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ABSTRACT

Current chemotherapy for head and neck squamous cell carcinomas (HNSCCs) are based on cisplatin, which is
usually associated to severe side effects. In general, the exploration for metal-based alternatives to cisplatin
has resulted in the development of a series of ruthenium complexes that are able to produce a safe therapeutic
action against some neoplasms, among which are lung and ovarian cancers. Here, we evaluate the efficacy of
well defined, easily available and robust ruthenium(ll) n®-arene compounds on 3D models of HNSCCs with or
without human papillomavirus (HPV) infection and compare their effects to the state-of-the-art RAPTA-C, a
promising ruthenium compound with known anti-cancer activity. One of the compounds induces a significant
therapeutic action especially on HPV negative carcinoma. Besides viability and repopulation evaluations, we
performed quantitative analysis of the internalized Ru compounds to further validate our findings and
elucidate the possible mechanisms of action. These results show that Ru arene compounds represent a
promising alternative for the treatment of HNSCCs and pave the way for the composition of innovative

(co)therapies.
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INTRODUCTION

Head and neck squamous cell carcinomas (HNSCCs) are a wide class of malignancies that involve the oro-
pharyngeal apparatus including tongue, pharynx, larynx, and salivary glands.[1] It accounts for thousands of
new cases every year and is one of the most common cancer types.[2] It is mainly caused by unhealthy lifestyle
such as excessive use of alcohol and tobacco, even if a correlation occurs between the onset of head and neck
cancers and the presence of human Papillomavirus (HPV) infections.[3] The presence of HPV usually implies a

different outcome to treatments. HPV-positive subjects are generally more sensitive to therapies and show a



better prognosis.[4] In contrast, HPV-negative tumors are typically more aggressive and usually have a poor
prognosis with high risk of recurrence/metastasis (R/M HNSCCs).[5] The main treatment for both +HPV HNSCCs
is still based on primary surgery combined with chemo- and/or radio-therapy.[6] On this regard, platinum-
based drugs are widely employed for the treatment of many types of tumors including head and neck, due to
their wide spectrum of activity.[7] However, despite the consolidated use of the cisplatin family for
chemotherapy, platinum drugs demonstrated a significant systemic toxicity, including nephrotoxicity and
neurotoxicity.[8] On this hand, considerable efforts have been recently made to identify other approaches to
produce safer forms or new metal-based alternatives to cisplatin.[9—-11] In the last years, ruthenium(ll) arene
complexes have demonstrated to be a valid alternative to cisplatin and related compounds for the treatment
of some solid neoplasms, among which are lung and ovarian carcinomas.[12,13] Moreover, the versatility of
the Ru-arene scaffold enables the production of several molecules comprising tunable actions for the
treatment and diagnosis of tumors.[12—14] In fact, [RuCl,(PTA)(n®-p-cymene)], a Ru(ll) complex comprising the
amphiphilic phosphine 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA), also known as RAPTA-C (Figure 1),
has emerged as one of the most promising ruthenium-arene anticancer candidates, and currently points to
clinical trials.[15] Although the mechanism of action is not yet totally clear, RAPTA-C should primarily inhibit
angiogenesis rather than induce cell apoptosis/necrosis.[16] Indeed, while it is predominantly non-toxic for
most of cancer cell lines, it showed good in vivo anticancer activity.[17] On the other hand, the simple and
versatile structure of RAPTA-C have encouraged the development of related, optimized RAPTA-C
analogs.[18,19] RAPTA-C conjugated with polylactic acid (PLA) micelles have been recently tested for
antimetastatic activity in 3D ovarian and breast cancer cell models.[16,20,21] Recently, some of us reported a
new series of cationic ruthenium(ll) p-cymene complexes bearing a-diimine ligands, of general formula
[RUCI{K®2N-(HC=NR),}(n®-p-cymene)]NOs, has been reported by some of us (Figure 1).[22,23] These
organometallic species can be prepared from commercial precursors through a straightforward procedure, and
possess a good solubility in water (> 5 mM) and a high stability in agueous media under physiological
conditions. These are important pre-requisites for a potential metal drug, and, among the multitude of
ruthenium arene compounds investigated for their biological action, only a limited number fully meets such
criteria.[24-26] The ruthenium a-diimine compounds manifested an in vitro cytotoxicity on ovarian cancer cell
lines which is strongly dependent on the nitrogen substituent R. For instance, RuCy (R = cyclohexyl) is highly
cytotoxic both on cisplatin sensitive A2780 and cisplatin-resistant A2780cisR ovarian cancer cells (ICsp = 3-4 uM
after 72 h incubation) while the pH sensitive RuPh (R = 4-hydroxyphenyl) is not (ICso > 200 uM). Here, RuCy and
RuPh have been evaluated for the treatment of two different HNSCC cell lines: SCC-25, which is HPV-negative,
and UPCI:SCC-154, which is HPV-positive. We assessed the efficacy of the two compounds by employing both

