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The combination of a G-quadruplex ligand to a platinum
complex improves its telomere targeting

ABSTRACT: Telomeres protect the ends of chromosomes against
illegitimate recombination and repair. They can be targets for G-quadruplex
ligands and platinum complexes due to their repeated G-rich sequences.

Protection of telomeres is ensured by a complex of six proteins, including m
TRF2, which inhibits the DNA damage response pathway. We analyzed &) B pelirecte
telomere modifications induced in cancer cells by the experimental hybrid \ . / l
platinum complex, Pt-MPQ, comprising both an ethylene diamine In vitro -

monofunctional platinum complex and a G-quadruplex recognition moiety |Preferentialtargeting
(MPQ). Pt-MPQ_promotes the displacement of two telomeric proteins OF IS SR
(TRF2 and TRF1) from telomeres, as well as the formation of telomere
damage and telomere sister losses, whereas the control compound MPQ
does not. This suggests that the platinum moiety potentiates the targeting
of the G-quadruplex ligand to telomeres, opening a new perspective for
telomere biology and anticancer therapy. Interestingly, the chemotherapy
drug cisplatin, which has no specific affinity for G-quadruplex structures, partially induces the TRF2 delocalization from
telomeres but produces less telomeric DNA damage, suggesting that this TRF2 displacement could be independent of G-
quadruplex recognition.

TRF2 displacement
Telomeric DNA damages
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In cellulo

targeting of telomeres @<

B INTRODUCTION

Telomeres are specialized nucleoprotein complexes that are
located at the end of chromosomes and protect them from
degradation and illicit DNA repair activities.”” Mammalian
telomeres comprise tandemly repeated TTAGGG sequences,
which protrude at the 3'-extremity by the G-rich single strand,’
and shelterin, a complex of six specific proteins.* Among them
are TRF1 and TRF2 (telomeric repeat binding factors 1 and 2),
which bind, as homodimers, to the duplex part of telomeres via
their myb-like domain,”” and POT1, which binds to the single
stranded TTAGGG DNA repeat.” These proteins recruit the
other components, TIN2, RAP1, and TPP1. TRF1 and TRF2
are sufficiently abundant to cover the whole telomere with
thousands of dimers.” Shelterin represses the activation of the
ATM and ATR DNA damage responses. In particular, TRF2
inhibits ATM by a direct interaction with the region containing

serine 1981 (S'**!), preventing the autophosphorylation of this
residue necessary for the activation of this kinase.'” Therefore,
depletion of TRF2 activates the ATM kinase pathway, resulting
in pS3-mediated cell cycle arrest and DNA damage signal at
telomeres. Besides, either deletion of TRF2 from mouse
cells'®"" or its inhibition with a dominant negative allele,
TRE2P*M in human cells'>™' results in the accumulation of
DNA damage factors such as 53BP1 and y-H2AX at
chromosome ends, as well as in telomere dysfunction-induced
foci (TIFs) and in telomere processing by DNA repair
pathways. Especially, chromosome end-to-end fusions are
generated by the canonical nonhomologous end-joining (c-
NHEJ) pathway.'”'® The molecular mechanism by which
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TREF2 prevents the NHE] from acting on telomeres has not
been completely resolved. TRF2 may impede NHE] by
promoting the formation of the tloop,'” ' a lasso-like
structure that consists of the invasion of the G-overhang into
the duplex part of telomeres.””*’ Finally, TRF2 has been
proposed to be a target for anticancer therapy since it seems to
be involved in the tumorigenesis state"”*~>’ and is overex-
pressed in some tumor cells.”**” Moreover, the detection of
TRE2 binding in extra-telomeric regions of chromosomes’”*'
suggests that TRF2 has also other biological roles.*”~**

