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ABSTRACT 

Vanadium complexes were studied during recent years to be considered as a representative 

of a new class of non-platinum metal antitumor agents in combination to its low toxicity. 

However, a few challenges are still remaining for the discovery of new molecular targets of 

these novel metal-based drugs. The study of cell signaling pathways related to vanadium 

drugs are scarcely reported and so far this information is highly critical for identifying 

specific targets that play an important role in the antitumor activity of vanadium 

compounds. This research deals with the alterations in intracellular signaling pathways 

promoted by an oxovanadium(IV) complex with the flavonoid chrysin 

[VO(chrysin)2EtOH]2,(VOChrys) on a human osteosarcoma cell line (MG-63). Herein it is 

reported for the first time, in order to identify targets of [VO(chrysin)2EtOH]2, the relative 

abundance of 224 proteins which are involved in most of the common intracellular 

pathways.  Besides, full-length human recombinant (FAK and AKT1) kinases are produced 

by in situ IVTT system and then we have evaluated the variation of relative tyrosin-

phosphorylation levels caused by [VO(chrysin)2EtOH]2 compound. The results of the 

differential protein expression levels reveal several proteins altered such as PKB/AKT, 

PAK, DAPK, Cdk 4, 6 and 7, FADD, AP2, NAK, JNK, among others. Moreover, cell 

signaling pathway involved in several altered pathways related to PTK2B, FAK, PKC 

family, suggesting the important role associated with the antitumor activity of 

[VO(chrysin)2EtOH]2. Finally, the effect of this compound on in situ expressed FAK and 

AKT1 is validated by determining the phosphorylation level which is decreased in the first 

one and increased in the second one.  
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Significance Statement  

Understanding how vanadium-flavonoid complexes perform their role as antitumor agents 

is key in the metal-based drugs field. While many mechanisms of action for vanadium 

compounds are known and have been characterized (ROS generation, apoptosis induction, 

tyrosine phosphatase inhibition, and ERK1 and ERK2 activation, among others), this 

present project exposes evidences about the role and function of two novel molecular 

targets (FAK and AKT1) involved in the antitumor effects of vanadium compounds against 

bone cancer. 
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Introduction  

Metal ions drugs conjugates regulate and participate in a widespread array of vital cellular 

processes with high specificity and selectivity. The ability of several metal ions conjugates 

as cancer therapeutic agents have since long been known, with early documented cases 

dating back to the 16th century 1. However, a few challenges are still remaining (such as 

lack of specificity, poor absorption, high cytotoxicity, chemoresistance). In this sense, 

bioinorganic and medicinal chemistry are exploring different strategies to overcome these 

problems, which includes targeted delivery of clinical drugs,  design, and synthesis of novel 

metal-based drugs which have different structural features and reactivities2,3. As a 

consequence, a significant number of anticancer metallodrugs have recently emerged, two  

of the most actives of which are platinum 4 and  vanadium 5.  In the case of platinum,  

cisplatin, carboplatin and oxaliplatin are the most important and successful metal-based 

drugs in the clinic, in spite of their severe side effects 6. On the other hand, the 

pharmacological actions of vanadium convert its compounds into possible therapeutic 

agents to be used in the treatments of several pathologies such as cancer, among others. In 

fact, the antitumor effects of vanadium compounds have been widely in vitro tested on 

various different types of malignant cell lines. Metvan [VIVO(SO4)(4,7-Mephen)2] was 

identified as one of the most relevant vanadium complex with antitumor activity against 

different pathological cell lines of human origin such as leukemia cells, multiple myeloma 

cells and solid tumor cells derived from glioblastoma, breast cancer, ovarian, prostate and 

testicular cancer patients 7–9. Other interesting groups of vanadium compounds with 

antitumor properties is vanadocene derivatives that show promising therapeutic effects 

toward human cancer cells derived from liver, testicular, among others 10,11.   
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The role of vanadium in the regulation of intracellular signaling pathways converts it in a 

potential therapeutically agent to be used in several diseases. Nevertheless, the study of cell 

signaling pathways targeted by vanadium complexes are scarcely reported in the literature 

and so far these data for the discovery of new molecular targets in cancer have not been 

completely examined.  

Previously reported results demonstrated that several vanadium-flavonoid compounds 

caused cyto- and genotoxicity, induced by cell cycle arrest and apoptosis in human 

osteosarcoma cells 12,13. In this context, it is a huge interest in deciphering the targets of 

vanadium compounds on the cell signaling pathways in their antitumor effects.  

