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How homologous recombination maintains telomere integrity
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Abstract Telomeres protect the ends of linear chromosomes
against loss of genetic information and inappropriate process-
ing as damaged DNA and are therefore crucial to the mainte-
nance of chromosome integrity. In addition to providing a
pathway for genome-wide DNA repair, homologous recom-
bination (HR) plays a key role in telomere replication and
capping. Consistent with this, the genomic instability charac-
teristic of HR-deficient cells and tumours is driven in part by
telomere dysfunction. Here, we discuss the mechanisms by
which HR modulates the response to intrinsic cellular chal-
lenges that arise during telomere replication, as well as its
impact on the assembly of telomere protective structures. How
normal and tumour cells differ in their ability to maintain
telomeres is deeply relevant to the search for treatments that
would selectively eliminate cells whose capacity for HR-
mediated repair has been compromised.

Introduction

Telomeres are protein-DNA complexes which cap the ends of
linear chromosomes. Although the existence of end protective
structures was suggested by Barbara McClintock’s first visu-
alization of chromosomal fusions in maize in the early 1940s
(McClintock 1941), it was not until the 1960s that telomeres
were assigned a role in cellular ageing. The concept that linear
chromosome ends could not be fully replicated by the Watson
and Crick classical replication pathway (Watson and Crick
1953) causing progressive erosion of terminal DNA se-
quences and proliferative arrest (the end-replication problem)

E. M. C. Tacconi - M. Tarsounas (<))

Telomere and Genome Stability Group, The CRUK-MRC Oxford
Institute for Radiation Oncology, Department of Oncology,
University of Oxford, Old Road Campus Research Building,
Oxford OX3 7DQ, UK

e-mail: madalena.tarsounas@oncology.ox.ac.uk

was later recognized as the basis of Hayflick’s limited lifespan
theory (Hayflick 1965), which stated that cells in culture
divide only a finite number of times. Telomeric DNA was first
identified in Tetrahymena thermophila (Szostak and
Blackburn 1982) as sequences that can stabilize a yeast artifi-
cial chromosome. Pioneering work subsequently led to the
discovery of telomerase, an enzyme which adds sequentially
telomeric DNA repeats onto chromosome ends, thus
counteracting the end-replication problem (Greider and
Blackburn 1985).

Concomitantly, with the understanding of chromosome
end structure and maintenance, the concept of DNA recombi-
nation became a focal point of scientific investigation. In
1964, Robin Holliday suggested a DNA recombination mech-
anism to explain the independent segregation of fungal genes
located on the same chromosome (Holliday 1964). This model
linked for the first the genetic recombination to DNA repair
and identified the cross-stranded structure that physically con-
nects two DNA molecules, the Holliday junction (for a review
see Liu and West 2004). In 1983, Jack Szostak and colleagues
proposed that recombination could be initiated by a DNA
double-strand break (DSB). Their ‘double-strand-break repair
model for recombination’ (Szostak et al. 1983) (Fig. 1) pre-
dicted that end resection generates single-stranded DNA
(ssDNA) tails capable of invading a homologous duplex
DNA and leading to gene conversion events with or without
crossing over. Although variations of this homologous recom-
bination (HR) mechanism have meanwhile been envisaged,
the basic model proposed by Szostak and colleagues remains
valid today.

Telomere DNA with its 3" ssDNA overhang on the G-rich
strand (Blackburn 1984) was recognized as a potential sub-
strate for HR reactions. At this time it was demonstrated in
yeast that recombination reliant on RADS52 could occur be-
tween linear plasmids and chromosomal telomere-adjacent
sequences (Dunn et al. 1984), indicating that HR could indeed
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Fig. 1 Model for DSB repair by
HR. The DNA at a break site is
resected to generate ssDNA tails,
which represent substrates onto
which RADS51 monomers are
loaded in BRCA2- and RADS]
paralog-dependent manner. The
nucleoprotein filament thus
generated invades a homologous
dsDNA and, following second
end capture, a double Holliday
junction structure is formed.
Branch migration, which is
dependent among others on
RADS54, facilitates cleavage of
Holliday junctions by GEN1 or
MUSS81-EMEI1 resolvases, or
their dissolution dependent on the
BLM-TOPIIIx-RMI1 complex.
Crossover or non-crossover
molecules are the final products
of this DNA repair reaction
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provide a mechanism for telomere elongation. Further work in
yeast (Pluta and Zakian 1989) also demonstrated the
recombinogenic potential of telomeric sequences, both
chromosome- and plasmid-positioned. Subsequently, it be-
came more accepted that telomere-telomere recombination
via canonical gene conversion reactions could provide an
alternative mechanism of telomere elongation to telomerase
(Wang and Zakian 1990).