As telomeric DNA consists of repeated G-rich sequences, it
can adopt a four-stranded stable DNA structure named the G-
quadruplex structure. This noncanonical structure can be
stabilized by specific ligands.”>™"" It has been shown that
some G-quadruplex ligands induce displacement of TRF2**~*’
and/or of POT1 from telomeres.*”*' ™ In this case, telomere
end fusions*"** are often associated with a loss of the G-
overhang without affecting total telomere length.43 However,
the mechanism of action by which telomeres are deprotected
via G-quadruplex ligands has not been fully clarified until
now."*™ The current hypothesis is that the stabilization of G-
quadruplex structures would impede the invasion of the G-
overhang into the duplex part of the telomere, which is
necessary to allow for the formation of the t-loop.*® Moreover,
the stabilization would induce the blockade of replication
forks*”** by inhibiting helicases devoted to the resolution of G-
quadruplex structures*” ™' and/or telomere aberrations gen-
erated by HR (homologous recombination) and NHEJ.>”> We
have shown that G-quadruplex structures are potential in vitro
targets for platinum complexes.>***~>* Moreover, at the cellular
level, the combination the G-quadruplex ligand PDC, also
named 3064, (pyridodicarboxamide) with a N-heterocyclic
carbene-platinum complex, NHC-Pt, already identified for its
antitumor properties, results in a hybrid platinum complex
(NHC-Pt-PDC) which induces an increased loss of TRF2 from
the telomeres as compared to its respective constitutive
moieties alone, NHC-Pt or PDC.*® The question we address
now is whether another hybrid molecule (Pt-MPQ) combining
the G-quadruplex ligand (MPQ) with an ethylene diamine
monofunctional platinum complex, which lacks antitumor
properties, could also increase telomere targeting: indeed, Pt-
MPQ preferentially targets G-quadruplex structures in vitro by
cross-linking them irreversibly.”> Cisplatin was also used as a
reference anticancer drug® since it has no preference for G-
quadruplexes® and in addition is known to induce DNA
damage everywhere in the genome. Beside their differential
recognition in DNA structures, these platinum complexes bind
to DNA by different ways: while the ethylene diamine platinum
can only bind to one purine, cisplatin binds preferentially to
two adjacent guanines by forming 1,2 intrastrand GG adducts.®!
Moreover, the effects of cisplatin on telomeres remain
controversial. Besides, cisplatin has been shown to alter
telomere length of cancer cell lines,”>”® but this effect strongly
depends on the culture conditions used.’® In vitro, it has been
shown that telomeric sequences are not preferred targets for
cisplatin, the amount of 1,2 intrastrand GG adducts beir}g
strictly proportional to the amount of adjacent guanines.”*™°
We also showed that an 1,2 intrastrand GG adduct of cisplatin
induces a 20-fold reduction of the capacity of TRF2 to bind to
telomeric DNA, while TRF1 binding was very little affected.””
Furthermore, a platinated telomeric DNA 800 bp fragment
inhibited the TRF2-dependent invasion process of the G-
overhang.”” These results suggest that cisplatin may affect

TRF2 binding to telomeres in cellulo. Herein, we report
telomere modifications induced by Pt-MPQ and cisplatin in the
fibrosarcoma cell line HT1080. In particular, we show that Pt-
MPQ promotes TRF2 and TRF1 delocalization from telomeres
and increases the amount of telomere damage, more than the
control compound MPQ, thereby suggesting that the
association of the G-quadruplex ligand MPQ with a Pt complex
triggers its ability to target telomeres. Additionally, we show
that cisplatin is also able to induce the delocalization of TRF2
from telomeres but to a lesser extent than Pt-MPQ, suggesting
that this delocalization can also be mediated by a non-G-
quadruplex ligand. Furthermore, our results demonstrate that
partial TRF2 displacement from telomeres does not systemati-
cally induce telomere damage or telomere aberrations.

B MATERIALS AND METHODS

Cell Culture. The human fibrosarcoma cell line HT1080 (ATCC,
American Type Culture Collection) was grown in DMEM medium
completed by 2 mM of glutamine, 0.1 mg/mL of streptomycin, 100 U
of penicillin, and 10% of fetal bovine serum (Gibco). Cells were
treated with various concentrations of cisplatin, Pt-MPQ, or MPQ _at
37 °C under humidity and 5% CO, conditions for 48 or 96 h. Cellular
growth was quantified using the particle counter Z2 Coulter
(Beckman, Coulter).

Cell Fixation and DNA Staining. HT1080 cells were trypsinized
and fixed in 70% ethanol in PBS for 30 min at —20 °C. Cells were then
centrifuged, resuspended in 1 mL of PBS containing 100 pg/mL
RNase A and 40 pg/mL propidium iodide (Sigma, France) and
incubated for 30 min at room temperature.”’

Flow Cytometry. Cell cycle analysis was performed with a Coulter
EPICS XL flow cytometer (Beckman-Coulter, France). The cell cycle
profile was determined from the DNA fluorescence data using the
ModFit 3.3LT software (Verity Software House, Topsham, Maine,
USA).

Platinum Complexes. Cisplatin was provided from Sigma. Pt-
MPQ and MPQ_were synthesized following the procedure already
described.* Aqueous solutions of 1 mM cisplatin, 1 mM Pt-MPQ and
2 mM MPQ (monopara-quinacridine) were prepared and conserved at
—20 °C. Diluted solutions of each molecule were freshly prepared.