In the last years, protein microarrays have emerged as a high-throughput approach to 

provide a suitable tool for the discovery of novel drug targets, cancer biomarkers, and 

determination of relative protein abundance, among others14. Despite the progress in 

protein microarrays area, and the multiple applications; a few challenges are still remaining 

in this area, such as protein stability and functionality, among others. Hence, in order to 

overcome these challenges a complemented method has been developed a novel array 

technology called NAPPA (Nucleic Acids Programmable Protein Arrays) technology. A 

new generation of self-assembled protein microarray where cDNAs, encoding human 

proteins with a tag, are spotted onto chemically modified surfaces. In the NAPPA, full-

length proteins are produced in situ by using cell-free protein expression systems15. The 

emerging protein is captured by immobilized antibodies specific for the tag encoded at the 

carboxy-terminus of the amino acid sequence, which ensures the full-length translation of 

the captured protein. Full-length human recombinant proteins in situ expressed have been 

successfully applied in the study of post-translational modification of proteins, protein-

protein interaction, and protein-drug interactions 16. 
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Here, it is proposed to identify novel targets of vanadium compounds (with potential 

pharmacological applications) by using both protein array platforms (relative abundance 

based antibody arrays and in situ protein arrays). This study deals with the effects of 

intracellular signaling of an oxovanadium(IV) complex with the flavonoid chrysin  

[VO(chrysin)2EtOH]2, on a human osteosarcoma cell line (MG-63). We have investigated 

and report herein for the first time, the action of [VO(chrysin)2EtOH]2 on the relative 

abundance protein patterns of 224 proteins involved in most common intracellular signaling 

pathways.  

In addition, full-length human recombinant (FAK and AKT1) kinases are produced in situ 

using rabbit reticulocyte lysate (RRL) in vitro protein expression systems and we have 

explored the protein expression level and the tyrosine phosphorylation sites inhibition 

induced by [VO(chrysin)2EtOH]2. 

 

Experimental Section 

Materials 

Tissue culture materials were purchased from Corning (Princeton, NJ, USA), RPMI 1640 

(Sigma Chemical Co. ST. Louis, MO), trypsin and fetal bovine serum (FBS) from Gibco 

(Gaithersburg, MD, USA), RC DC Protein Assay Kit from Bio-Rad, Protein-G-agarose 

beads, Cy3 and Cy5 from GE Healthcare, Purefield™ Plasmid Miniprep System from 

Promega, Antibody anti phosphotyrosine from Millipore, polyclonal anti-GST from GE 

Healthcare, monoclonal anti-GST from Cell Signaling, anti-mouse-HRP from Jackson 

ImmunoResearch Laboratories, West Grove, PA Panorama Cell Signalling Kit (Sigma 
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Chemical Co. ST. Louis, MO). All other chemicals were from Sigma Chemical Co. (ST. 

Louis, MO). MG-63 cell line was purchased from ATCC. 

 

Methods 

Synthesis and Identification of [VO(chrysin)2EtOH]2 

[VO(chrysin)2EtOH]2 was synthesized according to previously reported results 17. Briefly, 

chrysin (0.5 mmol) was mixed with vanadyl acetylacetonate (0.25 mmol) in absolute 

ethanol and refluxed for ca. 1.30 h (final pH = 5). The hot green suspension was filtered; 

the solid was washed three times with absolute ethanol and air-dried. Anal. Calc. for 

C64H48O20V2: C, 62.0; H, 3.9; V, 8.2. Exp.: C, 62.0; H, 4.1; V, 8.1. Yield: 70%. 

The identification of the complex was done by FTIR. The main vibrations of the organic 

moiety were: 1631 s; 1596 s; 1521 vs; 1428 s; 1350 s; 1161 vs. The vibration 

corresponding to the v(VvO) with a medium intensity was placed at 968 cm−1. 

Preparation of [VO(chrysin)2EtOH]2 Solutions 

Fresh stock solutions of the complex were prepared in DMSO at 20 mM and diluted 

according to the concentrations indicated in the legends of the figures. We used 0.5% as the 

maximum DMSO concentration in order to avoid toxic effects of this solvent for the cells. 

Stability of the Complexes in Solution 

To test the stability of [VO(chrysin)2EtOH]2 under different experimental conditions used 

in this work, we analyzed the UV–visible spectra of different solutions of the complex. 

[VO(chrysin)2EtOH]2 20 mM solutions in DMSO and RPMI medium with 0.5% of DMSO 

Page 8 of 37Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

 d
e 

Sa
la

m
an

ca
 o

n 
25

/0
4/

20
16

 1
7:

18
:2

1.
 

View Article Online
DOI: 10.1039/C6MT00045B

http://dx.doi.org/10.1039/C6MT00045B


(pH= 7.4) were prepared. The electronic spectra were recorded at times ranging from 0 to 6 

h. The rate of decomposition of the complex was spectrophotometrically measured. 

Cell Culture Conditions 

MG-63 cells were grown in RPMI 1640 containing 10 % FBS, 100 U/mL penicillin and 

100 µg/mL streptomycin at 37 °C in 5% CO2 atmosphere. Cells were seeded in a 175 cm2 

flask and when 70-80 % of confluence was reached, cells were subcultured using 4 mL of 

trypsin per 175 cm2 flask. For experiments, cells were grown in 75 cm2 flask for 24 h at 37 

°C. Then, the monolayer was incubated with different concentrations (25 and 100 µM) of 

the complex. 

