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ABSTRACT 
 
Bioinorganic medicinal chemistry remains a hot field for research aimed at developing 

novel anti-cancer treatments. Discovery of metal complexes as potent antitumor 
chemotherapeutics such as cisplatin led to a significant shift of focus toward organometallic/ 
bioinorganic compounds containing transition metals and their chelates as novel scaffolds for 
drug discovery. In that way, transition metal complexes coordinated to essential biological 
scaffolds represent a highly promising class of compounds for design of novel target-specific 
therapeutics. Here, we report novel data on p53 activating Isatin-based Cu(II) complex 
exhibiting cytotoxic properties towards HCT116 and MCF7 tumor cell lines, as confirmed by 
cell viability assay and flow cytometry analysis of apoptosis. Furthermore, putative p53-
mediated mechanism of action of this compound is supported by quantitative analysis of TP53, 
MDM2 and PUMA genes expression, as well as luciferase-based p53 pathway activation assay. 
Multiplex immunoassay analysis of inflammatory markers revealed potential modulation of 
several cytokines and chemokines. 
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INTRODUCTION 
 
Transcription factor p53 plays a cornerstone role in regulation of cell cycle and is 

undoubtedly one of the most important tumor suppressors. In normal cells in the absence of 
cellular stress, the levels of p53 protein and its activity remain relatively low. However, stress 
conditions that directly or indirectly affect the genome integrity lead to p53 activation. This 
process happens through a signaling cascade that involves phosphorylation and other post-
translational modifications that result in expression of p53 target genes responsible for cell cycle 
arrest, DNA repair or apoptosis. 

Under physiological conditions, low cellular levels of p53 protein are maintained by E3 
ubiquitin ligase MDM2 that ubiquitinates p53 for subsequent recognition and cleavage by 26S 
proteasome. Cellular stress leads to impaired protein-protein interaction between p53 and 
MDM2 as a result of phosphorylation of both proteins [1]. 

About 50% of all human tumors express wild-type p53, and in a large proportion of tumors 
p53 functions incorrectly due to disrupted regulation of protein itself or its signaling cascade. 
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Importantly, p53 is functionally inactivated in most tumors due to factors that include mutations 
in TP53 gene, mostly occurring in DNA-binding domain [2, 3], and overexpression of its 
negative regulator MDM2 and its homolog MDM4 (also known as MDMX) [4]. In many 
instances p53 activity can be restored using small molecule modulators – such as activators of 
p53 mutants or MDM2 inhibitors. 

Inactivation of p53 as a result of missense mutations is considered one of the most common 
molecular mechanisms of p53 dysfunction [5]. Reactivation of p53 mutants by means of small 
molecules was previously reported for PRIMA-1 and its methylated analog APR-246 [6]. 
Oncogenic mutation Y220C represents a particularly lucrative molecular target for small 
molecule modulation due to availability of a well-defined druggable pocket [7]. Several 
examples of small molecule activators of p53(Y220C) mutant have been reported in the past, 
including PhiKan083 [8], L5 [9] and aminobenzothiazole MB725 [10], the most potent 
compound to date.  

The most prominent example of negative regulators of p53 includes ubiquitin ligases 
MDM2 and MDM4, members of the ubiquitin-proteasome system (UPS), responsible for 
ubiquitylation of p53 and its further degradation by 26S proteasome. The UPS components play 
a primary role in maintaining constant levels of various proteins in the cell, p53 in particular 
[11-13]. Activators of p53, including modulators of the UPS, represent a novel and highly 
promising class of compounds for therapeutic intervention in cancer and inflammatory diseases 
[14]. There are examples of metal complexes targeting MDM2-p53 protein-protein interaction 
and acting as therapeutic compounds for cancer treatment [15]. Interestingly enough, many of 
those molecules include Cu(II) complexes [16-18] and Isatin derivatives [19]. 

Isatin (1H-indole-2,3-dione) and its metabolites are components of multiple natural products 
produced by many plants, particularly belonging to genus Isatis. Isatin is also a metabolic 
derivative of adrenaline in humans [20]. There are reported FDA-approved tyrosine kinase 
inhibitors that share Isatin scaffold, i.e. Sunitinib for treatment of renal cell carcinoma, 
Nintedanib for idiopathic pulmonary fibrosis and non-small-cell lung cancer, and two 
experimental molecules that have failed Phase 3 clinical trials - Semaxanib for colorectal cancer 
and Orantinib for hepatocellular carcinoma. 

Schiff bases are widely known for their role in coordination chemistry, these ligands are 
easy to synthesize, accessible, universal, capable of stabilizing metal ions in various oxidation 
states. Depending on nature of the starting materials (primary amines and carbonyl precursors) 
Schiff bases can exhibit variable denticity and functionality [21, 22]. These compounds used as 
ligands for complexation with transition metals, such as Co(II) [23] and Zn(II) and demonstrate 
bacteriostatic and carcinostatic activity upon chelation with metal ion [21, 22]. Schiff base 
derivatives of indole-2,3-dione (Isatin), demonstrated significant antiproliferative activity 
against various cancer cell lines, including human neuroblastoma SH-SY5Y [24-26], colorectal 
carcinoma HCT-116 [27]  and  melanoma TM1 cell lines [28]. 