Whilst telomerase activity is easily detectable in most
model systems using robust in vitro assays, telomere-
telomere recombination events are difficult to visualize using
conventional methods due to the sequence similarity of the
telomeric repeats. HR events have, however, been detected
and quantified at single-telomere resolution in yeast, where
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the DNA sequences of particular telomeres are sufficiently
variable to allow this (Teixeira et al. 2004). These recombina-
tion events between TG repeats, which elongated individual
telomeres, occurred in a telomerase-deficient background at
very low frequency (approximately 0.3 % per generation),
suggesting that HR-mediated lengthening is a rare occurrence
even when telomerase was inactivated. Telomerase-deficient
yeast cells gradually lose their telomeres and enter senescence,
until a fraction switches to Rad52-dependent recombination
pathway for telomere elongation (Le et al. 1999; Lundblad
and Blackburn 1993). These cells are known as post-
senescence survivors. Spontaneous telomere HR reactions
similar to those described in yeast have also been detected in
human cells lacking telomerase activity (Dunham et al. 2000),
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where they provide a mechanism for alternative lengthening
of telomeres (ALT; Conomos et al. 2013). Moreover, a recent-
ly reported mouse model containing an exogenous DNA tag
inserted in one telomere unravelled that spontaneous ALT
reactions take place at telomeres under physiologically normal
conditions in various tissues (Neumann et al. 2013). This
important work supports the concept that telomere-telomere
recombination events, cryptic and possibly infrequent, occur
even in telomerase-proficient cells.

Plants and insects can also rely on recombination-based
mechanisms for telomere regulation. For example, Drosophila
species lack telomerase and rely instead on telomere-specific
retrotransposons to extend their chromosome ends. Indeed,
three telomere-specific non-long-terminal-repeat
retrotransposons have been described in Drosophila (HeT-A,
TART and TAHRE), which together form protective head-to-
tail arrays at the chromosome termini (Pardue and DeBaryshe
2011). In addition to transpositions, recombination and gene
conversion events have also been detected at Drosophila
telomeres (Kahn et al. 2000) and shown to mediate telomere
elongation. The gene coding for heterochromatin protein 1
(HP1) is crucial for regulating these events in Drosophila, as
its disruption caused elevated levels of both telomere transpo-
sition and recombination (Savitsky et al. 2002). Importantly,
recombination is the prevalent mechanism for elongating
chromosome ends in dipteran species including, the malaria
vector Anopheles gambiae (Roth et al. 1997).

Protection against the loss of critical genetic information is
now a well-established role of telomeres in the maintenance of
genome stability. Additionally, telomeres block recognition of
chromosome ends as DSBs, thereby preventing detrimental
repair reactions mediated either by non-homologous end join-
ing (NHEJ) or HR. NHEJ of unprotected telomeres generates
end-to-end chromosomal fusions leading to ‘bridge-fusion-
breakage’ cycles (Maser and DePinho 2002) and rampant
genome instability. Likewise, illegitimate HR reactions at
telomeres (e.g. sister chromatid exchanges) can have cata-
strophic consequences for genome integrity leading to exces-
sive lengthening of one sister telomere at the expense of the
other. Paradoxically, however, HR also acts to promote telo-
mere integrity by facilitating telomere replication and by
contributing to the remodelling of telomere DNA into protec-
tive secondary structures known as T-loops (Fig. 2). In this
review, we discuss this apparent contradiction and the mech-
anisms that balance the opposing effects of HR at telomeres.

The structure of mammalian telomeres

In vertebrates, the telomere is minimally defined as the repet-
itive DNA tract ending in a 3’ G-rich overhang, together with
the protein complex known as shelterin that binds specifically
to telomere DNA. In addition, RNAs and proteins mediating

DNA damage responses, repair, replication and transcription
(Martinez and Blasco 2011; Schoeftner and Blasco 2009)
associate with telomeres to maintain their function and
integrity.

Telomere DNA

The double-stranded DNA (dsDNA) of mammalian telomeres
consists of tandem repeats with the sequence TTAGGG, rang-
ing in length between 10 and 15 kb in humans and 20 and
50 kb in mice. The 3’ ssDNA overhang on the G-rich telomere
strand varies in length between 50 and 400 nucleotides and
represents a key feature of telomere DNA thought to facilitate
the assembly of the telomere protective structures known as T-
loops (Fig. 2). The subtelomeric region located adjacent to the
telomere DNA consists of tandem repeat arrays characterized
by high sequence variability (Baird et al. 1995). Telomere
replication and telomere-repeat containing RNA (TERRA)
transcription both initiate at subtelomeric sites. TERRA is
constitutively associated with telomeres and thus considered
a core component of the telomere complex.