Subcellular Protein Fractionation and Dye-Labeling 

Cytoplasmic proteins were isolated by using sub-fractionation protocol. The cells were 

harvested and washed three times with PBS. Then, it was added three volumes of  lysis 

buffer (5mM HEPES, 10mM MgCl2, 140mM NaCl, 0.1% (v/v) Tween 20 at pH 8.0, 1% 

(v/v) protease inhibitor mix. Briefly, lysed cells were centrifuged for 15 min at 15000 g at 

4°C. After that, the supernatant was collected and 10% (w/v) octyl-β-D- glucopyranoside 

was added followed by sonication (3 times with 3-second bursts). Samples were preserved 

on ice for 30 min and then centrifuged obtaining the cytoplasmic fraction. 

Immediately after IgG depletion (by using protein-G-agarose beads), purified proteins were 

quantified by Lowry assay following the manufacturer’s instructions. Then, cytoplasmic 

proteins were conjugated with Cy3 or Cy5 at >2 dye/protein ratio following manufacturer’s 

recommendation’s.  
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Panorama Antibody Microarray Assays  

Functional Proteomic Analysis was performed by using the Panorama Cell Signaling Kit 

following the manufacturer’s instructions. The antibody microarray consists of 224 human 

monoclonal antibodies targeting proteins involved in intracellular signaling pathways, 

spotted in duplicate onto the nitrocellulose-coated slide. Equal amounts of fluorescently 

labeled proteins of osteosarcoma cells from basal condition (control) and from treatments 

with vanadium complex (each with a different dye) was incubated with the microarray slide 

at RT for 1 h on an orbital shaker. For optimal and robust characterization of differences in 

relative protein abundance in all the tested conditions and according to the manufacturer 

only the proteins which presented a Cy5/Cy3 ratio Cy5/Cy3 ≥ 2 (up) and a ratio Cy5/Cy3 ≤ 

0.5 (down) have been taken into consideration for the identification of altered intracellular 

pathways. 

Antibody Microarray Data Analysis 

Microarrays were scanned with Scanner GenePix 4000B (Axon, USA) using Cy3 and Cy5 

settings. The images were analyzed with GenePix Pro 4.0 software (Axon, USA). 

First of all, background correction for each spot was locally made by applying standardized 

settings of GenePix software. Then, the mean value of the set of negative control spots in 

each fluorescence channel was subtracted from the individual spot values. Before statistical 

analysis (MultiExperiment Viewer (MeV) clustering, and Significance Analysis of 

Microarrays (SAM)), raw intensity data for each slide were normalized by reference 

(housekeeping) proteins. The fluorescence intensity obtained for each protein in the array 

was divided by the fluorescence intensity obtained for a highly expressed reference protein. 
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We performed a Z-score estimation for the housekeeping proteins in the array and selected 

those with a high value (>2) for the normalization.  

In all cases, the mean of the protein replicates was calculated to obtain a single value per 

protein/assay 18.  

Functional Annotation of Down/Up-Regulated Expressed Proteins  

Altered–expression proteins were selected by computing a relation between each condition 

(control vs vanadium treatment) after applying the normalization strategy describe above. 

Significance was assigned to proteins whose ratio was greater than or equal to 2.0 or fewer 

than or equal to 0.5. 

Functional annotation of selected proteins was analyzed with GeneCodis tool including 

gene ontology (GO) annotations and Circos software. 

Self-Assembled (NAPPA-ELISA) Protein Arrays 

The list of candidate kinases selected for targeted screening was built on the basis of the 

Panorama Cell Signaling Kit results. The two cDNAs (encoding corresponding full-length 

human proteins) employed in the NAPPA Elisa are FAK and AKT1. 

cDNA Preparation 

Escherichia coli bearing a total of 2 sequence-verified full-length human genes in 

pANT7_cGST were obtained from the Center for Personalized Diagnostics at the Arizona 

State University and are publicly available (www.dnasu.org). Bacteria were grown for 24 h 

at 37 °C in 100 mL of Luria−Bertani medium supplemented with ampicillin for cGST 

clones. The cells were pelleted and their plasmid DNA was purified using Purefield™ 

Plasmid Miniprep System according to the manufacturer’s instruction. 
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In Situ Protein Expression 

The in vitro transcription and translation step was performed as previously described by 

Manzano-Román et al. 19 The transcription/translation lysate mix was added into the tubes. 

The tubes were incubated for 1.5 h at 30 °C for protein expression and captured by anti- 

GST polyclonal, respectively. 

ELISA Assay 

A GST fused to the full-length human FAK and AKT1 were expressed in vitro using the 

rabbit reticulocyte lysates, as previously described 19,20. 