2D and standardized 3D cancer models of the two cell lines, and compared the findings with those obtained



with the state-of-the-art RAPTA-C.[27] 3D cell models better represent the complexity of tumor environment
with respect to 2D cell culture and provide more reliable information about the performances of tested drugs
within the 3R’s concept.[28] It should be noted that apart from the previously mentioned RAPTA-C derivatized
micelles,[20,21,29] only few Ru(ll) arene compounds have been tested on 3D cellular models to date.[30—32]
Furthermore, we compared the action of ruthenium compounds on an endothelial cell line (bEnd.3) and
quantitatively assessed their internalization in all the cell lines to further validate our findings and elucidate
possible mechanisms of action. Our results confirm the potentiality of molecular ruthenium compounds for the
development of safer chemo-treatment for HNSCCs, providing the basis for the composition of innovative

(co)chemotherapies based on nano-technology.[10,33—-35]

RESULTS AND DISCUSSION

Cytotoxic effect of ruthenium compounds on 2D cell cultures

As a first approach, the efficacy of ruthenium complexes on HNSCCs has been evaluated on 2D cell cultures.
Cells have been treated with increasing concentrations of RuCy, RuPh and RAPTA-C, ranging from 1 uM to 400
UM. Briefly, cells were incubated with the Ru-complexes for 2 h, washed and the viability was monitored after

24, 48 and 72h (Figure 2 and Figure S2).
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Figure 1: Structure of RAPTA-C and Ru(ll) arene a-diimine complexes used in this study.

Noticeably, our incubation procedure involved a short drug exposure timeframe to better identify and evaluate
the initial biological effects of the complexes and to avoid complications (misinterpretations?) caused by
prolonged and continuous chemical exposure. ICso values after 72h are reported in Table 1. RuCy exhibited a
cytotoxic effect against all cell lines, including on bEnd.3 endothelial cells, albeit low. RuPh and RAPTA-C did
not show any cytotoxic effect at least up to the concentration of 400 uM. RuPh and RAPTA-C did not affect the
viability of the cancer cell lines nor of the bEnd.3 used as endothelial control. The behavior of the three Ru(ll)

complexes is aligned to that observed on other cell types, following 72 h incubation.[15] This finding agrees



with the supposed mechanism of action of RAPTA-C, eliciting main action on the extracellular matrix at the

endothelial level, and confirms that 3D cancer models are pivotal for the evaluation of these compounds.
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Figure 2: Cytotoxicity of ruthenium compounds on HNSCCs cell lines. (A) SCC-25 and (B) UPCI:SCC-154 cells

were treated with increasing concentrations (in uM) of RuCy, RuPh or RAPTA-C for 2h at 37 °C. Then, cells were



washed and medium was replaced with fresh one. Viability was measured by WST-8 assay during time until 72
h and data were normalized to the viability of control cells (treated only with medium - DMEM). Cells treated
with 20% of DMSO were used as positive control of the experiment. Results are the average of three
independent experiments and error bars state the standard deviation. One-way ANOVA with Dunnett’s test vs.

0 h. *p< 0.05, **p<0.02, ***p<0.0001.

