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Abstract: Metal-containing drugs have long been used in anticancer therapies. The mechansims
of action of platinum-based drugs are now well-understood, which cannot be said of drugs
containing other metals, such as gold or copper. To gain further insights into such mechanisms, we
used a classical proteomic approach based on two-dimensional elelctrophoresis to investigate
the mechanisms of action of a hydroxyquinoline-copper complex, which shows promising
anticancer activities, using the leukemic cell line RAW264.7 as the biological target. Pathway
analysis of the modulated proteins highlighted changes in the ubiquitin/proteasome pathway, the
mitochondrion, the cell adhesion-cytoskeleton pathway, and carbon metabolism or oxido-reduction.
In line with these prteomic-derived hypotheses, targeted validation experiments showed that the
hydroxyquinoline-copper complex induces a massive reduction in free glutathione and a strong
alteration in the actin cytoskeleton, suggesting a multi-target action of the hydroxyquinoline-copper
complex on cancer cells.

Keywords: anticancer copper complex; hydroxyquinoline copper complex; leukemic cells; proteomics;
two-dimensional electrophoresis; proteasome; glutathione; actin cytoskeleton; antioxidant defense

1. Introduction

Metal-containing drugs, i.e., metal-organic complexes, also known as metallodrugs, have been
used to combat cancer for quite a long time. The oldest metal-based drugs in this field are clearly
platinum complexes [1], which act mainly by inducing severe DNA damage [2,3]. Because of the side
effects of these drugs and of the emergence of resistances, other metal complexes have been investigated
as anticancer agents. Various metals such as gold [4,5], copper [6,7], zinc [8] or ruthenium [9-11]
have been investigated (reviewed in [12]). Various mechanisms of actions have been proposed for
these non-platinum metallodrugs. For ruthenium complexes, their binding to proteins have been
extensively studied, they suggest that different ruthenium metallodrugs bind to (and may inhibit)
different proteins [13].

Taking gold complexes as another example, the suggested mechanisms range from DNA lesions [14]
to mitochondrial stress [15] and to proteasome inhibition [4]. The facts that proteasome inhibition
is a well-established avenue in anticancer treatments (reviewed in [16]), and that metals are known
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inhibitors of the proteasome [17-19], have paved the way to thorough investigations of this effect in
metallodrugs [4,6,17,20-27]. Nevertheless, other mechanisms have been put forward to explain the
anticancer activities of the metallodrugs, including direct induction of apoptosis [15], topoisomerase
inhibition [28] or redox imbalance [29,30].

One of the attractive features of the metallodrugs proposed to date is that they often rely on organic
moieties that are established drugs by themselves in other medical fields, so that their toxicology
is already well known. As an example, disulfiram, which has been proposed against cancer as a
copper [31] or zinc [8] complex is also well known for treatment against alcoholism [32]. Clioquinol, a
copper complex which has also been proposed against cancer [20,21,25], was first used alone as an
antiparasitic drug [33,34].

Besides these simple metal-drugs complexes, other research avenues in metallodrugs have focused
on more elaborate chemistries, in which a metal binding moiety is covalently grafted onto drug-related
organic molecules. The use of ferrocene as the metal component, grafted onto various prodrugs,
has been proposed in several approaches [35-37]. In addition to iron, gold and silver metal carbene
complexes have been proposed as metallodrugs [38].

Knowing as much as possible about the actions of these metallodrugs on cancer cells is not just
an academic exercise; it may impact their future use as drugs in clinics, which is still in progress [39].
For example, antioxidant capacity has been proposed as a mechanism for cancer cells to resist to
proteasome inhibitors [40]. Thus, if a metallodrug is able to inhibit proteasome and antioxidant defenses
at the same time, it may overcome classical cell resistances. Furthermore, it has been demonstrated on
ferrocene-based metallodrugs that different organic moieties coupled to the same metal-containing
moiety lead to different biological consequences [41].

When multiple mechanisms of action of a chemical on cells are suspected, omics approaches are
very relevant and interesting, as they do not need pre-conceived hypotheses other than the homeostatic
principles [42]. It is therefore not surprising that such approaches have been used to increase our
knowledge on the mechanisms of actions of anticancer metallodrugs, as exemplified by work carried
out on ruthenium [43] and gold complexes [44], leading to the discovery of new modes of action for
these chemicals.

We therefore decided to use a proteomic approach to further investigate the effects of copper
complexes on leukemic cells, as they are attractive therapeutical targets [45]. As a cellular model,
we have used the RAW 264.7 cell line, which is a myeloid leukemic mouse cell line. As the copper
complex, we have used a complex of copper with 8-hydroxyquinoline. This organic compound shows
an interesting pharmacology [46], including a noticeable anticancer activity on cells [6,24], and is the
parent compound for several metallo-prodrugs currently under investigation [23,26,29,47] including
the classical drug clioquinol [20,21,39]. Furthermore, copper is a very attractive metal to be investigated,
as it appears to be more toxic on cancer cells than on normal cells, provided that its concentration can
be kept high enough in cells [48,49].

2. Materials and Methods

Unless specified otherwise, the chemicals used in this work were purchased from Sigma-Millipore
and were at least 99% pure. As a copper source for the copper complexes, we used a titrated copper
sulfate solution (4% catalog number C2284).

2.1. Cell Culture

The mouse monocyte/macrophage cell line RAW264.7 was purchased from the European Cell
Culture Collection (Salisbury, UK). The cells were cultured in RPMI 1640 medium + 10% fetal bovine
serum. Cells were seeded every two days at 200,000 cells/mL and harvested at 1,000,000 cells
per ml. For treatment with chemicals, the following scheme was used: cells were first seeded at
500,000 cells/mL in T175 flasks (50 mL per flask). They were exposed to 8-hydroxyquinoline or to the
8-hydroxyquinoline-copper complex (2:1) on the following day and harvested after a further 24 h in
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culture. Cell viability was measured by the neutral red uptake assay [50]. All experiments were carried
out at least in triplicate on independent cultures.

2.2. Ion Quantification by ICP-MS

To measure ion uptake in cells, the cells were harvested after exposure to 8-hydroxyquinoline or
to the 8-hydroxyquinoline-copper complex by scraping in buffer A (Hepes 50 mM pH 7.5, sorbitol
200 mM, magnesium acetate 2 mM), and collected by centrifugation (500 g, 5 min). After a further
rinse in buffer A, the cells were lysed by incubation in 10 cell pellet volume of lysis buffer (Hepes
50 mM pH 7.5, magnesium acetate 2 mM, tetradecyldimethylammonio propane sulfonate (SB 3-14)
0.15% (w/v)) for 20 min on ice, and the protein concentration in the extracts, determined by a modified
dye-binding assay [51].

The extracts were mineralized by the addition of three volumes of suprapure 65% HNOj3; per
volume of extract and incubation on a rotating wheel at room temperature for 18 h.

Mineralized samples were then diluted in ultrapure grade HNOj3 (1% (v/v)) and analyzed on
a Nexion 300X ICP-MS (Perkin Elmer, Waltham, MA, USA) equipped with a concentric nebulizer
and operated in standard mode. External calibration was performed using certified ionic Cu and Zn
ICP-MS standards and Yttrium was used as an internal standard.

The technique was validated based on linearity, repeatability, reproducibility, accuracy,
inter-sample contamination criterions, and the analytical limit of detection (LoD) determined as
the sum of the mean and three standard deviations of 20 ultrapure water samples. For this experiment,
the LoD was 0.0017 pg/L for Cu and 0.022 pg/L for Zn.

2.3. Proteomics

The 2D gel based proteomic experiments were essentially carried out as previously described [52],
on independent biological triplicates. However, detailed material and methods are provided for the
sake of consistency.

2.3.1. Sample Preparation

The cells were collected by scraping, and then washed three times in PBS. The cells were then
washed once in TSE buffer (Tris-HC1 10 mM pH 7.5, sucrose 0.25 M, EDTA 1 mM), and the volume
of the cell pellet was estimated. The pellet was resuspended in its own volume of TSE buffer. Then
4 volumes (respective to the cell suspension just prepared) of concentrated lysis buffer (urea 8.75 M,
thiourea 2.5 M, CHAPS 5% (w/v), TCEP-HCI 6.25 mM, spermine base 12.5 mM) were added and
the solution was let to extract at room temperature for 1 h. The nucleic acids were then pelleted
by ultracentrifugation (270,000 g at room temperature for 1 h), and the protein concentration in the
supernatant was determined by a modified dye-binding assay [43]. Carrier ampholytes (Pharmalytes
pH 3-10) were added to a final concentration of 0.4% (w/v), and the samples were kept frozen at —20 °C
until use.

