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Rad51 and DNA-PKcs are involved in the generation of specific
telomere aberrations induced by the quadruplex ligand 360A
that impair mitotic cell progression and lead to cell death
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Abstract Functional telomeres are protected from non-
homologous end-joining (NHEJ) and homologous recom-
bination (HR) DNA repair pathways. Replication is a
critical period for telomeres because of the requirement for
reconstitution of functional protected telomere conforma-
tions, a process that involves DNA repair proteins. Using
knockdown of DNA-PKcs and Rad51 expression in three
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different cell lines, we demonstrate the respective
involvement of NHEJ and HR in the formation of telomere
aberrations induced by the G-quadruplex ligand 360A
during or after replication. HR contributed to specific
chromatid-type aberrations (telomere losses and doublets)
affecting the lagging strand telomeres, whereas DNA-
PKcs-dependent NHEJ was responsible for sister telomere
fusions as a direct consequence of G-quadruplex formation
and/or stabilization induced by 360A on parental telomere
G strands. NHEJ and HR activation at telomeres altered
mitotic progression in treated cells. In particular, NHEJ-
mediated sister telomere fusions were associated with
altered metaphase-anaphase transition and anaphase
bridges and resulted in cell death during mitosis or early
Gl. Collectively, these data elucidate specific molecular
and cellular mechanisms triggered by telomere targeting by
the G-quadruplex ligand 360A, leading to cancer cell
death.

Keywords Rad51 - DNA-PKcs - G-quadruplex -
Telomere - Mitosis

Abbreviations
NHEJ Non-homologous end-joining
HR Homologous recombination

DMSO Dimethyl sulfoxide

Telo-FISH Telomere-fluorescent in situ hybridization
CO-FISH  Chromosome orientation-FISH
Introduction

Telomeres are DNA-protein complexes that function as
end caps on eukaryotic chromosomes. They are required
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for chromosome stability and limit a cell’s lifespan [1-4].
Human telomeric DNA consists of 3-20 kb of tandem
repeats of the hexanucleotide sequence 5'-TTAGGG-3' and
a G-rich single strand extending beyond the duplex that
forms a 130-210 base overhang [5, 6]. The shelterin pro-
tein complex is made up of six telomeric proteins (TRFI,
TRF2, POT1, TIN2, Rapl and TPP1) that associate with
telomeric DNA to generate a T-loop, the proposed structure
for telomere termini (reviewed in [7, 8]). The T-loop
results from the invasion of the telomere overhang into the
duplex region of the telomere [9]. It has been proposed that
this structure prevents the telomere from being recognised
as a double strand break (DSB) (reviewed in [10]).

Replication and reconstitution of protected telomere
structures during S/G2 phases of the cell cycle represent
critical steps for the cell [11] involving DNA damage
signaling and activation of DNA repair proteins such as
DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) and Rad51. In addition to its role in activating non-
homologous end-joining (NHEJ) [12-14], the catalytic
subunit of the DNA-PK is required to refashion the blunt
ends of leading strand telomeres after replication [15]. On
the other hand, Rad51 is a key protein in homologous
recombination involved in locating regions of homology
and in DNA strand invasion (reviewed in [16]). It has also
been proposed that Rad51 is essential for T-loop formation,
allowing the formation of the D-loop structure by invasion
of the single-stranded telomeric overhang into the double-
stranded telomeric DNA [11].

Telomere G-overhangs can fold into four-stranded DNA
structures called G-quadruplexes [17, 18]. Selective sta-
bilization of telomeric G-quadruplexes with specific small
ligands has been shown in vitro to inhibit telomerase, the
enzyme that specifically elongates telomeres and which is
frequently dysregulated in cancer [19-23]. G-quadruplex
ligands induce telomere shortening and/or instability,
triggering apoptosis and/or replicative senescence in cancer
cells [19, 22-24]. This function makes G-quadruplex
ligands an attractive candidate for the development of
anticancer agents [25-27].

The highly selective G-quadruplex ligand 360A is a
2,6-pyridine-dicarboxamide derivative that induces telo-
mere aberrations and apoptosis in both telomerase-positive
and negative cancer cell lines [23, 28-30]. We have pre-
viously shown that both ATM and ATR prevent activation
of inappropriate DNA repair at 360A-induced dysfunc-
tional telomeres [29, 30]. 360A is thus a very efficient and
effective tool for investigating mechanisms of telomere
maintenance and their role in cell cycle progression. Here,
we report the characterization of specific mechanisms
of telomere destabilization induced by 360A and process-
ing by DNA repair complexes. Using DNA-PKcs and
Rad51 knockdown in three different cell lines, we have
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determined the respective involvement of NHEJ and HR
DNA repair pathways in the generation of 360A-induced
telomere aberrations during and/or after telomere replica-
tion and the impact of these mechanisms on cell cycle
progression and cell death.

