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ABSTRACT: Ruthenium-based compounds are developed
for anticancer treatment, but their mode of action including
their import mechanism and subcellular localization remains
elusive. Here, we used the intrinsic luminescent properties of
cytotoxic organoruthenium (Ru(II)) compounds obtained
with an anionic cyclometalated 2-phenylpyridine chelate and
neutral aromatic chelating ligands (e.g, phenanthrolines) to
follow their behavior in living cells. We established that the
difference in sensitivity between cancer cells and noncancerous
cells toward one of the compounds correlates with its import
kinetics and follows a balance between active and passive
transport. The active-transport mechanism involves iron and
amino-acid transporters, which are transcriptionally regulated
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by the drug. We also demonstrated a correlation between the accumulation of these compounds in specific compartments
(endoplasmic reticulum, nucleus, mitochondria) and the activation of specific cytotoxic mechanisms such as the mitochondrial
stress pathway. Our study pinpoints a novel and complex mechanism of accumulation of ruthenium drugs in cancer cells.

B INTRODUCTION

In the development and optimization of novel anticancer drugs,
several parameters must be taken into account, including the
intrinsic cytotoxic activity toward cancer cells and the
pharmacokinetics and pharmacodynamics, which altogether
are closely linked to the off-target toxicity of the compound
toward healthy tissues." These parameters are themselves the
consequences of a molecular interaction between the drug and
its direct target(s), the drug stability in biological environments,
and the water solubility/lipophilicity of the drug. The latter also
partly defines the mode of import/export into cells and the
accumulation sites of the drug. Fortunate hazard or scientifi-
cally-directed adjustments in the balance between these
parameters lead to a successful development of a novel
anticancer drug.

However, following live import/export mechanisms and the
subcellular accumulation sites of a drug often represents a
challenge, as the analytical chemistry methods for quantifying
the intact drug are not always sensitive enough. Frequently
used as an alternative, the modification of the drug with a
fluorochrome raises the question about the impact of the
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additional ligand on the transport mechanisms, localization, or
direct-target interaction.

Few examples of successful chemotherapy are still driving the
search for more potent, more selective, less prone to resistance,
and better-tolerated drugs. In the past years, a significant
interest was given to ruthenium-based drugs, because of the
favorable properties of these compounds that make them a
suitable basis for the development of antitumor drugs, such as
the oxidation state, the ligand-exchange rate and the binding to
proteins important for cell survival.>® Various ruthenium
complexes in oxidative state II or III were shown to present
ligand-exchange abilities similar to those of platinum
complexes, no cross-resistance with cisplatin, and a selective
cytotoxicity for cancer cells with a reduced toxicity for healthy
tissues, which at least in part can be explained by the selective
transportation to cancer cells by the iron-transport system.”” ">
Two of these compounds, namely NAMI-A and KP1019, have
successfully passed initial phase one of clinical trials.'*'®
Besides these initial successes, the emergence of new
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ruthenium-based therapies has been slowed down by several
limitations, such as the relatively poor level of solubility and/or
stability these therapies have in aqueous solutions, an
unimpressive cytotoxicity (ICs, between 10 and 100 uM),
and an uncertainty regarding the molecular mechanisms of
action responsible for the antitumor effect.

In this respect, the mechanism of action and the direct
targets of ruthenium-based drugs are still a matter of debate.
Indeed, depending on the drug, several modes of action have
been proposed, such as interaction with DNA to activate DNA-
damage pathways'™*° and inhibition of kinases*' or other
enzymatic activities,””** including extracellular metallo-pro-
teases.”* The differences observed may be due to variations in
their structure. Even if the ligands attached to the metal are
most of the time only weakly bound to ruthenium via a
coordination bond, the different nature of the ligands may be
sufficient to induce different behaviors for the various
complexes studied so far.

To improve the stability of ruthenium complexes and
possibly to enhance their cytotoxicity and their pharmacoki-
netics, we have previously generated several ruthenium-based
complexes in which the ligand is bound to the metal (M) via a
strong covalent bond such as a C—M ¢ bond.'”* Besides an
increased stability, these compounds present a new variety of
ligands, and they differ from each other by their Ru"/Ru™
redox factor. We called these molecules ruthenium-derived
compounds (RDCs), and we showed previously that several
RDCs are cytotoxic for several cisplatin-resistant cancer cell
lines."” Few of them showed a good antitumor activity both in
vitro and in vivo, with an IC, often between 0.1 and 5§ M, and
anticancer pr06perty on models of ovarian cancer, melanomas,
and gliomas.”**” Importantly, they showed a reduced neuro-
toxicity in comparison to cisplatin.*® Because we demonstrated
previously that cisplatin exerts its neurotoxic effect partly
through induction of the pS3 pathway,”®* we analyzed the
ability of RDCs to interact with DNA and induce pS3 proteins.
These analyses demonstrated that RDC11 exerts its antitumor
effect via. DNA-dependent and DNA-independent modes of
action,>%3%3!