Together with collaborators we have previously identified small molecule Isatin-Schiff base 
derivatives (ISBDs) that demonstrate p53-dependent anti-tumor activity [29-32]. Here, we 
report the evaluation of cytotoxicity, transcriptional regulation and cytokine/chemokine 
profiling of this novel class of p53 activators in MCF7 breast adenocarcinoma and HCT116 
colorectal carcinoma cell lines. 

 
 

MATERIALS AND METHODS 
 

Materials: (E)-1-methyl-3-(phenylimino)indolin-2-one (Ligand) and (E)-1-methyl-3-
(phenylimino)indolin-2-one copper(II) chloride complex (Complex) were obtained and 
characterized as previously reported [30, 32]. Dimethyl sulfoxide and CuCl2 were purchased 
from Sigma. Primers and Taqman probes were from Lytech (Russia). 
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Cell culture: MCF7 human breast adenocarcinoma and HCT116 human colorectal 
carcinoma cells were from American Type Culture Collection and grown on Dulbecco’s 
modified Eagle’s medium (PanEco, Russia). Cell media was supplemented with 10% fetal 
bovine serum (FBS, Biosera, France), penicillin/streptomycin and 2 mM L-glutamine. The cells 
were grown at 37°C in an atmosphere of 5% CO2 in air.  

 
Treatments: 5 mM stock solutions of Ligand and Complex were prepared just before the 

experiments by dissolving the lyophilized compounds in DMSO, whereas CuCl2 was dissolved 
in deionized water. Cell treatments were performed using Ligand and Complex at 50 μM, CuCl2 
at 50 μM (1% DMSO) at 37°C in medium supplemented with serum. As negative control equal 
volumes of DMSO (1%) were added to untreated cells. Doxorubicin was used as a positive 
control at concentration of 4 μM. 

 
Immunoblotting analysis: Cells were seeded in 6-well plates at 5×105 cells per well and 

cultured for 2 days followed by treatment with Ligand (50 µM), Complex (50 µM), CuCl2 (50 
µM), DMSO (1%) for 24 h. Treated cells were harvested and lysed in RIPA buffer (Thermo 
Fischer Scientific, USA) containing 1 μl/ml Halt Protease and Phosphatase Inhibitor Cocktail 
with EDTA (Thermo Fischer Scientific, USA) according to manufacturer’s protocol. Whole cell 
extracts were analysed using Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, USA) 
to determine total protein concentration. Samples were fractioned by 10% SDS–PAGE and 
transferred to Immun-Blot PVDF membrane using Trans-Blot SD Semi-Dry Transfer Cell (Bio-
Rad, USA). Membranes were blocked with PBS-T containing 5% (mass/vol) nonfat dried milk 
for 1 h at RT, incubated with primary anti-p53 antibodies (Abcam, USA) overnight at 4°C, and 
then with Anti-Mouse IgG–Peroxidase antibody (Sigma-Aldrich, USA) for 1 h. THE Beta Actin 
Antibody [HRP] (GenScript, USA) was used for detection of Beta Actin as loading control. 
Blots were developed with Clarity Western ECL Substrate (Bio-Rad, USA) and documented 
using ChemiDoc XRS Plus (Bio-Rad, USA).  

 
p53 Luciferase reporter assay: Cignal p53 Pathway Reporter Assay Kit (CCS-004L, SA 

Biosciences) was used to monitor the activity of the p53-regulated signal transduction pathway 
in MCF7 cells treated with Ligand, Complex, CuCl2, DMSO (vehicle control) following 
manufacturer’s instructions. Briefly, MCF7 cells were seeded at a density of 5×103 per well in 
96-well plates and grown to ~ 60% confluence. For each well, a mixture of inducible p53-
responsive Firefly luciferase construct and constitutively expressing Renilla luciferase construct 
were co-transfected into the cells using Lipofectamine 3000 reagent (Invitrogen). 24 h after 
transfection cells were treated with Ligand (50 µM), Complex (50 µM), CuCl2 (50 µM), DMSO 
(1%) for 24 h. Firefly and Renilla luciferase activity measurements were carried out using Dual-
Glo Luciferase Assay Kit (Promega) according to manufacturer’s protocol and Infinite M200 
microplate reader (Tecan, Switzerland). 

 
MTS assay: The cytotoxicity of Isatin Schiff base and its copper (II) complex were 

measured using standard colorimetric MTS assay. The cellular metabolic activities were 
assessed by the ability of their mitochondrial dehydrogenase to catalyze reduction of blue 
tetrazolium salt to colored formazan in a manner proportional to the number of viable cells. 
Cells were seeded into 96-well plates at 5×103 cells per well in full DMEM medium for 24 h, 
after that DMSO (1%), Ligand (50 μM), Complex (50 μM), CuCl2 (50 μM) and doxorubicin     
4 μM were added to appropriate wells and incubation continued for another 24 h. Then 20 μl of 
solution containing 2 mg/ml of MTS reagent (Promega, USA) and 150 μM phenazine 
methosulfate, PMS, (Dia-M, Russia) was added to each well for 3 h at 37°С. The absorbance at 
490 nm was measured using Infinite M200 microplate reader (Tecan, Switzerland). 