Materials and methods
Cells and treatments

HeLa (cervical cancer cells), HCT116 (colorectal carci-
noma) and As3wt2 (SV40-transformed fibroblasts) human
cells were stably transfected with Epstein-Barr virus (EBV)
vectors expressing small interfering RNA (siRNA) target-
ing Rad51 (Rad51%P cells) or DNA-PKcs (DNA-PKcs<P
cells), or with an EBV vector expressing a previously
described, inactive siRNA sequence (Ct*P HeLa cells)
[31]. The same EBV vectors were also used for Rad51 or
DNA-PKcs knockdown in HeLLa H2B-GFP cells that were
kindly provided by Dr Wahl [32]. Knockdown efficiencies
were determined by decreased ARN (electronic supple-
mentary material ESM, Fig. 1), changes in protein
expression [33], DNA repair activities [34] and by G2/M
arrest in response to irradiation (ESM, Fig. 2). Cells were
cultured in DMEM medium (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen), | mM HEPES
(Invitrogen), and 2 mM glutamine and antibiotics (peni-
cillin, 100 U/ml, streptomycin, 100 pg/ml; Sigma) and
were maintained in a 5% CO, atmosphere at 37°C.
Hygromycin B (125 pg/ml; Invitrogen) was added to the
culture media to maintain EBV vectors in cells.

The pyridine derivative 360A has been described pre-
viously [23] and was dissolved in dimethyl sulfoxide
(DMSO). Cells were cultured with either 5 pM 360A or the
corresponding concentration of DMSO as a control. The
cell culture media was renewed every 3—4 days.

Telomere fluorescent in situ hybridization (Telo-FISH)

Telo-FISH on metaphase spreads was adapted from a
previously published protocol [35], described in detail in
[29]. Briefly, metaphase spreads fixed in 4% formaldehyde
were first hybridized with a Cy3-PNA [(CCCTAA)s;
Applied Biosystems] telomere probe following by a second
hybridization with a FITC-pan-centromeric probe (Cam-
bio) designed to detect the centromeric region of all
chromosomes. Chromosome preparations were counter-
stained with 4',6'-diamidino-2-phenylindole (DAPI, 1 pg/
ml) and mounted in Fluoromount-G (Southern Biotech).
Slides were observed under a fluorescent microscope
(Olympus AX70) and image acquisition was performed
using Genus software (Genetix). Chromosome numbers,
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non-telomeric (chromatid and chromosome breaks) and
telomeric aberrations were quantified per metaphase as
described previously [30]. The numbers of metaphases
analyzed in Telo-FISH experiments are reported in ESM
Table 1.

Chromosome orientation-FISH (CO-FISH)

CO-FISH facilitates distinguishing between lagging strand
and leading strand telomeres of metaphase chromosomes
by respective detection of parental TTAGGG and
CCCTAA telomere strands after degradation of neosyn-
thesized DNA strands. CO-FISH has been adapted from a
previously published protocol [36] which has been previ-
ously described in detail [29]. Briefly, cells were cultured
in medium containing BrdU at a final concentration of
10 uM and collected after one cell cycle. Metaphase
spreads were prepared as described for Telo-FISH and
stained with Hoechst dye 33258 (0.5 pg/ml; Sigma),
exposed to UV light prior to digestion with exonuclease 11T
(3 U/ul; Promega) to remove newly synthesized DNA
strands. After dehydration, slides were hybridized with
Cy-3-PNA (CCCATT); and FITC-PNA (TTAGGG)s,
telomere probes (Applied Biosystems). After washing,
chromosomes were counterstained with DAPI. Metaphase
spreads were digitally imaged as described above.

Live video microscopy

Cells were plated on glass coverslips that were mounted in
a Ludin Chamber (LIS) or in a 12-well plate for 24 h prior
to video microscopy experiments. Live microscopy was
carried out using an inverted microscope (Olympus IX81)
placed in an incubator chamber (LIS) at 37°C and coupled
with a CoolSNAP HQ camera (Princetown Instruments)
controlled using MetaMorph software (Universal Imaging).
Levels of CO, (5%), O, (19%) and humidity (95% relative
humidity) were controlled during all experiments by an
active gas supply system (the brick; LIS). Fluorescent
images were captured for 10-15 fields using a %20
objective and a 50-100 ms exposure time every 2 min for
16 h. All images were converted into 8-bit files before
being assembled with the MetaMorph software. The total
and mitotic cell counts analyzed are reported in ESM
Table 2.