To ensure telomere functionality, the repetitive DNA tract
must be maintained at a constant length. This is primarily
achieved in most cell types through telomerase-mediated ad-
dition of telomeric repeats (Greider 1996). In cells with com-
promised telomerase activity, elongation requires the
recombination-based ALT pathway. The recent discovery of
ALT events in mouse somatic tissues (Neumann et al. 2013)
suggests that the two mechanisms could coexist; however,
their relative contribution to telomere homeostasis is not clear.
Determining ALT frequency in telomerase-null mice may
indicate to what extent this mechanism compensates for telo-
mere shortening in the absence of telomerase. Additionally,
suppression of ALT events in HR-deficient mouse models
(e.g. Brea2”"") would support telomere recombination reac-
tions as the mechanism for ALT occurrence.

The shelterin complex

The existence of proteins that bind to telomeric DNA with
sequence specificity initially demonstrated in yeast and cili-
ates (Conrad et al. 1990; Fang and Cech 1993) was later
reinforced by work that led to the identification of the first
telomere dsDNA-binding proteins in mammals, TRF1 and
TRF2 (Bilaud et al. 1997; Chong et al. 1995; van Steensel
etal. 1998). RAPI was subsequently identified (Li et al. 2000)
as a factor recruited to telomeres by TRF2, whilst POT1 was
characterized as a ssDNA-binding protein with specificity for
telomeric sequences (Baumann and Cech 2001; Loayza and
de Lange 2003). TRF1 and TRF2 are linked by TIN2 (Ye and
de Lange 2004), which also connects POT]1 to the telomere
complex via TPP1 binding (Houghtaling et al. 2004; Liu et al.
2004a; Ye et al. 2004). The complex formed by these six
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Fig. 2 Model for HR-mediated
telomere capping. In the ‘open’
telomere configuration, the G-rich
ssDNA overhang is exposed and
can potentially activate DNA
damage responses, which arrest
cell cycle progression. RADS1 is
loaded onto the telomere ssDNA
in BRCA2-dependent manner to
promote a strand invasion
reaction into the duplex DNA of
the same telomere. This leads to
formation of a D-loop and of a
‘three-way’ Holliday junction,
which together define the T-loops
capping chromosome ends. The
shelterin complex binds telomeric
DNA and stabilizes the “T-loop’
configuration

proteins, referred to as shelterin, is stably associated with all
telomeres throughout the cell cycle (Fig. 2; Palm and de Lange
2008). In addition, the CST (CTC1/Cdc13-STNI-TEN1)
complex, a DNA polx.primase accessory factor, constitutive-
ly associates with telomeres via interaction with TPP1 (Wan
et al. 2009) and plays important roles in replication fork re-
start and post-replicative telomere processing (Miyake et al.
2009; Wu et al. 2012).

More recently, HOT1 was identified as a novel factor
capable of binding telomere dsDNA with sequence specificity
(Kappei et al. 2013). Unlike the core shelterin components,
HOTT1 is only present at a subset of telomeres and is also
found in the Cajal bodies where active telomerase is assem-
bled. HOT1 was therefore proposed to bring telomeres and
telomerase in close proximity, facilitating telomere
elongation.

The availability of conditional mouse models for
individual shelterin components made it possible to
better define their roles in telomere maintenance.
Based on these studies, it is now established that
TRF2 primarily promotes telomere capping and inhibits
ataxia telangiectasia mutated (ATM)-dependent DNA
damage responses (Celli and de Lange 2005; Denchi
and de Lange 2007), whilst TRF1 is essential for telo-
mere replication (Martinez et al. 2009; Sfeir et al.
2009). TPP1/POT1 act together to suppress ataxia tel-
angiectasia mutated and Rad3-related (ATR)-dependent
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checkpoint activation through specific binding to the
telomere ssDNA tails (Denchi and de Lange 2007; Wu
et al. 2006). This function is critically mediated by
TIN2, which tethers the TPP1/POT1 complex to telo-
meres (Takai et al. 2011). In addition, TPP1 recruits
telomerase to chromosome ends (Abreu et al. 2010;
Tejera et al. 2010). Importantly, RAP1, a TRF2-interacting
partner and suppressor of illegitimate recombination events at
telomeres (Martinez et al. 2010; Sfeir et al. 2010), was the first
shelterin component known to perform extra-telomeric func-
tions. Nuclear RAP1 associates with a subset of gene pro-
moters and regulates gene transcription, similarly to its yeast
counterpart (Martinez et al. 2010), whilst cytoplasmic RAP1
activates NF-kB signalling (Teo et al. 2010).

