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ABSTRACT

Oxidative DNA damage triggers telomere erosion and
cellular senescence. However, how repair is initiated
at telomeres is largely unknown. Here, we found un-
like PARP1-mediated Poly-ADP-Ribosylation (PARy-
lation) at genomic damage sites, PARylation at telom-
eres is mainly dependent on tankyrase1l (TNKS1).
TNKSH1 is recruited to damaged telomeres via its in-
teraction with TRF1, which subsequently facilitates
the PARylation of TRF1 after damage. TNKS inhi-
bition abolishes the recruitment of the repair pro-
teins XRCC1 and polymerase 3 at damaged telom-
eres, while the PARP1/2 inhibitor only has such an
effect at non-telomeric damage sites. The ANK do-
main of TNKS1 is essential for the telomeric dam-
age response and TRF1 interaction. Mutation of the
tankyrase-binding motif (TBM) on TRF1 (13R/18G to
AA) disrupts its interaction with TNKS1 concomi-
tant recruitment of TNKS1 and repair proteins af-
ter damage. Either TNKS1 inhibition or TBM mutated
TRF1 expression markedly sensitizes cells to telom-
ere oxidative damage as well as XRCC1 inhibition.
Together, our data reveal a novel role of TNKS1 in fa-
cilitating SSBR at damaged telomeres through PARy-
lation of TRF1, thereby protecting genome stability
and cell viability.

INTRODUCTION

One of the most important cellular challenges is the main-
tenance of genome stability. Single strand breaks (SSBs) are
the most frequent type of DNA damage, occurring at a fre-
quency of tens of thousands per cell per day (1). Defects
in efficient SSB repair (SSBR) are implicated in a variety
of diseases such as neurodegenerative disorders, premature

aging and cancer (1). Therefore, cells have evolved rapid
and efficient repair mechanism for SSBs (1). Poly(ADP-
ribose) polymerase 1 (PARPI) is a DNA nick sensor pro-
tein which binds to DNA strand breaks efficiently and
adds poly-ADP-ribose (PAR) to various target proteins us-
ing NAD™" as a substrate to facilitate DNA repair (2-4).
PARylation amplifies damage signals within chromatin, re-
cruiting repair proteins, including XRCCl, to the damage
sites; XRCC1 is a molecular scaffold involved in SSBR. Al-
though PAR has a rapid turnover mediated by PARG after
its formation, XRCCl is retained at the damage sites to-
gether with its interacting repair components such as poly-
merase B (PolB) to complete the repair process (3,5-7).
PARP inhibitors sensitize cells to radio- and chemothera-
peutic agents, showing the importance of PAR in maintain-
ing cell viability (2,3,8,9).

Preventing chromosome ends from being recognized as
double-strand breaks (DSBs) by the DNA repair machin-
ery is important for maintaining genome stability and cell
survival. Mammalian cells have evolved unique nucleo-
protein complexes at telomeres to solve this ‘end protec-
tion” problem (10,11). Human telomeres typically consist
of a repeating array of duplex TTAGGG sequences ending
with a 3’ 130-210 nucleotide protrusion of single-stranded
TTAGGG repeats (12). The 3’ overhang can fold back and
invade into the double stranded telomeric repeats by base
pairing with the C-rich strand to form a T-loop structure
(13). Telomeres are capped by a six-subunit protein com-
plex called the shelterin complex (14,15). Of the six subunits,
TRF1 and TRF2 have a relatively high abundance and form
a homodimer which bind to telomeric duplex DNA in a
sequence-specific manner (16-18). Dysfunctional telomeres
caused by critically shortened telomeres or lack of protec-
tion by the shelterin complex activate the canonical DNA
damage response (DDR) pathway that engages p53 to ini-
tiate apoptosis or replicative senescence (10,19-22).
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Telomeres are shortened with each cell division due to
the requirement of a labile primer for DNA polymerase to
initiate unidirectional 5'— 3’ synthesis, which leaves the 3’
end of the template not fully replicated (23). The process
of telomere shortening and erosion is accelerated by ox-
idative stress (24). Although exposed to increased replica-
tive stress and oxidative stress, cancer cells maintain im-
mortality by achieving telomere elongation via two distinct
pathways, one that is telomerase-dependent or one that is
telomerase-independent; the latter is also referred to as al-
ternative lengthening of telomeres (ALT). During oxidative
stress, the accumulation of 8-0xoG and SSBs is more likely
to occur at telomeres than at the bulk of the genome due
to the high ratio of guanine residues in telomeric repeat se-
quences (25). Moreover, previous reports have shown that
oxidative DNA damage is repaired less efficiently at telom-
eres than the rest of the genome in vitro (26), suggesting
that repair at telomeres may be affected by its unique struc-
ture. Due to lack of an effective system to induce telomere-
specific DNA damage in vivo, it has remained unclear as to
how SSBR is initiated and processed at damaged telomeres
given the protection of the shelterin complex and the high-
order telomere structure in telomerase-positive and ALT
cells.

To address this question, we used a KillerRed (KR)-
based system to induce localized oxidative DNA damage
at telomeric or non-telomeric regions (24,27). Previous in-
vestigation of telomere damage and repair using shelterin
knock-outs or by introducing DNA nuclease at telomeres
may not have accurately represented the common situa-
tion that cells encounter, in that oxidative damage is the
major form of DNA damage from the environment. KR
is a unique fluorescent protein which generates superox-
ide upon light illumination at a given range of wavelength
(550-580 nm) (28-30), mimicking natural oxidative damage
and its consequent DNA strand breaks. In this study, we
discovered a novel function of tankyrasel (TNKS1) which
initiates telomere SSBR. Tankyrasel belongs to the poly
(ADP-ribose) polymerase (PARP) superfamily, which con-
sists of 18 proteins with a C-terminal conserved catalytic
domain similar to its founding member, PARP1 (31). Un-
like the role of Tankyrasel (TNKSI1, PARP5a) in regulat-
ing telomere length by allowing the access of telomerase
(32,33), we found that recruitment to telomere damage sites
of TNKSI is dependent on its interaction with TRF1; this
is independent of either telomerase or the cell cycle. Im-
portantly, we have defined the key residues on TRF1 at its
N-terminal RGCADG motif which are critical for the in-
teraction with TNKS1. Impairment of the recruitment or
function of TNKSI at telomeres greatly increases genome
instability and sensitizes cells to telomere oxidative damage.
Here we present evidence that TNKS1 and PARP1 provide
differential functions in PARylation at distinct damage sites.
Together, our results demonstrate a location-defined mech-
anism for SSBR initiation at telomeric vs. non-telomeric re-
gions upon oxidative damage.
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MATERIALS AND METHODS
Cell lines and transfections

U20S, Hela, Helal.3 and Flip-in T-REX 293 cells
were propagated in Dulbecco’s modified Eagle’s medium
(DMEM; Lonza) supplemented with 10% FBS at 37°C, 5%
COa,. Flip-in 293 shTRF1 cells were maintained in DMEM
supplemented with 10% FBS and 1 pg/ml Puromycin. KR-
TRF1, RFP-TRF1 or NLS-KR stably expressing Flip-in T-
REx 293 cell lines (tet-on) were established by transfection
of pcDNAS5/FRT/TO RFP-TRF1, KR-TRF1 and NLS-
KR, respectively, with 150 pg/ml Hygromycin B (Sigma)
selection. Induction of expression in Flip-in T-REX 293
cells was done by adding 2 pg/ml tetracycline (Sigma) 24
hr before induction. Plasmids were transfected with lipo-
fectamine 2000 (ThermoFisher Scientific) according to the
manufacturer.