In the present study, we investigate the mode of import and
subcellular localization of organoruthenium compounds to gain
additional insights about their mode of action. To achieve this,
we took advantage of the luminescence of organoruthenium
compounds that present aromatic cycles such as RDC34 and
RDC44 that we previously characterized for their anticancer
properties.”” This intrinsic luminescent property of these
anticancer ruthenium-based compounds allowed us to perform
these studies using living cells and unmodified compounds.
This property rules out the possible problems that would have
arisen with molecules to which a fluorochrome had to be
attached.

B EXPERIMENTAL SECTION

Chemical Compounds. RDC34 and RDC44 were synthesized
and purified as previously described.*”** Briefly, the compounds were
characterized by 'H and '*C NMR and high-resolution mass
spectrometry (HRMS). Organelle-specific fluorescent dyes ER-
Tracker Green, MitoTracker Green, Propidium iodide were prepared
and used as indicated by the manufacturer (Invitrogen). 2-Deoxy-D-
glucose, Oligomycin A, deferoxamine, and b-phenylalanine were
purchased (Sigma). Stock solutions of the RDC were 50 mM in
dimethyl sulfoxide (DMSO).

Cell Culture. A172 human glioblastoma cells were obtained from
the American Type Culture Collection (ATCC). Cells were
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manipulated and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal calf serum (FCS) (Dominique Dutcher) and
1% Penicillin + Streptomycin (Sigma) at 37 °C with $% CO,
atmosphere as previously described.** For live imaging, cells were
cultured on coverslips coated with polyornitine (1 pg/mL) as
previously described.*

Primary glia cultures were prepared from 7 d old mouse cerebella
using enzymatic and mechanical isolation as previously described.*®
Glial cells were separated from neurons by sedimentation and
adhesion on uncoated plastic culture plates. After 3 h, unattached
neuronal cells were removed by rinsing the plates three times with
fresh medium. Attached glial cells were then further cultivated for S d
before treatment.

Cell Survival. 5000 cells were seeded per well in 96-well
microplates (Falcon Multiwell) 48 h prior to any treatment. RDCs
were applied for 48 h by diluting the S0 mM DMSO stock solutions in
fresh medium (DMEM with 10% serum). 3-(4,5-Dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay was performed as
described previously by replacing the medium with fresh medium
supplemented with 5 mg/L MTT (Sigma) for 1 h.*” Cells were lysed
in isopropanol with 0.04 N HCl. Measurements were performed at
550 nm.

Confocal Microscopy and RDC Accumulation Measure-
ments. A home-built confocal microscope was used. We first
visualized the cells before taking any confocal images, to follow a
healthy single layer of cells. The typical scan size was around 60 gm X
60 pm with a step size of 500 nm. The laser was expended through a
telescope and feeds the back focal plane of an objective. The sample
was moved with piezoelectric devices. The piezoelectric devices had a
total range of approximately 100 pm with a capacitive feedback loop.
The repeatability of the system was approximately 20 nm, and the
precision was ~1 nm. The integration time was adjusted to obtain a
good signal-to-noise ratio. The typical integration time was around S0
ms per pixel. The signal was collected through a S0 um core
multimode fiber coupled to a spectrometer splitting the light in the
different wavelengths. A charge-coupled device (CCD) camera
collected the signal and returned the emission spectrum. This
spectrum was then equally divided in 10 subparts. We summed up
the intensities in each part and attributed them to an integrated
intensity to each average wavelength.

Correlation Factor and Colocalization. We then obtained 10
different images from the same cell at the different wavelengths. Thus,
we could compare the fluorescence from the different organelle-
specific dyes used, which mostly emitted around 520 nm, and the
ruthenium compounds emitting around 750 nm. The images were
aligned by x—y translation whose vector was determined by
maximizing the correlation between successive images.

;e ( 1 )Z (f(x; y) _f(xr )’)) X (g(x, y) - g(x, y))
n—1 oy ;0

Where r represents the correlation factor, n represents the number of

pixels in the image, f was the image obtained from the fluorescent

labels, f was the average value of that image, g was the image obtained

from RDC, g the average value of that image, and o o, were the

standard deviation of the images.