2.3.2. Isoelectric Focusing

Home-made 160 mm long 4-8 linear pH gradient gels [53] were cast according to published
procedures [54]. Four mm-wide strips were cut, and rehydrated overnight with the sample, diluted in a
final volume of 0.6 mL of rehydration solution (urea 7 M, thiourea 2 M, CHAPS 4%, carrier ampholytes
0.4% (Pharmalytes 3-10) and dithiodiethanol 100 mM [55].

The strips were then placed in a Multiphor plate (GE Healthcare), and IEF was carried out with
the following electrical parameters: 100V for 1 h, then 300 V for 3 h, then 1000 V for 1 h, then 3400 V up
to 60-70 kVh. After IEF, the gels were equilibrated for 20 min in Tris 125mM, HCl 100mM, SDS 2.5%,
glycerol 30% and urea 6 M [56]. They were then transferred on top of the SDS gels and sealed in place
with 1% agarose dissolved in Tris 125 mM, HCI 100 mM, SDS 0.4% and 0.005% (w/v) bromophenol blue.
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2.3.3. SDS Electrophoresis and Protein Detection

Ten percent gels (160 x 200 x 1.5 mm) were used for protein separation. The Tris taurine buffer
system [57] was used and operated at a ionic strength of 0.1 and a pH of 7.9. The final gel composition
is thus Tris 180 mM, HC1 100 mM, acrylamide 10% (w/v), bisacrylamide 0.27%. The upper electrode
buffer is Tris 50 mM, Taurine 200 mM, SDS 0.1%. The lower electrode buffer is Tris 50 mM, glycine
200 mM, SDS 0.1%. The gels were run at 25V for lhour, then 12.5 W per gel until the dye front has
reached the bottom of the gel. Detection was carried out by a tetrathionate silver staining [58].

2.3.4. Image Analysis

The gels were scanned after silver staining on a flatbed scanner (Epson perfection V750), using a
16 bits grayscale image acquisition. The gel images were then analyzed using the Delta 2D software
(v 4.7). Spots that were never expressed above 100 ppm of the total spots were first filtered out. Then,
significantly-varying spots were selected on the basis of their Student T-test p-value between the
treated and the control groups. Spots showing a p-value lower than 0.05 were selected.

The false discovery rate was controlled by a combination of approaches, including the classical
Benjamini-Hochberg FDR [59] or the more recent Sequential Goodness of Fit approaches [60,61]. Global
analysis of the proteomic results was carried out by the PAST statistical software [62].

2.3.5. Mass Spectrometry

The spots selected for identification were excised from silver-stained gels and destained with
ferricyanide/thiosulfate on the same day as silver staining in order to improve the efficiency of the
identification process [63]. In gel digestion was performed with an automated protein digestion
system, MassPrep Station (Waters, Milford, MA, USA). The gel plugs were washed twice with 50 pL of
ammonium hydrogen carbonate (NH4;HCO3) 25 mM and 50 pL of acetonitrile. The cysteine residues
were reduced by 50 pL of 10 mM dithiothreitol at 57 °C and alkylated by 50 uL of iodoacetamide 55 mM.
After dehydration with acetonitrile, the proteins were cleaved in gel with 10 uL of 6.5 ng/uL of modified
porcine trypsin (Promega, Madison, WI, USA) in NH4HCO; 25 mM. The digestion was performed
overnight at room temperature. The generated peptides were extracted with 30 pL of 60% acetonitrile
in 0.1% formic acid. Acetonitrile was evaporated under vacuum before nanoLC-MS/MS analysis.

NanoLC-MS/MS analysis was performed using a nanoACQUITY Ultra-Performance-LC (Waters
Corporation, Milford, MA, USA) coupled to the Synapt™ High Definition Mass Spectrometer™
(Waters Corporation, Milford, MA, USA), or to the TripleTOF 5600 (Sciex,Framingham, MS, USA).

The nanoL.C system was composed of ACQUITY UPLC® CSH130 C18 column (250 mm X 75 pm
with a 1.7 um particle size, Waters Corporation, Milford, MA, USA) and a Symmetry C18 precolumn (20
mm X 180 um with a 5 um particle size, Waters Corporation, Milford, MA, USA). The solvent system
consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). 4 uL.
of sample were loaded into the enrichment column during 3 min at 5 pL/min with 99% of solvent A
and 1% of solvent B. Elution of the peptides was performed at a flow rate of 300 nL/min with a 8-35%
linear gradient of solvent B in 9 min.

The Synapt™ High Definition Mass Spectrometer™ (Waters Corporation, Milford, MA, USA)
was equipped with a Z-spray ion source and a lock mass system. The system was fully controlled
by MassLynx 4.1 SCN639 (Waters Corporation, Milford, MA, USA). The capillary voltage was set at
2.8 kV and the cone voltage at 35 V. Mass calibration of the TOF was achieved using fragment ions from
Glu-fibrino-peptide B on the [50;2000] /z range. Online correction of this calibration was performed
with Glu-fibrino-peptide B as the lock-mass. The ion [M + 2H]** at m/z 785.8426 was used to calibrate
MS data and the fragment ion [M + H]* at m/z 684.3469 was used to calibrate MS/MS data during
the analysis.

For tandem MS experiments, the system was operated with automatic switching between MS
(0.5 s/scan on my/z range [150;1700]) and MS/MS modes (0.5 s/scan on my/z range [50;2000]). The two
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most abundant peptides (intensity threshold 20 counts/s), preferably doubly and triply charged ions,
were selected on each MS spectrum for further isolation and CID fragmentation using collision energy
profile. Fragmentation was performed using argon as the collision gas.

Mass data collected during analysis were processed and converted into pkl files using ProteinLynx
Global Server 2.3 (Waters Corporation, Milford, MA, USA). Normal background subtraction type was
used for both MS and MS/MS with 5% threshold and polynomial correction of order 5. Smoothing was
performed on MS/MS spectra (Savitsky-Golay, 2 iterations, window of 3 channels). Deisotoping was
applied for MS (medium deisotoping) and for MS/MS (fast deisotoping).

The TripleTOF 5600 was operated in positive mode, with the following settings: ionspray voltage
floating (ISVF) 2300 V, curtain gas (CUR) 10, interface heater temperature (IHT) 150, ion source gas 1
(GS1) 2, declustering potential (DP) 80 V. Information-dependent acquisition (IDA) mode was used
with Top 10 MS/MS scans. The MS scan had an accumulation time of 250 ms on m/z [400;1250] range
and the MS/MS scans 100 ms on m/z [150;1800] range in high sensitivity mode. Switching criteria were
set to ions with charge state of 2—4 and an abundance threshold of more than 500 counts, exclusion
time was set at 4 s. IDA rolling collision energy script was used for automatically adapting the CE.
Mass calibration of the analyser was achieved using peptides from digested BSA. The complete system
was fully controlled by AnalystTF 1.7 (Sciex) Raw data collected were processed and converted with
MSDataConverter in mgf peak list format.

For protein identification, MS/MS data were interpreted using a local Mascot server with MASCOT
2.5.1 algorithm (Matrix Science, London, UK) against UniProtKB/SwissProt (version 2018_11, 558,898
sequences), without taxonomical restrictions. Spectra were searched with a mass tolerance of
15 ppm for MS and 0.05 Da for MS/MS data, allowing a maximum of one trypsin missed cleavage.
Carbamidomethylation of cysteine residues and oxidation of methionine residues were specified as
variable modifications. Protein identifications were validated with at least two peptides with Mascot
ion score above 30.

Classical contaminants from human skin (keratins, filaggrin, desmoglein, involucrin) were
removed from identifications. To cope with multiple identification issues from single 2D gel spots,
univocal identifications were reported when the fist candidate was identified by at least twice
more unique peptides than the next candidate or represented at least twice more spectra than the
next candidate, and corresponded to the correct species (Mus musculus). This allowed removal of
contaminating serum proteins (Bos taurus) from the identifications. In order to decrease the severity of
the multiple identification problem, a graded identification strategy was used. A first identification of
the spots of interest was attempted on analytical gels (loaded with 150ug protein, silver stained) when
unsuccessful, more heavily loaded gels were used (250 pug protein, silver stained). If still unsuccessful,
micropreparative gels (1 mg protein, colloidal Coomassie Blue-stained) were used. This strategy
limited the problems associated with increased diffusion and streaking of proteins on 2D gels at high
protein loads [64].

2.4. Phagocytosis and Particle Internalization Assay

The phagocytic activity was measured using fluorescent latex beads (1 um diameter, green labelled,
catalog number L4655 from Sigma, St Louis, MO, USA), as described previously [65]. After a 2h30
treatment with the fluorescent beads in culture medium at 37 °C, the cells were harvested in PBS).
Phagocytic activity was measured by flow cytometry on a FacsCalibur instrument (Beckton Dickinson,
Franklin Lakes, NJ, USA).