Plasmids

KR and RFP with additional Age I and EcoRI sites
were amplified by PCR and sub-cloned into a pYFP
(Clontech) tagged TRFI1 plasmid to generate pCMV
KR-TRF1 and RFP-TRF1 plasmids. KR-TRF1 and
RFP-TRF1 fragments were digested from pCMV-KR-
TRFI, pCMV-RFP-TRFI and pCMV-DsR-TRFI
constructs by Kpnl and Smal and sub-cloned into the
Kpnl- EcoRV sites of pcDNAS/FRT/TO (Invitrogen),
respectively. pcDNAS/FRT/TO NLS-KR was made
by PCR of KR with an additional nuclear localization
signal in front of the Kpnl site and an EcoRV site using
5-ATGGTACCATGGATCCAAAAAAGAAG-3and

5-GCGATATCCTAGATTTCGTC G-3' as forward and
reverse primers, respectively, and sub-cloned into the
Kpnl and EcoRYV sites of the pcDNAS/FRT/TO vector.
Truncations of TNKSI1 were obtained by PCR using
FLAG-TNKSI as a template. Amplified fragments with
an additional Xhol site at 5 and Notl at 3’ ends were
cloned into a pEGFP-C1 vector (Clontech). The TRF1
TBMI1 mutant fragment was first amplified by PCR using
5" primer containing mutation sites and a 3’ primer with
a Notl site. Then the PCR product served as a template
to amplify the full length TBM1 mutant using a TRF1 5
primer with a Sall site and a TRF1 3’ primer with a Notl
site. The mutant was cloned into a pBS vector and selected
with a Blue/white selection system. pEGFP-XRCCI,
its deletion mutants, and GFP-53BP1 and Pol B were
described previously (5). The pBS-TRF1 TBM1 mutant
construct was then subcloned into the Sall-Notl sites
of a pcDNA/FRT/TO/Flag-His vector (Invitrogen).
Primers used in PCR are listed below: ANK forward
primer:  5-CCGCTCGAGATGGCGGCGTCGCGTC-
3’; ANK reverse primer: 5-TATTTGCGGCCGCA
CATTGGAGGCTCCT-3; SARP forward primer: 5'-
CCGCTCGAGGCCTCTCTGATCTCACCAGC-3;

SARP reverse primer: 5-ATAAGAATGCGGCCGCAG
GTCTTCTGCTCTGCGG-3’; PARP forward primer:
5-CCGCTCGAGGGTGGACAACAAGGCACCAA-3;
PARP reverse primer: 5 ATAAGAATGCGGCCGCAG
GTCTTCTGCTCTGCGG-3'; TBMI1 fragment forward
primer: 5-GCGGCCCCGAGCCCGGCCGGCTGT
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GCGGATGCTAGGGAT-3; TBM1 fragment reverse
primer:  5-TTTGCGGCCGCAGTCTTCGCTGTCTG
AGGAAATCAG-3; TBML full length forward primer: 5'-
TTTTCTCGAGATGGCGGAGGATGTTTCCTCA-3';
TBMI full length reverse primer: 5-TTTGCGGCCGCA
GTCTTCGCTGTCTGAGGAAATCAG-3

Chemicals and RNA interference

The PARP inhibitors PJ34 (Sigma) and Olaparib (Sel-
leckchem) with a final concentration of 4 and 10 pM
were added into medium for 30 min, respectively. The
tankyrase 1/2 inhibitor VI G007-LK (Millipore) was used
with a 92 nM final concentration in medium for 24 h;
XAV939 (Tocris) was added with a final concentration of
20 M for 24 h. Induction of Flip-in T-REX 293 KR-
TRF1 expression was done by adding 2 g/ml tetracy-
cline (Sigma). The PARG inhibitor ADP-HPD, dihydrate
ammonium salt (CALBIOCHEM), was added to lysis
buffer with a 1 wM final concentration. The siTNKSI, 5°-
AACAAUUCACCGUCGUCCUCUU-3’, was used in this
study. siTNKSI1 was transfected into U20S cells at a fi-
nal concentration of 25 pmol/ml 48 h before analyzing the
cells. Two TRF1 siRNA sequences targeting 3’'UTR were
used in imaging and the survival study of the TRF1 TBM1
mutant: 1. AGAGUAACCUAUAAGCAUG (J-010542-07-
0005, Dharmacon), 2. UACCAGAGUUAAAGCAUAU (J-
010542-08-0005, Dharmacon). The two sequences were
mixed in a 1:1 ratio and transfected to cells 48 h before
analyzing. For imaging, siRNAs were co-transfected with
plasmids at a final concentration of 40 pmol/ml using lipo-
fectamine 2000, 24 or 48 h prior to light exposure. For the
survival assay, siRNAs were transfected at a final concen-
tration of 50 pmol/ml using the DharmaFECT transfection
reagent (GE Dharmacon) 48 h prior to cell seeding at a final
concentration of 50 pmol/ml.

KR activation

KR activation was conducted in two ways. Activation of
KR in a single cell was performed with a 559 nm laser for
20 scans (1 mW /scan) only for the selected cell nucleus. Lo-
cal activation of one KR spot was performed with the same
559 nm laser in a selected area within a single cell nucleus.
One scan takes less than 1 second. Activation of KR in bulk
cells was done by exposing cells to a 15 W SYLVANIA cool
white fluorescent bulb for the indicated time (20 min to 4 h)
in a stage UVP (Uvland, CA, USA). The dose of 559 nm
laser light that was delivered to the KR spot has been cal-
culated. The KR-TRF1 (~1 wm? in diameter) spot is ~12
mJ/pum?. In the case of fluorescent light activation, the rate
of light is 15 J/m?/s. With a 20 min—1 h light exposure, the
final power delivered to each KR-TRF1 spot is around 20—
60 mJ /um? upon light exposure. Cells were placed under a
water bottle (height to light is 15 cm) to prevent an increase
of temperature during light activation.

Immunoprecipitation and western blot analysis

Lysates were prepared using 250 mM low salt lysis buffer
(250 mM NaCl, 10 mM HEPES, 50 mM Tris-HC17.4,0.1%

NP40, 5 mM EDTA) supplemented with protease inhibitor
cocktail (Sigma) and PMSF (final 1 mM). Lysate was incu-
bated overnight at 4 degrees with Flag M2 beads (Sigma)
under continuous rotation. After four times washing in ly-
sis buffer, proteins were eluted in 3* loading buffer and sub-
jected to SDS-PAGE and western blotting. Western blotting
was performed using standard methods. Blots were incu-
bated with primary antibodies using anti-Flag M2 antibody
(scientific imaging system, 1B13026/8J2731), GFP (Roche
Diagnostics), TNKS (Santa Cruz), and tubulin. After incu-
bation with horseradish peroxidase-linked secondary anti-
bodies (Jackson Immunosciences), the blots were developed
using the chemiluminescence detection kit ECL-Plus ac-
cording to the manufacturer’s instructions. Quantification
was performed on scanned images of blots using the Image
Lab software, and the values shown on the graphs repre-
sent normalization of the protein content evaluated through
tubulin immunoblotting.

Confocal microscopy

The Olympus FV1000 confocal microscopy system (Cat.
F10PRDMYR-1, Olympus) with a FV1000 SIM Scanner
and 405 nm laser diode (Cat. F100SIM405, Olympus) was
employed. FV1000 software was used for acquisition of
images. For inducing DNA damage, a 405 nm laser was
used with the indicated power; the output power of the 405
laser passed through the lens is 5 mW/scan. Laser light
was passed through a PLAPON 60x oil immersion objec-
tive lens (super chromatic abe. corr. obj W/1.4NA FV, Cat.
FM1-U2B990). Cells were incubated at 37°C on a thermo-
plate (MATS-U52RA26 for 1X81/71/51/70/50; metal in-
sert, HQ control, Cat. OTH-10126) in Opti-MEM during
observation to avoid pH changes. For bleaching KR, a 559
nm laser was used. For counting foci positive cells, cells con-
taining >5 colocalized foci with KR-TRF1 were counted.
For calculation of the percentage of colocalization with
KR-TRFT1, foci positive cells in 50 cells were counted in ev-
ery experiment. Three independent experiments were per-
formed, and representative data are shown. Fluoview Soft
(Olympus) was used for data analysis. In cases of quantifi-
cation of the intensity of the damage response of proteins, a
ratio of enrichment of the same area in a single cell nucleus
was used. Here, mean intensity of accumulated proteins at
the sites of KR-TRF1/mean intensity of proteins distant
from the KR-TRF1 spot (background) in the same nucleus
was calculated. Fifty spots in 10 cells were calculated. The
+SD calculated in each case is shown in the Figure Legend.
The P value is calculated by student’s t-test using Stat Plus
software; P<0.005 is shown as **.