Statistics analyses

Statistical analyses were performed using Statview soft-
ware (Abacus Concepts). If not specifically stated in the
figure legend, the Student’s ¢ test was used to evaluate the
statistical significance of mean values between conditions.
In each figure, standard errors of the mean (SEM) and

statistical significance levels are noted as follows:
*##%kP < 0.001, **P < 0.01 and *P < 0.05.

Results

Knocking down Rad51 or DNA-PKcs does not sensitize
cells to the G-quadruplex ligand 360A

Stable knockdown cell lines have been generated from the
human cell lines Hela (cervical cancer cells), As3wt2
(SV40-transformed fibroblasts) and HCT116 (colorectal
carcinoma cells) by expressing small interfering RNA
(siRNA) targeted against Rad51 or DNA-PKcs mRNA
(referred to as Rad51%P and DNA-PKcsXP cells, respec-
tively). HeLa, As3wt2, and HCT116 cells expressing a
nonspecific control siRNA were used as controls (termed
CTXP cells; [34]). Although mRNA levels of the siRNA
targets were significantly decreased by 60-80% (ESM,
Fig. 1a, b), knockdown cell lines exhibited normal growth
rates (Fig. 1a) and no increase in chromosome instability
(ESM, Fig. 3). Telo-FISH showed that knockdown of
Rad51 did not affect telomere stability (Fig. le), whereas
knockdown of DNA-PKcs resulted in an increase in telo-
mere aberrations in As3wt2 and HCT116 cells (Fig. le).
These changes consisted mainly of sister telomere losses
(***P < 0.001, Fig. 2a) as previously reported in DNA-
PKes™~ HCT116 cells [37].

Cell lines deficient in DNA-PKcs or Rad51 have been
shown to be highly sensitive to ionizing radiation. Our
DNA-PKcs and Rad51 knockdown cells exhibited an
increased G2/M arrest in response to irradiation (ESM,
Fig. 2). However, knockdown of either Rad51 or DNA-
PKcs did not increase the effects of the G-quadruplex
ligand 360A on cell growth and viability in the three cell
lines tested (Fig. 1a). On the other hand, treatment of
Rad51%P and DNA-PKcs®P cells with 5 1M 360A induced
a progressive decline in population doublings and mitotic
index, followed by total growth arrest similar to that
observed in CTXP cells (Fig. la; Table 1).

As previously reported [29, 30], 360A had no effect on
the level of chromatid and chromosome breaks in CtP
cells (Fig. 1c, d). Chromosome instability is reported to be
increased in DNA-PKcs- and Rad51-deficient cell lines
after DNA damage [38, 39]. However, except in Rad51%P
As3wt2 cells in which we found a moderate increase in
chromatid breaks, 360A did not induce chromatid and
chromosome breaks in any of the other DNA-PKcs-and
Rad51 knockdown cells (Fig. 1c, d).

We have previously reported that 360A induced a large
spectrum of specific telomere damages [29, 30]. Consistent
with these reports, Telo-FISH revealed that 5 pM 360A
induced the formation of telomeric aberrations in the three
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Fig. 1 Rad51 or DNA-PKcs knockdown does not sensitize cells to the
G-quadruplex ligand 360A. a Cell growth curves of Rad51¥P, DNA-
PKcs®P and control (Ct*P) HeLa, As3wt2 and HCT116 cells treated for
14 days with 5 uM 360A or 0.05% DMSO as control. b Representative
metaphase spread from 360A-treated cells (5 uM for 8 days) obtained by
Telo-FISH experiment. Telomeres were hybridized with a telomere
Cy3-PNA probe (red) and a centromere DNA probe (green) and
chromosomes were counterstained with DAPI (blue). Stars indicate
chromosomes with abnormal telomeric signals. Representative examples
of non-telomeric aberrations: chromatid (a) or chromosome breaks
(b) and chromosome with telomere aberrations: sister telomere fusion
(c), telomere doublet (d), sister telomere loss (e), dicentric chromosome
(f), terminal deletion (g) and telomeric DNA-containing double minute
chromosome (TDM, h). ¢, d Percentages of chromosomes with
chromatid (c) or chromosome breaks (d) induced by 8 days of treatment
with the G4-ligand 360A (5 uM) detected in metaphase spreads of
Rad51%P, DNA-PKcs®P and control (Ct¥P) HeLa, As3wt2 and HCT116
cells. All percentages (=SEM) of chromatid and chromosome breaks
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deficient cells (ESM Fig. 3). The white star indicates a significant
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loss). The right graph presents the respective percentages of single
telomere loss affecting the lagging strand (red bars) and the leading
strand (green bars) in Ct*P, Rad51%P and DNA-PKcsXP HeLa cells
treated with 5 uM 360A (plus) or DMSO (minus) for 8 days. Results
were obtained from at least 35 telomere losses per condition (Chi-
square test, ***P < 0.001). d Representative chromosome with
telomere doublets hybridized with the C- probe only (lagging—
lagging), with the G- telomeric probe only (leading-leading), or with
both probes (lagging—leading) as detected by CO-FISH. The right
graph presents the respective percentages of telomere doublets
containing two lagging strand telomeres (red bars) or two leading
strand telomeres (green bars) or both lagging and leading strand
telomeres (speckled red and green bars) in Ct*P, Rad51%P and DNA-
PKcs®P HeLa cells treated with 5 1M 360A (plus) or DMSO (minus)
for 8 days. Results were obtained from at least 60 telomere doublet
per condition (Chi-square test, ***P < 0.001)