Import Kinetics. The image acquisition over at least 1 h on the
same region and the same cells allowed us to directly compare the
fluorescence intensities over time and to link the changes to the
intracellular accumulation. We first aligned the images, applying cross-
correlation to the stack, and afterward we aligned an X and Y
translation to the image to correct the mechanical drift from the time
series. This led to a perfect superposition of the images. Then, a region
of interest was set such that only the intensity from the cells belonging
to the image was taken into account. We summed up the intensity
from the region of interest and divided it by the number of pixels
involved. The result was an average intensity collected on a cellular
area. We obtained from this analysis an intensity versus time array. We
used the maximum and minimum intensity values to normalize this
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Table 1. Names, Structures, ICg, in A172 Human Glioblastomas, Glial, and Neuronal Cells, and Lipophilicity Index for the

Ruthenium-Derived Compounds Used

Compound Formula I1Cso0 (LM) I1Cso0 (uM) 1Cs0 (M) Lipophilicity
A172 Glia Neuron LogP(o/w)
RDC34 I\wl/l + 0.25 = 1.2+04 1.15+0.6 2.35+0.04
- \R]uiN s CF3S05 0.23
| Y
,N
N-Ru-C Lﬁ;‘
H H
structure | gpcag %W ‘(0L o | 74:26 | 82:53 | 91:36 <05
N 2
HN\L N u./\NN‘ CFSSO0.
NH, MY

array. The evolution over time therefore represented the average
import kinetics.

Western Blot. Cells were lysed as previously described with a lysis
buffer (125 mM tris(hydroxymethyl)aminomethane (Tris)-HCl pH
6.7, NaCl 150 mM, NP40 0.5%, 10% glycerol).*® Proteins were
denatured and deposed (75 ug of proteins) on 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Western
blots were performed using antibodies raised against C/EBP
homologous protein (CHOP) (1/1000 dilution, Santa Cruz, CA) or
H2AX (S139) (1/2000, Millipore, France) and incubated with the
blots overnight. Secondary antibodies (antirabbit, antimouse: Sigma,
MA) were incubated at 1:1000 for 2 h. Equal loading of the samples
was controlled visualizing actin expression (rabbit anti-f-actin, Sigma,
1:4000).

Quantitative Polymerase Chain Reaction. Cultured cells were
lysed with 1 mL of TRIzol per 10 cm” (Invitrogen) to extract RNA
according to manufacturer’s instructions. RNA samples were ethanol-
precipitated twice and 1 pg was used for reverse transcription (High-
Capacity ¢cDNA Reverse Transcription Kit, Applied Biosystems).
Quantitative polymerase chain reaction (qQPCR) was performed using
2 ng/uL cDNA (RNA equivalent) according to manufacturer’s
instructions (SYBR Green PCR Master Mix, Applied Biosystems)
and with 400 uM of each primer (Supporting Information, Table 1).
Expression levels were normalized using average of 18S and tri-n-butyl
phosphate (TBP) (TATAA binding protein) RNA expression.

B RESULTS

Ruthenium-Derived Anticancer Compounds Present
Fluorescent Properties. We have developed several com-
pounds containing ruthenium in redox state II and bound to
aromatic ligands.> We previously characterized the cytotoxicity
and anticancer activity of RDC34 and RDC44 that both present
two phenanthrolines (Table 1).>” RDC44 presents in addition a
spermine unit that enforces the water solubility of the
compound as indicated by its log p(o/w) using phase-
separation experiments® (Table 1). RDC34 and RDC44
have an ICy;, on cancer cells of 025 yM and 74 uM,
respectively, in A172 glioblastoma cells that express a wild-type
p53 gene. Similar results have been observed on pS3-mutated
cells (Supporting Information, data #1). Here, we are now
showing that the toxicity of the compounds on primary cultures
of glial and neuronal cells (noncancerous) was decreased as
indicated by an increase of the ICy, (Table 1). Under similar
experimental conditions, we obtained an ICs, for cisplatin of
5.4 (£0.8) and 7.9 (+0.6) for A172 and glial cells, respectively.
This observation suggested that there is a selectivity of action
and/or transport into the cells between cancerous and
noncancerous cells for RDC34.

The presence of two phenanthrolines in RDC34 and RDC44
suggested that these compounds could display luminescent
properties. Indeed, spectroscopic measurements indicated that
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RDC34 and RDC44 when excited at 488 nm exhibited light
emission with a pick between 730 and 750 nm (Figure 1A). We
have previously shown that related RDCs could intercalate
between DNA base pairs.>" Therefore, we measured the change
in RDC fluorescence upon interaction with DNA. A 4-fold and
10-fold amplification of fluorescence was observed for RDC34
and RDC44, respectively. An increase in fluorescence for
RDC34 and RDC44 was also observed when incubated with
RNA or bovine serum albumin (BSA) (Figure 1B,C), indicating
that these compounds interact in vitro as well with RNA and
proteins. It is noteworthy that the overall light-emission
intensities of RDC44 alone or in interaction with the biological
macromolecules were higher compared to RDC34, in particular
with BSA.

