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Alternative Lengthening of Telomeres (ALT) mechanisms
allow telomerase-negative immortal cells to buffer replicative
telomere shortening. ALT is naturally active in a number of
human cancers and might be selected upon telomerase
inactivation. ALT is thought to operate through homologous
recombination (HR) occurring between telomeric repeats
from independent chromosome ends. Indeed, suppression of
a number of HR factors impairs ALT cell proliferation. Yet, how
HR is initiated at ALT telomeres remains elusive. Mounting
evidence suggests that the long noncoding telomeric RNA
TERRA renders ALT telomeres recombinogenic by forming
RNA:DNA hybrids with the telomeric C-rich strand. TERRA and
telomeric hybrids act in concert with a number of other
factors, including the RNA endoribonuclease RNaseH1 and
the single stranded DNA binding protein RPA. The functional
interaction network built upon these different players seems
indispensable for ALT telomere maintenance, and digging
into the molecular details of this previously unappreciated
network might open the way to novel avenues for cancer
treatments.

De novo telomere synthesis is a pre-requisite for cell popula-
tion immortality. Telomerase activity is the most common tool
utilized by cells to replenish telomeric sequences, which are natu-
rally lost during successive replication cycles. However, in a more
limited number of cases, telomere maintenance is achieved
through mechanisms collectively known as ALT.1-3 ALT has
been documented in several species including humans, mice,
chickens, C. elegans, and yeasts.4-8 Approximately 15% of human
cancers such as sarcomas, gastric carcinomas, central nervous sys-
tem malignancies, and bladder carcinomas have activated ALT.9

ALT tumors will be resilient to anti-telomerase therapy and
treatment of telomerase-positive tumors with anti-telomerase
drugs could eventually select for drug-resistant ALT cells.
Indeed genetic or chemical inhibition of telomerase led to insur-
gence of ALT in cultured human cancer cells and mice.10,11

Hence it is necessary to gain a thorough understanding of the
molecular basis of the ALT pathway and to develop targeted
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anti-ALT therapies to be used alone or together with telomerase
inhibitors.

Telomeres in ALT cells retain numerous canonical features
including the presence of a duplex (TTAGGG)n sequence bound
by the specialized shelterin complex. Yet, ALT telomeres can be
recognized based on unique markers. These distinct traits include
an extremely heterogeneous telomere length, the association of
multiple telomeres in nuclear bodies containing promyelocytic
leukemia (PML) to form the so-called ALT-associated PML bod-
ies (APBs), elevated rates of exchange of telomeric sequences
between newly replicated sister telomeres (telomeric sister chro-
matid exchange; T-SCE), abundant extrachromosomal telomeric
DNA in the form of double-stranded (ds) telomeric circles
(t-circles), partly single-stranded (ss) circles (C-circles and G-
circles) and linear double-stranded DNA.1-3 Moreover, ALT cell
lines are often characterized by the loss of expression of ATRX,
which is an ATP-dependent helicase involved in chromatin
remodeling, an unstable karyotype and impaired DNA damage
detection and repair.12

It is commonly accepted that in the large majority of ALT
tumors telomere maintenance occurs via homologous recombina-
tion (HR) between telomeric sequences.1-3 In fact, several HR
proteins have been found to localize to APBs and their functional
inactivation leads to loss of telomeric sequences and eventually
cell growth arrest or death.1-3 Among these factors are the MRN
complex components MRE11, RAD50 and NBS1,13,14 which
are essential for the early steps of HR, the 2 interacting proteins
MUS81 and MMS4,15 and the 2 RAD51 paralogs XRCC3 and
RAD51D, which promote resolution of Holliday junctions in
HR intermediates.16,17 Different HR-based models for telomere
maintenance have been suggested. Unequal T-SCEs could sus-
tain elongation of one sister telomere at the expense of shortening
of the other one, a model supported by the elevated rates of
T-SCEs in ALT cells. Telomere synthesis could also involve
break-induced replication (BIR), an HR-based repair mechanism
that uses a homologous donor template to synthesize up to sev-
eral kilobases of new DNA starting from a break site. Finally,
ALT telomeres could engage in HR with extra-chromosomal
telomeric DNA.1-3 Several factors either not directly involved in
HR or having multiple functions are also essential for ALT telo-
mere maintenance, for example the flap endonuclease FEN118

and the single ss DNA binding protein RPA.19
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The long noncoding RNA ‘telomeric repeat-containing
RNA’ (TERRA), a DNA-dependent RNA polymerase II tran-
script produced from chromosome ends,20,21 is emerging as
a novel feature associated to ALT. Already in the very first
reports on TERRA discovery it was shown that osteosarcoma-
derived U2OS cells, ALT cells commonly used in laboratories,
contained elevated levels of TERRA as compared to telomerase-
positive cancer cells or primary human fibroblasts.22,23 Succes-
sive work employing additional ALT cells has indeed confirmed
that TERRA is generally up-regulated in ALT.12,24,25 More-
over, TERRA largely localizes to APBs.25 Thus TERRA levels
and localization can now be used as additional markers for
ALT tumor screening. TERRA increase in ALT is mainly due
to augmented telomere transcription, as TERRA half-life in
ALT cells appears not to be markedly different than in telome-
rase-positive cells.22,24 Consistently, in ALT cells, subtelomeric
TERRA CpG island promoters are hypomethylated and more
avidly bound by RNAPII while the density of the transcrip-
tionally repressive histone H3 trimethylated at lysine 9
(H3K9me3) mark is decreased.24-26 Moreover, contrary to
what is observed in telomerase positive cancer cells, TERRA
levels do not decline during progression from S-phase to
G2/M, possibly due to a lack of ATRX activity.27,28 Thus
increased transcription and loss of its cell cycle regulation
account for the overall increase of TERRA cellular levels char-
acteristic of ALT lines.