ChIP Assay for the Detection of TRF2, TRF1, and H3 Binding.
ChIP was carried out using a Chromatin IP (ChIP) assay kit according
to the manufacturer’s instructions (Upstate). Cells were collected after
fixation of proteins with formaldehyde and lysed. The DNA of the
nucleus was sonicated until fragments of 1 kbp were obtained. 30 L
was conserved in order to quantify the number of telomeric sequences
before immunoprecipitation (INPUT). Immunoprecipitation was then
performed with anti-TRF2 polyclonal antibody (IMG-148A, IMGE-
NEX), anti-TRF1 polyclonal antibody (ab1423, Abcam), antihistone
H3 antibody (anti-H3, Abcam), or anti-IgG rabbit antibody (sc-2027,
Abcam). 150 ng of the immunoprecipitated DNA and from INPUT
was blotted onto a Hybond-XL membrane (Ge HealthCare). The
telomere sequences were detected using a 800 bp telomere repeat
(TTAGGG) *’P labeled probe obtained after digestion of the pUC
Telo2 plasmid”" by EcoRI and BamHI and radiolabeled by random
priming using dCTP [a**P], TAGGGTTA/TAACCCTA (Euro-
gentec) as primers and Klenow polymerase (Fermentas). The Alu
sequences were detected using a *°P labeled Alu probe that was
obtained after the digestion of the pTopo Alu-All plasmid (obtained
after amplification of human genomic DNA with tgaaaccccgt-
ctctactaaaaa and gtctcgetctgtcgecca primers, then cloned in pGEM-T
vector (Promega)) by EcoRI and radiolabeled by random priming
using dCTP [a*’P], the hexanucleotide mix (Roche) as primers and
Klenow polymerase (Fermentas). The membranes were first
hybridized with the telomere probe, and the amount of radioactivity
was quantified using Phosphorimager and ImageQuant software. The
membranes were dehybridized in boiling water containing 1% SDS
and were then hybridized with the Alu probe; the amount of
radioactivity was quantified using Phosphorimager and ImageQuant



software. Fold enrichment of the immunoprecipitated fraction
compared to INPUT DNA is calculated as the ratio between telomeric
DNA signals after precipitation and telomeric DNA signals in the total
INPUT DNA for the same amount of blotted DNA (150 ng). The
values are normalized to the Alu signal in the immunoprecipitated and
INPUT fractions for each condition using the (telomere IP/telomere
INPUT)/(Alu IP/Alu INPUT) formula. The % of TRF2 bound to
telomeres was given as a function of TRF2 bound in treated cells/
TRF2 bound in untreated cells.

Cell Cycle Analysis. Cell cycle status of HT1080 cells was
determined by measuring DNA content using propidium iodide
staining followed by flow cytometry analysis. HT1080 cells were
trypsinized, then collected and fixed with 70% ethanol. A staining
solution containing 40 pg/mL propidium iodide and RNaseA was
added to cells for a 30 min incubation at 37 °C. Incorporated
propidium iodide fluorescence intensity was quantified by flow
cytometry at 488 nM laser excitation.

Western Blot. Western blots were performed following the Bio-
Rad protocol. Briefly, 20 pg of proteins were electrophoresed in SDS—
PAGE (SDS—polyacrylamide 10%) under denaturing conditions, then
transferred to a PVDF membrane (polyvinylidin difluoride)
(Amersham Hybond P *, GE Healthcare), which was hybridized
with mouse monoclonal anti-TRF2 antibody (4A794, Upstate) and
antiactin HRP (SC1616-HRP, Santa-Cruz). TRF2 was revealed by the
secondary antibody goat antimouse IgG-HRP (ab6789, abcam) using
the ECL Western blotting detection reagent. Western-blot membranes
were analyzed using the FluorChem software program.

Immunofluorescence. For interphase TRF2 foci analysis,
HT1080 were plated on glass coverslips, fixed with 4% paraformalde-
hyde, and permeabilized in phosphate buffered saline (PBS)
containing 0.5% Triton X-100, 3 mM MgCl,, and 300 mM sucrose
for 10 min at RT. Then, cells were incubated with the mouse
monoclonal anti-TRF2 antibody (4A794, Upstate) for 2 h at RT,
washed in PBS, and incubated with a goat antimouse IgG secondary
antibody TRITC (tetramethylrhodamine)-conjugated (Thermofisch-
er). Nuclei were counterstained with 4',6-diamidino-2-phenylindole,
Vectashield (DAPI). Three-dimensional images (composed of 40 to
80 planes of 0.3 ym) were acquired using an inverted microscope with
an Epi-fluorescence attachment (Nikon Eclipse TE-2000 E). The
number of TRF2 foci in each nucleus was counted using the Image]
software program after a two-dimensional projection of three-
dimensional images.