Method for the statistical analysis of the recruitment

Colocalization analysis in Olympus Fluoview software was
used to analyze the recruitment of proteins of interest to
the damaged telomeres. In each group, telomeres in over 10
cells were calculated. Pixels in each selected telomere were
plotted onto a scattered graph based on the intensity of the
two channels. Each telomere gives a Pearson co-efficiency
number based on the plot. The Pearson co-efficiency is cal-
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Clonogenic assay

U20S or HeLa cells were seeded into a 35 mm dish. siRNA
was transfected into cells using DharmaFECT transfec-
tion reagent (GE Dharmacon, T-2001-03) according to the
manufacturer. Twenty-four hours post-siRNA transfection,
plasmids were transfected into cells using lipofectamine
2000 reagent (Invitrogen, 11668019) according to the man-
ufacturer. Seven hours post-plasmid transfection, cells were
seeded into a 60 mm dish at a density of 300 cells/dish
in dim light. Twelve-sixteen hours post-seeding, cells were
exposed to light to induce KR-TRF2-induced telomere-
specific damage. After 10 days of incubation in the dark,
cells were washed once with PBS and then fixed and stained
with 0.3% crystal violet in methanol. Colony numbers were
counted and standardized vs. an untreated control group to
test cell viability.

MTT assay

Flip-in T-REX 293 cells that stably expressed KR-TRF1,
RFP-TRF1 or NLS-KR, respectively, with tetracycline in-
duction, were seeded in 60 mm dishes. Cells were transfected
with or without siTNKS1 24 h post-seeding. One day after
siTNKSI transfection, tetracycline was added with a con-
centration of 2 pg/ml in media for another 24 h followed
by treatment for the indicated time period of light exposure.
Cells were reseeded at a density of 5 x 10% cells per well of
96-well plates immediately after light treatment. Cell viabil-
ity was determined 48 h after light activation with an MTT
assay Kit (Promega). Absorbance was measured at 490 nm
on a 96-well plate reader (VERSAmax tunable microplate
reader, Molecular Devices). Results are presented as a per-
centage of survival taking the control (untreated cells) as
100% survival.

Metaphase chromosome spreads and telomere FISH

KR-TRF1 or DsR-TRF1 stably expressing HelLal.3 cell
lines were treated with DMSO, or Olaparib (Selleckchem)
with a final concentration of 10 wM for 30 min, or XAV939
at a final concentration of 5 uM for 6 h. Cells were then
exposed to 15 W white light for 1 h. After incubation for
12 h in the dark, cells were arrested at metaphase with 0.1
ug/ml colcemid (Sigma) for 5 h. Cells were harvested by
gentle pipetting and swollen in 0.075 M KCl at 37°C for 30
min. Cells were then fixed in fixative (3:1 methanol/glacial
acidic acid) for three times, each for 10 min. Cells were
dropped onto wet slides and air-dried overnight in prepa-
ration for telomere-PNA FISH analysis. The next day, the
slides were rehydrated with PBS for 5 min and fixed with
3.7% formaldehyde for 10 min at room temperature. After
three PBS washes, the slides were treated with RNase A (0.1
mg/ml) in PBS at 37°C for 10 min. Slides were then incu-
bated consecutively with 75%, 85%, and 100% ethanol and
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allowed to air dry for at least 30 min before applying hy-
bridization solutions (70% formamide, 0.1% BSA, 0.5ug/ml
yeast tRNA, 0.1*SSC) containing TelC-Cy3-PNA probe
(PANAGENE, F1002). Slides were denatured by heating
for 3 min at 80°C and hybridized for 2 h at 37°C. Fol-
lowing hybridization, the slides were washed twice for 15
min each in 70% formamide/10 mM Tris-HCI, followed
by three 5 min washes in 0.1 M Tris-HCI, pH 7.0/0.15 M
NaCl/0.08% Tween-20. The chromosomal DNA was coun-
terstained with 4,6-diamidino-2-phenylindole (DAPI) ap-
plied to the second wash. Slides were air dried and mounted
in mounting medium and sealed with nail oil.

Cell cycle synchronization and imaging

Normal DMEM + 2.5 mM thymidine was added to a 50%
confluency of U20S cells for 24 h; then thymidine was re-
moved by washing with 1x PBS, fresh DMEM was added,
and the cells were transfected with RT1/KT1 with lipofec-
tamine 2000. Eight hours post-transfection, HU (2 uM) was
added to cells. After 16 h incubation, cells were released by
removing the drug, washing with 1x PBS and adding fresh
medium. Cells were fixed by 4% PFA after 0, 4 and 8 h to
obtain G0/G1, S and G2/M phase cells, respectively. For
immunostaining and imaging, cells were exposed to light for
20 min and recovered for 30 min in the dark before fixation
to induce oxidative telomeric damage. After fixation, cells
were permeabilized by 0.2% Triton X-100, blocked with 2%
BSA and incubated with yH2AX Ab, TNKS Ab for im-
munofluorescence and confocal imaging.