2.5. F-Actin Staining

The experiments were performed essentially as previously described [66]. The cells were
cultured on coverslips placed in 6-well plates, and exposed to 8-hydroxyquinoline or to the
8-hydroxyquinoline-copper complex as described above. At the end of the exposure time, cells
were washed twice for 5 min at 4 °C in PBS, fixed in 4% paraformaldehyde for 30 min at room
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temperature. After two washes (5 min/4 °C in PBS), they were permeabilized in 0.1% Triton X100
for 5 min at room temperature. After two more washes in PBS, Phalloidin-Atto 550 (Sigma (500 nM)
was added to the cells and let for 20 min at room temperature in the dark. Coverslips-attached cells
were washed, placed on microscope slides (Thermo Scientific, Waltham, MS, USA) using a Vectashield
mounting medium containing DAPI (Eurobio, Paris, France) and imaged using a Zeiss LSM 800
confocal microscope (Zeiss, Jena, Germany). The images were processed using the Image] software.

2.6. Mitochondrial Transmembrane Potential Measurement

The mitochondrial transmembrane potential was assessed by Rhodamine 123 uptake [52], using
a low Rhodamine concentration (80 nM) to avoid intramitochondrial fluorescence quenching that
would result in a poor estimation of the mitochondrial potential [67]. The samples were analyzed by
flow cytometry on a FacsCalibur instrument (Beckton Dickinson). Both the proportion of rhodamine
positive cells and the mean fluorescence of this population were recorded in the analysis.

2.7. Glutathione Assay

Classical glutathione assays are difficult to apply to macrophage-like cells, as the oxidizing
activities present in their phagolysosomes oxidize the cytosolic reduced glutathione when the cells
are homogenized. To alleviate this problem, we used a spectrophotometric assay utilizing the
cellular glutathione S-transferases and the chlorodinitrobenzene substrate [68]. After exposure to
8-hydroxyquinoline or to the 8-hydroxyquinoline-copper complex in 6 well plates, cells were treated
for 30 min with chlorodinitrobenzene (25 1M, final concentration in the culture medium), resulting in
the conjugation of glutathione to the substrate and consumption of free reduced glutathione [69,70].
The culture medium was removed and the cell layer was rinsed twice in Hepes NaOH buffer (10 mM
pH 7.5) containing 2 mM magnesium acetate and 0.25 M sucrose. The cells were then lysed on a
rocking table for 15 min in 800 pl of Hepes NaOH buffer (10 mM pH 7.5) containing 2 mM magnesium
acetate and 1 mg/mL tetradecyldimethylammonio propane sulfonate (5B 3-14). The suspension was
collected and centrifuged at 15,000 g for 15 min to pellet particulate material. The concentration of
glutathione was determined by measuring the absorbance at 340 nm, using an extinction coefficient
of 9600 M~1.cm™! [68]. Results were normalized to the protein concentration of the cell extracts,
determined by a modified dye-binding assay [51]. The final results were expressed in nmoles
glutathione/mg protein.

2.8. NO Production

The cells were grown to confluence in a 6 well plate and pre-treated with 8-hydroxyquinoline or
to the 8-hydroxyquinoline-copper complex as described above. For the final 18 h of culture, half of
the wells were treated with 100 ng/mL LPS (from salmonella, purchased from Sigma), and arginine
monohydrochloride was added to all the wells (5 mM final concentration) to secure a high concentration
of substrate for the nitric oxide synthase. After 18 h of incubation, the cell culture medium was
recovered, centrifuged at 10,000 g for 10 min to remove cells and debris, and the nitrite concentration in
the supernatants was read at 540 nm after addition of an equal volume of Griess reagent and incubation
at room temperature for 30 min.

3. Results

We first investigated the working dose for the hydroxyquinoline-copper complex. To this purpose,
cells were treated for 24 h with various doses of the copper complex, and with the corresponding doses
of hydroxyquinoline. The results, shown on Figure 1, indicated a very strong decrease of viability at a
complex concentration corresponding to 6 uM hydroxyquinoline and 3 uM copper. This led us to carry
out all experiments with 4 uM hydroxyquinoline + 2 uM copper.
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Figure 1. Dose-response viability curve.

The cells were treated for 24 h with either 8-hydroxyquinoline alone (black curve, square symbols)
or with the 8-hydroxyquinoline-copper 2:1 complex (grey curve, diamond symbols). The concentrations
on the abscissae are expressed in uM 8-hydroxyquinoline.

As hydroxyquinoline and its derivatives have been shown to behave as ionophores for copper
and zinc [71-73], we analyzed the intracellular concentration of these two metals after treatment with
either hydroxyquinoline alone or with the hydroxyquinoline-copper complex. The results, shown
in Table 1, indicated that the intracellular zinc concentration was constant in all conditions, and that
treatment with hydroxyquinoline alone did not induce an influx of copper, while treatment with the
copper complex resulted into a massive increase in intracellular copper concentration.

Table 1. Ion levels in cells.

Condition Control OHQ Qcu
Zn 263 + 81 257 + 23 280 + 79
Cu 16 + 17 13+ 10 1076 + 258

The ion concentrations are expressed in ng ion/mg cellular protein. OHQ: treatment with 4 uM 8-hydroxyquinoline.
Qcu: treatment with 4 M 8-hydroxyquinoline +2 uM copper sulfate.

3.1. Global Analysis of the Proteomic Results

We then performed a proteomic screen using two-dimensional electrophoresis. The raw gel
images are provided in Supplementary Figures S1-S3. Upon computerized analysis, 2444 spots were
detected across the gel series, with a median CV of 21% (control), 20% (copper complex) and 16%
(hydroxyquinoline alone). As a first test, we performed a global analysis of the results. To this purpose,
we selected all spots showing a p-value < 0.25 by a Student T-test analysis in at least one of the two
comparisons: copper complex vs. control or hydroxyquinoline vs. control. This allowed to decrease
the noise provided by proteins with random variability, while selecting more than 50% of the spots
(1426 out of 2444). This spot list was then analyzed by hierarchical clustering, and the results are
shown on Figure 2. They indicated first that the within-group variability was much lower than the
inter-group variability, which validated the overall quality of the proteomic analysis. It also indicated
that the copper complex-treated group was separated from the other two groups, showing that the
copper complex had a much stronger effect on the proteome than hydroxyquinoline alone.
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Figure 2. Global analysis of the proteomic experiment by hierarchical clustering. All the spots that
showed a p-value <0.25 in either the hydroxyquinoline vs. control or the copper complex vs. control
comparisons in the proteomic experiments were used for the calculation of the clustering tree. The PAST
software package was used for the calculations, using a Euclidean distance and the Ward’s algorithm.
This tree indicates the similarity between the various experimental groups (the higher the distance of
the branching point between groups, the more dissimilar they are). Ctrl: unexposed cells. OHQ: cells
exposed to 4 uM 8-hydroxyquinoline. QCu: cells exposed to 4 uM 8-hydroxyquinoline +2 uM copper
sulfate. 3.2. Detailed Analysis of the Proteomic Results.

We then selected the spots modulated by at least one of the treatments, on the strict basis of the
statistical tests, without any fold change threshold. This allowed to take into account coordinated but
low amplitude changes that can be highly significant, as shown before [74]. The proteins were then
identified by mass spectrometry. The results are shown on Figures 3-5, the raw images, quantitative
data and identification data being supplied in Supplementary Figures S1-S3, Supplementary Tables S1
and S2, respectively.
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Figure 3. Proteomic analysis of total cell extracts by 2D electrophoresis. (A): gel obtained from
unexposed cells; (B): gel obtained from cells exposed to 4 uM 8-hydroxyquinoline + 2uM copper sulfate;
(C): gel obtained from cells exposed to 4 uM 8-hydroxyquinoline.

Total cell extracts of RAW274.7 cells were separated by two-dimensional gel electrophoresis.
The first dimensions covered a 4-8 pH range and the second dimension a 15-200 kDa range. Total cellular
proteins (150 nug) were loaded on the first dimension gel.

Only the proteins involved in the proteasome/ubiquitin pathway, cytoskeleton, homeostasis and
vesicles/lysosomes are shown in this figure.
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Figure 4. Proteomic analysis of total cell extracts by 2D electrophoresis. (A): gel obtained from
unexposed cells; (B): gel obtained from cells exposed to 4 uM 8-hydroxyquinoline + 2 uM copper
sulfate; (C): gel obtained from cells exposed to 4 uM 8-hydroxyquinoline.
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Figure 5. Proteomic analysis of total cell extracts by 2D electrophoresis. (A): gel obtained from
unexposed cells; (B): gel obtained from cells exposed to 4 uM 8-hydroxyquinoline +2 uM copper sulfate;
(C): gel obtained from cells exposed to 4 uM 8-hydroxyquinoline.