Thus, individual shelterin components play prominent
roles in specific aspects of telomere maintenance, mediated
by interactions with DNA damage sensors, repair, replication
and transcription factors (for a review see Martinez and Blasco
2011). Yet, it appears that some functions are shared by
several telomere proteins, for example, TRF1, TPP1 and
RAPI are together required to prevent telomere fragility.
This suggests that the shelterin subunits act cohesively in
order to ensure telomere protection, replication and length
maintenance. Large-scale structural studies are required to
solve the higher-order architecture of telomere-binding com-
plexes and to identify the functional interactions essential for
telomere integrity.
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HR reactions in DSB repair

DSBs are considered the most deleterious form of DNA
lesions, as failure to repair triggers cell cycle arrest and/or cell
death. HR is the major error-free pathway for DSB repair in
most cells and therefore essential for genome integrity
and cell viability. Supporting this concept, HR abroga-
tion leads either to lethal accumulation of DSBs or to
illegitimate DSB repair, known to generate the chromo-
somal rearrangements accountable for onset and progres-
sion of tumorigenesis.

As proposed by the classical model of HR-mediated repair
(Szostak et al. 1983; Fig. 1), DSBs introduced in chromo-
somes are processed through extensive DNA resection on
either side of the break, which generates recombinogenic
ssDNA tails. This nucleolytic processing requires the
MREI11-RAD50-NBS1 (MRN) complex and its binding part-
ner, CtIP, to initiate resection. The concerted action of
Bloom’s syndrome protein (BLM), WRN, EXO1 and DNA2
(Mimitou and Symington 2011; Nimonkar et al. 2011) further
extends the resected tails. The ssDNA thus generated is coated
by replication protein A (RPA), known to have a higher
affinity for ssDNA than RADS51. Thus, the RADS1
recombinase must be actively loaded onto the resected ends
in order to displace RPA and to form a nucleoprotein filament
capable of invasion into homologous dsDNA.

The tumour suppressor BRCA2 acts as the loader of
RADSI1 at sites of DSBs. This function is mediated by the
capacity of one BRCA2 molecule to bind several RADS1
monomers through its BRC motifs (Pellegrini et al. 2002)
and to facilitate their assembly onto ssDNA, to which
BRCA2 itself binds through its oligonucleotide/
oligosaccharide-binding folds. The RADS51 paralogs
(RADS51B, RADS1C, RADS1D, XRCC2 and XRCC3), a
family of proteins related to each other and to RADS1 itself,
also promote RADS1 accumulation at sites of DNA breaks,
although the underlying molecular mechanism is not clear
(Suwaki et al. 2011). RADS51-mediated strand invasion gen-
erates displacement loops (D-loops), well-characterized re-
combination intermediates that facilitate extension of the in-
vading ssDNA by DNA polymerases. The second end of the
break is ‘captured’ by annealing within the D-loop and for-
mation of two Holliday junctions (West 2009), which are
resolved either by GENI-dependent symmetric cleavage or
by asymmetric cleavage mediated by the MUS81/EMEI com-
plex. These reactions lead to either crossover or non-crossover
products (Fig. 1). Alternatively, Holliday junctions can be
‘dissolved’ through concerted Holliday junction migration
catalysed by the BLM and decatenation, dependent on the
topoisomerase TOPIIIx and its interacting partner, RMII.
This process gives rise only to non-crossover products, which
explains the striking accumulation of crossovers in BLM-
deficient cells.

HR-mediated DSB repair occurs in S and G2 phases of the
cell cycle, when a sister chromatid, the most common form of
duplex DNA used as a template for HR reactions, is available
and positioned close to the broken DNA. However, cells can
also repair DNA damage throughout the cell cycle using
NHEJ, a process that joins together DNA ends regardless of
sequence similarity and often inaccurately. Conventional
thinking led to the assumption that HR repair is favoured
when a sister chromatid is available due to its superior preci-
sion compared with NHEJ. This view, however, has been
challenged recently by studies demonstrating that the choice
between the two repair pathways is highly regulated through
antagonistic actions on end resection by 53BP1 and BRCA1
(Bouwman et al. 2010; Bunting et al. 2010). Subsequent
studies have shown competition for broken DNA ends by
two distinct DNA binding modules, 53BP1/RIF1 and
BRCAI1/CtIP (Chapman et al. 2013; Di Virgilio et al. 2013;
Escribano-Diaz et al. 2013), which repress or promote resec-
tion, respectively. Importantly, similar mechanisms regulate
resection at telomeres artificially uncapped through shelterin
removal (Zimmermann et al. 2013), thus extending this in-
triguing interplay between 53BP1 and BRCAI to the chro-
mosome end.