The FAK and AKT1 proteins were then applied to an anti-GST-coated 96-well plate. Plates 

were washed in PBS-0.02 % Tween and blocked with PBS-Tween with 5 % milk, 

overnight at 4 °C. After washing, the plate was incubated with the 1:1000 (v/v) diluted 

antimouse-GST and anti mouse-phosphotyrosine antibodies. The presence of specific 

protein was detected by incubation with the HRP-linked anti mouse secondary antibody 

(Jackson ImmunoResearch Laboratories, West Grove, PA) diluted 1:1000 (v/v) in assay 

buffer. Tetramethylbenzidine substrate was then added and the reaction stopped. The 450 

nm signals were read and the absorbances were subjected to t-test analysis to determine the 

significance of any variation in antibody levels between samples. 
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Results and Discussion  

Synthesis and Characterization of [VO(chrysin)2EtOH]2 

[VO(chrysin)2EtOH]2 (Figure 1A) was synthesized as previously described by Naso et al. 17 

(see Materials and Methods section). The final product was characterized by FTIR, being 

the main vibrations fully comparable with the organic moiety, allowing a proper 

identification. Moreover, from the EPR data, it was assumed that in the proposed complex 

structure for [VO(chrysin)2EtOH]2 the axial positions were occupied by the oxygen atom of 

VO and the other axial position by a solvent molecule. The equatorial positions are 

occupied by two organic ligand molecules, and in solution, it can be assumed that the main 

species is VOL2, taking into account the L/M ratio. On the other hand,  it has been 

described that chrysin ligand form penta-coordinated species with (CO, O−) or 

“acetylacetone-like” coordination showing dimer configuration of chrysin complex at 

physiological pH (see Figure 1B and 1C) , as it was previously reported by Sanna et al. 21 . 

These acetylacetone-like species display low interaction with the proteins and different 

biomolecules present in peripheral blood, keeping their structure because of the good 

stability under physiological conditions 22.  

Stability Assays 

Since DMSO has been used as a co-solvent in a biological system, we explored the stability 

of the [VO(chrysin)2EtOH]2 complex in DMSO and RPMI solution (pH=7.4) using UV- vis 

spectroscopy. In the electronic absorption spectrum of [VO(chrysin)2EtOH]2 (0.02 M in 

DMSO solution) two d–d transitions were observed at 576 (ε=16 M−1 cm−1), and 794 nm 

(ε=32 M−1 cm−1) according to previously reported by Naso 17. Monitoring this solution 
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along the time (0.25, 0.5, 1, 2, 3 and 6 h), no changes were observed in the UV-vis signals, 

and the integrity of the complex in DMSO was intact within the time-frame of the 

biological experiments (see Supporting Information S1A). Besides, in the electronic 

absorption spectrum of [VO(chrysin)2EtOH]2 (0.0001 M, in RPMI solution), as it can be 

seen the characteristic band II of flavones in the 250–285-nm range representing A ring 

(benzoyl system, π = π*) absorption. Checking this solution along the time (0.25, 0.5, 1, 2, 

3 and 6 h), no changes were observed in the UV-vis signal, and the integrity of the 

compound in RPMI medium solution (pH=7.4) was not modified within the tested time 

(see Supporting Information S1B). 

These results and EPR spectroscopy results previously reported by Naso et al.17 suggesting 

that the compound does not undergo oxidation and is stable over time. 

 

Cytotoxic Activity of [VO(chrysin)2EtOH]2 in Human Osteosarcoma MG-63 Cells 

[VO(chrysin)2EtOH]2 caused a concentration-dependent inhibition of cell viability in 

human osteosarcoma MG-63 cells. The anti-proliferative action of the complex is much 

stronger as a consequence of a cooperative/ synergy effect of the free flavonoid and the 

vanadyl cation; demonstrating the improvement of the antitumor action through the 

complexation of the chrysin with vanadyl(IV). This is also evident from the IC50 values in 

MG-63 cells: [VO(chrysin)2EtOH]2 ca.16 µM while for chrysin and VO(+2) the IC50 are 

>100 µM 12. The complex disrupted the GSH levels and the mitochondria membrane 

potential (MMP). Besides, [VO(chrysin)2EtOH]2 increased ROS production, and  levels of 

caspase 3 and DNA fragmentation on MG-63 cells after 24 h of treatment 12. Moreover, 

[VO(chrysin)2EtOH]2 did not show antiproliferative effects on MG-63 cells at 25 and 100 

µM after 3 h of incubation but the compound impaired cell viability (25 % of cytotoxicity) 
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at 100 µM after 6 h of treatment suggesting a key role of concentration and incubation time 

as laying events for the deleterious effects of this vanadium complex. In accordance with 

these results, after 3 h of treatment, [VO(chrysin)2EtOH]2 did not cause any change in the 

externalization of PS either at 25 or at 100 µM. Nevertheless, after 6 h of incubation, these 

concentrations of the complex produced ca. 20% of apoptotic cells (Annexin V+) with 

statistically significant differences in the basal condition 12. 

On the other hand, the results indicate that [VO(chrysin)2EtOH]2 had greater antitumor 

actions in human osteosarcoma cells than in non-transformed osteoblasts 12. Moreover, no 

deleterious effects were detected in peripheral mononuclear blood cells (PMBC) used as 

control cells12. 

As a whole, these results demonstrate that [VO(chrysin)2EtOH]2 is a potentially good 

candidate for further evaluation of its molecular targets since it was less toxic to the normal 

phenotype cells (MC3T3-E1 and PMBC) and was highly deleterious for the human 

osteosarcoma cells. 