 
Quantitative PCR: The standard procedure of total RNA extraction was performed using 

TRIzol Reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. 
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Concentration of the extracted RNA was determined by optical density measurement 
(A260/A280 ratio) using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA). 
The reverse transcription reaction with 3 μg of total RNA was performed using 5x Reaction 
Buffer (Thermo Fisher Scientific, USA), RiboLock RNAse inhibitor (Thermo Fisher Scientific, 
USA), RevertAid (Thermo Fisher Scientific, USA), dNTP (Lytech, Russia) and Random 6 
primer (Lytech, Russia). The reaction tubes were incubated at 25°C for 10 min, at 42°C for 60 
min and at 70°C for 10 min using С1000 Thermal Cycler (Bio-Rad, CA, USA). Quantitative 
real-time PCR was carried out using 2.5x Master Mix (Sintol, Russia) and analyzed on the Bio-
Rad CFX-96 real time system (Bio-Rad, CA, USA). Total volume of amplification reactions 
was 10 μL and each well was included 4 μL of 2.5x Master Mix, 1 μL of cDNA, 70-100 nM of 
both forward and reverse special primers. The PCR cycling conditions were following: 95°C for 
3 min, 95°C for 10 sec, 55°C for 30 sec. The PCR was repeated for 49 cycles. Relative 
normalized expression was calculated by normalizing the cycle threshold values of genes of 
interest with those of β-actin, data analyzed in CFX Manager software. All PCR reactions were 
performed in triplicates. 
Quantitative Taqman RT-PCR was performed using the following primers and probes.  
TP53: GCC ATC TAC AAG CAG TCA CAG (fwd), TCA TCC AAA TAC TCC ACA CGC 
(rev), [HEX] CCC CTC CTC AGC ATC TTA TCC GAG T [BH2] (probe) 
MDM2: TGT GCA AAG AAG CTA AAG AAA AGG (fwd), AGG TTG TCT AAA TTC CTA 
GGG TTA T (rev), [HEX] ATT GGT TGT CTA CAT ACT GGG CAG GG [BHQ2] (probe).  
p21/CDKN1A: GCC TCC TCA TCC CGT GTT CT (fwd), GTA CCA CCC AGC GGA CAA 
GT (rev), [HEX] AGC CGG CCC ACC CAA CCT CCG [BHQ2] (probe).  
PUMA: GGG CCC GTG AAG AGC AAA TG (fwd), CTG GCT CAG GGA AGA TGG CT 
(rev), [FAM] CGG TTG CTC CAG CCC GGC GC [BHQ1] (probe).  
Beta Actin: GCG AGA AGA TGA CCC AGG ATC (fwd), CCA GTG GTA CGG CCA GAG G 
(rev), [HEX] CCA GCC ATG TAC GTT GCT ATC CAG GC [BH2] (probe). 

 
Flow cytometry analysis: Quantification of apoptotic cells was performed for MCF7 cells 

treated with Complex (50 µM), Ligand (50 µM), CuCl2 (50 μM) and DMSO (1%) for 48 h. 
Treated cells were harvested by trypsinization, washed with DPBS and stained using APC 
Annexin V Apoptosis Detection Kit with Propidium Iodide (Sony Biotechnology, USA) 
according to manufacturer’s protocol. Stained cells were immediately analyzed by flow 
cytometry using BD FACSAria III (BD Biosciences, USA) and data processed with FlowJo 
software package (FlowJo LLC, USA). 

 
Multiplex immunoassay: Cells were seeded in 6-well plates at 5×105 cells per well and 

cultured for 48 h followed by treatment with Ligand (50 µM), Complex (50 µM), CuCl2 (50 
µM), DMSO (1%) for 24 h. Conditioned medium was collected from these cultures, centrifuged 
at 1500x g for 10 min, supernatants were collected and stored at -80°C. Bio-Plex Pro Human 
Cytokine 21-plex Assay kit (Bio-Rad) was used with Bio-Plex 200 system (Bio-Rad) for 
simultaneous qualitative and quantitative analysis of cytokines and chemokines. Supernatants 
were handled in accordance with the manufacturer's instructions. Concentrations (pg/ml) of 
analytes in test samples were determined using standard curves generated with eight 
concentration points. Nonlinear least squares minimization algorithm was used for curve fitting 
with five-parameter logistic equation to determine maximum and minimum treshold of 
detection. Data points above and below the detection range were discarded. 

