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Abstract

Bioactive NHC-transition metal complexes have shown promise as anti-cancer agents, but their
potential use as radiosensitizers has been neglected so far. We disclose here a new series of bimetallic
platinum(ll) complexes displaying NHC-type bridging ligands, (bis-NHC)[trans-Pt(RNH.)I.]. that have
been synthesized via a simple, two-step procedure. They display cytotoxicity in the micromolar range
on cancerous cell lines, accumulate in cells and bind to genomic DNA, by inducing DNA damages.
Notably, these bimetallic complexes demonstrate significant radiosensitizing effects on both ovarian
cells A2780 and non-small lung carcinoma cells H1299. Further investigations revealed that bimetallic
species make irradiation-induced DNA damages more persistent by inhibiting repair mechanisms.
Indeed, a higher and persistent accumulation of both y-H2AX and 53BP1 foci post-irradiation was
detected, in the presence of the NHC-Pt complexes. Overall, we provide the first in vitro evidence for
the radiosensitizing properties of NHC-platinum complexes, that suggests their potential use in

combined chemo-radio therapy protocols.

Introduction

Over the last two decades, NHC-transition metal complexes (NHC = N-Heterocyclic Carbene) have
attracted significant attention not only for uses in organometallic chemistry and catalysis, *° but also
as bio-organometallics, notably due to the high stability of the NHC-metal bonds under physiological

conditions. 018

Our group provided a seminal contribution to the field of bioactive NHC metal complexes, when we
brought NHCs into the area of cytotoxic platinum derivatives,’® at a time when only gold, silver,
palladium, copper, rhodium and ruthenium NHC complexes had been reported as antitumor or
antimicrobial species.’>?! We have disclosed trans-(NHC)Pt(amine)X, complexes (Figure 1A) as a

readily accessible and easily tunable platform for cisplatin-like compounds that demonstrate



antiproliferative activity against both cisplatin-sensitive (CEM and H460) and cisplatin-resistant cell
lines (A2780/DDP, CH1/DDP and SK-OV-3) at a micromolar level. The trans-coordination mode of the
labile ligands X, that crucially differentiates these species with respect to cisplatin, induces peculiar
biological properties including specific DNA bonding modes.??%3

Since then, several groups have been actively committed to the development of Pt-NHC complexes as
potential anticancer drugs, as shown in recent review articles.'® ¥ Many efforts have been devoted to
the chemistry of NHC-platinum complexes, in order to make available a large array of structural motifs
and substitution patterns. Structural tuning enabled notably conjugation of the Pt drug with targeting
agents. Parallel studies were intended to elucidate their mechanisms of action. Driven by the cisplatin
analogy,?* special focus was given initially on their interaction with DNA targets, since the first known
series of Pt-NHC complexes display labile ligands and affinity to DNA bases. Later on, alternative
mechanisms of action and new pharmacological applications have been highlighted that mostly result
from special structural features of the metal complexes themselves. For instance, a series of
platinacyclic NHC complexes has been demonstrated to target Asparagine Synthetase,?2® while other

series induce Immunogenic Cell Death (Figures 1B-C).2-2 |t must be emphasized that, unlike complexes

A, these last complexes do not display labile ligands in the coordination sphere of platinum.
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Figure 1. Antitumor NHC-platinum" complexes with different biological profiles

Despite the extensive research in the field of NHC-platinum complexes for various therapeutic
applications, to the best of our knowledge, their usage as radiosensitizers in anti-cancer therapy has
been overlooked so far. On the other hand, combination of cisplatin and derivatives with radiotherapy
belongs to clinical standards of care for many types of cancers, including non-small cell lung cancer,
ovarian cancer and cervical cancer, etc.).

In this paper we report preliminary investigations on the radiosensitizing behavior of (NHC)Ptl>(amine)
complexes in cellular assays. We provide the first evidence that NHC-platinum complexes, including
new bimetallic species, can have radiosensitizing effects on ovarian and non-small cell lung cancer

cells.



Results and Discussions

Since radiotherapy is based on the induction of DNA damage that leads to cell death if not correctly
repaired, combination therapy relies notably on agents that impair DNA-damage repair and/or
increase DNA damage.?® 3! Among them, metal-based DNA binding and damaging agents have
emerged, including cisplatin® itself.3? Indeed, patients treated with combined cisplatin-based
chemotherapy and radiotherapy have significantly longer survival times than those treated with
monotherapy protocols.? 33

Thus, having in hand series of NHC-platinum complexes of the general formula (NHC)Ptl,(amine) that
operate as cytotoxic drugs through DNA-binding, we decided to explore their potential radiosensitizing
properties, with the final aim to either potentiate radiotherapies or to increase their therapeutic
windows. For these preliminary studies we have investigated radiosensitizing effects on the model
ovarian A2780 and NSCLC H1299 cell lines, since the (NHC)Ptl,(amine) complexes have demonstrated

high levels of cytotoxicity and DNA binding on these cell lines.?23

Synthesis and characterization of the Platinum-NHC complexes

We focused our studies on the monometallic complexes M1 and M2, as well as on the bimetallic (bis-
NHC)[Pt(amine)l,], complexes D1-D4 in which two platinum{ units are linked together by means of

bis-NHC ligands (Figure 2).

(bis-NHC)[Pt(amine)l,],

/\
= r\N— r1-N_N—(CHz)y—N__N-g!

N— N
/N\< o g \< -l |—\PC—| I—Pt—I

Rt 17\ | |
17\
NH, NH?‘O NH NHz
R? R2

M1 M2 D1-D4

Figure 2. Mono- and bimetallic complexes displaying a trans-(NHC)Pt(amine)l, core

Complexes M1 and M2 belong to a known series.!® Their synthesis and characterization, including the
X-ray crystal structure of M1, are reported as Supporting Information (Tables S1, S2, Figures S1-S3).

As far as we know, complexes of the general formula D haven’t been reported before. In previous
studies, analogous bis-NHC ligands have been used to build dinuclear cyclometalated platinum®
complexes that induce apoptosis in cancer cells by inhibiting survivin expression, but do not interact
with DNA.3* Also, one binuclear Pt(ll) and two Pt(IV) complexes displaying bis-NHC and pyridine ligands
(instead of RNH; ligands) have been described previously which demonstrated antiproliferative activity

on HCT116, MCF7 and PC3 cells.®®



For the synthesis of the bimetallic complexes D1-D4 we have adapted our general synthetic protocol'*
3 that involves two main steps: coordination of an NHC ligand to a Pt(dvtms) unit®” and subsequent
oxidation of Pt to Pt" by addition of iodine, in the presence of the desired amine. The method is
depicted in Scheme 1 hereafter.

The bis-imidazolium dibromides 1a-c were prepared from 1-methylimidazole and the corresponding
1,n-dibromoalkanes.3“° They were treated then with potassium tert-butoxide to generate in situ the

1 in the presence of a solution of platinum®-1,3-divinyl-

corresponding N-heterocyclic carbenes,
1,1,3,3-tetramethyldisiloxane complex (Karstedt catalyst). The desired (bis-NHC)-Pt® complexes 2a-c
were obtained in 41%, 92% and 88% vyields respectively. The second step involves oxidative addition
of iodine to the Pt® complexes 2 and subsequent ligand exchange between the diene and ammonia
(from agueous ammonia solutions). The (bis-NHC)[Pt(NHs)l,], complexes D1, D2 and D3 were obtained
in good yields as yellow solids, after purification by column chromatography.

The bimetallic complex D4 bearing a cyclohexylamine ligand, instead of an NH; ligand, has been
prepared through the same procedure. It has been obtained in 57% yield.

Crystals suitable for X-ray diffraction studies could be obtained for complex D2 (n=6). A view of the

solid-state structure of this complex is provided in Scheme 1.
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Scheme 1. Synthesis of the (bis-NHC)[Pt(RNH.)l,], complexes and X-ray crystal structure of D2

The solubility of complexes M and D in water was evaluated by monitoring the UV-visible spectra of
their solutions at various concentrations. All complexes are soluble in water in the concentration range
5-100 uM (Figure S4), except for D1 that presents a linear relationship between absorbance and
concentration only up to 20 uM. The stability of D2 has been assessed by monitoring an aqueous 200

UM solution by UPLC-Mass during 24h (Figures S5 and S6). The aqueous solution of D2 was prepared



under the conditions used for cell cultures, i.e. by dilution with water of a freshly prepared 5 mM DMSO
solution. UPLC-MS data show that the complex undergoes iodide displacement, leading to four distinct
compounds, but the resulting complexes retain the bimetallic core backbone. After initial equilibration,
the mixture remains roughly unchanged over 24h. A DMSO adduct may be formed but it does not

persist in water.
Antiproliferative properties of the NHC-Pt complexes

Prior to studies on radiosensitizing effects, we firstly established the anti-proliferative activities of the
mono- and bimetallic NHC-Pt complexes on ovarian cancerous cells A2780 and non-small lung
carcinoma (NSLC) cells H1299 since both cell lines are representative of cancers treated with a first-

2933 gnd are widely used as

line platinum-based chemotherapy*? or combined chemo-radiotherapy,
models for cell culture experiments. A third cell line, A2780/DDP, was chosen as a model for cisplatin
resistant cells. All cell lines have been treated for 4 days (or 7 days) with increasing doses of the mono-

and bimetallic complexes M1, M2 and D1-4.