HR in telomere replication

Due to its G-quadruplex forming potential (Lipps and Rhodes
2009) (Fig. 3a), remodelling into protective T-loop structures
(Fig. 2) and extensive heterochromatinization (Blasco 2007),
telomere DNA poses a natural barrier to replication fork
progression. More recently, RNA-DNA hybrids (R-loops)
arising during TERRA transcription were shown to obstruct
telomere replication in yeast (Pfeiffer et al. 2013). As origins
of replication are thought to localize almost exclusively in
subtelomeric regions, with rare initiation occurring within
telomere DNA repeats (Drosopoulos et al. 2012; Gilson and
Géli 2007), rescue of stalled forks by oncoming forks seems
unlikely. However, replication initiation within the telomeric
repeats could be more common than previously anticipated.
The amino-terminal basic domain of TRF2 can recruit the
origin recognition complex (ORC) to telomeres and this re-
cruitment is essential for telomere integrity (Deng et al. 2007).
Furthermore, TERRA interacts directly with the amino-
terminal basic domain of TRF2, as well as with ORC forming
a stable ternary complex required for telomere maintenance
(Deng et al. 2009). Given the identification of this important
interaction and the key role of ORC in origin firing, we should
certainly be open to the possibility that initiation within the
telomeric repeats could occur at a more significant level than
has so far been detected.

Recent studies demonstrated that telomere replication re-
quires the coordinated action of structural telomere proteins
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Fig. 3 HR facilitates telomere replication. a G-quadruplexes, highly
stable DNA secondary structures that form spontaneously during
replication, play opposing roles at telomeres. They impede replication
fork progression causing DNA breakage whilst also concealing telomeric
ssDNA overhang to prevent activation of DNA damage responses. DSBs
introduced during telomere replication in the proximity of G-
quadruplexes could be repaired by HR. b Template switching provides
a mechanism to bypass replication fork barriers (e.g. G-quadruplexes)
and re-start stalled replication forks. HR activities are required in this
process

and DNA damage repair pathways, including HR (Gilson and
G¢éli 2007), to counteract the threat posed by collapsed forks.
Consistent with this notion, shelterin component TRF1 pro-
motes telomere replication (Martinez et al. 2009; Sfeir et al.
2009), most likely through recruitment of BLM and RTEL1
helicases, which remove secondary structures within telomere
sequences. Likewise, TRF2 acts as a sensor of topological
stress induced by T-loops and DNA supercoiling during telo-
mere replication and facilitates fork progression through
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activation of nucleases and topoisomerases that dismantle
these impediments (Ye et al. 2010).

In addition, HR provides a mechanism for effective telo-
mere replication. Conceivably, HR reactions at telomeres
promote re-start of stalled replication forks through template
switching (Fig. 3b; Ciccia and Elledge 2010) and repair of
replication-associated DSBs, similarly to other fork-stalling
sites within the genome. However, the consequences of HR
abrogation at telomeres are more severe, as unrepaired DSBs
within terminal repeats can cause loss of telomeric DNA and
abrupt telomere shortening. Moreover, indiscriminate joining
of telomeres broken as a result of collapsed forks generates
end-to-end fusions or interstitial telomere tracts, both known
to spawn genomic instability. Supporting the role of HR in
telomere replication, cells lacking HR factors RAD54 (Jaco
et al. 2003), RAD51D (Tarsounas et al. 2004), RADSI1C,
BRCA2 and RADS1 (Badie et al. 2010) have short telomeres
and elevated levels of multiple telomeric signals (MTS)
(Badie et al. 2010), a hallmark of telomere fragility due to
replication fork stalling and breakage. Moreover, these cells
exhibit higher frequencies of chromosome fusions containing
telomere DNA at the fusion site, compared to wild-type coun-
terparts. Although likely to be caused by re-joining of
replication-associated DSBs within telomeres, these could be
also attributed to re-joining of telomeres that have lost protec-
tive structures by other means (Fig. 4).

