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Abstract

Alteration of the epigenome is associated with a wide range of human diseases. Therefore, deciphering the pathways that regulate the epi-
genetic modulation of gene expression is a major milestone for the understanding of diverse biological mechanisms and subsequently human
pathologies. Although often evoked, little is known on the implication of telomeric position effect, a silencing mechanism combining telomere
architecture and classical heterochromatin features, in human cells. Nevertheless, this particular silencing mechanism has been investigated in
different organisms and several ingredients are likely conserved during evolution. Subtelomeres are highly dynamic regions near the end of the
chromosomes that are prone to recombination and may buffer or facilitate the spreading of silencing that emanates from the telomere. Therefore,
the composition and integrity of these regions also concur to the propensity of telomeres to regulate the expression, replication and recombi-
nation of adjacent regions. Here we describe the similarities and disparities that exist among the different species at chromosome ends with
regard to telomeric silencing regulation with a special accent on its implication in numerous human pathologies.
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1. Introduction

The organization of genomic DNA has greatly evolved
from unicellular to complex organisms. Despite the increasing
complexity of the information carried by the DNA sequence
throughout evolution and subsequently, the chromatin archi-
tecture that controls the folding of the genome within the nu-
cleus, shared mechanisms orchestrate the epigenetic regulation
of chromosome organization and its influence on genome
functions. Indeed, it is now evident that chromatin structure
plays an important role in regulating gene transcription by pro-
viding the proper subnuclear environment to ensure spatial and
temporal gene expression. Eukaryotic chromatin is organized
into two distinct and interconvertible states, euchromatin and
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heterochromatin. Each chromatin state can be defined by its
level of compaction, the positioning and the spacing of the nu-
cleosomes, its histone code, the covalent modification of the
underlying DNA, its non-histone binding factors, the spatial
localization within the nucleoplasm and its dynamics during
cell cycle.

Heterochromatin was originally described as a portion of the
genome deeply stained from metaphase to interphase associated
with the pericentric regions, telomeres and some interstitial
domains. In higher eukaryotes, constitutive heterochromatin
is enriched in methylated DNA, histone H3K9 di- and tri-
methylation, HP1 binding and can spread over genomic regions
inducing thereby the silencing of other sequences. A classical
example of silencing is known as position effect variegation
(PEV) and occurs when a gene is juxtaposed to heterochroma-
tin. The nature of telomeric and subtelomeric chromatin differs
from global constitutive heterochromatin due to the specificity
of its DNA sequences, the particular structure of its nucleosomal
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fiber and the binding of specific factors. However, despite these
structural differences, most telomeres and subtelomeres from
Saccharomyces cerevisiae to Homo sapiens repress natural or
artificially inserted neighboring genes by a mechanism named
Telomeric Position Effect (TPE) (Fig. 1). Such a widespread
conservation of telomeric silencing among eukaryotes suggests
that is fundamental for telomere function and consequently
chromosome integrity.

The mechanisms of TPE are well documented in S. cerevi-
siae and this review will focus on the cross talks between telo-
mere structure and silencing in different species, with a special
emphasis on the emerging role of TPE in human cells and
a large spectrum of pathologies.

2. TPE discovery and definition

TPE has been extensively studied in baker’s yeast, although
it was revealed in this model organism five years after its dis-
covery in Drosophila melanogaster [1—3]. Unlike Drosophila,
telomeres in Saccharomyces cerevisiae are constituted of
stretches of highly repetitive telomerase-added repeats and
thus resemble most of the eukaryotic telomeres therefore con-
stituting a powerful genetic system for the study of TPE.

TPE in yeast was first demonstrated by insertion of a con-
struct containing a URA3 marker next to an array of telomeric
repeats. Integration of this construct at the subtelomeric ADH4
locus, close to the VII-L telomere, deletes the terminal 15 kb
of the chromosome and positions the URA3 promoter 1.1 kb
from the newly formed telomere, termed truncated VII-L. Ex-
pression of the URA3 gene allows growth of the cells on plates

lacking uracil. However, on plates containing a drug toxic for
cells expressing URA3 (5-fluoro-orotic acid or 5-FOA), 20—
60% of the cells were still able to grow, suggesting that the
URA3 was silenced in the vicinity of the telomere [4]. Some
of the features of TPE were concomitantly described, such
as the stochastic reversibility, since the same cells plated
onto a medium without uracil can still grow without the amino
acid; or the promoter independence and expression variega-
tion, since expression of the ADE2 gene is also repressed in
the same context and colonies obtained present white
(ade2+) and red (ade2—) sectors.

TPE has been thoroughly investigated in yeast and its
classical definition was first established in this model as a si-
lencing effect originating from the telomere and consisting in
an inward Sir-dependent heterochromatin spreading. Since
then numerous results (that we will discuss below) have
been reported from different organisms on the requirements,
the modulations, or the chromosomal and nuclear contexts
of this silencing effect. This will lead us to broaden the defini-
tion of TPE and to consider it at the level of functional geno-
mic and nuclear organization.

3. What is required for TPE?

Experiments on TPE in S. cerevisiae were mostly per-
formed at the truncated VII-L chromosome [4] but also at
several other truncated [5] and natural telomeres [6], allowing
the identification of more than 50 proteins that can modulate
TPE. However, among deletion mutants of these different pro-
teins, only a few exhibit a specific and complete suppression

T. brucei ESAG ESAG ESAG Vsg (TA,G3)n
P. carinii MSG MSG MSG VTR (TA,G3)n
P. falciparum Rif Rif Rep20  TARE 1-5 (T(GIA)A,G;)n
C. glabrata EPA EPA EPA (CTGTG,TCTG,TG)n
S. cerevisiae X ITS [Y'os (TGy3)n
— 1 —_—
S. pombe CenH-like dh dg dh dg dh dg (TTAC(A)G, ¢)n

D. melanogaster

H. sapiens

TAS HeT-A,TART

ITS (T,AG;)n

Fig. 1. Comparison of chromosome ends in various eukaryotic organisms known to exhibit telomeric position effect. In eukaryotes, the subtelomeres are patch-
works of genes (pink rectangles) interspersed within repeated elements (blue rectangles). At least in baker’s yeast and human, large polymorphic blocks of repeated
sequences are distributed between the different chromosomes and subtelomeres contain genes. The simple repeats that constitute the telomeric DNA of many or-
ganisms and that are synthesized by the telomerase enzyme are represented by triangles and the specific sequence is indicated for every organism. The end of
chromosomes of D. melanogaster is not synthesized by a telomerase enzyme but is formed through the retrotransposition of the non-LTR retroptransposons
HeT-A and TART (yellow rectangle). VTR, Variable Tandem Repeat; TAS, Telomere Associated Repeat; ITS, Interstitial Telomeric Repeats; ESAG, Trypanosoma
brucei Expression Site Associated Gene; Vsg, variant coat protein; MSG, Pseudomonas carinii surface glycoprotein gene. Var, Rif, Plasmodium falciparum sub-
telomeric genes; Rep20, TARE 1—5, subtelomeric repeats. EPA, Candida glabrata adhesin gene. Dh, dg, Schizosaccharomyces pombe subtelomeric repeats.
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of telomeric silencing [7]. Among them, Sir-complex proteins
(Sir2p, Sir3p and Sirdp for Silent Information Regulators), [8],
Ku heterodimer components (yKu70p and yKu80p), [9,10]
and C-terminal domain of Raplp [11] are absolutely required
for TPE. These proteins have several functions but they are
bound to the telomeres and their deletion abrogates telomeric
silencing [12—14]. Raplp and the Ku complex can both bind
telomeric DNA and Sirdp [15,16]. In the current model for
TPE establishment and linear spreading, Rap1p and Ku are re-
sponsible for the initiation/nucleation step. They recruit the
Sir-proteins at the telomere and thereby initiate the formation
of an heterochromatin complex that will propagate toward the
subtelomeres through the interaction of the Sir-complex with
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histone tails [15—18]. This spreading requires the Sir2p
NAD-dependant histone deacetylase activity that permits
Sir3p and Sirdp binding [19,20] and distributes along the
DNA sequence by sequential deacetylation of the histone tails
and binding (Fig. 2).

In other organisms, most of the few factors mediating TPE
identified so far are functional homologs of S. cerevisiae pro-
teins. Thus, in Schizosaccharomyces pombe, the telomeric re-
peats-binding protein Tazlp recruits spRapl (homologous to
Raplp in S. cerevisiae [21,22] at the telomere, and both pro-
teins are required for TPE [23,24]. Nevertheless in this model,
no link could be established between Ku and TPE. Although
they have no homolog in S. cerevisiae, HP1 proteins are
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Fig. 2. Implication of the telomeres and subtelomeres in the regulation of telomeric position effect. (A) In Saccharomyces cerevisiae, distinct DNA binding factors
cooperate for the spreading of the silencing along the telomeric and the subtelomeric region. At natural telomeres, the X element reinforces the silencing while Y’
element acts as a boundary. (B) In Schizosaccharomyces pombe, the telomeric protein Tazl and methylation of histone H3 K9 residues by the Clr4 histone meth-
yltransferase recruit Swi6 to the telomeric associated sequences and spread silencing toward the centromere to cover the subtelomeric region over 45—75 kb in
cooperation with the RNAi-RITS machinery. The SHREC complex containing the Clr3 histone deacetylase and the Mitl chromatin remodeling factor associates
with Ccql and Swi6 and cooperates with the Tazl and RITS pathway to facilitate chromatin condensation and telomeric silencing. (C) In human cells, the telo-
meric position effect may involve the cooperation of telomere binding proteins such as TRF1 and classical chromatin remodeling factors. As described in different
species, the identity of the subtelomeric regions might influence TPE and explain different pathologies associated with the rearrangement of these regions.
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involved in TPE in Drosophila (on chromosome 4 [25]) and
fission yeast [22,26] where they could play similar roles of
the budding yeast Sir3p and Sirdp in the spreading of
heterochromatin.

4. Telomere length and telomeric silencing

Increasing the length of telomeres improves TPE
[19,27,28]. A plausible explanation is that longer telomeres
bind more Rap1p that subsequently recruit more Sir-complexes
and thereby facilitate the formation of a heterochromatin
complex able to polymerize and spread within the subtelomeric
regions. However, the interplay between TPE and length regu-
lation might be less direct. For instance, inactivation of the Rif
proteins improves TPE and increases telomere length by allevi-
ating the competition with Sir proteins for access to telomere-
bound Raplp [29,30].

Insertion of a stretch of telomeric repeats at an internal
chromosomal site can induce silencing, certainly through
Raplp binding, but this effect is not as strong as telomeric si-
lencing, which can account for Ku participation in the recruit-
ment of silencing factors [31] and for a proper subnuclear
localization within heterochromatin compartments enriched
in Sir proteins [32,33]. In conclusion, the influence of telomere
length on TPE is not merely the length by itself but concom-
itant changes in the recruitment of silencing factors (Fig. 2).

5. Modulation by the subtelomere: importance
of the telomere identity

As pointed out earlier, most of the studies on TPE in
S. cerevisiae have been performed on truncated telomeres
that all exhibited a variable silencing effect depending on
the telomere analyzed [4]. TPE is also present at baker’s yeast
natural telomeres but its strength can vary widely [6]. Indeed,
each of the 32 yeast chromosomes has a different composition
in subtelomeric elements that can modulate TPE and polymor-
phisms in these regions are also found in the different strains
[34,35]. In S. cerevisiae, these modulators include two types of
subtelomeric repeats: X and Y’ (Fig. 1).

The X subtelomeric element contains a “core X’ element
consisting in an ARS consensus sequence (ACS) and an
Abflp site present at all yeast telomeres [35]. This core X
sequence behaves as a protosilencer, i.e. it does not act as a si-
lencer by itself but reinforces silencing when located in the
proximity of a master silencer [36,37]. At some chromosome
ends, the core X element can be associated to strong boundary
elements dubbed STAR for SubTelomeric Antisilencing
Regions consisting of binding sites for Tbf1p and Reblp [38].