On the A2780 cell line, the bimetallic complexes D1-4 showed ICspvalues in the range 0.8-1.8 uM. They
give therefore the same levels of antiproliferative efficiency as previously found for the bimetallic
complexes diamine[(NHC)PtXz]: (ICso around 1 uM),?? showing that the attachment site of the bridging
chain (amine vs NHC nitrogen atoms) has moderate influence on the antiproliferative properties.
However, the length of the linker chains in complexes D impacts their respective anti-proliferative
activities, since D1 (4 carbon atoms in the linker chain) is twice more potent than the bimetallic
complexes D2, D3 and D4 that display 6 or 8 carbons in the linker chain (Table 1). The bimetallic
complexes exhibit higher anti-proliferative activities than the corresponding monometallic complexes
M1 and M2, which might result from the twofold amount of possibly active platinum units in complexes

D.

Most of the NHC-Pt complexes showed slightly higher anti-proliferative activities against H1299 cells
than against A2780 cells, while cisplatin shows the opposite trend (ICso = 0.3 uM and 0.82 uM for A2780
and H1299 cells respectively). Notably, the four bimetallic complexes showed no cross-resistance to
cisplatin since they are all more potent than cisplatin against A2780/DDP cells. Especially complexes

D1 and D2 demonstrate high cytotoxicity, with 1Cso values lower than 1uM.

Interestingly, when the proliferation assays were run for seven days, the ICso values did not change
significantly with respect to the four days assays, except for complex D1 in A2780 assays and complex
M1 in H1299 assays (Table 1). These seven days experiments prefigure the conditions of cell culture in

the radiosensibilization assays that will be described hereafter.



It must be noted here that preincubation of the complexes for 6h in water or in culture media give the
same ICso values as the fresh solutions prepared in water, indicating that the likely formation of

protein-platinum adducts in the culture medium does not affect the cytotoxic activity.

A2780 A2780/DDP H1299
Platinum 4 days 7 days® 4 days 4 days 7 days?®
complexes

M1 4.2+ 0.9 3.5+0.2 5.9+0.9 2.5+0.8 5.6+1.2

M2 2.91+0.2 2.5+0.3 4.9+0.8 1.8+0.3 1.6+0.3

D1 0.8+0.1 1.5+0.2 0.7+0.02 0.98+0.1 ND

D2 1.6+ 0.2 1.6+0.2 0.95+0.1 1.3+0.3 1.45+0.4

D3 1.7+£0.3 1.9+0.2 2.7+0.2 1.1+0.3 2.5+0.1

D4 1.8+0.1 1.9+0.2 1.7+£0.15 1.7+£0.5 ND
Cisplatin 0.3+0.01 ND 3.2+0.2 0.82+0.07 ND

Table 1. ICso (LM) values of the Pt-NHC complexes vs cisplatin on A2780, A2780/DDP and H1299 cells
after 4 days or 7 days treatment. @ Conditions used in the radiosensitization experiments hereafter.
ND: not determined.

We also conducted anti-proliferation assays on the MCF10A cell, a spontaneously immortalized, non-
malignant breast cell line, and hTERT-RPE1 cells, an immortalized human retinal epithelial cell line. All
the complexes showed approximately two to five-fold lower cytotoxicity against these cell lines, than
against the cancerous cell lines, indicating some selectivity for cancerous cell lines, mainly with the

bimetallic complexes (see Table S3).
Cellular Platinum Accumulation and genomic DNA Platination

Since the antiproliferative activity of the bimetallic complexes is almost twice that of the monometallic
complexes in A2780 and H1299 cells, we wondered if it could be due to higher cellular uptake or DNA
binding ability, or simply related to the twofold amount of platinum in their molecular structure. Thus,
in order to clarify this point, we have compared the DNA binding properties of four representative
complexes M1, M2, D2 and D4 at 1.5 uM concentration, which is around the ICsp doses for the
bimetallic species. We have determined both their cellular uptake and the amount of platinum bound
to genomic DNA using the ICP-MS method.*® The results in Table 2 show that the rate of intracellular
accumulation of the bimetallic complexes D2 and D4 is almost 4 to 5 times higher than that of the
monometallic complexes M1, M2. The same tendency has been found for their DNA binding efficiency,
since the bimetallic complexes binds to genomic DNA up to 3 times more than monometallic
complexes. Moreover, we also noticed that the cyclohexylamine ligand in M2 and D4 favors both the

cellular uptake and DNA binding, compared to M1 and D2 respectively, that contain NHs ligands. While
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the complexes behave similarly in both cell lines, their accumulation in H1299 cells is about 1.5 times

higher than in A2780 cells.

A2780 H1299
Platinum Cellular uptake Bound to DNA Cellular uptake Bound to DNA
complexes | (ngPtfor5x10° | (pgPtpermgof | (ngPtfor5x10° | (pg Pt per mg of
cells) genomic DNA cells) genomic DNA
M1 1.4+0.1 8715 2.810.3 179475
M2 3.210.1 112.1+20 6+0.2 91+35
D2 11.4+0.4 388+70 18+1 327190
[5.7£0.2]° [194+435]° [8.8+0.1)° [164+45)°
D4 3014 672.8184 48+4 9771104
[1542]7 [336%42]° [2442]7 [488+52]°

Table 2. Cellular accumulation of platinum and platinum bound to DNA in A2780 and H1299 cells after
4 days treatment with M1, M2, D2 and D4 at 1.5uM. The amount of platinum is quantified on cell
pellets or extracted genomic DNA digested with HNOs at 95°C and related to the total amount of cells
(5 X 10° cells) or genomic DNA (mg). ? Corrected value, representative of the amount of bimetallic
complexes D entering the cells or binding DNA (1/2 of the measured amount of Pt).

Overall, these data indicate that the antiproliferative activities of the Pt-NHC complexes in A2780 and
H1299 cells roughly correlate with their rate of cellular uptake and ability to bind DNA. Therefore, the

increased bioactivity of bimetallic species might result not from a simple additive effect of the two

platinum units, but rather from an increased uptake and DNA binding rate.
Induction of DNA damages

In order to get more insights in the behavior of the NHC-Pt complexes above, we have explored next
their capacity to induce DNA breaks. Most platinum complexes, including cisplatin, are known indeed
to behave as genotoxic drugs®* by inducing DNA cross-linking and subsequent DNA breaks, which
stimulates H2AX phosphorylation and recruits y-H2AX at the breaks.**

With this in mind, we have performed y-H2AX foci immunofluorescence (IF) analysis assays on A2780
cells treated with the mono- and bimetallic NHC-Pt complexes, as well as with cisplatin, at their
respective 1Cg concentrations for 4 days. Consistently with previous findings,*** cisplatin induced
significant accumulation of y-H2AX foci. y-H2AX foci were also detected in cells treated with the
bimetallic NHC-Pt complexes D1-D4 and the mono-metallic complex M2, but not with M1 (Figure 3).
This is consistent with the fact that M1 binds less efficiently to DNA (Table 2) and suggests that M1
might induce genomic toxicity through a different pathway, compared to the other complexes.
Quantitative data show that the bimetallic complexes are more prone to induce y-H2AX foci than the

mono-metallic species M2. It is worth noting also that, in bimetallic NHC-Pt complexes, the length of



the linker strongly modulates their ability to induce DNA breaks, complex D2 (n = 6) giving much higher

induction than its analogue D1 (n = 4), at their respective ICg concentrations.
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Figure 3. Activation of the DNA damages response. A2780 cells were treated for 96 h with M1, M2, D1,
D2, D3, D4 and cisplatin at doses that induce 80% growth inhibition (6, 3.5, 1, 2, 2, 2 and 0.5 uM
respectively). Cells were processed for IF using antibodies against y-H2AX. (A) Representative Z
projection of microscopy acquisitions of untreated and treated cells. (B) Number of y-H2AX foci/cell,
normalized to untreated sample (UT). The upper and lower ends of the boxes represent the
interquartile range. The lines in the boxes represent the median values. Data result from two
independent assays, each group having at least 200 cells countered for quantification. P values were
calculated toward the UT: *P < 0.05, **P < 0.01, ****P < 0.0001, 2 paired t-Student test.

Taken together all these data indicate that complexes D and M2 interact with DNA (Tables 1 and 2)
and lead to DNA damages (Figure 3) that might account for their intrinsic cytotoxicity. This also open

the way to possible uses of these complexes as radiosensitizing agents.