Notably, in cells lacking the core HR activities, RAD51 or
BRCA2 replication intermediates become substrates for
MRN-dependent resection (Hashimoto et al. 2010;
Schlacher et al. 2011). This leads to ssDNA accumulation
and checkpoint activation (Carlos et al. 2013). It is not known
whether replication forks stalled within the telomeres of HR-
deficient cells are susceptible to MRN-mediated degradation,
similarly to other sites in the genome (Hashimoto et al. 2010;
Schlacher etal. 2011). Whether MRN inactivation, genetically
or with chemical compounds, could rescue the telomere fra-
gility and excessive shortening characteristic of HR-deficient
cells will be informative in this respect.

The stable secondary structures in the DNA such as G-
quadruplexes and R-loops are likely to obstruct telomere
replication. Some of the mechanisms currently known to
unwind such structures are discussed below. Whether core
HR activities are also required to bypass such telomere-
specific barriers or to repair DSBs arising in their proximity
has not yet been demonstrated.

G-quadruplexes

Telomeric G-rich ssDNA can adopt alternative secondary
structures known as G-quadruplexes (Fig. 3a). Four guanine
bases form a square planar arrangement via Hoogsteen base
pairing, a non-conventional form of hydrogen bonding, and
two or more of these can stack into a G-quadruplex structure
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Consequences of HR defects at telomeres
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Fig. 4 Impact of dysfunctional HR on telomere integrity. Replication
fork stalling at telomeres occurs frequently in HR-deficient cells, leading
to DSBs and telomere shortening through loss of terminal DNA repeats.
Broken telomeres lack capping structures and engage in ligation reactions
with other telomeres or with break sites along the chromosome. The
resulting chromosome fusions trigger genome instability and tumorigen-
esis onset in cells with compromised HR repair capacity

characterized by high thermostability in vitro. Since the first
proposal of their assembly at Oxytricha telomeres (Fang and
Cech 1993), a large body of evidence has accumulated to
support the existence of these structures in vivo in several
other organisms (Tarsounas and Tijsterman 2013).
Importantly, the 3" G-rich telomere overhang could fold spon-
taneously into a G-quadruplex configuration, providing a
capping modality additional to or alternative to T-loops
(Gilson and G¢éli 2007). Lending support to this hypothesis,
studies in yeast have shown that G-quadruplexes stabilized
genetically or with chemical compounds can partially reverse
uncapping caused by Cdcl3 inactivation (Smith et al. 2011).
Whether a similar effect is achievable at shelterin-free mam-
malian telomeres is not known.

On the other hand, the telomeric G-rich strand displaced
during fork progression could also assemble spontaneously
into G-quadruplex structures, which impede replication
(Fig. 3a). These barriers to telomere replication are thought
to be dismantled in vivo by PIF1, WRN, BLM or RTELI
helicases, known to unwind G-quadruplexes in vitro (Ding
et al. 2004; Fry and Loeb 1999; Huber et al. 2006; Opresko

et al. 2003; Ribeyre et al. 2009; Sun et al. 1998). WRN binds
TRF2 (Opresko et al. 2002) and promotes replication of G-
rich telomeric strand (Crabbe et al. 2004), whilst BLM and
RTEL1 presumably interact with TRF1 to suppress telomere
fragility (Sfeir et al. 2009). RTELI, the best characterized of
these helicases, facilitates replication fork progression by dis-
solving both G-quadruplexes and T-loop structures (Vannier
et al. 2012). Sequences with G-quadruplex forming potential
are particularly susceptible to breakage in RTEL1-deficient
cells, as suggested by the increased telomere fragility ob-
served in these cells upon treatment with compounds that bind
and stabilize G-quadruplex structures. Moreover, RTEL1 in-
teracts directly with PCNA through a PIP-box domain (a
signature PCNA-binding motif), which provided mechanistic
insight into the role of this helicase during replication.
Suppressing this interaction leads to high telomere fragility
and accelerated tumorigenesis in mice (Vannier et al. 2013),
phenotypes that highlight the oncogenic potential of
deregulated telomere replication.

Taken together, these observations argue that G-
quadruplexes could provide an effective capping mechanism;
however, they concomitantly pose an intrinsic challenge to
telomere replication. Understanding how these seemingly
contradictory aspects of G-quadruplex biology are balanced
in vivo to maintain telomere integrity awaits further
investigation.