RESULTS

Kinetics of PARylation at the non-telomeric and telomeric re-
gion after damage

To identify if SSBR is initiated and processed by the same
mechanism at telomeres which form heterochromatin struc-
ture, versus non-telomeric heterochromatin regions, we uti-
lized a KR-based assay to induce location-defined oxida-
tive damage at these sites. KR was either fused to the tet
repressor (tetR-KR) to target a defined non-telomeric hete-
rochromatin locus that contains chromosomally integrated
tetracycline response element (TRE) repeats (27) or fused
to TRF1 or TRF2 (KT1 or KT2) to target telomeres (Fig-
ure 1A). The table in Figure 1A briefly shows the meth-
ods we used to induce site-specific oxidative damage and
the KR controls DsRed-TRF1/TRF2 (DT1 or DT2) and
RFP-TRF1/TRF2 (RT1 or RT2). Both KT and the non-
damage controls display telomere-specific localization, as
shown by their colocalization with telomeric peptide nu-
cleic acid (PNA) probes (Supplementary Figure S1A). KR
activation was induced by a 15 W Sylvania cool white flu-
orescent bulb for 20 min as described in a previous study
(24). KR-induced oxidative DNA damage is site-specific,
since the chromophore binds to the surrounding hydropho-
bic residues, preventing the released superoxide from dis-
persing throughout the nucleus (34). The production of ox-
idative damage at telomeres was confirmed using the spin
trap, 5,5-dimethyl-pyrroline N-oxide (DMPO), which binds
and reacts with multiple free radicals (e.g. superoxide and
hydroxyl radicals) to form stable and distinguishable free
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Figure 1. TNKSI is recruited efficiently at telomeric oxidative damage sites. (A) Scheme of the methods: DNA damage Targeted at one Genome locus
by tetR-tagged KillerRed (tetR-KR) and at telomeres by KillerRed tagged TRF1 or TRF2 (KT1 or KT2), respectively. KillerRed (KR) induces localized
reactive oxygen species (ROS) damage after visible light activation either at one genome locus or telomeres. DsRed-TRF1/2, RFP-TRF1/2 is used for a
no damage control at telomeres. TetR-cherry is the no damage control for Tet-KR at one genome locus. 405 nm laser micro-irradiation is also used for
inducing genomic damage. (B) Kinetics of PAR at sites of tetR-KR or KT1 transfected U20S (TRE) cells with or without light activation. Cells were
exposed to light for 20 min and recovered in the dark for the indicated time. Quantification of the percentage of cells showing co-localization of PAR with
tetR-KR or KT1 spots, respectively, is shown. (C) GFP-XRCCI is recruited efficiently to either KT1 or KT2 induced telomeric oxidative damage sites but
not to DT1 or DT2 undamaged controls. (D) Recruitment of endogenous tankyrase and FLAG-TNKSI greatly increased upon telomere damage. U20S
cells were stained with a-TNKS Ab after 15 W SYLVANIA cool white fluorescent light exposure for 20 min and recovery in the dark for 30 min. U20S or
HeLa 1.3 cells were co-transfected with FLAG-TNKS1 and DT2/KT?2 and stained with FLAG Ab after light exposure for 20 min and recovery in the dark
for 30 min. Intensity fold increase defined by the foci intensity normalized to background is quantified in U20S cells transfected with FLAG-TNKSI. The
error bar represents over 300 foci. (E) U20S cells transfected with RT1/KT1 and synchronized by a double thymidine block to different cell stages were
exposed to light for 20 min and recovered in the dark for 30 min before fixation. Cells were stained with TNKS Ab and imaged with a confocal microscope.
Cells showing >5 foci of co-localization were defined as positive cells. The error bar represents three independent experiments with 50 cells in each. (F) The
interaction between TRF1 and TNKSI is greatly enhanced with induction of telomere oxidative damage. 293 cells were co-transfected with FLAG-TRF1
or vector together with DT2 or KT2. Cells were exposed to light for 1 hr before being harvested for co-immunoprecipitation. FLAG M2 beads were used
for IP and the precipitates were subjected to electrophoresis and immunoblotted with a-TNKS and «-FLAG Ab.



radicals (35). We observed co-localization of DMPO with
KT1 spots upon light activation, suggesting that the KT1
released superoxide is restricted to the telomeres (Supple-
mentary Figure S1B). The frequency of cells showing co-
localization of PAR and 8-oxo-Guanine (8-0x0G), a major
lesion caused by oxidative DNA damage, dramatically in-
creased from <20% to over 90% at KT1 spots upon light
activation, while this colocalization was seldom detected in
DT1/RT1 expressing cells with or without light exposure
(Supplementary Figure S1C and D). This result reinforces
the conclusion that oxidative DNA damage is specifically
and efficiently induced at sites of telomeres after KR acti-
vation.

Given the importance of PARylation to initiate SSBR at
DNA damage sites, we investigated the kinetics of PARy-
lation at telomeres after damage induction. As shown in
Figure 1B, at both non-telomeric (tetR-KR) and telomeric
(KT1) damage sites, PAR is generated extensively 10 min
after damage induction, and is degraded within 1 h. In ad-
dition, we found that XRCCT1 is similarly recruited to both
KTI1 and KT2 induced telomeric damage following PAR
formation (Figure 1C), indicating that telomeres and non-
telomere DNA may employ a similar repair mechanism for
SSBs and PAR might be important for SSBR at telomeres.

TNKSI is preferentially recruited to telomeres after damage

Next we investigated how PAR is synthesized at damaged
telomeres. In spite of the fact that PARPI is considered
the major enzyme responsible for over 90% PARylation
in vivo, TNKS1 has been found to interact with TRF1
(32,33,36), suggesting that TANKS1 might have a specific
role in telomere damage repair. We tested the recruitment of
TNKSI1 at KT1 induced telomere damage sites and found
that FLAG-TNKSI could be recruited to KT1 damaged
sites and partially recruited to RT1 undamaged sites in
U20S cells (Supplementary Figure S2A). To exclude the
effect of TNKS1 and TRF1 overexpression, we tested the
recruitment of endogenous tankyrase to KT1 damage sites
or used KT2 instead to induce telomere oxidative damage.
KT2-mediated telomere oxidative damage is confirmed by
its localization at telomeres and its ability to recruit XRCClI
as efficiently as KT1 (Figure 1C). We found that both en-
dogenous tankyrase and FLAG-TNKSI co-localized with
KT2 damage sites but not the DT2 undamaged control in
both U20S (ALT) and HeLal.3 cells (telomerase positive)
(Figure 1D). The foci intensity of FLAG-TNKSI1 at KT2
sites in U20S cells was almost twofold stronger compared
to the DT2 undamaged control (Figure 1D). Also, endoge-
nous tankyrase was recruited efficiently to KT1 damage
sites but not RT1 (Supplementary Figure S2B). Considering
the cell cycle-dependent localization of TNKS1 in cells (37),
we then synchronized cells to different cell cycle stages and
tested the recruitment of endogenous tankyrase to telom-
eric oxidative damage induce by KT1. As shown in Figure
1E, although the basal level of tankyrase at telomeres with-
out damage (RT1) showed a little increase (from about 10%
to 20%) at S and G2/M phases compared to the G0O/G1
phase, the frequency of tankyrase co-localized with KT1
dramatically increased to nearly 100% in all cell stages. Con-
sistent with the damage recruitment of TNKSI, the inter-
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action between TNKS and TRF1 showed a clear increase
with the induction of telomere oxidative damage (Figure
1F). In contrast to KR-induced oxidative damage at telom-
eres, disrupting the shelterin complex by treating cells with
either siTRF1 or siTRF2 did not trigger the recruitment of
TNKSI to telomeres (Supplementary Figure S2C), indicat-
ing that the recruitment of TNKSI is specific to oxidative
damage but not to shelterin depletion-mediated telomeric
structural disruption. Together, our results suggest a role of
TNKSI in telomere oxidative damage repair which is inde-
pendent of telomerase and the cell cycle.

PARPI plays a central role in producing PAR at sites of
DNA damage induced by laser irradiation or tetR-KR af-
ter light illumination (27). In contrast, the recruitment of
PARPI to telomeric damage sites only shows a slight in-
crease compared to DT2 undamaged sites, which is statisti-
cally non-significant (Supplementary Figure S2D). On the
other hand, the recruitment of TNKSI to non-telomeric
damage induced by laser microirradiation or tetR-KR is
hardly detected (Supplementary Figure S2E). A previous
study showed that when a nuclear localization signal (NLS)
was fused to TNKS, overexpressed TNKS1 was recruited to
I-scel-induced DSBs and 800 nm multiphoton laser strip-
ing (38). The NLS might change the physiologic context in
the cell, since TNKSI is mainly located in the cytoplasm
in G1 phase cells in our and a previous study (37). Our re-
sults indicate that TNKS1 was not recruited efficiently to
non-telomeric oxidative damage sites and its consequent
SSBs, while a role of TNKSI in the repair of DSBs is not
excluded. A summary of the recruitment of PARP1 and
TNKSI1 to KT1, tetR-KR and 405 nm laser-induced DNA
damage (Supplementary Figure S2F) indicates the prefer-
ential recruitment of TNKSI to telomeric and PARPI to
non-telomeric oxidative damage, respectively.

TNKSI is responsible for PARylation of TRF1 after damage

The affinity of TNKSI for telomeres indicated that it might
be the major enzyme contributing to PARylation at telom-
eric SSBs. Thus, we tested if the PAR generated at telom-
ere damage sites is mediated by TNKS1 with several PARP
inhibitors. Olaparib specifically suppresses the catalytic ac-
tivity of PARP1/2. G007-LK and XAV939 are tankyrase
specific inhibitors (39,40). PJ34 is a general PARP inhibitor
which has low selectivity. As shown in Figure 2A, we found
that inhibition of tankyrase significantly abolished genera-
tion of PAR at telomere damage sites (Figure 2B). How-
ever, PARylation at non-telomeric damage sites induced by
tetR-KR was not affected by tankyrase inhibitors (Supple-
mentary Figure S3A), suggesting a difference in the mecha-
nism of damage-induced PARylation at telomeric and non-
telomeric damage sites.

