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Abstract

Pt-ttpy (tolyl terpyridin-Pt complex) covalently binds to G-quadruplex (G4) structures in vitro and to
telomeres in cellulo via its Pt moiety. Here, we identified its targets in the human genome, in
comparison to Pt-tpy, its derivative without G4 affinity, and cisplatin. Pt-ttpy, but not Pt-tpy, induces
the release of the shelterin protein TRF2 from telomeres concomitantly to the formation of DNA
damage foci at telomeres but also at other chromosomal locations. y-H2AX chromatin
immunoprecipitation (ChlP-seq) after treatment with Pt-ttpy or cisplatin revealed accumulation in G-
and A-rich tandemly repeated sequences, but not particularly in potential G4 forming sequences.
Collectively, Pt-ttpy presents dual targeting efficiency on DNA, by inducing telomere dysfunction and

genomic DNA damage at specific loci.
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Introduction

G-quadruplexes (G4) are stable nucleic acid secondary structures that are formed in DNA and
RNA containing several G-runs [1]. They consist of the stacking of G-tetrads stabilized by the presence
of physiological concentrations of monovalent cations. Substantial evidence shows that G4 DNA and
RNA structures form in vivo. Bioinformatics analyses have predicted that the human genome contains
350,000 to 650,000 potential G4 forming sequences [2-4]. 700,000 G4s have been identified from DNA
cellular extracts using in vitro polymerase stop assay [5]. However, in cellular context, BG4 ChiIP-seq
experiments have led to the identification of 10,000 G4s in HaCaT cells, where they have been shown
to be mainly located in regulatory regions of DNA [6]. These were unevenly distributed and mostly
found in promoter of genes, particularly those of several oncogenes. While G4s are stable in solution,
they consist in dynamic structures in cells due to associated proteins, supercoiling conditions, cell cycle
state [7, 8]. In addition, G4 formation has been intensively studied at telomeres, which are particularly
predisposed to form such structures due to their G-richness organized in TTAGGG tandem repeats [9,
10]. Telomeres constitute the essential and specialized nucleoprotein structure that is located at the
end of chromosomes and functions as a specialized DNA “cap”, protecting chromosome ends from
degradation and eliciting DNA repair activities [11]. A complex of six proteins called shelterin ensures
the protection of telomeres [12]. Among them, TRF1 and TRF2 (telomeric repeat binding factors 1 and
2) and POT1 (Protection of Telomere 1) are directly bound to telomeric DNA. Telomere uncapping by
release of TRF2 or POT1 induces telomere dysfunction and cell senescence or death [13], thus making
telomeric DNA and its shelterin promising targets for anticancer therapy [14]. In all, it is well
established that G4s play important roles in a broad range of biological processes [15, 16], including
telomere maintenance [17], replication [18], transcription and translation [19]. Therefore, a large
number of G4-interacting molecules [20, 21], including metallic complexes[22, 23], have been
developed and many of them have been shown to reduce cancer growth [24]. Some of them such as
CMO03 or Quarfloxin have shown great potential for clinical use for resistant cancerous cell lines and
revealed the down-regulation of a large number of genes which are rich in putative G-quadruplex
forming sequences involved in essential survival pathways or rRNA biogenesis [25, 26]

G4-interacting platinum complexes bearing a leaving group (typically ClI" or I') are able to bind
covalently in vitro to G4s by coordinating N7 or N; of adenines or N; of guanines [27-32]. Among these,
the tolyl-terpyridin-platinum complex (Pt-ttpy) (scheme 1) preferentially stabilizes G4s in vitro with
regard to duplex DNA [33, 34] by stacking to external G-tetrads [35] and is also able to efficiently trap
G4s covalently by direct coordination to loop bases [30, 35]. Pt-ttpy displays potent anti-tumor activity
[34] and one of its derivatives, Pt-ctpy, was shown to have promising radiosensitizing properties [36].

In line with its potential G4-sequence targeting ability, Pt-ttpy has been shown to bind covalently to



telomeric DNA in cellulo [37], and to induce chromosome loss and ultrafine bridges formation that may
be explained by telomere dysfunctions [38].

Since Pt-ttpy combines G4 stabilization, metal complex and direct DNA-metal coordination
properties, it appears of great interest to identify its molecular targets and decipher its mechanism of
action. We tested whether the biological activity of Pt-ttpy could be related to its G4-binding
properties, using as controls two platinum complexes with poor or no affinity for G4s, the terpyridine-
platinum complex Pt-tpy [34] and the anticancer drug cisplatin (Scheme 1). Pt-ttpy and Pt-tpy form
monofunctional DNA adducts [30], whereas cisplatin forms mainly bifunctional DNA adducts between
two adjacent guanines (1,2 intrastrand cross-links) [39]. Here, we show that Pt-ttpy appears as a more
potent agent than cisplatin, as it is able i) to overcome cisplatin resistance through increased cellular
uptake, ii) to target telomeres by inducing telomeric DNA damage and telomere deprotection and iii)
to target genomic DNA by inducing DNA damage preferentially at G- and A-rich regions. We also show
that partial TRF2 displacement from telomeres by drug treatment is not sufficient to induce telomeric
DNA damage. Moreover, the analysis of the DNA damage sites induced by cisplatin treatment, through
Chromatin-Immunoprecipitation sequencing, indicates that these are not correlated to the primary
binding site if this platinum complex but rather reflect the persistent DNA damage sites distribution.

This finding might also extend to Pt-ttpy and more largely to DNA-interactive Pt-complexes.

Scheme 1 Chemical structure of cisplatin, Pt-ttpy, and Pt-tpy. cellular extracts using in vitro
polymerase stop assay.5 However, in cellular context, BG4 Chromatin Immunoprecipitation

. Material and Methods

Cell culture.