The Y’ element is found on 50—70% of yeast telomeres, in
1—4 copies inserted between the X element and the telomere
[39]. It contains two open reading frames (ORF), an ARS that
can also bind the ORC complex and a STAR element immedi-
ately abutting the telomeric repeats, which similarly to the X
STAR sequences consists of Tbfl binding sites [38].

Different combinations of STAR and protosilencer at native
telomeres are likely to contribute to their respective behaviors

with regard to TPE. In general terms, X-only telomeres usually
exhibit a strong silencing [6] even if two of them do not seem
to propagate silencing or bind Raplp [40]. Mutations in the
“core X that either impair Abflp binding or recruitment of
ORC to the X-ACS sequence strongly reduce telomeric silenc-
ing at XI-L chromosome [6] suggesting that both binding sites
contribute to telomeric silencing. Sirlp, that does not seem to
have any effect on truncated telomeres [8], participates in si-
lencing at the XI-L telomere [6,38], possibly through interac-
tion with the ORC complex [41,42]. The Y’ element possesses
anti-silencing properties linked to the boundary activity of the
STAR sequence and limits the extend of spreading toward the
subtelomeric regions [38]. On truncated VII-L, the level of te-
lomeric silencing decreases exponentially and continuously
with distance, but on some native telomeres, combination of
X and Y’ elements results in variable levels of gene silencing
with regions protected from TPE by the STAR boundaries and
resumed silencing at a distance from the telomere by protosi-
lencers suggesting that telomeric position effect can be a dis-
continuous mechanism relayed from place to place by
silencers and protosilencers [6,38]. In agreement with this hy-
pothesis, functional interactions between a protosilencer and
a silencer are not hampered by the presence of a subtelomeric
insulator or an intervening insulated domain [37,38]. Such
a discontinuity in silencing argues in favor of a coalescence
model in which silencers and protosilencers form complex in-
teractions leading to an apparent spreading of silent chromatin
that might be further facilitated by nuclear positioning.

6. TPE and histones modifications

The post-translational modifications of the core histone
(H2A, H2B, H3 and H4) provide heritable information that
orchestrates transcription, replication and chromatin organiza-
tion through cell divisions. TPE is induced by such modifica-
tions converting euchromatin into repressive chromatin. In
baker’s yeast, the first clues were given by mutations in his-
tone H4 N-terminal tail residues that suppress TPE at the trun-
cated VII-L telomere [8]. Furthermore, deletions of N-terminal
tails of histones H3, and H2A also impede telomeric silencing
[43—45] by altering histone acetylation and Sirp recruitment
[18,46]. Indeed, among the different residues that can be
modified, lysine can bear several modifications such as acety-
lation, methylation, phosphorylation, ubiquitination or ADP-
ribosylation with a preponderant role for acetylation in TPE
modulation [8,44]. Moreover, TPE induced by heterochroma-
tin spreading is dependant upon Sir2p HDAC activity [20] and
can be counteracted by Sas2p-dependant acetylation of H4-
K16 [47]. Deletion mutants of Sas2 have an increased TPE
and Sir3p spreading extents from 3 to 15 kb at the truncated
VI-R [48]. Same type of extended telomeric silencing and
Sir3p spreading has recently been reported in deletion and un-
acetylable mutants of the H2A variant, H2A.Z, enriched at
subtelomeric regions [49,50] and in catalytic mutants of
its acetyl-transferase, Nu4A [51]. In conclusion, acetylation
seems to act as an important boundary against the propagation
of telomeric silencing.
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To the present knowledge in S. cerevisiae, histone methyl-
ation only affects some lysines on H3: Lys4, Lys36 and Lys79
[52] that are methylated by specific methyltransferases (Setlp,
Set2p and Dotlp respectively [53] and can also be demethy-
lated (Lys4 by Jhd2p, Lys36 by Jhd1p and Rphlp, [54]) except
for Lys79, located within the histone core. Methylation of
these residues displays anti-silencing properties at the telo-
meres, mainly by preventing Sirp association to histone H3
tail [55]. Noteworthy, deletion mutants of Set/p and Dotlp ex-
hibit reduction in telomeric silencing level due to the limiting
amount of Sir3p that is displaced toward euchromatic regions
that are no longer protected by H3 methylation (Fig. 3).

The interpretation of this code can be affected by another
adjacent modification on the same histone tail and the primary
function of a particular modification might be modulated by
another adjacent modification. Thus, the combinatory use of
different modifications participates in the function of the chro-
matin fiber and gives enormous potential for the variability of
the biological response. For example H2B ubiquitination is
necessary for H3-K4 and H3-K79 methylation which prevent
Sirdp binding, whereas Sirdp recruits UbplOp/Dotdp that
deubiquitinate H2B and Sir2p that deacetylates H4-K16,
both favoring establishment of telomeric silencing [56].

In Schizosaccharomyces pombe, the chromatin changes
associated with the TPE machinery are more closely related
to that of Drosophila and mammals. Firstly, it requires the
methylation of H3K9 residues by the Clr4 histone methyl-
transferase [57], which allow the binding of Swi6 (the ortholog
of HP1). Secondly, specialized repeats (dg and dh) present at
subtelomeres and other heterochromatin loci contribute to

Ac

telomeric silencing through the formation of the RITS com-
plex. This RNAi-induced transcriptional silencing machinery
uses siRNAs and specific factors (such as Argonaute) to initi-
ate the targeting of H3K9 methylation and heterochromatin
assembly at repetitive DNA and stabilize the compaction of
higher-order chromatin structure to silence specific chromo-
some regions [58]. Recently, a new complex termed SHREC
and composed of Clrl, ClIr2, the CIr3 histone deacetylase
and the SNF2 chromatin-remodeling factor homolog Mitl
has been identified [59]. At telomeres, SHREC interacts
with Ccql, a telomere binding protein capping and protecting
telomeres from degradation [60] that along with Taz1 (the ho-
molog of mammalian TRF1/2) and Swi6/HP1 act in parallel to
the RNAIi pathway to restrict polymerase II and stabilize het-
erochromatin structures (Fig. 2).

7. Telomeric position effect and nuclear periphery:
The reservoir model

In budding yeast, the 32 telomeres are clustered into 4—6
foci which are primarily associated with the nuclear envelope
[61]. This peripheral localization of telomeres is dependent on
redundant pathways [62]. One acts through Ku and the second
through Sir4 [63,64]. Neither Ku nor Sir4 possess a transmem-
brane domain and their recruitment to the nuclear envelope de-
pends upon other factors. Sir4 is tethered to the nuclear
periphery through interaction with Escl, which is localized
at the edge of the nucleus between nuclear pores indepen-
dently of silent chromatin [63]. The anchoring of Ku also de-
pends on the presence of Escl but only during S phase [63].

Rif1 Rif2

o

%% %% A
Ku70

Rap1 y
=¥ Kugo

Rap1 Rap1

v

<4—p Exchange
Activation, recruitment
—> Fixation
— Inhibition
———> Histone modification,catalytic activity

Fig. 3. Telomeric position effect is regulated by different levels of chromatin compaction in Saccharomyces cerevisiae. Telomeric position effect is regulated by
proteins bound to the telomeres and the subtelomeres. The Sir complex is recruited to the telomere by Rapl. The Sir2 histone deacetylase recruited at telomeres
sequentially removes the acetyl residues along the subtelomeres. This spreading of repressive chromatin is facilitated by the sequential recruitment of Sir3 and 4
along the chromatin fiber leading to the variegated and heritable repression of telomere proximal genes. The Dot4 protein is recruited by Sir4 and removes ubiq-
uitin residues from H2B impairing thereby methylation and preventing Sir4p binding and the spreading of telomeric silencing. The Sas2-associated complex coun-
teracts silencing by modification of Lysine 16 at histone H4 tail. The incorporation of acetylated H2A.Z histone variants at subtelomeric region act as a boundary
that limit the spreading of silencing (represented by a dashed line) toward the centromeric regions.
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The factors responsible for the peripheral localization of Ku
during G1 have not yet been characterized.

Mating-type silencers require telomere proximity to be
fully functional [65] and tethering of a silencer-flanked re-
porter to the nuclear periphery facilitates its repression [65].
However, relocation to this peripheral nuclear compartment
probably does not cause repression per se [66] and silencing
can be maintained without perinuclear anchoring [67]. All of
these data, together with microscopy analyses, converge to-
ward a reservoir model where telomere clusters act as a subnu-
clear compartment concentrating key silencing factors like the
Sir proteins [65]. Consequently, although the perinuclear loca-
tion is not strictly required to maintain the silent state, si-
lencers and telomeres would need to be somehow associated
to this compartment to be in a local microenvironment con-
taining enough silencing factors to shut-down gene expression.
In agreement with this model, close interactions between HML
silencers and telomeres have been observed by using a methyl-
transferase targeting assay [68].

Consistent with previous work showing that insulator activ-
ity in various species correlates with a particular spatial ar-
rangement in the nucleus [69—72], the STAR boundary
elements antagonize the peripheral localization of telomeres,
suggesting a mechanism by which they block TPE spreading
[73]. Therefore, the individual organization of native subtelo-
meres is likely to directly influence telomere subnuclear local-
ization and TPE capacities.

Nuclear periphery can also confer an optimal environment
for transcriptional activation through the binding of genes to
the nuclear pore complex [74]. Promoting a stronger associa-
tion with the nuclear envelope improves silencing in non-in-
ductive conditions but increases expression in inductive
conditions, accounting for an ambivalent role of nuclear rim
association [75]. Since telomeres are mainly localized between
pores [76], one can predict that silent telomeres and activated
genes distribute to different subdomains at the nuclear
envelope.

8. TPE and the 3Rs: Replication, recombination
and repair

Besides their effect on transcriptional regulation, telomeres
also exert position effect on others DNA transactions.

In budding yeast, the telomeres replicate at the late stage of
the S-phase [77,78] mainly because they inactivate or delay
most of the origins present in the subtelomeric X and Y’ ele-
ments [4,79—82]. Reminiscent of TPE, short telomeres can
replicate earlier than long telomeres [83], Sir3 inactivation
leads to a premature activation of Y’ origins [80] and tethering
of Sir proteins near an origin can reset replication timing from
early to late S-phase [84]. These results are in favor of a model
in which the Sir-mediated silent chromatin emanating from
telomeres blocks replication initiation in the subtelomeric re-
gions. However, the telomeric position effect on replication
timing extends over a distance (~ 35 kb) that is well beyond
the 6—8kb seen for the Sir-dependent gene repression

[6,85]. This suggests that Sir-independent chromatin-mediated
mechanisms can also contribute to the late activation of telo-
mere-associated origins.

Subtelomeric domains are cold-spots for meiotic recombi-
nation in a variety of organisms. For example, the crossovers
are rare in the telomeric regions of grasshopper chromosomes
[86] and the double-strand breaks that initiate meiotic recom-
bination in yeast are quasi-absent from sequences within 50 kb
from telomeres in a Sir4-independent manner [87]. However,
it is worth noting that meiotic recombination can occur at an
elevated rate near some human telomeres and can have both
advantageous and pathological consequences in human biol-
ogy [88]. In mitotic yeast cells, telomere proximity represses
the homologous recombination between two internal stretches
of telomeric DNA but not between two non-telomeric se-
quences [89]. Interestingly, similarly to the TPE on meiotic re-
combination, this anti-recombination effect does not rely on
a Sir-dependent mechanism, revealing that Sir and non-Sir de-
pendent mechanisms are responsible of various classes of
TPE. The spatial localization of telomeres in yeast cells con-
tributes to the regulation of TPE. In addition, the anchoring
of the telomeres to the nuclear pores is essential for efficient
repair of Double Strand Breaks at subtelomeric zones, likely
by protecting the chromatin structure [90].