We then tested if TRF1 is PARylated by TNKS1 when
damage is induced in stable tetracycline-inducible KT1 293
cells. The scheme of the experiment is shown in Figure
2C, upper panel, and the inducible expression pattern of
KT1 is confirmed by a western blot (Supplementary Fig-
ure S3B). Immunoprecipitation of TRF1 indicated that the
TRF1 complex was PARylated when telomere oxidative
damage was induced (Figure 2C, lanes 1 and 2). However,
this PARylation of TRF1 was greatly reduced when cells
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were treated with either sSiTNKS1 or PJ34 (Figure 2C, lanes
3 and 4).

To further confirm the result, we expressed KT2 in 293
cells to induce telomere oxidative damage. We found that
the tankyrase specific inhibitor XAV939 greatly reduced
the PARylation level on TRF1 (Figure 2D, lanes( 1 and
2). However, treatment with the PARP1 inhibitor Olaparib
does not have any effect on TRF1 PARylation upon telom-
ere oxidative damage (Figure 2D, lane 1 and 3). This is con-
sistent with a previous in vitro PARP assay showing that
TRF1 did not serve as an acceptor of ADP-ribosylation by
PARPI (33). These results together indicated that TRF1 is
PARylated upon telomere damage and this PARylation is
mediated by TNKSI.

TNKSI is required for maintaining genome stability and cell
viability after induction of telomere oxidative damage

To reveal the biological effect of TNKSI1 in the telomere
damage response, we treated cells with sSiTNKS1 and tested
cell viability in response to telomere oxidative damage in-
duced by KT1/KT2 in both ALT cells and telomerase-
positive cells. We found that TNKS1 deprivation sensitized
cells to telomere oxidative damage in both ALT cells (Figure
3A) and telomerase-positive 293 and HeLa cells (Figure 3B
and C). A low dose sensitization was observed in 293 and
ALT cells upon damage, probably due to very efficient low
dose light induced SSBs, without much production of DSBs
(Figure 3A, B). In contrast, PARP1 suppression leads to in-
creased sensitivity under low dose light (Figure 3A). It is
notable that ALT cells showed greater sensitivity to telom-

ere oxidative damage compared to telomerase-positive cells,
suggesting that the increased cell death in TNKSI knock-
down (KD) cells is independent of its role in regulating
telomere length through the telomerase-dependent path-
way. To further this observation, we treated HeLa cells with
siTNKSI together with the telomerase inhibitor BIBR1532.
The combined treatment sensitized HeLa cells to telomere
oxidative damage to a similar extent as with U20S cells
(Figure 3C), suggesting that telomerase may not simply be
a reverse transcriptase functioning in telomere elongation;
it may also have a protective role in the telomere damage
response.

To understand the effects of TNKS inhibition on genome
stability, we performed metaphase spreads and a PNA
FISH assay after induction of telomere damage by KT1
followed by recovery in the dark for 12 h, with or without
TNKS inhibition. Examples of telomere aberrations and
chromosome aberrations found in each group are shown
in Figure 3D. Genome stability was scored by quantifying
the frequency of these aberrations. As shown in Figure 3E,
treatment with a TNKS inhibitor or induction of telom-
ere oxidative damage caused increased aberrations com-
pared with a control group. The frequency of each type
of aberration is shown in Supplementary Figure S4. More-
over, increased aberrations were seen when tankyrase inhi-
bition and telomere damage induction were combined to-
gether, especially with regard to telomere association and
mini-chromosome phenotypes (Figure 3E, Supplementary
Figure S4). PARPI inhibitor treated cells did not show the
trend of increase in these telomere phenotypes compared
to TNKSI1 inhibition. In contrast, the PARP1 inhibitor
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Figure 3. TNKSI is important for maintaining genome stability and cell survival after telomeric oxidative damage. (A) Colonigenic formation assay of
U20S cells that transiently expressed KT2, treated with sicontrol, siPARP1, or siTNKS1 and exposed to the indicated light exposure time. WB of PARP1
and TNKSI expression is shown. (B) MTT assay of 293 cells that stably expressed KT1, treated with the indicated light exposure time. Mean values with a
SE from three independent experiments are given. (C) Colonigenic formation assay of HeLa cells that transiently expressed KT2, exposed to the indicated
light exposure time. The telomerase inhibitor BIBR 1532 was added to culture medium at a final concentration of 20 uM. (D) Representative images
of metaphase spreads hybridized with Cy3 telomeric PNA probe. HeLa 1.3 cells stably expressing DT1 or KT1 were treated with DMSO, Olaparib or
XAV939. Cells were then exposed to light for 1 h and recovered in the dark for 12 h before mitotic shake off and hybridization. Percentage of aberrations
per chromosome is quantified in the right panel. Over 1921 chromosomes were scored. (E) Quantification of the frequency of telomere and chromosomal
aberrations after treatment with Olaparib or XAV939.



3914 Nucleic Acids Research, 2017, Vol. 45, No. 7

leads to a small percentage of end-to-end chromosomal fu-
sions that are not identified in the cells treated with the
TNKS inhibitor (Supplementary Figure S4). This result in-
dicated a higher level of telomere and genome instability in
tankyrase-inhibited cells after telomeric damage, which may
contribute to the increased cell death observed in Figure 3C.

TNKS1-mediated PARylation recruits the SSB repair ma-
chinery at damaged telomeres

Since TNKSI is responsible for the telomeric damage-
induced PAR (Figure 2), which is believed to be an early
signal to recruit the SSB repair machinery (31), we tested the
effect of TNKS1 on the downstream repair factors. First, we
examined the recruitment of XRCC1 using different PARP
inhibitors as described in Figure 2A. Telomeric damage in-
duced by KT1 or non-telomeric damage induced by laser
microirradiation, respectively, was carried out in the same
cell to exclude cell heterogeneity. GFP-XRCC1 and Lig
IIT were recruited efficiently to both KT1-induced telom-
ere damage sites (Figure 4A, Supplementary Figure S5A)
and 405 nm laser-induced genomic damage sites. Both re-
sponses were greatly blocked by PJ34, confirming the PAR-
dependent recruitment of XRCC1 at both telomeric and ge-
nomic damage sites (Figure 4A and B). However, Olaparib
did not have any effect on the DDR of XRCC1 at KTl
telomeric damage sites, despite the fact that the recruitment
of XRCClI to 405 nm laser-induced genomic damage sites
was completely diminished in the same cell (Figure 4A, E).
Consistently, knockout of PARP1 in MEF cells abolished
the recruitment of XRCC1 to genomic damage sites but not
to telomeric damage sites (Figure 4B). These data indicated
that in contrast to the DDR at genomic damage sites, the re-
cruitment of XRCCI1 to telomeric damage sites does not rely
on PARP1/2. On the other hand, when we treated cells with
G007-LK or XAV939, the recruitment of XRCC1 to telom-
ere damage sites was greatly impaired (Figure 4A, C and D).
A similar result was observed for the recruitment of GFP-
PolB to KTT1 sites (Figure 4C). The frequencies of XRCCl1
and PolB at telomere damage sites treated with XAV939 are
quantified in Figure 4D. Furthermore, KD of TNKSI re-
duced the recruitment of XRCC1 and Polp to KT2 damage
sites significantly (Figure 4E), reinforcing the importance
of TNKSI in recruiting downstream SSBR factors to dam-
aged telomeres.