The ovarian carcinoma cell lines were purchased from ECACC (number 93112519 for A2780 and
93112517 for A2780cis, Salisbury, UK) and were grown in complete RPMI medium supplemented with
10% fetal calf serum, in the presence of 1% penicillin and streptomycin. The resistance of A2780cis

cells to cisplatin was maintained by monthly treatment with 1uM cisplatin for 4 days. Cells were



treated with various concentrations of Pt-ttpy, Pt-tpy and cisplatin at 37°C under humidity and 5% CO;
conditions for 96h. Cellular growth was quantified using the particle counter Z2 Coulter’, (Beckman,
COULTER®). For growth inhibition cells were seeded in 6-well plates (100 000 cells) and allowed to
attach for 6h. Cells were then treated with the indicated concentrations of the complexes and
incubated for 96h. Cells were then trypsined and reseeded in an adequate volume of culture medium
and counted with a cell counter (Coulter Z2, Beckman or MOXI Z Mini Automated Cell Counter, Orflo).

We favored cell counting over the commonly tests used to determine cell proliferation (MTT, MTS,

Titer-Glo...) because we found some discrepancies, as other groups [40], between these methods

based on mitochondrial functions and manual cell counting. Indeed, we suspect that Pt-ttpy effects on

mitochondria homeostasis biased the results of cell viability given by MTT, MTS, WST-1 and Titer-Glo

assays. The Cell Viability was performed on the Cellometer Auto 2000 Cell Viability Counter (Nexcelom)
using the dual AO/PI labelling which provides a convenient pre-mixed AO/PI solution that can be

directly added to cell samples for cell counting and viability analysis

Platinum complexes

Cisplatin was provided from Sigma. Pt-ttpy and Pt-tpy were synthesized following the procedure
already described [34]. Aqueous solutions of cisplatin 1 mM, of Pt-tpy 1 mM and 6mM DMSO solutions

of Pt-ttpy were prepared and conserved at -20°C. Of note, the Pt-ctpy derivative was not chosen

because this derivative has a lower G4-selectivity in vitro as compared to Pt-ttpy [34]. Diluted solutions of each

molecule were freshly prepared.
Platinum uptake measurement

The platinum cellular uptake was quantified by ICP-MS (inductively coupled plasma mass
spectrometry, NexION 2000, Perkin Elmer) on cellular pellet (5x10° cells), DNA extract (using DNeasy
kit from Qiagen) as previously described [41] in A2780 or A2780cis cells treated with various
concentrations of Pt-ttpy, Pt-tpy and cisplatin during indicated time treatment Around 20-25ug DNA
(quantified by nanodrop) were extracted from pellets of 5x10°cells. ICP-MS has been used also for
monitoring the solubilization of platinum complexes in the aqueous solution. Prior ICP-MS, the samples
were digested with PlasmaPURE Plus HNOs (69%) at 95°C for cell pellets and mitochondria and HNO3
0.1M for DNA. The amount of Pt content was determined following a dose response curve established
from known concentrations of cisplatin. The amount of platinum was then reported as ng of Pt/5x10°

cells or pg Pt/ug DNA

Annexin V Apoptosis Assay



The A2780 cells were plated in a 6 well plate (100000 cells) with the 1Cs concentration of the drug.
After 96 hours of treatment. the FITC Annexin V Apoptosis Detection Kit | (BD Pharmingen) was used
to label the cells. The cells are washed with PBS and suspended in 1X binding buffer at a concentration
of 1x10%cells/ml. 100ul was transferred to a 5ml culture tube and 5ul of FITC Annexin V and 5ul Pl were
added. The cells were gently vortexed and incubated at RT for 15 minutes in the dark. After addition
of 400ul of 1X binding buffer to each tube. Flow cytometry acquisitions were obtained on a FACSCanto
II™ analyzer (BD Biosciences) with the assistance of BD FACSDiva Software (BD Biosciences) and data

analyzed with the FlowlJo Software (Tree Star).

ChIP assay for detection of TRF2, TRF1, POT1 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. DNA of nucleus
was sonicated until fragments of 1 kbp were obtained. 30ul was conserved in order to quantify the
number of telomeric sequences before immuno-precipitation (INPUT). Immunoprecipitation was then
performed with anti-TRF2 polyclonal antibody (IMG-148A, IMGENEX), anti-TRF1 polyclonal antibody
(ab1423, Abcam), anti-POT1 antibody, anti-histone H3 antibody (anti-H3, Abcam), or anti-IgG rabbit
antibody (sc-2027, Abcam). 150ng of the immunoprecipitated DNA and from INPUT were blotted onto
a Hybond-XL membrane (Ge HealthCare). The telomere sequences were detected using a 800bp
telomere repeat (TTAGGG) 3P labelled probe obtained after digestion of the pUC Telo2 plasmid [42]
by EcoRl and BamHI and radiolabelled by random priming using dCTP [a*?P], TAGGGTTA/TAACCCTA
(Eurogentec) as primers and Klenow polymerase (Fermentas). The Alu sequences were detected using
a 3%P labelled Alu probe that was obtained after the digestion of the pTopo Alu-All plasmid (obtained
after amplification of human genomic DNA with tgaaaccccgtctctactaaaaa and gtctcgctctgtcgecca
primers, then cloned in pGEM-T vector (Promega)) by EcoRl and radiolabelled by random priming using
dCTP [03?P], the hexanucleotide mix (Roche) as primers and Klenow polymerase (Fermentas). The
membranes were first hybridised with the telomere probe, and the amount of radioactivity was
qguantified using the Phosphorimager and ImageQuant software. The membranes were dehybridised
in boiling water containing 1% SDS, and were then hybridised with the Alu probe; the amount of
radioactivity was quantified using the 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 (150ng). The values are normalised 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 function of TRF2 bound in treated cells/TRF2 bound in

untreated cells.
PCR telomere length.