Telomere Dysfunction-Induced Foci (TIF) Analysis. Telo-
FISH (telomere-fluorescence in situ hybridization) using peptide
nucleic acid probes (PNA) conjugated to fluorescein isothiocyanate
(CCCTAA),-FITC (PANAGENE) was combined with immunofluor-
escence (IF) using a monoclonal mouse anti y-H2AX antibody
(JBW301, Upstate) in order to detect interphase telomere
dysfunction-induced foci (TIF). HT1080 plated on Chambered
Coverglass (Lab-TeK, Nunc) were fixed with 4% paraformaldehyde,
then they were washed in PBS and dehydrated using ethanol at
progressive concentrations (70%, 80%, 90%, and 100%). S pg/mL of
the PNA probe in hybridization mixture containing 70% formamide,
10 mM Tris-HCI at pH 7.2, 1 mM MgCl,, and 0.5% Boehringer
blocking reagent were added to cells, followed by DNA denaturation
for 2 min at 75 °C and hybridization for 1 h and 30 min at room
temperature. FISH protocol was followed by immunofluorescence
staining, as previously described. Three-dimensional images (com-
posed of 25 planes of 0.8 um) were acquired using an inverted
confocal microscope (Axiovert 200 M Zeiss LSM 510) in the SCM
(Faculté des Sciences Fondamentales et Biomédicales, Université Paris
Descartes). PNA foci, y-H2AX foci, and TIF, where PNA foci and -
H2AX foci colocalized, were counted in each nucleus from a two-
dimensional projection of the three-dimensional images using the
JACoP plugin of the Image] software program (NCBI).

Determination of Telomere Length. Genomic DNA was
isolated from cells using a DNAeasy blood and tissue kit (Qiagen).
An aliquot of 3 ug of DNA was digested overnight at 37 °C with
restriction enzymes Rsal and Hinfl. DNA fragments were separated by
agarose gel electrophoresis and then transferred under denaturing

conditions to a nylon membrane by Southern blotting. Telomere
length was then estimated using the “Telo TAGGG Telomere Length
Assay” kit (Roche).

Telo-FISH. HT1080 were cultured in their medium supplemented
with cisplatin (1 and S uM), Pt-MPQ (S uM), or MPQ (S uM) at 37
°C for 96 h in a humidified atmosphere containing 5% CO,. Cells
were then incubated with colcemid (0.1 #g/mL, Sigma) at 37 °C for 2
h. After trypsinization and centrifugation (1500 rpm for 10 min), they
were subjected to hypotonic swelling at 37 °C for 20 min. Metaphase
preparations were then fixed in ethanol/acetic acid (3:1v/v) overnight
at 4 °C. The suspension was applied on cold wet slides, and the slides
were air-dried overnight. Telo-FISH was carried out using a telomeric
cyanine-3-conjugated (C;TA,); PNA probe (Applied Biosystems)
complementary to the G-rich telomeric strand, as described in detail
by Pennarun et al.”’ Metaphases were counterstained with DAPI (1
ug/mL), mounted in Fluoromount-G (Southern Biotech) and
observed under a fluorescence microscope (Olympus AX70).

Platinum Quantification. The platinum cellular uptake was
quantified by ICP-MS (inductively coupled plasma mass spectrome-
try) on the cellular pellet or DNA extract of HT1080 cells treated
during 96 h with cisplatin or Pt-MPQ.

TUNEL Assay. HT1080 cells were treated with the different drugs
at doses inducing 85% growth inhibition during 96 h or 10 uM
cisplatin for 24 h, fixed in paraformaldehyde, permeabilized with 70%
ethanol. Apoptotic cells were quantified by the TUNEL assay, using
the In Situ Cell Death Detection Kit, TMR red (Roche) according to
the manufacturer’s instructions, before observation under a fluo-
rescence microscope.

B RESULTS

Antiproliferative Properties of Pt-MPQ Compared to
Those of MPQ and Cisplatin. HT1080 cells were treated
with increasing doses of Pt-MPQ, MPQ, and cisplatin (Figure
1) for 96 h. Dose—response curves evidenced that Pt-MPQ
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Figure 1. Chemical structure of cisplatin, MPQ, and Pt-MPQ.

induced 50, 70, and 80% cell growth inhibition at 2, 4, and §
UM, respectively (Figure 2A), while only 30% growth inhibition
was obtained with 5 uM of MPQ, indicating that addition of
the platinum atom enhances the antiproliferative activity of
MPQ, whereas, 0.8, 1, and 1.3 uM of cisplatin induced 50, 70,
and 80% cell growth inhibition, respectively.