The same conditions as described in Figure 3 were applied to this figure

Only the proteins involved in the RNA and nucleotide metabolism, lipid metabolism, redox
control, and signaling are shown in this figure

The same conditions as described in Figure 3 were applied to this figure

The proteins involved in mitochondria, central metabolism, protein production, as well as
unclassified proteins are shown in this figure
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In order to take into account the multiple testing issue, we submitted the modulated protein
lists to statistical tests as the Benjamini-Hochberg FDR test [59] and the sequential goodness of fit
tests [60,61]. The results, shown in Supplementary Tables S3 and 54, indicated that most of the proteins
selected on the basis of the T-test also had a low FDR value with all the tested algorithms, validating
their selection for further functional analysis.

As a first step, we analyzed the lists of modulated proteins by the DAVID pathway analysis tool.
The results, shown in Supplementary Tables S5 and S6, indicated strongly modulated pathways, such
as the ubiquitin/proteasome pathway, the mitochondrion, the cell adhesion-cytoskeleton pathway,
carbon metabolism or oxido-reduction. As could be expected from the global analysis, more pathways
were modulated upon treatment with the copper complex than with hydroxyquinoline alone.

3.2. Targeted Validation Experiments

Even though the statistical tests indicated a strong robustness of the proteomic analysis, we
decided to validate the proteomic results by targeted analyses. Based on the pathway analysis, we first
measured the free glutathione concentration in cells, and obtained the following values:

Control cells: 16.68 + 1.52 nmoles/mg protein (range 15.15-18.02)

Cells treated with hydroquinoline alone: 16.22 + 3.50 nmoles/mg protein (range 11.32-18.18)

Cells treated with the copper complex: 2.59 + 3.37 nmoles/mg protein (range 0.89-7.66)

This very strong decrease upon treatment with the copper complex was statistically significant
(p < 0.05 in Mann Whitney U test, p < 0.01 in Student T-test).

As the adhesion-cytoskeleton and the lysosome pathways were also highlighted in the pathway
analysis we also investigated the phagocytic activity, as it is dependent on both the integrity of the
lysosomal pathway and on the actin cytoskeleton. We also studied the actin cytoskeleton by confocal
microscopy. The results, shown on Figure 6, indicated once again no effect of hydroquinoline alone, but
a strong effect of the copper complex, with the disappearance of pseudopodia and a strong decrease
in the phagocytic activity, both in the proportion of phagocytic cells and in the number of beads
internalized per cell.
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Figure 6. Actin cytoskeleton and phagocytosis. In the top panels, the actin cytoskeleton was
visualized with fluorescent phalloidin and confocal microscopy. Only one confocal plane inside the
cells is shown (going through the cell nucleus). Ctrl: unexposed cells. OHQ: cells exposed to 4 uM
8-hydroxyquinoline. Qcu: cells exposed to 4 uM 8-hydroxyquinoline +2 uM copper sulfate. In the
bottom panel, the phagocytic capacity was assessed by fluorescent latex beads internalization. grey
bars: proportion of positive cells in the viable cell population. black bars: mean cellular fluorescence.
Ctrl: unexposed cells. OHQ: cells exposed to 4 uM 8-hydroxyquinoline. QCu: cells exposed to 4 uM
8-hydroxyquinoline +2 pM copper sulfate. Symbols indicate the statistical significance (Student T-test):
**: p<0.01.

On the basis of the pathway analysis, we also investigated the mitochondrial activity by testing the
mitochondrial transmembrane potential. The results, shown on Figure 7A, indicated a slight decrease
in the proportion of cells with a high mitochondrial potential. However, no change in the value of this
potential was observed upon treatment with hydroxyquinoline alone or with added copper.

Lastly, we investigated the production of nitric oxide, which is one of the many differentiated
functions of monocytes/macrophages. The results, shown on Figure 7B, indicated an increase in the
basal production of nitric oxide, both by hydroxyquinoline alone and—even more strongly—with
added copper. However, when lipopolysaccharide was also added to stimulate the cells and mimic a
bacterial infection, the treatment with hydroxyquinoline alone showed no effect while the treatment
with the copper complex induce a slight decrease in nitric oxide production.
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Figure 7. Analysis of the mitochondrial transmembrane potential and of the nitric oxide production.
panel (A), the mitochondrial potential was analyzed by the rhodamine 123 accumulation method. Grey
bars: proportion of positive cells in the viable cell population. Black bars: mean cellular fluorescence;
Ctrl: unexposed cells. OHQ: cells exposed to 4 uM 8-hydroxyquinoline. QCu: cells exposed to 4 uM
8-hydroxyquinoline +2 pM copper sulfate. Symbols indicate the statistical significance (Student T-test):
**: p <0.01. In panel (B), the production of nitric oxide was analyzed. Black bars: production after
treatment for 24 h with 4uM 8-hydroxyquinoline + 2 uM copper sulfate. Grey bars: production
after treatment for 24 h with 4 uM 8-hydroxyquinoline +2 uM copper sulfate and stimulation with
lipopolysaccharide for the last 18 h of culture. Ctrl: unexposed cells. OHQ: cells exposed to 4 uM
8-hydroxyquinoline. QCu: cells exposed to 4 uM 8-hydroxyquinoline + 2 uM copper sulfate. Symbols
indicate the statistical significance (Student T-test): t p < 0.1; **: p < 0.01; ***: p < 0.001.

4. Discussion

With the increase in sensitivity of mass spectrometers, multi-identification of several proteins
in a single two-dimensional gel spot has become increasingly frequent; this has been perceived as
a problem by some authors [75] but not others [76]. It has been demonstrated that in most cases,
the different proteins contained in a single spot are present in very different amounts, and that the
variations detected via image analysis of 2D gels impact the most abundant protein in the spot [77].
As expected, the severity of the multi-identification issue increases with protein loads [78], both because
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of the increased diffusional spreading of proteins at high loads and because of the streaking induced
by gel overloading. However, even in the harshest possible conditions, i.e., the coupling of a highly
sensitive mass spectrometry with sub-milligram protein loads [64], the list of proteins identified in
a single spot lengthens, but the first candidate usually accounts for more than 70% of the total mass
spectrometry signal.

On the basis of these data, we decided to report only “winner takes all” identifications, but only
in cases where this situation is most likely to occur, i.e., when the first candidate accounts for more
than twice the number of unique peptides or spectra than the second candidate. A post-hoc validation
of this strategy in the case of this study is represented by the fact that the proteins found as modulated
belong to well identified pathways and are not randomly distributed.

A good example of this is represented by the numerous proteins identified in the
proteasome/ubiquitin pathway, known to be a target of the copper complexes [6,20,22,26]. With the
exception of the immunoproteasome subunit psb8, all modulated proteasome subunits detected in the
proteomic screen are decreased upon treatment with the copper complex, suggesting a destabilization
of the proteasome itself. This effect has been shown to be copper-dependent [24], and coupling
the data on the abundances of the proteasome subunits to our data on ion transport mediated by
hydroxyquinoline in the absence of added copper further corroborated this finding.

Indeed, beside the effects of the copper complexes, hydroxyquinoline derivatives by themselves
have been shown to impact important biochemical processes such as the histone deacetylase
pathway [79], the mTOR [80] or autophagy [81] pathways, or even the proteasome activity [45].
Our proteomic screen did not detect important effects of hydroxyquinoline alone. However, the effects
reported to date have been observed only with higher doses (>10 uM) than the one used here (4 uM).

In addition to proteasome inhibition, other effects such as redox effects have been reported
for copper complexes [29,30]. Here again, the proteomic screen corroborated this hypothesis, with
a decrease in the abundances of two abundant cytosolic peroxiredoxins (prx2 and prx6) and in a
thioredoxin-like protein (txnll) upon treatment with the copper complexes.

These two examples suggest that a proteomic screen could be a powerful tool for the detection of
other targets of the copper complexes, in a strategy similar to the one used for gold complexes [44].
Indeed, proteomics suggested that the level of reduced glutathione could be impacted by the copper
complexes, which was confirmed by targeted experiments. This result is in line with what we previously
showed for copper nanoparticles [65].

Another pathway that we found modulated by the copper treatment was the actin cytoskeleton,
and here again our targeted experiments on cell shape and on phagocytosis confirmed the impact
of the copper complexes on this pathway. This finding may be of interest in anticancer strategies,
as the actin cytoskeleton is key to cell shape and muotility, i.e., parameters that are important in the
metastasis phenomenon.

Regarding the mitochondria, whose proteins are well represented in the proteomic screen, we
tested the mitochondrial potential. While a small decrease in the proportion of cells with a high
mitochondrial potential was noted after treatment with the copper complex, corresponding to the
slight increase in mortality induced by this treatment, the value of the mitochondrial potential did
not change appreciably upon treatment by 8-hydroxyquinoline or to the 8-hydroxyquinoline-copper
complex. This may mean that the changes observed in the mitochondrial proteins are sufficient to
maintain the mitochondrial potential to a normal value.