9. Biological functions of yeast TPE

Determining the biological relevance of TPE is difficult due
to its link to the composition of individual telomeres and the
discontinuity in regions of genes exposed to telomeric silenc-
ing. Genome-wide studies of transcription levels in S. cerevi-
siae could determine that about 267 genes located less than
20 kb from the telomeres display a mean expression level
that is roughly 20% of non-telomeric gene expression [85].
Among this small number of genes, less than 10% are re-
pressed in Sir-dependent pathway whereas one half is dere-
pressed upon H4 depletion, which is about three times more
than for non-telomeric genes [85]. Genome-wide mapping of
deacetylase activity identified a lysine deacetylase specific
for H2B and H3 that is involved in the Sir-independent repres-
sion of genes clusters gathered in domains 10—25 kb from
telomere, termed HAST (Hdal-Affected SubTelomeric) [91].

There are different explanations for the paucity of meiotic
recombination initiation events within the subtelomeric re-
gions. First, breaks fails to occur in subtelomeres merely as
a consequence of the heterochromatin nature of chromosome
ends. However, this process is Sir-independent, suggesting
that the anti-recombination properties of subtelomeric regions
have been actively selected during evolution because of detri-
mental effects on chromosome stability. Indeed, subtelomeric
recombination initiations are expected to favor unequal cross-
overs and to promote homolog disjunction, as observed for in-
stance for human chromosomes 16 or 21 with crossovers near
the telomeres [92,93].

Recently, a genome comparison of closely related Hemias-
comycetes species revealed that subtelomeric gene families
are in general specific for the different species and do not
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exhibit the same characteristics in terms of copy number and
subtelomeric distribution [94]. The expression of these genes
is influenced by TPE in several yeast species [95,96]. Never-
theless, a subtelomeric enrichment of genes related to stress
response and metabolism in non-optimal growth conditions
appears to be a conserved feature in many yeast species
[91]. Most of these genes are silenced under optimal growth
conditions. In budding yeast, many different types of stress-
like nutrient starvation, heat shock or chemical treatment
can induce a hyperphosphorylation of Sir3p and a consequent
decrease in TPE at the truncated VII-L [97]. This also leads to
an increase in the expression of natural subtelomeric genes
such as the PAU genes which are involved in cell wall consti-
tution and drug resistance [98]. Gene of cell wall proteins are
also submitted to Sir-dependent TPE in Candida glabrata
[99]. In S. cerevisiae, subtelomeric HAST domains also con-
tain clusters of normally silenced genes that are involved in
neoglucogenesis or stress response [91]. For example, the
FLO genes, involved in cellular adherence, are mostly contain-
ed within these domains and are silenced in a Sir-independent
way which is however dependent upon Sir2p homologs, Hstlp
and Hst2p [100]. In S. pombe, many genes involved in re-
sponse to nitrogen starvation are also clustered in subtelomeric
regions and silenced by Hdalp ortholog, Clr3 [101].

In summary, clustering stress response genes at subtelo-
meres seems to be an evolutionary conserved strategy that al-
lows their reversible silencing and a fast response to changes
in environmental conditions (this will be further discussed in
the parasite section). One can imagine that a single mutation
or epimutation altering TPE would allow subtelomeric gene
expression to proceed at full rein, increasing the chances for
the cell to express a gene that would be important for adapta-
tion [102]. Indeed, telomeres of budding yeast carrying a tem-
plate mutation in the telomerase RNA gene replacing the yeast
telomeric repeat sequence by the human-type sequence appear
stable but have lost their capacity to silence [103].

10. TPE is conserved at the unusual telomeres of
Drosophila

Unlike many organisms, Drosophila species lack telome-
rase but maintain their telomeres by the transposition of the
retrotransposons HeTA and TART to chromosome ends [104]
(Fig. 1). Proximal to the terminal transposon array, Drosophila
telomeres carry several kilobases of conserved complex satel-
lites termed Telomere Associated Sequences (TAS) (reviewed
in [105]). Despite the structural differences of telomeres in
other species, Drosophila melanogaster exhibits telomeric si-
lencing as observed when reporter genes are inserted at a telo-
meric position [1]. All the telomeric transgenes subjected to
variegation lie adjacent to TAS, suggesting that these se-
quences also contribute to telomeric silencing as for subtelo-
meric elements in other organisms [106]. Interestingly,
genetic modifiers of position effect variegation (PEV) display
little or no effect on TPE, suggesting the existence of special-
ized mechanisms. TPE at the second and third chromosomes is
sensitive to the dose of Polycomb group genes [107], whereas

TPE at the fourth chromosome or at a terminally deleted mini-
chromosome is sensitive to the dose of HP1 [25,108—110].
HP1 is a stable component of all telomeres in Drosophila cells
and its absence in mutant Su(var)2—5 cells causes multiple
telomere-telomere fusions [111]. Interestingly, chromosome
protection and telomeric transcriptional repression appear as
separable mechanisms associated with two types of HP1 bind-
ing [112]. HP1 caps the telomere by direct binding while it
contributes to telomeric silencing by interacting with trimethy-
lation of Lysine 9 at the histone H3 tail [112,113]. Mutation in
the gene for HP1 also increases the abundance of HeT-A and
TART RNA and their frequency of transposition to broken te-
lomeric ends [114]. In contrast, mutations of Ku80 or Ku70
strongly increase transposition but do not affect expression
of HeT-A [115] (Fig. 1). The remarkable capacity of yeast
and fly telomeres to uncouple telomere protection from TPE
functions might provide a unique ability of rapid adaptation
through changes in the subtelomeric transcriptional program
and gene shuffling without altering the integrity of the rest
of chromosomes.

The ATM kinase that plays conserved roles in DNA repair
and telomere function is specifically required for normal levels
of HP1 and HOAP (Heterochromatin protein 1/ORC2 associ-
ated protein) at telomeres, but not at centric heterochromatin.
In addition, atm mutations may suppress TPE, by affecting
normal telomere chromatin structure [116]. ATM is specifi-
cally required for localization of HP1 to telomeres but not cen-
tromeric or euchromatic sites and loss of atm suppresses
silencing by telomere-associated sequences but not at euchro-
matic sites [116]. Moreover, mutants of gpp, the fly ortholog
of the Saccharomyces cerevisiae Dotl gene, dominantly sup-
press silencing by telomeric, but not centromeric heterochro-
matin. [117]. Analysis of gpp mutants indicates that, like
Dotl [118], GRAPPA functions as a methyltransferase and
is required for the methylation of lysine 79 of histone H3
(H3meK79) suggesting that, as observed in yeast, telomeric
position effect at Drosophila telomeres is associated with clas-
sical modifications of the histone code [117]

In ovaries and oocytes, HeT-A and TART are partially reg-
ulated by the RNAi machinery. Indeed, mutation in the RNA
helicase gene, Spindle-E (spnE) encoding a DEAD-box heli-
case and the argonaute gene aubergine (aub) necessary for
the assembly of the RNA-induced silencing complex (RISC),
increases the rate of HeT-A and TART transcription and is ac-
companied by more frequent transpositions to chromosome
ends [119].

Thus, despite their unique and distinct composition and
maintenance process, Drosophila telomeres share many of
the features of telomeres in other species with regard to the
heterochromatization of the telomeric and subtelomeric
regions.

11. Telomeric position effect in higher eukaryotes
The heterochromatin nature of mammalian telomeres and

their capacity to induce position effect have been controversial
for many years. The first example of telomeric position effect
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in vivo came from the analysis of replication timing of human
chromosome 22 carrying chromosomal abnormality. Deletion
of chromosome termini is frequently observed in pathologies
such as cancer or genetic diseases. Various processes that re-
sult in the addition of a new telomere can stabilize these bro-
ken chromosome ends. One of these pathways is the process in
which the broken chromosome acquires a telomeric sequence
from another chromosome, homolog or sister chromatid called
telomere capture. An alternative is de novo telomere addition
where the end of a broken chromosome is stabilized by telo-
merase dependent addition of telomeric repeats named telo-
meric healing. Telomere healing following the deletions of
subtelomeric elements changes the replication timing of chro-
mosome 22, which is shifted from early S phase to later time
[120]. This delayed replication is not associated with differ-
ences in DNA methylation status, condensation of the chroma-
tin structure of the region or silencing of some subtelomeric
genes located 50 kb from the telomere suggesting that the
large distance between the telomere and the genes may protect
from the spreading of telomeric silencing [120]. However,
other studies imply that human telomeres neither modulate
the expression of nearby genes nor affect the homeostasis of
telomeres [121,122].

Compelling evidence for transcriptional silencing in the
vicinity of human telomeres was provided experimentally by
using transgenes inserted adjacent to telomeres, similar to
the approach used with yeast after telomere fragmentation
[123,124]. By a telomere seeding procedure, natural telomeric
regions have been replaced by artificial ones containing a re-
porter gene. Using this method, reporter genes in the vicinity
of telomeric repeats were found to be expressed on average
ten-fold lower than reporter at non-telomeric sites. Overex-
pression of the human telomerase reverse transcriptase
(hWTERT) in the telomeric clones resulted in telomere exten-
sion and decrease in transgene expression [123] while overex-
pression of TRF I, involved in telomere length regulation, lead
to the re-expression of the transgene [124], indicating the in-
volvement of both the telomere length and architecture in
TPE as observed in yeast. In addition, the treatment of cells
with Trichostatin A, an inhibitor of class I and II histone de-
acetylases antagonizes TPE. In human cells, TPE is not sensi-
tive to DNA methylation [124] while hypermethylation of the
transgene appears as a secondary effect in TPE in mouse ES
cells [125].

In mammals, all three HP1 paralogs are found at telomeres,
and loss of histone H3 methyltransferases leads to reduced
levels of HP1 proteins at telomeres [124,126,127]. In human
cells, there is a correlation between HP1 delocalization and
TPE alleviation by TSA treatment [124]. Taken together, these
data suggest that in mammals, like in other simpler eukaryotic
organisms, classical heterochromatin factors cooperate with
telomere-associated proteins in the remodeling of the telo-
meric and subtelomeric regions and the propagation of the si-
lencing at chromosome ends (for review see [128]). By
comparison to position effect variegation, TPE might thus be
an alternative and specialized silencing process acting for in-
stance through the interaction between the chromatin

remodeling factor SALL1 and TRF1 [129] or the telomeric
sheltering component TIN2 and HP1 [130] (Fig. 2).

12. Telomeric position effect and human pathologies:
Evidence and case reports

We have described in the first part of this review the impor-
tance of subtelomeric elements in the regulation of TPE in
yeast and in fly. Very little is known on the function of human
subtelomeres in the regulation of the diverse roles of telomeres
in cellular homeostasis. However, these regions prone to re-
combination and rearrangements are associated with genome
evolution but also human disorders. Indeed, the involvement
of TPE has been evoked to explain the etiology of several de-
velopmental diseases although the molecular mechanisms re-
main hypothetical.

Unlike the reporter genes artificially inserted immediately
adjacent to the telomere, the most distal unique region of
the chromosomes and telomeres are separated by different
types of subtelomeric repeats varying in size from 10 to up
to 300 kb in human cells and contain repetitive sequences of
different types (reviewed in [105]). In the human population
the subtelomeric regions are highly polymorphic and the rate
of recombination at chromosome ends is higher than in the
rest of the genome. Such rearrangements participate in the ge-
nome variability and the length of variation may be up to hun-
dreds of kilobases among the different haplotypes (Fig. 1).
Although the coverage of chromosome ends has not been fully
achieved, available sequences allowed the representation of
a detailed paralogy map showing that several blocks of se-
quences are shared by different human subtelomeres
[131,132]. Various tandemly repeated units called Telomere-
Associated Repeats (TARI1), short native telomeric arrays
and numerous degenerate telomere-like repeats are also lo-
cated at variable distance from the telomere and subtelomeres
contain members of 25 small families of genes encoding po-
tentially functional proteins [131,132]. Interestingly, many of
them are involved in the adaptation to the environmental
changes like in other species suggesting that the plasticity of
chromosome ends is likely to play a key role in genome evo-
Iution and that abnormalities or dysregulation of these genes
may have phenotypical consequences. Thus, telomere
length-mediated transcriptional regulation of natural telomeric
genes in human cells is likely to operate through the telomeric
heterochromatin structure, involving long and variable
stretches of subtelomeric sequences. Therefore, a broad range
of natural telomeric gene expression level is likely to be found
from individual to individual as described in yeast [6] and ren-
ders analysis of telomeric position effect in human pathologies
challenging. The only naturally occurring situations wherein
telomeric repeats are adjacent to unique sequences are those
that occur in patients with truncated chromosomes ends that
have been repaired by the process of telomeric healing or
that lead to the formation of ring chromosomes. However,
the molecular pathogeneses associated with these rearrange-
ments have never been investigated.
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Thus, TPE may play a direct role in human diseases as a re-
sult of repositioning of active genes near telomeres or subtelo-
meric sequences following such chromosome rearrangements
and subtelomeric element may either participate in the spread-
ing of TPE or shelter genes from this silencing. In addition,
TPE might be indirectly involved in human health through
the regulation of adaptation genes in protozoan parasites.