Genomic DNA of A2780 treated cells with cisplatin, Pt-ttpy or Pt-tpy during four days at doses inducing
75% growth inhibition was extracted using the DNeasy Blood & Tissue Kit (QIAGEN) and the relative
telomere length were determined by real-time PCR using the method described by Cawthon [43],

adapted for a LightCycler instrument [44].
Southern blot telomere length

Genomic DNA was isolated from cells using the DNeasy’ blood and tissue Kit (Qiagen). Aliquot of 3 pg
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 condition to a nylon
membrane by Southern blotting. Telomere length was then estimated using the “Telo TAGGG

Telomere Length Assay” kit (Roche).
Western Blot

Western blots were performed following Bio-Rad protocol. Briefly, 20 pg 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)
or nitrocellulose, which were hybridized with mouse monoclonal anti-TRF2 antibody (4A794, Upstate),
the Anti-TRF2 Thr-188P polyclonal antibody and anti-actin HRP (SC1616-HRP, Santa-Cruz). TRF2 was
revealed by the secondary antibody goat anti-mouse IgG-HRP (ab6789, abcam) using the ECL Western
Blotting detection reagent. Western-blot membranes were analysed using FluorChem software

program.
Immunofluorescence Assays.

A2780 cells plated on coverslips in 6-well plates. After 4 days of treatment cisplatin, Pt-ttpy or Pt-tpy
during 96h at doses inducing 80% growth inhibition, cells were washed with phosphate-buffered saline
(PBS), then fixed 10 minutes in 4% formaldehyde. After a wash with PBS, cells were permeabilised 2
min using 0.5% Triton X-100 and washed with PBS. The cells were incubated in blocking buffer (5%
bovine serum albumin in PBS) for 30 min before being incubated for 1 h with the primary mouse
monoclonal antibody against TRF2 (clone 4A794 ), Anti-TRF2 Thr-188P polyclonal antibody [45],
monoclonal mouse anti y-H2AX antibody (JBW301, Upstate), mouse monoclonal anti-TRF1 antibody

(ab10579) or polyclonal rabbit anti y-H2AX antibody (ab2893) when used in co-localization with anti-
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TRF1 antibody for Telomere dysfunction-Induced Foci (TIF) experiments. After three washes with PBS,
the cells were incubated for an additional 1 h with a goat anti-mouse IgG secondary antibody TRITC
(tetramethylrhodamine)-conjugated (Thermofischer). Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole, Vectashield (DAPI). Three-dimension images (composed of 40 to 80 planes
of 0.3 um) were acquired using an inverted microscope with Epi-fluorescence attachment (Nikon
Eclipse TE-2000 E) For co-localization experiments, nuclei were labeled using TO-PRO®-3 (Life
Technologies) and the coverslides were mounted with Vectashield™. Acquisitions were performed on
confocal microscope (Zeiss LSM510) in the SCM (Faculté des Sciences Fondamentales et Biomédicales
— Université Paris Descartes). The number of foci in each nucleus was counted using the Image J

software program after a two-dimensional projection of three-dimension 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)3-FITC (PANAGENE) was combined with
immunofluorescence (IF) using a monoclonal mouse anti y-H2AX antibody (JBW301, Upstate) in order
to detect interphase telomere dysfunction-induced foci (TIF). A2780 cells 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%). 5 ug/ml of
PNA probe in hybridisation mixture containing 70% formamide, 10 mM Tris-HCl pH 7.2, 1mM MgCI2,
0.5% Boehringer blocking reagent and added to cells, followed by DNA denaturation for 2 min at 75°C
and hybridisation for 1h30 at room temperature. FISH protocol was followed by immunofluorescence
staining, as previously described. Three-dimension images (composed of 25 planes of 0.8 um) were
acquired using an inverted confocal microscope (Axiovert 200M 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 y-H2AX foci co-localised, were counted in each nucleus from a two-
dimensional projection of the three-dimension images using the JACoP plugin of Image J software

program (NCBI).
ChIP sample preparation

The A2780 cells were treated with the ICg doses of Pt-ttpy and cisplatin for 96 hours because under
these conditions the two complexes induce 40-50% of damage to genomic DNA. At the end of the
treatment, the cells were fixed with 4%. After stopping the fixation by glycine (0.125M) the cells are
recovered by scraping, centrifuged and lysed with the lysis buffer (5mM PIPES pH8, 85mM KCl, 0.5%
NP40, 1X inhibitor cocktail) using piston B (dounce homogenizer) 10 times in ice. The lysed cells are

then aliquoted (approximately 2-4 million per tube) the nucleus was then lysed by the buffer (5mM



Tris-HCl pH8, 10mM EDTA, 1% SDS, 1X inhibitor cocktail) and sonicated to obtain fragments of size 200-
700bp. The sonicated chromatin was then incubated with ChIP Adembeads protein A / G (Sigma) which
have already blocked for 15 minutes with 225 pl of “blocking buffer” and incubated with 1-3 ug of anti
YH2AX antibody (anti -babbit ab2893) in IP buffer (0.01% SDS, 1.1% triton X-100, 1.2mM EDTA, 16.7mM
Tris-HCl pH8, 16.7mM NaCl) The beads were then washed with several washing buffers which contain
increasing concentrations of NaCl, then the magnetic particles are suspended in 300 ul of elution buffer
(0.1M NaHCO3, 1% SDS) and proteinase K. DNA was recovered and purified using phenol / chloroform
, and its concentration assayed with Nano-drop and qubit. Its quality was assayed by Agilent 2100
expert high sensitivity DNA assay and the library prepared and high-throughput sequencing done on
HiSeq2500 (Rapid Flow cell,50 bases Single Read, lllumina TruSeq Read) by the NGS facility of the
Institut Curie. The quality of the IP was also validated by contaminating samples with E. coli DNA which

is only very weakly immunoprecipitated under these conditions.