Table 1. ICso values for ruthenium compounds determined after 2 h exposure to the drug then 72 h with fresh

medium.

ICso after 72 h (LM)

Scc-25 UPCI:SCC-154 bEnd.3

RuCy 78.5 91.8 186.5
RuPh >400 >400 >400
RAPTA-C >400 >400 >400

Then, the effect of the compounds was evaluated on the cell migration ability after the treatment. This
investigation is of special interest since RAPTA-C can be poorly internalized in cells.[17] Thus, a migration assay
on SCC-25 cells has been performed. Note that the scratch assay was not performed on UPCI:SCC-154-due to
their growth modality, in which the cells form islands of several layers instead of a compact and dispersed
monolayer (Figure S2). Briefly, seeded cells have been scratched from the plates with a tip and their ability to
repopulate the region has been observed after the treatment with ruthenium complexes (Figure 3). RAPTA-C
and RuPh did not influence SCC-25 cells, which were able to invade again the selected region after 24 h.
Interestingly, we observed a severe influence of RuCy, confirming its cytotoxic effect, probably due to a
different mechanism of action with respect to the other two compounds. The same experiment performed on

bEnd.3 cells as a control resulted in similar outcomes (Figure S3).



Ctrl RuCy RuPh RAPTA-C

Figure 3: Migration assay. Bright field images of SCC-25 cells taken with a confocal microscope before and after
the treatment with ruthenium compounds. Cells were seeded in Willco dishes and scratched from the glass
with a tip. Then cells were treated with 200 uM of each ruthenium compound for 2h, and then observed under

the microscope after 24h. Scale bar: 50 um.
Internalization in 2D cell cultures

Taken together, the results obtained from viability and migration experiments suggest a different mechanism
of action for RuCy. Since we performed all the experiments by treating the cells with only 2h incubation, at
variance to the typical 72h protocol, it is reasonable to assume that the outcomes are associated to the
internalized compounds rather than their prolonged interaction with cells in the culture medium. Therefore,
the different cytotoxic performance of RuCy, RuPh and RAPTA-C can be attributed to a different ability of the
Ru(ll) complexes to be internalized in cells. In order to shed light on this point, the internalization rate of the
complexes has been quantitatively measured in both HNSCCs cell lines and compared to the control
compound, RAPTA-C. In addition, the endothelial bEnd.3 cell line has been employed for comparison. Each cell
lines (with a comparable number of seeded cells) was treated with two concentrations of ruthenium
complexes, 50 uM and 100 uM for 2 h, and the internalization was measured by ICP-MS (Table 2). Interestingly,
all compounds were internalized in both HNSCCs cell lines in a concentration-dependent fashion, with a

general higher internalization for UPCI:SCC-154.



Despite being a rather hydrophilic compound (log Pow = - 0.8),[23] RuCy showed a higher internalization than
both RuPh and RAPTA-C in the two cancer cell lines at both levels of concentration, and in the bEnd.3 cell line
at 100 uM. These results indicate that RuCy is extensively internalized in cancer cells where it exerts its
cytotoxic activity. Overall, RuCy exibited a more pronounced cytotoxic effect on SCC-25 despite the minor
internalization with respect to UPCI:SCC-154. On the other hand, RuPh was also internalized in cells but to a
lesser extent (about 40% and 50% less for SCC25 and UPCI:SCC-154, respectively) and showed no biological
action. Finally, we observe that RAPTA-C is generally not able to be internalized in cells, except for a small

uptake in UPCI:SCC-154 cell line.

