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Abstract

:

Chemotherapy is still the mainstay of treatment for triple-negative breast cancer (TNBC) patients. Yet only 20% of TNBC patients show a pathologic complete response (pCR) after neoadjuvant chemotherapy. 5-Fluorouracil (5-FU) is a stable cornerstone in all recommended chemotherapeutic protocols for TNBC patients. However, TNBC patients’ innate or acquired chemoresistance rate for 5-FU is steeply escalating. This study aims to unravel the mechanism behind the chemoresistance of 5-FU in the aggressive TNBC cell line, MDA-MB-231 cells, to explore further the role of the tumor suppressor microRNAs (miRNAs), miR-1275, miR-615-5p, and Let-7i, in relieving the 5-FU chemoresistance in TNBC, and to finally provide a translational therapeutic approach to co-deliver 5-FU and the respective miRNA oligonucleotides using chitosan-based nanoparticles (CsNPs). In this regard, cellular viability and proliferation were investigated using MTT and BrdU assays, respectively. 5-FU was found to induce JAK/STAT and PI3K/Akt/mTOR pathways in MDA-MB-231 cells with contaminant repression of their upstream regulators miR-1275, miR-615-5p, and Let-7i. Moreover, CsNPs prepared using the ionic gelation method were chosen and studied as nanovectors of 5-FU and a combination of miRNA oligonucleotides targeting TNBC. The average particle sizes, surface charges, and morphologies of the different CsNPs were characterized using dynamic light scattering (DLS) and transmission electron microscopy (TEM), respectively. In addition, the encapsulation efficiency (EE%), drug loading capacity (DLC%), and release manner at two different pH values were assessed. In conclusion, the novel CsNPs co-loaded with 5-FU and the combination of the three miRNA oligonucleotides demonstrated synergistic activity and remarkable repression in cellular viability and proliferation of TNBC cells through alleviating the chemoresistance to 5-FU.
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1. Introduction


Breast cancer (BC) is the most prevalent malignancy and the primary reason for cancer-related mortalities among females [1]. In 2020, there were 2.3 million new BC cases, making up 11.7% of all new cancer cases; 684,996 cases ended in death [2,3]. BC has been categorized as one of the most heterogeneous cancers, with at least 18 distinct subtypes of BC identified by the World Health Organization (WHO) [1,4,5]. One of the most violent BC subtypes is triple-negative breast cancer (TNBC) [6]. TNBC is distinguished by the absence of estrogen (ER) and progesterone (PR) receptor expression, as well as the absence of human epidermal growth factor receptor 2 (HER-2) overexpression. Unfortunately, TNBC is more prevalent among younger females, particularly those of African ancestry [7].



Chemotherapy is the mainstay of treatment for TNBC patients [8]. Yet, some TNBC patients (almost 20%) show a pathologic complete response (pCR) after neoadjuvant chemotherapy [9]. According to National Comprehensive Cancer Network (NCCN) recommendations, the following systemic chemotherapy regimens are available for TNBC patients: Docetaxel and Cyclophosphamide (TC), Taxel/Docetaxel, Adriamycin, and Cyclophosphamide (TAC), Adriamycin and Cyclophosphamide (AC), Cyclophosphamide, Methotrexate, and 5-Fluorouracil (CMF), Cyclophosphamide, Adriamycin, and 5-Fluorouracil (CAF), and Cyclophosphamide, Epirubicin, 5-Fluorouracil, and Paclitaxel/Docetaxel (CEF-T) [8,10], highlighting the fundamental role of 5-Fluorouracil (5-FU) as a stable cornerstone in all recommended chemotherapeutic protocols available for TNBC patients.



As previously mentioned, 5-FU is a widely used chemotherapeutic drug in several solid malignancies, including TNBC [11]. In 5-FU, the hydrogen atom at the C-5 position has been replaced with a fluorine atom to make it an analog of uracil. The same assisted transport system that uracil uses helps it enter the cell quickly. 5-FU is converted into many active metabolites, which are fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP). These metabolites inhibit thymidylate synthase and disrupt DNA and RNA synthesis through misincorporation mechanisms [12]. On the other hand, 5-FU showed a poor pharmacokinetic profile, as evidenced by its low bioavailability, short half-life time, and drug resistance [13].



TNBC patients are the least fortunate not only because of their poor prognosis, late diagnosis, and aggressive nature of the tumors but also because of their high rates of chemoresistance [14,15]. TNBC patients might acquire resistance after various cycles of chemotherapy or have a natural tendency to be less susceptible to chemotherapeutic protocols [16]. On the molecular level, the chemoresistance might be attributed to several reasons, such as hypoxia and overexpression of ATP-binding cassette (ABC) transporters by cancer stem cells. Yet, the most predominant resistance mechanism in African TNBC patients is the overexpression and/or hyperactivation of several oncogenic signaling cascades, such as the PI3K/AKT/mTOR and JAK/STAT pathways [17,18,19].



PI3K/AKT/mTOR pathway hyperactivation is common in TNBC, owing primarily to PTEN (tumor suppressor phosphatase and tensin homolog) loss, a negative regulator for the PI3K/AKT/mTOR pathway, which is directly linked with an unfavorable clinical course of the disease, aggressive TNBC tumors, and poor survival of patients [5,20]. Yet, mTOR inhibition reduced the resistance in several cancer cells, including BC cells, and increased their susceptibility to chemotherapeutic drugs [17,21,22,23].



Similarly, the JAK/STAT pathway is noticeably expressed in TNBC and is associated with aggressive clinical behavior, adverse outcomes, and chemotherapeutic resistance [17,24,25]. STAT3 is a playmaker in such association with chemoresistance as it interacts with NF-kB, resulting in chemoresistance. Furthermore, STAT3 induces HIF1α expression, thus proving its involvement in hypoxia-mediated chemoresistance in TNBC [17,26].