 
Statistical analysis: Statistical analysis was performed by two-tailed t-test in Origin 9 

software package. Comparisons were considered statistically significant at p<0.05. 
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RESULTS AND DISCUSSION  
 

One of the main objectives of the current study was to evaluate biological effect of Complex 
(Isatin-Schiff base copper(II) complex), our primary compound of interest, and Ligand (Isatin-
Schiff base) towards two tumor cell lines, namely human colorectal cancer HCT116 and breast 
cancer MCF7. Chemical structures are shown in Fig. 1A. We compared the cytotoxicity of 
Complex with that of Ligand and CuCl2, each at 50 μM. Previously reported data shows that 
copper (II) complexes of Isatin-Schiff base derivatives negatively affect viability by inducing 
apoptosis in SH-SY5Y neuroblastoma cells [25, 26]. 

We performed cytotoxicity experiments using colorimetric MTS assay to determine 
viability of HCT116 and MCF7 tumor cell lines following 24 h treatment with the investigated 
compounds. Ligand demonstrated no cytotoxicity for either of the cell lines, whereas treatment 
with Complex and CuCl2 lead to substantially reduced viability of both cell lines that was 
comparable to doxorubicin (Fig. 1B). These results point out to two key findings: i) Ligand was 
significantly less toxic than Complex towards both cell lines, however once complexed with 
copper (II) its toxicity increased substantially; and ii) CuCl2 was more toxic for MCF7 than for 
HCT116 cells. 

 

 
Figure1: Isatin-Schiff base copper(II) complex negatively affects viability of HCT116 and MCF7 
tumor cells. A – Chemical structures of (E)-1-methyl-3-(phenylimino)indolin-2-one (Ligand) and (E)-1-
methyl-3-(phenylimino)indolin-2-one copper(II) chloride complex (Complex). B – HCT116 (black) and 
MCF7 (grey) cells were treated with Ligand (50 μM), Complex (50 μM), CuCl2 (50 μM) and doxorubicin 
4 μM for 24 h. Cell viability was evaluated by colorimetric MTS assay. Ligand demonstrated no 
cytotoxicity for either of the cell lines, whereas treatment with Complex and CuCl2 lead to substantially 
reduced viability that was comparable to doxorubicin. Data are expressed as mean ± S.D., n = 3; *p<0.05, 
**p<0.001. 

 
Transcription factor p53 plays a key function in triggering cell cycle arrest and apoptosis 

[33]. Previously reported ISBDs demonstrated p53-activating cellular effect, presumably 
occurring through MDM2 inhibition or/and DNA damage. Considering this presumptive 
mechanism of action and overexpression of MDM2 in breast cancer cell line MCF7 this line 
was chosen for immunoblot analysis. 

According to immunoblot analysis treatment of MCF7 cells with Complex enhanced p53 
protein levels, whereas neither Ligand nor CuCl2 had any significant effect on p53 activation 
(Fig. 2). This leads to cautious assumption that by increasing p53 levels Complex can initiate 
p53-dependent signalling pathways. These results correlate with cytotoxicity data showing that 
Complex is more toxic than Ligand for both cell lines. 

Next, we investigated effect of compounds on the expression levels of primary p53 target 
genes such as MDM2 (164785) and PUMA (605854), as well as TP53 (191170) gene itself. The 
p53-mediated transcription of MDM2 and PUMA genes leads to negative regulation of p53 
activity by promoting its proteasomal degradation (MDM2) and induction of apoptosis via the 
mitochondrial pathway (PUMA) [34]. In our observations the compounds indeed altered the 
expression levels of these genes, although in a relatively modest manner. 
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Figure 2: Treatment with Complex increases levels of p53 protein. Complex-mediated activation of 
p53 protein was confirmed by immunoblot analysis of MCF7 cells treated with Complex (50 μM), Ligand 
(50 μM), CuCl2 (50 μM) and DMSO (1%, vehicle control) for 24 h. Housekeeping protein β-actin was 
used as the loading control. 

 
Taqman real-time reverse transcription PCR (RT-PCR) with fluorescence-based detection 

system was used to quantitatively analyze gene expression. We noticed that in MCF7 cells 
Complex modestly enhanced expression of TP53 and MDM2 genes while PUMA levels 
remained mostly unaffected (Fig. 3). In comparison, in HCT116 cells Complex slightly 
decreased TP53 and PUMA expression levels and no effect on MDM2. Interestingly, Ligand 
increased expression of all three genes, especially PUMA in HCT116 cells (Fig. 3C). This can 
evidence the presence of early apoptosis since PUMA is a pro-apoptotic gene and its levels are 
regulated by p53 protein [35]. However, in MCF7 cells Ligand only moderately affected TP53 
and MDM2, and had no effect on PUMA. These results are in agreement with previous reports 
demonstrating that viability of tumor cells is more profoundly reduced by metal complexes 
compared to their respective free ligands [22]. In addition, we observed that CuCl2 enhanced 
expression of TP53 and MDM2 in MCF7 cells while showing almost no activity in HCT116 
cells. 

 

 
Figure 3:  Complex and CuCl2 enhance p53 transcriptional functions. Relative normalized expression 
levels of TP53 (A), MDM2 (B) and PUMA (C) genes in HCT116 and MCF7 cells after 24 h treatment 
with Ligand, Complex and CuCl2 at 50 µM. Data are expressed as mean ± S.D., n = 3; *p<0.05, 
**p<0.001. D – Complex is more potent than Ligand in luciferase-based p53 pathway activation assay. 
Although, CuCl2 demonstrates the most profound effect on p53 transcriptional activity (7-fold increase). 