Table 2: Quantification of ruthenium in cells by ICP-MS analysis.

bEnd.3 Scc-25 UPCI:SCC-154
mass Ru (ng) mass Ru (ng) mass Ru (ng)
RuCy 50 10.0+£0.8 26.5+2.8 38.9+9.6
RuCy 100 223+21 542+1.8 76.9+6.3
RuPh 50 24.7+2.8 7.8+x04 21.5+5.9
RuPh 100 28.6+3.1 12.5+0.5 40.4+18.5
RAPTA-C 50 0.32+0.11 0.4+0.02 29+0.2
RAPTA-C 100 0.54+0.04 1.6+0.5 8.0+1.7

Cytotoxic effect of ruthenium compounds on 3D cell cultures

Despite a variety of ruthenium arene complexes has been proposed as potential anticancer drugs, there is a
paucity of information in the literature concerning the behavior of this family of metal compounds in 3D
models. Therefore, we assessed the Ru-complexes presented herein on 3D cell models. The spheroids
represent a significant tumor model as the three-dimensional structures better cover the nano-bio interactions
and cancer behaviors compared to 2D cultures. Remarkably, the extracellular matrix environment is well
represented in spheroids, which is of particular importance for the assessment of Ru-complexes.[36] HNSCCs
spheroids have been produced and characterized following an established protocol.[27] In agreement with the
previous findings, they were treated with ruthenium compounds at a single concentration of 200 uM and we

followed the viability during time (Figure 4 A, B and C). Also on 3D structures, RuPh did not show any



significant toxic action also on 3D structures. On the other hand, RuCy confirmed to be toxic for all cell lines
with a more pronounced effect for SCC-25, thereby confirming the findings collected on 2D cells. Differently
from what evidenced in 2D cell cultures, the effect of RuCy on SCC-25 spheroids occurred starting from 48h.
UPCI:SCC-154 instead, are sensible starting from 24 h. These results could be explained by the higher RuCy
internalization in UPCI:SCC-154 cells respect to SCC-25 that lead to a marked and faster activity on 3D models.
These differences were not discriminated in 2D cultures, highlighting the pivotal importance of three-
dimensional models in pre-clinical cancer research. Interestingly we also observed an effect of RAPTA-C on 3D
models of UPCI:SCC-154. This cell line is characterized by the presence of an abundant extracellular matrix,
which is especially evident in the spheroids (Figure 4D). Thus, the action of RAPTA-C can be associated to the
extracellular environment, as already reported in vivo or in ovo for other tumor types.[37] Remarkably,
analogous complexes [RuCI(N,N)(n®-p-cymene)]* (N,N = dipyrido[3,2-a:2’,3'-c]phenazine type ligands) showed a
considerably lower effect on viability of 3D spheroids of PANC-1 pancreatic and melanoma A375 cells if

compared to their behavior on related 2D models.[30,32]
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Figure 4: Viability assay on 3D spheroids of HNSCCs cell lines. Spheroids of (A) SCC-25, (B) UPCI:SCC-154 or (C)

bEnd.3 were treated for 2 h with different ruthenium compounds at 200 uM. Then spheroids were washed and



maintained in fresh medium. After 24, 48 and 72 h, viability was measured with CellTiter-Glo® 3D Cell Viability
kit. Two-way ANOVA (Dunnett’s multiple comparison test) vs. Oh. *p< 0.05, **p<0.02. (D) Bright-field image of
a spheroid of UPCI:SCC-154. Scale bar: 50 pm.

CONCLUSION

In summary, we tested a selection of easily available and water stable ruthenium arene complexes on 3D
models of HPV-positive and HPV-negative HNSCCs and compared our findings with RAPTA-C as gold standard
for this family of compounds. Remarkably, this is the first time that ruthenium compounds have been tested on
HNSCCs models and, more in general, investigations of ruthenium arene compounds on 3D cell models are
exceedingly rare. Among the tested compounds, RuCy displayed a promising cytotoxic effect on all tested cell
lines both in 2D and 3D cell cultures, and, thus, represents a potential alternative to current cisplatin-based
therapies. It is worth to notice that RAPTA-C is not cytotoxic on 2D cells while evidenced an encouraging effect
on spheroids of UPCI:SCC-154, suggesting that sophisticated biological models are crucial for the assessment of
the anticancer action of ruthenium arene. Overall, our findings constitute a starting point for the development

of a new approach for the efficient (co)treatment of HNSCCs.
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MATERIALS AND METHODS
Synthesis of ruthenium arene complexes