To gain further insight into differential proliferation growth
inhibition of cisplatin and Pt-MPQ, we quantified the amount
of platinum complex uptake and the amount of platinum bound
to DNA after 96 h of treatment at doses inducing the same
inhibition of cell proliferation: 5 yuM Pt-MPQ_and 1.3 uM
cisplatin. The amount of Pt-MPQ uptake is about 20-fold
higher than that observed for cisplatin (26 ng of Pt and 1.3 ng
Pt/S X 10° cells, respectively) as evaluated by ICP-MS Pt
dosage. However, quite remarkably, the amount of platinum
bound to DNA was almost the same (about 250 pg Pt/mg
DNA). Therefore, the same amount of platinum bound to
DNA required higher Pt-MPQ_intracellular accumulation than
cisplatin, as already described for many other platinum
complexes.”®’” Since the inhibition of cell proliferation of Pt-
MPQ and cisplatin could be related to their level of DNA
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Figure 2. HT1080 inhibition, cell proliferation, and synchronous cell cycle progression. (A) % growth inhibition of HT1080 cells by cisplatin, Pt-
MPQ, and MPQ. (B) HT1080 cells were treated with doses of cisplatin and Pt-MPQ_that induce 80% cell growth inhibition (1.3 and S uM,
respectively) for 96 h. MPQ _that serves as the control for Pt-MPQ was used at S uM. Cells were collected and processed by FACS analysis of DNA
content. The histogram shows the distribution of cells in the different phases of the cell cycle based on the DNA fluorescence intensity of propidium

iodide (DNA content).
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Figure 3. TRF2 foci quantification detected by immunofluorescence on HT1080 treated with cisplatin, Pt-MPQ, and MPQ_for 96 h. Cells were
processed for immunofluorescence using antibodies against TRF2 (A). The number of TRF2 foci for a typical experiment after (B) cisplatin, (C) Pt-
MPQ, and (D) MPQ treatments showing the diversity of cells. (E) % of TRF2 foci after HT1080 cell treatments with cisplatin, Pt-MPQ, and MPQ_
(mean of at least 3 experiments). ** Indicates a Mann and Withney test P-value <0.01 and *P < 0.05 (GraphPad PRISM software).

73,74

binding, we analyzed the cellular effect of each compound
at doses that induce both the same amount of platinum bound
to DNA and the same percentage of growth inhibition, i.e., the
same drug potency. The cell cycle progression of treated cells
shows enrichment for cells in S phase for all compounds and in
G2/M for cisplatin72 and for Pt-MPQ_ (Figure 2B and Figure
S1A). In these conditions, only a low level of apoptosis was
found for adherent cells, as shown by the small percentage of
sub-Glcells (<5%) (Figure S1B) and te TUNEL assay (Figure
S2). In addition, only a small fraction of apoptotic floating cells
(<10%) was also observed (Figure S2). Therefore, only the
telomeres of adherent treated cells that were still viable were
analyzed.

TRF2 Displacement from Telomeres upon Treatment
with Pt-MPQ, MPQ, and Cisplatin. TRF2 is a major
component of shelterin, which binds to telomeres and ensures
their integrity.* Since TRF2/DNA interaction can be strongly
affected by G-quadruplex ligands, the amount of TRF2 foci and
TRF2 bound to telomeres after the various treatments were
quantified. Using immunostaining,”””*>’® we showed that the
number of TRF2 foci decreases as a function of concentration
(Figure 3) and time (Figure S4) for all three compounds.
However, Pt-MPQ _is more prone to delocalize TRF2 than
MPQ and cisplatin. Indeed, immunofluorescence revealed 45%,
60%, and about 80% of remaining TRF2 foci in cells treated for
96 h with Pt-MPQ, cisplatin, and MPQ, respectively.
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Figure 4. Proteins bound to telomeres quantified from dot-blots. ChIP on HT1080 cells treated with doses of cisplatin (A and B), Pt-MPQ, and
MPQ (C) that induce the maximum cell growth inhibition (1.3, S, and S uM, respectively) for 96 h with anti-H3, anti-TRF1, and anti-TRF2
antibodies. % of proteins bound to telomeres (D). Telomeric sequences were evidenced in a DNA fraction immunoprecipitated by an anti-TRF1,
anti-TRF2 (or anti-H3) antibody using a *?P radiolabeled 800 pb telomeric probe and normalized with @ **P radiolabeled Alu sequences in
untreated, cisplatin, Pt-MPQ, and MPQ_treated cells. An anti-IgG antibody was used as a negative control. An anti-H3 antibody was used as the
positive control. 200 ng of DNA was blotted for each sample. The % represents the quantitative values of telomeric DNA signals in the samples
originating from cells with treatment compared to the cells without any treatment. Quantitative values of telomeric DNA signals are calculated as the
ratio between telomeric DNA signal precipitation and telomeric DNA signals in the INPUT for the same amount of blotted DNA. These values have
been normalized by the amount of blotted DNA for each sample quantified by the nonspecific Alu probe, following the formula (telomere IP/
telomere INPUT)/(Alu IP/Alu INPUT) (means of at least 3 experiments). ** Indicates a Mann and Withney test P-value <0.01 and * P < 0.0S
(GraphPad PRISM software). Statistical analysis was made by comparing the amount of TRF2 bound to telomeres for each treatment at different

doses and between each treatment at the highest dose. Blots have been cropped in order to improve the clarity and conciseness of the presentation.
Full-length blots are presented in Figure S6.
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Figure S. Western blot of TRF2 from HT1080 cells treated by cisplatin, Pt-MPQ, and MPQ for 96 h. (A) Membranes and (B) percentage of TRF2
expression normalized with actin (mean of 3 experiments).