To further confirm that the loading of XRCC1 at telom-
eres depends on PAR, we analyzed the recruitment of the
mutated XRCC1 LI360/361DD, which abolishes its bind-
ing with PAR polymer (4). We found that this mutant did
not respond either to genomic damage induced by laser
micro-irradiation or to telomeric damage induced by KT1
(Figure 4F). This data indicated that the recruitment of
XRCCI strongly depends on PAR at both telomeric and
non-telomeric regions. These results indicate XRCC1 re-
cruitment to telomeres depends on PAR activation but is
independent of PARP1. The recruitment of various XRCCl1
deletions at damaged telomeres is shown in Supplementary
Figure S5B-D. As expected, the recruitment of XRCCI to
KTI is dependent on its BRCTI domain, which has been
reported to interact with ADP-ribose polymers, and this re-

cruitment is suppressed by a tankyrase inhibitor but not a
PARPI inhibitor.

In addition, we tested the effect of SSBR deficiency on
cell viability in U20S cells. We found that knockdown of
XRCCI could sensitize cells to telomeric oxidative damage
while knockdown of TNKSI sensitized cells at a low dam-
age dose, suggesting an initiation role of TNKSI1 in telomere
SSBR. Moreover, TNKS1 and XRCC1 double knockdown
led to cell death in response to telomere oxidative damage
(Figure 4G). In summary, unlike the genomic damage re-
sponse, the recruitment of SSBR factors to telomere oxida-
tive damage sites is initiated mainly by TNKS1-mediated
PARylation rather than PARPI.

The ANK domain of TNKSI is responsible for the TRF1 in-
teraction and damage response at damaged telomeres

A question raised in our observations above is why cells
choose different poly-ADP-polymerases for repair at dif-
ferent damage sites across chromatin. Since telomeres form
unique T-loop structures and are coated with the shel-
terin complex, chromatin at telomeres is highly condensed,
SSBs at damaged telomeres may be hard to expose and
be detected by PARP1. The interaction between TNKSI1
and TRF1 gave us a hint that TRF1 may play an impor-
tant role in the recruitment of TNKSI at telomere damage
sites. TNKS1 comprises four distinct domains: an amino-
terminal domain composed of homopolymeric runs of His,
Pro, and Ser (the HPS domain); an ANK domain contain-
ing 24 ankyrin repeats which are important for its inter-
action with target proteins; a sterile alpha module (SAM)
which may be involved in its homo-dimerization; and a C-
terminal catalytic PARP domain (Figure 5A). Based on
this structure, we constructed three truncations of TNKS1
and tagged them with GFP to test their damage response
at telomere damage sites. We found that the ANK do-
main could interact with TRF1 extensively (Figure 5B)
and respond to telomeric damage almost as efficiently as
full length TNKSI1 (Figure 5C). However, the SARP do-
main containing an SAM motif and the PARP domain,
which could not interact with TRF1 efficiently (Figure 5B),
also shows a damage response to telomeric damage (Fig-
ure 5C). Considering that endogenous TNKS1 may inter-
fere with our observation by interacting with the SARP do-
main through its SAM motif, we further treated cells with
siTNKSI to exclude such an effect. Knockdown of TNKSI1
decreased foci formation of SARP1 at KT2 damage sites
significantly (Figure 5C). Consistent with this result, the
PARP domain, which only contains the C-terminal catalytic
domain, could not be recruited to telomere damage sites ef-
ficiently (Figure 5C). These results indicate that the ANK
domain is responsible for both the interaction with TRF1
and the recruitment of TNKSI to telomere damage sites.

TRF1 13-RGCADG-18 motif is essential for the interaction
with, and recruitment of, TNKSI1 to telomere damage sites
and the subsequent telomere SSBR

Domain analysis of TNKSI1 suggested a critical role of
TNKSI-TRF1 interaction in the telomere damage re-
sponse. To further confirm this, we explored the key residues
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Figure 4. TNKSI-mediated PARylation is necessary for the recruitment of XRCC1 and Polp at telomeric damage. (A) The recruitment of GFP-XRCCl1
at telomeric damage is suppressed by the TNKS inhibitor G007-LK and XAV939 but not the PARPI inhibitor Olaparib. U20S cells were transfected
with GFP-tagged XRCC1 and KT1. U20S were pre-treated with 4 uM PJ34 for 30 min, 10 uM Olaparib for 2 h, 92 nM G007-LK for 24 h or 20 pM
XAV939 for 24 h before 559 nm laser light was used to activate KT1 to induce telomeric damage. The same cell was then irradiated with 405 nm laser
light exposure for 100 ms, indicated with yellow arrowheads. (B) MEF PARP1-/- cells were transfected with GFP-XRCCI1 and KR-TRFI. Images at 3
min after laser irradiation are shown. (C) The recruitment of GFP-XRCCI at telomeric damage is suppressed by the TNKS inhibitor XAV939. U20S cells
were transfected with GFP-tagged GFP-Polp and KT1. Cells were exposed to light for 20 min and recovered in the dark for 30 min before fixation. (D)
Quantification of colocation frequency of GFP-XRCCI1 and GFP-Polf at KT1 sites. Error bar represents over 50 cells. (E) Knockdown of TNKSI1 reduces
the recruitment of XRCC1 at telomere damage sites. U20S cells were transfected with siTNKSI or sicontrol and then transfected with GFP-XRCCI.
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analyze the recruitment of the protein. Mean values with an SE from over 100 telomeres are given. (F) Knockdown of TNKSI1 reduces the recruitment
of PolB at telomere damage sites. Experiment procedure is similar to E. Mean values with an SE from over 129 telomeres are given. (F) Colonigenic
formation assay of U20S cells that transiently expressed KT2 exposed to the indicated light exposure time. Cells were treated with siXRCC1 or siTNKSI
or the double knockdown. Western blot of XRCC1 KD efficiency is shown on the right panel.

on TRF1 that are essential for its interaction with TNKSI. down assay (44). A Glyl8Ala substitution at position 6 of
TNKSI is widely expressed in cells and is implicated in a its RGCADG motif disrupted the interaction between the
broad range of cellular processes such as Wnt signaling (41), TRF1 acidic domain and TNKSI1 (44), and recently, this
telomere length regulation, lung fibrogenesis, and myelina- motif has been visualized in the interaction interface of
tion (42). Among various substrates of TNKSI, a consensus the TNKS1-TRF1 complex crystal structure (45). Based on
motif containing an RGCADG hexapeptide has been found previous studies, we made a mutant TRF1 which contains
to be important for their binding to the peptide pocket of the RG to AA mutation at the 13-RGCADG-18 Tankyrase
TNKSI1 (43,44). In addition, a variant of this motif in the Binding Motif (TBM) (Figure 6A). A co-IP experiment in-
human TRF1 acidic domain has been identified to be crit- dicated that the interaction between TRF1 and TNKSI is
ical for its interaction with TNKSI in an in vitro GST-pull greatly diminished by this TBM mutant. Also, this TBM
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mutant was barely PARylated upon telomere damage com-
pared to TRF1 wild type (WT) (Figure 6B). The telomeric
expression pattern of this TBM mutant shows an undis-
turbed telomere repeat binding affinity (Figure 6C).