MicroRNAs (miRNAs) have been cast as potential regulators of the PI3K/AKT/mTOR and JAK/STAT pathways in several malignant contexts [1,18,23,27,28,29]. In this regard, miRNAs have been extensively reported to play a multi-player role in simultaneously hijacking several oncogenic singling cascades and thus hold tremendous therapeutic potential for several malignancies [15,30,31]. Nonetheless, miRNAs were reported to play a significant role in TNBC chemoresistance and re-sensitizing TNBC tumors to conventional chemotherapeutic agents. Some of them were through regulating the PI3K/AKT/mTOR and JAK/STAT pathways [32,33,34,35]. Among the most prominent miRNAs that were validated to either directly or indirectly affect PI3K/AKT/mTOR and JAK/STAT pathways are the tumor suppressor miRNAs: miR-1275 [36], Let-7i [37], miR-147 [38], miR-486-5p [11,27,28], miR-615-5p [39,40], and the oncomiR-155 [41,42]. This array of miRNAs showed great potential for tuning BC oncogenic and immunogenic profiles.



Yet, the clinical translation of miRNAs has been proven to be quite challenging due to their untargeted delivery, off-target effects, immunogenicity, quick degradation in the blood circulation by nucleases, and short half-life in systemic circulation [1,23,43,44,45]. The evolution of nanomedicine has positively rebranded RNA-based therapeutics, where most RNA-mediated challenges are solved using a suitable-architectured nano-based delivery system [46,47,48,49,50,51].



One of the widely used nanomaterials is chitosan nanoparticles (CsNPs), a widely accepted hydrophilic natural polymer characterized by its biocompatibility, biodegradability, and mucoadhesion properties [51]. CsNPs are positively charged carriers that can be used as nanovectors to carry the 5-FU and miRNA oligonucleotides via electrostatic interaction, enhancing their cellular uptake [52,53]. In addition, the hemocompatibility and high stability of CsNPs in different biological fluids, such as human plasma and serum, and hence their enhanced therapeutic activity, have been reported. This high stability in biological fluids is attributed to the deswelling of the CsNPs at physiological pH, driven by the decline of the intramolecular electric repulsions inside the polymeric membranes [54,55].



Therefore, this study aims to unravel the mechanism of 5-FU resistance in MDA-MB-231 TNBC cells, provide a molecular approach to alleviate 5-FU chemoresistance using miRNAs of choice, and finally co-deliver 5-FU and respective miRNA oligonucleotides using CsNPs in a translational approach to overcome the poor bioavailability and low cellular uptake profiles of loaded cargos.




2. Results and Discussion


2.1. MDA-MB-231 TNBC Cell Shows Resistance to 5-FU


First, the sensitivity of MDA-MB-231 cells to 5-FU was evaluated by measuring cellular viability and proliferation upon treating the cells with 5-FU for 72 h. The results showed that 5-FU had non-significant effects on MDA-MB-231 cellular viability and proliferation compared to control cells (Figure 1), proving the resistance of MDA-MB-231 cells to 5-FU. This goes in line with other studies showing that 5-FU showed similar resistance in HER 2+ cells, MDA-MB-543, and SKBR-3 cell lines [56]. Nonetheless, several reports recently reported the innate [17] and/or acquired [57] resistance of TNBC patients to 5-FU.




2.2. 5-FU Induces the Activation of JAK/STAT and PI3K/Akt/mTOR Pathways in MDA-MB-231 Cells


Then, it was intriguing to unravel the resistance mechanism of 5-FU in MDA-MB-231 cells. The results showed that 5-FU markedly induced the transcript levels of JAK (p = 0.0141), STAT3 (p = 0.0167), PI3K (p = 0.0009), and mTOR (p = 0.0009) in MDA-MB-231 cells treated with 5-FU compared to control cells (Figure 2). This unravels a unique mechanism of resistance to 5-FU in MDA-MB-231 cells, as it was reported in other cancer cell lines that P38 MAPK [58], protein kinase CK2 [58], high-mobility group AT-hook 2 (HMGA2) [59], extracellular matrix 1 [60], and MDR proteins are among the altered proteins inducing 5-FU resistance in several malignant contexts. However, this is the first study representing such a novel resistance mechanism for 5-FU in MDA-MB-231 cell lines.




2.3. 5-FU Suppresses miR-1275, miR-615-5p, and Let-7i, Modulating PI3K/Akt/mTOR and JAK/STAT Pathways in MDA-MB-231 Cells


It was essential to unravel further the mechanism by which 5-FU induces the expression of JAK/STAT and PI3K/Akt/mTOR pathways in MDA-MB-231 cells to try to hijack such chemoresistance induced by 5-FU in TNBC cells. Six miRNAs (miR-155, miR-486-5p, miR-147, miR-1275, miR-615-5p, and Let-7i) that were validated to target JAK/STAT and PI3K/Akt/mTOR pathways either directly or indirectly were screened upon treatment of MDA-MB-231 cells by 5-FU.



The results showed that miR-155, miR-486-5p, and miR-147 levels were not altered upon treatment of MDA-MB-231 cells by 5-FU (Figure 3). However, the expression levels of the tumor suppressor miRNAs miR-1275 (p = 0.0089), miR-615-5p (p = 0.0005), and Let-7i (p = 0.0050) were found to be markedly repressed in 5-FU-treated cells compared to control cells. This goes in line with an array of non-coding RNAs such as miR-320a [61], miR-135b, and miR-182 [62] that were evident to mediate chemoresistance in several malignant cell lines. However, this study represents a new evidence regarding the involvement of miR-1275, miR-615-5p, and Let-7i in inducing 5-FU chemoresistance in MDA-MB-231 cells, partially through their dominating effects in regulating PI3K/AKT/mTOR and JAK/STAT signaling pathways.




2.4. miR-1275, miR-615-5p, and Let-7i Are Tumor Suppressor miRNAs in TNBC


Next, it was essential to unravel the role of the respective miRNAs in TNBC cell lines. In such a context, MDA-MB-231 cells were transfected using miR-1275, miR-615-5p, and Let-7i mimics. Transfection efficiency was measured for each transfection, where miR-1275 showed more than a 19,000-fold increase in mimicked cells compared to mock cells. Similarly, miR-615-5p and Let-7i mimicked cells showed more than 23,000- and 24,000-fold increases in the levels of respective miRNAs compared to mock cells (Figure 4A–C). On the functional level, miR-1275, miR-615-5p, and Let-7i showed tumor suppressor effects through repressing cellular viability (p < 0.0001, p < 0.0001, and p = 0.0001, respectively) (Figure 4D) and cellular proliferation (p < 0.0001, p < 0.0001, and p < 0.0001, respectively) (Figure 4E). These results rank miR-1275, miR-615-5p, and Let-7i to act as tumor suppressor miRNAs in TNBC, such as miR-20a [63], miR-34a [45], miR-15/16 [64], miR-939-5p [14], and let-7a [35].