R-loops

The discovery of the non-coding telomere RNA TERRA has
drastically challenged the conventional view that telomeres
are transcriptionally silent (Azzalin et al. 2007; Schoeftner and
Blasco 2008). TERRA transcription initiates from
subtelomeric sites and is dependent on shelterin component
TRF1. TERRA is a potent inhibitor of telomerase activity
in vitro (Redon et al. 2010; Schoeftner and Blasco 2008),
and its elimination by nonsense-mediated messenger RNA
(mRNA) decay prevents telomere loss. An essential function
of TERRA is to displace RPA from telomeric ssDNA follow-
ing replication, which allows capping structures to re-form
and prevents checkpoint activation (Flynn et al. 2011).
R-loops, RNA/DNA hybrids arising at sites of collision
between replication and transcription machineries (Bermejo
et al. 2012), assemble spontaneously during telomere replica-
tion and TERRA transcription in yeast (Pfeiffer et al. 2013).
Telomere R-loops accumulate in cells where mRNA process-
ing is compromised, causing toxic replication defects. In
mammals, elevated R-loop levels were recently detected in
BRCA2-deficient cells (Bhatia et al. 2014). BRCA2 recruit-
ment to RNA/DNA hybrids, mediated by an interaction with
the RNA export complex TRX-2, suggests that BRCA2 is
required to bypass this type of obstruction during replication.
Whether this involves a canonical HR reaction remains
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unclear. It is also unknown whether R-loops occur during
TERRA transcription at mammalian telomeres and whether
they require BRCA2 for their resolution. The striking telo-
mere fragility observed in BRCA2-deficient cells (Badie et al.
2010) could be triggered by fork-stalling events proximal to
both G-quadruplexes and R-loop structures.

HR-mediated telomere capping and the T-loop model

By concealing the 3’ telomeric overhang via an elaborate
DNA secondary structure, T-loops could provide effective
protection against activation of DNA damage responses.
How telomere repeats become remodelled into T-loops and
how the transition between the ‘open’ and ‘T-loop’ configu-
ration (Fig. 2) is regulated remain key questions in telomere
biology.

Localization of HR factors at telomeres in mouse and
human cells (Badie et al. 2010; Tarsounas et al. 2004; Verdun
and Karlseder 2006), together with elevated levels of telomere
fusions and telomere dysfunction-induced foci (TIFs) observed
in Rad51d " (Tarsounas et al. 2004), Brca2™"~ and RAD51-
depleted MEFs (Badie et al. 2010) support a role for HR
reactions in telomere capping (Tarsounas and West 2005). In
vitro D-loop assays using telomeric substrates, human cell
extracts and immuno-depletion with specific antibodies
(Verdun and Karlseder 2006) have provided additional support
for the notion that HR could promote formation of telomere
protective structures. In this system, HR activities of RAD52
and XRCC3, together with the ssDNA signalling factors ATR
and RPA, as well as shelterin components TRF2 and TIN2 are
required for telomeric D-loop formation. In vitro T-loop recon-
stitution assays using purified proteins will help define the
precise molecular requirements and sequence of events leading
to telomere capping.

TREF2 is essential for the establishment of telomere capping
as evidenced by the striking telomere fusion phenotype of
cells lacking this shelterin factor (Celli and de Lange 2005).
T-loop assays using TRF2 and telomere DNA substrates dem-
onstrated that TRF2 binding alters DNA topology and stimu-
lates spontaneous strand invasion and D-loop formation
(Amiard et al. 2007). Whether this can be further enhanced
by RADS]1 loading onto the 3’ telomere overhang remains to
be determined.

In a speculative model, RAD51 nucleoprotein filaments
assemble on the 3' telomere overhangs and invade the duplex
telomeric DNA with formation of a D-loop and a Holliday
junction, both well-characterized HR intermediates (Fig. 2).
Holliday junctions are postulated to stabilize the T-loop struc-
ture, but equally they can pose a threat to telomere capping, as
resolution or dissolution mechanisms similar to those acting in
HR-mediated DSB repair (Fig. 1) could dismantle the T-loop
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with potential loss of telomeric DNA. Consistent with this,
cleavage of the T-loop Holliday junction by an XRCC3-
associated resolvase activity (Liu et al. 2004b) causes loss of
telomeric sequences in the form of T-loop-size circles in cells
lacking functional TRF2 (Wang et al. 2004). Conversely, func-
tional TRF2 binds Holliday junctions with telomere sequences
in vitro and prevents their resolution (Poulet et al. 2009). These
observations argue that HR reactions promote telomere cap-
ping by facilitating T-loop formation, but equally can resolve
these structures when TRF2-mediated protection fails.