13. Idiopathic mental retardation

The importance of subtelomeric rearrangements, chromo-
some-end truncations and telomere healing in idiopathic men-
tal retardation is a well-established issue [133—135]. These
abnormalities were first observed by standard chromosome
banding and fluorescent in sifu hybridization (FISH) testing.
About 5—10% of the clinical cases with severe to mild mental
retardation show relatively small subtelomeric abnormalities
of chromosomes arms with exception of the p-arm of the ac-
rocentric chromosomes. During the recent years, the develop-
ment of high resolution genetic analysis techniques allowed
a better characterization of the genotype of patients affected
with such developmental delays and lead to the identification
of different genes disrupted by these subtle terminal deletions
[136—138]. Nevertheless, gene deletion does not always ex-
plain the pathological manifestations. Among the hundreds
of patients analyzed, the size of the subtelomeric region dis-
rupted may be accompanied by variable degrees of chromatin
condensation and explain the penetrance of the clinical mani-
festations in patients [137].

Thus, it is conceivable that genes residing in close proxim-
ity to healed telomeres become epigenetically inactivated con-
tributing to the phenotype. However, characterization of the
rearrangement’s effect on gene expression is still needed to
prove that mental retardation is caused by modification of
the chromatin architecture at telomeric and subtelomeric loci.

14. Ring chromosome

Hundreds of patients have been reported with various com-
binations of malformations, minor abnormalities and growth
retardation usually associated with mental retardation linked
to the formation of a ring chromosome [139,140]. Ring chro-
mosomes are thought to be formed by deletion near the end(s)
of chromosomes followed by fusion at breakage points and
have been described for all human chromosomes. The result-
ing phenotypes vary greatly depending on the size and the na-
ture of the deleted segments. Most ring chromosomes are
formed by fusion of the deleted ends of both chromosome
arms coupled with the loss of genetic material. However, in
a few cases, the rings are formed by telomere-telomere fusion
with little or no loss of chromosomal material and have intact
subtelomeric and telomeric sequences suggesting that the
“ring syndrome” might be associated with the silencing of
genes in the vicinity of a longer telomere. The formation of in-
tact ring caused by telomere—telomere fusion and associated
with putative telomeric position effects has been reported for
different autosomes [141—143]. For instance, a severe seizure

disorder with features of non-convulsive epilepsy is a charac-
teristic of ring chromosome 20. In this pathology, the forma-
tion of ring chromosome is generally associated with
a breakage in each chromosome arm and the subsequent fu-
sion of the broken ends with the loss of the telomere, subtelo-
meric regions or CHRNA4 and KCNQ2, two well-known
epilepsy genes. In a patient with a typical severe epilepsy,
classical cytogenetic methods, chromosome and quantitative
FISH showed that the ring had a longer telomere than either
of the 20p or 20q telomere end suggesting that telomeric po-
sition effect silences the CHRNA4 and KCNQ?2 genes [144].

Strikingly, most of these genetic diseases associated with
mental retardation and different malformations are either linked
to terminal deletion or fusion raising the hypothesis of a major
contribution for telomere and subtelomere integrity in deve-
lopment. However, attempts to make genotype—phenotype
correlations with specific anomalies have been difficult because
of the paucity of reported cases and the variability in the size of
the terminal deletion. In addition these chromosomal abnormal-
ities are often mosaic, and the occurrence of sister chromatid
exchange complicates the description of these heterogeneous
developmental disorders and the precise classification of the
genetic alterations.

Ring chromosomes have also been described in other spe-
cies such as S. pombe, which survives in the absence of telo-
merase and telomeric repeats by rendering chromosomes
circular [145—147]. In these ring chromosomes, Tazlp bind-
ing, which is highly specific to telomeric repeats [21], telo-
meric associated structure and function are stably inherited
[148]. Therefore, the existence of another factor epigenetically
associated with the subtelomeres and forming a functional
complex with the telomeres was hypothesized and one can
speculate now that the recruitment and spreading of Swi6,
SHREC and RITS machinery may participate in this epige-
netic maintenance of telomeric function [22].

The probable conservation of mechanisms from simple to
complex organisms evoked throughout this review may thus
help to understand the etiology of these large and heteroge-
neous groups of genetic abnormalities.

15. Facio-scapulo humeral dystrophy as a model
of telomeric position effect pathology?

One of the best characterized human genetic diseases po-
tentially linked to TPE is the Facio-Scapulo-Humeral Dystro-
phy (FHSD). This puzzling pathology is associated with the
deletion of repeated elements at the 4q35 locus. Normal
4q35 chromosome termini carry 11—100 copies of a 3.3 kb re-
peated element named D4Z4 while in FSHD patients the path-
ogenic allele has only 1—10 repeats. This autosomal dominant
disorder is the third most common myopathy clinically de-
scribed by a progressive and asymmetric weakening of the
muscles of the face, scapular girdle and upper limb. The path-
ogenic alteration does not reside within the gene responsible
for the disease but is rather related to an epigenetic mecha-
nism. Several hypotheses have been proposed to explain this
enigmatic pathology [149,150]. Evidence for the binding of
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a repressor complex to D474 that might regulate the expres-
sion of the nearby genes was provided [151]. However, the
most popular hypothesis to explain this pathogenesis is the in-
volvement of PEV or TPE [152]. D4Z4 shares the properties of
heterochromatic sequences and it was postulated that D474
and surrounding sequences would be packed as heterochroma-
tin leading to the silencing of nearby genes. In patients, the
partial loss of the D4Z4 repeat would lead to local chromatin
relaxation and to the transcriptional upregulation of genes
[153,154]. However, the analysis of the chromatin structure
of this locus either in normal individuals or in FSHD patients
does not support this hypothesis [155]. Alternatively D474
may act as an insulator, separating heterochromatic telomeric
sequences distal to D474 from euchromatic sequences up-
stream [152]. Interestingly, the 4q35 subtelomeric region ap-
pear as a mosaic of regulatory elements that either shield or
propagate TPE depending on the number of D4Z4 elements
(Ottaviani, Gilson and Magdinier, unpublished observations)
and the understanding the cross talks between D474 and the
telomere would provide insights in the deciphering of this
complex epigenetic disease and the involvement of the D424
subtelomeric element in transcriptional activity or replication
timing of 4q35 chromosome end.

16. Senescence and aging

In mammals, aging is associated with a multitude of gene
expression changes and increasing evidence supports the hy-
pothesis of a link between senescence or aging and modifica-
tion of chromatin. The architecture of the telomeric and
subtelomeric regions is also remodeled during these two pro-
cesses suggesting a putative connection between telomeric
gene expression and age-related disorders.

Data from a mouse model invalidated for the telomerase
show that the heterochromatin status of the telomeres and sub-
telomeric regions are decondensed upon telomere size reduc-
tion suggesting that the length of the distal TTAGGG
repeats influence the epigenetic status of subtelomeric chro-
matin [156]. Loss of heterochromatin marks at telomeres
and subtelomeres after abrogation of Suv39 histone methyl-
transferase correlates with extremely elongated telomeres
[126]. Consequently, the formation of heterochromatin might
appear as a negative signal for telomere elongation. The
progressive modification of the histone code at telomeres
and subtelomeres upon telomere shortening in the mouse
raises the possibility of a control of telomere lengthening
that can also influence the expression of subtelomeric genes,
as was observed experimentally in an artificial system [124].

The occurrence of telomeric position effect during senes-
cence was recently investigated in human fibroblasts main-
tained in culture for an extended period of time [157]. A
total of 34 telomeric genes and the length of the corresponding
telomeres were analyzed in young and senescent cells. Despite
a differential expression for 17 out of these 34 genes, telomere
length alone is not sufficient to determine the expression status
of telomeric genes.

Also, the analysis of eight telomeric genes on a single chro-
mosome end showed that telomere shortening influence gene
expression through the local alteration of chromatin structure.
This observation fits the model proposed in yeast where TPE is
influenced by the proteins bound to the telomeres rather than
the telomere length per se [157]. Despite efforts to understand
the differences between quiescence and senescence at the mo-
lecular level, only a few markers can distinguish these two
states. Also, different genes found variably expressed in the
different cells are implicated in the regulation of the cell cycle
and the pathways controlling senescence or apoptosis, sug-
gesting also that the differential expression might have sec-
ondary effects on cell cycle regulation.

Although loss of TPE might not be the basis of senescence,
it could be responsible for the progressive changes in gene ex-
pression associated with aging. Furthermore, viewing replica-
tive senescence as one of the protective mechanisms against
tumor formation, it is plausible that senescence-associated
genes play significant roles in tumorigenesis repression. At
this point, further studies are needed to elucidate the respective
biological function of genes differentially expressed in senes-
cent cells and cells suffering from telomere dysfunction.

17. Telomeric silencing and parasitic infection

Antigenic variation is a highly efficient survival strategy
employed by various pathogens to bypass the eradication by
the immune response of the host. A set of genes responsible
for such challenges called contingency genes is subject to
spontaneous mutations resulting in pathogen diversity [158].
In all these widely different species, variant gene families
are within or just upstream of patchworks of subtelomeric re-
peats adjacent to telomeres and can be regulated by a telomeric
position effect mechanism. Such regulation has been described
for Leishmania major, Trypanosoma brucei and cruzi, Palsmo-
dium falciparum and related species, Candida glabrata and
Pneumocystis carinii (Fig. 1).

Antigenic variation can be achieved by at least two distinct
mechanisms facilitated by telomeres. In T. brucei and P. carinii,
exclusive expression of a single vsg or MSG gene respectively
occurs from a unique ‘“‘expression site’” into which silent genes
are sequentially rearranged near to a telomere [159,160]. By
contrast P. falciparum and C. glabrata control their variant
gene families by default subtelomeric silencing similar to
what was described in yeast.

The African trypanosomes, Trypanosoma brucei and re-
lated species, are protozoan parasites responsible for diseases
of cattle and for the human sleeping sickness. While in the
bloodstream and tissues spaces of the host, T. brucei escapes
elimination by the immune system by undergoing antigenic
variation and sequentially express a large family of variant
surface glycoprotein genes (vsg) from one of the 20 subtelo-
meric expression sites (ES). Indeed, the expressed vsg is in-
variably located adjacent to a telomere in a polycistronic
transcription unit that might be regulated by telomere-specific
mechanisms. However, it is uncertain whether telomere-
induced repression can spread to the ES promoters, which
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can be as far as 50 kb upstream of the telomere (reviewed in
[161]).

P. carinii has approximately 100 subtelomeric genes en-
coding major surface glycoproteins (MSGs) expressed in an
exclusive manner, which facilitate adhesion and immune eva-
sion in the lung causing thereby lethal pneumonia in immune-
compromised individuals [162—164].