The amounts of TRF2, TRF1, and histone H3 bound to
telomeres in treated cells were also performed by ChIP
experiments (Figure 4 and Figure SS). ChIP results confirmed
the ones obtained from immunostaining for TRF2. They
evidenced that Pt-MPQ_induces a dose-dependent decrease of
TRF2 and TRF1 at telomeres, respectively, reaching 80 and
75% of protein loss. MPQ is less efficient (50% decrease of

both TRF1 and TRF2). It is noteworthy that cisplatin
delocalizes 50% of TRF2 protein and slightly affects TRF1
binding (15% delocalization). In contrast to TRF1 and TRF2
binding, H3 binding to telomeres was only slightly affected by
Pt-MPQ _treatment.

Since the decrease of TRF2 bound to telomeres could result
from a decrease in TRF2 expression (due to the stabilization of
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the G-quadruplex structures within its S'UTR mRNA region”’),
TRF2 expression was analyzed by Western blot. TRF2
appeared as a double band, as previously described.” TRF2
expression was not significantly affected by Pt-MPQ, MPQ, or
cisplatin treatments, excluding a reduced amount of cellular
TRF2 (Figure 5). Therefore, our results show that Pt-MPQ,
MPQ, and cisplatin are able to delocalize TRF2 from telomeres.

TRF2 Displacement from Telomeres upon Treatment
with Pt-MPQ, MPQ, and Cisplatin Did Not Induce
Telomere Length Shortening. Even though a short erosion
of telomeres could not be excluded, Southern blot analysis of
the mean value of TRF (telomere restriction fragments)
showed that the different treatments did not induce any
telomere length shortening (Figure 6).
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Figure 6. Telomere length from HT1080 untreated and treated cells
with (A) cisplatin, (B) Pt-MPQ, and MPQ for 96 h with indicated
doses.

Pt-MPQ Increases the Amount of Damage to
Telomeres and a Partial Loss of Telomeres. As loss of
TREF2 from telomeres can also induce a telomeric DNA damage
response, as evidenced by the detection of telomere
dysfunction-induced foci (TIFs),'* we first investigated
genomic DNA damage signaling in treated cells by y-H2AX
immunostaining (y-H2AX foci), a marker for DNA damage
induced by platinum complexes.”® As expected, cisplatin
induced a large amount of genomic DNA damage (Figure 7A
and B). Similarly, a large number of y-H2AX foci were detected
upon Pt-MPQ treatment, whereas MPQ alone did not induce
any y-H2AX foci (amount similar to that depicted in untreated
cells) (Figure 7A and B). These data suggest that the presence
of a platinum atom is crucial to trigger DNA damage. Telomere
damage response was assessed by the quantification of y-H2AX
foci at telomeres using a telomeric PNA probe. A 20% decrease
in the number of PNA foci after 96 h of treatment by Pt-MPQ_
has been observed (Figure S4). This result suggests that Pt-
MPQ could prevent the binding of the PNA probe. Therefore,
shorter treatments have been envisioned, and the 48 h-
treatment has been chosen. In this condition, the treatments
still induce 45—55% TREF2 delocalization (Figure S3) without

reducing the number of PNA foci (Figure 7C). Co-localization
of the DNA damage signals with telomeres showed that 47%
(average 1.8 T1IFs per cell) and 15% (0.7 TIFs per cell) of cells
treated with Pt-MPQ and cisplatin, respectively, contain
telomeric DNA damage (2—7 per cells) (Figure 7D).

Pt-MPQ and Cisplatin Treatments Induce Telomere
Aberrations. In order to gain further insight on telomere
dysfunctions induced by the different compounds, we analyzed
telomere aberrations in metaphase chromosomes of cells
treated for 48 h (Figure 8 and Figure S6). Telo-FISH
confirmed that both cisplatin and Pt-MPQ_induced much
more numerous telomere aberrations than MPQ. They both
induced a very high number of sister telomere losses and to a
lesser extent sister telomere fusions and terminal deletions but
had no effect on telomere doublets. Sister telomere losses are
the consequence of damage that occurred during or after
telomere replication.””** Both compounds also induced radians
and chromatid breaks resulting from nontelomeric DNA breaks
also occurring after replication. Interestingly, cisplatin and Pt-
MPQ_considerably induced more sister telomere losses than
radians and chromatid breaks, showing preferential targeting of
telomeric sequences by the two compounds.