cells and in DNA-PKcs*P HCT116 cells) levels of telo-

mere aberrations in knockdown cell lines (Fig. 1f).
Altogether, these data confirm that the G-quadruplex

ligand selectively target the telomeres. Moreover, we show
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Table 1 Mitotic index of DMSO- and 360A-treated Ct*P, Rad51%P
and DNA-PKcsXP HelLa, As3wt2 and HCT116 cells on treatment day 7

HeLa As3wi2 HCTTI116
DMSO 360A DMSO 360A DMSO 360A
0.05% 5pM 005% 5uM 0.05% 5 puM
Ct*P (%) 318 220 130 059 425 213
Rad51%P (%) 353 226 1.18  0.68 4.51 2.14

DNA-PKcs¥P (%) 326 226 127 0.69 4.72 2.01

that Rad51 or DNA-PKcs knockdown did not sensitize the
three cancer cell lines to 360A, and that both Rad51 and
DNA-PKcs could be involved in the generation of some
telomere aberrations induced by the G-quadruplex ligand.

DNA-PKGcs is involved in the formation of sister
telomere fusion and Rad51 in sister telomere loss
and telomere doublets in 360A-treated cells

Telo-FISH showed that 360A principally induced sister
telomere fusions, telomere doublets and sister telomere
losses in the three CTXP cells (Figs. 1b and 2b) as we have
previously reported for other cell types [29, 30]. Interest-
ingly, the level of induction varied between knockdown
cell lines (Fig. 2b), allowing the identification of the
respective roles of Rad51 and DNA-PKcs in the generation
of these telomere aberrations.

360A induced sister telomere fusions in Rad51% cell
lines as was observed in control cells, but these fusions
were not induced in DNA-PKcsXP cells (Fig. 2b). These
data clearly indicate that 360A-mediated induction of sister
telomere fusions was dependent on DNA-PKcs and not on
Rad51, which is consistent with the role of NHEJ in the
generation of this type of telomere aberration.

On the other hand, DNA-PKcs knockdown did not
influence 360A induction of sister telomere losses and
telomere doublets, although some minor variations were
observed in different cell contexts. Conversely, 360A
induction of sister telomere losses and telomere doublets
was significantly decreased or totally inhibited in the
Rad51%P cell lines (Fig. 2b). These data provide evidence
of a role for Rad51, but not DNA-PKcs, in the induction of
these telomere aberrations by 360A.

We have previously reported that sister telomere losses
and telomere doublets in 360A-treated cells specifically
affected the lagging strand telomeres, which is consistent
with the formation/stabilization of G-quadruplexes at the
parental G-stands, impairing telomere stability during or
after replication [29]. To confirm the involvement of Rad51
in the formation of these telomere aberrations, we per-
formed CO-FISH experiments on metaphase chromosomes
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from DMSO- and 360A-treated Ct“", Rad51%" and DNA-
PKcs®P HeLa cells (Fig. 2¢, d). CO-FISH allows for the
identification of parental telomeric G and C strands on
metaphase chromosomes after degradation of the newly
synthesized DNA strands with hybridization with specific
probes that are associated with distinct fluorochromes [40].
Equal proportions of chromosomes lacking one signal of
lagging or leading strand telomeres were found in untreated
knockdown cells as well as in CTXP HeLa cell (Fig. 2¢).
Consistent with our previous reports, 360A treatment sig-
nificantly increased the proportion of chromosomes lacking
one lagging strand telomere signal in both Ct*” and DNA-
PKcs¥P cells. Similarly, the proportion of telomere dou-
blets made of two lagging strand telomere signals was
significantly increased following 360A treatment in both
Ct*P and DNA-PKcs®P cells (Fig. 2d). In contrast, neither
the selective loss of lagging strand telomere signals nor the
telomere doublets formed by two lagging strand telomere
signals were induced by 360A in Rad51%P HeLa cells,
confirming the importance of Rad51 in the generation of
these telomere aberrations.

