telomeres, subtelomeres,
pericentric chromatin
Trimethylated RB1,RBL1, RBL2; Telomeres, subtelomeres,
H4K20 SUV4-20H1, pericentric chromatin
SUV4-20H2
Acetylated H3and ~ HATs, HDAC, Sirt Telomeres, subtelomeres,

H4 pericentric chromatin

DNA methylation DNMT1, DNMT3a,3b Subtelomeres, pericentric

chromatin

Roles Human disease References
Chromatin compaction  Unknown 19-21,103,
104,106,107

Chromatin compaction, Altered in cancer 19-21,103,
silencing 104,107
Chromatin compaction, Altered in cancer 20,21,22,
silencing 104,105,
107

Active chromatin Altered in cancer 22,107
Silencing, repressing Altered in cancer; 21,23,110,
recombination Altered in ICF Syndrome 115-118

DNMT, DNA methyltransferase; HAT, histone acetyltransferase; HDAC, histone deacetylase; H3K9, histone 3 lysine 9; H4K20, histone H4 lysine 20; ICF,
immunodeficiency—centromeric instability-facial anomalies syndrome; RB, retinoblastoma protein; RBL, retinoblastoma-like protein; HP, heteochromatin protein;
Sirt, sirtuin (silent mating-type information regulation 2 homologue); SUV, suppressor of variegation.

In contrast to budding yeast, which lack DNA meth-
ylation, this epigenetic mark is an important chromatin
modification in mammals', with key roles in tran-
scriptional regulation and the definition of chromatin
domains by regulating the accessibility of DNA-binding
factors to DNA and the control of chromatin-remodelling
activities. In mammals, highly repetitive regions such
as pericentric chromatin are heavily methylated, and
this methylation has been proposed to be important
in preventing the high level of homologous recom-
bination that would otherwise be expected to take
place at these domains'''*'*. In mice and humans,
DNA methylation of the subtelomeric regions might
act as a secondary mechanism to reinforce TPE!*%,
whereas telomere-specific chromatin changes might
be primary events in establishing telomeric silencing.

Mammalian telomere repeats (TTAGGG) cannot
be methylated because they lack CpG sequences,
which are the substrates for mammalian DNA meth-
yltransferases (DNMTs). However, mouse and human
subtelomeric sequences can be methylated!®2!2>115
(FIG. 2b). There are three main DNMTs in mammalian
cells: DNMT1, which functions as a maintenance DNMT
that copies parental strand DNA methylation onto the
daughter strand after DNA replication, and DNMT3a
and DNMT3b, which are thought to function as de novo
DNMTs"¢""7 (TABLE 1). Cells that lack either DNMT1 or
the DNMT3a,3b isoforms show a marked reduction in
DNA methylation across the genome, including pericen-
tric heterochromatin''*'** and subtelomeric domains*
(TABLE 1). Interestingly, decreased subtelomeric DNA
methylation does not result in a decreased abundance of
heterochromatic histone-methylation marks (trimeth-
ylated H3K9 and H4K20) at subtelomeric chromatin
and the density of these marks slightly increases at
telomeric repeats®’. This suggests that DNA methyla-
tion is not required to direct heterochromatic histone
modifications at telomeric and subtelomeric domains.
This finding is not surprising given that it has previ-
ously been shown that DNA methylation does not direct
histone modifications at pericentric heterochromatin
domains!¢-115,

Human telomeres do not exhibit all the features that
have previously been described for constitutive peri-
centric heterochromatin. In particular, the proximity of
genes to mammalian telomeres does not always result
in DNA hypermethylation and gene silencing''*-'?!.
Moreover, human telomeric DNA is not late replicat-
ing, in contrast to both yeast telomeres and mammalian
pericentric domains'?. Overall, it seems that mamma-
lian telomeres are organized into a unique chromatin
structure, showing some, but not all, of the classical
attributes of pericentric heterochromatin domains.

Epigenetic regulation of mammalian telomeres
The role of histone modifications. Disruptions of
histone and DNA modifications at pericentric hetero-
chromatin have been shown to result in chromosome
segregation defects, which have been suggested as
having a role in tumour development'®. Interestingly,
the same epigenetic defects at telomeres correlate with
loss of telomere-length control*2'%, In particular, cells
that lack the SUV39H1 and SUV39H2 HMTases show
decreased levels of H3K9 trimethylation at telomeres,
concomitant with aberrant telomere elongation®. A
similar deregulation of telomere length is seen in cells
that lack all three members of the retinoblastoma family
and show decreased levels of H4K20 trimethylation at
telomeres®*.

