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ARTICLE INFO ABSTRACT

Keywords: Osteosarcoma (OS) is a frequent bone cancer, affecting largely children and young adults. Cisplatin (CDDP) has
Cancer been efficacious in the treatment of different cancer such us OS but the development of chemoresistance and
Osteosarcoma

important side effects leading to therapeutic failure. Novel therapies including copper compounds have shown to
be potentially effective as anticancer drugs and one alternative to usually employed platinum compounds.

The goal of this work is the evaluation of the in vitro and in vivo antitumoral activity and dilucidate the
molecular target of a Cu(Il) cationic complex containing a tridentate hydrazone ligand, CuHL for short, HoL=N’-
’-(2-hydroxy-3-methoxybenzylidene)thiophene-2-carbohydrazide, against human OS MG-63 cells.

Anticancer activity on MG-63 cell line was evaluated in OS monolayer and spheroids. CuHL significantly
impaired cell viability in both models (ICs5p 2D: 2.1 £ 0.3 pM; 3D: 9.1 £ 1.0 uM) (p < 0.001). Additional cell
studies demonstrated the copper compound inhibits cell proliferation and conveys cells to apoptosis, determined
by flow cytometry. CuHL showed a great genotoxicity, evaluated by comet assay. Proteomic analysis by Orbitrap
Mass Spectometry identified 27 differentially expressed proteins: 17 proteins were found overexpressed and 10
underexpressed in MG-63 cells after the CuHL treatment. The response to unfolded protein was the most affected
biological process.

In addition, in vivo antitumor effects of the compound were evaluated on human OS tumors xenografted in
nude mice. CuHL treatment, at a dose of 2 mg/kg i.p., given three times/week for one month, significantly
inhibited the progression of OS xenografts and was associated to a reduction in mitotic index and to an increment
of tumor necrosis (p < 0.01). Administration of standard-of-care cytotoxic agent CDDP, following the same
treatment schedule as CuHL, failed to impair OS growth and progression.

Copper complexes
Mechanism of action
Proteomic approach
In vivo studies

1. Introduction

Cancer is one of the main causes of death worldwide [1]. Particu-
larly, osteosarcoma (OS) is a high-grade bone malignancy that signifies
the most common primary bone cancer in children and young adults [2].
This type of cancer has special features such as the deposition of
immature osteoid matrix by highly proliferating and invasive cells.

Currently, the therapeutic strategy in the treatment of OS involves

surgery and pre-and postoperative chemotherapy. These regimens
include a combination of methotrexate, doxorubicin, and cisplatin
(CDDP), or etoposide in addition to ifosfamide [3]. However, despite the
use of combination therapy, approximately 40% of OS patients develop
local recurrences or distant metastases showing elevated mortality rates
[4]. Besides, in high-income countries the 5-year survival rates of up to
70% whilst in low- and middle-income countries this rate is significantly
lower, with reported survival rates as low as 45% [5].
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Fig. 1. Schematic representation of CuHL.

Table 1

ICsp values of copper-hidrazones complexes (CuHL, [CuHLl], [Cu(Ll)(o-phen)],
[Cu(HLl)(bipy)](N03)), ligand (H,L), free metal cation (Cu®*). and CDDP on
MG-63 cells (2D) and spheroids derived from MG-63 cells (3D) after 24 h of
incubation.

2D 3D Reference
CuHL 2.1+0.3 9.1+1.0 This work
H,L >100.0 n.d This work
Cu@®h >100.0 n.d This work
CDDP 39.0 + 1.80 65.1 + 5.6 [32]
[CuHL'] 10.7 £ 1.6 n.d [271
[Cu(LY)(o-phen)] 3.5+0.3 n.d [33]
[Cu(HLY)(bipy)1(NO3) 5.6 + 1.0 n.d [33]

Taking into account that therapeutical advances of OS and survival
rates have reached a discouraging plateau, there is a relevant need to
identify novel therapeutic alternatives for the treatment of OS. Metal-
lodrugs are a class of anticancer compounds mostly used in the treat-
ment of different types of tumors including breast, colorectal, lung, and
bone cancer [6,7]. In this way, platinum complexes, specifically CDDP,
carboplatin, and oxaliplatin, are successfully used in the clinical
approach of many oncological patients [8], but inherent and acquired
resistance to platinum drugs is one of the most related clinical problems
in the treatment [9]. Therefore, novel non-platinum-based compounds
including ruthenium, vanadium, and copper complexes have appeared
as alternatives to the use of platinum in clinical cancer therapy [6,10,
11]. Particularly, copper complexes have shown interesting in vitro and
in vivo anticancer effects over various cancer cell models [12-17]. One of
the most important mechanisms of action reported about copper com-
plexes involves ROS generation, and consequent DNA damage [18-20].
Besides, proteasome inhibition activity and cancer stem cells are re-
ported as two important mechanisms of cell death activated by copper

15 uM 20 uM
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compounds [21,22]. Furthermore, different copper complexes showed
stronger anticancer activity than their ligands which suggest the key role
of the metal itself in the anticancer actions [14,23,24]. However, only a
few copper complexes showed remarkable anticancer activity against
OS cells [25-27].