 
PUMA (aka BBC3) plays an important role in p53-regulated cell death via induction by 

DNA damage in a strictly p53-dependent manner. Activation of PUMA protein is a promising 
therapeutic approach aimed to inhibit tumor growth by triggering apoptosis [35]. As such, 
Ligand can be expected to have two potential mechanisms of action – via direct inhibition of 
MDM2, as previously reported [29], and through DNA damage like some other metal 
complexes [36, 37]. 

On our case, the difference in observed effect of Complex and Ligand in HCT116 and 
MCF7 might result from varying status of MDM2 expression in these cell lines. Apparently, 
overexpression of MDM2 in MCF7 cells alters cellular homeostasis and affects p53 activation. 
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To better understand the broader impact of Complex on p53-mediated transcriptional functions 
we performed additional quantitative assessment of signal transduction pathway activation in 
MCF7 cells. For that we used Cignal p53 Pathway Reporter Assay Kit (Qiagen) that constitutes 
a mixture of p53-inducible responsive construct (Firefly luciferase) and construct constitutively 
expressing Renilla luciferase for internal normalization. 

The results suggest that Complex modestly enhanced p53-mediated Luciferase activity, 
although the signal does not have statistically significant difference from the controls (Fig. 3D). 
Meanwhile CuCl2 increased luciferase activity nearly 7-fold. This effect is in agreement with 
previously reported phenomena suggesting that transition metals (i.e. Cu2+, Zn2+) activate p53 
and expression of its downstream targets [38]. The DNA binding interface of p53 contains Zn2+ 
ion that is required for proper folding and functioning [39]. Elevated concentrations of Cu2+ can 
partially displace Zn2+ from p53 binding site and in this way alter p53 transcriptional activity 
[40]. 

To determine whether treatment with the compounds induces apoptosis MCF7 cells were 
treated with Complex (50 μM), Ligand (50 μM), CuCl2 (50 µM) and DMSO (1%, vehicle 
control) for 24 h. After that cells were stained with APC Annexin V and Propidium Iodide to 
evaluate percentage of apoptotic and necrotic cells by means of flow cytometry. Results 
indicated a minor increase in percentage of late apoptotic and necrotic cells upon treatment with 
Complex in comparison to DMSO control (Quadrants Q2 and Q4 in Fig. 4A and 4C). The 
results for cell treated with Complex and Ligand were almost identical. However, treatment 
with CuCl2 further increased the percentage of late apoptotic and necrotic cells (Quadrant Q2, 
Fig. 4D). 

 
Figure 4: Isatin-Schiff base copper (II) complex induces apoptosis and necrosis in MCF7 cells. 
MCF7 cells were treated with Complex (50 μM), Ligand (50 μM), CuCl2 (50 µM) and DMSO (1%, 
vehicle control) for 24 h, and then stained with APC Annexin V and Propidium Iodide to evaluate 
percentage of apoptotic and necrotic cells. Stained cells were analyzed by flow cytometry using BD 
FACSAria III and data processed with FlowJo software package. Quadrants represent following: Q1 – 
early apoptotic cells (Annexin V positive); Q2 – late apoptotic and necrotic cells (double positive); Q3 – 
healthy live cells (double negative); Q4 – necrotic cells (PI positive).  
 
 

We determined the effect of Ligand and Complex on secretion of pro- and anti-
inflammatory signaling molecules using Bio-Plex Pro Human Cytokine 21-Plex Immunoassay 
kit that allows simultaneous detection of a wide range of cytokines. To quantify the magnitude 
of secreted cytokines conditioned medium was collected after 24 h of treatment with Complex 
(50 μM), Ligand (50 μM), CuCl2 (50 µM) and DMSO (1%, vehicle control). We found that 
results for 6 out of 21 tested analytes revealed considerable alterations upon treatment with 
Complex. These analytes are inflammatory cytokines (IL-3, IL-12p40, MIF, SCGF-β) and 
chemokines (CTACK, SDF-1α) (Fig. 5). Interestingly, Complex demonstrated mostly opposite 
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effect on the secretion of cytokines/chemokines in HCT116 and MCF7 cells. In HCT116 cells 
Complex increased levels of IL-3 1.2 times, CTACK –1.1 times, IL-12p40–1.4 times, SCGF-β – 
1.5 times, decreased levels of SDF-1α – 2 times and did not affect MIF. On the contrary, in 
MCF7 cells IL-3 decreased 1.2 times, CTACK–1.4 times, IL-12p40–1.3 times, SDF-1α–3.3 
times, MIF–1.5 times, and increased SCGF-β–2.2 times. Overall, these data suggest that Isatin-
Schiff base copper (II) complex might be involved in p53-associated regulation of inflammatory 
processes.  