Deciphering Simultaneously Altered Cell Signaling Pathways by 

[VO(chrysin)2EtOH]2 Treatment in Osteosarcoma MG-63 Cells 

Bearing in mind a previously reported compound characterization 12, in order to identify 

relative differences in protein profiles a time and concentration course treatment in MG-63 

cells with vanadium-chrysin complex were performed with abundance-based protein arrays 

as described in the Materials and Methods section. In summary, the experimental workflow 

is briefly described in Figure 2. According to well-characterized reported info about 

[VO(chrysin)2EtOH]2, several comparison assays were performed with soluble proteins (i.e. 

cytoplasmatic, nuclear, among others), from basal conditions (called controls) and different 
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treatment conditions with [VO(chrysin)2EtOH]2 (25 µM 3 h, 25 µM 6 h and 100 µM 6 h). 

Representative images of these experiments are displayed in Figure 3. This experimental 

design allows to decipher altered cell signaling pathways by the effect of 

[VO(chrysin)2EtOH]2 from studying global differential protein expression profiles, and the 

potential correlation with the antitumor effect of this compound in solid tumors (as a model 

we used human osteosarcoma cells).  

Table I. Effects of [VO(chrysin)2EtOH]2 in relative protein abundance. 

Condition 
Concentration 

(µµµµM) 
Time               

(h) 
Up-regulated 

proteins 

Down-

regulated 

proteins 
1 25  3  22 2 
2 25  6  27 8 
3 100 6  82 9 

 

Table I shows that after 3h and 25 µM [VO(chrysin)2EtOH]2 treatment (condition 1), 

twenty-two up-regulated proteins and only two down-regulated proteins were detected (see 

Supporting information S2) while for condition 2 [VO(chrysin)2EtOH]2 up-regulated 

twenty-seven and down-regulated eight proteins (see Supporting information S3). In 

condition 3, the complex up-regulated eighty-two proteins and it caused down-regulation of 

nine proteins (see Supporting Information S4); in contrast with, condition 3 presents major 

differences in the number of down- and up-regulated proteins than for the other conditions. 

Overall, these results demonstrate the presence of significant differences in protein 

expression patterns as a consequence of the expected targeted effect of this drug in several 

intracellular signaling pathways. The main proteins identified within differential expression 

profiles are grouped and discuss below in canonical signaling pathways: 1.-Apoptosis, 2.-

Cell cycle, 3.-Signalling transduction.  
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Effect of [VO(chrysin)2EtOH]2 Concentration on Alteration of Cell Signaling 

Pathways 

Figure 4 shows a summary of altered relative protein abundance detected in each treatment 

with [VO(chrysin)2EtOH]2. As it can be seen in the Figure 4A (6 h, at 25 and 100 µM) the 

compound concentration plays a role in the increment of relative levels of Bcl-x, caspase 6, 

7 and 10. Besides, for condition 2, the level of phosphatidylserine receptor (early apoptosis 

biomarker) is higher than for condition 3 according to previously reported results 12. In 

addition, this compound shows an effect in up-regulation of caspase 4, 5, 11 and DAP-

kinase at 100 µM (see Supporting information S4) suggesting a higher level of late cell 

death proteins,  in concordance with previously published results 12. Moreover, both 

treatments (condition 2 and 3) seem to induce the up-regulation of c-myc, Ap-1/cJun, 

HADC4 and PCAF. At 100 µM of [VO(chrysin)2EtOH]2, the relative abundance of Ap-

1/cJun is higher than at 25 µM, suggesting the key role of these transcription factors in cell 

cycle progress and apoptosis. On the other hand, samples treated with 100 µM of 

[VO(chrysin)2EtOH]2 presented low levels of Cdc6 and Cyclin D1, while Cyclin A and D3, 

Cdc25 and CDK4, 6 and 7 were up-regulated. These results confirm an increment in cell 

cycle activity in direct relation with the function of the concentration of 

[VO(chrysin)2EtOH]2, which have been previously reported in several studies 12.  

Seven up-regulated proteins were in common identified between condition 2 and 3 (Figure 

4A). In both cases, there was an enrichment in FAK (Tyr577), MAPK8, MAPK1/3, PKC a, 

PKC b, PKC g and PTK2B. In this sense, MAPK cascade is one of the major signaling 

pathways apparently involved in global biological effects of vanadium. Srivastava and co-

workers reported that the stimulation of the ras-ERK pathway by vanadyl sulfate is 

dependent on PI3-K activation and it is suggested that the stimulation of these cascade 
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plays a significant role in mediating the insulin-mimetic effects of inorganic vanadium 

salts23. It has been shown that vanadium salts activate MAPK and two ribosomal protein 

kinases24,25. 

Moreover, for condition 3, several cytoskeleton-related proteins (cytokeratin family, PAK 

kinase…) shown up-regulated. In the same way, Nitric Oxide Synthase proteins (iNOS, 

bNOS, eNOS), phospholipase A2 and AKT1, are also up-regulated. Many scientific reports 

showed the interaction between vanadium compound with anti-diabetic actions and AKT 

cell signaling pathway 26,27. 