2.5. Average Sizes and Zeta Potential (ZP)


In a more translational approach, CsNPs were synthesized to act as a combo carrier for the three miRNA oligonucleotides inducing 5-FU resistance in TNBC cells in order to facilitate the translation of such a model into clinics. CsNPs would protect miRNA oligonucleotides from nucleases’ degradation in blood circulation, thus increasing their half-life time. Also, they are non-immunogenic and will not produce any immunotoxicity. Moreover, the stability of CsNPs under physiological conditions was confirmed using stability studies carried out in previously reported studies [32,55,65,66].



The ionic gelation technique was used to fabricate different CsNPs involving TPP crosslinkers, which lessens the mobility of the Cs structure and improves its physical and chemical features, including high stability and improved mechanical properties [67,68]. In addition, the ionic gelation was reported to enhance the thermo- and photoresistance of the prepared CsNPs as compared to free Cs. This is attributed to the formation of new inter- and intramolecular crosslinking interactions between the Cs amino groups and TPP, which minimize decomposition temperature [69].



In such a context, five different CsNPs were formulated where different cargos were used, as presented in Table 1. The dynamic light scattering technique was used to assess the average sizes of all formulated nanoparticles (Table 2) at 25 °C. All formulations had nanosizes lower than 270 nm. The average size after loading 5-FU (F1) was found to be 190.30 ± 6.3, which was increased to 209.1 ± 3.40, 206.30 ± 8.4, 216.40 ± 5.1 and 260.6 ± 11.5 after co-encapsulation of miR-1275 (F2), miR-615-5p (F3), Let-7i (F4) or the combo-3-miRNAs (F5), respectively. This demonstrated the effective integration of 5-FU and miRNA oligonucleotides into the CsNPs while maintaining their nanosizes. The formed sizes in the nanorange facilitate selective passive uptake into tumor cells via the leaky vasculature characterizing cancer cells [70]. The ZP of the loaded CsNP formulas is shown in Figure 5. All the zeta potential values were found in a narrow range between 57.00 ± 1.25 mV and 62.80 ± 2.17 mV. The high charge of the CsNP formulas is necessary to prevent the aggregation of the formed nanoparticles, rendering them more stable for a longer period of time [71].



Moreover, the highly positive charge would encourage the electrostatic interaction-boosted loading of the 5-FU and the miRNA oligonucleotides [52]. Furthermore, the high CsNPs’ charge would benefit the condensation/complexation of nucleic acids in these positively charged nanoparticles [53].




2.6. Morphology


To study the morphology and average sizes of CsNPs, TEM was carried out for the F1 and F5 formulae. F1 and F5 were the selected formulae for this characterization since they represent the two extremes of CsNP loading: F1 being the CsNPs loaded with 5-FU only, and F5 being the CsNPs loaded with 5-FU and all three miRNA oligonucleotides. The transmission electron micrographs of F1 and F5 are shown in Figure 6A and 6C, respectively. The CsNPs in both F1 and F5 formulae displayed a spherical morphology with minimal agglomeration. These findings align with the highly positive charge revealed by the zeta potential results. The CsNP charge elevation would enhance nanoparticles’ repulsion, hence reducing their aggregation. The average diameters of the selected F1 and F5 formulae were determined via ImageJ version 1.54g (NIH, Bethesda, MD, image processing software) and were found to be 176.67 ± 25.70 nm and 250.63 ± 37.00 nm, respectively, as presented in Figure 6A–D. These findings align very well with the data obtained from the DLS measurements. Also, F5 exhibited a significantly larger mean diameter (p < 0.001) compared to F1, owing to the condensation of the miRNA oligonucleotides inside the CsNPs. TEM images of the F1 and F5 formulas are presented in Figure 6A and 6C, respectively, and their diameter histograms are presented in Figure 6B and 6D, respectively.




2.7. Encapsulation Efficiency (EE%) and Drug Loading Capacity (DLC%)


The evaluation of EE% and DLC% of various therapeutic agents in NPs are essential parameters to assess nanoparticles’ biological efficiency. In such context, the EE% and DLC% of the five designed formulations (F1–F5) were subsequently studied, and the results are presented in Table 2. The highest EE% and DLC% of 5-FU (85.6 ± 2.1% and 2.9 ± 0.03, respectively) were observed in formula F5, implying that EE% and DLC% of 5-FU are correlated with the presence of the three highly negatively charged miRNAs together (miR-1275, miR-615-5p, and Let-7i) in formula F5. Relatively high miRNA oligonucleotides EE% and DLC% (more than 90% and 3.9%, respectively) were observed in the five formulations (F1-F5). This indicates that the three miRNAs’ oligonucleotides subjected to this investigation can be co-encapsulated with 5-FU into the CsNPs with high EE% and DLC% values. This is attributed to the high affinity of the negatively charged nucleotides in the miRNAs for the positively charged chitosan.




2.8. In Vitro Release Study


The in vitro release manner of 5-FU, miR-1275, miR-615-5p, and Let-7i from F5 was assessed at 37 °C and at two different pH values (pH 7.4 and 5.5, respectively). As presented in Figure 7, approximately 33% and 60% of 5-FU were released from F5 within 24 h at pH 7.4 and 5.5, respectively, followed by sustained slow release where approximately 40% and 80% of 5-FU were released from F5 within 72 h at pH 7.4 and 5.5, respectively. On the other hand, the release of miR-1275, miR-615-5p, and Let-7i from F5 was much slower than 5-FU in both the physiological and acidic media. The faster release of 5-FU is attributed to its smaller molecular weight than the miRNA oligonucleotides, facilitating better release from the nanoparticles. On the other hand, the high negative charge of the nucleotides in the miRNAs possibly resulted in a strong electrostatic interaction with the cationic chitosan, resulting in a slower release of miR-1275, miR-615-5p, and Let-7i than 5-FU. Moreover, our findings showed that the release of 5-FU, miR-1275, miR-615-5p, and Let-7i at pH 5.5 was faster than that at pH 7.4, indicating that the acidic medium increases the release of the cargos from CsNPs compared to the physiological pH. These findings align very well with previous similar studies [72,73,74]. It is also worth noting that such acidic conditions simulate the malignant cells and their tumor microenvironment, while the neutral pH simulates the physiological cells [6]. Therefore, the preferential enhanced release of 5-FU and miR-1275, miR-615-5p, and Let-7i would be a promising therapeutic approach for improving the selectivity and efficiency of TNBC therapy.