The malaria parasite Plasmodium falciparum undergoes al-
lelic variation through switching expression of variant surface
proteins pfEMP1 encoded by the var gene family. Evidence
for the epigenetic regulation at P. falciparum was obtained ex-
perimentally by the insertion of a human marker gene into the
end of chromosome 3 [165]. Expression of the marker gene
and natural var genes are subject to reversible gene silencing.
The P. falciparum genome encodes a SIR2 homolog (pfSir2)
that is involved in this silencing and the knock-out of pfSir2
simultaneously derepresses many subtelomeric genes, includ-
ing var genes and rifin genes. Subtelomeric genes are placed
40 kb from the telomere itself and Sir2 binding and concomi-
tant TPE can spread to such a distance. Furthermore, var gene
activation correlates with the repositioning into a location that
may be permissive for transcription and changes in histone
acetylation [166—168]. Reminiscent of S. cerevisiae, silent
var genes on clustered telomeres are heterochromatinized
and localized at the nuclear periphery in the vicinity of silenc-
ing factors. Upon activation, one telomere might move toward
a permissive area of the nucleoplasm and boundary elements
prevent transcription of the adjacent genes. The var gene
that was expressed moves out of the active area and relocalizes
with the other silent telomeres. The involvement of boundary
elements remain hypothetical but likely play a role in the
switching of the var genes upon parasitic infection.

In the pathogenic fungus, Candida glabrata, TPE can re-
press the expression of subtelomeric virulence genes [96].
SIR3 and RIF1 are required for subtelomeric silencing and
RIF1 regulates telomere length. The deletion of these two
genes leads to a hyperadherent phenotype after the derepres-
sion of subtelomeric genes encoding adhesins [96,169].

18. Conclusions

Through the description of the numerous pathologies and
phenomenon that could be linked to telomeric silencing, it ap-
pears that TPE on natural chromosomes depends on the nature
and the size of the subtelomeric regions that might directly act
on the topology of chromatin. Consequently, a number of fac-
tors that can influence directly or indirectly the telomere
length will likely affect the expression of subtelomeric se-
quences by changing telomere conformation and maintenance
and vice versa. Given the parallels between yeast and human
telomeres, the yeast model provides useful insights for the un-
derstanding of TPE in human cells and the deciphering of nu-
merous pathologies. Altogether, a more complete knowledge
of telomeric silencing in human cells, the identification of
subtelomeric rearrangements and their consequences on the
epigenetic regulation of telomeres would likely provide impor-
tant insights into the role of chromosome ends in numerous

pathologies such as cancer, developmental disorders and men-
tal retardation, infertility and spontaneous recurrent miscar-
riages, age-related diseases or endemic parasitic infections.
In addition the deciphering of the molecular mechanism sus-
taining these pathologies would provide a new avenue for
the development of therapeutic approaches aimed at correcting
the molecular defects caused by inappropriate modification of
telomeric silencing.

Acknowledgments

The work in the Gilson laboratory is supported by the Ligue
Nationale contre le Cancer (Equipe labellisée) and by the
Association Francaise contre les Myopathies (AFM).

References

[1] W.J. Gehring, R. Klemenz, U. Weber, U. Kloter, Functional analysis of
the white gene of Drosophila by P-factor-mediated transformation,
EMBO J 3 (9) (1984) 2077—2085.

[2] T. Hazelrigg, R. Levis, G.M. Rubin, Transformation of white locus
DNA in drosophila: dosage compensation, zeste interaction, and posi-
tion effects, Cell 36 (2) (1984) 469—481.

[3] R. Levis, T. Hazelrigg, G.M. Rubin, Effects of genomic position on the
expression of transduced copies of the white gene of Drosophila,
Science 229 (4713) (1985) 558—561.

[4] D.E. Gottschling, O.M. Aparicio, B.L. Billington, V.A. Zakian, Position
effect at S. cerevisiae telomeres: reversible repression of Pol II tran-
scription, Cell 63 (4) (1990) 751-762.

[5] RJ. Craven, T.D. Petes, Involvement of the checkpoint protein Meclp
in silencing of gene expression at telomeres in Saccharomyces cerevi-
siae, Mol. Cell. Biol. 20 (7) (2000) 2378—2384.

[6] FE. Pryde, E.J. Louis, Limitations of silencing at native yeast telo-
meres, EMBO J 18 (9) (1999) 2538—2550.

[71 M.A. Mondoux, V.A. Zakian, Telomere position effect: Silencing near
the end, in: T. De Lange, V. Lundblad, E.H. Blackburn (Eds.), Telo-
meres, second ed. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY,pp, 2006, pp. 261—-316.

[8] O.M. Aparicio, B.L. Billington, D.E. Gottschling, Modifiers of position
effect are shared between telomeric and silent mating-type loci in
S. cerevisiae, Cell 66 (6) (1991) 1279—1287.

[9] S.J. Boulton, S.P. Jackson, Components of the Ku-dependent non-
homologous end-joining pathway are involved in telomeric length main-
tenance and telomeric silencing, EMBO J 17 (6) (1998) 1819—1828.

[10] T. Laroche, S.G. Martin, M. Gotta, H.C. Gorham, F.E. Pryde, E.J. Louis,
S.M. Gasser, Mutation of yeast Ku genes disrupts the subnuclear orga-
nization of telomeres, Curr. Biol. 8 (11) (1998) 653—656.

[11] G. Kyrion, K.A. Boakye, A.J. Lustig, C-terminal truncation of RAP1
results in the deregulation of telomere size, stability, and function in
Saccharomyces cerevisiae, Mol. Cell. Biol. 12 (11) (1992) 5159—5173.

[12] M.N. Conrad, J.H. Wright, A.J. Wolf, V.A. Zakian, RAP1 protein inter-
acts with yeast telomeres in vivo: overproduction alters telomere struc-
ture and decreases chromosome stability, Cell 63 (4) (1990) 739—750.

[13] B.D. Bourns, M.K. Alexander, A.M. Smith, V.A. Zakian, Sir proteins,
Rif proteins, and Cdc13p bind Saccharomyces telomeres in vivo,
Mol. Cell. Biol. 18 (9) (1998) 5600—5608.

[14] S. Gravel, M. Larrivee, P. Labrecque, R.J. Wellinger, Yeast Ku as a reg-
ulator of chromosomal DNA end structure, Science 280 (5364) (1998)
741-744.

[15] P. Moretti, K. Freeman, L. Coodly, D. Shore, Evidence that a complex
of SIR proteins interacts with the silencer and telomere-binding protein
RAPI, Genes Dev. 8 (19) (1994) 2257—2269.


stephane
Zone de texte 


[16] Y. Tsukamoto, J. Kato, H. Ikeda, Silencing factors participate in DNA
repair and recombination in Saccharomyces cerevisiae, Nature 388
(6645) (1997) 900—903.

[17] S. Strahl-Bolsinger, A. Hecht, K. Luo, M. Grunstein, SIR2 and SIR4 in-
teractions differ in core and extended telomeric heterochromatin in
yeast, Genes Dev. 11 (1) (1997) 83—93.

[18] A. Hecht, T. Laroche, S. Strahl-Bolsinger, S.M. Gasser, M. Grunstein,
Histone H3 and H4 N-termini interact with SIR3 and SIR4 proteins:
a molecular model for the formation of heterochromatin in yeast, Cell
80 (4) (1995) 583—592.

[19] H. Renauld, O.M. Aparicio, P.D. Zierath, B.L. Billington,
S.K. Chhablani, D.E. Gottschling, Silent domains are assembled contin-
uously from the telomere and are defined by promoter distance and
strength, and by SIR3 dosage, Genes Dev. 7 (7A) (1993) 1133—1145.

[20] G.J. Hoppe, J.C. Tanny, A.D. Rudner, S.A. Gerber, S. Danaie, S.P. Gygi,
D. Moazed, Steps in assembly of silent chromatin in yeast: Sir3-
independent binding of a Sir2/Sir4 complex to silencers and role
for Sir2-dependent deacetylation, Mol. Cell. Biol. 22 (12) (2002)
4167—4180.

[21] J.P. Cooper, E.R. Nimmo, R.C. Allshire, T.R. Cech, Regulation of telo-
mere length and function by a Myb-domain protein in fission yeast,
Nature 385 (6618) (1997) 744—747.

[22] J. Kanoh, F. Ishikawa, , spRapl and spRif1, recruited to telomeres by
Tazl, are essential for telomere function in fission yeast, Curr. Biol.
11 (20) (2001) 1624—1630.

[23] E.R. Nimmo, A.L. Pidoux, P.E. Perry, R.C. Allshire, Defective meiosis
in telomere-silencing mutants of Schizosaccharomyces pombe, Nature
392 (6678) (1998) 825—828.

[24] M.J. Park, Y.K. Jang, E.S. Choi, H.S. Kim, S.D. Park, Fission yeast
Rapl homolog is a telomere-specific silencing factor and interacts
with Tazlp, Mol. Cells 13 (2) (2002) 327—333.

[25] L.L. Wallrath, S.C. Elgin, Position effect variegation in Drosophila is
associated with an altered chromatin structure, Genes Dev. 9 (10)
(1995) 1263—1277.

[26] K. Ekwall, J.P. Javerzat, A. Lorentz, H. Schmidt, G. Cranston,
R. Allshire, The chromodomain protein Swi6: a key component at fis-
sion yeast centromeres, Science 269 (5229) (1995) 1429—1431.

[27] G. Kyrion, K. Liu, C. Liu, AJ. Lustig, RAP1 and telomere structure
regulate telomere position effects in Saccharomyces cerevisiae, Genes
Dev. 7 (7A) (1993) 1146—1159.

[28] A. Eugster, C. Lanzuolo, M. Bonneton, P. Luciano, A. Pollice,
J.F. Pulitzer, E. Stegberg, A.S. Berthiau, K. Forstemann, Y. Corda, et
al., The finger subdomain of yeast telomerase cooperates with Piflp to
limit telomere elongation, Nat. Struct. Mol. Biol. 13 (8) (2006) 734—739.

[29] F. Palladino, T. Laroche, E. Gilson, A. Axelrod, L. Pillus, S.M. Gasser,
SIR3 and SIR4 proteins are required for the positioning and integrity of
yeast telomeres, Cell 75 (3) (1993) 543—555.

[30] K. Mishra, D. Shore, Yeast Ku protein plays a direct role in telomeric
silencing and counteracts inhibition by rif proteins, Curr. Biol. 9 (19)
(1999) 1123—1126.

[31] J.B. Stavenhagen, V.A. Zakian, Internal tracts of telomeric DNA act as
silencers in Saccharomyces cerevisiae, Genes Dev. 8 (12) (1994) 1411—
1422.

[32] L. Maillet, C. Boscheron, M. Gotta, S. Marcand, E. Gilson,
S.M. Gasser, Evidence for silencing compartments within the yeast
nucleus: a role for telomere proximity and Sir protein concentration
in silencer-mediated repression, Genes Dev. 10 (14) (1996) 1796—1811.

[33] S. Marcand, S.W. Buck, P. Moretti, E. Gilson, D. Shore, Silencing of
genes at nontelomeric sites in yeast is controlled by sequestration of
silencing factors at telomeres by Rap 1 protein, Genes Dev. 10 (11)
(1996) 1297—1309.

[34] V.A. Zakian, H.M. Blanton, Distribution of telomere-associated se-
quences on natural chromosomes in Saccharomyces cerevisiae, Mol.
Cell. Biol. 8 (5) (1988) 2257—2260.

[35] E.J. Louis, The chromosome ends of Saccharomyces cerevisiae, Yeast
11 (16) (1995) 1553—1573.

[36] C. Boscheron, L. Maillet, S. Marcand, M. Tsai-Pflugfelder,
S.M. Gasser, E. Gilson, Cooperation at a distance between silencers

and proto-silencers at the yeast HML locus, EMBO J 15 (9) (1996)
2184—2195.

[37] E. Lebrun, E. Revardel, C. Boscheron, R. Li, E. Gilson, G. Fourel, Pro-
tosilencers in Saccharoniyces cerevisiae subtelomeric regions, Genetics
158 (1) (2001) 167—176.