Radiosensitizing properties

Following the preliminary studies above on the antiproliferative and DNA binding properties of
complexes M and D, we have considered the possibility of combining them with ionizing radiation in a
synergistic manner. To the best of our knowledge, such radiosensitizing effects have never been
reported before in the whole series of NHC-Pt complexes.

Complexes M and D have been evaluated for their radiosensitizing properties on A2780 and H1299 cell
lines. We first showed that the two cell lines do not display the same radiosensitivity, based on their
D10 values (D10 = doses of ionizing radiation allowing 10 % survival, six days post-irradiation). Indeed,
D10 values determined by treating the cells with increasing doses of gamma-rays, were measured at
3.5+ 0.2 Gy for A2780 cells and 9.7+ 0.3 Gy for H1299 cells respectively (Figures 4A and 4B). The cells
were treated then by increasing doses of gamma-rays in combination experiments, using the platinum
complexes at 1 uM concentration, that is at a dose that induces less than 20% proliferation inhibition
in the absence of irradiation (see Table 1 for ICsp values after 7 days treatment). Cells were treated
with the platinum complexes one day before irradiation, then irradiated using a GSR D1 irradiator
(gamma-ray, 662 keV) at the appropriate doses (1, 2, 3 and 4 Gys for A2780 and 2, 4, 6 and 8 Gys for
H1299) and the D10 values were evaluated. Representative results obtained with complexes M2 and
D2 are presented in Figures 4A and 4B for A2780 and H1299 cell lines respectively. We were pleased
to see that both NHC-platinum complexes have radiosensitizing properties toward these cell lines. The
radiosensitizing effects were reflected by the drop of the D10 values, with respect to those of
untreated cells. The D10 values normalized to untreated cells (D10 ratios) are given in Figures 4C and
4D for all the mono- and bimetallic complexes, for the two cell lines. As shown in Figure 4, M2 and D2

display the most significant radiosensitizing effects at 1 UM concentration in both cell lines.
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Figure 4. Survival curves of A2780 (A) and H1299 cells lines (B) following irradiation in the absence (UT)
or inthe presence of M2 or D2. Ratios of D10 values for cells treated with 1uM complexes vs untreated
cells, in A2780 (C) and HT1299 (D) cell lines. * standard error from at least three replicates. P values
were calculated toward the untreated sample (UT): *P < 0.05, t-Student test.

Radiosensitization assays were then performed with increasing concentrations of complexes, at doses
that induce less than 50% proliferation inhibition in the absence of irradiation (see Table 1 for ICso
values), thatisin the range 1-5 uM for monometallic complexes and 0.5-2 uM for bimetallic complexes.
Interestingly, under these conditions, radiosensitization is effective for both cell lines, for all
complexes, while different trends can be noticed depending on the cell lines and the complexes used

(Figures 5 and 6).
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Figure 5. Radiosensitizing effects of monometallic NHC-Pt complexes at various concentrations. Ratios
of D10 values for cells treated with complexes M1 (A and C) and M2 (B and D) vs D10 values for
untreated cells (UT). A and B: A2780 cell lines; C and D: H1299 cell lines. Standard errors were
calculated from at least three replicates. P values were calculated toward untreated samples: *P <
0.05, **P < 0.01, ***P < 0.001, t-Student test.

The monometallic complexes proved to be more effective on the radiosensitive A2780 cells than on
the radioresistant H1299 cell lines (Figure 5). For A2780 cells, the D10 ratio decreases up to 0.55 and
0.64 using M1 and M2 respectively, while for the H1299 cell line the D10 ratio reaches 0.87 and 0.78
for M1 and M2, respectively. On both cell lines, M2 is effective at lower doses than M1, which
correlates with their respective cytotoxicity. The decrease of D10 is clearly dose dependent in A2780,

whereas the trend is less pronounced in H1299 cells.
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Figure 6. Radiosensitizing effects of the bimetallic complexes D at various concentrations. Fig. 6A-D:
Ratios of D10 values for A2780 cells treated with complexes D1-D4, vs untreated cells (UT). Fig. 6E-F:
Ratios of D10 values for H1299 cells treated with complexes D2 and D3, to D10 values of untreated
cells. Standard error from at least three replicates. P values were calculated toward the untreated
sample (UT): *P < 0.05, t-Student test.

On A2780 cells, the bimetallic complexes induce dose dependent decrease of the D10 ratios up to 0.67,
0.72, 0.78 and 0.81 for D1, D2, D3 and D4, respectively (Figure 6). Complex D2 is the most effective
one, in a given dose range. It induces radiosensitization from 1uM concentration whereas

radiosentitization is observed for the other complexes from 1.2 or 1.5uM. On H1299 cells, the two
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representative complexes D2 and D3 display D10 ratios reaching 0.74 for D2 and 0.68 for D3. Of note,
except for D1, effective radiosensitization was obtained at concentration ranges that induce 20-50%

inhibition in the absence of ionizing radiations.

Insights into the origin of the radiosensitization effect
Overall, the results above demonstrate the radiosensitizing properties of the NHC-platinum complexes
on the two cell lines. To go one step further, we have investigated then various radiosensitization

protocols to get more insights into the mode of action of these complexes.

The treatment conditions, i.e. the time of incubation before irradiation as well as the removal or
addition of the drug post-irradiation, have been varied in order to highlight how these parameters
enable or hamper radiosensitizing effects. Representative results are given in Figure 7 for complex D2
and additional examples are given in Figure S7. It appears that the NHC-platinum complexes must be
preincubated for at least 1 to 4 days before irradiation to exert their radiosensitizing effects, whereas
the presence of the complex post irradiation is not required. Figure 7 shows indeed that
radiosensitization did not occur when the complexes were preincubated for only 10 min before
irradiation, or added 10 min after irradiation. Thus, we can conclude that cellular uptake of NHC-Pt

complexes and consequently their binding to DNA before IR is crucial in the radiosensitization process

(Table 2).
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Figure 7. A) Chart of the treatment protocols used to measure radiosensitizing effects. B)
Radiosensitizing effect of the bimetallic complex D2 on A2780 cell lines, as a function of treatment
conditions. Ratios of the D10 values for D2 treated cells (1 uM) vs untreated cells (UT). Conditions: 1
day incubation time before irradiation; 1 day incubation with removal of the residual complex from
the culture medium after irradiation (1 day (-)); 4 days and 10 min incubation times before irradiation;
addition of D2 10 min after irradiation. Standard error from three replicates. P values were calculated
toward the untreated sample (UT): *P < 0.05, t-Student test.

The radiosensitizing effects of DNA-interacting drugs can result from various biological responses, but

are mainly due to increased IR-induced DNA damages and/or increased repair delays.*® 48 Thus, to
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explore if NHC-Pt complexes’ operate through one of these radiosensitization mechanisms, we have
performed kinetic studies of IR-induced DNA damages, by comparing untreated A2780 cells and cells
treated with representative NHC-Pt complexes. We have monitored the presence of both y-H2AX (a
DNA damage sensor) and 53BP1 foci (DNA damage repair sensor),* as a function of post-irradiation
time. This study has been focused primarily on complexes D2, M1 and M2 since these three complexes
have different abilities to induce DNA damages by their own (Figure 3), as well as different behaviors
as radiosensitizing agents, complex D2 being the most potent radiosensitizing agent among the NHC-
Pt complexes tested so far (Figures 4-6).

In term of y-H2AX foci induction post IR, 0.5 hours is the time span where the maximum of double
strand breaks is induced.*® After this time span, we detected a slight, but not statistically significant
increase of the number of y-H2AX foci in the presence of the NHC-Pt complexes M2 and D2 (Figures
8A and 8C). Remarkably, at 2 and 6 hours post IR, the combined D2 treatment induced substantial and
persistent y-H2AX foci. At 24 hours post-IR, all the platinum complexes, D2, M1 and M2, showed a
significant induction of y-H2AX foci.