Library preparation and Sequencing

[llumina compatible libraries were prepared from input and immunoprecipitated DNAs using the
[llumina TruSeq ChIP library preparation kit according to the manufacturer’s protocol. Briefly, 15ng of
DNA were subjected to subsequent steps of end-repair, dA-tailing and ligation of TruSeq indexed
Illumina adapters. After a final PCR amplification step, the 8 resulting barcoded libraries were
equimolarly pooled and quantified using a gPCR method (KAPA library quantification kit, Roche) before
sequencing on the Illlumina HiSeq2500 instrument. The pool was loaded on 2 rapid flow cells and
sequenced using a single read mode (read length of 100 bases, SR100). This sequencing configuration

was set to reach an expected yield of 75 million reads per sample.
ChiP-seq data analysis

Mapping and peak calling. Raw fastq reads were aligned to the human reference genome (version
hg19) using the BWA-mem algorithm (v0.7.5) [46]. We removed reads with a mapping quality inferior
to ten or marked as positional duplicates. Peaks for ChIP experiments were detected using MACS2
(v.2.1.0) [47], for each replicate independently, with relevant input reads as background, an FDR
threshold of 0.05 and default parameters. Peaks were also called for cisplatin and Pt-ttpy y-H2AX IPs
using the untreated condition reads as background. The obtained peaks were further filtered based on
the condition fold change > 3. Finally, we created the bed files used in all the analyses by keeping the
peaks present at the intersection between replicates. These final bed files were imported into R for

MacOSX [48] to generate the plots reported in the manuscript.



Peak annotation and motif search. We used the annotatePeaks.pl Perl script from HOMER software
(v4.9) [49] to annotate all the obtained peaks previously described and to calculate enrichments of the
identified features. De novo and known motif discovery were carried out using the HOMER motif
analysis pipeline. In addition, sequences within peak regions were scanned for for satlll repeats (-
[GGAAT],-), for telomere repeats ([TTAGGG],), canonical G-quadruplex motifs with up to 7 or 12
nucleotides in the loops (G3-sN1-7G3-5sN1-7G3.5N1-7G3.5 or G3.5N1-12G3.5N1.12G35N1.12G3.5 motifs), GG, GA or
GNG occurrences by regular expression matching. The log, fold-enrichments reported in the figures
were calculated by comparing motif counts within peak regions to counts of the same peak regions
after random shuffling of the sequences throughout the hgl9 reference genome. Shuffling was

performed with a Python implementation of the Altschul-Erikson dinucleotide shuffle algorithm.
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Results

Antiproliferative properties of Pt-ttpy compared to Pt-tpy and cisplatin

We examined the cell growth inhibition of Pt-ttpy and Pt-tpy for a 96h-treatment compared
to cisplatin on the ovarian cell line A2780 and its counterpart cisplatin-resistant, A2780cis. This allowed
determining the ICso, a dose that inhibits 80% proliferation, conditions that were used for the
subsequent experiments. In A2780, the ICg of Pt-ttpy and Pt-tpy (Figure 1 and Table 1) are similar (4
and 5.5 uM, respectively) but 7-fold higher than that of cisplatin (0.66uM), which is consistent with the
reported ICso values (2.5, 3 and 0.3uM, respectively) [34]. To note, while the 1Cg of Pt-ttpy is the same
for A2780cis and A2780 cell lines and that of Pt-tpy is only slightly higher in A2780cis when compared
to A2780, the ICs of cisplatin increases in A2780cis by a factor of 10, as expected. These results indicate
that the two terpyridine complexes show no (or almost no) cross-resistance with cisplatin (factor
resistance of 1-1.7, Table 1). Therefore, Pt-ttpy becomes more efficient than cisplatin (4uM versus

7uM) in A2780cis.

(A) A2780 (B) A2780cis
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Fig. 1 Cell growth inhibition. (A) % cell growth inhibition of A2780 cells by cisplatin, Pt-ttpy, and Pt-tpy. (B) % cell growth
inhibition of A2780cis cells by cisplatin, Pt-ttpy, and Pt-tpy. Cell growth was evaluated by cell counting using cell counter (At
least 10 experiments).

A2780 cells A2780cis cells

Resitance factor (ICso) Cis-Pt Pt-ttpy Pt-tpy Cis-Pt12.1 Pt-ttpy 1 Pt-tpy 1.7

0.33 25 3 B 25 5

1 16 8 1 21 1.6

1 1.6 1.2 1 04 0.3
1Cso (M) 0.66 4 5.5 7 4 8
Relative Uptake to cisplatin 1 9 7.4 1 14 1.5
Relative DNA to cisplatin 1 0.8 0.7 1 E 0.3

Table 1 1C50, IC80 of cisplatin, Pt-ttpy, and Pt-tpy in A2780 and A2780cis cells and their resistance factor (ratio IC50
A2780cis/IC50 A2780). Standard errors have been evaluated between 5 and 15%. Relative values with respect to cisplatin of
cellular uptake of Pt-tpy and Pt-ttpy (ng Pt for 5 x 106 cells) and platinum bound to DNA in A2780 and A2780cis cells (pg Pt

per mg of genomic DNA) after treatment with cisplatin, Pt-ttpy, and Pt-tpy at their respective IC50 and IC80 (From Fig. 2).
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Cellular uptake and genomic DNA binding of platinum complexes

