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Abstract

:

The Myc transcription factor and its associated Max protein have essential roles in the development of several types of cancers, including prostate cancer. They dimerize into a Myc–Max heterodimer and bind to DNA sequences known as enhancer boxes (E-box). Therefore, disrupting the binding of these E-boxes to derange transcription is a promising strategy for treating cancer. Using computational biology tools, we designed pMyc and pMax peptides from Myc and Max reference sequences and evaluated their ability to bind to E-boxes through an electrophoretic mobility shift assay (EMSA). We then coupled them to AuNPs and evaluated their hemocompatibility and cytotoxic effects in three different prostate adenocarcinoma cell lines and a non-cancerous cell line The EMSA results suggested that the pMyc–pMax dimers bound to CMEs. The hemolysis test showed little hemolytic activity for the nanosystems (NS) at the three concentrations evaluated. The cell viability assays showed mixed results, depending on which cell line was being evaluated. Overall, the results suggest that NS with pMyc and pMax peptides might be suitable for further research regarding Myc-driven prostate adenocarcinomas.
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1. Introduction


The Myc transcription factor is the protein encoded by the oncogene with the same name. It regulates several essential cell processes that can lead to a cancerous phenotype if the Myc protein is unregulated. In its sequence, Myc contains a basic helix-loop-helix domain and a leucine zipper domain, allowing for many dimerization interactions with different proteins and resulting in different gene expression patterns [1].



The Myc-associated factor X, also known as Max, is Myc’s primary binding partner; the Myc:Max dimer is responsible for the transcription initiation of its target genes. The Myc:Max dimer binds to a DNA sequence known as the enhancer box (E-box); this sequence is located in the promoters of the target genes and has the following sequence: CACGTG (CME). The dimer’s affinity is higher for this sequence than other degenerated sequences known as non-canonical E-boxes [2].



The MYC oncogene is overexpressed in prostate cancer (PCa), which has been determined to be the second most common cancer in men worldwide [3,4]. With this in mind, is has been suggested that disrupting the Myc:Max dimer at the oncogenic level, or its binding into E-boxes, could be a promising strategy for treating cancer [5]. Designing peptides through computational biology tools to target Myc could lead to new therapeutic approaches for PCa and other Myc-related cancer types. However, the primary limitation of this approach is the difficulty in delivering these peptides into the cell nuclei. Several strategies can be used to achieve this, and one of them is nanotechnology. This work aimed at constructing pMyc:pMax:AuNPs nanosystems (NS) using Myc- and Max-derived peptides and gold nanoparticles, and at evaluating their effect in PCa cell lines.




2. Materials and Methods


2.1. Peptide Design and Synthesis


We used the protein reference sequences for Myc (NP_002458.2) and Max (NP_660087.1) obtained from Genbank available at the NCBI; we also used the Swiss-Model for protein homology modeling [6], Cn3D for visualizing the macromolecular structure [7], and ScooP for predicting the thermal stability [8]. The pMyc and pMax peptides were chemically synthesized using Accura’s Custom Peptide Synthesis service (Accura, Monterrey, Mexico).




2.2. Electrophoretic Mobility Shift Assay


To avoid undesired oligonucleotides mismatches in the electrophoretic mobility shift assay (EMSA), we designed ssDNA oligonucleotides with similar melting point temperatures using the OligoAnalyzer tool Version. 3.1, Integrated DNA Technologies (Coralville, IA, USA). These oligonucleotides were synthesized using Integrated DNA Technologies’ Custom DNA oligos service (Integrated DNA Technologies, Coralville, IA, USA) (Table 1).




2.3. Nanosystem Construction


Three different NSs were constructed, as depicted in Figure 1: pMyc:AuNPs with only the pMyc peptide, pMax:AuNPs with only the pMax peptide, and pMyc:pMax:AuNPs with both peptides. We used Maleimide 5 nm Gold Nanoparticle Conjugation kits (cat. No 900458-1EA Cytodiagnostics, Burlington, ON, Canada) for constructing the NSs. All the AuNPs had polyethylene glycol (PEG) and maleimide for peptide conjugation.




2.4. Hemolysis Test


We extracted 2 mL of blood from a volunteer; this sample was centrifuged and the pellet was washed to obtain an erythrocyte solution. Finally, we read the absorbance spectra with an ND-1000 Nanodrop at 415 nm to obtain the hemolysis percentage.




2.5. Cell Viability Assays


All the cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). PC-3 and Vero CCL-81 cells were cultured in DMEM (Thermofisher, Waltham, MA, USA, Cat. No. 11965092), and LNCaP and DU145 were cultured in RPMI 1640 (Gibco, Miami, FL, USA, Cat. No. 72400047). The cell viability was determined following the Cell Proliferation Kit I (MTT) (Roche, Branchburg, NJ, USA, Cat. No. 11465007001) protocol. The formazan crystals were solubilized with isopropanol (pH = 3) and read in a BioTek Cytation3 Imaging reader at 570 nm and 651 nm.




2.6. Statistical Analyzes


A two-way ANOVA was used along with the Bonferroni correction for this work’s statistical analysis. GraphPad Prism 5 was used for the statistical analysis and figures.