In term of 53BP1 foci induction, at the short 0.5h time span post irradiation we did not detect a
significantly higher induction in the presence of the platinum complexes as compared with untreated
cells (UT) (Figures 8B and 8D). However, all the platinum complexes, and especially the bimetallic
complex D2, showed a significantly higher number and larger size of 53BP1 foci at 24 hours post IR

(Figures 8B, 8D and S8). These data correlate well with the y-H2AX foci induction measurements above.
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Figure 8: Kinetics of DNA damage repair post-irradiation. The A2780 cells were treated with M1 (2 uM),
M2 (1 uM) and D2 (1 uM); after 1 day preincubation they were irradiated at 2 Gys. (A) Number of y-
H2AX foci formed at 0.5 h, 2 h, 6 h and 24 h post-irradiation. (B) Number of 53BP1 foci formed at 0.5
h, 2 h, 6 h and 24 h post-irradiation. The upper and lower ends of the boxes represent the interquartile
range of foci number. The horizontal lines in the boxes represent the median foci number. Data from
three independent assays, at least 200 cells have been used for quantification in each group. P values
were calculated toward the untreated sample (UT): *P < 0.05, **P <0.01, ***P<0.001, ****P < 0.0001,
t-Student test. (C) Representative Z projection of microscopy acquisitions of untreated and treated
A2780 cells showing the YH2AX foci at each time point post-irradiation. (D) Representative Z projection
of microscopy acquisitions of untreated and treated A2780 cells showing the 53BP1 foci at each time
point post-irradiation.
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On the whole, these data suggest that the observed radiosensitizing effects of the complexes mainly
correlate with their ability to inhibit DNA damage repair, while these complexes do not induce
increased DNA damages during and shortly after irradiation. The most potent effects are produced by
the bimetallic complex D2 which slows down more efficiently the y-H2AX and 53BP1 foci

disappearance post-IR (Figures 8 and S8). The persistence of y-H2AX and 53BP1 foci 24 hours post-
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irradiation should result from DNA lesions that are hardly repaired in NHC-Pt treated cells and
consequently continue to activate the 53BP1-mediated repair machine. The proposed radiosensitizing

mechanism is sketched in Figure 9.
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Figure 9: Incubation of NHC-Pt complexes before irradiation induces increased radiosensitivity,
through inhibition of IR-induced DNA damage repair. Especially, the most potent radiosensitizing
complex D2 leads to a strongly delayed DNA repair.

Conclusion

We have synthetized the unprecedented series of bimetallic [trans-Ptlo(amine)]z(bis-NHC) complexes
that have revealed high anti-proliferative activities in three cell lines. Notably these complexes are able
to overcome cisplatin resistance in the ovarian A2780/DDP cells, with the most potent complexes D1
and D2 having ICso values < 1uM. This complex also showed a two to five-fold higher selectivity for
cancerous cell lines, with respect to non-cancerous cell lines. In most cases, the bimetallic NHC-Pt
complexes are better antiproliferative agents and inducers of DNA damages than the corresponding
monometallic complexes. This could be related to their increased cellular uptake and genomic DNA
binding capacity as compared to monometallic complexes.

Although radiation/cisplatin combination therapy is well defined to be a standard care for many types
of solid tumors,?® the intrinsic high and broad toxicities of cisplatin, including gastrointestinal,
myelosuppression, ototoxicity, neurotoxicity and nephrotoxicity, are always hindering its benefits for

cancer patients and new radiosensitizing agents are needed to improve therapeutic windows.>!
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Therefore, in this study, the potential usage of the NHC-Pt complexes in combined radio-
chemotherapy has been investigated.

Most interestingly, we have demonstrated that both bimetallic and monometallic complexes show
dose-dependent radiosensitizing effects on two cell lines with different levels of intrinsic
radiosensitivity, i.e. A2780 and H1299 cell lines. The concentration windows where they induce
radiosensibilization, while having on their own a moderate antiproliferative effect (<50% inhibition),
are in the range 1-2 uM for complexes D1, D2, D3, D4 and M2, and 2-3.5 uM for M1. The monometallic
complex M2 and the bimetallic complex D2 proved to be the most potent, displaying a radiosensitizing
activity starting from 1 uM doses.

In radiosensitization experiments, we have noticed that one day pre-incubation is sufficient for all the
complexes, and their presence post-irradiation is not mandatory. This behavior suggests that only the
NHC-Pt complexes bound to DNA before irradiation have a role in the radiosensitization process, and
therefore the continuous treatment post-irradiation to form new DNA adducts is not required. The
short duration of the treatment may represent an interesting feature from a pharmacological point of

view, as it might reduce the side effects of the intrinsic toxicity of the drugs.

In line with the results above, it has been clearly noticed that the bimetallic complex D2 and the mono-
metallic complexes M1 and M2 induce delays in the repair of the IR-induced DNA damages. The repair
slowdown has been highlighted by the increased number and size of 53BP1 foci, given that 53BP1
recruits proteins for repair. The persistence of 53BPI foci up to two hours post-irradiation has been
detected when using the bimetallic complex D2, while the effects are less marked with the two mono-
metallic complexes. This divergent behavior can be assigned to different DNA coordination modes for
the mono-metallic and bimetallic series of platinum complexes. Indeed, mono-metallic complexes are
known to form predominantly short range intrastrand cross-links, 22 while bimetallic complexes are
known to form long range intrastrand or interstrand cross-links. 232, Moreover, our previous studies??
have shown that bimetallic NHC-Pt complexes of the general formula [(NHC)Ptl;]>(diamine) also form
long range inter-strand DNA cross-links. Thus, we can postulate that the analogous bimetallic
complexes (bis-NHC)[Pt(amine)l.]., D1-D4, also bind to DNA via both platinum centers and form long
range inter-strand DNA cross-links. These bulkier DNA adducts are expected to be more difficult to
resolve by cell machinery than mono-metallic complexes, as they prevent the access of repair proteins

to the DNA lesion sites.

Since the repair is crucial to genomic integrity and cellular survival after exposure to ionizing
irradiation, this delay can explain, at least in part, the radiosensitizing properties of the NHC-Pt

46, 53

complexes. As proposed for other DNA binding radiosensitizers, such as platinum complexes and

G-quadruplex ligands (RHPS4, Pt-ctpy), ¥*® the presence of platinum-DNA adducts near a double
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strand break induced by IR, might impair its repair. Moreover, in addition to bind to DNA, NHC-Pt
complexes were shown to induce DNA compaction.> If this is the case here, we can speculate that the
access of the repair machinery to DNA damages will be compromised, which could explain the

inhibition of IR-induced DNA damages.

Generally speaking, we cannot exclude that radiosensitization may also result from other biological

effects.

In summary, we have synthesized a new series of NHC-Pt complexes by a rapid and efficient method.
An in vitro radiotherapy testing protocol has been applied to different radiosensitive cells suggesting
the possible use of the NHC-Pt complexes, and especially of bimetallic species such as D2, to modulate
and increase the cells response to ionizing radiation via inhibition of DNA damage repair. The efficiency
of these Pt(ll) complexes in combined radio-chemotherapy must be confirmed by in vivo studies. These

studies are ongoing in our group.
EXPERIMENTAL SECTION
General Methods for synthetic procedures.

All reagent-grade chemicals and solvents were used as received from the suppliers. Purifications were
carried out either by flash chromatography using Macherey-Nagel Silica 60 M (40-63 um) or on
puriFlash XS 520 apparatus using Interchim columns loaded with 50 pm silica. *H NMR spectra (300.1
or 500.1 MHz) and *3C NMR spectra (75.5 and 125.8 MHz) were recorded on Bruker Avance
spectrometers in deuterated solvent and the chemical shifts (8) were calibrated using residual
undeuterated solvent as an internal reference. Coupling constants to platinum refer to 1*>Pt couplings.
IR were recorded on a Perkin-Elmer Spectrum 100 instrument. High-resolution mass spectra (HRMS)
were recorded with a Micromass LCT Premier XE instrument (Waters), under electrospray ionization

(ESI), coupled with a time of flight analyser (TOF).

The purity grade of the NHC-Pt complexes (>98%) was determined by reverse-phase liquid
chromatography analysis, using an Aquity UPLC system (HSS T3 column) coupled with an ELS detector.
Conditions: flow rate 0.6 mL/min, T = 40 °C, eluents water with 0.1% formic acid (eluent A) and

acetonitrile with 0.1% formic acid (eluent B), gradients from 70% A to 100% B were used.

General Procedures for the Synthesis of the (bis-NHC)[Pt(dvtmds)]. complexes 2a-c.

To a suspension of bis-imidazolium dibromide 1 in CH,Cl; (0.2 M) under argon was added a solution of
the Karstedt’s catalyst (platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex in xylene, ~2 %
platinum). The mixture was cooled to 0 °C and solid t-BuOK was added in one portion. After 15 min.,

the mixture was allowed to warm up slowly to r.t. and stirred overnight. Then silica gel was added and
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the solvents were removed under reduced pressure to provide a solid sample loading for purification

by column chromatography.

Complex 2a. Obtained from 1,4-bis(3-methylimidazolium-1-yl)butane dibromide 1a 3 (380 mg, 1.0
mmol), Karstedt’s catalyst (23.0 mL, 2.0 mmol) and t-BuOK (315 mg, 2.8 mmol). Purification by
chromatography (eluent: n-Heptane/EtOAc 7:3) afforded the title compound as a colorless oil (400 mg,
41% yield). 'H NMR (CDCls, 500.1 MHz) & 6.98 (s, 2H, CH), 6.91 (s, 2H, CH), 3.83 (bs, 4H, NCH,), 3.49 (s,
6H, NCH3), 2.35-2.04 (m, 4H, C=CH,), 1.89-1.78 (m, 8H, C=CH, and SiCH), 1.60 (bs, 4H, CH,), 0.33 (s,
12H, SiCH3), -0.29 (s, 12H, SiCHs) ppm. *C NMR (CDCls, 75.5 MHz) § 183.7 (Pt-C), 122.2 (CH), 120.4
(CH), 49.4 (NCHy), 40.2 (SiCH=CH), 37.0 (NCH3s), 35.7 (SiCH=CH,), 27.6 (CH,), 1.6 (SiCHs), -1.6 (SiCHs)

ppm.