These telomere-length changes might result from
the altered functioning of telomere-length regulators as
a consequence of heterochromatin disruption. In this
regard, unlike yeast, in which only subtelomeric domains
contain histones, mammalian telomere repeats contain
both shelterin proteins and histones™'”*%, and these
histones carry heterochromatic marks'2". It is possible
that the cis-acting inhibition of telomerase activity by the
shelterin proteins TRF1 and POT1 (REFS 123,124) and
the effect of TRF2 on telomere recombination®*!?
are positively controlled by heterochromatin factors.
Moreover, it has been proposed that TRF1 and tankyrase 1
might have a role in sister chromatid cohesion at tel-
omeres'*, which in turn could be associated with the
regulation of telomere structure.
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Figure 3| A model for the role of epigenetic modifications in telomere-length control. Normal-length telomeres have
features of constitutive heterochromatin, such as subtelomeric DNA hypermethylation, hypermethylation of histone H3 at
lysine 9 (H3K9) and histone H4 at lysine 20 (H4K20), hypoacetylation of histones H3 and H4, and heterochromatin protein
HP1 binding at both telomeres and subtelomeres. This suggests that they have a compacted and ‘closed’ conformation,
which is not accessible to telomerase and that represses recombination between telomeric repeats. As telomeres become

shorter with increasing cell divisions, these heterochromatic marks are decreased from telomeres and subtelomeres,
concomitant with increased histone actelylation. This leads to a more ‘open’ chromatin state, which allows a greater
accessibility of telomere-elongating activities (by telomerase and proteins that are involved in telomere recombination,
which can lead to elongation by alternative lengthening of telomeres (ALT)). Once telomeres are sufficiently elongated,
they can be assembled into heterochromatin by the activity of the SUV39H and SUV4-20H HMTases, as well as other
heterochromatinizing activities (such as that of retinoblastoma (RB) family proteins, HP1 binding and DNA
methyltransferases). Ac, acetylation mark; Me, histone-methylation mark; 5metC, DNA methylation at 5-methylcytosine.

The role of subtelomeric DNA methylation. Decreases in
DNA methylation, both globally and specifically at subtelo-
meric regions, are accompanied by dramatically elongated
telomeres, even when there is no loss of heterochromatic
histone-methylation marks®'. These results suggest that
DNA methylation represents an additional way to control
telomere length, independently of histone methylation.

The demethylation of subtelomeric regions in cells that
lack DNMTs is also concomitant with increased homolo-
gous recombination between telomeric sequences?'.
Reintroduction of DNMT3a,3b into these cells results
in the re-methylation of subtelomeric domains and
decreased telomeric homologous recombination®'.
DNA methylation at subtelomeric repeats is therefore
implicated as an important repressor of homologous
recombination at telomeres, raising the possibility that
DNA-methylation levels might regulate ALT.

As described above, histone methylation at telom-
eres and subtelomeres seems to be independent of
DNA methylation. Interestingly, however, cells that are
deficient for the SUV39H HMTases or the retinoblas-
toma family of proteins, which show defective histone
methylation at telomeres, also show a global decrease in
DNA methylation®. This effect would be expected to be
recombinogenic, although formal demonstration of this

is still pending. Although budding yeast lack DNA meth-
ylation, a connection between telomere heterochromatin
structure and recombination has been established. In
particular, Rif2 has been found to be a repressor of telom-
erase-independent telomere elongation by homologous
recombination®.

Of note, no link between the DNA-methylation status
at mammalian subtelomeres and telomere-binding pro-
teins has been established in mammals. However, such
a connection can be expected to exist, as altered expres-
sion of some telomere-binding proteins has been shown
to result in deregulated recombination frequencies at
telomeres™ €.