Due to the high mortality of OS and the limited effectiveness of
current therapeutic options, this research deals with the in vitro and in
vivo antitumor properties and the mechanism of action of [Cu(HL)
(OH3)] (NO3). H0 complex (henceforth referred to as “CuHL”, for
simplicity), where HoL = [HoL=N"-(2-hydroxy-3-methoxybenzylidene)
thiophene-2-carbohydrazide], on 2D, 3D and xenograft OS tumor
models. Our study aimed to explore CuHL target expression, DNA
damage, and induction of apoptosis in OS cells. Moreover, we focused
our research on evaluating the effect of sustained CuHL administration
in OS tumor progression.

2. Materials and methods
2.1. Synthesis, identification and preparation of CuHL

The copper compound was obtained following the procedure
described in our previous work [28].

CuHL stock solutions (20 mM) were prepared in dimethylsulfoxide
(DMSO) and forward diluted according to the concentrations used in
each experiment. Maximum concentration of DMSO was kept at 0,5%.
CDDP was dissolved on normal saline solution (0.9% w/w).

2.2. Cell line and growing conditions

Human OS MG-63 cell line (ATCC CRL-1427 ™) was grown in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 IU/mL penicillin and 100 pg/mL streptomycin at 37 °C
in 5% CO4 atmosphere.

Table 2
Percentage of early and late apoptotic cells after treatment with CuHL. *p < 0.01
Differences between control and treatment.

25 uM

ANV-+/PI- ANV+/PL+ ANV-/PL+
0 11404 53+26 0.8+ 0.3
0.5 1.6+ 0.1 4.0+0.3 0.3+0.1
1 56+1.0* 16.5+ 0.4 * 0.7 £0.1
2.5 29405 58.2+0.1* 43+07
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Fig. 2. A) Images of MG-63 spheroids after the treatment with 2.5-25 pM of CuHL. B) Graph bars of volume derived from spheroids.
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Fig. 3. A) Volcano plot illustrates significantly differentially abundant proteins (down regulated in blue and up-regulated in red) after treatment with CuHL. The
log10 (Student T-test P value) is plotted against the log2 (fold change: Treatment CuHL/Control). The non-axial vertical lines denote +-2-fold change while the non-
axial horizontal line denotes P = 0.05, which is our significance threshold (prior to logarithmic transformation). B) Biological processes. C) Component associated
with the up and down proteins identified after CuHL treatment in MG-63 cells. Results obtained with STRING.

Table 3
Ingenuity canonical pathways associated with differentially expressed proteins
after CuHL treatment. Results obtained with the IPA tool.

Canonical pathways -LOG(p- Proteins
value)
UNFOLDED PROTEIN RESPONSE 5.47 DNAJB1, DNAJB4, HSPA1A/
HSPA1B, HSPH1
ALDOSTERONE SIGNALING IN 4.4 DNAJB1, DNAJB4, HSPA1A/
EPITHELIAL CELLS HSPA1B, HSPH1
PROTEIN UBIQUITINATION 3.58 DNAJB1, DNAJB4, HSPA1A/
PATHWAY HSPA1B, HSPH1
OXIDATIVE PHOSPHORYLATION 3.55 ATP5PO, COX5A, SDHA
TRNA CHARGING 3.03 AARS2, CARS2
MITOCHONDRIAL DYSFUNCTION 3.01 ATP5PO, COX5A, SDHA

2.3. Cell viability study

MG-63 cells were seeded in a 96-multiwell dish and treated with
different concentrations of compounds (CuHL and CDDP) at 37 °C for 24
h. Then, medium was changed and cells were incubated with 0.2 mg/mL
of the resazurin for 6 h.

2.4. Clonogenic assay

After attachment of the cells to the 24 multiwell plates and the
treatment with CuHL at a range of 0.125-0.5 pM, the cells were washed
with PBS and added with complete DMEM (2 mL). Then, the 24-multi-
well were incubated for 10 days at 37 °C and 5% CO,. Next, medium
was removed and cells were stained (6% of glutaraldehyde and 0.5%
crystal violet) for 30 min at room temperature. Afterward, we proceed to
count the colonies. The plating efficiency (PE) was calculated as a ratio
of the number of colonies to the number of cells seeded whilst the

surviving fraction (SF) is defined as the number of colonies that survive
after the treatment, expressed in terms of PE.