Complex 2b. Obtained from 1,6-bis(3-methylimidazolium-1-yl)hexane dibromide 1b* (391 mg, 0.96
mmol), Karstedt’s catalyst (22.0 mL, 1.92 mmol) and t-BuOK (301 mg, 2.68 mmol). Purification by
chromatography (eluent: n-Heptane/EtOAc 7:3) afforded the title compound as a colorless oil (889 mg,
92% yield). *H NMR (CDCls, 500.1 MHz) & 6.98 (s, 2H, CH), 6.96 (s, 2H, CH), 3.82 (t,J = 7.2 Hz, 4H, NCH,),
3.50 (s, 6H, NCH3), 2.26-2.12 (m, 4H, C=CH,), 1.93-1.75 (m, 8H, C=CH,, SiCH), 1.61 (t, J = 7.2 Hz, 4H,
CH.), 1.19 (t, J = 7.2 Hz, 4H, CH,), 0.33 (s, 12H, SiCHs), -0.29 (s, 12H, SiCHs) ppm. 3C NMR (CDCls, 75.5
MHz) & 183.5 (Pt-C), 122.0 (Jept = 37.5 Hz, CH), 120.4 (Jcpt = 36.0 Hz, CH), 49.8 (Jcpt = 40.5 Hz, NCH,),
40.1 (Jept = 158.9 Hz, SiCH=CH,), 37.0 (Jept = 45.0 Hz, NCH3), 34.1 (Je.pt = 118.4 Hz, SiCH=CH), 30.5 (CH.),
26.3 (CHy), 1.6 (SiCHs), -1.7 (SiCH3) ppm. HRMS (ESI+) calcd. for CsoHssN4O>SisPt:Na [M+Nal*:
1031.2830, found: 1031.2823. IR (v/cm™) 2952, 1456, 1401, 1296, 1244, 1170, 986, 859, 835, 780, 678.

Complex 2c. Obtained from 1,8-bis(3-methylimidazolium-1-yl)octane dibromide 1¢3 (417 mg, 0.96
mmol), Karstedt’s catalyst (22.0 mL, 1.92 mmol) and t-BuOK (300 mg, 2.68 mmol). Purification by
chromatography (eluent: n-Heptane/EtOAc 7:3) afforded the title compound as a colorless oil (871 mg,
88% vield). 'H NMR (CDCls, 500.1 MHz) & 6.99 (bs, 4H, CH), 3.84 (t, J = 7.7 Hz, 4H, NCH,), 3.50 (s, 6H,
NCHs), 2.26-2.13 (m, 4H, C=CH,), 1.94-1.76 (m, 8H, C=CH,, SiCH), 1.63 (bs, 4H, CH,), 1.19 (bs, 8H, CH,),
0.32 (s, 12H, SiCH3), -0.29 (s, 12H, SiCH3) ppm. *C NMR (CDCls, 75.5 MHz) & 183.4 (Pt-C), 122.0 (Jept =
35.6 Hz, Cimi), 120.4 (Jcpt = 38.4 Hz, Cimi), 50.0 (Jepe = 39.9 Hz, NCH,), 40.1 (Jcpt = 158.1 Hz, SiCH=CH,),
36.9 (Jert = 45.6 Hz, NCH3), 34.1 (Jcpt = 118.2 Hz, SiCH=CH,), 30.6 (CH), 29.1 (CH,), 26.6 (CH,), 1.6
(SiCHs), -1.7 (SiCHs) ppm. HRMS (ESI+) calcd. for Cs;HeaN4O,SisPt:Na [M+Na]*: 1059.3143, found:
1059.3125. IR (v/em™) 2930, 2857, 1456, 1403, 1296, 1245, 1170, 1002, 989, 859, 835, 780, 678.

General Procedures for the Synthesis of the (bis-NHC)[Pt(amine)l.]. complexes D1-D4.
To a solution of (bis-NHC)[Pt(dvtmds)],, 2, in toluene (0.1 M) under argon at 0 °C was added dropwise

a solution of iodine in toluene (0.5 M). Then, the desired amine was added and the mixture was allowed
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to warm up slowly to r.t. and stirred for 24 hours. The crude product was purified either by
recrystallization or by chromatography. After chromatography, the solvents were removed and the
pasty solid residue was taken up with diethyl oxide and triturated to provide a solid suspension. After
decantation, the supernatant liquid was carefully removed and the residue was dried under vacuum

to afford the desired compounds as pale yellow crystalline powders.

Complex D1. Obtained from 2a (360 mg, 0.37 mmol), iodine (205 mg, 0.81 mmol) and 28% aqueous
ammonia (255 pL, 1.83 mmol). The solvents were removed under reduced pressure and the crude
product was purified by recrystallization from CH,Cl,/n-heptane to afford D1 as a pale yellow powder
(96 mg, 23% yield). 'H NMR (CDCls, 500.1 MHz) § 6.85 (s, 2H, CH), 6.83 (s, 2H, CH), 4.73 (bs, 4H, NCH,),
3.87 (s, 6H, NCHs), 2.84 (bs, 6H, NHs), 2.09 (bs, 4H, CH,) ppm. 3C NMR (CDCls, 125.8 MHz) & 138.9 (Pt-
C), 122.3 (CH), 120.4 (CH), 49.4 (NCH,), 38.4 (NCHs), 25.8 (CH,) ppm. Anal. calcd. for Ci12H241sNePts, C:
12.53, H: 2.10, N: 7.31; Found, C: 12.67, H: 2.11, N: 7.11.

Complex D2. Obtained from 2b (112 mg, 0.11 mmol), iodine (62 mg, 0.24 mmol) and 28% aqueous
ammonia (75 pL, 0.55 mmol). The crude product was purified by chromatography (eluent:
CH,Cly/acetone 100:0 to 98:2) to afford D2 as a pale-yellow powder (115 mg, 88% yield). *H NMR
(CDCls, 698.7 MHz) & 6.85 (d, J = 2.0 Hz, 2H, CH), 6.81 (d, J = 2.0 Hz, 2H, CH), 4.35 (t, / = 7.9 Hz, 4H,
NCH,), 3.86 (s, 6H, NCHs), 2.63 (bs, 6H, NHs), 2.04-2.00 (m, 4H, CH,), 1.52-1.50 (m, 4H, CH,). 3C NMR
(CDCls, 175.7 MHz) & 137.7 (Pt-C), 122.1 (CH), 120.5 (CH), 50.7 (NCH,), 38.4 (NCHs), 29.3 (CH.), 26.0
(CH2) ppm. HRMS (ESI+) calcd. for Ci4H2slsNePt, [M-1]*: 1050.8805, found: 1050.8848. IR (v/cm™) 3309,
3239, 3165, 2925, 2899, 1698, 1606, 1467, 1420, 1253, 1083, 728, 690.

Complex D3. Obtained from 2c (144 mg, 0.14 mmol), iodine (78 mg, 0.31 mmol) and 28% aqueous
ammonia (100 ulL, 0.70 mmol). The crude product was purified by chromatography (eluent:
CH,Cly/acetone 100:0 to 99:1) to afford D3 as a pale-yellow powder (123 mg, 73% yield). *H NMR
(Acetone-ds, 300.1 MHz) & 7.16 (d, J = 2.1 Hz, 2H, CH), 7.13 (d, J = 2.1 Hz, 2H, CH), 4.34 (t, J = 7.6 Hz,
4H, NCH,), 3.83 (s, 6H, NCHs), 3.13 (br, 6H, NHs), 2.07-2.00 (m, 4H, CH.), 1.42 (bs, 8H, CH,) ppm. 3C
NMR (Acetone-ds, 75.5 MHz) 6 140.4 (Pt-C), 122.5 (CH), 121.2 (CH), 50.8 (NCH,), 37.9 (NCHs), 30.0
(CH3), 29.4 (CH,), 26.9 (CH;) ppm. HRMS (ESI+) calcd. for CigHs2l3NgPt; [M-I1]+: 1078.9118, found:
1078.9139. IR (v/em™) 3306, 3237, 3164, 3125, 2926, 2854, 1696, 1605, 1466, 1420, 1250, 1047, 690.