Telomere shortening affects epigenetic status

It has previously been shown in yeast that the length of
telomere repeats can influence heterochromatin assem-
bly at telomeres and telomere silencing. In particular,
telomere elongation increases TPE’>'*. However, some
strains with long telomeres can have reduced TPE when
telomere elongation is due to loss of telomere-bound
silencing proteins®'?. In agreement with the situation in
yeast, human TPE increases upon telomere elongation',
suggesting a conserved link between telomere length and
the epigenetic status of telomeres and subtelomeres.
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Figure 4 | Epigenetic defects at telomeres and human disease. Progressive
telomere shortening with increasing cell divisions and ageing might lead to several
epigenetic defects, both at telomeric and subtelomeric chromatin, which might in
turn favour the activation and selection of telomere-elongation mechanisms. The
activation of these mechanisms in the context of cancer cells might favour tumour
growth by providing the cells with an indefinite proliferative potential. Ac, acetylation
mark; ALT, alternative lengthening of telomeres; HP1, heterochromatin protein 1;

Me, histone-methylation mark; TRF, Myb-domain-containing telomere binding factor;
5metC, DNA methylation at 5-methylcytosine.

In the context of the telomerase-deficient mouse
model, it has recently been shown that progressive tel-
omere shortening leads to epigenetic changes, both in
telomeric and subtelomeric chromatin'?. In particular,
short telomeres have a decreased density of hetero-
chromatic histone marks, such as trimethylated H3K9
and H4K?20, at telomeric repeats, as well as decreased
binding of HP1 (FIC. 3). They are also distinguished by
an increased density of histone marks that are charac-
teristic of more ‘open’ or active chromatin domains,
such as increased histone H3 and H4 acetylation'”. In
addition to these epigenetic changes at the TTAGGG
repeats, subtelomeric regions show decreased his-
tone methylation, increased histone acetylation and a
decrease in subtelomeric DNA methylation, suggesting
that the length of the distal TTAGGG repeats influences
the epigenetic status of subtelomeric chromatin'””. The
fact that telomeres and subtelomeres become hyper-
acetylated as the consequence of telomere shortening
suggests a concomitant loss of transcriptional silencing
at subtelomeric regions, in agreement with previous
data obtained in both yeast and humans that shows that
TPE is associated with hypoacetylation of H3 and H4
(REFS 15,74).

Similar to the findings described above for DNMT-
deficient cells, the decreased DNA methylation that
is seen at subtelomeric regions as a consequence
of telomere shortening is also accompanied by increased
telomere recombination'?”. This provides further support
for a role of DNA methylation as a negative regulator of

recombination at these regions, and might also provide
an explanation for the fact that ALT is activated in the
context of short telomeres in telomere-deficient cells
and mice®-°.

The fact that short telomeres lead to a change in the
epigenetic status of telomeric and subtelomeric chroma-
tin might also explain the preferential elongation of short
telomeres by telomerase. In particular, telomerase has
been shown to act specifically on the shortest telomeres
in both budding yeast'*'** and mammals'*'*, raising
the possibility that short telomeres have specific chroma-
tin marks that are recognized by the telomerase complex.
The precise nature of these marks is still unknown, but
might include increased H3 and H4 acetylation, as these
marks are increased with telomere loss'”’.

A model for mammalian telomere regulation

Loss of heterochromatic marks at telomeres and subte-
lomeres correlates with extremely elongated telomeres, in
agreement with the idea that these marks act as negative
regulators of telomere elongation. In particular, abroga-
tion of SUV39H HMTase activity or loss of the retino-
blastoma family of proteins results in decreased histone
H3K9 and H4K20 trimethylation marks globally, as well
as at telomeres, and these changes are concomitant with
increased telomere length. This suggests that the main-
tenance of heterochromatic histone marks at telomeres
is important for telomere-length regulation, such that
when the amount of H3K9 and H4K20 trimethylation
decreases below a critical level owing to attrition that
occurs with consecutive cell divisions, telomere length
is increased and these heterochromatic marks are
re-established. This is in contrast to what occurs in bud-
ding yeast, in which telomere heterochromatinization
antagonizes the binding of Rapl1 to cis-acting negative
regulators of telomere elongation.

Loss of subtelomeric DNA methylation that occurs
independently of histone methylation in DNMT-
deficient cells also results in aberrant telomere
elongation?'. This raises the possibility that loss of DNA
methylation is an important additional mechanism for
telomere-length control, as cells with defective H3K9
and H4K20 trimethylation also show DNA-methylation
defects?®%1% Importantly, this telomere-control mecha-
nism is not active in budding yeast, as this species lacks
DNA methylation. The fact that telomere length deter-
mines the abundance of histone heterochromatic marks
at telomeres in the case of short telomeres (decreased
density of histone trimethylation marks) suggests that a
minimum number of telomere repeats is necessary for
the assembly of telomeric heterochromatin. However, it
is not known what determines a critical length for het-
erochromatin assembly and how this minimum length
is sensed by heterochromatinizing activities.