Lastly, we investigated one differentiated function of monocytes/macrophages, namely the
production of nitric oxide, either alone or after stimulation with lipopolysaccharide. Interestingly, both
8-hydroxyquinoline and its copper complex were able to induce by themselves a significant increase
in the production of nitric oxide, a fact that may be related to the reported release of TNF alpha by
clioquinol, a hydroxyquinoline derivative [82]. Regarding the nitric oxide release after stimulation
with lipopolysaccharide, we observed a decrease upon treatment with the copper complex, in line with
what we observed with copper oxide nanoparticles [83].
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5. Conclusions

In conclusion, the main output of the proteomic study of the effects of the 8-hydroxyquinoline-
copper complex on leukemic cells is the demonstration that beyond its well-documented effects on
the proteasome, it also has multi-target effects on cells, including the oxidative stress response and
the cytoskeleton. On the negative side, such a pleiotropic effect may increase the toxicity of the drug
toward normal, non-cancerous cells. On the positive side, a pleiotropic effect strongly decreases the
probability of emergence of resistant cells, and thus, may be highly beneficial as a cancer treatment.
In line with this observation, metallodrugs, including copper complexes, are among the rare drugs
which are able to target cancer stem cells [84], thereby representing a very important actor in the
emergence of resistance and, therefore, in cancer relapses. Moreover, copper appears to have some
selectivity against cancer cells [48,49]. Thus, the multipotency of metal complexes clearly deserves
further research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-7382/7/2/26/s1,
Figure S1:Raw gel images for the control cells, Figure S2: Raw gel images for the cells treated with the copper
complex, Figure S3: Raw gel images for the cells treated with hydroxyquinoline alone, Table S1: Quantitative data
from computerized gel analysis, Table S2: Protein identification data by mass spectrometry, Table S3: Expected
false discovery rates for the proteins modulated by the hydroxyquinoline-copper complex, Table S4: Expected false
discovery rates for the proteins modulated by hydroxyquinoline alone, Table S5 Modulated pathways highlighted
by the DAVID annotation tool. Cells treated with hydroxyquinoline copper complex, Table S6: Modulated
pathways highlighted by the DAVID annotation tool. Cells treated with hydroxyquinoline alone.

Author Contributions: Conceptualization, T.R.; Formal analysis, B.D., ].B.,, H.D., C.C. and T.R.; Funding
acquisition, S.C. and T.R; Investigation, B.D., H.D., V.C.-F,, CM.-D., M.D. and T.R.; Project administration, C.C.,
S.C. and T.R.; Supervision, C.C. and T.R.; Writing—original draft, T.R.; Writing—review & editing, B.D., ].B., H.D.,
CM.-D.,,M.D,,C.C. and S.C.

Funding: This work was funded by the CNRS, The University of Grenoble, the University of Strasbourg Unistra,
the Région Alsace. This work used the platforms of theFrench Proteomic Infrastructure (ProFI) project (grant
ANR-10-INBS-08-03).

Conflicts of Interest: The authors declare no conflict of interest

References

1.  Rosenberg, B. Platinum coordination complexes in cancer chemotherapy. Naturwissenschaften 1973, 60,
399-406. [CrossRef]

2. Ho, Y.P; Au-Yeung, S.C.; To, KK. Platinum-based anticancer agents: Innovative design strategies and
biological perspectives. Med. Res. Rev. 2003, 23, 633—-655. [CrossRef]

3.  Dilruba, S.; Kalayda, G.V. Platinum-based drugs: Past, present and future. Cancer Chemother Pharm. 2016, 77,
1103-1124. [CrossRef]

4. Milacic, V.; Chen, D.; Ronconi, L.; Landis-Piwowar, K.R.; Fregona, D.; Dou, Q.P. A novel anticancer gold(III)
dithiocarbamate compound inhibits the activity of a purified 20S proteasome and 26S proteasome in human
breast cancer cell cultures and xenografts. Cancer Res. 2006, 66, 10478-10486. [CrossRef]

5. Arsenijevic, M.; Milovanovic, M.; Volarevic, V.; Djekovic, A.; Kanjevac, T.; Arsenijevic, N.; Dukic, S,;
Bugarcic, Z.D. Cytotoxicity of gold(Ill) complexes on A549 human lung carcinoma epithelial cell line.
Med. Chem. 2012, 8, 2-8. [CrossRef]

6. Daniel, K.G.; Gupta, P,; Harbach, R.H.; Guida, W.C.; Dou, Q.P. Organic copper complexes as a new class of
proteasome inhibitors and apoptosis inducers in human cancer cells. Biochem. Pharmacol. 2004, 67, 1139-1151.
[CrossRef]

7. Chen, D.; Dou, Q.P. New uses for old copper-binding drugs: Converting the pro-angiogenic copper to a
specific cancer cell death inducer. Expert Opin. Ther. Targets 2008, 12, 739-748. [CrossRef]

8. Brar, S.S.; Grigg, C.; Wilson, K.S.; Holder, W.D., Jr.; Dreau, D.; Austin, C.; Foster, M.; Ghio, A.J.; Whorton, A.R.;
Stowell, G.W.; et al. Disulfiram inhibits activating transcription factor/cyclic AMP-responsive element
binding protein and human melanoma growth in a metal-dependent manner in vitro, in mice and in a
patient with metastatic disease. Mol. Cancer 2004, 3, 1049-1060.


http://www.mdpi.com/2227-7382/7/2/26/s1
http://dx.doi.org/10.1007/BF00623551
http://dx.doi.org/10.1002/med.10038
http://dx.doi.org/10.1007/s00280-016-2976-z
http://dx.doi.org/10.1158/0008-5472.CAN-06-3017
http://dx.doi.org/10.2174/157340612799278469
http://dx.doi.org/10.1016/j.bcp.2003.10.031
http://dx.doi.org/10.1517/14728222.12.6.739

Proteomes 2019, 7, 26 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Sava, G.; Pacor, S.; Mestroni, G.; Alessio, E. Na[trans-RuCl4(DMSO)Im], a metal complex of ruthenium with
antimetastatic properties. Clin. Exp. Metastasis 1992, 10, 273-280. [CrossRef]

Hartinger, C.G.; Zorbas-Seifried, S.; Jakupec, M.A.; Kynast, B.; Zorbas, H.; Keppler, B.K. From
bench to bedside—Preclinical and early clinical development of the anticancer agent indazolium
trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019 or FFC14A). |. Inorg. Biochem. 2006, 100, 891-904.
[CrossRef]

Gianferrara, T.; Bratsos, L; Iengo, E.; Milani, B.; Ostric, A.; Spagnul, C.; Zangrando, E.; Alessio, E. Synthetic
strategies towards ruthenium-porphyrin conjugates for anticancer activity. Dalton Trans 2009, 10742-10756.
[CrossRef]

Schmitt, S.M.; Frezza, M.; Dou, Q.P. New applications of old metal-binding drugs in the treatment of human
cancer. Front Biosci. (Sch. Ed) 2012, 4, 375-391. [CrossRef]

Merlino, A. Interactions between proteins and Ru compounds of medicinal interest: A structural perspective.
Coord. Chem. Rev. 2016, 326, 111-134. [CrossRef]

Ronconi, L.; Marzano, C.; Zanello, P.; Corsini, M.; Miolo, G.; Macca, C.; Trevisan, A.; Fregona, D. Gold(III)
dithiocarbamate derivatives for the treatment of cancer: Solution chemistry, DNA binding, and hemolytic
properties. J. Med. Chem. 2006, 49, 1648-1657. [CrossRef]

Chiara, F.; Gambalunga, A.; Sciacovelli, M.; Nicolli, A.; Ronconi, L.; Fregona, D.; Bernardi, P,; Rasola, A.;
Trevisan, A. Chemotherapeutic induction of mitochondrial oxidative stress activates GSK-3alpha/beta and
Bax, leading to permeability transition pore opening and tumor cell death. Cell Death Dis. 2012, 3, e444.
[CrossRef]

Manasanch, E.E.; Orlowski, R.Z. Proteasome inhibitors in cancer therapy. Nat. Rev. Clin. Oncol. 2017, 14,
417-433. [CrossRef]

Kim, I; Kim, C.H.; Kim, J.H.; Lee, J.; Choi, ].].; Chen, Z.A.; Lee, M.G.; Chung, K.C.; Hsu, C.Y.; Ahn, Y.S.
Pyrrolidine dithiocarbamate and zinc inhibit proteasome-dependent proteolysis. Exp. Cell Res. 2004, 298,
229-238. [CrossRef]

Xiao, Y.; Chen, D.; Zhang, X.; Cui, Q.Z,; Fan, Y.H.; Bi, C.E; Dou, Q.P. Molecular study on copper-mediated
tumor proteasome inhibition and cell death. Int. . Oncol. 2010, 37, 81-87.