Subcellular Localization of Organometallic Ruthe-
nium-Containing Compounds in the Endoplasmic
Reticulum. The entry and localization of luminescent
RDC34 and RDC44 were followed by confocal microscopy
on living cells treated for 2 h with the respective drug. Using
the same time and measurement parameters, we observed a
strong luminescent emission inside the cells caused by RDC34
(Figure 2A) and a much weaker emission for RDC44 (Figure
2B). Interestingly, the emissions for both compounds were
markedly perinuclear, suggesting a possible localization in the
endoplasmic reticulum (ER). To verify this, we used ER-
Tracker Green dye, which is a specific dye for the ER
compartment. This marker revealed a good correlation between
the localization of the ER-tracker Green dye and the
luminescence of RDC34 or RDC44 (Figure 2C,D). We further
confirmed the physical and functional relationship between
RDC34 and ER by showing that RDC34 strongly increased in a
dose-dependent manner the protein level of the ER stress
response transcription factor CHOP (Figure 2E) and the
mRNA level of CHACI, a known target gene (Figure 2F).
Interestingly, in the same conditions RDC44 did not affect
significantly CHOP protein levels or CHACI expression, which
could be explained by a poor ability of RDC44 to enter cells
(Figure 2B) under these conditions. Indeed, cytotoxic
concentration of RDC44 (250 uM) also led to the induction
of CHACI expression (Supporting Information, data #2).

Taken together, this set of experiments indicated that
RDC34, which displays normally a weaker emission intensity
in vitro than RDC44 (Figure 1), accumulates more efficiently in
cells compared to RDC44, this being evidenced by its stronger
luminescent emission; moreover, it has a physical and
functional relationship with the ER.

Subcellular Localization of RDC in the Nucleus and
the Mitochondria. To further investigate the subcellular
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Figure 1. Emission spectra (nm) obtained from RDC34 and RDC44
in interaction with different biopolymers added in large excess
compared to RDC molecules. The excitation is set at 488 nm. (A)
Lines indicate emission spectra (AU; arbitrary unit) for RDC
components (50 uM) alone in aqueous solution, in combination
with DNA (sheared salmon sperm DNA, 300 uM), or DNA alone. (B)
Lines indicate emission spectra for RDC components (50 4M) alone
in aqueous solution, in combination with 16sRNA (60 uM), or
16sRNA alone. (C) Lines indicate emission spectra for RDC
components (50 yM) alone in aqueous solution, in combination
with BSA (50 uM), or BSA alone.

localization of RDC34, we performed colocalization experi-
ments with dyes specific for the nucleus (propidium iodide)
and the mitochondria (MitoTracker Green). We observed that
part of the RDC34 was localized inside the nucleus as shown in
Figure 3A,B. To independently assess the effect of RDC34 and
RDC44 on the nucleus, we showed that RDC34 and to a lesser
extent RDC44 induced a DNA damage response as indicated
by the phosphorylation of histone H2AX (Figure 3E).

The colocalization studies using the MitoTracker Green
(Figure 3D) also revealed that some RDC34 molecules may be
localized in the mitochondria (Figure 3C,D). Because of the
small size and the dispersion of the mitochondria within the cell
a precise colocalization was difficult to assess, but calculation
indicated a correlation factor of 0.45 suggesting a good
colocalization of RDC34 fluorescence with the MitoTracker
Green. As mitochondria develop also a stress response upon
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Figure 2. Accumulation of RDC in endoplasmic reticulum and
induction of the unfolded protein stress response. A172 cells were
incubated for 2 h with RDC34 (A, C) or RDC44 (B, D) at 5 uM,
corresponding to the accumulation plateau as indicated by the
fluorescence intensity assessed by confocal microscopy. Fluorescence
images of RDC34 (A) and RDC44 (B) in A172 cells. Staining of the
endoplasmic reticulum was performed using the ER-Tracker Green
(C, D). (E) Western blot analysis of cells treated for 24 h at the
indicated concentrations (in uM). Tunicamicin (Tun) was used at 5
pug/mL. Immunoblotting was performed with antiactin and anti-
CHOP antibodies. Data are representative of three independent
experiments. Ct stands for cells treated without the drugs. (F) Cells
were treated with RDC34 or RDC44 at the indicated concentration
(in uM) for 24 h. Reverse transcription (RT) qPCR was performed
using primers for CHACI. Data are represented as mean (+standard
deviation) of fold inductions relative to untreated cells (Ct) and were
normalized with both 18s and TBP levels. Asterisks indicate
statistically significant difference (p < 0.01) compared to control, as
calculated by a one-way ANOVA test followed by a Tukey test.

damages, we analyzed the activation of SATB1/2 proteins and
their target gene HSP60, which are markers of this stress
response.”” Interestingly, cells treated with RDC34 showed an
induction of both SATB2 and HSP60 expressions (Figure 3F).