The cationic amino groups in CsNPs are accountable for numerous of their developed functions, including selective release in tumor microenvironments and boosted biological activities [54]. The pH-dependent release of loaded therapeutic agents from CsNPs is essential in selective cancer therapy. At the physiological pH (7.4) of biological fluids, the glucosamine groups on the Cs surface are deprotonated. This leads to the deswelling of the CsNPs by lessening the intramolecular electrostatic repulsions inside the nanocomposite mesh [75].



On the other hand, the CsNPs became colloidally unstable at acidic pH (5.5) around the isoelectric point of the Cs–TPP NPs, which simulate the tumor microenvironment. This variation in ionic strength promoted critical structural changes that provoked swelling mechanisms initiated by osmotic pressures linked to the ionic distributions of the CsNPs. This leads to rapid disintegration due to the weakness of intramolecular interactions and, eventually, the pH-dependent release of cargo in the acidic tumor environment [75].




2.9. miR-1275, miR-615-5p, and Let-7i-Loaded CsNPs Abolished 5-FU Resistance in MDA-MB-231 Cells


As previously described in Table 1, formulated CsNPs were evaluated in MDA-MB-231 cells. The results showed that F1 (p = 0.0063), F2 (p = 0.0037), F3 (p = 0.0164), and F4 (p = 0.0014) repressed cellular viability (Figure 8A). However, F5 (p < 0.0001) showed synergistic activity and marked repression in cellular viability through alleviating the chemoresistance to 5-FU in MDA-MB-231 cells. Similarly, the results showed that F1 (p = 0.0007), F2 (p < 0.0001), F3 (p = 0.0001), and F4 (p = 0.0006) repressed cellular proliferation (Figure 8B). Yet, F5 (p < 0.0001) also showed the same synergistic activity and marked repression in cellular proliferation through alleviating the chemoresistance to 5-FU in MDA-MB-231 cells. This could be attributed to the synergistic activity of miRNA oligonucleotides in F5 in markedly abrogating 5-FU resistance in MDA-MB-231 cells, partially through counteracting the activation of the Pi3K/Akt/mTOR and JAK/STAT pathways. However, in the case of F1–F4, a significant reduction in cellular viability and proliferation was observed due to the respective miRNA effects of either miR-1275, miR-615-5p, or Let-7i alone. Nevertheless, it was not as potent as F5 in repressing cellular viability and proliferation of MDA-MB-231 cells due to the lack of cumulative effects of miR-1275, miR-615-5p, and Let-7i oligonucleotides. It is also worth noting that since miRNAs, specifically miR-1275, miR-615-5p, and Let-7i, have been thoroughly reported to modulate other oncogenic signaling cascades such as insulin-like growth factors and Wnt/β-catenin signaling pathways, this could be another possible reason for the additive effects witnessed in F5 and not in F2–F4.





3. Materials and Methods


3.1. Materials, Cell Culture, and Treatment


Low-molecular-weight chitosan was purchased from Biosynth, Carbosynth, Berkshire, UK. TPP (sodium tripolyphosphate), glacial acetic acid, and 5-Fluorouracil (5-FU) were purchased from Sigma-Aldrich, St. Louis, MO, USA.



MDA-MB-231 adherent TNBC cell lines (purchased from ATCC, Manassas, VA, USA, HTB-26™) were utilized in the study. MDA-MB-231 cells showed the highest activation profiles of PI3K/Akt/mTOR and JAK/STAT oncogenic pathways compared to other MCF-7 and Bt-474 BC cells. Nonetheless, it has the highest metastatic potential and aggressive behavior. They were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza, Basel, Switzerland) enriched and supplemented with 4.5 g/L glucose, 4 mmol/L L-glutamine, 10% fetal bovine serum (FBS) (Biowest, Nuaillé, France), MycoZap (1:500; Lonza, Köln, Germany), and 1% penicillin/streptomycin (Lonza) at 37 °C in a 5% CO2 atmosphere. When the cells were 70–80% confluent, they were passaged [65,76,77]. Cells were either treated by 5-FU (3.84 µmol/L) for 72 h, formulated CsNPs, or transfected for 48 h by respective oligonucleotides.




3.2. Cellular Viability Assay (MTT)


The 3-(4, 5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay was utilized for the cellular viability studies. Ten thousand MDA-MB-231 cells were seeded in 200 µL of media in a 96-well plate and incubated for 24 h before transfection of the miRNA mimics. The media were removed 48 h post-transfection or 72 h post-treatment, and 20 µL of working solution (MTT solution in phosphate-buffered saline) (Sigma Aldrich, Darmstadt, Germany) was added to each well. After 5–6 h, formazan was re-suspended and solubilized using 200 µL dimethylsulfoxide (DMSO) (Riedel de Haen, Hanover, Germany), and then absorbance was measured at 480 nm [35].




3.3. Cellular Proliferation Assay (BrdU Assay)


The bromodeoxyuridine (BrdU) incorporation assay was utilized for the proliferation studies. Black 96-well plates were used to seed TNBC cells, with an initial cell count of 5 × 104 cells/well, and incubated for 24 h before transfection or treatment. Following transfection/treatment, the Cell Proliferation ELISA Kit (Roche Applied Science, Penzberg, Germany) was used to label the cells for 4 h with BrdU labeling reagent. After that, the cells were fixed for 30 min with Fix-Denate and further incubated for 90 min with Anti-BrdU POD, and then measurements were performed [78].




3.4. Transfection of BC Cell Lines with Different Oligonucleotides


MDA-MB-231 TNBC cells were transfected using different miRNA oligonucleotides such as miR-1275, Let-7i, and miR-615-5p mimics and their scrambled miRNAs as controls using HiPerfect Transfection Reagent (Qiagen, Hilden, Germany) as described in previous experiments [35].