Verani, C.N. Metal complexes as inhibitors of the 265 proteasome in tumor cells. |. Inorg. Biochem. 2012, 106,
59-67. [CrossRef]

Daniel, K.G.; Chen, D.; Orluy, S.; Cui, Q.C.; Miller, ER.; Dou, Q.P. Clioquinol and pyrrolidine dithiocarbamate
complex with copper to form proteasome inhibitors and apoptosis inducers in human breast cancer cells.
Breast Cancer Res. 2005, 7, R897-R908. [CrossRef]

Chen, D.; Cui, Q.C; Yang, HJ.; Barrea, R.A,; Sarkar, EH.; Sheng, S.J.; Yan, B, Reddy, G.P.V,;
Dou, Q.P. Clioquinol, a therapeutic agent for Alzheimer’s disease, has proteasome-inhibitory, androgen
receptor-suppressing, apoptosis-inducing, and antitumor activities in human prostate cancer cells and
xenografts. Cancer Res. 2007, 67, 1636-1644. [CrossRef]

Daniel, K.G.; Chen, D.; Yan, B.; Dou, Q.P. Copper-binding compounds as proteasome inhibitors and apoptosis
inducers in human cancer. Front. Biosci. -Landmark 2007, 12, 135-144.

Milacic, V.; Jiao, PF; Zhang, B.; Yan, B, Dou, Q.P. Novel 8-hydroxylquinoline analogs induce
copper-dependent proteasome inhibition and cell death in human breast cancer cells. Int. ]. Oncol.
2009, 35, 1481-1491.

Zhai, SM.; Yang, L.; Cui, Q.C.; Sun, Y.; Dou, Q.P; Yan, B. Tumor cellular proteasome inhibition and growth
suppression by 8-hydroxyquinoline and clioquinol requires their capabilities to bind copper and transport
copper into cells. J. Biol. Inorg. Chem. 2010, 15, 259-269. [CrossRef]

Schimmer, A.D. Clioquinol—A Novel Copper-Dependent and Independent Proteasome Inhibitor. Curr. Cancer
Drug Targets 2011, 11, 325-331. [CrossRef]

Oliveri, V.; Lanza, V.; Milardi, D.; Viale, M.; Maric, I.; Sgarlata, C.; Vecchio, G. Amino- and
chloro-8-hydroxyquinolines and their copper complexes as proteasome inhibitors and antiproliferative
agents. Metallomics 2017, 9, 1439-1446. [CrossRef]

Zhang, Z.; Wang, H.Y.; Yan, M.C.; Wang, H.N.; Zhang, C.Y. Novel copper complexes as potential proteasome
inhibitors for cancer treatment. Mol. Med. Rep. 2017, 15, 3-11. [CrossRef]

Ikotun, O.F.; Higbee, E.M.; Ouellette, W.; Doyle, R.P. Pyrophosphate-bridged complexes with picomolar
toxicity. J. Inorg. Biochem. 2009, 103, 1254-1264. [CrossRef]


http://dx.doi.org/10.1007/BF00133563
http://dx.doi.org/10.1016/j.jinorgbio.2006.02.013
http://dx.doi.org/10.1039/b911393b
http://dx.doi.org/10.2741/s274
http://dx.doi.org/10.1016/j.ccr.2016.08.001
http://dx.doi.org/10.1021/jm0509288
http://dx.doi.org/10.1038/cddis.2012.184
http://dx.doi.org/10.1038/nrclinonc.2016.206
http://dx.doi.org/10.1016/j.yexcr.2004.04.017
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.003
http://dx.doi.org/10.1186/bcr1322
http://dx.doi.org/10.1158/0008-5472.CAN-06-3546
http://dx.doi.org/10.1007/s00775-009-0594-5
http://dx.doi.org/10.2174/156800911794519770
http://dx.doi.org/10.1039/C7MT00156H
http://dx.doi.org/10.3892/mmr.2016.6022
http://dx.doi.org/10.1016/j.jinorgbio.2009.07.010

Proteomes 2019, 7, 26 18 of 20

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Chen, H.L.; Chang, C.Y,; Lee, H.T.; Lin, H.H.; Lu, PJ.; Yang, C.N.; Shiau, C.W.; Shaw, A.Y. Synthesis and
pharmacological exploitation of clioquinol-derived copper-binding apoptosis inducers triggering reactive
oxygen species generation and MAPK pathway activation. Bioorg. Med. Chem. 2009, 17, 7239-7247.
[CrossRef]

Jungwirth, U.; Kowol, C.R.; Keppler, B.K.; Hartinger, C.G.; Berger, W.; Heffeter, P. Anticancer Activity of
Metal Complexes: Involvement of Redox Processes. Antioxid. Redox Signal. 2011, 15, 1085-1127. [CrossRef]
Allensworth, J.L.; Evans, M.K.; Bertucci, F.; Aldrich, AJ.; Festa, R.A.; Finetti, P.; Ueno, N.T.; Safi, R.;
McDonnell, D.P; Thiele, D.J.; et al. Disulfiram (DSF) acts as a copper ionophore to induce copper-dependent
oxidative stress and mediate anti-tumor efficacy in inflammatory breast cancer. Mol. Oncol. 2015, 9,
1155-1168. [CrossRef]

Wright, C.; Moore, R.D. Disulfiram treatment of alcoholism. Am. J. Med. 1990, 88, 647-655. [CrossRef]
Gholz, LM.; Arons, W.L. Prophylaxis and Therapy of Amebiasis and Shigellosis with Iodochlorhydroxyquin.
Am. |. Trop Med. Hyg. 1964, 13, 396-401. [CrossRef]

Rohde, W.; Mikelens, P.; Jackson, J.; Blackman, J.; Whitcher, ]J.; Levinson, W. Hydroxyquinolines inhibit
ribonucleic acid-dependent deoxyribonucleic acid polymerase and inactivate Rous sarcoma virus and herpes
simplex virus. Antimicrob Agents Chemother 1976, 10, 234-240. [CrossRef]

Jaouen, G.R; Vessiéres, A.; Top, S. Ferrocifen type anti cancer drugs. Chem. Soc. Rev. 2015, 44, 8802-8817.
[CrossRef]

Patra, M.; Gasser, G. The medicinal chemistry of ferrocene and its derivatives. Nat. Rev. Chem. 2017, 1, 0066.
[CrossRef]

Kowalski, K. Insight into the Biological Activity of Organometallic Acetylsalicylic Acid (Aspirin) Derivatives.
ChemPlusChem 2019, 84, 403—415. [CrossRef]

Liu, W.; Gust, R. Metal N-heterocyclic carbene complexes as potential antitumor metallodrugs. Chem. Soc.
Rev. 2013, 42, 755-773. [CrossRef]

Wehbe, M.; Malhotra, A.K.; Anantha, M.; Lo, C.; Dragowska, W.H.; Dos Santos, N.; Bally, M.B. Development
of a copper-clioquinol formulation suitable for intravenous use. Drug Deliv. Transl. Res. 2018, 8, 239-251.
[CrossRef]

Weniger, M.A; Rizzatti, E.G.; Perez-Galan, P.; Liu, D.; Wang, Q.; Munson, P.J.; Raghavachari, N.; White, T.;
Tweito, M.M.; Dunleavy, K,; et al. Treatment-induced oxidative stress and cellular antioxidant capacity
determine response to bortezomib in mantle cell lymphoma. Clin Cancer Res 2011, 17, 5101-5112. [CrossRef]
Zanellato, I.; Heldt, J.-M.; Vessieres, A.; Jaouen, G.R.; Osella, D. Antiproliferative effect of ferrocifen drug
candidates on malignant pleural mesothelioma cell lines. Inorg. Chim. Acta 2009, 362, 4037-4042. [CrossRef]
Rabilloud, T.; Lescuyer, P. Proteomics in mechanistic toxicology: History, concepts, achievements, caveats,
and potential. Proteomics 2015, 15, 1051-1074. [CrossRef] [PubMed]

Guidi, F; Modesti, A.; Landini, I.; Nobili, S.; Mini, E.; Bini, L.; Puglia, M.; Casini, A.; Dyson, PJ.;
Gabbiani, C.; et al. The molecular mechanisms of antimetastatic ruthenium compounds explored through
DIGE proteomics. J. Inorg. Biochem. 2013, 118, 94-99. [CrossRef] [PubMed]

Gamberi, T.; Massai, L.; Magherini, F.; Landini, I.; Fiaschi, T.; Scaletti, F.; Gabbiani, C.; Bianchi, L.; Bini, L.;
Nobili, S.; et al. Proteomic analysis of A2780/S ovarian cancer cell response to the cytotoxic organogold(III)
compound Aubipy(c). J. Proteom. 2014, 103, 103-120. [CrossRef]