B DISCUSSION

The aim of this work was based on three assumptions. First, we
wanted to determine if the combination within the same
molecule of the G-quadruplex ligand MPQ_and a platinum
complex (Pt-MPQ) could improve telomere targeting. Indeed,
in vitro, Pt-MPQ_ binds covalently and exclusively to three
guanines of the top G-quartet of telomeric G-quadruplex
structure.”> Moreover, its kinetic of platination is 6 times faster
for the G-quadruplex than the duplex structure,”® confirming
the preference of Pt-MPQ for the G-quadruplex structure.
Second, since controversial conclusions exist about the possible
role of cisplatin on telomere length modification in cellulo,®® we
wanted to establish if cisplatin was able to modify telomere
structure. Third, we wanted to determine to what extent both
kinds of complexes were able to displace TRF2 from telomeres.
TRF2 has a major role in protecting telomeres from illicit
recombination since the removal of TRF2 from telomeres
results in end-to-end fusions and rapid induction of cell cycle
arrest."””'® Moreover, TRF2 is emerging as a potential target in
cancer theragy24 as it is highly expressed in some cancer
cells.”***¥17% Herein, we show that Pt-MPQ increases
telomere targeting compared to MPQ by inducing TRF2
delocalization and telomeric DNA damages. Moreover, cisplatin
is also able to induce the delocalization of TRF2 from
telomeres, however to a lesser extent than Pt-MPQ, suggesting
that the mechanism of TRF2 delocalization from telomeres can
also be driven by a non-G-quadruplex ligand. Furthermore,
using the differential telomeric response of Pt-MPQ, MPQ, and
cisplatin, we clearly show that there is no correlation between
TRF2 delocalization and telomere aberrations.

Pt-MPQ More Efficiently Targets Telomeres than
MPQ. The amount of TRF2 and TRF1 bound to telomeric
DNA was assessed both by ChIP and immunostaining
experiments because these methods might under- or over-
estimate the amount of proteins. In the ChIP assay, the amount
of pulled-down telomeric DNA, which is about 1 kb, is not
necessarily proportional to the amount of telomeric protein
bound. In fact, many dimers of TRF1 and TRF2 could be
bound to these fragments,” and consequently, the quantifica-
tion might be underestimated and the real amount of remaining
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Figure 7. DNA damage activation at telomeres. HT1080 cells were treated for 48 h with cisplatin, Pt-MPQ, and PMQ at doses that induce 80%
growth inhibition at 96 h. Cells were processed for immunofluorescence using antibodies against y-H2AX and a C-rich PNA telomeric probe. (A) Z
project of microscopy confocal acquisitions of cells treated with cisplatin and Pt-MPQ. (B) Percentages of y-H2AX positive cells. (C) Number of
PNA foci in untreated and treated cells with cisplatin and Pt-MPQ. (D) Percentages of TIFs positive cells in untreated and treated cells. Cells with
more than 20 y-H2AX foci and 2 TIFs were scored as y-H2AX and TIF positive, respectively (mean of at least 3 experiments). *** Indicates a Mann
and Withney test P-value <0.001 and * P < 0.05 (GraphPad PRISM software).

proteins minimized. Immunofluorescence experiments allow
the visualization of TRF2 foci at the level of the individual cell.
However, since TRF2 binds to extra-telomeric sequences,‘go’?’1
the amount of foci was not necessarily representative of the
total amount of TRF2 bound to telomeres. Hence, both
methods are complementary. By comparing the relative TRF2
displacement as a function of treatments, the results obtained
from ChIP are in agreement with those from immunofluor-
escence. However, from a quantitative point of view, a variation
between both methods has been observed and reflects the fact
that immunofluorescence and ChIP experiments could over-
and underestimate, respectively, the amount of TRF2 bound to
telomeres.

Previous studies show that the combination, within the same
molecule of a platinum moiety with PDC, a G-quadruplex
ligand (also called pyridodicarboxamide bisquinolinjum de-
rivative or 360A) that was already shown to preferentially
localize at telomeres,® increases TRF2 delocalization from
telomeres compared to the ligand alone.”® Here, we evidenced
that (i) delocalization of telomeric proteins (TRF1 and TRF2)
is greater in cells treated with Pt-MPQ _than in those cultured
with MPQ_(Figure 3D), (ii) the percentage of cells with DNA
damage foci induced by telomere dysfunction-induced foci
(TIF) reached about 40% after Pt-MPQ treatment, while there
were none detected with MPQ_(Figure 7D), and (iii) Pt-MPQ_

triggers the formation of specific telomere aberrations (sister
telomere losses and sister telomere fusions, Figure 8), while
MPQ_did not.

Altogether, these results clearly evidenced that Pt-MPQ_(G-
quadruplex ligand combined with a platinum complex) more
efficiently targets telomeres than MPQ (G-quadruplex ligand
without platinium complex).