[38] G. Fourel, E. Revardel, C.E. Koering, E. Gilson, Cohabitation of insu-
lators and silencing elements in yeast subtelomeric regions, EMBO J 18
(9) (1999) 2522—-2537.

[39] C.S. Chan, B.K. Tye, Organization of DNA sequences and replication
origins at yeast telomeres, Cell 33 (2) (1983) 563—573.

[40] J.D. Lieb, X. Liu, D. Botstein, P.O. Brown, Promoter-specific binding of
Rapl revealed by genome-wide maps of protein-DNA association, Nat.
Genet. 28 (4) (2001) 327—334.

[41] M. Foss, EJ. McNally, P. Laurenson, J. Rine, Origin recognition
complex (ORC) in transcriptional silencing and DNA replication in
S. cerevisiae, Science 262 (5141) (1993) 1838—1844.

[42] T. Triolo, R. Sternglanz, Role of interactions between the origin recog-
nition complex and SIR1 in transcriptional silencing, Nature 381 (6579)
(1996) 251—253.

[43] R.K. Mann, M. Grunstein, Histone H3 N-terminal mutations allow hy-
peractivation of the yeast GAL1 gene in vivo, EMBO J 11 (9) (1992)
3297-3306.

[44] J.S. Thompson, X. Ling, M. Grunstein, Histone H3 amino terminus is
required for telomeric and silent mating locus repression in yeast,
Nature 369 (6477) (1994) 245—247.

[45] H.R. Wyatt, H. Liaw, G.R. Green, A.J. Lustig, Multiple roles for
Saccharomyces cerevisiae histone H2A in telomere position effect,
Spt phenotypes and double-strand-break repair, Genetics 164 (1)
(2003) 47—64.

[46] A.A. Carmen, L. Milne, M. Grunstein, Acetylation of the yeast histone
H4 N terminus regulates its binding to heterochromatin protein SIR3,
J. Biol. Chem. 277 (7) (2002) 4778—4781.

[47] A. Kimura, T. Umehara, M. Horikoshi, Chromosomal gradient of his-
tone acetylation established by Sas2p and Sir2p functions as a shield
against gene silencing, Nat. Genet. 32 (3) (2002) 370—377.

[48] N. Suka, K. Luo, M. Grunstein, Sir2p and Sas2p opposingly regulate
acetylation of yeast histone H4 lysinel6 and spreading of heterochro-
matin, Nat. Genet. 32 (3) (2002) 378—383.

[49] M.D. Meneghini, M. Wu, H.D. Madhani, Conserved histone variant
H2A.Z protects euchromatin from the ectopic spread of silent hetero-
chromatin, Cell 112 (5) (2003) 725—736.

[50] J.E. Babiarz, J.E. Halley, J. Rine, Telomeric heterochromatin bound-
aries require NuA4-dependent acetylation of histone variant H2A.Z in
Saccharomyces cerevisiae, Genes Dev. 20 (6) (2006) 700—710.

[51] H. Zhang, D.O. Richardson, D.N. Roberts, R. Utley, H. Erdjument-
Bromage, P. Tempst, J. Cote, B.R. Cairns, The Yaf9 component of
the SWR1 and NuA4 complexes is required for proper gene expression,
histone H4 acetylation, and Htzl replacement near telomeres, Mol.
Cell. Biol. 24 (21) (2004) 9424—9436.

[52] C.B. Millar, M. Grunstein, Genome-wide patterns of histone modifica-
tions in yeast, Nat. Rev. Mol. Cell. Biol. 7 (9) (2006) 657—666.

[53] S.D. Briggs, T. Xiao, Z.W. Sun, J.A. Caldwell, J. Shabanowitz,
D.F. Hunt, C.D. Allis, B.D. Strahl, Gene silencing: trans-histone regu-
latory pathway in chromatin, Nature 418 (6897) (2002) 498.

[54] G. Liang, R.J. Klose, K.E. Gardner, Y. Zhang, Yeast Jhd2p is a histone
H3 Lys4 trimethyl demethylase, Nat. Struct. Mol. Biol. 14 (3) (2007)
243-245.

[55] H. Santos-Rosa, R. Schneider, A.J. Bannister, J. Sherriff,
B.E. Bernstein, N.C. Emre, S.L. Schreiber, J. Mellor, T. Kouzarides, Ac-
tive genes are tri-methylated at K4 of histone H3, Nature 419 (6905)
(2002) 407—411.

[56] R.G. Gardner, Z.W. Nelson, D.E. Gottschling, Ubp10/Dot4p regulates
the persistence of ubiquitinated histone H2B: distinct roles in telomeric
silencing and general chromatin, Mol. Cell. Biol. 25 (14) (2005) 6123—
6139.

[57] J. Nakayama, J.C. Rice, B.D. Strahl, C.D. Allis, S.I. Grewal, Role of
histone H3 lysine 9 methylation in epigenetic control of heterochroma-
tin assembly, Science 292 (5514) (2001) 110—113.


stephane
Zone de texte 


[58] T.A. Volpe, C. Kidner, M. Hall, G. Teng, S.I. Grewal,
R.A. Martienssen, Regulation of heterochromatic silencing and histone
H3 lysine-9 methylation by RNAI, Science 297 (5588) (2002) 1833—
1837.

[59] T. Sugiyama, H.P. Cam, R. Sugiyama, K. Noma, M. Zofall,
R. Kobayashi, S.I. Grewal, SHREC, an effector complex for heterochro-
matic transcriptional silencing, Cell 128 (3) (2007) 491—504.

[60] M.R. Flory, A.R. Carson, E.G. Muller, R. Aebersold, An SMC-domain
protein in fission yeast links telomeres to the meiotic centrosome, Mol.
Cell 16 (4) (2004) 619—630.

[61] M. Gotta, T. Laroche, A. Formenton, L. Maillet, H. Scherthan,
S.M. Gasser, The clustering of telomeres and colocalization with
Rapl, Sir3, and Sir4 proteins in wild-type Saccharomyces cerevisiae,
J. Cell Biol. 134 (6) (1996) 1349—1363.

[62] L. Maillet, F. Gaden, V. Brevet, G. Fourel, S.G. Martin, K. Dubrana,
S.M. Gasser, E. Gilson, Ku-deficient yeast strains exhibit alternative
states of silencing competence, EMBO Rep 2 (3) (2001) 203—210.

[63] A.Taddei, S.M. Gasser, Multiple pathways for telomere tethering: func-
tional implications of subnuclear position for heterochromatin forma-
tion, Biochim. Biophys. Acta 1677 (1-3) (2004) 120—128.

[64] F. Hediger, S.M. Gasser, Nuclear organization and silencing: putting
things in their place, Nat. Cell Biol. 4 (3) (2002) ES3—ES5S5.

[65] E.D. Andrulis, A.M. Neiman, D.C. Zappulla, R. Sternglanz, Perinuclear
localization of chromatin facilitates transcriptional silencing, Nature
394 (6693) (1998) 592—595.

[66] W.H. Tham, J.S. Wyithe, P.K. Ferrigno, P.A. Silver, V.A. Zakian, Local-
ization of yeast telomeres to the nuclear periphery is separable from
transcriptional repression and telomere stability functions, Mol. Cell 8
(1) (2001) 189—199.

[67] M.R. Gartenberg, FR. Neumann, T. Laroche, M. Blaszczyk,
S.M. Gasser, Sir-mediated repression can occur independently of chro-
mosomal and subnuclear contexts, Cell 119 (7) (2004) 955—967.

[68] E.Lebrun, G. Fourel, P.A. Defossez, E. Gilson, A methyltransferase tar-
geting assay reveals silencer-telomere interactions in budding yeast,
Mol. Cell. Biol. 23 (5) (2003) 1498—1508.

[69] T.I. Gerasimova, K. Byrd, V.G. Corces, A chromatin insulator deter-
mines the nuclear localization of DNA, Mol. Cell 6 (5) (2000) 1025—
1035.

[70] F. Magdinier, T.M. Yusufzai, G. Felsenfeld, Both CTCF-dependent and
-independent insulators are found between the mouse T cell receptor
alpha and Dadl genes, J. Biol. Chem. 279 (24) (2004) 25381—25389.

[71] T.M. Yusufzai, H. Tagami, Y. Nakatani, G. Felsenfeld, CTCF tethers an
insulator to subnuclear sites, suggesting shared insulator mechanisms
across species, Mol. Cell 13 (2) (2004) 291—298.

[72] K. Ishii, G. Arib, C. Lin, G. Van Houwe, U.K. Laemmli, Chromatin
boundaries in budding yeast: the nuclear pore connection, Cell 109
(5) (2002) 551—562.

[73] F. Hediger, A.S. Berthiau, G. van Houwe, E. Gilson, S.M. Gasser, Sub-
telomeric factors antagonize telomere anchoring and Tell-independent
telomere length regulation, EMBO J 25 (4) (2006) 857—867.

[74] A. Taddei, G. Van Houwe, F. Hediger, V. Kalck, F. Cubizolles,
H. Schober, S.M. Gasser, Nuclear pore association confers optimal ex-
pression levels for an inducible yeast gene, Nature 441 (7094) (2006)
T74—T78.

[75] W.H. Tham, V.A. Zakian, Transcriptional silencing at Saccharomyces
telomeres: implications for other organisms, Oncogene 21 (4) (2002)
512—-521.

[76] A. Taddei, F. Hediger, F.R. Neumann, C. Bauer, S.M. Gasser, Separa-
tion of silencing from perinuclear anchoring functions in yeast Ku80,
Sir4 and Escl proteins, EMBO J 23 (6) (2004) 1301—1312.

[77] M.K. Raghuraman, E.A. Winzeler, D. Collingwood, S. Hunt,
L. Wodicka, A. Conway, D.J. Lockhart, R.-W. Davis, B.J. Brewer,
W.L. Fangman, Replication dynamics of the yeast genome, Science
294 (5540) (2001) 115—121.

[78] S.M. Kim, D.D. Dubey, J.A. Huberman, Early-replicating heterochro-
matin, Genes Dev. 17 (3) (2003) 330—335.

[79] B.M. Ferguson, W.L. Fangman, A position effect on the time of repli-
cation origin activation in yeast, Cell 68 (2) (1992) 333—339.

[80] 1.B. Stevenson, D.E. Gottschling, Telomeric chromatin modulates rep-
lication timing near chromosome ends, Genes Dev. 13 (2) (1999)
146—151.

[81] S. Makovets, I. Herskowitz, E.H. Blackburn, Anatomy and dynamics of
DNA replication fork movement in yeast telomeric regions, Mol. Cell.
Biol. 24 (9) (2004) 4019—4031.

[82] A. Poloumienko, A. Dershowitz, J. De, C.S. Newlon, Completion of
replication map of Saccharomyces cerevisiae chromosome III. Mol.
Biol, Cell 12 (11) (2001) 3317—3327.

[83] A. Bianchi, D. Shore, Early replication of short telomeres in budding
yeast, Cell 128 (6) (2007) 1051—1062.

[84] D.C. Zappulla, R. Sternglanz, J. Leatherwood, Control of replication
timing by a transcriptional silencer, Curr. Biol. 12 (11) (2002) 869—875.

[85] J.J. Wyrick, F.C. Holstege, E.G. Jennings, H.C. Causton, D. Shore,
M. Grunstein, E.S. Lander, R.A. Young, Chromosomal landscape of nu-
cleosome-dependent gene expression and silencing in yeast, Nature 402
(6760) (1999) 418—421.

[86] G.L. Miklos, R.N. Nankivell, Telomeric satellite DNA functions in reg-
ulating recombination, Chromosoma 56 (2) (1976) 143—167.

[87] F. Baudat, A. Nicolas, Clustering of meiotic double-strand breaks on
yeast chromosome III, Proc. Natl. Acad. Sci. USA 94 (10) (1997)
5213—-5218.