We then examined the effect of this mutant on telom-
ere SSBR. To exclude the effect of endogenous TRF1,
we treated cells with siTRF1 targeted at the 3’-UTR re-
gion. As shown in Figure 6C, knockdown of TRFI re-
duced the recruitment of endogenous tankyrase at telom-
ere damage sites significantly. TRF1 knockdown efficiency
was confirmed by a western blot (Supplementary Figure
S6A). When we overexpressed TRF1 WT in the siTRF1-
pretreated cells, the loading tankyrase could be rescued al-
most to the extent of the siControl group (Figure 6C). How-
ever, overexpression of the TBM mutant in these cells ex-
hibits impaired recruitment of both tankyrase (Figure 6C)
and subsequent repair factors such as XRCC1 (Figure 6D)
and PolB (Supplementary Figure S6B) to telomere dam-
age sites. The recruitment of tankyrase and XRCCI to
telomere damage sites was scored by their co-localization
with KT2 (Figure 6E). Most importantly, TBM overexpres-
sion greatly sensitized U20S cells treated with siTRF1 to
telomere oxidative damage compared to TRF1 WT (Figure
6F). Together, these results indicated that the N-terminal

TBM motif of TRF1 is indispensable for its interaction with
TNKSI and is important for subsequent SSBR at telomere
oxidative damage sites.

Finally, previous studies have pointed out that TNKSI1
can PARylate TRF1 in vitro. PARylated TRF1 is released
from telomeres and subsequently targeted for the ubiqui-
tin degradation pathway to allow the access of telomerase
(36,46). In our study, we saw the recruitment of TNKSI to
telomeres as well as PARylation of TRF1 upon damage in-
duction. We thus examined if damage-induced PARylation
would affect TRF1 stability. We treated 293 cells with cyclo-
heximide and compared the degradation rate of TRF1 with
or without telomere damage. As shown in Supplementary
Figure S7A, TRF1 indeed underwent degradation through
the proteasome pathway since MG 132 prevented its degra-
dation. However, we did not observe any changes in the
degradation rate in the damaged or undamaged group (Sup-
plementary Figure S7B). We also overexpressed TNKSI1 in
cells to mimic the damage scenario and exaggerated the ef-
fect, while knocking down TNKSI to see the opposite ef-
fect. We observed a trend of increased TRF1 degradation
in TNKSI overexpressing cells and a decreased degradation
rate in TNKS1 KD cells (Supplementary Figure S7C-D),
indicating the possibility of a dynamic change in shelterin
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Figure 6. TBM mutant is necessary for PARylation-mediated repair initiation and cell survival upon telomeric damage. (A) Schematic illustration of TBM
mutant. (B) TBM mutant does not interact with TNKS1 and affects PARylation after telomeric damage. 293 cells were co-transfected with KT2 and FLAG-
TRF1 WT or TBM. Cell lysates were collected after light exposure for 10 min and immunoprecipitated with a-FLAG. The precipitates were immunoblotted
with a-FLAG/tankyrase, PAR, and a-GFP. (C-E) Recruitment of TNKSI (C) and GFP-XRCCI (D) in siTRF1 pretreated KT2-expressing 293 cells with
the expression of either FLAG-TRF1 WT or TBM. Pearson co-efficiency was quantified to analyze the recruitment of the protein. Mean values with an
SE from over 300 telomeres are given (E). (F) Colonigenic formation assay of U20S cells treated with sicontrol or siTRF1 and then transiently expressing

KT2, exposed for the indicated time.

proteins when damage is induced at telomeres. Together,
our data suggest that the recruitment of TNKSI to telom-
ere damage sites may be delicately regulated and fine-tuned,
making it difficult to induce a dramatic change in TRF1 sta-
bility that can be observed through a macro-range method
such as a western blot. However, more micro-ranged meth-
ods such as super-resolution microscopy might be helpful
to capture more transient changes in a relatively short space
and time window.

DISCUSSION

In this study, we demonstrated a novel mechanism for the
initiation step of SSBR at telomere damage sites as opposed
to genomic damage sites by utilizing the KR system to in-
duce site-specific oxidative DNA damage. We found that
TNKSI1, a poly-ADP-polymerase, is recruited efficiently
to telomere damage sites. Surprisingly, although PARPI
is responsible for the major activity of PAR in cells (31),
treatment with the PARPI inhibitor Olaparib did not have
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Figure 7. A model of poly ADP-ribosylation mediated by different pro-
teins, at distinct genome loci, recruiting the oxidative damage repair ma-
chinery. Oxidative DNA damage at sites of the genome and telomeres facil-
itates the formation of PAR via PARP1 and TNKSI, respectively. TNKSI
is recruited to damaged telomeres through its interaction with TRF1. The
interaction is dependent on the ANK domain of TNKS and the TBM mo-
tif of TRF1. Subsequent PARylation of TRF1 by TNKSI recruits down-
stream repair proteins to sites of damage for repair, promoting genome
stability and cell survival.

detectable effect on the recruitment of XRCCI at telom-
ere damage sites. On the contrary, treatment with TNKS-
specific inhibitors or knockdown of TNKSI1 greatly reduced
the recruitment of XRCC1 and Polp as well as PAR gener-
ation at telomere damage sites, indicating a role of TNKS1
in initiating SSBR at damaged telomeres. Furthermore, our
results showed that the recruitment of TNKSI to telomere
damage sites is dependent on its interaction with the N-
terminal TBM motif of TRF1. PARylation of TRF1 with
the induction of telomere oxidative damage is mediated by
TNKSI, and this poly-ADP polymer could serve as a sig-
nal to recruit downstream SSBR factors. Disrupting either
step of this repair pathway could greatly sensitize cells to
telomere oxidative damage.

Although it has been reported that there is a basal level of
constitutive interaction between TRF1 and TNKSI, only a
small fraction of TNKSI is localized to telomeres in the ab-
sence of telomere DNA damage (37). The low abundance
of tankyrase in the nucleus may be a barrier for the effi-
cient interaction of tankyrasel with TRF1. Indeed, we also

observed punctuated localization of tankyrase in cells, es-
pecially in the cytoplasm and around the nucleus (Figure
1). The conformation of the TRF1 homodimer on telom-
eric DNA is relatively flexible (16), and the twisted horse-
shoe shape of the dimerization domain provides a large sur-
face area for interactions with other factors (47). Previous
studies have shown that tankyrase can form polymers and
the dissociation of the polymer is regulated by their auto-
PARylation activity (48-50). One possibility is that PARyla-
tion of TNKSI1 and TRF1 could alter the structure of both
proteins, which in turn would increase the interaction be-
tween them. Further studies to investigate the translocation,
polymerization, and structure of the TNKS1-TRF1 com-
plex after damage might provide us with a deeper under-
standing of the increased interaction between TNKS1 and
TRFI at telomeres after damage.

Although TNKSI1 and PARP1 belong to the same pro-
tein family and have the same catalytic function, the way
they act may not be the same. Here, we found a role for
TNKSI in facilitating telomere SSBR through its interac-
tion with the TBM motif of TRF1. Inhibition of PARP1
pharmacologically or by knockout of PARP1 in MEF cells
does not affect the recruitment of XRCCI at telomeric ox-
idative damage sites (Figure 5). PARP1 has also been shown
to be involved in telomere length regulation, telomere pro-
tection and maintenance of chromosome stability (51-53).
An increase of chromosome end to end fusions was reported
in PARPI1 deficient primary murine cells (53). We also ob-
served the end to end fusions in Olaparib treated but not
TNKS inhibitor treated cells (Figure 3 and Supplementary
Figure S4C). These results indicate that PARP1 might be
involved in telomere protection after damage rather than
TRF1 pARylation and regulation of SSBR. TRF2 local-
izes at telomeres and its telomere binding domain, Myb,
is not recognized by PARP1 (53,54). Additionally, other
shelterin proteins like Rapl can also repress the recruit-
ment of PARPI to telomeres (55). However, PARP1 was
found to co-localize with TRF2 when cells were exposed
to DNA damaging reagents or at eroded telomeres (53). In
fact, PARP1 was found to interact with the Myb domain of
TRF2, which is also the DNA binding domain and might be
exposed after damage. A recent report has shown that with-
out the repression of RAPI and TRF28, PARPI can pro-
mote HDR resection at telomeres with other HR factors, re-
sulting in massive telomere loss and telomere-free chromo-
some fusions (55). In addition, studies have shown a func-
tion of PARP1 in mediating A-NHEJ when C-NHEJ was
repressed at DSBs (10,56). Our results indicate that PARP1
inhibition led to cell sensitivity especially after high dose
damage in ALT cells (Figure 3A), supporting the idea that
PARPI plays a role in promoting repair for DSBs. On the
other hand, a recent report showed that DNA LIG III but
not PARPI1 can act as a DNA strand break sensor asso-
ciated with topoisomerase I inhibitor, supporting the exis-
tence of a second damage-sensing mechanism in SSBR in-
volving the detection of nicks in the genome by LIG 11 (57).
Our results suggest an unknown mechanism of SSBR initia-
tion at telomeres mediated by TNKS1 rather than PARPI1.
This may be due to different damage types that these two
PARPs prefer, different structures and chromosome back-
grounds they encounter at distinct genomic sites, and/or