2.5. Apoptosis

Apoptosis was detected using Annexin V-FITC and propidium iodide
(PI) staining and following the procedure published in our preceding
manuscript [14].

Cells were analyzed using a flow cytometer BD Accuri C6 Plus and BD
Accuri C6 Plus software.

2.6. Single cell gel electrophoresis (SCGE) assay

DNA damage were achieved following the method of Singh et al.
with minor modifications [29]. Cellular images were acquired with the
Leica IM50 Image Manager (ImagicBildverarbeitung AG). The tail
moment (product of tail length by tail DNA percentage) was determined
with 50 randomly captured cells and using a free comet scoring software
(Comet Score version 1.5).

2.7. Proteomic analysis

2.7.1. Protein sample preparation

For sample preparation, MG-63 cells were seeded in a 6-well dish,
allowed to attach for 24 h, and treated with 1 uM of the complex at
37 °C. Total protein was extracted from MG-63 cells after 24 h. Briefly,
cells were homogenized in RIPA lysis buffer containing a protease in-
hibitor cocktail. Then, total protein was collected through centrifugation
at 12,000 g for 20 min at 4 °C, and protein concentration was deter-
mined using BCA protein assay.

2.7.2. Protein identification and mass spectrometry
Samples were sent to the Center for Chemical and Biological Studies
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Fig. 4. Scheme of the protein’s connection networks obtained using IPA.

by Mass Spectrometry (CEQUIBIEM), for Label Free Quantification
analysis. In brief, samples were reduced with DTT, alkylated with
iodoacetamide followed by trypsin digestion. Samples were lyophilized
by Speed Vac and resuspended in 0.1% trifluoroacetic acid. Then, liquid
chromatography was performed with nanoHPLC Easy nLC 1000
(Thermo Scientific) coupled to a mass spectrometer with Orbitrap
technology (Thermo Scientific), which allows separation and further
identification of the peptides.

Analysis of the spectra obtained by the mass spectrometer was per-
formed using the Proteome Discoverer search engine with the Homo
sapiens database. For the search, the following parameters were set:
trypsin was used as the cleavage protease; two missed cleavage was
allowed; the precursor peptide mass tolerance was set at 10 ppm while
fragment mass tolerance was 0.05 Da; carbamidomethylation (C) was
set as a fixed modification; variable modification was set to oxidation;
minimum identification criteria required a minimum of 2 peptides per
protein.

Statistical analysis for differentially expressed proteins was per-
formed using the software Perseus v.1.6.6.0. The t-test was used to
compare protein abundance averages between treatment and control
groups. Differentially expressed proteins were identified when: t-test p
value < 0.05 and there was an increase or decrease in protein level of 2-
fold or more.

2.7.3. Bioinformatics analysis

The differentially expressed proteins were used to perform pro-
tein—protein interaction (PPI) network construction and Gene Ontology
(GO) enrichment analysis with the Search Tool for the Retrieval of

Interacting Genes (STRING) database. Significantly enriched pathways
were identified by searching against KEGG (Kyoto Encyclopedia of
Genes and Genomes) and REACTOME databases.

2.8. Multicellular spheroids development

Multicellular tumor spheroids were formed with M6-63 cells using
the adapted hanging drop method previously published with us [30].

Multicellular spheroids derived from MG-63 cells were treated in 96-
well plates with 0.5% DMSO in DMEM (control) and with CuHL (0.5-25
pM) and CDDP (0.5-100 pM) in a range of concentration for 24 h. Then,
cell viability was also determinate using resazurin.

Size and morphology of spheroids were evaluated and recorded
using an inverted microscope (Olympus BX51) with a digital camera
(AmScope) and ImageJ version 1.51n software. From the obtained im-
ages, spheroid boundaries were marked with the polygon tool of ImageJ.
The measurement tool was used to determine the projected Area, Feret’s
diameter and shape descriptors of spheroids. Particles of known size
were used for calibration. The volume was calculated from the obtained
radius: V= 4/3 n13.