We thus show that the major proteins involved in the HR
and NHEJ repair pathways are implicated in the generation
of specific telomeric aberrations in 360A-treated cells
either during or after telomere replication. The activation
of HR as a consequence of the formation and/or stabil-
ization of G-quadruplexes at the parental telomeric
G-strands resulted in telomere losses and telomere dou-
blets, whereas activation of NHEJ resulted in sister
telomere fusions.

Reduced effects of 360A on mitotic progression
in Rad51 and DNA-PKcs knockdowns

We have previously reported that 360A impaired the pro-
gression of mitosis [23]. We therefore investigated the
consequences of Rad51 and DNA-PKcs knockdown on
mitosis progression. For these experiments, HeLa cells
expressing H2B-GFP were transfected with EBV vectors
encoding shRNA against DNA-PKcs or Rad51 or an
inactive shRNA (ESM, Fig. 1c). Stable clones were then
treated with 5 uM 360A and mitosis progression was
analyzed by video microscopy after 7 days (ESM, video 1;
Fig. 3a).

Approximately 20% of mitoses were found to have an
abnormal phenotype in untreated Ct“P HeLa cell cultures,
which is consistent with the percentages of abnormal
mitoses previously reported in HeLa cells (Fig. 3b). This
percentage was dramatically increased in 360A-treated
Ct%P cells, in which more than 45% of mitoses were
abnormal (Fig. 3c). Four main types of abnormal pheno-
types were induced by 360A in Ct*P cells (Fig. 3a):
chromosome misalignment at metaphase (ESM, video 2),
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mitoses with chromosome misalignment (whife arrow), with an altered
metaphase—anaphase transition, with anaphase bridge (white arrow), or
multipolar mitosis and cell undergoing a mitotic cell death (white star) or
cell death in early G1 of both daughter cells after a normal mitosis (white
stars). Original magnification x20. Elapsed times are noted on each
image (min). b Percentage of spontaneous abnormal mitoses in Ct<P,
Rad51%P and DNA-PKcs®P H2B-GFP HeLa cells. ¢ Percentage of
abnormal mitoses induced by 7 days of treatment with 5 uM of the G4-
ligand 360A (bottom graph) in Ct“P, Rad51%P and DNA-PKcs®P H2B-
GFP HeLa cells. All percentages (SEM) were calculated from the
percentages of abnormal mitoses identified in 360A-treated-deficient
cells minus the mean of abnormal mitoses found in the respective DMSO-
treated deficient cells (b). A white star indicates a significant difference
between DMSO- and 360A-treated cells. Percentages were obtained from
approximately 200 mitoses per condition (see ESM, Table 2).

d Percentage of spontaneous abnormal mitoses with the indicated mitosis
abnormality in untreated Ct“P, Rad51%" and DNA-PKcs*P H2B-GFP
HeLa cells. e Percentage of abnormal mitoses induced by 7 days of
treatment with 5 M of the G4-ligand 360A in Ct*P, Rad51%" and DNA-
PKcs®P H2B-GFP HeLa cells. All percentages (=SEM) were calculated
from percentages of abnormal mitoses found in 360A-treated-deficient
cells minus the mean of abnormal mitoses found in the respective DMSO
deficient cells. A white star indicates a significant difference between
DMSO- and 360A-treated cells. The numbers of analyzed cells are
indicated in ESM, Table 2. f Percentage of spontaneous cell death during
mitosis or early G1 phase in Ct*P, Rad51%P and DNA-PKcs®P HeLa
cells treated for 7 days with 0.05% DMSO (open bars) or with 5 uM
360A (closed bars). g Percentage of cell death during mitosis or early G1
phase in Ct*P, Rad51%P and DNA-PKcs®P HeLa cells treated for 7 days
with 5 pM 360A. All percentages (SEM) were calculated from the
percentages of dead cells found in 360A-treated deficient cells minus the
mean of dead cells found in the respective DMSO-treated deficient cells.
A white starindicates a significant difference between DMSO- and 360A-
treated cells. Numbers of analyzed cells are indicated in ESM, Table 2
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altered metaphase-anaphase transition characterized by
successive phases of chromosome alignment/dealignment
(ESM, video 3), anaphase bridges (ESM, video 4), and
multipolar mitoses (ESM, video 5). Moreover, 360A
induced CTXP cell death either during mitoses (17.8%
mitotic cell death; Fig. 3a, g; ESM, video 6) or during early
Gl in daughter cells (during the first 3 h after cytokinesis
for 15.3% of mitoses; Fig. 3a, g; ESM, video 7) whereas
spontaneous cell death was negligible in untreated cells
(Fig. 3f).