We can speculate that this result can be associated with the
covalent binding of the hydrid platinum complex to telomeric
G-quadruplex structures which could impede more efficiently
the unfolding of G-quadruplexes and prevent their unwinding
by helicases.”* ™%

Although Pt-MPQ_appears to be more specific at telomere
targeting than cisplatin, it also induces genomic DNA damage
(y-H2AX foci). This indicates that the target of Pt-MPQ is not
restricted to telomeres. As mapped by bioinformatics surveys”’
and revealed by antibodies”””> as well as recent high-
throughput sequencing,” G-quadruplex structures could also
be formed in other G-rich regions of the genome. Therefore,
Pt-MPQ_ could target these G-rich regions and/or other
nonspecific sequences.

Cisplatin Targets Telomeres Less Efficiently than Pt-
MPQ. TRF2 binding to telomeres is also affected by cisplatin,
suggesting the mechanisms leading to TRF2 displacement from
telomeres does not necessarily depend on G-quadruplex
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Figure 8. Cisplatin and Pt-MPQ induce mainly sister telomere losses in HT1080. Metaphases of HT 1080 cells were collected after 48 h of treatment
with 1 and 1.33 uM cisplatin, S uM Pt-MPQ, or S uM MPQ. Telomeres were hybridized with a telomere Cy3-PNA probe (red), and chromosomes
were counterstained with DAPI (blue). Histograms show the percentages of metaphase chromosomes with the indicated telomere aberration
detected by Telo-FISH (sister telomere loss, terminal deletion, sister telomere fusion, and telomere doublet) and the percentages of chromatid
breaks and radians + standard error of the mean (n = $567—11473 chromosomes analyzed per condition). ** Indicates a t test P-value <0.01 and

k% P < 0.0001 (GraphPad PRISM software).

targeting. The displacement of TRF2 from telomeres induced
by cisplatin could be partly explained by our in vitro studies:
TRF2 binding to platinated telomeric DNA is more affected
than TRF1 binding,69 suggesting that the steric hindrance of
platinum chelates impedes more efficiently the binding of
TRF2 than that of TRF1, which is more tightly bound to
telomeres,”* although this hypothesis still remains to be
demonstrated.

Partial TRF2 Displacement from Telomeres Does Not
Induce Telomere Shortening. Telomere length was not
affected by the different treatments despite 50%—80% displace-
ment of TRF2. This observation suggests that 20%—50% TRF2
bound to telomeres is still sufficient to preserve telomere
length. These results are in agreement with other studies
showing that a minimum amount of TRF2 bound to telomeres
is sufficient to maintain telomere length. As has been reported
using shRNA directed against TRF2, 10% of TRF2 bound to
telomeres is thought to preserve telomere integrity,” and only a
total removal of TRF2 and TRF1 induces telomere
dysfunction.” All these data indicate that TRF2 displacement
from telomeres does not systematically trigger telomere length
shortening.

TRF2 Displacement from Telomeres Is Not Always
Associated with Telomeric Instability. Our results further
show that TRF2 displacement does not necessarily induce
telomere dysfunctions and aberrations. In previous reports,
telomere damage (TIFs) has been observed in cells expressing
the dominant-negative TRF2454M  qllele, lacking TRF2 or
treated by the G-quadruplex ligand.'""*”*?® In this study, only
Pt-MPQ_and cisplatin were able to induce telomere damage,
whereas MPQ_was not, despite the fact that they all delocalize
TRF2 from telomeres. This result strongly supports the idea
that TIFs formation is not systematically associated with TRF2
delocalization.

Telomere aberrations in metaphase spreads are another
characteristic mark of telomere dysfunctions. Such aberrations
have been detailed in cells expressing nonfunctional TRE2'>"?
or in cells treated with G-quadruplex ligands such as 360A°*>*°
and RHPS4.*” Both Pt-MPQ and cisplatin induce a major
telomeric instability that occurred after replication (sister
telomere losses) and, to a lesser extent, to sister telomere
fusions. However, these telomere aberrations have not been
depicted after MPQ treatment. This result reinforces the notion
that there is no correlation between telomere aberrations and
TRF2 displacement from telomeres.

In conclusion, we provide evidence that platinum derivatives
are able to modify telomere structures independently to their
capacity to stabilize G-quadruplex structures and we confirm
that a platinum complex associated with a G-quadruplex ligand
within the same molecular scaffold increases targeting of
telomeres compared to that of the ligand alone.>® This finding
suggests that targeting telomeres by platinum complexes could
be a new way to explore anticancer therapy. Our work also
suggests no correlation between TRF2 delocalization and
telomere dysfunctions: a partial displacement of TRF2 from
telomeres is unable to induce telomere shortening and can
occur without generating telomere aberrations.
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