 

 
 
Figure 5: Complex and CuCl2 alter cytokine and chemokine secretion in tumor cells. Conditioned 
medium from HCT116 and MCF7 cell lines harvested after 24 h treatment with Complex (50 μM), 
Ligand (50 μM), CuCl2 (50 µM), DMSO (1%, vehicle control) was subjected to multiplex immunoassay. 
Inflammatory cytokines (IL-3, IL-12p40, MIF, SCGF-β) and chemokines (CTACK, SDF-1α) showed 
notable alterations upon treatment with Complex and CuCl2. The results are presented as concentration of 
analytes (pg/ml) in supernatant. 

 
 Acknowledgements: The reported study was funded by RFBR according to the research 

project #18-34-00702 to R.M.; E.B. was supported by grant of the President of Russian 
Federation #MK-4253.2018.4. R.K. and R.M. were supported by RFBR grant #19-54-10005. 
The work was performed according to the Russian Government Program of Competitive 
Growth of Kazan Federal University. 

 
Conflict of Interest: The authors declare that they have no conflict of interest. 
 

 
REFERENCES 

 
1. Bykov VJN, Eriksson SE, Bianchi J, Wiman KG. Targeting mutant p53 for efficient cancer 

therapy. Nat Rev Cancer 2018;18:89-102.  
2. Muller PA, Vousden KH. Mutant p53 in cancer: new functions and therapeutic opportunities. 

http://mbrc.shirazu.ac.ir/


 
 
 
 

Mirgayazova et al., / Mol Biol Res Commun 2019;8(3):119-128  DOI:10.22099/mbrc.2019.34179.1419    MBRC 

http://mbrc.shirazu.ac.ir                                                                127 
 

Cancer Cell 2014;25:304-317.  
3. Hainaut P, Hollstein M. p53 and human cancer: the first ten thousand mutations. Adv Cancer 

Res 2000;77:81-137.  
4. Danovi D, Meulmeester E, Pasini D, Migliorini D, Capra M, Frenk R, de Graaf P, Francoz S, 

Gasparini P, Gobbi A, Helin K, Pelicci PG, Jochemsen AG, Marine JC. Amplification of 
Mdmx (or Mdm4) directly contributes to tumor formation by inhibiting p53 tumor 
suppressor activity. Mol Cell Biol 2004;24:5835-5843.  

5. Duffy MJ, Synnott NC, Crown J. Mutant p53 as a target for cancer treatment. Eur J Cancer 
2017;83:258-265. 

6. Bykov VJN, Issaeva N, Shilov A, Hultcrantz M, Pugacheva E, Chumakov P, Bergman J, 
Wiman KG, Selivanova G. Restoration of the tumor suppressor function to mutant p53 by a 
low-molecular-weight compound. Nat Med 2002;8:282-288.  

7. Joerger AC, Ang HC, Fersht AR. Structural basis for understanding oncogenic p53 mutations 
and designing rescue drugs. Proc Natl Acad Sci USA 2006;103:15056-15061.  

8. Bauer MR, Jones RN, Baud MGJ, Wilcken R, Boeckler FM, Fersht AR, Joerger AC, Spencer 
J. Harnessing fluorine-sulfur contacts and multipolar interactions for the design of p53 
mutant Y220C rescue drugs. ACS Chem Biol 2016;11:2265-2274.  

9. Miller JJ, Orvain C, Jozi S, Clarke RM, Smith JR, Blanchet A, Gaiddon C, Warren JJ, Storr 
T. Multifunctional compounds for activation of the p53-Y220C mutant in cancer. Chemistry 
2018;24:17734-17742.  

10. Baud MGJ, Bauer MR, Verduci L, Dingler FA, Patel KJ, Horil Roy D, oerger AC, Fersht 
AR. Aminobenzothiazole derivatives stabilize the thermolabile p53 cancer mutant Y220C 
and show anticancer activity in p53-Y220C cell lines. Eur J Med Chem 2018;152:101-114.  

11. Bulatov E, Zagidullin A, Valiullina A, Sayarova R, Rizvanov A. Small molecule modulators 
of RING-type E3 ligases: MDM and ullin families as targets. Front Pharmacol 2018;9:450.  

12. Bulatov E, Valiullina A, Sayarova R, Rizvanov A. Promising new therapeutic targets for 
regulation of inflammation and immunity: RING-type E3 ubiquitin ligases. Immunol Lett 
2018;202:44-51.  

13. Gadd MS, Bulatov E, Ciulli A. Serendipitous SAD solution for DMSO-Soaked SOCS2-
elonginC-elonginB crystals using covalently incorporated dimethylarsenic: Insights into 
substrate receptor conformational flexibility in cullin RING ligases. PLoS One 2015;10: 
e0131218.  

14. Bulatov E, Khaiboullina S, Reis dos HJ, Palotás A, Venkataraman K, Vijayalakshmi M, 
Rizvanov A. Ubiquitin-proteasome system: Promising therapeutic targets in autoimmune and 
neurodegenerative diseases. BioNanoSci 2016;6:341-344. 

15.Frezza M, Hindo S, Chen D, Davenport A, Schmitt S, Tomco D, Dou QP. Novel Metals and 
Metal Complexes as Platforms for Cancer Therapy. Curr Pharm Des. 2010;16: 1813-1825.  