Interestingly, whereas the percentages of abnormal
phenotypes were similar in untreated knockdown cells and
controls (Fig. 3b), percentages of abnormal mitoses
induced by 360A were significantly lower in both Rad51%P
and DNA-PKcs*P cells than in Ct“P HeLa cells (Fig. 3c).
This lower induction was not the consequence of selection
at mitosis entry, since 360A induced a similar, progressive
decrease in mitotic indexes in knockdown and control cells
as reported above (Table 2).

Although some variations were detected (Fig. 3d),
knockdown of either DNA-PKcs or Rad51 did not signif-
icantly impact 360A induction of multipolar mitoses

Table 2 Percentage of DMSO- and 360A-treated CtP, Rad51%P
and DNA-PKcs®P H2B-GFP HeLa cells entering mitosis on day 7
during 16 h of observation

H2B-GFP HeLa Mitoses (%) £ SEM

(Fig. 3e). In contrast, 360A induced chromosome misa-
lignments at metaphase in both Rad51%P and DNA-
PKcsXP cells (***P < 0.001), but at significantly lower
frequencies than in CT*P cells (9.2 and 10% respectively,
vs 30.4%, **P < 0.01; Fig. 3e). This observation suggests
that both Rad51 and DNA-PKcs could be involved in
formation of 360A-induced chromosome misalignments.
Furthermore, 360A also induced alterations in metaphase-
anaphase transition and anaphase bridges in both CTXP
and Rad51%P cells, but these effects were either totally
abolished (altered metaphase—anaphase transition) or sig-
nificantly reduced (anaphase bridges) in DNA-PKcsP
cells (*P < 0.05 and **P < 0.01 respectively; Fig. 3e).
Similarly, the induction of cell death during mitosis or
in early Gl was significantly reduced in 360A-treated
DNA-PKcs*P cells compared to 360A-treated CTXP and
-Rad51%P cells (**P < 0.01; Fig. 3g).

Together with our analyses of telomere instability in
knockdown cells, these data suggest that DNA-PKcs-
mediated sister telomere fusions induced by 360A resulted
in anaphase bridges. However, a more extensive study
should be conducted to clarify the real implication of
DNA-PKcs in more general mitotic problems, as well as
the role of Rad51 in mitotic impairment induced by 360A.

Micronuclei induced by 360A are dependent on Rad51

Micronuclei are common indicators of chromosome insta-
bility [41, 42]. These small and round DNA/chromatin-
containing structures are formed whenever a chromosome
or a fragment of chromosome is not incorporated into one
of the daughter nuclei or when there is a breakage due to
unrepaired or improperly repaired DNA lesions (Fig. 4a).
Consistent with a previous report [43], a low number of

+ -+ 360A

DMSO 360A
0.05% 5 uM
Ct®P 79.0 + 1.8 30.7 £ 1.9
Rad51%P 727+ 15 39.7 £ 2.3
DNA-PKcskP 77.6 £ 2.2 407 + 3.4
B
R 127
8 04
=]
5 o
‘g’ 6 -
£ ]
Er
[”2]
% 0 I_Ll
(&} -+
CtKD

Fig. 4 G-quadruplex telomere stabilization leads to formation of
Rad51-dependant micronuclei containing telomeric sequences. a Rep-
resentative images of micronuclei induced by 8 days of treatment
with 5 tM 360A. Nuclei were counterstained with DAPI. Images
a and b are enlargements of the white boxes shown in the left image.
Magnification x60. b Percentages of cells with micronuclei in Ct*P,
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Rad51g DNAPKcsKP