The discrepancy of the three complexes in anti-proliferative activity between both cell lines might
result from their difference in cellular uptake and/or genomic DNA binding efficiency, since platinum
DNA-adducts have been recognized as the ultimate event generated in cells [39, 50]. At the stage, we
want to point out that contrary to other platinum complexes, our complexes are not luminescent [51].
Therefore, to explore the cellular fate of the three platinum drugs, we determined their cellular uptake
and distribution using the inductively-coupled plasma mass spectrometry (ICP-MS) method [52], which
allows to quantify the amount of Pt in whole cells and that bound to genomic DNA. The cellular
accumulation of the three complexes and their binding to DNA are time- and dose-dependent (Figure
S1). For the 96h-treatment, the accumulation of both Pt-ttpy and Pt-tpy is stronger than that of
cisplatin in A2780 cells (9 or 7.4 times more at ICso, respectively, Figure2A and Table 1), however their
binding to DNA is quite similar (Figure2B and Table 1). This suggests that anti-proliferative activity in
A2780 cells is to be linked to their ability to bind DNA rather than to their cellular uptake. In A2780cis
cells, as compared to A2780cells (Figure 2), cellular uptake and DNA binding are slightly increased for
both Pt-ttpy and Pt-tpy, in contrast to cisplatin [53] where a large increase in uptake and DNA binding
(7 times) due to their respective increase in drug concentration. These results are in agreement with
those obtained when cells were treated at equimolar concentrations of drugs [37] and indicate that
the influx/efflux of Pt-ttpy and Pt-tpy are not altered in A2780cis cells, contrary to cisplatin [54]. For
cisplatin, both the cellular accumulation and amount bound to DNA in A2780cis cells are slightly higher
than those reported in previous studies [55, 56], which may be attributed to different incubation

conditions.

Given that all complexes show similar Pt-binding efficiency to DNA, we decided to explore their
binding specificity for various DNA loci (telomeres, genomic G4 sequences) in conditions maximizing
the formation of platinum adducts with DNA (96h ICgo doses). In order to explore these properties, we
ensured of the viability of remaining adherent cells using the acridine orange/Propidium iodide viability
assay after treatment with the drugs at 1Cgo for 96h (Figure S2A). Further analysis by Annexin V-FITC/PI
assay confirmed the absence of dead cells (late apoptotic cells) but evidenced an induction of early

apoptotic cells restricted to Pt-ttpy treatment in these treatments’ conditions (Figures S2B-C).
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Fig.2: Cellular uptake and amount of platinum complexes bound to genomic DNA in A2780 and A2780cis cells. The metal
content was determined after 96h incubation time at the IC50 and IC80 doses of cisplatin (0.33 and 0.66 uM), Pt-ttpy (2.5
and 4 uM) and Pt-tpy (3 and 5.5 uM), respectively, in A2780 (grey bars) and of cisplatin (4 and 7 uM), Pt-ttpy (2.5 and 4uM)
and Pt-tpy (5 and 8 uM), respectively in A2780cis (black bars) for 5 106 cells or rationalized per mg of genomic DNA extracted

Telomeric dysfunction is induced upon treatment with Pt-tty but not with Pt-tpy and cisplatin.

Since we have shown that Pt-ttpy and Pt-tpy may bind to telomeres by coordination, in an
equal distribution on both telomeric and genomic DNA whereas a slight preference for genomic DNA
for cisplatin was observed [37], we wondered if these binding events may affect the stability of
telomeres and induce telomere dysfunction-induced foci (TIFs) [57]. Therefore, we evaluated the
effects of the 3 platinum complexes on DNA damage response by y-H2AX immunostaining (y-H2AX
foci), a well-defined marker of DNA damage. Cisplatin, Pt-ttpy and Pt-tpy induced a large amount of y-
H2AX foci formation (40-80 foci) (Figures 3A, 3B and S3A). Specific damage to telomeres was further
assessed by the quantification of y-H2AX foci using a telomeric specific targeting PNA probe. Co-
localisation analysis of the DNA damage signals with telomeres staining (Figure 3A) showed that only
Pt-ttpy induced significant telomere damage (24% of cells comprising 3-5 TIFs per cells) (Figure 3C).
Since the binding of platinum complexes to telomeric DNA could partially impede the hybridization of
telomeric probes to telomeres [37], Pt-ttpy-induced TIFs were confirmed by the co-localisation of the
DNA damage signals with the telomeric protein TRF1 (Figure S3A), which is not released from
telomeres upon the various treatments (as seen in Figure 4). As shown in Figure S3B, 35% of cells

treated by Pt-ttpy contain 3 to 8 telomeric damages per cell (average 2 TIFs per cell).

Therefore, among the three platinum complexes, only the G4-ligand, Pt-ttpy is able to induce

telomeric DNA damage.
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Fig. 3 DNA damage activation at telomeres. A2780 cells were treated for 96 h with Pt-ttpy, Pt-tpy, and cisplatin at their IC80
concentration. Cells were processed for immunofluorescence using antibodies against y -H2AX and C-rich PNA telomeric
probe. (A) Z project of microscopy confocal acquisitions of cells treated with Pt-ttpy. (B) Percentages of y -H2AX positive cells.
(C) Percentages of TIFs positive cells in untreated and treated cells. Cells with more than 20 y-H2AX foci and more than three
TIFs were scored as y-H2AX and TIF positive, respectively. (Mean of at least three experiments) Indicates a Mann and Withney
test P-value < 0.05 (GraphPad PRISM software

TRF2 displacement from telomeres is induced upon treatment with Pt-ttpy and cisplatin but not with

Pt-tpy.