Altogether these studies indicated that RDC34 was localized
in at least three intracellular compartments, ER, mitochondria,
and nucleus. Their localization into these compartments also
correlated with the activation of specific stress-response
mechanisms, such as CHOP, H2AX, or SATB2.

dx.doi.org/10.1021/ic500250e | Inorg. Chem. 2014, 53, 5150—5158
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Figure 3. Accumulation of RDC in the nucleus and the mitochondria,
and induction of DNA damage and mitochondria stress response. (A,
B, C, D) A172 cells were incubated for 2 h with RDC34 (5 uM) to the
accumulation plateau as indicated by the fluorescence intensity
assessed by confocal microscopy. (B, D) Staining of the nucleus or
the mitochondria was performed using the propidium iodide (B) and
MitoTracker Green (D), respectively. (E) Western blot analysis of
cells treated for 24 h at the indicated concentrations. Immunoblotting
was performed with antiactin and anti-H2AX(S139) antibodies.
Cisplatin (Cis; S yM) was used as positive control. Data are
representative of three independent experiments. (F) Cells were
treated with RDC34 at the indicated concentrations for 24 h. RT-
qPCR was performed using primers for SATB2 and HSP60. Data are
represented as mean (+standard deviation) of fold inductions relative
to untreated cells (Ct) and were normalized with both 18s and TBP
levels. Asterisks indicate statistically significant difference (p < 0.01)
compared to control, as calculated by a one-way ANOVA test followed
by a Tukey test.

Kinetics of Import in Cancerous and Noncancerous
Cells. After determination of the intracellular localization, we
focused on RDC34 intracellular accumulation over time. For
this, we grew cells on polyornitine-treated coverslips, and after
replacing culture medium with a RDC34 containing medium
we performed time-lapse imaging as shown in Figure 4A. For
appropriate comparative evaluation, the same image setup
parameters were conserved for all pictures, permitting the direct
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linking of the intensity evolution to the accumulation. As
specified in the Experimental Section, to further analyze the
kinetics, we extracted the average intensity from the selected
cells and normalized the maximum values obtained at 200 min
or at the plateau in the time-lapse analysis with the number of
pixels involved to attribute an intensity evolution value between
0 and 1 (Figure 4B,C,D). We observed in all the different tested
cells that the curves obtained at S uM did not superimpose
onto the ones obtained at 10 M.

If we hypothesize the extracellular solution to be a reservoir
of ruthenium compounds and the collected intensity to be the
average concentration on the cellular volume, the second Fick’s
law tells us that the only parameter that influences the kinetics
and the maximal intracellular concentration is the initial
reservoir concentration. Thus, dividing our time series by the
value reached at saturation directly shows whether the kinetics
are purely diffusive or not. The fact that the curves do not
superimpose therefore means that the kinetics differ from
diffusion. Next, we assumed the simplest case where the
kinetics are first-order in RDC concentration; in this case an
exponential increase of the intensity would be observed, with a
characteristic time independent of the initial concentration.
Although our observed intensity versus time relationship may
be well-described by a single exponential function, the deduced
kinetic rate did depend on the initial RDC concentration
(Figure 4B). Consequently, a purely passive diffusion
mechanism can be excluded, thus suggesting that either
facilitated or active transport must take part in the entrance
mechanisms of RDC. We then followed the uptake of these
drugs in healthy cells as shown in Figure 4C,D. Interestingly,
the rate of drug intake at S yM was reduced in glial and
neuronal cells compared to A172. In addition, we observed no
superposition when the only changing parameter was the
concentration, as observed in A172 cells. The adjustment was
an exponential as described in A172 cells. Surprisingly, when
the extracellular concentration was raised to 10 uM the rate of
import was higher in healthy cells compared to A172 cells.

Altogether, the kinetic analysis suggested that the import
might involve multiple kinds of mechanisms including
facilitated and active processes. In addition, the rate of import
is dependent on the extracellular concentration of the drug and
the cell type.