TRF1

DNA-PKcsXP or Rad51%P HeLa cells cultured with DMSO (open
bars) or 360A (5 pM; closed bars) for 8 days. Data were obtained
from 300-500 cells per condition. ¢ Micronuclei contain both
telomeric sequences (red PNA) and telomeric proteins such as
TRF1 (green foci)
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spontaneous micronuclei was observed in HeLa cells (<2%
in untreated CTXP cells; Fig. 4b). Conversely, there was a
sevenfold increase in the number of 360A-treated CTXP
cells displaying micronuclei (**P < 0.01; 10 uM; Fig. 4b).
Telo-FISH and GFP-TRF1 transfection experiments
revealed the presence of telomeric sequences and telomeric
proteins, respectively, in the majority of 360-induced
micronuclei [Fig. 4c, (a) telomeric PNA, red foci and
(b) GFP-TRF1, green foci]. In contrast, we did not detect
centromeric proteins (after GFP-CENP transfection
experiments) or centromeric sequences (PNA centromeric)
in 96% of micronuclei. Interestingly, we showed that 360A
induced micronuclei in DNA-PKcs®P cells and Ct¥P cells,
but not in Rad51%P cells (Fig. 4b). These data demonstrate
that micronuclei formation in 360A-treated cells is Rad51-
dependent. Altogether, these data suggest that micronuclei
induced by 360A are the direct result of Rad51-dependent
telomere aberrations.

Discussion

Both Rad51 and DNA-PKcs have been shown to contribute
to telomere protection (reviewed in [44—46]) and it is well
established that activation of HR and NHEJ, the two major
types of DSB repair pathways, at dysfunctional telomeres
can generate telomere aberrations [7, 11, 47-54]. In the
present study, we used Rad51 or DNA-PKcs knockdown,
resulting in HR or NHEJ deficiencies, respectively, to
investigate the telomere destabilization induced by the
G-quadruplex ligand 360. We showed that 360A induced
both Rad51-dependent telomere aberrations preferentially
involving the lagging strand telomeres, including telomere
losses or telomere doublets, and DNA-PKcs-dependent
sister telomere fusions.

Previous studies have demonstrated that 360A exhibits
high selectivity toward quadruplex DNA relative to other
DNA structures [23, 28, 55]. Fluorescence titration experi-
ments with oligonucleotides have demonstrated that 360A
may induce the formation of a tetramolecular quadruplex,
acting as a chaperone for the association of the four strands
[56]. Strikingly, 360A induced the G-quadruplex structure
more actively than other G-quadruplex ligands tested
(telomestatin, TMPyP4 and BRACO19) [56]. Moreover, we
have previously demonstrated the specific targeting of telo-
meres by 360A. Indeed, competitive equilibrium dialysis
demonstrated that 360A bound specifically to telomeric-G
overhangs from purified genomic DNA, highlighting the
selectivity of 360A for telomeric G-quadruplexes [28].
Autoradiography with tritiated-360A evidenced a prefer-
ential binding to the terminal region of chromosomes in
both human normal and tumor cells [28]. In living cells,
360A induces the degradation of 3’telomeric overhangs

and activates a DNA damage signaling in an ATM-depen-
dent manner in cancer cells suggesting that 360A
destabilizes telomere structure and induced specific telo-
mere instability [23, 29, 30]. It is noteworthy that neither
chromatid nor chromosome breaks were induced by 360A
[29, 30] even in DNA-PKcs and Rad51 knockdown cells as
shown in this study. Altogether these data emphasize the
high specificity of telomere destabilization induced by 360A
in various cell lines.

Rad51 is involved in the identification of homologous
sequences and strand exchange during HR [57, 58], and
may be involved in D-loop formation and establishing the
T-loop conformation [11]. The current demonstration of
the involvement of HR in both 360A-induced telomere
losses and telomere doublets emphasizes our previous
hypothesis [29, 30] that the formation/stabilization of
G-quadruplexes on parental telomere G overhangs fol-
lowing 360A treatment impairs the reformation of a stable
and correct structure at the lagging G-strand, leading to
recombination events. Thus, the loss of lagging strand
telomeres is likely due to a previously described process,
known as T-loop HR, in which unstable T-loops lead to
HR-dependent deletion of large segments from individual
telomeres [51].