16. Ng CH, Kong SM, Tiong YL, Maah MJ, Sukram N, Ahmad M, Khoo AS. Selective 
anticancer copper(II)-mixed ligand complexes: targeting of ROS and proteasomes. 
Metallomics 2014;6: 892-906.  

17. Zuo J, Bi C, Fan Y, Buac D, Nardon C, Daniel KG, Dou QP. Cellular and computational 
studies of proteasome inhibition and apoptosis induction in human cancer cells by amino 
acid Schiff base-copper complexes. J Inorg Biochem. 2013;118:83-93.  

18. Milacic V, Chen D, Giovagnini L, Diez A, Fregona D, Dou QP. Pyrrolidine 
dithiocarbamate-zinc(II) and -copper(II) complexes induce apoptosis in tumor cells by 
inhibiting the proteasomal activity. Toxicol Appl Pharmacol 2008;231:24-33.  

19. Zhang P, Bi C, Schmitt SM, Li X, Fan Y, Zhang N, Dou QP. Metal-based 2,3-indolinedione 
derivatives as proteasome inhibitors and inducers of apoptosis in human cancer cells. Int J 
Mol Med 2014;34:870-879.  

20. Miri R, Razzaghi-asl N, Mohammadi MK. QM study and conformational analysis of an 
isatin Schiff base as a potential cytotoxic agent. J Mol Model 2013;19:727-735.  

21. Al-Resayes SI, Shakir M, Abbasi A, Amin KMY, Lateef A. Synthesis, spectroscopic 
characterization and biological activities of N4O2 schiff base ligand and its metal complexes 

http://mbrc.shirazu.ac.ir/


 
 
 
 

Mirgayazova et al., / Mol Biol Res Commun 2019;8(3):119-128  DOI:10.22099/mbrc.2019.34179.1419    MBRC 

http://mbrc.shirazu.ac.ir                                                                128 
 

of Co(II), Ni(II), Cu(II) and Zn(II). Spectrochim Acta A Mol Biomol Spectrosc 2012;93:86-
94.  

22. Shakir M, Hanif S, Sherwani MA, Mohammad O, Azam M, Al-Resayes SI. Pharmacophore 
hybrid approach of new modulated bis-diimine Cu(II)/Zn(II) complexes based on 5-chloro 
Isatin Schiff base derivatives: Synthesis, spectral studies and comparative biological 
assessment. J Photochem Photobiol B: Biology 2016;157:39-56.  

23. Liang C, Xia J, Lei D, Li X, Yao Q, Gao J. Synthesis, in vitro and in vivo antitumor activity 
of symmetrical bis-Schiff base derivatives of isatin. Eur J Med Chem 2014;74:742-750.  

24. da Silveira VC, Luz JS, Oliveira CC, Graziani I, Ciriolo MR, Da Costa Ferreira AM. 
Double-strand DNA cleavage induced by oxindole-Schiff base copper(II) complexes with 
potential antitumor activity. J Inorg Biochem. 2008;102:1090-1103.  

25. Cerchiaro G, Aquilano K, Filomeni G, Rotilio G, Ciriolo MR, Ferreira AM. Isatin-Schiff 
base copper(II) complexes and their influence on cellular viability. J Inorg Biochem 2005; 
99:1433-1440.  

26. Filomeni G, Cerchiaro G, Da Costa Ferreira AM, De Martino A, Pedersen JZ, Rotilio G, 
Ciriolo MR. Pro-apoptotic activity of novel Isatin-Schiff base copper(II) complexes depends 
on oxidative stress induction and organelle-selective damage. J Biol Chem 2007;282:12010-
12021.  

27. Ali AQ, Teoh SG, Salhin A, Eltayeb NE, Khadeer Ahamed MB, Abdul Majid AM. 
Synthesis of isatin thiosemicarbazones derivatives: In vitro anti-cancer, DNA binding and 
cleavage activities. Spectrochimica Acta A: Mol Biomol Spectrosc 2014;125:440-448.  

28. Borges BE, Teixeira VR, Appel MH, Steclan CA, Rigo F, Filipak Neto F, da Costa, Ferreira 
AM, Chammas R, Zanata SM, Nakao LS. De novo galectin-3 expression influences the 
response of melanoma cells to isatin-Schiff base copper (II) complex-induced oxidative 
stimulus. Chem Biol Interact 2013;206:37-46.  

29. Davidovich P, Aksenova V, Petrova V, Tentler D, Orlova D, Smirnov S, Gurzhiy V, 
Okorokov AL, Garabadzhiu A, Melino G, Barlev N, Tribulovich V. Discovery of Novel 
Isatin-Based p53 Inducers. ACS Med Chem Lett 2015;6:856-860.  

30. Bulatov E, Sayarova R, Mingaleeva R, Miftakhova R, Gomzikova M, Ignatyev Y, Petukhov 
A, Davidovich P, Rizvanov A, Barlev NA. Isatin-Schiff base-copper (II) complex induces 
cell death in p53-positive tumors. Cell Death Discov 2018;4:103.  