[88] D. Kipling, H.E. Wilson, E.J. Thomson, M. Lee, J. Perry, S. Palmer,
A. Ashworth, H.J. Cooke, Structural variation of the pseudoautosomal
region between and within inbred mouse strains, Proc. Natl. Acad.
Sci. USA 93 (1) (1996) 171—175.

[89] J.B. Stavenhagen, V.A. Zakian, Yeast telomeres exert a position effect
on recombination between internal tracts of yeast telomeric DNA,
Genes Deyv. 12 (19) (1998) 3044—3058.

[90] P. Therizols, C. Fairhead, G.G. Cabal, A. Genovesio, J.C. Olivo-Marin,
B. Dujon, E. Fabre, Telomere tethering at the nuclear periphery is essen-
tial for efficient DNA double strand break repair in subtelomeric region,
J. Cell Biol. 172 (2) (2006) 189—199.

[91] D. Robyr, Y. Suka, I. Xenarios, S.K. Kurdistani, A. Wang, N. Suka,
M. Grunstein, Microarray deacetylation maps determine genome-wide
functions for yeast histone deacetylases, Cell 109 (4) (2002) 437—446.

[92] N.E. Lamb, S.B. Freeman, A. Savage-Austin, D. Pettay, L. Taft,
J. Hersey, Y. Gu, J. Shen, D. Saker, K.M. May, et al., Susceptible chias-
mate configurations of chromosome 21 predispose to non-disjunction
in both maternal meiosis I and meiosis II, Nat. Genet 14 (4) (1996)
400—405.

[93] T. Hassold, M. Merrill, K. Adkins, S. Freeman, S. Sherman, Recombi-
nation and maternal age-dependent nondisjunction: molecular studies of
trisomy 16, Am. J. Hum. Genet. 57 (4) (1995) 867—874.

[94] E. Fabre, H. Muller, P. Therizols, I. Lafontaine, B. Dujon, C. Fairhead,
Comparative genomics in hemiascomycete yeasts: evolution of sex,
silencing, and subtelomeres, Mol. Biol. Evol 22 (4) (2005) 856—873.

[95] R. Gurevich, S. Smolikov, H. Maddar, A. Krauskopf, Mutant telomeres
inhibit transcriptional silencing at native telomeres of the yeast Kluyver-
omyces lactis, Mol. Genet. Genomics 268 (6) (2003) 729—738.

[96] 1. Castano, S.J. Pan, M. Zupancic, C. Hennequin, B. Dujon,
B.P. Cormack, Telomere length control and transcriptional regulation
of subtelomeric adhesins in Candida glabrata, Mol. Microbiol. 55 (4)
(2005) 1246—1258.

[97]1 E.M. Stone, L. Pillus, Activation of an MAP kinase cascade leads to
Sir3p hyperphosphorylation and strengthens transcriptional silencing,
J. Cell Biol. 135 (3) (1996) 571—583.

[98] W. Ai, P.G. Bertram, C.K. Tsang, T.F. Chan, X.F. Zheng, Regulation of
subtelomeric silencing during stress response, Mol. Cell 10 (6) (2002)
1295—1305.

[99] A. De Las Penas, S.J. Pan, I. Castano, J. Alder, R. Cregg, B.P. Cormack,
Virulence-related surface glycoproteins in the yeast pathogen Candida
glabrata are encoded in subtelomeric clusters and subject to RAPI-
and SIR-dependent transcriptional silencing, Genes Dev. 17 (18)
(2003) 2245—2258.

[100] A. Halme, S. Bumgarner, C. Styles, G.R. Fink, Genetic and epigenetic
regulation of the FLO gene family generates cell-surface variation in
yeast, Cell 116 (3) (2004) 405—415.


stephane
Zone de texte 


[101] K.R. Hansen, G. Burns, J. Mata, T.A. Volpe, R.A. Martienssen,
J. Bahler, G. Thon, Global effects on gene expression in fission yeast
by silencing and RNA interference machineries, Mol. Cell. Biol. 25
(2) (2005) 590—601.

[102] M.T. Teixeira, E. Gilson, Telomere maintenance, function and
evolution: the yeast paradigm, Chromosome Res. 13 (5) (2005)
535—548.

[103] V. Brevet, A.S. Berthiau, L. Civitelli, P. Donini, V. Schramke, V. Geli,
F. Ascenzioni, E. Gilson, The number of vertebrate repeats can be reg-
ulated at yeast telomeres by Rapl-independent mechanisms, EMBO J
22 (7) (2003) 1697—1706.

[104] J.M. Mason, H. Biessmann, The unusual telomeres of Drosophila,
Trends Genet. 11 (2) (1995) 58—62.

[105] H.C. Mefford, B.J. Trask, The complex structure and dynamic evolution
of human subtelomeres, Nat. Rev. Genet. 3 (2) (2002) 91—102.

[106] G.H. Karpen, A.C. Spradling, Analysis of subtelomeric heterochromatin
in the Drosophila minichromosome Dp1187 by single P element inser-
tional mutagenesis, Genetics 132 (3) (1992) 737—753.

[107] V. Pirrotta, Chromatin complexes regulating gene expression in
Drosophila, Curr Opin Genet. Dev. 5 (4) (1995) 466—472.

[108] A. Boivin, C. Gally, S. Netter, D. Anxolabehere, S. Ronsseray, Telo-
meric associated sequences of Drosophila recruit polycomb-group pro-
teins in vivo and can induce pairing-sensitive repression, Genetics 164
(1) (2003) 195—208.

[109] D.E. Cryderman, E.J. Morris, H. Biessmann, S.C. Elgin, L.L. Wallrath,
Silencing at Drosophila telomeres: nuclear organization and chromatin
structure play critical roles, EMBO J 18 (13) (1999) 3724—3735.

[110] K.M. Donaldson, A. Lui, G.H. Karpen, Modifiers of terminal defi-
ciency-associated position effect variegation in Drosophila, Genetics
160 (3) (2002) 995—1009.

[111] L. Fanti, G. Giovinazzo, M. Berloco, S. Pimpinelli, The heterochroma-
tin protein 1 prevents telomere fusions in Drosophila. Mol, Cell 2 (5)
(1998) 527—538.

[112] B. Perrini, L. Piacentini, L. Fanti, F. Altieri, S. Chichiarelli, M. Berloco,
C. Turano, A. Ferraro, S. Pimpinelli, HP1 controls telomere capping,
telomere elongation, and telomere silencing by two different mecha-
nisms in Drosophila. Mol, Cell 15 (3) (2004) 467—476.

[113] I.G. Cowell, R. Aucott, S.K. Mahadevaiah, P.S. Burgoyne,
N. Huskisson, S. Bongiorni, G. Prantera, L. Fanti, S. Pimpinelli,
R. Wu, et al., Heterochromatin, HP1 and methylation at lysine 9 of his-
tone H3 in animals, Chromosoma 111 (1) (2002) 22—36.

[114] M. Savitsky, O. Kravchuk, L. Melnikova, P. Georgiev, Heterochromatin
protein 1 is involved in control of telomere elongation in Drosophila
melanogaster, Mol. Cell. Biol. 22 (9) (2002) 3204—3218.

[115] L. Melnikova, H. Biessmann, P. Georgiev, The Ku protein complex is
involved in length regulation of Drosophila telomeres, Genetics 170
(1) (2005) 221-235.

[116] S.R. Oikemus, N. McGinnis, J. Queiroz-Machado, H. Tukachinsky,
S. Takada, C.E. Sunkel, M.H. Brodsky, Drosophila atm/telomere fusion
is required for telomeric localization of HP1 and telomere position
effect, Genes Dev. 18 (15) (2004) 1850—1861.

[117] G.A. Shanower, M. Muller, J.L. Blanton, V. Honti, H. Gyurkovics,
P. Schedl, Characterization of the grappa gene, the Drosophila histone
H3 lysine 79 methyltransferase, Genetics 169 (1) (2005) 173—184.

[118] M.S. Singer, A. Kahana, A.J. Wolf, L.L. Meisinger, S.E. Peterson,
C. Goggin, M. Mahowald, D.E. Gottschling, Identification of high-
copy disruptors of telomeric silencing in Saccharomyces cerevisiae,
Genetics 150 (2) (1998) 613—632.

[119] M. Savitsky, D. Kwon, P. Georgiev, A. Kalmykova, V. Gvozdev, Telo-
mere elongation is under the control of the RNAi-based mechanism in
the Drosophila germline, Genes Dev. 20 (3) (2006) 345—354.

[120] R. Ofir, A.C. Wong, H.E. McDermid, K.L. Skorecki, S. Selig, Position
effect of human telomeric repeats on replication timing, Proc. Natl.
Acad. Sci. USA 96 (20) (1999) 11434—11439.

[121] R.A. Bayne, D. Broccoli, M.H. Taggart, E.J. Thomson, CJ. Farr,
H.J. Cooke, Sandwiching of a gene within 12 kb of a functional telo-
mere and alpha satellite does not result in silencing, Hum. Mol. Genet.
3 (4) (1994) 539—546.

[122] C.N. Sprung, L. Sabatier, J.P. Murnane, Effect of telomere length on te-
lomeric gene expression, Nucleic Acids Res. 24 (21) (1996) 4336—
4340.

[123] J.A. Baur, Y. Zou, J.W. Shay, W.E. Wright, Telomere position effect in
human cells, Science 292 (5524) (2001) 2075—2077.

[124] C.E. Koering, A. Pollice, M.P. Zibella, S. Bauwens, A. Puisieux,
M. Brunori, C. Brun, L. Martins, L. Sabatier, J.F. Pulitzer, et al.,
Human telomeric position effect is determined by chromosomal
context and telomeric chromatin integrity, EMBO Rep 3 (11)
(2002) 1055—1061.

[125] M. Pedram, C.N. Sprung, Q. Gao, A.W. Lo, G.E. Reynolds,
J.P. Murnane, Telomere position effect and silencing of transgenes
near telomeres in the mouse, Mol. Cell. Biol. 26 (5) (2006) 1865—1878.

[126] M. Garcia-Cao, R. O’Sullivan, A.H. Peters, T. Jenuwein, M.A. Blasco,
Epigenetic regulation of telomere length in mammalian cells by the
Suv39hl and Suv39h2 histone methyltransferases, Nat. Genet. 36 (1)
(2004) 94—99.

[127] G.G. Sharma, K.K. Hwang, R.K. Pandita, A. Gupta, S. Dhar,
J. Parenteau, M. Agarwal, H.J. Worman, R.J. Wellinger, T.K. Pandita,
Human heterochromatin protein 1 isoforms HPI1(Hsalpha) and
HP1(Hsbeta) interfere with hTERT-telomere interactions and correlate
with changes in cell growth and response to ionizing radiation, Mol.
Cell. Biol. 23 (22) (2003) 8363—8376.

[128] M.A. Blasco, The epigenetic regulation of mammalian telomeres, Nat.
Rev. Genet. 8 (4) (2007) 299—309.

[129] C. Netzer, L. Rieger, A. Brero, C.D. Zhang, M. Hinzke, J. Kohlhase,
S.K. Bohlander, SALLI, the gene mutated in Townes-Brocks syndrome,
encodes a transcriptional repressor which interacts with TRF1/PIN2 and
localizes to pericentromeric heterochromatin, Hum. Mol. Genet. 10 (26)
(2001) 3017—3024.

[130] P. Kaminker, C. Plachot, S.H. Kim, P. Chung, D. Crippen,
O.W. Petersen, M.J. Bissell, J. Campisi, S.A. Lelievre, Higher-order nu-
clear organization in growth arrest of human mammary epithelial cells:
a novel role for telomere-associated protein TIN2, J. Cell Sci. 118 (Pt 6)
(2005) 1321—1330.

[131] H.C. Riethman, Z. Xiang, S. Paul, E. Morse, X.L. Hu, J. Flint, H.C. Chi,
D.L. Grady, R.K. Moyzis, Integration of telomere sequences with the
draft human genome sequence, Nature 409 (6822) (2001) 948—951.