3.5. Total RNA Extraction from TNBC Cell Lines


Biazol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA from MDA-MB-231 TNBC cells. A spectrophotometer was used to measure the amount of RNA produced, and 1% agarose gel electrophoresis was used to detect 18s rRNA bands to ensure RNA purity and integrity, respectively. RNA samples with an optical density ratio 260/280 higher than 2 were excluded from the study [63]. In the case of transfection using miRNA oligonucleotides, 48 h post-transfection, RNA is extracted from MDA-MB-231 cells transfected by either miRNA oligonucleotides labeled as “miR-1275 (+)/miR-615-5p (+)/Let-7i (+)” or transfected by transfection reagent only labeled as “Mock”. In the case of CsNPs or 5-FU treatment, 72 h post-treatment, RNA is extracted from MDA-MB-231 cells treated by either any of the respective CsNPs formulas, thus labeled as (F1–F5) or transfected by a vehicle only labeled as “Control”.




3.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis


The extracted miRNAs were reverse-transcribed into the corresponding single-stranded cDNA using the TaqMan miRNA reverse transcription kit (ABI, Los Angeles, CA, USA) along with specific primers Let-7i, miR-615-5p, miR-1275, miR-155, miR-147, miR-486-5p, and RNU6B (as a housekeeping gene). TaqMan Real-Time qPCR on StepOneTM Systems was used to quantify all cDNAs (ABI). Using the 2−ΔΔCT method, the relative quantification values were calculated [16,79].




3.7. Preparation of CsNPs


Drug-loaded CsNPs were prepared via the coacervation (or ionic gelation) method. Sodium tripolyphosphate (TPP) was used as the crosslinker in the coacervation technique. Chitosan was dissolved (1 mg/mL) in 1% (v/v) glacial acetic acid, then filtered with syringe filters of 0.45 µm pore-sized filters. The solution was left on a magnetic stirrer. After stirring for 24 h, 5-FU was added to reach a concentration of 0.5 mg/mL, and the different miRNA oligonucleotides were also added to reach a concentration of 1 µg/mL. The loading components of the different CsNP formulas are presented in Table 1. Consequently, 200 µL of the TPP crosslinker (1 mg/mL) was mixed with the loaded cargos and then added dropwise to 5 mL of the chitosan solution under rapid magnetic stirring. Then, the nanoparticle colloid was left on the stirrer for 30 min [80].




3.8. Characterization of CsNPs


The average sizes and zeta potential (ZP) of the designed CsNPs were measured using the laser Doppler velocimetry (LDV) technique via the Malvern ZEN 3600 Zetasizer (Malvern Instruments, Worcestershire, UK). Before measurements, all the samples were sonicated for 5 min. All measurements were performed at room temperature in triplicates. The results are presented as the mean value ± standard deviation. The average sizes and morphologies of the prepared CsNPs were determined using transmission electron microscopy (TEM, JEOL-JEM 2100 electron microscope, Musashino, Akishima, Tokyo, Japan) operating at 160 kV. The image processing program ImageJ version 1.54g (NIH, Bethesda, MD, USA) was used to construct a histogram demonstrating the CsNPs’ size from 50 measurements.




3.9. Encapsulation Efficiency (%)


To study the encapsulation efficiency of 5-FU, miR-1275, miR-615-5p, and Let-7i in the different prepared formulations (F1, F2, F3, F4, and F5), the formulations were centrifuged at 12,000 rpm for 2 h at 4 °C. Then, the unloaded 5-FU and/or miRNA oligonucleotides were retrieved from the supernatant. The amounts of unloaded 5-FU, miR-1275, miR-615-5p, and Let-7i in the supernatant were quantified employing UV–Vis spectrophotometry (Peak instruments T-9200, Houston, TX, USA) at 289, 310, 267, and 255 nm, respectively. The EE (%) was calculated employing the equation below [71,81,82].


  E E   % =   I n i t i a l   a m o u n t   o f   d r u g − t h e   a m o u n t   o f   u n l o a d e d   d r u g     I n i t i a l   a m o u n t   o f   d r u g   × 100  











In addition, the drug loading capacity percent (DLC%) was computed using the equation below:


    D L C % =   A m o u n t   o f   l o a d e d   d r u g   I n i t i a l   a m o u n t   o f   d r u g + I n i t i a l   a m o u n t   o f   p o l y m e r   × 100  












3.10. Release Study


To study the release manner of 5-FU, miR-1275, Let-7i, and miR-615-5p from formula F5, the NPs were suspended in 2 mL of deionized water and loaded into dialysis tubes (50 KD cut-off). Then, the dialysis tube was dipped in 15 mL of dialysis release solution (phosphate-buffered saline, PBS of pH 7.4 and 5.5). The release medium was fortified with sodium lauryl sulfate (5%) to improve the solubility of hydrophobic drugs and minimize release resistance. Then, the system was placed in a vibrating incubator (Jeio tech SI-300, Seoul, Republic of Korea) at 37 ± 1 °C and a shaking speed of 140 rpm. At indicated time intervals over 72 h, the released 5-FU, or miRNA oligonucleotides, were monitored in the release medium. The concentrations of the released 5-FU, miR-1275, Let-7i, and miR-615-5p were estimated by UV–Vis spectrophotometry (as described previously) and immediately replaced with an equal volume of fresh medium to maintain sink conditions. The release percentage was estimated using the equation below [83,84].


  R e l e a s e % =   A m o u n t   o f   r e l e a s e d   d r u g   I n i t i a l   a m o u n t   o f   l o a d e d   d r u g   × 100  













4. Conclusions


This study highlights a novel molecular resistance mechanism for 5-FU in MDA-MB-231 cells. PI3K/Akt/mTOR and JAK/STAT oncogenic signaling cascades were proven to be induced upon 5-FU treatment of MDA-MB-231 cells. This study revealed that the induction of oncogenic signaling pathways was mediated through co-treatment with miRNAs. The tumor suppressor miRNAs (miR-1275, miR-615-5p, and Let-7i) were outlined for the first time in this study as fundamental cornerstones of 5-FU chemoresistance in TNBC cells. Moreover, this study provides a novel therapeutic approach to hijacking 5-FU chemoresistance in TNBC patients using a novel CsNP system co-loaded with miRNA oligonucleotides that successfully resulted in a marked abrogation of 5-FU resistance in MDA-MB-231 cells (Figure 9).