Mao, X.; Li, X,; Sprangers, R.; Wang, X.; Venugopal, A.; Wood, T.; Zhang, Y.; Kuntz, D.A.; Coe, E.; Trudel, S.; et al.
Clioquinol inhibits the proteasome and displays preclinical activity in leukemia and myeloma. Leukemia
2009, 23, 585-590. [CrossRef] [PubMed]

Prachayasittikul, V.; Prachayasittikul, S.; Ruchirawat, S.; Prachayasittikul, V. 8-Hydroxyquinolines: A review
of their metal chelating properties and medicinal applications. Drug Des. Dev. Ther. 2013, 7, 1157-1178.
[CrossRef]

Tardito, S.; Barilli, A.; Bassanetti, I.; Tegoni, M.; Bussolati, O.; Franchi-Gazzola, R.; Mucchino, C.; Marchio, L.
Copper-Dependent Cytotoxicity of 8-Hydroxyquinoline Derivatives Correlates with Their Hydrophobicity
and Does Not Require Caspase Activation. J. Med. Chem. 2012, 55, 10448-10459. [CrossRef] [PubMed]
Wang, J.; Luo, C; Shan, C.; You, Q.; L, J.; Elf, S.; Zhou, Y.; Wen, Y.; Vinkenborg, ].L.; Fan, J.; et al. Inhibition
of human copper trafficking by a small molecule significantly attenuates cancer cell proliferation. Nat. Chem.
2015, 7, 968. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bmc.2009.08.054
http://dx.doi.org/10.1089/ars.2010.3663
http://dx.doi.org/10.1016/j.molonc.2015.02.007
http://dx.doi.org/10.1016/0002-9343(90)90534-K
http://dx.doi.org/10.4269/ajtmh.1964.13.396
http://dx.doi.org/10.1128/AAC.10.2.234
http://dx.doi.org/10.1039/C5CS00486A
http://dx.doi.org/10.1038/s41570-017-0066
http://dx.doi.org/10.1002/cplu.201900086
http://dx.doi.org/10.1039/C2CS35314H
http://dx.doi.org/10.1007/s13346-017-0455-7
http://dx.doi.org/10.1158/1078-0432.CCR-10-3367
http://dx.doi.org/10.1016/j.ica.2009.05.047
http://dx.doi.org/10.1002/pmic.201400288
http://www.ncbi.nlm.nih.gov/pubmed/25164579
http://dx.doi.org/10.1016/j.jinorgbio.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23142974
http://dx.doi.org/10.1016/j.jprot.2014.03.032
http://dx.doi.org/10.1038/leu.2008.232
http://www.ncbi.nlm.nih.gov/pubmed/18754030
http://dx.doi.org/10.2147/DDDT.S49763
http://dx.doi.org/10.1021/jm301053a
http://www.ncbi.nlm.nih.gov/pubmed/23170953
http://dx.doi.org/10.1038/nchem.2381
http://www.ncbi.nlm.nih.gov/pubmed/26587712

Proteomes 2019, 7, 26 19 of 20

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Barresi, V.; Spampinato, G.; Musso, N.; Trovato Salinaro, A.; Rizzarelli, E.; Condorelli, D.F. ATOX1 gene
silencing increases susceptibility to anticancer therapy based on copper ionophores or chelating drugs.
J. Inorg. Biochem. 2016, 156, 145-152. [CrossRef]

Repetto, G.; del Peso, A.; Zurita, ].L. Neutral red uptake assay for the estimation of cell viability/cytotoxicity.
Nat. Protoc. 2008, 3, 1125-1131. [CrossRef]

Rabilloud, T. Optimization of the cydex blue assay: A one-step colorimetric protein assay using cyclodextrins
and compatible with detergents and reducers. PLoS ONE 2018, 13, e0195755. [CrossRef] [PubMed]
Dalzon, B.; Aude-Garcia, C.; Collin-Faure, V.; Diemer, H.; Beal, D.; Dussert, F.; Fenel, D.; Schoehn, G.;
Cianferani, S.; Carriere, M.; et al. Differential proteomics highlights macrophage-specific responses to
amorphous silica nanoparticles. Nanoscale 2017, 9, 9641-9658. [CrossRef] [PubMed]

Gianazza, E.; Celentano, F.; Magenes, S.; Ettori, C.; Righetti, P.G. Formulations for immobilized pH gradients
including pH extremes. Electrophoresis 1989, 10, 806-808. [CrossRef] [PubMed]

Rabilloud, T.; Valette, C.; Lawrence, J.J. Sample application by in-gel rehydration improves the resolution of
two-dimensional electrophoresis with immobilized pH gradients in the first dimension. Electrophoresis 1994,
15,1552-1558. [CrossRef] [PubMed]

Luche, S.; Diemer, H.; Tastet, C.; Chevallet, M.; Van Dorsselaer, A.; Leize-Wagner, E.; Rabilloud, T. About
thiol derivatization and resolution of basic proteins in two-dimensional electrophoresis. Proteomics 2004, 4,
551-561. [CrossRef] [PubMed]

Gorg, A.; Postel, W.; Weser, ].; Gunther, S.; Strahler, ].R.; Hanash, S.M.; Somerlot, L. Elimination of Point
Streaking on Silver Stained Two-Dimensional Gels by Addition of Iodoacetamide to the Equilibration Buffer.
Electrophoresis 1987, 8, 122-124. [CrossRef]

Tastet, C.; Lescuyer, P.; Diemer, H.; Luche, S.; van Dorsselaer, A.; Rabilloud, T. A versatile electrophoresis
system for the analysis of high- and low-molecular-weight proteins. Electrophoresis 2003, 24, 1787-1794.
[CrossRef] [PubMed]

Sinha, P; Poland, J.; Schnolzer, M.; Rabilloud, T. A new silver staining apparatus and procedure for
matrix-assisted laser desorption/ionization-time of flight analysis of proteins after two-dimensional
electrophoresis. Proteomics 2001, 1, 835-840. [CrossRef]

Yekutieli, D.; Benjamini, Y. Resampling-based false discovery rate controlling multiple test procedures for
correlated test statistics. J. Stat. Plan. Inference 1999, 82, 171-196. [CrossRef]

Diz, A.P,; Carvajal-Rodriguez, A.; Skibinski, D.O. Multiple hypothesis testing in proteomics: A strategy for
experimental work. Mol. Cell Proteom. 2011, 10, M110 004374.

Carvajal-Rodriguez, A.; de Una-Alvarez, J. Assessing significance in high-throughput experiments by
sequential goodness of fit and g-value estimation. PLoS ONE 2011, 6, €24700. [CrossRef]

Hammer, O.; Harper, D.A.T.; Ryan, P.D. Paleontological statistics software package for education and data
analysis. Palaeontol. Electron. 2001, 4, 9.

Gharahdaghi, F.; Weinberg, C.R.; Meagher, D.A.; Imai, B.S.; Mische, S.M. Mass spectrometric identification
of proteins from silver-stained polyacrylamide gel: A method for the removal of silver ions to enhance
sensitivity. Electrophoresis 1999, 20, 601-605. [CrossRef]

Zhan, X,; Yang, H.; Peng, E; Li, ].; Mu, Y,; Long, Y.; Cheng, T.; Huang, Y.; Li, Z.; Lu, M.; et al. How many
proteins can be identified in a 2DE gel spot within an analysis of a complex human cancer tissue proteome?
Electrophoresis 2018, 39, 965-980. [CrossRef] [PubMed]

Triboulet, S.; Aude-Garcia, C.; Carriere, M.; Diemer, H.; Proamer, F.; Habert, A.; Chevallet, M.; Collin-Faure, V.;
Strub, ].M.; Hanau, D.; et al. Molecular responses of mouse macrophages to copper and copper oxide
nanoparticles inferred from proteomic analyses. Mol. Cell Proteom. 2013, 12, 3108-3122. [CrossRef] [PubMed]
Aude-Garcdia, C.; Dalzon, B.; Ravanat, J.L.; Collin-Faure, V.; Diemer, H.; Strub, J.M.; Cianferani, S.; Van
Dorsselaer, A.; Carriere, M.; Rabilloud, T. A combined proteomic and targeted analysis unravels new
toxic mechanisms for zinc oxide nanoparticles in macrophages. J. Proteom. 2016, 134, 174-185. [CrossRef]
[PubMed]

Perry, S.W.; Norman, ].P,; Barbieri, ].; Brown, E.B.; Gelbard, H.A. Mitochondrial membrane potential probes
and the proton gradient: A practical usage guide. Biotechnigues 2011, 50, 98-115. [CrossRef] [PubMed]
Warholm, M.; Guthenberg, C.; von Bahr, C.; Mannervik, B. Glutathione transferases from human liver.
Methods Enzym. 1985, 113, 499-504.