[132] E.V. Linardopoulou, E.M. Williams, Y. Fan, C. Friedman,
J.M. Young, B.J. Trask, Human subtelomeres are hot spots of inter-
chromosomal recombination and segmental duplication, Nature 437
(7055) (2005) 94—100.

[133] J. Flint, A.O. Wilkie, V.J. Buckle, RM. Winter, A.J. Holland,
H.E. McDermid, The detection of subtelomeric chromosomal rear-
rangements in idiopathic mental retardation, Nat. Genet. 9 (2) (1995)
132—140.

[134] F. Giraudeau, D. Aubert, I. Young, S. Horsley, S. Knight, L. Kearney,
G. Vergnaud, J. Flint, Molecular-cytogenetic detection of a deletion
of 1p36.3, J. Med. Genet. 34 (4) (1997) 314—317.

[135] S.W. Horsley, S.J. Knight, J. Nixon, S. Huson, M. Fitchett, R.A. Boone,
D. Hilton-Jones, J. Flint, L. Kearney, Del(18p) shown to be a cryptic
translocation using a multiprobe FISH assay for subtelomeric chromo-
some rearrangements, J. Med. Genet. 35 (9) (1998) 722—726.

[136] J. Lamb, P.C. Harris, A.O. Wilkie, W.G. Wood, J.G. Dauwerse,
D.R. Higgs, De novo truncation of chromosome 16p and healing with
(TTAGGG)n in the alpha-thalassemia/mental retardation syndrome
(ATR-16), Am. J. Hum. Genet. 52 (4) (1993) 668—676.

[137] S. Walter, K. Sandig, G.K. Hinkel, B. Mitulla, K. Ounap, G. Sims,
M. Sitska, B. Utermann, P. Viertel, V. Kalscheuer, et al., Subtelomere
FISH in 50 children with mental retardation and minor anomalies, iden-
tified by a checklist, detects 10 rearrangements including a de novo bal-
anced translocation of chromosomes 17p13.3 and 20q13.33, Am.
J. Med. Genet. A 128 (4) (2004) 364—373.

[138] T. Kleefstra, H.G. Brunner, J. Amiel, A.R. Oudakker, W.M. Nillesen,
A. Magee, D. Genevieve, V. Cormier-Daire, H. van Esch, J.P. Fryns,
et al., Loss-of-function mutations in euchromatin histone methyl trans-
ferase 1 (EHMT1) cause the 9934 subtelomeric deletion syndrome, Am.
J. Hum. Genet. 79 (2) (2006) 370—377.


stephane
Zone de texte 


[139] G. Kosztolanyi, Does “ring syndrome’ exist? An analysis of 207 case
reports on patients with a ring autosome, Hum. Genet. 75 (2) (1987)
174—179.

[140] G.B. Cote, A. Katsantoni, D. Deligeorgis, The cytogenetic and clinical
implications of aring chromosome 2, Ann. Genet. 24 (4) (1981) 231-235.

[141] A. Pezzolo, G. Gimelli, A. Cohen, A. Lavaggetto, C. Romano, G. Fogu,
O. Zuffardi, Presence of telomeric and subtelomeric sequences at the
fusion points of ring chromosomes indicates that the ring syndrome is
caused by ring instability, Hum. Genet. 92 (1) (1993) 23—27.

[142] S. Sigurdardottir, B.K. Goodman, J. Rutberg, G.H. Thomas, E.W. Jabs,
M.T. Geraghty, Clinical, cytogenetic, and fluorescence in situ hybridiza-
tion findings in two cases of “‘complete ring” syndrome, Am. J. Med.
Genet. 87 (5) (1999) 384—390.

[143] J.R. Vermeesch, E. Baten, J.P. Fryns, K. Devriendt, Ring syndrome
caused by ring chromosome 7 without loss of subtelomeric sequences,
Clin. Genet. 62 (5) (2002) 415—417.

[144] Y.S. Zou, D.L. Van Dyke, E.C. Thorland, H.S. Chhabra, V.V. Michels,
J.G. Keefe, M.A. Lega, M.A. Feely, T.S. Uphoff, S.M. Jalal, Mosaic
ring 20 with no detectable deletion by FISH analysis: Characteristic sei-
zure disorder and literature review, Am. J. Med. Genet. A 140 (15)
(2006) 1696—1706.

[145] J.B. Fan, M. Rochet, C. Gaillardin, C.L. Smith, Detection and charac-
terization of a ring chromosome in the fission yeast Schizosaccharomy-
ces pombe, Nucleic Acids Res. 20 (22) (1992) 5943—5945.

[146] T. Naito, A. Matsuura, F. Ishikawa, Circular chromosome formation in
a fission yeast mutant defective in two ATM homologues, Nat. Genet.
20 (2) (1998) 203—206.

[147] T.M. Nakamura, J.P. Cooper, T.R. Cech, Two modes of survival of fis-
sion yeast without telomerase, Science 282 (5388) (1998) 493—496.

[148] M. Sadaie, T. Naito, F. Ishikawa, Stable inheritance of telomere chro-
matin structure and function in the absence of telomeric repeats, Genes
Dev. 17 (18) (2003) 2271—2282.

[149] D. Gabellini, M.R. Green, R. Tupler, When enough is enough: genetic
diseases associated with transcriptional derepression, Curr. Opin. Genet.
Dev. 14 (3) (2004) 301-307.

[150] S.M. van der Maarel, R.R. Frants, The D4Z4 repeat-mediated pathogen-
esis of facioscapulohumeral muscular dystrophy, Am. J. Hum. Genet.
76 (3) (2005) 375—386.

[151] D. Gabellini, M.R. Green, R. Tupler, Inappropriate gene activation in
FSHD: a repressor complex binds a chromosomal repeat deleted in dys-
trophic muscle, Cell 110 (3) (2002) 339—348.

[152] J.C. van Deutekom, R.J. Lemmers, P.K. Grewal, M. van Geel,
S. Romberg, H.G. Dauwerse, T.J. Wright, G.W. Padberg,
M.H. Hofker, J.E. Hewitt, et al., Identification of the first gene
(FRG1) from the FSHD region on human chromosome 4q35, Hum.
Mol. Genet. 5 (5) (1996) 581—590.

[153] J.E. Hewitt, R. Lyle, L.N. Clark, EMM. Valleley, T.J. Wright,
C. Wijmenga, J.C. van Deutekom, F. Francis, P.T. Sharpe, M. Hofker,
et al., Analysis of the tandem repeat locus D4Z4 associated with facio-
scapulohumeral muscular dystrophy, Hum. Mol. Genet. 3 (8) (1994)
1287—1295.

[154] S.T. Winokur, U. Bengtsson, J. Feddersen, K.D. Mathews,
B. Weiffenbach, H. Bailey, R.P. Markovich, J.C. Murray,
J.J. Wasmuth, M.R. Altherr, et al., The DNA rearrangement associated
with facioscapulohumeral muscular dystrophy involves

a heterochromatin-associated repetitive element: implications for
a role of chromatin structure in the pathogenesis of the disease, Chro-
mosome Res. 2 (3) (1994) 225—234.

[155] G. Jiang, F. Yang, P.G. van Overveld, V. Vedanarayanan, S. van der
Maarel, M. Ehrlich, Testing the position-effect variegation hypothesis
for facioscapulohumeral muscular dystrophy by analysis of histone
modification and gene expression in subtelomeric 4q, Hum. Mol. Genet.
12 (22) (2003) 2909—2921.

[156] R. Benetti, M. Garcia-Cao, M.A. Blasco, Telomere length regulates the
epigenetic status of mammalian telomeres and subtelomeres, Nat.
Genet. 39 (2) (2007) 243—250.

[157] Y. Ning, J.LE. Xu, Y. Li, L. Chavez, H.C. Riethman, P.M. Lansdorp,
N.P. Weng, Telomere length and the expression of natural telomeric
genes in human fibroblasts, Hum. Mol. Genet. 12 (11) (2003) 1329—
1336.

[158] J.D. Barry, M.L. Ginger, P. Burton, R. McCulloch, Why are parasite
contingency genes often associated with telomeres? Int. J. Parasitol
33 (1) (2003) 29—45.

[159] P. Borst, S. Ulbert, Control of VSG gene expression sites, Mol. Bio-
chem. Parasitol 114 (1) (2001) 17—-27.

[160] J.R. Stringer, S.P. Keely, Genetics of surface antigen expression in
Pneumocystis carinii, Infect Immun 69 (2) (2001) 627—639.

[161] O. Dreesen, B. Li, G.A. Cross, Telomere structure and function in try-
panosomes: a proposal, Nat. Rev. Microbiol. 5 (1) (2007) 70—75.

[162] J.A. Kovacs, F. Powell, J.C. Edman, B. Lundgren, A. Martinez,
B. Drew, C.W. Angus, Multiple genes encode the major surface glyco-
protein of Pneumocystis carinii, J. Biol. Chem. 268 (8) (1993) 6034—
6040.

[163] S.P. Keely, H. Renauld, A.E. Wakefield, M.T. Cushion, A.G. Smulian,
N. Fosker, A. Fraser, D. Harris, L. Murphy, C. Price, et al., Gene arrays
at Pneumocystis carinii telomeres, Genetics 170 (4) (2005) 1589—1600.

[164] G. Kutty, L. Ma, J.A. Kovacs, Characterization of the expression site of
the major surface glycoprotein of human-derived Pneumocystis carinii,
Mol. Microbiol. 42 (1) (2001) 183—193.

[165] M.T. Duraisingh, T.S. Voss, A.J. Marty, M.F. Duffy, R.T. Good,
J.K. Thompson, L.H. Freitas-Junior, A. Scherf, B.S. Crabb,
A.F. Cowman, Heterochromatin silencing and locus repositioning
linked to regulation of virulence genes in Plasmodium falciparum,
Cell 121 (1) (2005) 13—24.

[166] L.H. Freitas-Junior, R. Hernandez-Rivas, S.A. Ralph, D. Montiel-
Condado, O.K. Ruvalcaba-Salazar, A.P. Rojas-Meza, L. Mancio-
Silva, R.J. Leal-Silvestre, A.M. Gontijo, S. Shorte, et al., Telomeric
heterochromatin propagation and histone acetylation control mutually
exclusive expression of antigenic variation genes in malaria parasites,
Cell 121 (1) (2005) 25—36.

[167] S.A. Ralph, A. Scherf, The epigenetic control of antigenic variation in
Plasmodium falciparum, Curr. Opin. Microbiol. 8 (4) (2005) 434—440.

[168] T.S. Voss, J. Healer, A.J. Marty, M.F. Duffy, J.K. Thompson,
J.G. Beeson, J.C. Reeder, B.S. Crabb, A.F. Cowman, A var gene pro-
moter controls allelic exclusion of virulence genes in Plasmodium falci-
parum malaria, Nature 439 (7079) (2006) 1004—1008.

[169] 1. Iraqui, S. Garcia-Sanchez, S. Aubert, F. Dromer, J.M. Ghigo,
C. d’Enfert, G. Janbon, The Yak1p kinase controls expression of adhe-
sins and biofilm formation in Candida glabrata in a Sir4p-dependent
pathway, Mol. Microbiol. 55 (4) (2005) 1259—1271.


stephane
Zone de texte 


	Telomeric position effect: From the yeast paradigm to human pathologies?
	Introduction
	TPE discovery and definition
	What is required for TPE?
	Telomere length and telomeric silencing
	Modulation by the subtelomere: importance of the telomere identity
	TPE and histones modifications
	Telomeric position effect and nuclear periphery: The reservoir model
	TPE and the 3Rs: Replication, recombination and repair
	Biological functions of yeast TPE
	TPE is conserved at the unusual telomeres of Drosophila
	Telomeric position effect in higher eukaryotes
	Telomeric position effect and human pathologies: Evidence and case reports
	Idiopathic mental retardation
	Ring chromosome
	Facio-scapulo humeral dystrophy as a model of telomeric position effect pathology?
	Senescence and aging
	Telomeric silencing and parasitic infection
	Conclusions
	Acknowledgments
	References