Among similar results as previously reported, the results obtained from these assays 

depicted an increment of the relative abundance of NF-κB(NFKB1), a crucial nuclear factor 

that increases survival defecting cell death. Also, a high relative abundance level of JUN 

proteins was detected, which is considered an important protein in the proliferation and 

survival of osteosarcoma cells 28. In the same way, relative levels of PKC were up-

regulated, which it could be linked with restoring  the proteasome activity and abrogated 

osteosarcoma cellular differentiation 29. 

Other important findings are related to RAF1 which appeared down-regulated. This could 

lead to the inactivation of the cell cycle through MEK/ERK signaling. However, the 

significant increase of JNK may act as a counter balance to the negative effect of RAF1. 

In addition, MDM2, a principal negative regulator of p53, was decreased while CDKN2A 

an important stabilizer of p53 was up-regulated under condition 3 of incubation. With this 

information, it is possible to infer that [VO(chrysin)2EtOH]2 exert a positive feedback for 

p53 to mediate the degradation and stabilization of p53. In this way, p53 levels suppress 

cell proliferation and enhances metastasis and angiogenesis of osteosarcoma, as previously 
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described by Song et al 30. Therefore, the down-regulated and up-regulated effects of 

[VO(chrysin)2EtOH]2 on MDM2 and CDKN2A could be considered as a novel antitumor 

therapeutic strategy that exploits the pro-apoptotic effects of p53 against human 

osteosarcoma. 

On the other side, the relative abundance level of Grb2 is down-regulated by effects of 

[VO(chrysin)2EtOH]2. This protein is widely expressed and is essential for 

multiple cellular functions; then the inhibition of Grb2 action blocks transformation and 

proliferation of several cancer cell types 31. Besides, Grb2 is an adapter protein that 

provides a critical link between cell surface growth factor receptors and the Ras signaling 

pathway. This functional profile makes Grb2 a high priority target for antitumor drug 

development. These results might be considered as first evidence that links the antitumor 

vanadium properties with the Grb2 effects.  

For Focal adhesion kinase (FAK), the results showed that [VO(chrysin)2EtOH]2 up-

regulated the site of phosphorylation Tyr577 but down-regulated Tyr397 (see Supporting 

Information S4). The Tyr397 site of tyrosine phosphorylation is the most active and common 

site in the autocatalytic function of FAK 32. Therefore, these results suggest that 

[VO(chrysin)2EtOH]2 inhibited selectively the autophosphorylation activity of FAK kinase 

affecting directly the Tyr397 site. 

FAK also known as protein kinase 2 (PTK2) is a protein tyrosine kinase that regulates, 

motility, cellular adhesion, proliferation and survival in different types of cells. 

Interestingly, FAK is well-characterized as over-expressed and activated in several 

advanced-stage solid cancers and it promotes tumor progression and metastasis 33. 

Consequently, FAK has become a potential prognostic marker and antitumor molecular 
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target 34. Moreover, research studies showed that FAK plays a key role in integrin 

signaling. Once activated by integrin and non-integrin stimuli, it binds and activates 

different molecules, like Grb2, thus promoting signaling transduction 35. Our results 

showed that [VO(chrysin)2EtOH]2 down-regulated Grb2 and, in consequence, its effects 

could inactivate the cell signaling pathway induced by FAK. 

In addition, FAK and EGFR also induced cooperative signals that suppressed apoptosis and 

enhanced cell survival in breast cancer cells through activation of the ERK and AKT 

pathways 36.  

 

Effect of Incubation Time of [VO(chrysin)2EtOH]2 on Altered Cell Signaling 

Pathways 

Figure 4B shows the effects of the time course (3 and 6 h) in the cell signaling pathway 

altered by 25 µM of [VO(chrysin)2EtOH]2. As it can be seen that the levels of caspase 7, 

DDIT3 and phosphatidylserine receptor were higher for condition 2 in comparison with 

condition 1. These proteins have an important role in the apoptosis induction demonstrating 

the importance of the time exposure with the drug in the cell death induction 12. 

In addition, the data obtained of Figure 4B revealed the up-regulation of FAK, PTK2B and 

PKC family members. The level of PKC b and PKC g is higher for condition 2 than 

condition 1, suggesting the importance of these kinases in the antitumor activity of 

[VO(chrysin)2EtOH]2. In this order, Mehdi and co-workers established that PKC protein is 

required to stimulate PKB/AKT phosphorylation in response to anti-diabetic actions of 

Vanadium(IV) oxo-bis(maltolate) (BMOV) in HepG2 cells 37. 
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In order to get deeper insights into the biological context, all the up/down differentially 

expressed proteins in different treatments were subjected to functional characterization 

using the bioinformatics software DAVID 6.7 (Supporting Information S5-S9). 