2.9. In vivo OS tumor growth

8 weeks old outbred female N:NIH(S)-nu mice were housed in the
National University of Quilmes animal facility (5-6 animals per cage),
with free access to water and food. Animals were acquired from the
Animal Facility of the School of Veterinary Sciences at the National
University of La Plata, Buenos Aires. A cell suspension containing 100 pL
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Fig. 5. A) In vivo activity of CuHL, administered using a 2 mg/kg i.p. dose, on
human OS MG-63 xenograft progression in N:NIH(S) nude mice. Curves
represent mean tumor volumes of mice receiving PBS (black) or CuHL (green).
On top, the experimental design of the in vivo protocol is depicted. 5 or 6 fe-
male mice per group. Comparisons between experimental groups were per-
formed by contrasting tumor growth rates. B) Tumor burden was additionally
assessed by weighing OS primary lesions after necropsy and tumor recovery.
Values as mean + SEM. *p < 0.05, **p < 0.01, unpaired t-test.

of DMEM plus 50 pL Matrigel® (Becton Dickinson), and 5 x 10 ® MG-63
human OS cells was injected s.c. in the right flank of nude mice in order
to produce tumor implants. After tumor cell injection, animals were
grouped randomly into a control group (saline vehicle) and CuHL
treatment group.

Xenograft growth was assessed using a caliper two times per week.
Volume calculation was conducted by the following equation “0.52 x W?
x L, where W = width’ and L = length. Tumor growth rates (TGR) for
each experimental condition were assessed and were calculated as the
linear regression slopes of the xenograft volumes throughout time (be-
tween days 5 and 29). Treatment with CuHL (2 mg/kg i.p.) began 4 days
after tumor challenge, once all engraftments were confirmed by palpa-
tion. Compound was administered 3 times/week for 4 weeks in total.
The weight of experimental animals was additionally recorded
throughout the assay, from day 4 (before treatment) until necropsy at
day 31. Reference cytotoxic agent CDDP was used at an equivalent dose
of 2 mg/kg i.p., also following a treatment schedule of 3 times/week for
4 weeks.

When primary tumors reached a volume of 300 mm® and started
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showing ulceration and signs of skin invasion, animals were sacrificed
by cervical dislocation. Mice were photographed before sacrifice and
protocol termination. OS tumors were recovered, fixed with buffered
formalin and processed for hematoxylin and eosin staining.

2.10. Histopathological studies in OS xenografts

First, assessment of tumor mitotic indexes in xenografts belonging to
vehicle- or CuHL-treated animals was performed using viable sections of
tissue slides after hematoxylin and eosin staining. Quantification of
mitotic bodies was conducted in randomly-selected X400 high power
fileds. Histopathological analysis and findings were performed and
confirmed by two blinded researchers, respectively. Second, color
brightfield images of entire tissue sections stained with hematoxylin and
eosin were acquired at x2.5 magnification for tumor necrosis analysis.
Images were taken with a Cytation Gen5 Reader (BioTek). The “Image
Montage” function was used in order to performed stitching with a 10%
tile overlapping. Tumor necrosis in OS tissue slides was detected in 4
sections per treatment group as areas with a marked increase of eosin-
ophilia and was measured with the ImageJ 1.5j8 Software (NIH), by
using the “Color Threshold’’ tool. Tumor necrotic rates (TNR) for control
and CuHL xenografts were determined following the equation TNR =
(NA x 100)/(VA + NA), in which VA = viable area, and NA = necrotic
area. Necrotic areas were adjusted to changes in tumor sizes by using the
formula ATNR = 100 - (100 - TNR) x RTGR, where RTGR = group-
specific relative tumor growth rates, and ATNR = adjusted tumor
necrotic rates. RTGR was determined after transforming TGR values
(Control 8.6 + 0.8, and CuHL 6.0 & 1.0 mm3/day), taking the TGR of
the control group as “1”.

2.11. Toxicological studies

In order to perform further hematological and biochemical analysis,
and before ending the in vivo protocol and sacrificing the animals, mice
were anesthetized with a ketamine and xylazine mixture (100 mg/kg
and 10 mg/kg xylazine, respectively, both i.p.) and whole-blood samples
were collected in EDTA-coated tubes. Levels of cholesterol, direct bili-
rubin, creatinine, albumin and total protein were determined, as well as
aspartate aminotransferase and alanine aminotransferase activity.
Platelet, hematocrit, red and white blood cell counts, were also per-
formed. Additionally, after euthanasia, kidneys, brain and liver were
recovered, fixed and processed for histopathological assessment, after
hematoxylin and eosin staining.

2.12. Ethics statements

Protocols using experimental animals were evaluated and approved
by the National University of Quilmes Animal Care Committee (Reso-
lution UNQ CyT-CICUAL CD075-14); Protocol number 011-15. Findings
from in vivo protocols were reported according to the ARRIVE guide-
lines. Assays were carried out in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 8023; Rev. 1978).