3. Results and Discussion


The Cn3D rendering showed that the structure predicted for the pMyc:pMax heterodimer conserved the recognition and binding site to the CACGTG canonical E-box sequence. Furthermore, the ScooP modeling showed a high thermal stability in the heterodimer of up to 76.6 °C. The ScooP results can be seen in Table 2.



Figure 2 shows a shift on the electrophoretic mobility when the designed oligonucleotides containing the CACGTG sequence were incubated with the pMyc:pMax heterodimer (lanes 4 and 8). These results suggest the binding of the peptides to the E-box. On the other hand, this shift was not observed with the oligonucleotides carrying the non-E-box element.



According to the ASTM-F756-17 standard practice for assessing hemolysis in materials, all the NSs were materials with no hemolysis at the lowest concentration (Figure 3). pMyc:AuNPs at 5 ng/μL have low hemolytic properties under the ASTM-F756-17 norm. The other peptide conjugates that have been reported also showed a hemolysis of <10% [9], whereas the other peptide-AuNPs NSs reported a <1% hemolysis [10].



Figure 4 shows the results of the cell viability assays. We obtained mixed results depending on the NS used and the cell line evaluated. In Vero CCL-81, pMyc:pMax.AuNPs showed little to no cytotoxic effect. In LNCaP, pMyc:AuNPs had the highest cytotoxic effect. With different pMyc:pMax disruption compounds, Carabet and colleagues obtained a reduced cell viability of <20% for the LNCaPs. Holmes and colleagues used a small-molecule Myc inhibitor (MYCi975) and obtained a cell viability reduction of 28.4%; however, their assays involved treatments in the order of micromolar concentrations [11,12]. These results show that different compounds can affect cell viability in different proportions. In PC-3 cells, little cytotoxicity can be seen; only pMyc:pMax:AuNPs had a cytotoxic effect in these cells. Finally, in DU145 cells, the most significant cytotoxic effect was shown by the pMax:AuNPs, whereas pMyc:AuNPs had a mild effect.




4. Conclusions


The pMyc and pMax peptides had a predicted thermal stability well over 37 °C and were shown to recognize and bind to canonical E-boxes in an EMSA assay. Their hemolytic properties allowed us to determine the concentrations for a cell viability assay evaluation. All the NSs that we tested were considered to have low hemolytic properties at the three different concentrations evaluated. The cell viability was affected at different levels, depending on the cell line evaluated. Our results suggest that pMyc:pMAx:AuNPs could potentially have a cytotoxic effect by binding to the E-boxes in cell nuclei, reducing the cell viability.
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Figure 1. Schematic depiction of the constructed nanosystems with either individual pMyc and pMax homodimers or pMyc:pMax heterodimer. 
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Figure 2. Resolved EMSAs with pMyc:pMax. Lanes were filled and resolved as the following: 1, empty; 2, Bioline Hypperladder 25 base pairs; 3, CME; 4, CME and peptides; 5, Ctrl; 6, Ctrl and peptides; 7, CME-Allevato; 8, CME-Allevato and peptides; 9, NE; and 10, NE and peptides. 
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Figure 3. Hemolytic properties of the different nanosystems at three different concentrations. * p < 0.05; *** p < 0.001. 
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Figure 4. Cell viability assays for the different nanosystems in the four different cell lines. *** p < 0.001. (A) Cell viability of Vero CCL-81 cells with the three NSs. (B) Cell viability of LNCaP cells with three NSs. (C) Cell viability of PC-3 cells with three NSs. (D) Cell viability of DU145 cells with three NSs. 
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Table 1. Designed oligonucleotides for the EMSA carrying E-box and non E-box sequences.
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	IC
	Sequence





	CME Allevato F
	5′ CCG GCC ACG TGC ACG TGT TAA TAG CTC AGA CTA CTG TGT CGA CG 3′



	CME Allevato R
	5′ CGT CGA CAC AGT AGT CTG AGC TAT TAA CAC GTG CAC GTG GCC GG 3′



	CME F
	5′ AGA TCT CGA GCT GCA TGC TGT ACA CGT GAT GTC GTA CGT CGA GCT CTA GT 3′



	CME R
	5′ ACT AGA GCT CGA CGT ACG ACA TCA CGT GTA CAG CAT GCA GCT CGA GAT CT 3′



	NE F
	5′ AGA TCT CGA GCT GCA TGC TGT AAA CGT TAT GTC GTA CGT CGA GCT CTA GT 3′



	NE R
	5′ ACT AGA GCT CGA CGT ACG ACA TAA CGT TTA CAG CAT GCA GCT CGA GAT CT 3′



	CTRL F
	5′ AGA TCT CGA GCT GCA TGC TGT ATT AGC AAT GTC GTT ATC AGA GCT CTA GT 3′



	CTRL R
	5′ ACT AGA GCT CTG ATA ACG ACA TTG CTA ATA CAG CAT GCA GCT CGA GAT CT 3′







IC, oligonucleotide identification code; CME, canonical E-box; NE, non-E-box element; CTRL, control. Bold, target E-box sequence; Underline, non-CME sequence; F, forward sequence; and R, reverse sequence.
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Table 2. Thermal stability prediction for the designed peptides.
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	Peptide
	Tm (°C)
	ΔG (kcal/mol)





	pMyc
	80.1
	−8.4



	pMax
	81.4
	−6



	pMyc:pMax dimer
	76.6
	−4.2
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