 

Identification of Potential Targets with Differential Expression Profiles 

We set out to characterize the potential molecular targets and the related pathways involved 

in the antitumor effects of [VO(chrysin)2EtOH]2 against human osteosarcoma cells. To 

perform pathway analysis, the down- and up-regulated proteins identified in each group of 

treatment have been included in the analysis. In Figure 5, it is represented the different 

pathway altered proteins detected in the three groups of study (condition 1, 2 and 3). In the 

analysis of three treatments, most identified proteins were selected (Figure 5). The greatest 

differences appeared in up-regulation. Samples treated 6 h with 100 µM of 

[VO(chrysin)2EtOH]2 (condition 3) exhibited higher levels of PKB/AKT, PAK, DAPK, 

Cdk 4, 6 and 7, FADD, AP2, NAK, JNK, among others. On the other hand, as it can be 

seen that PKC family, FAK, and PTK2B were in common in all the treatments suggesting 

the important role of these proteins associated with the anticancer activity of 

[VO(chrysin)2EtOH]2.  

In addition, Figure 6 shows the role of these proteins in cancer cell signaling pathways 

confirming the complexity interaction network of the different kinases involved in 

antitumor actions of [VO(chrysin)2EtOH]2. As it can be seen in Figure 6A, PKC and FAK 

proteins activate PI3K and PKB/AKT which increases of genes transcription levels 

involved to evading apoptosis, proliferation, and sustained angiogenesis. Besides, Cdk 4 

and 6 activate proliferation genes while FADD interacts with caspase-8 and trigger the 
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apoptosis events. Figure 6B shows the important role of PKC and FAK in focal adhesion 

signaling pathways. In this order, PKC activated FAK and this protein regulates the activity 

of PAK. These kinases control the regulation of actin cytoskeleton through activation of the 

actin polymerization and actin filament turnover. 

 

Functional Validation Assay by IVTT in situ Expression of Targeted 

[VO(chrysin)2EtOH]2 Kinases 

The effect of [VO(chrysin)2EtOH]2 onto kinases has been validated by functional screening 

using IVTT recombinant human kinases assays.   

Human full-length recombinant AKT1 and FAK kinases (GST-tagged in COOH terminus) 

were expressed by using cell-free protein IVTT expression system. Hence, AKT1 kinase 

was selected because of the increment of activity by vanadium compound; however, in the 

case of FAK, it was selected because its promising therapeutic applications but the effect of 

[VO(chrysin)2EtOH]2 is still not fully understood. In both cases, the full-length IVTT 

expressed protein was detected by GST antibody. The results show that the presence of 

[VO(chrysin)2EtOH]2 does not affect the IVTT protein expression. 

As it is depicted in Figure 7, [VO(chrysin)2EtOH]2 compound decreased the FAK-GST 

relative protein expression level after the treatment with 50 and 100 µM, generating a 

decrease in translation efficiency of 40 and 95%, respectively (*p<0.01). Moreover, the 

complex only caused a decreased in the AKT1-GST protein expression efficiency at 100 

µM whilst at 25 and 50 µM it was not observed any inhibitory effect. In order to study the 

pattern of tyrosine phosphorylation sites inducing by [VO(chrysin)2EtOH]2 in both kinases, 

we evaluated the phospho-tyrosine/GST signal ratio.  
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Table II shows the effects of [VO(chrysin)2EtOH]2 on tyrosine phosphorylation for FAK 

and AKT1 kinases. 

Table II. Effects of [VO(chrysin)2EtOH]2 on tyrosine phosphorylation residues of 

FAK and AKT1 

Ratio Tyr/GST Control 25 µM 100 µM 

FAK 0.54 0.38* N.D. 

AKT1 0.54 0.85* 2.09* 

*p<0.01. N.D.: No detectable 

The results showed that [VO(chrysin)2EtOH]2 reduced Tyr/GST ratio suggesting that the 

complex diminished the level of tyrosine phosphorylation in FAK kinase. These results 

correlate with the data obtained in the antibody array study, in which we could establish 

that [VO(chrysin)2EtOH]2 inhibited selectively the autophosphorylation activity (Tyr397) of 

FAK kinase. In this way, one of the most attractive sites on the FAK scaffold is the Tyr397 

autophosphorylation site, due to the unique biology of its interaction with Src and related 

SH-2 proteins 38. In fact, this domain provides a new target to inhibit FAK and Src and 

offers advantages for kinase enzymatic inhibitors that target the ATP-binding site. 39 

Several scientific reports show the discovery of FAK small molecules inhibitors, that 

effectively decrease Tyr397 auto-phosphorylation, preventing cell movement, but do not 

necessarily induce cell apoptosis in adherent culture conditions 40,41.  

On the other hand, [VO(chrysin)2EtOH]2 increased the Tyr/GST ratio of AKT1 at 25 and 

100 µM, respectively. At higher concentration, the complex increases in four-fold the 
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Tyr/GST ratio, demonstrating the importance of the phosphorylation and activation of AKT 

pathway in the antitumor vanadium effects. 