2.13. Statistical analysis

Three independent experiments were achieved and the results are
expressed as mean + standard error of the mean (SEM), unless stated
otherwise. The variance method followed by the test (Fisher) were used
to analyzed the statistical differences.

Mann Whitney and t tests were used for non-parametric and normal
distribution of data. Differences were considered statistically significant
at a level of p < 0.05. The statistical analyses were performed using
STATGRAPHICS Centurion XVLI or GraphPad Prism v6.0.0 (GraphPad
Software Inc., www.graphpad.com).
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Fig. 6. A) Mitotic index assessment in OS tumor sections from control or CuHL-treated mice. Data was expressed as the number of mitotic bodies/HPF. B) Necrosis in
primary OS lesions was also evaluated after treatment with saline vehicle or CuHL, and shown as adjusted tumor necrotic rates. Values as mean 4+ SEM. **p < 0.01,

**¥*p < 0.001, Mann Whitney and unpaired t-test, respectively.
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Fig. 7. Animal weight of control or CuHL-treated nude mice bearing OS xe-
nografts were monitored throughout the in vivo assay to discard toxicity of
CuHL treatment.

3. Results
3.1. Synthesis and characterization of CuHL

The compound was designed, synthetized and characterized
following the procedure described in our previous work [28].

The structure of the CuHL is schematized in Fig. 1. Besides, the CuHL
is stable over time on biological medium and DMSO [14].

3.2. CuHL inhibits cell viability and cell proliferation on 2D and 3D OS
cancer cell models

Cytotoxicity studies for CuHL, HoL and copper nitrate on human OS
MG-63 cell line were performed using CDDP as a reference of anticancer
clinical drug.

The results show that CuHL decreases the cell viability in the low
micromolar concentration range (1-5 pM) on MG-63 cells exhibiting an
ICs0 value of 2.1 £ 0.3 pM (p < 0.01). To verify the important role of
metal complexation, we checked the anticancer activity of ligand (H,L)
and free metal cation (Cu 21). The results showed that ligand and free
metals are not active in MG-63 cells with ICsq values higher than 100 pM
demostrating the key rol of complexation in the enhancement of the

Table 4
Biochemical and general hematological parameters in mice after sustained treatment with CuHL in comparison to vehicle-treated (control) animals.
Parameters
Weight Hematocrit RBC WBC Cholesterol Total Direct Creatinine GOT ALT (IU/  Plasmatic
® (%) (10%/ (10%/ (mg/dl) protein (g/ bilirubin (mg/  (mg/mL) au/n D Albumine (g/
mL) mL) dl) dl) dn
Control 21.40 + 38.67 +1.86 72.58 + 2.87+ 81.17 +£13.51 4.21+ 0.02+ 0.13+ 135.7+ 40.17 £ 2.52+
1.32 4.30 1.04 0.40 0.01 0.04 16.33 11.48 0.18
CuHL 21.76 + 39.25+2.22 72.00 + 1.83+ 87.00 + 18.20 3.94+ 0.01+ 0.13+ 191.8+ 68.75 + 2.64+
0.59 4.68 0.64 0.69 0.01 0.06 62.38 46.02 0.38
RBC; red blood cells. WBC; white blood cells. GOT; aspartate aminotransferase. ALT; alanine aminotransferase. IU; international units.
Table 5
Absolute leukocyte count in mice after sustained treatment with CuHL in comparison to vehicle-treated (control) animals.
Absolute leukocyte count
Band neutrophils Segmented neutrophils Eosinophils Basophils Lymphocytes Monocytes
Control 0.0 £ 0.0 238.8 + 204 0.0 £ 0.0 56.5 + 39.7 2410 + 866.3 102.4 + 47.3
CuHL 0.0 £ 0.0 61.5+ 63 2.25+6.5 131.£88.3 1567 + 583.9 17.3 £ 7.5%*

**p < 0.01. T-test control versus CuHL.
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anticancer activity of CuHL (Table 1). The beneficial effects of
complexation were reported for other metallodrugs and their respective
ligands and free metals [15,16,31].

Moreover, the ICsg of CDDP is 39 + 1.80 so CuHL is much more
active than CDDP showing an ICs, value around 20-fold lower on MG-
63 cells.

To further characterize the anticancer activity of our copper com-
plex, we evaluated CuHL and CDDP effects on the cell viability of MG-63
multicellular spheroids. Table 1 shows that the ICsg value for CuHL is 9.1
+ 1.0 uM while for CDDP is 65.1 + 5.6 pM showing an ICsq value 7-fold
lower than CDDP toward OS multicellular spheroids. Besides, as it can
be seen in Fig. 2, CuHL impaired 3D cell growth affecting the shape and
volume of the spheroids.