Sfeir et al. [59] reported that conditional deletion of
TRF1 in mouse embryonic fibroblasts resulted in multiple
telomeric signals, a phenotype that resembles telomeres
doublets, as a result of telomere replication problems.
Stalled replication forks are processed by HR that catalyzes
template switching of blocked replicating strands, which
could produce detectable genetic rearrangements when
lesions occur in repeated DNA sequences [60]. Such
mechanisms could be involved in the generation of
telomere doublets as a consequence of stabilized G-quad-
ruplexes, or induced by 360A-dependent impairment of
replication fork progression through telomere sequences.
This hypothesis is supported by the fact that, contrary to
the deletion of TRF1 which produced multiple telomeric
signals on both sister telomeres as a consequence of a
general problem of telomere replication [59], the telomere
doublets in 360A-treated cells involved only the lagging
strand telomeres. These findings are consistent with HR
activation in order to bypass the presence of G-quadruplex
on parental G strands.

We have shown that micronuclei induced by 360A were
directly dependent on HR activity. These micronuclei
contained telomeric but not centromeric DNA and proteins,
suggesting they were not the consequence of a defect in
chromosome segregation during mitosis but rather origi-
nated from the generation of telomeric DNA fragments
dependent on HR activity [61].

NHEJ has been previously shown to be involved in
sister telomere fusions [49]. There are several lines of
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evidence supporting the possible existence of a non-
DNA-PKcs-dependent NHEJ pathway [62—65]. It has been
proposed that this alternative NHEJ pathway has a pre-
dominant role in the formation of chromosome aberrations
[65, 66]. However, our data reported here show that this
was not the case for 360A-induced sister telomere fusion
which involved DNA-PKcs-dependent NHEJ.

DNA-PKcs has been localized to mammalian telomeres
[67] and DNA-PKcs ™~ mice show increased chromosome
end-to-end fusions [68, 69]. Bailey et al. [40] have dem-
onstrated that inhibition of DNA-PKcs exclusively induced
chromatid-type fusions involving the leading strand telo-
meres, indicating that DNA-PKcs is needed for re-
establishing a protective terminal structure specifically on
telomeres replicated by leading strand DNA synthesis.
Persistence of the G-overhang at the lagging telomeres is
one of the mechanisms preventing sister telomere fusions
prior to the generation of the G-overhang of leading strand
telomeres. We propose that G-quadruplexes on the parental
telomere G strands lead to resection of the G-overhang at
the lagging strand telomeres, which interferes with normal
DNA-PKcs activity at leading strand telomeres and sub-
sequently to NHEJ-mediated sister telomere fusions.

One important finding of this study is that Rad51 and
DNA-PKcs not only did not protect cells from either
telomere instability or the cellular effects induced by 360A
but were directly involved in the severe mitotic impair-
ments induced by the G-quadruplex ligand. Liu and
colleagues [70] have reported that telomere dysfunction
resulting from telomerase deficiency leads to misalignment
of metaphase chromosomes during meiotic division in
oocytes from late-generation (G4) mice. We have shown
that chromosome misalignment at metaphase represents the
main type of mitosis abnormality observed in 360A-treated
cells. This effect could be directly attributed to the telo-
mere aberrations generated by HR and NHEJ, confirming
the necessity of functional telomeres for the correct chro-
mosome alignment at metaphase.

We have demonstrated that DNA-PKcs plays a crucial
role in 360A-induced cell death during or just after mitosis.
A previous report showed that telomestatin, another
G-quadruplex ligand, also induced anaphase bridges in
cancer cells [71]. However, the implications of telomere
fusions in their formation were not investigated. It would
be interesting to investigate the effect of knockdowns of
Rad51 and DNA-PKcs under different conditions of telo-
mere destabilization other than 360A. These experiments
could delineate the roles of Rad51 and/or DNA-PKcs in the
generation of mitotic abnormalities whatever the cause of
telomere destabilization.

The lack of both sister telomere fusions and anaphase
bridges in 360A-treated DNA-PKcs®P cells clearly dem-
onstrates the involvement of sister telomere fusions in the

@ Springer

formation of anaphase bridges induced by the G-quadru-
plex ligand. Similarly, altered metaphase—anaphase
transitions, which were also dependent on DNA-PKcs,
likely resulted from a high number of sister telomere
fusions delaying or preventing mitotic progression. In the
end, DNA breaks resulting from resolution of anaphase
bridges and/or the impossibility to progress further through
mitosis are probably the cause of cell death during mitosis
or early G1, which is thus likely the direct consequence of
sister telomere fusion induced by the G-quadruplex ligand.

In summary, we have elucidated some of the molecular
and cellular mechanisms triggered by specific telomere
targeting by the G-quadruplex ligand 360A, and in par-
ticular have determined the roles of HR and NHEJ in
generating telomere aberrations leading to cancer cell
death.
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