Complex D4. Obtained from 2b (126 mg, 0.12 mmol), iodine (70 mg, 0.26 mmol) and cyclohexylamine
(30 pL, 0.25 mmol). The crude product was purified by chromatography (eluent: CH,Cl,/toluene 8:2)
to afford D4 as a pale-yellow powder (96 mg, 57% yield). 'H NMR (CDCls, 300.1 MHz) § 6.84 (d, /= 2.0
Hz, 2H, CH), 6.79 (d, J = 2.0 Hz, 2H, CH), 4.33 (t, J = 7.5 Hz, 4H, NCH,), 3.85 (s, 6H, NCH3), 3.31-3.19 (m,
2H, Cy), 2.99-2.83 (m, 4H, NH,Cy), 2.30-2.27 (m, 4H, Cy), 2.06-1.96 (m, 4H, CH,), 1.81-1.76 (m, 4H, Cy),
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1.66-1.45 (m, 8H, Cy, CH,), 1.36-1.27 (m, 4H, CH,), 1.20-1.11 (m, 4H, Cy) ppm. *C NMR (CDCls, 75.5
MHz) 6 138.8 (Pt-C), 121.9 (CH), 120.5 (CH), 54.9 (NCH), 50.6 (NCH), 38.2 (NCHs), 36.0 (Cy), 29.4 (CH.),
26.2 (CH,), 25.5 (Cy), 25.0 (Cy) ppm. HRMS (ESI+) calcd. for CyeHaslsNePt2 [M-1]*: 1215.0370, found:
1215.0388. IR (v/em™) 3218, 3125, 2925, 2853, 1713, 1571, 1466, 1447, 1376, 1224, 1139, 911, 730,
700.

trans-Diiodo(amine)(1,3-dimethylimidazol-2-ylidene)platinum  (M1). Obtained  from  (1,3-
dimethylimidazol-2-ylidene)(dvtmds)]platinum 3’ (52 mg, 0.11 mmol), iodine (30 mg, 0.12 mmol) and
28% aqueous solution of ammonia (35 pL, 0.26 mmol). The crude product was purified by
chromatography (eluent: n-heptane/EtOAc 7:3) to afford M1 as a pale-yellow powder (44 mg, 72%
yield). '"H NMR (CDCls, 300.1 MHz) § 6.80 (s, 2H, CH), 3.87 (s, 6H, NCHs), 2.60 (bs, 6H, NH3) ppm. 3C
NMR (CDCls, 175.7 MHz) § 138.5 (Pt-C), 121.9 (CH), 38.2 (NCH3) ppm. HRMS (ESI+) calcd. for C;H14IN4Pt
[M-1+CH5CN]*: 475.9911, found: 475.9918.

trans-Diiodo(N-cyclohexylamine)(1,3-dimethylimidazol-2-ylidene)platinum (M2). Obtained from (1,3-
dimethylimidazol-2-ylidene)(dvtmds)]platinum 37 (310 mg, 0.65 mmol), iodine (181 mg, 0.71 mmol)
and cyclohexylamine (75 uL, 0.65 mmol). The crude product was purified by chromatography (eluent:
n-heptane/EtOAc 7:3) to afford M2 as a pale-yellow powder (270 mg, 65% yield). *H NMR (CDCls, 300.1
MHz) & 6.79 (s, 2H, CH), 3.85 (s, 6H, NCH3s), 3.27-3.23 (m, 1H, NCH), 2.95-2.89 (m, 2H, NH,), 2.31-2.27
(m, 2H, Cy), 1.80-1.61 (m, 4H, Cy), 1.36-1.11 (m, 4H, Cy) ppm. 3C NMR (CDCls, 75.5 MHz) & 139.6 (Pt-
C), 121.8 (CH), 55.0 (NCH), 38.1 (NCHs), 36.1 (CH2), 25.5 (CH,), 25.0 (CH,) ppm. HRMS (ESI+) calcd. for
Ci3H24IN4Pt [M-1+CH3CN]*: 558,0694, found: 558,0719.

Cell culture.

The A2780 ovarian carcinoma cell lines were purchased from ECACC (Salisbury, UK) and were grown in
complete RPMI medium supplemented with 10% fetal calf serum, in the presence of penicillin-
streptomycin. The resistance of A2780/DDP cells to cisplatin was maintained by monthly treatment
with 1uM cisplatin for 4 days. H1299 Non-Small-Lung Carcinoma cell lines (ATCC® CRL-5803™) were
grown in RPMI medium supplemented with 10% fetal calf serum, 1% HEPES, 1% Sodium Pyruvate in
the presence of penicillin and streptomycin. MCF10A (ATCC® CRL-10317™) were grown in DMEM/F12
supplemented with 5% Horse serum + 20ng/ml EGF, 100 ng/ml cholera toxin E, 0.01 mg/ml insulin and
500 ng/ml hydrocortisone. hTERT-RPE1 (ATCC®-CRL-4000™) cells were grown in DMEM medium

supplemented with 10% fetal calf serum, in the presence of penicillin-streptomycin.

Cell proliferation assays.
Cells were treated with various concentrations of NHC-Pt complexes, at 37°C, under humidity and 5%

CO; concentration, for 96h. Cellular growth was quantified using the Moxi Z Mini automated cell
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counter (Orflox technology). CellTiter Glo® Luminescent Cell Viability Assay following the kit
instructions (Promega) was also used, however we privileged cell counting since ICso values not always
correlated to the number of cells, as previously observed. > NHC-Pt complexes were dissolved in
DMSO, at a 5 mM concentration and conserved at -20°C. Diluted solutions in water were freshly

prepared.

Platinum uptake measurement

The platinum cellular uptake was quantified by ICP-MS (inductively coupled plasma mass
spectrometry, NexlION 2000, Perkin Elmer) on cellular pellets (5 X 10° cells), DNA extracts (using
DNeasy kit from Qiagen) as previously described.*® A2780 and H1299 cells were treated with 1.5uM
M1, M2, D2 or D4 for 96 h. Trypan blue assay using the LUNA-II™ Automated Cell Counter showed
than more than 96% of cells post NHC-Pt complexes’ treatments remain viable. Around 20 pg DNA
(quantified by nanodrop) was extracted from pellets using the DNeasy Blood & Tissue Kit from Qiagen.
ICP-MS has been used also for monitoring the solubilization of platinum complexes in the aqueous
solution. Prior to ICP-MS, the samples were digested with PlasmaPURE Plus HNO3 (69%) at 95°C for cell
pellets, and HNO3; 0.1M for DNA. The 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/5 X 10° cells or pg Pt/ug DNA

Radiosensitization assay

For one day or 10 min pretreatment, cells were seeded at a number allowing 7 days growth without
reaching confluence in the untreated samples. They were then pretreated during the time indicated
at the given NHC-Pt concentrations, irradiated at 1, 2, 3 and 4 Gy for A2780 cell lines and 2, 4, 6 and 8
Gy for H1299 and allowed to grow for 6 days. For 4 days pretreatment, cells were seeded in the
conditions of cell cytotoxicity determination at the indicated NHC-Pt concentrations. They were
trypsinized after 4 days treatment, seeded at a number allowing 6 days growth without reaching
confluence in the untreated samples, treated for day and then irradiated as described before.
Irradiation is carried out using GSR D1 irradiator (gamma-ray, 662 keV). The cells were left to grow for
another 6 days to allow at least 5 population doublings. Cell count is carried out on each well and a
graph is plotted with the percentage of cell survival as a function of Gys for each treatment. Percent
cell survival is calculated based on the number of cells at 0 Gy for each treatment, thus giving 100%
survival at 0 Gy regardless of treatment.

The survival plot is fitted in a KaleidaGraph software according to the linear quadratic model: S(D)/S(0)
= exp(— aD — BD?) 3! The D10 value (dose of Gy at which only 10% cells survive) is calculated using the
a and B parameters. A drop of the D10 values in the combined treatments, compared to ionizing

radiation alone highlights a synergistic (radiosensitizing) effect between radiations and complexes.
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Immunofluorescence Assays.

A2780 were plated on 8-well labtek (Thermo fish scientific). To test the effects of the metallic
complexes alone on the induction of y-H2AX foci, cells were treated for 4 days at their respective 1C80
concentrations (see main text). To test the radiosensitizing properties of NHC-Pt complexes in term of
both y-H2AX and 53BP1 foci induction, cells were firstly treated for 1 day with the NHC-Pt complexes
at around their respective IC30 concentrations (see main text), and were irradiated then at 2 Gys using
a GSR D1 irradiator (gamma-ray, 662 keV). After the indicated time post-IR, cells were treated for IF
studies. Cells were washed with phosphate-buffered saline (PBS), then fixed 10 minutes in 2%
Paraformaldehyde (PFA). After a wash with PBS, cells were permeabilized for 10 min at RT using 0.2%
Triton X-100 and washed with PBS. The cells were incubated in blocking buffer (5% goat serum in PBS)
for 60 min at RT before being incubated at 4 °C overnight in 1% BSA dissolved in PBS with the indicated
primary mouse monoclonal antibody against y-H2AX (clone JBW301, Millipore) or 53BP1(bethyl)
respectively. On the second day, after three times wash with PBS, the cells were incubated for another
30 min with the Alexa Fluor 488-conjugated secondary antibody (Alexa Fluor 488 goat anti-mouse IgG;
Life Technologies). Nuclei were labeled using DAPI and the cover slides were mounted with
VectashieldTM. Acquisitions were performed on 3D-SIM by the microscopy platform of the Institut
Curie. ImageJ software (NCBI) was used to project the z-stacks and count the number of y-H2AX or

53BP1 spots, as well as their size in nucleus.
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complex; PBS, Phosphate-buffered saline; 1C30, IC50, IC80, Doses of complexes allowing 30 % 50% or

80 % cell proliferation inhibition, respectively;.DMEM medium, Dulbecco’s Modified.