This figure represents a summary of the efficiency of CsNPs loaded with 5-FU and miRNAs: miR-1275, miR-615-5p, and Let-7i to abolish 5-FU resistance in MDA-MB-231 cells partially through repressing PI3K/Akt/mTOR and JAK/STAT pathways. The abolishment of 5-FU resistance was confirmed by significant repression of MDA-MB-231 cellular viability and proliferation.







Author Contributions


Conceptualization, S.A.F. and R.A.Y.; methodology, S.A.F., N.K.M., A.H.M., F.A.M. and R.A.Y.; software, S.A.F., N.K.M. and R.A.Y.; validation, S.A.F. and R.A.Y.; formal analysis, S.A.F., A.H.M. and R.A.Y.; investigation, S.A.F. and R.A.Y.; resources, S.A.F. and R.A.Y.; data curation, S.A.F., N.K.M., A.H.M. and R.A.Y.; writing—original draft preparation, S.A.F., N.K.M., A.H.M. and R.A.Y.; writing—review and editing, S.A.F., N.K.M., F.A.M. and R.A.Y.; funding acquisition, S.A.F.; supervision, S.A.F. and R.A.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the RSC Research Fund grant (ID: R22-3870733873) from the Royal Society of Chemistry to Sherif Ashraf Fahmy.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within this article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Łukasiewicz, S.; Czeczelewski, M.; Forma, A.; Baj, J.; Sitarz, R.; Stanisławek, A. Breast Cancer—Epidemiology, Risk Factors, Classification, Prognostic Markers, and Current Treatment Strategies—An Updated Review. Cancers 2021, 13, 4287. [Google Scholar] [CrossRef]

	



Hong, R.; Xu, B. Breast cancer: An up-to-date review and future perspectives. Cancer Commun. 2022, 42, 913–936. [Google Scholar] [CrossRef]

	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Eble, J.N.; Tavassoli, F.A.; Devilee, P. Pathology and Genetics of Tumours of the Breast and Female Genital Organs; Iarc: Lyon, France, 2003. [Google Scholar]

	



Curigliano, G.; Burstein, H.J.; Gnant, M.; Loibl, S.; Cameron, D.; Regan, M.M.; Denkert, C.; Poortmans, P.; Weber, W.P.; Thürlimann, B.; et al. Understanding breast cancer complexity to improve patient outcomes: The St Gallen International Consensus Conference for the Primary Therapy of Individuals with Early Breast Cancer. Ann. Oncol. 2023, 34, 970–986. [Google Scholar] [CrossRef]

	



Borri, F.; Granaglia, A. Pathology of triple negative breast cancer. Semin. Cancer Biol. 2021, 72, 136–145. [Google Scholar] [CrossRef]

	



Siddharth, S.; Sharma, D. Racial disparity and triple-negative breast cancer in African-American women: A multifaceted affair between obesity, biology, and socioeconomic determinants. Cancers 2018, 10, 514. [Google Scholar] [CrossRef]

	



Bou Zerdan, M.; Ghorayeb, T.; Saliba, F.; Allam, S.; Bou Zerdan, M.; Yaghi, M.; Bilani, N.; Jaafar, R.; Nahleh, Z. Triple Negative Breast Cancer: Updates on Classification and Treatment in 2021. Cancers 2022, 14, 1253. [Google Scholar] [CrossRef]

	



Liedtke, C.; Mazouni, C.; Hess, K.R.; André, F.; Tordai, A.; Mejia, J.A.; Symmans, W.F.; Gonzalez-Angulo, A.M.; Hennessy, B.; Green, M.; et al. Response to neoadjuvant therapy and long-term survival in patients with triple-negative breast cancer. J. Clin. Oncol. 2008, 26, 1275–1281. [Google Scholar] [CrossRef] [PubMed]

	



Byrski, T.; Gronwald, J.; Huzarski, T.; Grzybowska, E.; Budryk, M.; Stawicka, M.; Mierzwa, T.; Szwiec, M.; Wiśniowski, R.; Siolek, M.; et al. Pathologic complete response rates in young women with BRCA1-positive breast cancers after neoadjuvant chemotherapy. J. Clin. Oncol. 2010, 28, 375–379. [Google Scholar] [CrossRef] [PubMed]

	



Abdallah, R.M.; Elkhouly, A.M.; Soliman, R.A.; El Mechawy, N.; El Sebaei, A.; Motaal, A.A.; El-Askary, H.; Youness, R.A.; Assal, R.A. Hindering the Synchronization Between miR-486-5p and H19 lncRNA by Hesperetin Halts Breast Cancer Aggressiveness Through Tuning ICAM-1. Anticancer Agents Med. Chem. 2022, 22, 586–595. [Google Scholar] [CrossRef] [PubMed]

	



Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3, 330–338. [Google Scholar] [CrossRef] [PubMed]

	



Valencia-Lazcano, A.A.; Hassan, D.; Pourmadadi, M.; Shamsabadipour, A.; Behzadmehr, R.; Rahdar, A.; Medina, D.I.; Díez-Pascual, A.M. 5-Fluorouracil nano-delivery systems as a cutting-edge for cancer therapy. Eur. J. Med. Chem. 2023, 246, 114995. [Google Scholar] [CrossRef]

	



Nafea, H.; Youness, R.A.; Dawoud, A.; Khater, N.; Manie, T.; Abdel-Kader, R.; Bourquin, C.; Szabo, C.; Gad, M.Z. Dual targeting of H2S synthesizing enzymes; cystathionine β-synthase and cystathionine γ-lyase by miR-939-5p effectively curbs triple negative breast cancer. Heliyon 2023, 9, e21063. [Google Scholar] [CrossRef]

	



Mekky, R.Y.; Ragab, M.F.; Manie, T.; Attia, A.A.; Youness, R.A. MALAT-1: Immunomodulatory lncRNA hampering the innate and the adaptive immune arms in triple negative breast cancer. Transl. Oncol. 2023, 31, 101653. [Google Scholar] [CrossRef] [PubMed]