functional segregation of the two enzymes at telomeres. To-
gether with TNKS1, PARP1 may participate in alt-NHEJ
at telomeres, but this is not contradictory to our result. The
function of PARP1 may need the involvement of other shel-
terin proteins or other factors, while the target for PARyal-
tion may not be TRF1 or may not be the same site of
tankyrase-mediated PAR on TRF1. In this manuscript, we
identified the role of TNKSI in telomere SSBR through
TRF1 and its contribution to cell survival, without exclud-
ing the role of PARPI in protecting telomeres in other path-
ways.

The role of T-loop formation at telomeres is to protect
chromosome ends from being detected as DSBs by the
DNA repair machinery. However, a T-loop can also impede
the progression of the replication fork, thus posing a replica-
tion stress at telomeres. Apart from this, the G-quadruplex
formed by the G-rich telomeric sequence makes telomeres
more vulnerable to replication stress (58,59). Based on the
unique characteristics of the telomere, one possible explana-
tion of increased cell death associated with telomere SSBR
deficiency is that unrepaired SSBs at telomeres may be eas-
ier to transform to DSBs when encountered by the replica-
tion fork, making the SSB a more deleterious damage type
at telomeres compared to non-telomeric regions (60). An-
other possible explanation would be the disruption of nor-
mal T-loop structure caused by damaged termini at SSBs,
leading to the failure to protect the telomere. In either case,
we should be able to see more DSB-related chromosome
aberrations when inhibiting tankyrase during telomere ox-
idative damage. However, this is not likely to be the case
since we did not detect any increase of the chromosome
end-to-end fusion phenotype in HeLa 1.3 KT1 cells treated
with a tankyrase inhibitor. Although an increase in overall
chromosome aberrations, especially telomere associations
and mini-chromosomes in cells containing telomeric dam-
age with tankyrase inhibition, was observed (Figure 3E,
Supplementary Figure S4), how these aberrations would af-
fect cell viability and the detailed mechanism accounting for
the increased cell death induced by tankyrase inhibition af-
ter telomere damage needs to be further explored.

While most human cancers express telomerase activity,
approximately 10-15% maintain their telomeres through
the ALT pathway. It is noteworthy that ALT cells seem to be
more sensitive to telomere oxidative damage when treated
with siTNKSI1 compared to telomerase-positive cells (Fig-
ure 3A—C). Telomeres in ALT cells may not be as stable as
in telomerase-positive cells. It is reported that in addition to
the canonical TTAGGG repeat sequence in telomeres, vari-
ant repeat sequences including TCAGGG, TTCGGG, and
GTAGGG are also found in ALT cells, owing to recombi-
nation events with upstream subtelomeric sequences (61).
This may decrease the binding affinity of TRF1 and TRF2
to telomeres, since the Myb domains of TRF1 and TRF2
show very low tolerance for single-base changes (17). This
would create a less condensed chromatin state at telomeres
in ALT cells compared to telomerase-positive cells. Con-
sistently, many chromatin remodelers that function in nu-
cleosome deposition are reported to be frequently absent
in ALT cells, including ATRX and ASF1 (61). It might
be reasonable for ALT cells to loosen their telomeres as
to increase telomere mobility, which would drive a homol-
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ogy search for recombination-dependent telomere elonga-
tion (62) and probably allow an assembly of the large pro-
tein complex that is required for such an event. However,
the less compacted telomeres in ALT cells may also render
them more vulnerable to DNA damage sources such as ox-
idative stress. Another possibility is that the greater sensi-
tivity in ALT cells observed here (Figure 3A—C) may be due
to lack of telomerase in ALT cells. In telomerase-positive
cells, treatment with a telomerase inhibitor combined with
siTNKSI further increased cell sensitivity upon telomere
damage (Figure 3C). Telomerase is important for main-
taining telomere length and it accounts for the unlimited
cell growth of 85-90% of tumor cells (63,64). Studies have
shown that inhibition of telomerase in cancer cells would
lead to progressive telomere shortening and limited prolifer-
ation, as well as increased cell senescence (65). In addition,
knockout of telomerase in mice would lead to increased
mortality after a few generations (66). Interestingly, double
knockout of Ku86 or DNA-PKCs with telomerase magni-
fied the mortality of the mice compared to single depletion
of telomerase, supporting the notion that absence of telom-
erase and short telomeres in combination with DNA repair
deficiencies accelerates the aging process without impact-
ing tumorigenesis (66). Consistently, our data has shown a
synergistic effect of TNKS and telomerase inhibition on the
survival of HeLa cells when cells are challenged by telom-
eric oxidative damage (Figure 3C). These data suggest that
telomerase may be needed for processing the eroded telom-
eres caused by oxidative damage, especially in cells lacking
efficient repair machineries due to TNKS KD. The role of
telomerase in mitigating telomere shortening might rescue
cell death since telomerase could heal the telomeres that
have become truncated due to oxidative damage. Future
studies are needed to elucidate the mechanisms by which
telomerase contributes to cell survival after oxidative DNA
damage.

In summary, our results revealed a novel function of
TNKSI1 in the DNA damage response at telomeres, pre-
serving telomere integrity. Based on the above observations,
we propose the model in Figure 7. When oxidative DNA
damage is induced at telomeres, TNKSI1 is recruited to
the damage sites through its interaction with TRF1, sub-
sequently PARylating TRF1 and recruiting SSBR machin-
ery at telomeres, which is important for genome stability
and cell survival. We have also defined the critical amino
acids in TRF1 which are responsible for its interaction with
TNKSI1. The damage signaling pathway and DSB repair
machinery have been thought to be repressed at functional
telomeres. Moreover, recent studies have shown that some
proteins involved in the repair pathway are also associated
with the shelterin complex and may be involved in end pro-
cessing and T-loop formation after replication, suggesting
that functional telomeres can be recognized as DNA breaks
during a temporally limited window (13,20,67). The repair
machinery for the DNA breaks at telomeres may not be sim-
ply repressed but must be well-regulated in order to main-
tain a functional telomere at different cell stages and dam-
age states. Here, we have demonstrated the mechanism of
SSBR at telomeric oxidative damage sites. The low dose sen-
sitization shown in cancer cells (Figure 3B) indicates that
TNKSI could be a potential target for effective cancer ther-
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apy with less toxicity. Moreover, inhibition of telomerase
is not as effective as expected in cancer treatment due to
a lag phase for critically short telomeres to ultimately in-
duce cell growth arrest or cell death (68). Thus, combina-
tion of TNKS and telomerase inhibitors might be a promis-
ing strategy to increase cell killing efficacy. It would also
be interesting to how DSBs are repaired at telomeres and
how the balance between damage repair and end protection
is achieved and regulated. Our findings provided the ini-
tial mechanistic distinction between DSB repair at damaged
telomere and chromosomal sites and suggest that telomeres
might be a promising target for cancer therapy.
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Supplementary Data are available at NAR Online.
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