Ruthenium arene complexes RuCy, RuPh and RAPTA-C, were synthesized following the respective literature

procedures.[21,23]



Cell culture

Human squamous cell carcinoma SCC-25 and UPCI-SCC-154 and endothelial cell bEnd.3 were purchased from
the American Type Culture Collection (ATCC). SCC-25 were maintained in a complete growth medium
composed of a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium while UPCI-SCC-154
and bEnd.3 were growth in Dulbecco’s modified Eagle medium (DMEM) from Invitrogen (Carlsbad, CA). Both
growth media were supplemented with 10% fetal bovine serum (FBS), 4mM L-glutamine, 1 mM sodium
pyruvate, 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen). SCC-25 medium was also
supplemented with 400 ng/mL of hydrocortisone. Cells were maintained at 37 °C in a humidified 5% CO2

atmosphere.
Production of 3D spheroids

HNSCCs and bEnd.3 spheroids were produced following a standardized protocol.[27] Briefly, cells were
collected from plate and resuspended in fresh medium, counted and the suspension was adjusted to a final
concentration of 1 x 10° cells/mL. Then, 10 pL (for SCC-25 and bEnd.3) or 20 uL (for UPCI-SCC-154) of cells were
placed on the lid of a 100-mm cell culture dish that was flipped into the chamber containing 10 mL of PBS. Cells
were left to settle into the drops until they formed a sheet and then were transferred to a 100 mm suspension
culture dish with cell culture medium after 3 days. Finally, cell aggregates were placed inside a CO; incubator

with an orbital shaker (70 rpm) for 24 h to induce the formation of the proper spherical shape.
Viability assay on 2D and 3D cell cultures

Viability experiments on 2D cell cultures were performed using a tetrazolium salt, 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, and monosodium salt (WST-8) assay. All types of cells
were seeded in 96-well plates for 24 h to reach 80-90% of confluency. Then each cell line was treated with
increasing concentrations of ruthenium compounds for 2 h at 37°C. after this time, cells were washed twice
with phosphate-buffered saline (PBS) and fresh medium with 2% FBS was added. Viability was monitored after
24, 48 and 72 h and referred to the viability of control cells without treatments set as 100% (DMEM). We also
added a positive control represented by cells treated with 20% of DMSO. For each experimental time point
cells were incubated with WST-8 reagent (100 plL) and 2% serum-containing medium (90 pL) for 2 h.
Absorbance (450 nm) was measured using a microplate reader (Glomax Discovery, Promega, Madison, WI,
USA). Data represent the average of three independent experiments. Error bars represent the standard
deviation from three independent experiments. The viability of 3D spheroids was followed by quantifying the
adenosine triphosphate (ATP) content of metabolically active cells using CellTiter-Glo® 3D (Promega), which

was used as per manufacturer’s instructions.



Migration assay

SCC-25 and bEnd.3 cells were seeded 24 h before the experiments into a glass-bottom Petri dish (WillCo-dish
GWSt-3522) to reach 80—90% of confluence. Samples were scratched with a tip to form a cross at the center of
the plates. Bright-field images of the scratched regions were taken with a confocal microscope (Zeiss Axio
Vert.Al). Cells were treated with ruthenium compounds at 200 uM for 2h at 37°C, washed twice with PBS and
finally added with fresh culture medium. Images were again taken after 24 h to see the ability of the cells to
migrate or repopulate the scratched region. Samples treated with ruthenium compounds were compared to

untreated cells.
ICP-MS analysis

All cell lines were seeded 24 h before incubation with the complexes in 24-well plates to reach 80-90 % of
confluency. Cells were treated with ruthenium compounds at two different concentrations, 50 uM and 100
UM, for 2 h at 37°C. Afterwards, cells were washed twice with PBS and 200 uL of aqua regia were added to
each well. The solution was placed in a glass tube and samples were digested at 200 °C for 15 minutes. The
resulting solutions were diluted to 2 mL with ICP-MS grade water. The detected amount of ruthenium was
evaluated with respect to a standard calibration curve and results are reported with the standard deviation

obtained from three independent samples.
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