Telomeric DNA damage, as assessed by TIFs quantification may be the consequence of telomere
uncapping, especially by the removal from telomeres of TRF2 and POT1, two shelterin’s proteins
ensuring telomere protection. Indeed, some G4 ligands, including platinum complexes, were shown to
dissociate TRF2 and/or POT1 from telomeres, leading to telomere uncapping and degradation [41, 58-
64], and thus may result in telomere-end fusions [64-66]. Therefore, we investigated and compared
the capacity of Pt-ttpy, Pt-tpy and cisplatin to induce telomere deprotection by quantifying the amount
of TRF2, TRF1 and POT1 bound to telomeres after a 96h-treatment at an ICgp dose. Histone H3, a non-
telomere specific DNA binding protein, was used as control.

Immunostaining of TRF2 first revealed that Pt-ttpy and cisplatin induced a significant loss of
TRF2 foci (47 to 78% remaining foci) in both A2780 (Figures 4A-B) and A2780cis cells (Figure 4C),
whereas Pt-tpy had no impact. Since TRF2 foci are not exclusively localized at telomeres [67], we
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performed Chromatin Immunoprecipitation (ChIP) experiments using telomeric probes for the
detection and quantification of DNA, which confirmed the immunostaining results. Indeed, 50 to 58%
of TRF2 remained bound to telomeres in A2780 cells treated with cisplatin or Pt-ttpy, respectively,
whereas TRF2 remained fully bound upon Pt-tpy treatment (Figure 5A-D). Similarly, in A2780cis cells,
56 to 68% of TRF2 remained bound to telomeres by cisplatin and Pt-ttpy treatments, respectively,
whereas for Pt-tpy treatment, TRF2 remained fully bound (Figure 5E). In contrast, TRF1, POT1 and H3

were not affected and remained fully bound, irrespective of the platinum complex used.

Since the release of TRF2 from telomeres can also result from a decrease in TRF2 expression
due to the stabilisation of the G4 structure located within its 5’"UTR mRNA region [68], the amount of
protein TRF2 was analysed by Western blot. TRF2 expression was not significantly affected by Pt-ttpy,

Pt-tpy or cisplatin treatments (Figures 6A-B).

Since the release of TRF2 from telomeres can also result from its phosphorylation in position
188 [45], we checked pTRF2 formation by Western blot (Figure 6C). No TRF2 appeared phosphorylated
on position 188 after 8h treatment at 50mM Pt-tpy and Pt-ttpy. In contrast, only cisplatin clearly
induced TRF2 phosphorylation after 8 h treatment at 50uM such as etoposide treatment used as a

positive control.

Therefore, Pt-ttpy and cisplatin are able to induce specifically TRF2 removal from telomeres.
This is expected for Pt-ttpy in a view of its ability to induce telomeric DNA damage and was already

shown for cisplatin in HT1080 cell lines [64].
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Fig. 4 TRF2 foci quantification detected by immunofluorescence on A2780 and A2780cis cells treated with cisplatin, Pt-ttpy,
and Pt-tpy for 96 h at their respective IC80 concentration. (A) A2780 cells were processed for immunofluorescence using
antibodies against TRF2. (B) % of TRF2 foci after A2780 cell treatments with cisplatin, Pt-ttpy, and Pt-tpy. (C) % of TRF2 foci
after A2780cis cell treatments with cisplatin, Pt-ttpy, and Pt-tpy (mean of at least three experiments). ** Indicates a Mann
and Withney test P-value < 0.01 and * P < 0.05 (GraphPad PRISM software).

Absence of telomere shortening upon TRF2 displacement from telomeres

Since the release of TRF2 from telomeres can induce telomere shortening, we investigated the
platinum complexes effects on telomere length by Southern blot and gPCR of telomeric DNA in A2780
cells. Southern blot analysis of the mean value of TRF (Telomere Restriction Fragments) and qPCR
showed that Pt-ttpy, Pt-tpy, and cisplatin did not induce any telomere shortening in our conditions

(Figures 6D and 6E).
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Fig. 6 Western blot of TRF2, pTRF2, and telomere length from A2780 treated cells with cisplatin, Pt-ttpy, and Pt-tpy for 96
h. (A) Western blot of TRF2 membranes, (B) TRF2 relative protein level normalized with actin (Mean of three experiments),
(C) Western blot of pTRF2 membranes for 50 uM 8 h treatment, and 85 mM etoposide as positive control (D) Southern blot
or (E) Relative telomere length measured by qPCR. The values were normalized using 36B4u gene (mean of three
experiments).

Pt-ttpy preferentially induced damage at genomic G-rich sequences but not exclusively at

predicted G4 motifs

v-H2AX foci induced upon drug treatment localize at telomeres but also in other chromosomal
regions (Figures 3 and S3). In order to determine these sites, we conducted chromatin
immunoprecipitation of cells treated with Pt-ttpy using an antibody against y-H2AX followed by Next-
Generation sequencing (ChIP-seq), the same analysis was done in cisplatin-treated cells for the
purpose of comparison and in non-treated cells used as control. The A2780 cells were treated with the
ICso doses of Pt-ttpy and cisplatin for 96 hours because under these conditions the two complexes

reach their maximum of 40-50% of damage to genomic DNA.