RDC34 Multiple Intracellular Import Mechanisms
Including Amino Acid Transporters. To better understand
the mechanisms of RDC34 cellular import, we tested inhibitors
of adenosine 5'-triphosphate (ATP) production to discriminate
between passive and active mechanisms. We treated cells with
oligomycin and 2-deoxy-p-glucose, classically used to inhibit
ATP production, to block active import mechanisms.** As
shown in Figure SA the percentage of active-import mechanism
involved in RDC34 accumulation increased when the
concentration of RDC34 applied to the cells was lower than
S uM. At 1 uM, 50% of the import is mediated by a mechanism
dependent upon ATP production.

To further characterize the import mechanisms for RDC34
we focused on the ferritin/transferrin receptor system.*" Several
publications have documented an interaction between
ruthenium compounds and transferrin.** The interaction is
supposed to be based on the fact that ruthenium belongs to the
family of iron. Interestingly, we observed that RDC34 increased
the expression of ferritin, which is an iron intracellular
packaging component, and decreased the expression of the
transferrin receptor (TFRC), indicating that RDC34 regulates
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Figure 4. RDC intracellular accumulation observed with confocal microscopy over time. (A) Raw-image time series (left to bottom right) from A172
cells treated with 5 M RDC34. The delay time between two consecutive images is around 8 min. The intensity range is fixed for all images to
highlight the evolution. (B, C, D) The normalized accumulative intensity (1 being the maximal intensity measured) over time for RDC34 at 5 uM
and 10 yM and the exponential adjustments in A172 (B), glial (C), and neuronal (D) cells.

like iron the expression of ferritin and TFRC, thus suggesting
that the cells might consider RDC34 as iron (Figure SB).
Therefore, we tested how deferoxamine, which is known to
chelate iron, might affect RDC import (Figure SC). We
observed that deferoxamine increased by approximately 25%
the accumulation of RDC34 inside the cells. This result
indicated that chelation of iron from the medium, and therefore
leaving more iron transporter available, favored the import of
RDC34. It also suggested that deferoxamine did not chelate
RDC34.
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Additional RT-qPCR analyses of various cellular transporters
showed that RDC34 induced the expression of the amino acid
transporter SLC7AS (Figure $B).** Amino acid transporters
have been described to import also several chemical
compounds including drugs. Therefore, we hypothesized that
SLC7AS could provide a means of cellular entry for RDC34.
To verify this, we used D-phenylalanine that was previously
shown to inhibit SLC7AS-dependent import.** Preincubation
of cancer cells with p-phenylalanine reduced the accumulation
of RDC34 (Figure SD), suggesting that SLC7AS participates in
the cellular import of RDC34.
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Figure S. Importance of iron and amino acid transport in RDC
intracellular import. (A) Active transport mechanisms were inhibited
in A172 cells by using oligomycin (5 yM) and 2-dexoy-glucose (50
mM) preincubated for 1 h before adding RDC34 at the indicated
concentration for 2 h. Accumulation of RDC34 was measured by
fluorescence intensity using confocal microscopy at the end of the
incubation time. Bars indicate mean (+standard deviation) of
intensity. (B) Cells were treated with RDC34 at the indicated
concentrations for 24 h. RT-qPCR was performed using primers for
Ferritin, SLC7AS, and the transferrin receptor (TFRC). Data are
represented as mean (+standard deviation) of fold inductions relative
to untreated cells (Ct) and were normalized with both 18s and TBP
levels. (C, D) A172 cells were preincubated with deferoxamine (100
#M) and p-phenylalanine (1 mM) for 1 h before adding RDC34 at the
indicated concentration for 2 h. Accumulation of RDC34 was
measured by fluorescence intensity using confocal microscopy at the
end of the incubation time. Bars indicate mean (+standard deviation)
of intensity. Asterisks indicate statistically significant difference (p <
0.01) compared to control, as calculated by a one-way ANOVA test
followed by a Tukey test.