Several research reports showed that vanadium compounds are potent activators of AKT 

pathway and protein tyrosine phosphorylation 42,43 (see Supporting Information S10).  

Our results show that [VO(chrysin)2EtOH]2 inhibits selectively the autophosphorylation 

site (Tyr397) of FAK kinase as well as the efficiency of the translation of this protein. 

Through these effects, the complex probably diminishes the cell signaling activation by 

FAK. In this way, [VO(chrysin)2EtOH]2 affects the normal activity of Grb2 and AKT1 

proteins. 

 

Conclusion 

New oxovanadium compounds with potential anticancer activity currently require more 

intensive basic and applied research since this knowledge obtained from in vitro studies 

may allow vanadium drugs to enter the preclinical in vivo phase. On these bases, we have 

thoroughly investigated novel targets of oxovanadium(IV)-chrysin complex (with potential 

antitumor applications) by using protein array platforms (antibody arrays and in situ protein 

arrays). This study deals with the effects of intracellular signaling of [VO(chrysin)2EtOH]2 

on a human osteosarcoma cell line (MG-63). We have investigated and report herein for the 

first time, the effects of [VO(chrysin)2EtOH]2 in intracellular signaling on a human 

osteosarcoma cell line (MG-63). Besides, we have studied the protein expression level and 

the tyrosine phosphorylation sites inhibition induced by [VO(chrysin)2EtOH]2. 

The results showed that [VO(chrysin)2EtOH]2 up-regulated eighty-two proteins and it 

caused down-regulation of nine proteins such us PKB/AKT, PAK, DAPK, Cdk 4, 6 and 7, 
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FADD, AP2, NAK, JNK, among others. Besides, the PKC family, FAK, and PTK2B were 

in common in all the treatments suggesting the important role of these proteins associated 

with the anticancer activity of [VO(chrysin)2EtOH]2. 

On the other hand, [VO(chrysin)2EtOH]2 reduced Tyr/GST ratio of FAK but increased the 

Tyr/GST ratio of AKT1. These results, demonstrating the importance of inactivation of 

FAK and the phosphorylation and activation of AKT pathway in the antitumor vanadium 

effects. 

Taken together, these results indicate that [VO(chrysin)2EtOH]2 is an interesting candidate 

for potential antitumor uses, and provide new insight into the development of vanadium 

compounds as potential anticancer agents. 
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Figure Legends 

Figure 1. Vanadium complex structure. Chemical proposed structure of 

oxovanadium(IV)-chrysin complex (A), monomeric configuration of oxovanadium(IV)-

chrysin complex under acid condition (B), dimeric configuration of oxovanadium(IV)-

chrysin complex at physiological pH (C). 

Figure 2. Experimental workflow Global view of the experimental workflow including 

sample preparation, protein isolation, staining and data analysis). 

Figure 3. Representative images of antibody microarrays experiments. They were 

obtained with scanner GenePix 4000B and processed with GenePix Pro 4.0 software. 

Scanner settings were identical within microarrays. A) The image shows the upper section 

of the array (treatment 6 h 100 µM [VO(chrysin)2EtOH]2). The right image corresponds to 

a zoom of one block (HAT 1, HDAC 1, 2 and 4 section) in which is highlighted the 

different color expression between spots depending on the probed samples. B) The left 

image shows the lower section of the-the array (treatment 6 h 100 µM 

[VO(chrysin)2EtOH]2). The right image is a zoom of the selected block (PKB/AKT 

section). 

Figure 4. Main altered proteins detected in each group of treatment. A) Comparison of 

the Values of ratio Cy5/Cy3 between treatment at 25 and 100 µM of [VO(chrysin)2EtOH]2 

after 6 h of incubation B) Comparison of the Values of ratio Cy5/Cy3 between treatments 

after 3 and 6 h with 25 µM of [VO(chrysin)2EtOH]2. 

Figure 5. Circos representation. The outer circos's data track shows the differential 

protein pathways in each group of study. The PKC, FAK, and PTK2B were in common in 
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all the treatments (colored green, violet and red, respectively). T1 (25 µM 3 h), T2 (25 µM 

6 h) and T3 (100 µM 6 h).  

Figure 6. Cancer Cell signaling pathways induced by [VO(chrysin)2EtOH]2. The cell 

signaling pathway graphic shows the role of different protein down/up-regulated by 

[VO(chrysin)2EtOH]2 in cancer pathways (a) and focal adhesion (b). The PKC and FAK 

proteins that were in common in all the treatments (colored yellow). Cdk4/6, FADD, AKT, 

DAPK, JNK proteins that up-regulated after 6 h with 100 µM of [VO(chrysin)2EtOH]2 

(colored green).  

Figure 7. FAK and AKT1 protein expression. A) FAK-GST expression after treatments 

with 0, 25, 50 and 100 µM of [VO(chrysin)2EtOH]2 during 180 min. B) AKT1-GST 

expression after treatments with 0, 25, 50 and 100 µM of [VO(chrysin)2EtOH]2 during 180 

min. (*p<0.01) statistical differences between the basal condition and each treatment. 
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