We identified a total of 25,788, 17,682 and 10,050 peaks from treatments with cisplatin, Pt-ttpy and

untreated cells, respectively (Figure 7A). Cisplatin and Pt-ttpy IPs were then analyzed over the
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untreated IPs, revealing 11 744 common peaks (Figure 7A). Interestingly, the y-H2AX domains are
unevenly distributed among chromosomes (Figure 7B). Indeed, y-H2AX preferentially accumulates on
six chromosomes, with the highest enrichment detected in chrl> chr21>chrl6> chr15> chr9> chrl9
(Figure 7C). Notably, this distribution is identical for cisplatin and Pt-ttpy and shows no link between the
abundance of y-H2AX per chromosome with the length of the chromosomes, otherwise we would have the
largest chromosomes (chrl, chr2, chr3, chrX, ..) amongst the most enriched. Of note, the bioinformatics
analyses of the ChlP-seq data revealed also multiple reads that mapped onto mitochondrial DNA
(chrM). Mitochondrial DNA exists in a closed-circular double-stranded form in high copy numbers in
mitochondria within the cells as well as remnants of partial or whole copies within the nuclear genome,
known as Nuclear Mitochondrial sequences (NUMTSs) [69]. The ChIP-seq peaks that mapped on chrM
covered almost the entire mitochondrial DNA. Thus, it was not possible to decipher whether the
enriched signal originates from NUMTs or from mitochondria. Moreover, even if some histones like
H2A and H2AX were reported in mitochondria and that the decreased expression of H2AX could lead
to mitochondrial toxicity [70], no detectable y-H2AX has been reported within mitochondria, even
under ionizing radiation [71]. Likewise, our immunofluorescence analyses did not show any y-H2AX
signal outside from the nucleus upon drug treatments (Figures 3A and S3A). In addition, we attempted
toisolate mitochondria from cells in the presence of different treatments to confirm by WB that the DNA damage
by y-H2AX IF staining solely occurs in the nucleus. Unfortunately, the fraction of purified mitochondria was

slightly contaminated by the presence of actin impeding the use the latter assay. These data suggest that chrM

chipped by y-H2AX originates from the nucleus as NUMTs and not from mitochondria.

We observed that the preferred DNA damage domains are G- and A-rich tandemly repeated
sequences, comprising satellite DNA, rDNA and pseudogene regions (Figure 8A). We then analyzed the
enrichment of DNA damage sites in regions containing potential G4-forming sequences (G4L1-12 and
G4L1-7 motifs, matching the regular expressions Gs.sN1.7G3.5N1.7G3.5N1.7G3.5 or G3.sN1.12G3.5N1.12G3.5N31.
12G3.5; see Material and Methods) in gene promoters, telomeric sequences ([TTAGGG], repeats) and in
GG and GNG sites that are preferentially crosslinked by cisplatin [39] (Figure 8B). Except for GNG-
containing sequences, none of these domains, including G4 genomic motifs, are prominent damage
domains of Pt-ttpy. Even if telomeric damages have been evidenced by confocal microscopy, we did
not detect any telomeric enrichment in peaks from our sequencing data. However, since assigning
telomeric reads with high confidence using ChIP-seq data is not possible (specialized software designed
for WGS data, repetitive nature of the telomeric regions, long stretches of unknown nucleotides at the
ends of most chromosomes in the human reference genome assembly), this quantification has not
been considered in our analysis. For cisplatin, enrichment in y-H2AX domains containing GG and GNG

was observed. To note, our genome wide pattern of y-H2AX domains of cisplatin treatments differs
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significantly from the maps obtained from cisplatin-DNA adducts and cisplatin DNA damage and repair

sequencing of the human genome at single-nucleotide resolution [72, 73]. Indeed, in our study, the y-

H2AX domains do not correlate with the density of GG (Figure S4) and no enrichment has been

observed in promoter regions. Most interestingly, the analysis of prominent peak regions highlights

that six consensus motif sequences (60% of the peaks) were significantly enriched after Pt-ttpy

treatment and are different from those observed after cisplatin treatment (Figure S5).

Therefore, Pt-ttpy induced preferentially DNA damage in G- and A-rich tandemly repeated

sequences in A2780 cells comprising satellite DNA, rDNA and pseudogene regions, and was not

restricted to sites with G4-forming potential.
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Discussion

Here, we examined the cellular and molecular targets of the G4 ligand tolylterpyridine platinum
complex, Pt-ttpy [33, 34], that can bind and trap G4s irreversibly by metallic mono-coordination [30,
35]. We used, for comparison, the structurally related compound Pt-tpy that displays weak G4-binding,
and another prevalent anti-cancer drug, cisplatin, that mainly binds DNA by bis-coordination between
two adjacent guanines. Due to the dual properties of Pt-ttpy (G4 ligand and platinum coordinating
complex), we analyzed its ability to induce telomere damage and identified other genomic DNA

damage sites.

In the context of the search for platinum complexes able to overcome cisplatin resistance [74], Pt-ttpy
and Pt-tpy are promising complexes from a pharmacological viewpoint, since they do not exhibit cross-
resistance with cisplatin [34]. Indeed, both complexes overcome the reduced influx and enhanced
efflux of cisplatin contributing to cisplatin resistance in the A2780cis cell line, in comparison to its
sensitive A2780 counterpart (Table 1, Figure 2) [53]. Interestingly, in A2780 cells, while the cellular
uptake of both Pt-ttpy and Pt-tpy is greatly increased (7 to 16-fold) in comparison with cisplatin at iso-
effect doses, the amount of platinum bound to DNA remains in the same order of magnitude (factor
0.7 to 1.6) for all complexes. This suggests that their anti-proliferative activity is mainly related to their
DNA binding activity, as previously proposed for many platinum complexes [39, 75]. Conversely, in
A2780cis cells, the amount of platinum bound to DNA after cisplatin, Pt-ttpy and Pt-tpy treatments is
not at the same level (Table 1). This indicates that their capacity to promote Pt-DNA adducts cannot
entirely explain the drugs anti-cancer activities in A2780cis cells, that are supposed to have a high
tolerance to DNA damage [76]. This also indicates that circumventing cisplatin resistance involves
many molecular and cellular targets that need to be characterized [77]. Therefore, to get further
insight into the mechanism of Pt-ttpy anti-cancer activities, it was important to decipher whether the
effects of Pt-ttpy were dependent on its preferential DNA structure recognition (G4 versus duplex
DNA).