B DISCUSSION

Metal-based compounds are intensively investigated as
anticancer drugs due to their physicochemical properties such
as their redox potential, ligand-exchange rate, the possibility of
attaching more than four ligands to them, and others.
Unfortunately, up to now the persistent lack of precise
biochemical and biological characterizations retard their
optimization and development toward clinical practice. In this
regard, the ability of a specific compound to exert its biological
function is dependent on multiple factors, such as its affinity to
its intracellular targets, its intrinsic biochemical properties that
might affect the function of its intracellular targets, and its
ability to enter and be localized in specific compartments of the
cell. Previously, studies were performed on this aspect with
metal-based compounds, such as the anticancer compounds
Nami-A or KP1019,*® or DNA intercalators such as
dipyridophenazine (dppz) complexes of Ru(II).*****” These
compounds have the specificity of presenting nitrogen—metal
coordination bonds, and in the case of Nami-A and KP1019,
they display relatively low toxicities on cancer cells (ICs, > 10
uM).*® In this study, we investigated for the first time the
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subcellular localization and the import processes of organo-
metallic ruthenium compounds (that contained ruthenium
“Ru—C” bond) showing strong cytotoxic properties.
Aromatic Ligands As a Tool to Follow Metal-Based
Import/Export and Interaction with Biological Macro-
molecule. Following the outcome of a defined biologically
active compound in cells in terms of import and subcellular
localization is often a difficult task, being limited by available
technological tools. For instance, it remains challenging to
address these questions with metal-based anticancer com-
pounds due to the limitations of the chemical analyses to locate
these compounds in living cells. It often requires the use of
cellular invasive methods or important chemical modifications.
One of these modifications is the addition of a fluorescent
moiety to the molecule. If this addition permits following the
molecule in cello using microscopy, it also significantly modifies
the molecule structure, which might bring artifacts in term of
uptake, localization, and interaction with intracellular compo-
nents. An alternative is to use induced coupled plasma mass
spectrometry (ICP-MS) to quantify the presence of the metal
in specific location after subcellular compartment isolation.
This approach has two limits; the first is that ICP-MS quantifies
only the metal and does not guarantee that the molecule is
intact, and the second is that cellular manipulation to isolate the
subcellular compartments can also alter the distribution of the
compound. In our pursuit of developing highly cytotoxic
anticancer compounds based on ruthenium, we designed and
characterized an organometallic ruthenium compound, called
RDC34, that presents Ru(Il) cyclometalated to a phenyl-
pyridine ligand via a covalent C—Ru bond that is further
stabilized by a intramolecular N—Ru coordination bond. In
addition, this compound presents two phenanthrolines as
chelating ligands. This compound is highly cytotoxic toward
cancer cells (ICg; < 1 #uM) and reduces in vivo tumor growth
(Table 1 and refs 27 and 33). Interestingly, the presence of the
two phenanthrolines provides a fluorescence property that is
amplified when RDC34 interacts with biological macro-
molecules such as DNA, RNA, and proteins (Figure 1). The
exact biological significance of these nonselective interactions
with DNA, RNA, and BSA remains to be established, as the
experiments were done in tubes with purified molecules. In this
respect, a confirmation of this lack of selectivity in cells would
help to explain why these compounds act on several signaling
pathways (CHOP/CHAC1; H2AX; SATB2/HSP60).
Although RDC34 multiple mode of action might be regarded
as a reason for its low selectivity, it may help to circumvent
some resistance mechanisms and provide a compound being
active on a very heterogeneous population of cancer cells in the
tumor. The fluorescence intensity of RDC34 increases by
approximately 3-fold in the presence of DNA, RNA, and BSA.
Similar observations were done with an RDC34 variant that
presents a spermine tail that increases its water solubility
(Figure 1). Removal of a single phenanthroline, such as in the
compound RDC11,? abrogates the fluorescence property (data
not shown). Interestingly, addition of other aromatic ligands,
such as in RDCS6, also provides an interesting fluorescence
property (Supporting Information, data #3). Therefore,
derivatives of organoruthenium compounds with aromatic
ligands, like RDC34 and RDCS6, represent unique anticancer
metal-based compounds that can be studied to gain a better
understanding of the subcellular localization and import/export
mechanisms of this class of novel therapeutic drugs, providing
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information necessary for their further development and
improvement of their reactivity.

Intracellular Localization of the Ruthenium Com-
pounds. Using dyes that present subcellular selective local-
ization, we observed accumulation of RDC34 in the nucleus,
the endoplasmic reticulum, and the mitochondria of cancer
cells (Figure 2, 3). Previously, accumulation of the ruthenium-
based anticancer drugs Nami-A and KP1019 was observed in
the nucleus and the mitochondria.** Here we also see an
accumulation of RDC34 in the perinuclear part of the cell that
corresponds in part to the endoplasmic reticulum. It remains to
be established whether it is specific to the family of compounds
with a cyclometalated phenylpyridine structure like those in
RDC34 and RDC11. In addition, we are showing here that the
presence of RDC34 in these compartments has specific
functional consequences such as the induction of compart-
ment-specific stress-response pathways like the induction of
H2AX phosphorylation and CHOP/UPR and SATB2
expression (Figures 2 and 3). These molecular mechanisms
can account for the cytotoxic or cytostatic activity of RDC34 on
cancer cells.

