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«Fig.3 Schematics of the different telomere maintenance pathways
involving ART enzymes. A Tankyrase-dependent PARylation of
TRF1 displaces the protein from the DNA, which allows telomerase
access to telomeres. TIN2 negatively regulates tankyrase 1. PARP1
can target protein components of the holoenzyme and/or control
hTERT gene expression through PARP activity-independent regula-
tion of KLF4. B Tankyrase activity is activated upon oxidative stress
at telomeres and PARylates TRF1. PARP1 and PARP2 are recruited
at telomeres upon oxidative stress and can PARylate TRF2 in vitro.
Internal telomeric DSBs are repaired via PARP1-dependent alt-EJ.
C During replication, telomeric G4s are unwound by the RECQ heli-
cases WRN and BLM. PARPI is activated upon treatment of cells by
G4 ligands, which trigger the PARylation of TRF1 and recruitment
of WRN and BLM. PARPI is also able to PARylate WRN directly
while WRN binds PAR in vitro. D Telomeres are highly sensitive to
replication stress due to their t-loop structure and the formation of
G4s. Preventing G4 unwinding by BLM leads to DSBs, which are
repaired by PARP1-dependent alt-EJ. Deficiency in helicase RTEL1,
as observed in several telomeropathies, leads to telomeric dysfunction
due to an un-resolved t-loop. Stalling of the replication fork triggers
fork reversal, whose chicken foot structure is recognized by telom-
erase. PARPI1 prevents fork restart by PARylating RECQLI1, which
leads to telomeric dysfunction

Tankyrases 1 and 2 in the repair of telomeric DNA

Tankyrases are not DNA-dependent enzymes. Therefore,
unlike PARP1, PARP2 and PARP3, their activity is not
directly triggered by DNA damage. Nonetheless, both
enzymes have been implicated in the HR process, indi-
rectly through interactions with their protein partners [69,
85, 86]. At telomeres particularly, tankyrase 1 depletion
by siRNA sensitizes cells to telomeric SSBs and oxidized
base damage [87]. In this study, tankyrase 1 was found
to be recruited to damaged telomeric DNA through its
interaction with TRF1. This interaction, mediated by the
ANK domains of tankyrase 1 and the tankyrase-binding
motif of TRF1 (TBM) [64], was revealed to be important
for the subsequent recruitment of the SSBR and BER
proteins XRCC1 and Polp (Fig. 3B). Tankyrase inhibition
using the inhibitor XAV939 impaired the recruitment of
these proteins as well. However, the finding that XAV939
is also a potent inhibitor of PARP1 also suggests the
involvement of PARP1 activity in DNA repair protein
recruitment at telomeres [88]. Given that tankyrases do
not bind DNA directly, how oxidative telomeric DNA
damage is sensed remains unclear. One possibility resides
in the cooperation between the DNA-dependent ART
enzymes PARP1, PARP2 and PARP3. Such cooperation
has already been described, notably between PARP3 and
tankyrase 1 [89, 90]. In this study, PARP3 was charac-
terized as a positive regulator of tankyrase 1-mediated
PARylation of the mitotic checkpoint protein NuMA to
ensure proper spindle stabilization and telomere func-
tion. However, the relevance of this partnership following

DNA damage induction, as well as a potential involve-
ment of PARP1 and PARP2, remains to be investigated.

DNA-dependent ARTs in the control
of telomere homeostasis

Early investigations of the role of PARPI1 in control-
ling telomere length yielded controversial conclusions.
One group first observed that mouse embryonic fibro-
blasts (MEFs) obtained from PARP1—/— mice displayed
telomere shortening as well as an increase of telomere
losses and end-to-end fusions [91, 92]. Telomere shorten-
ing was not tissue-specific and was reported to be appar-
ent in embryos and adult mice. Congruently, the phar-
macological inhibition of PARP1 and PARP2 by 3AB in
human HeLa cells also led to rapid telomere shortening
[93]. However, a role for PARP2 in controlling telomere
length was ruled out as PARP2 depletion by siRNA did
not impact telomere length [93]. This confirmed prior
data showing that PARP2-depleted primary mouse cells
harbored normal telomere length and telomerase activity
[94]. In striking contrast, another group did not observe
significant telomere shortening or end-to-end fusions in
PARP1-/- mouse primary cells, and telomere shorten-
ing in telomerase-deficient MEFs was not worsened by
PARPI depletion even after the fourth mouse generation
[95, 96]. This discrepancy could possibly be attributed to
the use of different mouse strains and the number of cell
passages performed to obtain the MEFs before analysis.
In fact, Samper et al. measured telomere length in true
primary cells obtained after less than 2 passages and also
reported an increase of end-to-end fusions when these
cells were kept in culture for 26 population doublings,
confirming a role of PARPI in the long-term maintenance
of telomere end-capping. Importantly, telomerase activity
in PARP1—/— MEFs or 3AB-treated HeLa cells was not
altered (as measured in cell extracts by TRAP assays),
indicating that telomere shortening was not due to telom-
erase inhibition [91, 93, 95]. Yet, in contradiction with
these data, an independent study using siRNA to knock
down PARP1 in HeLa cells observed a decrease of tel-
omerase activity [97]. Overall, these findings confirm a
role of PARP1 and PARylation in telomere maintenance.
However, whether PARP1 acts through telomerase regula-
tion and/or via other mechanisms remains to be clarified.
This is discussed in further detail below.

PARP1 and the regulation of the telomerase enzyme

As mentioned above, whether PARP1 regulates telomer-
ase activity is unclear and controversial. While PARP1
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