Implications for human ageing and disease

Alterations of DNA methylation and histone modifica-
tions are common in human cancers*!'"’. Given that
chromatin structure clearly affects the regulation of
mammalian telomeres, these epigenetic changes might
be an important link between telomere deregulation

306 | APRIL 2007 [ VOLUME 8
© 2007 Nature Publishing Group

www.nature.com/reviews/genetics



ICF

Immunodeficiency—
centromeric instability—facial
anomalies syndrome (ICF) is
an extremely rare autosomal
recessive disease that is
characterized by profound
immunodeficiency. Many ICF
patients carry mutations of
the DNMT3B gene, leading to
DNA-methylation defects.

Rett syndrome

An X-linked dominant
neurological disorder that
mainly affects girls and is one
of the most common causes of
mental retardation in females.
Typical Rett syndrome is due to
a mutation in the MECP2 gene
(methyl-CpG-binding protein 2)
resulting in decreased DNA
methylation.
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and cancer development. In particular, tumours that
show DNA hypomethylation or decreased H3K9 and
H4K20 trimethylation at telomeric regions might be
predicted to favour the activation of telomere-elongation
mechanisms (telomerase and ALT), which in turn might
sustain tumour growth in the absence of telomerase.
DNA-methylation defects have also been associated with
other human diseases, such as ICF and Rett syndrome!3134)
although so far there is no evidence that telomere length
is deregulated in these patients.

The finding that epigenetic changes at telomeric
and subtelomeric chromatin are associated with criti-
cally short telomeres'”” suggests that the shortening of
telomeres that is seen in normal ageing and age-related
pathologies, as well as premature ageing syndromes***,
might result in epigenetic defects at telomeres. This
could in turn favour cancer development by activa-
tion of telomere maintenance mechanisms such as
telomerase and ALT (FIC. 4), although this remains to
be demonstrated. Furthermore, the fact that telomere
shortening leads to increased H3 and H4 acetylation at
telomeres and subtelomeres indicates a potential mech-
anism by which abnormal gene-expression changes at
subtelomeric genes might arise, owing to the loss of the
silent heterochromatin state, as suggested by previous
TPE experiments in yeast and humans'>'®**7*””_ Finally,
a number of environmental factors (such as smoking,
obesity and stress) have been shown to accelerate the
rate of telomere shortening, and might therefore also
have an impact on chromatin modifications at telom-
eres and the expression of subtelomeric genes'*'¥".
Altogether, a more detailed understanding of the conse-
quences of disrupting the normal epigenetic regulation
of telomeres is likely to provide important insights into
the role of telomeres in a range of human pathologies.

Conclusions

Increasing evidence suggests that there is an important
role for histone and DNA methylation in regulating
mammalian telomere length and integrity, and an impor-
tant role of telomere length in dictating the assembly of
heterochromatic domains at telomeres. Future studies
are needed to determine whether additional chromatin-
remodelling activities participate in the assembly and
regulation of mammalian telomeric chromatin. In this
regard, yeast telomere biology indicates that there are
several protein activities that might be important for
mammalian telomere length. For example, studying
the potential roles of the mammalian homologues of
yeast Sir proteins'**'** and sumoylation'*"'**> proteins,
which have key functions in determining the chromatin
structure of yeast telomeres, will be of great interest.
Similarly, given the role of the siRNA-mediated path-
way for heterochromatin formation in fission yeast®>*,
determining whether telomere transcripts are produced
in mammals'¥, in a similar way to production of tran-
scripts from pericentric chromatin, and investigating a
potential role of the siRNA machinery will also be an
important line for future investigation.

Finally, the mechanisms by which epigenetic altera-
tions lead to telomere-length deregulation and increased
homologous recombination must be elucidated. In
particular, it will be of great interest to address whether
telomerase has a higher affinity for telomeres that contain
the chromatin marks that are characteristic of short tel-
omeres, and look at the possible interplay between these
chromatin modifications and the DNA-damage response
that is associated to critically short telomeres'. Answering
these questions will shed light on both ageing and dis-
eases such as cancer, in which both epigenetic alterations
and aberrant telomere functioning are involved.
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