On the other hand, we evaluated the effect of CuHL on the colony-
forming ability of OS cells using a clonogenic study. Figure SM1
showed a notable reduction over clonogenic cell growth of MG-63 cells
in a dose-dependent manner, from 0.125 to 0.5 pM (p < 0.01) suggesting
the potential antiproliferative effects of CuHL.

3.3. CuHL induces apoptosis and DNA damage

The process of apoptosis is characterized by biochemical changes
and morphological features and enhanced by harmful agents [34]. The
externalization of phosphatidylserine is a relevant marker of earlier
apoptotic events and annexin V is extensively used to quantify the
apoptotic levels [35]. Commonly, metal-based drugs induce apoptosis as
a mechanism of cell death [32,36].

Table 2 and Figure SM2 show the flow cytometry results of the
apoptotic process after incubation of CuHL (0.5, 1.0 and 2.5 pM) on MG-
63 cells. CuHL provoked an increment on the early (Annexin V+/PI-)
and late (Annexin V+/PI+) apoptotic OS cell populations at 1.0 and 2.5
pM.
At 1 pM of CuHL, the fractions of Annexin V+/PI- cells increased
severely from 1.1% (control) to 5.6%, whilst the Annexin V+/PI+
populations increased from 5.3% to 16.5%. Besides, after incubation
with 2.5 pM of CuHL, the Annexin V+/PI- cells fraction increased to
2.9% compared with untreated condition (1.1%) and the % of Annexin
V+/PI + cells was 58% vs 5% of the control condition.

Moreover, changes in the necrotic cell population (Annexin V-/PI+)
were not observed with the incubation of CuHL. These results are in
concordance with the cell viability and cell proliferation studies, sug-
gesting that this complex induces OS cell apoptosis depending on its
concentration. It is relevant to remark that programmed cell death has
also been defined as the main mechanism of death for different copper
compounds on various cancer cell lines [6,13].

The induction of DNA damage of CuHL was studied using the comet
assay. The tail moment (tail length x DNA amount in the tail) analysis
showed that CuHL induced an important genotoxic effect on MG-63 cells
in the range of concentrations between 0.5 and 1.5 pM (p < 0.01). The
tail moment values on MG-63 cells are 8.9 + 1.9 (basal condition, 0 pM
CuHL), 59.8 + 6.0 (0.5 pM CuHL), and 145.6 + 11.4 (1.0 pM CuHL)
evidencing the DNA damage induced by copper(Il) complex. Similar
results were published about the interaction of DNA with copper(II)-
hidrazones complexes in breast cancer cells showing an equivalent tail
moment [14,16,37].

3.4. Deciphering molecular targets of CuHL using proteomics approaches

With the aim to elucidate novel molecular targets and cell pathways
activated or inactivated by CuHL, we performed an LFQ assay using
mass spectrometry (MS).

As a result of these studies, 27 proteins were identified: 17 proteins
were found overexpressed and 10 underexpressed on MG-63 cells after
the treatment with 1 pM of CuHL (Fig. 3A). The symbol of the gene
encoding each protein, the name of these proteins, a brief protein
functional description, fold change and the p-value associated with each
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protein are included in Table SM1.

To study and explore the biological characteristics of the 27 differ-
entially expressed proteins found after the CuHL treatment, a set of
bioinformatics approaches were used. In this way, proteins were clas-
sified using the STRING database by means of the biological processes in
which they were involved (Fig. 3B) and the cell components (Fig. 3C).

As a result, "response to unfolded protein" was the most affected
biological process (22.2%). Other substantially affected processes were
“regulation of cellular response to heat", "chaperone cofactor-dependent
protein refolding” and “ATP metabolic processes”, among others
(Table SM2). Additionally, “cellular component” was also analyzed by
STRING. Fig. 3C and Table SM3 show that cytoplasm represented a
100% of totally proteins whilst mitochondrion and aggresome repre-
sented a 37% and 11%, respectively.

To confirm the findings showed in Table 3 we used the ingenuity
pathway analysis (IPA) bioinformatics tool. Table 3 shows the six most
affected canonical pathways after treatment with CuHL in MG-63 cells.
The results are in agreement with the STRING analysis.