Firstly, the telomere target of Pt-ttpy was uncovered: Pt-ttpy induced telomeric DNA damage
concomitantly with a partial release of TRF2 from telomeres. Interestingly, telomeric DNA damage by
Pt-ttpy treatment has already been highlighted using TRF2 as a telomeric probe [38], indicating that
the remaining bound TRF2 still localizes with telomeric DNA damage.The telomere targeting of Pt-ttpy
also agrees with previous finding showing that Pt-ttpy is able to induce efficiently and exclusively
chromosome loss in linear (containing telomeres) but not in circular (lacking telomeres) human
chromosome [38]. As found for Pt-ttpy, G4 ligands may induce partial uncapping TRF2 and /or POT1

from telomeres and telomeric damages [41, 58-64, 78-80]. Our results can provide some insights
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concerning the mechanism of TRF2 delocalization from telomeres that not exclusively the property of
G4 ligands, since cisplatin succeeded, and telomeric DNA damage induction by drug cell treatments.
The release of TRF2 from telomeres may originate from various processes. It could be due to a sterically
impediment as shown in vitro on telomeric DNA fragments platinated by cisplatin [81], or with the G4
ligand telomestatin [82, 83]. It could also originate from the phosphorylation status of TRF2 since its
phosphorylation in position 188 reduces TRF2’s affinity for telomeres [45]. TRF2 phosphorylation
occurs rapidly in response to DNA damage such as IR or etoposide [45] [84]. We indeed show that
cisplatin for higher concentration treatment and short time treatment, but not Pt-ttpy, induces the
phosphorylation of TRF2 in position 188 which may consequently contribute to TRF2 release from
telomeres in these conditions [37] . Moreover, since TRF2 is involved in many extratelomeric functions,
and in particular in the response to DNA damage [85], it should be also interesting to evaluate the
extratelomeric target of TRF2 released from telomeres upon the various treatments. Concerning
telomeric DNA damage, since the shelterin complex at telomeres is essential to cell viability, in
particular its TRF2 and POT1 components that block the activation of DNA damage responses by ATM
and ATR respectively at telomeres [13, 86], it has been proposed that the removal of TRF2/POT1 from
telomeres could consequently lead to telomeric DNA damage, telomere dysfunction and consequently
participate to cell death [13, 87]. However this is not the case of cisplatin thereby confirming previous
findings [64]. Consequently, this suggests that there is no correlation between telomeric DNA damage
and the partial removal of TRF2. Telomeric damage could be better induced by replication and
transcription impairments due to G4 stabilization that are well known to lead to DNA double strand
breaks [88]. Therefore, our results suggest that telomeric effect of Pt-ttpy is more connected to its G4
binding capacity rather than to its platination properties.

Secondly, at genome-wide level, y-H2AX chromatin immunoprecipitation followed by Next-
Generation-Sequencing (ChIP-seq) showed that the y-H2AX domains of Pt-ttpy treatment did not
accumulate in potential G4-forming sequences (PQS) irrespective of the search criterion used (G4L1-
12 and G4L1-7) [3, 89] and 2) but followed the same enrichment pattern as cisplatin. This strongly
suggests that the preferential genomic DNA sequence of Pt-ttpy-induced damage response through y-
H2AX is not driven by G4-binding properties ,but rather its platination properties, in contrast to the G4
ligand Pyridostatin for which y-H2AX domains have been mainly firstly found in oncogene promoters
containing PQS [90] but subsequently shown to occur at other loci [91]. In addition, six prominent
consensus DNA damaged sequences were defined to be unique to the Pt-ttpy treatment as compared
to cisplatin. This could be due to a differential ability of the platinum complexes to form various DNA-
adducts, as mono adducts for Pt-ttpy and intra- and inter-strand crosslinks for cisplatin, that will be

processed differently during replication, transcription and/or repair leading consequently to various
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DNA damage sites [92]. This singular property may be an important feature for the anti-cancer activity

of Pt-ttpy.

It should be noted that the genome-wide pattern of cisplatin y-H2AX domains obtained herein, that is
enriched in G- and A-rich sequences, differs significantly from the single nucleotide resolution maps of
cisplatin-DNA adducts and cisplatin repair sites recently reported [72, 73, 92]. In these studies, the
cisplatin-DNA adduct distribution (using antibodies against cisplatin and high mobility group protein
HMGB1 for IP) appeared dictated primarily by the GG frequency whereas the cisplatin repair sites
(using antibodies against TFIIH for IP) were shown to be highly heterogeneous and significantly
correlated to transcription and chromatin states. To explain this discordance, it was proposed that the
chromatin state would limit the accessibility of the Nucleotide Excision Repair (NER machinery), thus
impairing its activity [93, 94]. Consequently, the persistence of DBS and of y-H2AX domains spreading
over many kb would depend on the repair efficiency. These arguments could also explain the y-H2AX
domains patterns reported herein. In fact, although the detection of y-H2AX has been used to identify
G4-drug binding sites on DNA [90], our findings indicate that this approach may reflect only partly the

DNA-drug binding sites, at least in the context of drugs with DNA metal coordination capacity.

In conclusion, we showed that Pt-ttpy presents unique features in terms of cellular targets as
compared to cisplatin. Pt-ttpy targets telomeres and induces their dysfunction, probably by G4
recognition, while its main genomic DNA damage sequences are not related to its G4 recognition
properties. Hence, the in cellulo activities of Pt-ttpy can be exploited in order to circumvent increasing

cisplatin resistance in chemotherapy.
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