To what extent HR contributes to telomere capping, as well
as the interplay between HR and shelterin factors in this
process, await further investigation. It cannot be excluded,
however, that the abrupt telomere shortening in cells lacking
HR could lead to shelterin dissociation and therefore an indi-
rect effect on telomere capping. So far, conventional micros-
copy demonstrated that a subset of cellular telomeres are
detectable as TIFs upon BRCA2 or RADS1 inactivation
(Badie et al. 2010). These telomeres are therefore uncapped
and likely to be rejoined with fusion formation. Replication
fork collapse and DNA breakage within HR-depleted telo-
meres could also lead to loss of capping structures, making it
difficult to define the precise mechanism underlying this
phenotype.

The T-loop has become central to telomere biology as an
elegant model for how the end capping could be achieved.
However, the lack of robust methods for T-loop visualization
still poses a major drawback to the study of such structures in
living cells. Electron microscopy allowed the first visualiza-
tion of T-loops in crosslinked telomere-enriched DNA isolated
from human cells (Griffith et al. 1999). The main caveat of this
approach was that crosslinking could stabilize transient fold-
ing of telomeric DNA, which would artificially generate loops
in these DNA preparations. Also, a distinction could not be
made using this technique between loops formed by G-rich
overhang invasion into the same telomere or into interstitial
telomeric repeats. The recently developed super-resolution
fluorescence imaging of T-loops in mouse cells appears more
promising (Doksani et al. 2013). Importantly, this approach
allowed detection of significantly lower levels of T-loop as-
sembly in TRF2-deleted compared to wild-type cells.
Whether this new technology can be routinely used to detect
T-loops in vivo remains to be established. Further studies will
undoubtedly unravel the mechanisms underlying the transi-
tion between the linear telomere state, conducive for telomere
replication and elongation, and the protected state which
ensures telomere stability during most of the cell cycle.

Future perspectives

Surmounting evidence demonstrates that telomere dysfunc-
tion drives genomic alterations that facilitate tumour
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progression. It is now clear that maintaining telomere integrity
is far more complex than originally anticipated and it involves
telomere-specific complexes acting in concert with canonical
replication, transcription, DNA damage signalling and repair
machineries. In this context, significant progress has been
made in defining the role of HR at telomeres, yet how HR is
integrated with other aspects of telomere maintenance remains
poorly understood.

The abrogation of core HR activities of BRCA2 or RADS1
is synthetically lethal with TRF1 deletion (Badie et al. 2010).
This supports the concept that HR and shelterin provide
independent pathways of telomere replication, promoting ei-
ther repair of DSBs at collapsed forks within telomeres or
resolution of impeding secondary DNA structures (e.g. G-
quadruplexes). Importantly, concomitant abrogation of TRF1
and BRCA2 caused cell death, even when p53 function was
abrogated. This is clinically relevant, as p53 inactivation
occurs frequently in BRCA2-deficient tumours, where it
provides a mechanism to sustain proliferation. Thus,
interfering with telomere structure, for example, by sta-
bilizing telomeric G-quadruplexes and thus preventing
shelterin assembly (Tahara et al. 2006), may provide a
basis for therapeutical targeting of HR-deficient
tumours.

Mouse mammary tumours lacking Brca2 accumulate TIFs.
Additionally, BRCA2-mutated human breast tumours have
abnormally short telomeres (Badie et al. 2010). This demon-
strates that the genomic instability characteristic of BRCA2-
deficient mouse and human tumours is due in part to telomere
dysfunction. In normal cells, telomere dysfunction is suffi-
cient to limit proliferation; however, cancer cells develop
mechanisms to overcome this barrier. Illegitimate joining of
broken chromosome arms and uncapped telomeres (Fig. 4)
could lead to inactivation of key checkpoint and tumour
suppressor genes and thus facilitate clonal outgrowth of cells
lacking HR. Alternatively, amplification of the #/TERT locus
and the ensuing telomerase activation could provide a mech-
anism for escape from telomere crisis, restoration of telomere
length and cancer cell survival (Jones et al. 2014). Whether
this could compensate for telomere shortening in BRCA2-
defective tumours is not yet known. Telomere dysfunction
detected using single-telomere amplification combined with
DNA sequencing technologies provides a powerful prognos-
tic signature for haematological and solid tumours (Lin et al.
2014; Roger et al. 2013), i.e. subpopulations of cells with
short telomeres have a poor clinical outcome. Similar ap-
proaches could establish whether short dysfunctional telo-
meres have prognostic value for HR-deficient tumours and
could potentially lead to the development of genomic insta-
bility markers and/or therapeutic targets for these types of
tumours. Thus, understanding how telomeres can drive evo-
lution of HR-compromised cancers could help develop novel
prevention and therapeutic modalities.
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