Particularly, the most altered pathways listed in IPA were unfolded
protein response including Heat Shock proteins (HSPA1A/HSPA1B,
HSPH1) and DNAJ homolog subfamily members that stimulate the
ATPase activity of HSP. Aldosterone Signaling in Epithelial Cells and
Protein Ubiquitination Pathway were included in 2nd and 3rd positions
and are involved the same protein family that unfolded protein
response. The protein ubiquitination pathway controls the degradation
of cellular proteins through the ubiquitin-proteasome system, moni-
toring protein’s half-life and expression levels as well as vital cellular
processes [38]. Moreover, relevant cellular functions are regulated by
the other canonical pathways identified by the IPA tool, such as cell
growth and metabolism (oxidative phosphorylation), cell death (mito-
chondrial dysfunction) [39], and oncogenesis (Trna charging). Fig. 4
shows a network of molecules (type of connection) and the function of
these molecules designed with IPA.

3.5. CuHL inhibits OS growth in vivo

With the aim of assessing potential therapeutic benefits of CuHL on
OS progression, its activity was evaluated on MG-63 xenografts growing
in nude mice. Novel metallodrug was administered i.p., three times/
week, at a dose of 2 mg/kg after tumor engraftment confirmation. After
four weeks of treatment, CuHL treatment was associated to a significant
reduction in tumor volume (control 288.5 4+ 60.1 versus CuHL 172.1 +
69.9; mean + SD), causing a tumor growth inhibition of 40.3% in
contrast to PBS-treated animals (Fig. 5A). Impact of sustained CuHL
administration on tumor burden was confirmed after observing a 29%
reduction in the weight of resected primary tumors (control 170.4 +
28.5 mg versus CuHL 121.0 + 35.9 mg; mean + SD) (Fig. 5B). Besides
measuring tumor diameters for tumor volume and growth rate calcu-
lation, general health status and well-being of experimental animals was
also assessed over time. All animals receiving CuHL at 2 mg/kg i.p. dose
(3 times per week) survived the complete 4 week-treatment schedule.
Treatment was well tolerated given that no changes in animal body
weight, behaviour, food or water consumption were observed
throughout the in vivo protocol.

Representative photographs of OS xenograft-bearing animals from
control or CuHL groups are shown in Figure SM3. Additionally, the
administration of standard-of-care cytotoxic agent CDDP, following the
same treatment schedule as CuHL, failed to impair OS growth and
progression (Figure SM4). Taking into account its prognostic value in
cancer patients and its association with OS aggressiveness, mitotic in-
dexes were quantified in MG-63 lesions obtaining values of 4.7 + 2.7
and 2.4 + 1.4 (mean + SD) mitotic bodies/HPF (high-power field) for
control and CuHL, respectively (Fig. 6A and Figure SM5). Necrosis was
also assessed in OS xenografts after treatment by adjusted tumor
necrotic rate (ATNR) calculation. CuHL-based therapy notoriously
enhanced ATNR in contrast to PBS-treated mice, from 57.1 £+ 9.6 to 73.3
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+ 5.1%, respectively (Fig. 6B and SM6).

No changes in food or water consumption, nor in animal weight,
were associated to sustained CuHL administration (Fig. 7). Isolated re-
gions of acute tubular necrosis were detected in renal tissue. No histo-
pathological alterations or signs of toxicity were observed in liver or
brain tissue (Figure SM7). Biochemical and Hematological values after 4
weeks of CuHL treatment are displayed in Tables 4 and 5. Non-
significant increases in alanine aminotransferase and aspartate amino-
transferase levels were observed in CuHL-treated animals. Total protein,
creatinine and bilirubin levels remain unaltered (Table 4). A notorious
decrease in the number of monocytes was observed in CuHL-treated
mice (102.4 + 47.2 versus 17.3 + 7.5 for control and CuHL, respec-
tively). Complex administration was also associated with non-significant
increased numbers of basophils (56.5 + 39.7 versus 181 + 88.3, for
control and CuHL, respectively) (Table 5).

4. Discussion

The antitumor effects and the mechanism of action of CuHL were
studied in vitro and in vivo models in the frame of a research project with
the goal of developing of novel copper(Il) complexes with potential
anticancer actions. In this sense, CuHL caused concentration-dependent
cytotoxicity on 2D (monolayer) and 3D (spheroids) cultures derived
from human OS cells (MG-63), showing stronger anticancer activity than
CDDP on both cellular systems (ICsocunr) 2D: 2.1 £ 0.3 pM; ICsocppp)
2D:39.0 + 1.8 pM ICSO(CuHL) 3D:9.1+1.0 HM IC50(CDDp) 3D:65.1 +5.6
pM).

According to Santini et al., copper complexes with ICgg values < 10
pM can be classified as potent anticancer agents [40]. We have previ-
ously studied and reported a series of copper complexes containing
hydrazones as ligands, including [CuHLl] [271, [Cu(Ll)(o-phen)] and
[Cu(HL")(bipy)](NOs) [33].