31. Fedorova O, Daks A, Petrova V, Petukhov A, Lezina L, Shuvalov O, Davidovich P, Kriger 
D, Lomert E, Tentler D, Kartsev V, Uyanik B, Tribulovich V, Demidov O, Melino G, Barlev 
NA. Novel isatin-derived molecules activate p53 via interference with Mdm2 to promote 
apoptosis. Cell Cycle 2018;17:1917-1930.  

32. Smirnov AS, Martins LMDRS, Nikolaev DN, Manzhos RA, Gurzhiy VV, Krivenko AG, 
Nikolaenko KO, Belyakov AV, Garabadzhiu AV, Davidovich PB. Structure and catalytic 
properties of novel copper isatin schiff base complexes. New J Chem 2019;43:188-198.  

33. Joerger AC, Fersht AR. Structure–function–rescue: the diverse nature of common p53 
cancer mutants. Oncogene 2007;26:2226-2242.  

34. Brown CJ, Lain S, Verma CS, Fersht AR, Lane DP. Awakening guardian angels: drugging 
the p53 pathway. Nat Rev Cancer 2009;9: 862-873.  

35. Yu J, Zhang L. PUMA, a potent killer with or without p53. Oncogene 2008;27 Suppl 1:S71-
83.  

36. Komeda S, Casini A. Next-generation anticancer metallodrugs. Curr Top Med Chem 2012; 
12:219-235.  

37. Liu C, Zhou J, Li Q, Wang L, Liao Z, Xu H. DNA damage by copper(II) complexes: 
coordination-structural dependence of reactivities. J Inorg Biochem 1999;75: 233-240.  

38. Ostrakhovitch EA, Cherian MG. Role of p53 and reactive oxygen species in apoptotic 
response to copper and zinc in epithelial breast cancer cells. Apoptosis 2005;10:111-121.  

39. Loh SN. The missing zinc: p53 misfolding and cancer. Metallomics 2010;2:442-449.  
40. Formigari A, Gregianin E, Irato P. The effect of zinc and the role of p53 in copper-induced 

cellular stress responses. J Appl Toxicol 2013;33:527-536.  

http://mbrc.shirazu.ac.ir/

	Regina Mirgayazova1, Raniya Khadiullina1, Rimma Mingaleeva1, Vitaly Chasov1,
	Marina Gomzikova1, Ekaterina Garanina1, Albert Rizvanov1, Emil Bulatov1,2,*
	1) Kazan Federal University, Kazan, Russian Federation
	2) Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, Russian Federation
	Bioinorganic medicinal chemistry remains a hot field for research aimed at developing novel anti-cancer treatments. Discovery of metal complexes as potent antitumor chemotherapeutics such as cisplatin led to a significant shift of focus toward organom...
	Keywords: p53; Transcriptional activity; Isatin-Schiff base; Metal complex; Tumor cells
	Materials: (E)-1-methyl-3-(phenylimino)indolin-2-one (Ligand) and (E)-1-methyl-3-(phenylimino)indolin-2-one copper(II) chloride complex (Complex) were obtained and characterized as previously reported [30, 32]. Dimethyl sulfoxide and CuCl2 were purcha...
	Cell culture: MCF7 human breast adenocarcinoma and HCT116 human colorectal carcinoma cells were from American Type Culture Collection and grown on Dulbecco’s modified Eagle’s medium (PanEco, Russia). Cell media was supplemented with 10% fetal bovine s...
	Treatments: 5 mM stock solutions of Ligand and Complex were prepared just before the experiments by dissolving the lyophilized compounds in DMSO, whereas CuCl2 was dissolved in deionized water. Cell treatments were performed using Ligand and Complex a...
	Immunoblotting analysis: Cells were seeded in 6-well plates at 5×105 cells per well and cultured for 2 days followed by treatment with Ligand (50 µM), Complex (50 µM), CuCl2 (50 µM), DMSO (1%) for 24 h. Treated cells were harvested and lysed in RIPA b...
	p53 Luciferase reporter assay: Cignal p53 Pathway Reporter Assay Kit (CCS-004L, SA Biosciences) was used to monitor the activity of the p53-regulated signal transduction pathway in MCF7 cells treated with Ligand, Complex, CuCl2, DMSO (vehicle control)...
	MTS assay: The cytotoxicity of Isatin Schiff base and its copper (II) complex were measured using standard colorimetric MTS assay. The cellular metabolic activities were assessed by the ability of their mitochondrial dehydrogenase to catalyze reductio...
	Quantitative PCR: The standard procedure of total RNA extraction was performed using TRIzol Reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. Concentration of the extracted RNA was determined by optical density meas...
	Statistical analysis: Statistical analysis was performed by two-tailed t-test in Origin 9 software package. Comparisons were considered statistically significant at p<0.05.
	Transcription factor p53 plays a key function in triggering cell cycle arrest and apoptosis [33]. Previously reported ISBDs demonstrated p53-activating cellular effect, presumably occurring through MDM2 inhibition or/and DNA damage. Considering this p...