Having established that elevated TERRA levels are a hall-
mark of ALT, a major question arises: is TERRA increase neces-
sary for ALT telomeres or is it a mere consequence of reduced
telomeric chromatin compaction and therefore functionally
irrelevant? Growing evidence supports a scenario where TERRA
promotes telomere length maintenance in ALT cells by convert-
ing telomeres into efficient substrates for HR. Several groups
have shown that TERRA from different organisms can form
recombinogenic RNA:DNA hybrid structures by base pairing
with the C-rich strand of telomeres.25,29–31 Although it has
been previously proposed that TERRA retention at telomeres is
mediated by physical interactions with the telomeric factors
TRF1 and TRF2,32 formation of RNA:DNA hybrids could
additionally participate in this process (Fig. 1) How telomeric
hybrids are formed needs to be carefully tested. In vitro tran-
scription of telomeric DNA repeats leads to generation of abun-
dant RNA:DNA hybrids, in particular when the telomeric tract
is transcribed in the direction producing TERRA-like mole-
cules.25 Given the constant proximity of TERRA to its template
DNA, telomeric hybrids could also originate through invasion
of TERRA into ds telomeric DNA or when ss C-rich DNA is
exposed for example during telomere replication. Telomeric
hybrids might therefore form both co- and post-transcription-
ally and investigating this aspect should help understand not
only the biology of ALT but also how TERRA is regulated in
different cellular settings.

Regardless of the way telomeric hybrids originate, they are
controlled in unique ways in ALT cells. The endoribonu-
clease RNaseH1, which specifically degrades the RNA moiety
within a hybrid, preferentially accumulates at ALT telomeres

over other repetitive genomic sequences and telomeres of tel-
omerase-positive cancer cells.25 Moreover, perturbing RNa-
seH1 levels in ALT cells proportionally alters the levels of
hybrids at telomeres, while the ones formed at the highly tran-
scribed Actin gene remain unaffected.25 Depletion of RNa-
seH1 in U2OS cells induces rapid telomere loss due to
exaggerated telomeric circle excision, which is accompanied by
exposure of ss C-rich DNA and accumulation of RPA32 phos-
phorylated at Serine 33 (pSer33) at telomeres. RPA is most
likely bound to C-rich ss telomeric DNA as the levels of ss
G-rich DNA are not increased upon RNaseH1 depletion.25

On the other hand, over-expression of RNaseH1 limits the
potential of telomeres to be maintained as they become shorter
upon prolonged culturing of cells. Again, telomeric defects are
not evident upon manipulation of RNaseH1 levels in telome-
rase-positive cancer cells.25

A connection between RPA and telomere maintenance in
ALT has also been underscored in independent studies. As men-
tioned above, TERRA is not down-regulated in ALT cells during
S to G2/M phase progression and, similarly, its gradual decline
in S to G2/M is prevented in telomerase-positive cells depleted
for ATRX.27,28 These data suggest that the lack of ATRX in ALT
cells might be responsible for the loss of regulation of TERRA
levels during the cell cycle and re-expressing functional ATRX in
ALT cells should uncover whether this hypothesis is correct.
Moreover, while RPA is normally released from telomeres in G2/
M, depletion of ATRX in telomerase-positive cells averts this
event and, consistently, RPA foci can readily be detected in ALT
cells during G2/M.27 In vitro data have shown that RPA binding
to telomeres is facilitated by TERRA33 suggesting that, in telo-
merase-positive but not in ALT cells, TERRA down-regulation
in G2/M could promote displacement of RPA.27,33

In a general model integrating the ensemble of the above-
described data, in ALT cells, TERRA would favor stable associa-
tion of RPA with telomeres through at least 2 independent mech-
anisms (Fig. 1) On one side, telomeric hybrids, once stripped off
of their RNA component, possibly in a cell cycle dependent man-
ner, would expose ss C-rich DNA as a binding substrate for RPA.
On the other hand, elevated TERRA levels would prevent RPA
dissociation from telomeres during G2/M (Fig. 1) RPA con-
stantly present at telomeres is the probable trigger of HR between
telomeric sequences, likely through recruitment of and exchange
with RAD51 molecules (Fig. 1) an obligatory step for homology
searches occurring during HR.34 Consistently, RAD51 has
recently been shown to be necessary for long range telomere
movement and clustering of independent chromosome ends in
ALT cells.35 RAD51-coated ss C-rich telomeric DNA would
constitute a recombinogenic nucleoprotein complex promoting
base pairing with the G-rich overhangs of independent telomeres,
an event that could be followed by polymerase-mediated elonga-
tion of the invading G-overhangs in a process resembling BIR
(Fig. 1).

A straightforward assessment of this model requires depleting
TERRA in cells, a goal that has not been reached yet because
robust and reproducible protocols for TERRA downregulation
are still missing. Development of such protocols will once and
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for all establish whether and to what
extent TERRA promotes telomere
maintenance in ALT cells. Moreover
they will also clarify whether TERRA
can be envisaged as a druggable target
for curing ALT. Data from budding
yeast suggest that TERRA might assist
telomere lengthening in telomerase-
positive cells by recruiting telomerase
to the shortest telomeres in cells.36 In this light, depleting
TERRA levels in cancers could simultaneously suppress telome-
rase-mediated and ALT-mediated telomere elongation and there-
fore progression of different cancer types.
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