	



El Kilany, F.H.; Youness, R.A.; Assal, R.A.; Gad, M.Z. miR-744/eNOS/NO axis: A novel target to halt triple negative breast cancer progression. Breast Dis. 2021, 40, 161–169. [Google Scholar] [CrossRef] [PubMed]

	



Nedeljković, M.; Damjanović, A. Mechanisms of chemotherapy resistance in triple-negative breast cancer—how we can rise to the challenge. Cells 2019, 8, 957. [Google Scholar] [CrossRef]

	



Chaudhuri, A.; Kumar, D.N.; Dehari, D.; Patil, R.; Singh, S.; Kumar, D.; Agrawal, A.K. Endorsement of TNBC Biomarkers in Precision Therapy by Nanotechnology. Cancers 2023, 15, 2661. [Google Scholar] [CrossRef]

	



Sajjadi-Dokht, M.; Mohamad, T.A.M.; Rahman, H.S.; Maashi, M.S.; Danshina, S.; Shomali, N.; Solali, S.; Marofi, F.; Zeinalzadeh, E.; Akbari, M.; et al. MicroRNAs and JAK/STAT3 signaling: A new promising therapeutic axis in blood cancers. Genes Dis. 2021, 9, 849–867. [Google Scholar] [CrossRef]

	



Groner, B.; von Manstein, V. Jak Stat signaling and cancer: Opportunities, benefits and side effects of targeted inhibition. Mol. Cell. Endocrinol. 2017, 451, 1–14. [Google Scholar] [CrossRef]

	



Steelman, L.S.; Navolanic, P.M.; Sokolosky, M.L.; Taylor, J.R.; Lehmann, B.D.; Chappell, W.H.; Abrams, S.L.; Wong, E.W.T.; Stadelman, K.M.; Terrian, D.M.; et al. Suppression of PTEN function increases breast cancer chemotherapeutic drug resistance while conferring sensitivity to mTOR inhibitors. Oncogene 2008, 27, 4086–4095. [Google Scholar] [CrossRef]

	



Choi, H.J.; Heo, J.H.; Park, J.Y.; Jeong, J.Y.; Cho, H.J.; Park, K.S.; Kim, S.H.; Moon, Y.W.; Kim, J.S.; An, H.J. A novel PI3K/mTOR dual inhibitor, CMG002, overcomes the chemoresistance in ovarian cancer. Gynecol. Oncol. 2019, 153, 135–148. [Google Scholar] [CrossRef]

	



Jones, L.M.; Broz, M.L.; Ranger, J.J.; Ozcelik, J.; Ahn, R.; Zuo, D.; Ursini-Siegel, J.; Hallett, M.T.; Krummel, M.; Muller, W.J. STAT3 Establishes an Immunosuppressive Microenvironment during the Early Stages of Breast Carcinogenesis to Promote Tumor Growth and Metastasis. Cancer Res. 2016, 76, 1416–1428. [Google Scholar] [CrossRef]

	



Kuo, W.-Y.; Hwu, L.; Wu, C.-Y.; Lee, J.-S.; Chang, C.-W.; Liu, R.-S. STAT3/NF-κB-regulated lentiviral TK/GCV suicide gene therapy for cisplatin-resistant triple-negative breast cancer. Theranostics 2017, 7, 647. [Google Scholar] [CrossRef]

	



Wei, W.; Tweardy, D.J.; Zhang, M.; Zhang, X.; Landua, J.; Petrovic, I.; Bu, W.; Roarty, K.; Hilsenbeck, S.G.; Rosen, J.M. STAT3 signaling is activated preferentially in tumor-initiating cells in claudin-low models of human breast cancer. Stem Cells 2014, 32, 2571–2582. [Google Scholar] [CrossRef]

	



Wang, K.; Zhu, X.; Zhang, K.; Yin, Y.; Chen, Y.; Zhang, T. Interleukin-6 contributes to chemoresistance in MDA-MB-231 cells via targeting HIF-1α. J. Biochem. Mol. Toxicol. 2018, 32, e22039. [Google Scholar] [CrossRef] [PubMed]

	



Meissl, K.; Macho-Maschler, S.; Müller, M.; Strobl, B. The good and the bad faces of STAT1 in solid tumours. Cytokine 2017, 89, 12–20. [Google Scholar] [CrossRef] [PubMed]

	



Niu, G.J.; Xu, J.D.; Yuan, W.J.; Sun, J.J.; Yang, M.C.; He, Z.H.; Zhao, X.F.; Wang, J.X. Protein inhibitor of activated STAT (PIAS) negatively regulates the JAK/STAT pathway by inhibiting STAT phosphorylation and translocation. Front. Immunol. 2018, 9, 2392. [Google Scholar] [CrossRef] [PubMed]

	



Rahmani, F.; Ziaeemehr, A.; Shahidsales, S.; Gharib, M.; Khazaei, M.; Ferns, G.A.; Ryzhikov, M.; Avan, A.; Hassanian, S.M. Role of regulatory miRNAs of the PI3K/AKT/mTOR signaling in the pathogenesis of hepatocellular carcinoma. J. Cell. Physiol. 2020, 235, 4146–4152. [Google Scholar] [CrossRef] [PubMed]

	



Ingenito, F.; Roscigno, G.; Affinito, A.; Nuzzo, S.; Scognamiglio, I.; Quintavalle, C.; Condorelli, G. The Role of Exo-miRNAs in Cancer: A Focus on Therapeutic and Diagnostic Applications. Int. J. Mol. Sci. 2019, 20, 4687. [Google Scholar] [CrossRef] [PubMed]

	



Ding, L.; Gu, H.; Xiong, X.; Ao, H.; Cao, J.; Lin, W.; Yu, M.; Lin, J.; Cui, Q. MicroRNAs Involved in Carcinogenesis, Prognosis, Therapeutic Resistance, and Applications in Human Triple-Negative Breast Cancer. Cells 2019, 8, 1492. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Gao, D.-Y.; Huang, L. In vivo delivery of miRNAs for cancer therapy: Challenges and strategies. Adv. Drug Deliv. Rev. 2015, 81, 128–141. [Google Scholar] [CrossRef]