In these compounds, the N-acylhydrazone ligand (H,L'), 4-hydroxy-
N’E) 2-hydroxy-3-methoxybenzylidene]benzohydrazide), coordinates
through its ONO donor atoms, as tridentate monoanion (HLY or as
dianion (L)%, The co-ligands, bipy (2,2’ bipyridine) and o-phen (1,10
phenanthroline) interact with de metal center as bidentate, through the
heterocycle nitrogen atoms. These copper(II) compounds showed ICsg
values lower than 10 pM on MG-63 cells but none of them have the same
anticancer potency thatCuHL (see Table 1). Vanco et al. published a
series of copper(Il) complexes-pomiferin and phenantrolines derivatives
with interesting anticancer activity on HOS cells (ICso from 3 to 25 pM)
[41]. Nevertheless, copper(II) compounds with saccharinate and gluta-
mine exhibit low anticancer activity over MG-63 cell line showing ICsq
values around 300 pM [26].

Moreover, cell death studies demonstrated that CuHL inhibits cell
proliferation and conveys cells to apoptosis. Also, the compound showed
great genotoxicity in the low micromolar range (0.5-1.5 pM), evaluated
by comet assay. The proteomic analysis showed that the expression of 27
proteins was heavily altered in MG-63 cell cultures after the CuHL
treatment. Response to unfolded protein was the most affected biolog-
ical process but cellular response to heat chaperone cofactor-dependent
protein refolding and ATP metabolic processes were affected too.

Up-regulated proteins by CuHL, such as HSP70, HSP105, and BAG3
(Co-chaperone for HSP70) have a key role on carriage of novel poly-
peptides, stimulation of proteolysis of misfolded proteins and protection
of the proteome from stress. In agreement with these results, DNAJB1
and DNAJB4 which have a function of stimulates ATPase activity of
HSP70 are up-regulated too. Besides, CuHL up-regulates at ATP6V1C1
which has a function in the maintenance of the pH of intracellular and
regulates the actin arrangement in cancer cells promoting metastasis.

On the other hand, CuHL down-regulates relevant proteins related to
cell growth and metabolism such us SDHA, GFM1 and pyruvate kinase.
These results infer that complex reduces the cell viability and cell pro-
liferation inhibiting ATP production. Moreover, the complex decreases
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the levels of DNA polymerase that it is involved in DNA replication and
DNA repair. This finding is in agreement with comet assay results,
postulating that DNA replication inhibition could be a key mechanism of
action related to the potent anticancer activity exerted by CuHL. In this
sense, it is important to highlight that CuHL down-regulates the
thioredoxin-1 (TXNL1, also known as thioredoxin-related 32 kDa pro-
tein, TRP32). This protein participates in the regulation of oxidative
stress, which protects cells from ROS damage via redox balance [42].
Besides, overexpression of TXNL1 is closely correlated with the initia-
tion of various tumors and it is associated with poor prognosis and
aggressive clinicopathological characteristics [43]. In particular, the
overexpression of TXNL1 confers resistance to oxidant-induced
apoptosis in human OS cells [44]. TXNL1 acts as a pro-tumor protein
with a role in the growth signals of cancer cells so is considered an
important target in cancer therapy [45]. In this way, gold and ruthenium
compounds inhibit indirectly the action and activity of thioredoxin-1
through the inhibition of thioredoxin-1 reductase [46-48].

Moreover, with the aim of assessing its activity in vivo, we carried out
a protocol with immunosuppressed mice bearing human OS xenografts.
Sustained use of CuHL for one month at a dose of 2 mg/kg i.p. signifi-
cantly attenuated xenograft growth and progression, modulating mitotic
rates and enhancing necrosis. Administration of reference metallodrug
CDDP at an equivalent dose failed to inhibit OS growth, showing no
therapeutic benefits at all.

It is important to highlight that no histopathological alterations or
important signs of toxicity were observed in liver or brain tissue, and
non-significant increases in alanine aminotransferase and aspartate
aminotransferase levels were observed in CuHL-treated animals. In this
way, total protein, creatinine, and bilirubin levels remain unaltered.
However, a significant drop in the monocyte count was observed in
CuHL-treated mice (102.4 + 47.2 versus 17.3 4+ 7.5 for control and
CuHL, respectively). In order to continue with the development of CuHL
as a promising adjuvant therapeutic tool for the management of OS,
further in vivo studies assessing its efficacy on disease progression as
well as its associated toxicity are mandatory.

Considering the selectivity and antitumor action of CuHL and the
non-existent alternatives in the treatment of OS, our findings show that
is an attractive and potential candidate for future anticancer therapies.
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