REFERENCES

1. Janssen-Muller, D.; Schlepphorst, C.; Glorius, F., Privileged chiral N-heterocyclic carbene ligands for asymmetric
transition-metal catalysis. Chemical Society Reviews 2017, 46 (16), 4845-4854.

2. Peris, E., Smart N-Heterocyclic Carbene Ligands in Catalysis. Chemical Reviews 2018, 118 (19), 9988-10031.

3. Gan, M. M,; Liu, J. Q.; Zhan, L.; Wang, Y. Y.; Hahn, F. E.; Han, Y. F., Preparation and Post-Assembly Modification of
Metallosupramolecular Assemblies from Poly(N-Heterocyclic Carbene) Ligands. Chemical Reviews 2018, 118 (19), 9587-
9641.

4, Danopoulos, A. A.; Simler, T.; Braunstein, P., N-Heterocyclic Carbene Complexes of Copper, Nickel, and Cobalt.
Chemical Reviews 2019, 119 (6), 3730-3961.

5. Zhao, Q.; Meng, G. R.; Nolan, S. P.; Szostak, M., N-Heterocyclic Carbene Complexes in C-H Activation Reactions.
Chemical Reviews 2020, 120 (4), 1981-2048.

6. Poland, E. M.; Ho, C. C., Photoactive N-heterocyclic carbene transition metal complexes in bond-forming
photocatalysis: State-of-the-art and opportunities. Applied Organometallic Chemistry, e6746.

7. Bera, S. S.; Szostak, M., Cobalt-N-Heterocyclic Carbene Complexes in Catalysis. Acs Catalysis 2022, 12 (5), 3111-
3137.

8. Friaes, S.; Realista, S.; Mourao, H.; Royo, B., N-Heterocyclic and Mesoionic Carbenes of Manganese and Rhenium
in Catalysis. European Journal of Inorganic Chemistry 2022, 2022 (10), e202100884.

9. Neshat, A.; Mastrorilli, P.; Mobarakeh, A. M., Recent Advances in Catalysis Involving Bidentate N-Heterocyclic
Carbene Ligands. Molecules 2022, 27 (1), 95-163.

10. Liu, W.; Gust, R., Update on metal N-heterocyclic carbene complexes as potential anti-tumor metallodrugs. Coord.
Chem. Rev. 2016, 329, 191-213.

11. Johnson, N. A.; Southerland, M. R.; Youngs, W. J., Recent Developments in the Medicinal Applications of Silver-
NHC Complexes and Imidazolium Salts. Molecules 2017, 22 (8), 1263-1283.

12. Porchia, M.; Pellei, M.; Marinelli, M.; Tisato, F.; Del Bello, F.; Santini, C., New insights in Au-NHCs complexes as
anticancer agents. European journal of medicinal chemistry 2018, 146, 709-746.

13. Zou, T.; Lok, C.-N.; Wan, P.-K.; Zhang, Z.-F.; Fung, S.-K.; Che, C.-M., Anticancer metal-N-heterocyclic carbene
complexes of gold, platinum and palladium. Current Opinion in Chemical Biology 2018, 43, 30-36.

14. Dominelli, B.; Correia, J. D. G.; Kuhn, F. E., Medicinal Applications of Gold(l/1Il)-Based Complexes Bearing N-
Heterocyclic Carbene and Phosphine Ligands. Journal of Organometallic Chemistry 2018, 866, 153-164.

15. Mora, M.; Gimeno, M. C.; Visbal, R., Recent advances in gold—NHC complexes with biological properties. Chemical
Society Reviews 2019, 48 (2), 447-462.

16. Bellemin-Laponnaz, S., N-Heterocyclic Carbene Platinum Complexes: A Big Step Forward for Effective Antitumor
Compounds. European Journal of Inorganic Chemistry 2020, (1), 10-20.

17. Nayak, S.; Gaonkar, S. L., Coinage Metal N-Heterocyclic Carbene Complexes: Recent Synthetic Strategies and
Medicinal Applications. Chemmedchem 2021, 16 (9), 1360-1390.

18. Zhao, S.; Yang, Z. B.; Jiang, G. Z.; Huang, S.; Bian, M. L.; Lu, Y. L.; Liu, W. K., An overview of anticancer platinum N-
heterocyclic carbene complexes. Coordination Chemistry Reviews 2021, 449, 2147217-214237.

19. Skander, M.; Retailleau, P.; Bourrie, B.; Schio, L.; Mailliet, P.; Marinetti, A., N-heterocyclic carbene-amine Pt(ll)

complexes, a new chemical space for the development of platinum-based anticancer drugs. J. Med. Chem. 2010, 53 (5),
2146-2154.

20. Hindi, K. M.; Panzner, M. J.; Tessier, C. A.; Cannon, C. L.; Youngs, W. J., The Medicinal Applications of Imidazolium
Carbene-Metal Complexes. Chemical Reviews 2009, 109 (8), 3859-3884.
21. Teyssot, M. L.; Jarrousse, A. S.; Manin, M.; Chevry, A.; Roche, S.; Norre, F.; Beaudoin, C.; Morel, L.; Boyer, D.;

Mabhiou, R.; Gautier, A., Metal-NHC complexes: a survey of anti-cancer properties. Dalton Transactions 2009, (35), 6894-
6902.

22. Chtchigrovsky, M.; Eloy, L.; Jullien, H.; Saker, L.; Segal-Bendirdjian, E.; Poupon, J.; Bombard, S.; Cresteil, T.;
Retailleau, P.; Marinetti, A., Antitumor trans-N-heterocyclic carbene-amine-Pt(Il) complexes: synthesis of dinuclear species
and exploratory investigations of DNA binding and cytotoxicity mechanisms. J. Med. Chem. 2013, 56 (5), 2074-2086.

23. Betzer, J. F.; Nuter, F.; Chtchigrovsky, M.; Hamon, F.; Kellermann, G.; Ali, S.; Calmejane, M. A.; Roque, S.; Poupon,
J.; Cresteil, T.; Teulade-Fichou, M. P.; Marinetti, A.; Bombard, S., Linking of Antitumor trans NHC-Pt(ll) Complexes to G-
Quadruplex DNA Ligand for Telomeric Targeting. Bioconjug Chem 2016, 27 (6), 1456-1470.

24. Jung, Y.; Lippard, S. J., Direct cellular responses to platinum-induced DNA damage. Chem. Rev. 2007, 107 (5),
1387-1407.
25. Zou, T. T.; Lok, C. N.; Fung, Y. M. E.; Che, C. M., Luminescent organoplatinum(ll) complexes containing bis(N-

heterocyclic carbene) ligands selectively target the endoplasmic reticulum and induce potent photo-toxicity. Chemical
Communications 2013, 49 (47), 5423-5425.

25



26. Hu, D.; Yang, C.; Lok, C. N.; Xing, F. R.; Lee, P. Y.; Fung, Y. M. E.; Jiang, H. B.; Che, C. M., An Antitumor Bis(N-
Heterocyclic Carbene)Platinum(ll) Complex That Engages Asparagine Synthetase as an Anticancer Target. Angewandte
Chemie-International Edition 2019, 58 (32), 10914-10918.

27. Wong, D. Y. Q.; Ong, W. W. F.; Ang, W. H., Induction of Immunogenic Cell Death by Chemotherapeutic Platinum
Complexes. Angewandte Chemie-International Edition 2015, 54 (22), 6483-6487.
28. Tham, M. J. R.; Babak, M. V.; Ang, W. H., PlatinER: A Highly Potent Anticancer Platinum(ll) Complex that Induces

Endoplasmic Reticulum Stress Driven Immunogenic Cell Death. Angewandte Chemie-International Edition 2020, 59 (43),
19070-19078.

29. Nagasawa, S.; Takahashi, J.; Suzuki, G.; Hideya, Y.; Yamada, K., Why Concurrent CDDP and Radiotherapy Has
Synergistic Antitumor Effects: A Review of In Vitro Experimental and Clinical-Based Studies. International Journal of
Molecular Sciences 2021, 22 (6), 3140-3153.