Influence of the Lipophilicity on the Import of
Ruthenium Compounds. The compound RDC44 has been
developed to improve the water solubility of RDC34 by adding
a spermine tail, which, however, drastically reduced its
cytotoxicity (Table 1).*” Interestingly, the ability of RDC44
to interact and increase its fluorescence upon interaction with
DNA, RNA, or BSA does not seem to be affected: the
fluorescence is improved with RDC44 in vitro when it interacts
with biological macromolecules, in particular with BSA (Figure
1). However, the fluorescence emitted by RDC44 in cancer
cells is reduced compared to that of RDC34. This observation
suggests that RDC44 tends to accumulate less in cells.
Although some RDC44 accumulates in cells anyway, we did
not observe cytotoxicity or significant induction of stress-
response pathways, such as H2AX phosphorylation or CHOP
induction. It appears therefore that the lipophilicity status of the
compound might impact partly the ability of the compound to
enter the cells under these conditions. Additional experiments
using variants of RDC34 might be necessary to assess whether
there is a strict correlation between the lipophilicity and the
accumulation in cancer cells.

Mode of Import of the Ruthenium Compounds.
Experiments were performed with drugs that block or reduce
selected cellular import mechanisms. The results obtained
suggest that several import mechanisms participate in the active
or facilitated entry of RDC34 in cancer cells. More specifically,
we observed a contribution of active-transport mechanisms and
amino acids transporters (Figure S). The active import of
ruthenium-based compounds was previously described for
dipyrido[3,2-a:2,3"-c]phenazine (dppz) DNA intercalators.*’
In this study, we now demonstrate that it is also the case for
smaller organometallic compounds, and in addition we show
that the contribution of these transport mechanisms is drug-
and concentration-dependent. The lower the concentration of
the compound, the higher the contribution of the active-import
mechanism. This suggests that the concentration gradient at
high concentration enforces the passive transport. We also
observed that the use of the iron chelation drug deferoxamine
improved the accumulation of RDC34, suggesting that RDC34
import might involve iron transport mechanisms such as ferritin
and the transferrin receptor. This feature is supported by
several observations. First, the normalized accumulation curves
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over time present concentration dependence. The dependence
proves that the import is not purely diffusive, and some active
transporter might be implicated (Figure 4). Second, RDC34
induces, like iron, the expression of transferrin and amino acid
transporter such as SLCA7AS (Figure 5).41

Selectivity between Cancer Cells and Noncancer
Cells. RDC34 shows some selectivity toward glial cancer
cells versus healthy glial cells, with ICy, values of 0.25 M and
1.2 uM, respectively (Table 1). We already observed such
selectivity with RDC11, a ruthenium compound with the
cyclometalated phenylpyridine, one phenanthroline, and two
acetonitriles. However, this selectivity is not observed with
RDC44 that has an additional spermine tail compared to
RDC34.2° The import studies that we performed indicated that
the import kinetics differed between cancer and normal cells.
The import kinetics were much higher for cancer cells
compared to normal cells (neurons or glial cells) (Figure 4).
Interestingly, at 10 M RDC34 the kinetics was drastically
increased in all cells but even more in normal cells. These
results indicated that in terms of import, cancer cells have a
higher transport potential at low concentration of the drug than
the healthy cells, which might be due to a constitutive high
number of receptors/channels required for importing compo-
nents necessary for cancer cell growth or due to a higher
adaptability (induction of these receptors/channels upon
treatment). This leads to selectivity between cancer cells and
healthy cells, but this selectivity tends to decrease with an
increasing drug concentration. Such concentration dependence
could be explained by the fact that the active-import
mechanisms are more important at low concentration (see
above and Figure ).

Altogether our data suggest a model in which RDC34 at low
concentration enters into cancer cells more easily than it enters
into normal cells through active mechanisms that are induced
by RDC34 at the transcriptional level. However, at higher
concentrations, this selectivity is lost due to the concentration
gradient pressure (Figure 6). The distribution of RDC34 in the

RDC34 RDC34

active/facilitated ~ passive

active/facilitated passive
transport transport
(SLC7AS, transferin)

transport transport

cancer cell selectivity less selectivity for cancer cells

Figure 6. Scheme of the import mechanism representing proportion of
active transport as a function of extracellular organoruthenium
compound concentration.

cells is complex and reflects the diversity of the signaling
pathways that are induced by RDC34. In particular, not only
nuclear and ER stress mechanisms are activated, but also a
mitochondrial stress response. Hence, our findings provide
novel and critical information on the possibly induced
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molecular mechanisms and on the potential direct targets of
organoruthenium anticancer drugs.
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