http://dx.doi.org/10.1016/j.jinorgbio.2016.01.002
http://dx.doi.org/10.1038/nprot.2008.75
http://dx.doi.org/10.1371/journal.pone.0195755
http://www.ncbi.nlm.nih.gov/pubmed/29641569
http://dx.doi.org/10.1039/C7NR02140B
http://www.ncbi.nlm.nih.gov/pubmed/28671223
http://dx.doi.org/10.1002/elps.1150101115
http://www.ncbi.nlm.nih.gov/pubmed/2612482
http://dx.doi.org/10.1002/elps.11501501223
http://www.ncbi.nlm.nih.gov/pubmed/7536671
http://dx.doi.org/10.1002/pmic.200300589
http://www.ncbi.nlm.nih.gov/pubmed/14997479
http://dx.doi.org/10.1002/elps.1150080207
http://dx.doi.org/10.1002/elps.200305400
http://www.ncbi.nlm.nih.gov/pubmed/12783456
http://dx.doi.org/10.1002/1615-9861(200107)1:7&lt;835::AID-PROT835&gt;3.0.CO;2-2
http://dx.doi.org/10.1016/S0378-3758(99)00041-5
http://dx.doi.org/10.1371/journal.pone.0024700
http://dx.doi.org/10.1002/(SICI)1522-2683(19990301)20:3&lt;601::AID-ELPS601&gt;3.0.CO;2-6
http://dx.doi.org/10.1002/elps.201700330
http://www.ncbi.nlm.nih.gov/pubmed/29205401
http://dx.doi.org/10.1074/mcp.M113.030742
http://www.ncbi.nlm.nih.gov/pubmed/23882024
http://dx.doi.org/10.1016/j.jprot.2015.12.013
http://www.ncbi.nlm.nih.gov/pubmed/26710724
http://dx.doi.org/10.2144/000113610
http://www.ncbi.nlm.nih.gov/pubmed/21486251

Proteomes 2019, 7, 26 20 of 20

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Arrick, B.A.; Nathan, C.E; Griffith, O.W.; Cohn, Z.A. Glutathione depletion sensitizes tumor cells to oxidative
cytolysis. J. Biol. Chem. 1982, 257, 1231-1237. [PubMed]

Bruggeman, LM.; Spenkelink, A.; Temmink, ].H.; van Bladeren, PJ. Differential effects of raising and lowering
intracellular glutathione levels on the cytotoxicity of allyl isothiocyanate, tert-butylhydroperoxide and
chlorodinitrobenzene. Toxicol In Vitro 1988, 2, 31-35. [CrossRef]

Ding, W.Q.; Liu, B.L.; Vaught, ].L.; Yamauchi, H.; Lind, S.E. Anticancer activity of the antibiotic clioquinol.
Cancer Res. 2005, 65, 3389-3395. [CrossRef]

Yu, HJ.; Zhou, Y.F; Lind, S.E.; Ding, W.Q. Clioquinol targets zinc to lysosomes in human cancer cells.
Biochem. |. 2009, 417, 133-139. [CrossRef]

Ding, W.Q.; Lind, S.E. Metal Ionophores—An Emerging Class of Anticancer Drugs. Iubmb Life 2009, 61,
1013-1018. [CrossRef] [PubMed]

Herrmann, A.G,; Searcy, J.L.; Le Bihan, T.; McCulloch, J.; Deighton, R.F. Total variance should drive data
handling strategies in third generation proteomic studies. Proteomics 2013, 13, 3251-3255. [CrossRef]
[PubMed]

Campostrini, N.; Areces, L.B.; Rappsilber, J.; Pietrogrande, M.C.; Dondi, E; Pastorino, F.; Ponzoni, M.;
Righetti, P.G. Spot overlapping in two-dimensional maps: A serious problem ignored for much too long.
Proteomics 2005, 5, 2385-2395. [CrossRef] [PubMed]

Hunsucker, S.W.; Duncan, M.W. Is protein overlap in two-dimensional gels a serious practical problem?
Proteomics 2006, 6, 1374-1375. [CrossRef] [PubMed]

Colignon, B.; Raes, M.; Dieu, M,; Delaive, E.; Mauro, S. Evaluation of three-dimensional gel electrophoresis to
improve quantitative profiling of complex proteomes. Proteomics 2013, 13, 2077-2082. [CrossRef] [PubMed]
Rabilloud, T. When 2D is not enough, go for an extra dimension. Proteomics 2013, 13, 2065-2068. [CrossRef]
[PubMed]

Cao, B.Y,; Li, J.; Zhu, ].Y.; Shen, M.Y,; Han, K.K.; Zhang, Z.B.; Yu, Y.; Wang, Y.L.; Wu, D.P; Chen, S.N,; et al.
The Antiparasitic Clioquinol Induces Apoptosis in Leukemia and Myeloma Cells by Inhibiting Histone
Deacetylase Activity. J. Biol. Chem. 2013, 288, 34181-34189. [CrossRef]

Cao, B.Y,; Li, J.; Zhou, X.M,; Juan, ].X,; Han, K.K.; Zhang, Z.B.; Kong, Y.; Wang, ].R.; Mao, X.L. Clioquinol
induces pro-death autophagy in leukemia and myeloma cells by disrupting the mTOR signaling pathway.
Sci. Rep. 2014, 4. [CrossRef]

He,M.L.; Luo, M,; Liu, Q.Y.; Chen, ] K; Li, K.S.; Zheng, M.G.; Weng, Y.L.; Ouyang, L.P.; Liu, A.M. Combination
treatment with fasudil and clioquinol produces synergistic anti-tumor effects in U87 glioblastoma cells by
activating apoptosis and autophagy. J. Neuro-Oncol. 2016, 127, 261-270. [CrossRef]

Du, T,; Filiz, G.; Caragounis, A.; Crouch, PJ.; White, A.R. Clioquinol promotes cancer cell toxicity through
tumor necrosis factor alpha release from macrophages. J. Pharmacol. Exp. Ther. 2008, 324, 360-367. [CrossRef]
Triboulet, S.; Aude-Garcia, C.; Armand, L.; Collin-Faure, V.; Chevallet, M.; Diemer, H.; Gerdil, A.; Proamer, E,;
Strub, J.M.; Habert, A.; et al. Comparative proteomic analysis of the molecular responses of mouse
macrophages to titanium dioxide and copper oxide nanoparticles unravels some toxic mechanisms for
copper oxide nanoparticles in macrophages. PLoS ONE 2015, 10, e0124496. [CrossRef] [PubMed]

Laws, K.; Suntharalingam, K. The Next Generation of Anticancer Metallopharmaceuticals: Cancer Stem
Cell-Active Inorganics. Chembiochem 2018, 19, 2246-2253. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/6799503
http://dx.doi.org/10.1016/0887-2333(88)90034-3
http://dx.doi.org/10.1158/0008-5472.CAN-04-3577
http://dx.doi.org/10.1042/BJ20081421
http://dx.doi.org/10.1002/iub.253
http://www.ncbi.nlm.nih.gov/pubmed/19859983
http://dx.doi.org/10.1002/pmic.201300056
http://www.ncbi.nlm.nih.gov/pubmed/24123801
http://dx.doi.org/10.1002/pmic.200401253
http://www.ncbi.nlm.nih.gov/pubmed/15880804
http://dx.doi.org/10.1002/pmic.200500521
http://www.ncbi.nlm.nih.gov/pubmed/16429465
http://dx.doi.org/10.1002/pmic.201200494
http://www.ncbi.nlm.nih.gov/pubmed/23592440
http://dx.doi.org/10.1002/pmic.201300215
http://www.ncbi.nlm.nih.gov/pubmed/23754521
http://dx.doi.org/10.1074/jbc.M113.472563
http://dx.doi.org/10.1038/srep05749
http://dx.doi.org/10.1007/s11060-015-2044-2
http://dx.doi.org/10.1124/jpet.107.130377
http://dx.doi.org/10.1371/journal.pone.0124496
http://www.ncbi.nlm.nih.gov/pubmed/25902355
http://dx.doi.org/10.1002/cbic.201800358
http://www.ncbi.nlm.nih.gov/pubmed/30109911
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Ion Quantification by ICP-MS 
	Proteomics 
	Sample Preparation 
	Isoelectric Focusing 
	SDS Electrophoresis and Protein Detection 
	Image Analysis 
	Mass Spectrometry 

	Phagocytosis and Particle Internalization Assay 
	F-Actin Staining 
	Mitochondrial Transmembrane Potential Measurement 
	Glutathione Assay 
	NO Production 

	Results 
	Global Analysis of the Proteomic Results 
	Targeted Validation Experiments 

	Discussion 
	Conclusions 
	References