30. Sharma, R. A.; Plummer, R.; Stock, J. K.; Greenhalgh, T. A.; Ataman, O.; Kelly, S.; Clay, R.; Adams, R. A,; Baird, R. D;
Billingham, L.; Brown, S. R.; Buckland, S.; Bulbeck, H.; Chalmers, A. J.; Clack, G.; Cranston, A. N.; Damstrup, L.; Ferraldeschi,
R.; Forster, M. D.; Golec, J.; Hagan, R. M.; Hall, E.; Hanauske, A. R.; Harrington, K. J.; Haswell, T.; Hawkins, M. A,; Illidge, T.;
Jones, H.; Kennedy, A. S.; McDonald, F.; Melcher, T.; O'Connor, J. P.; Pollard, J. R.; Saunders, M. P.; Sebag-Montefiore, D.;
Smitt, M.; Staffurth, J.; Stratford, I. J.; Wedge, S. R.; Group, N. C. A.-P. J. W,, Clinical development of new drug-radiotherapy
combinations. Nature reviews. Clinical oncology 2016, 13 (10), 627-642.

31. Zeman, E. M.; Schreiber, E. C.; Tepper, J. E., 27 - Basics of Radiation Therapy. In Abeloff's Clinical Oncology (Sixth
Edition), Niederhuber, J. E.; Armitage, J. O.; Kastan, M. B.; Doroshow, J. H.; Tepper, J. E., Eds. Elsevier: Philadelphia, 2020; pp
431-460.e3.

32. Gill, M. R.; Vallis, K. A., Transition metal compounds as cancer radiosensitizers. Chem Soc Rev 2019, 48 (2), 540-
557.

33. Mierzwa, M. L.; Nyati, M. K.; Morgan, M. A.; Lawrence, T. S., Recent advances in combined modality therapy. The
oncologist 2010, 15 (4), 372-381.

34. Sun, R.W.Y.; Chow, A. L. F.; Li, X. H.; Yan, J. J.; Chui, S. S. Y.; Che, C. M., Luminescent cyclometalated platinum(II)

complexes containing N-heterocyclic carbene ligands with potent in vitro and in vivo anti-cancer properties accumulate in
cytoplasmic structures of cancer cells. Chem Sci 2011, 2 (4), 728-736.

35. Bouche, M.; Bonnefont, A.; Achard, T.; Bellemin-Laponnaz, S., Exploring diversity in platinum(IV) N-heterocyclic
carbene complexes: synthesis, characterization, reactivity and biological evaluation. Dalton Transactions 2018, 47 (33),
11491-11502.

36. Brissy, D.; Skander, M.; Retailleau, P.; Marinetti, A., N-Heterocyclic Carbenes in the Synthesis of Axially Chiral
Square-Planar Platinum Complexes. Organometallics 2007, 26 (24), 5782-5785.
37. Berthon-Gelloz, G.; Buisine, O.; Briéere, J.-F.; Michaud, G.; Stérin, S.; Mignani, G.; Tinant, B.; Declercq, J.-P.; Chapon,

D.; Markg, I. E., Synthetic and structural studies of NHC—Pt(dvtms) complexes and their application as alkene hydrosilylation
catalysts (NHC=N-heterocyclic carbene, dvtms=divinyltetramethylsiloxane). J. Organomet. Chem. 2005, 690 (24), 6156-
6168.

38. Nachtigall, F. M.; Corilo, Y. E.; Cassol, C. C.; Ebeling, G.; Morgon, N. H.; Dupont, J.; Eberlin, M. N., Multiply Charged
(Di-)Radicals. Angewandte Chemie International Edition 2008, 47 (1), 151-154.
39. Gindri, I. M.; Siddiqui, D. A.; Bhardwaj, P.; Rodriguez, L. C.; Palmer, K. L.; Frizzo, C. P.; Martins, M. A. P.; Rodrigues,

D. C., Dicationic imidazolium-based ionic liquids: a new strategy for non-toxic and antimicrobial materials. RSC Adv. 2014, 4
(107), 62594-62602.

40. Anderson, J. L.; Ding, R.; Ellern, A.; Armstrong, D. W., Structure and Properties of High Stability Geminal Dicationic
lonic Liquids. Journal of the American Chemical Society 2005, 127 (2), 593-604.
41. Gan, M.-M,; Liu, J.-Q.; Zhang, L.; Wang, Y.-Y.; Hahn, F. E.; Han, Y.-F., Preparation and Post-Assembly Modification

of Metallosupramolecular Assemblies from Poly(N-Heterocyclic Carbene) Ligands. Chemical Reviews 2018, 118 (19), 9587-
9641.

42. 11Muggia, F. M.; Garcia Jimenez, M.; Murthy, P., Platinum compounds: Their continued impact on ovarian cancer
treatment. Inorg Chim Acta 2019, 496, 119037-119041.
43, Corte Rodriguez, M.; Alvarez-Fernandez Garcia, R.; Blanco, E.; Bettmer, J.; Montes-Bayon, M., Quantitative

Evaluation of Cisplatin Uptake in Sensitive and Resistant Individual Cells by Single-Cell ICP-MS (SC-ICP-MS). Anal Chem 2017,
89 (21), 11491-11497.

44, Charif, R.; Granotier-Beckers, C.; Bertrand, H. C.; Poupon, J.; Ségal-Bendirdjian, E.; Teulade-Fichou, M. P.; Boussin,
F. D.; Bombard, S., Association of a platinum complex to a G-quadruplex ligand enhances the telomere disruption. Chem.
Res.Tox 2017, 38 (8), 1629-1640.

45, Ali, S.; Lombardi, E. P.; Ghosh, D.; Jia, T.; Vitry, G.; Saker, L.; Poupon, J.; Teulade-Fichou, M. P.; Nicolas, A.;
Londono-Vallejo, A.; Bombard, S., Pt-ttpy, a G-quadruplex binding platinum complex, induces telomere dysfunction and G-
rich regions DNA damage. Metallomics 2021, 13 (6), mfab029.

46. Sears, C. R.; Cooney, S. A.; Chin-Sinex, H.; Mendonca, M. S.; Turchi, J. J., DNA damage response (DDR) pathway
engagement in cisplatin radiosensitization of non-small cell lung cancer. DNA Repair (Amst) 2016, 40, 35-46.
47. Berardinelli, F.; Siteni, S.; Tanzarella, C.; Stevens, M. F.; Sgura, A.; Antoccia, A., The G-quadruplex-stabilising agent

RHPS4 induces telomeric dysfunction and enhances radiosensitivity in glioblastoma cells. DNA Repair (Amst) 2015, 25, 104-
115.

26



48. Merle, P.; Gueugneau, M.; Teulade-Fichou, M. P.; Miiller-Barthélémy, M.; Amiard, S.; Chautard, E.; Guetta, C.;
Dedieu, V.; Communal, Y.; Mergny, J. L.; Gallego, M.; White, C.; Verrelle, P.; Tchirkov, A., Highly efficient radiosensitization
of human glioblastoma and lung cancer cells by a G-quadruplex DNA binding compound. Sci. Rep. 2015, 5, 16255-16266.

49, Panier, S.; Boulton, S. J., Double-strand break repair: 53BP1 comes into focus. Nature Reviews Molecular Cell
Biology 2014, 15 (1), 7-18.

50. Mah, L. J.; EI-Osta, A.; Karagiannis, T. C., yH2AX: a sensitive molecular marker of DNA damage and repair.
Leukemia 2010, 24 (4), 679-686.

51. Rottenberg, S.; Disler, C.; Perego, P., The rediscovery of platinum-based cancer therapy. Nat. Rev. Cancer 2021, 21
(1), 37-50.

52. Brabec, V.; Kasparkova, J.; Menon, V.; Farrell, N. P., Polynuclear Platinum Complexes. Structural Diversity and DNA

Binding. In Metallo-Drugs: Development and Action of Anticancer Agents, Astrid, S.; Helmut, S.; Eva, F.; Roland, K. O. S., Eds.
De Gruyter: Berlin, Boston, 2018; pp 43-68.

53. Vrana, O.; Brabec, V., The Effect of Combined Treatment with Platinum Complexes and lonizing Radiation on DNA
in Vitro. International Journal of Radiation Biology and Related Studies in Physics, Chemistry and Medicine 1986, 50 (6), 995-
1007.

54, Harlepp, S.; Chardon, E.; Bouché, M.; Dahm, G.; Maaloum, M.; Bellemin-Laponnaz, S., N-Heterocyclic Carbene-
Platinum Complexes Featuring an Anthracenyl Moiety: Anti-Cancer Activity and DNA Interaction. International journal of
molecular sciences 2019, 20 (17), 4198-4216.

55. Uehara, T.; Mitsuhashi, A.; Tsuruoka, N.; Shozu, M., Metformin potentiates the anticancer effects of cisplatin
under normoxic conditions in vitro. Oncology reports 2015, 33 (2), 744-750.

27