	



Qattan, A.; Al-Tweigeri, T.; Alkhayal, W.; Suleman, K.; Tulbah, A.; Amer, S. Clinical identification of dysregulated circulating microRNAs and their implication in drug response in triple negative breast cancer (TNBC) by target gene network and meta-analysis. Genes. 2021, 12, 549. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.; Wu, X.; Li, S.; Xu, X.; Zhu, H.; Chen, X. The long noncoding RNA CASC2 functions as a competing endogenous RNA by sponging miR-18a in colorectal cancer. Sci. Rep. 2016, 6, 26524. [Google Scholar] [CrossRef]

	



Kipkeeva, F.; Muzaffarova, T.; Korotaeva, A.; Nikulin, M.; Grishina, K.; Mansorunov, D.; Apanovich, P.; Karpukhin, A. MicroRNA in Gastric Cancer Development: Mechanisms and Biomarkers. Diagnostics 2020, 10, 891. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.; Li, M.; Xu, J.; Fu, J.; Wang, X.; Wang, J.; Xia, T.; Wang, S.; Ma, G. miR-1275 targets MDK/AKT signaling to inhibit breast cancer chemoresistance by lessening the properties of cancer stem cells. Int. J. Biol. Sci. 2023, 19, 89. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Jin, X.; Liu, X.; Zhang, M.; Liu, W.; Li, Z.; Han, N.; Tan, M.; Chi, D.; Zhu, J. MicroRNA let-7i regulates dendritic cells maturation targeting interleukin-10 via the Janus kinase 1–signal transducer and activator of transcription 3 signal pathway subsequently induces prolonged cardiac allograft survival in rats. J. Heart Lung Transplant. 2016, 35, 378–388. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, H.; Liu, Z. MicroRNA-147 suppresses proliferation, invasion and migration through the AKT/mTOR signaling pathway in breast cancer. Oncol. Lett. 2016, 11, 405–410. [Google Scholar] [CrossRef]

	



Pan, Z.-H.; Guo, X.-Q.; Shan, J.; Luo, S.-X. LINC00324 exerts tumor-promoting functions in lung adenocarcinoma via targeting miR-615-5p/AKT1 axis. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 8333–8342. [Google Scholar] [PubMed]

	



Wu, M.; Kong, C.; Cai, M.; Huang, W.; Chen, Y.; Wang, B.; Liu, X. Hsa_circRNA_002144 promotes growth and metastasis of colorectal cancer through regulating miR-615-5p/LARP1/mTOR pathway. Carcinogenesis 2021, 42, 601–610. [Google Scholar] [CrossRef]

	



Su, C.; Hou, Z.; Zhang, C.; Tian, Z.; Zhang, J. Ectopic expression of microRNA-155 enhances innate antiviral immunity against HBV infection in human hepatoma cells. Virol. J. 2011, 8, 354. [Google Scholar] [CrossRef]

	



Li, P.; Grgurevic, S.; Liu, Z.; Harris, D.; Rozovski, U.; Calin, G.A.; Keating, M.J.; Estrov, Z. Signal transducer and activator of transcription–3 induces microRNA-155 expression in chronic lymphocytic leukemia. PLoS ONE 2013, 8, e64678. [Google Scholar] [CrossRef]

	



Ho, P.T.B.; Clark, I.M.; Le, L.T.T. MicroRNA-Based Diagnosis and Therapy. Int. J. Mol. Sci. 2022, 23, 7167. [Google Scholar] [CrossRef] [PubMed]

	



Romano, G.; Acunzo, M.; Nana-Sinkam, P. microRNAs as Novel Therapeutics in Cancer. Cancers 2021, 13, 1526. [Google Scholar] [CrossRef] [PubMed]

	



Condrat, C.E.; Thompson, D.C.; Barbu, M.G.; Bugnar, O.L.; Boboc, A.; Cretoiu, D.; Suciu, N.; Cretoiu, S.M.; Voinea, S.C. miRNAs as Biomarkers in Disease: Latest Findings Regarding Their Role in Diagnosis and Prognosis. Cells 2020, 9, 276. [Google Scholar] [CrossRef] [PubMed]

	



Youness, R.A.; Mohamed, A.H.; Efthimiadou, E.K.; Mekky, R.Y.; Braoudaki, M.; Fahmy, S.A. A Snapshot of Photoresponsive Liposomes in Cancer Chemotherapy and Immunotherapy: Opportunities and Challenges. ACS Omega 2023, 8, 44424–44436. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Aguado, I.; Rodríguez-Castejón, J.; Vicente-Pascual, M.; Rodríguez-Gascón, A.; Solinís, M.Á.; del Pozo-Rodríguez, A. Nanomedicines to Deliver mRNA: State of the Art and Future Perspectives. Nanomaterials 2020, 10, 364. [Google Scholar] [CrossRef] [PubMed]

	



Youness, R.A.; Al-Mahallawi, A.M.; Mahmoud, F.H.; Atta, H.; Braoudaki, M.; Fahmy, S.A. Oral Delivery of Psoralidin by Mucoadhesive Surface-Modified Bilosomes Showed Boosted Apoptotic and Necrotic Effects against Breast and Lung Cancer Cells. Polymers 2023, 15, 1464. [Google Scholar] [CrossRef]

	



Sedky, N.K.; Braoudaki, M.; Mahdy, N.K.; Amin, K.; Fawzy, I.M.; Efthimiadou, E.K.; Youness, R.A.; Fahmy, S.A. Box-Behnken design of thermo-responsive nano-liposomes loaded with a platinum(iv) anticancer complex: Evaluation of cytotoxicity and apoptotic pathways in triple negative breast cancer cells. Nanoscale Adv. 2023, 5, 5399–5413. [Google Scholar] [CrossRef]

	



Fahmy, S.A.; Dawoud, A.; Zeinelabdeen, Y.A.; Kiriacos, C.J.; Daniel, K.A.; Eltahtawy, O.; Abdelhalim, M.M.; Braoudaki, M.; Youness, R.A. Molecular Engines, Therapeutic Targets, and Challenges in Pediatric Brain Tumors: A Special Emphasis on Hydrogen Sulfide and RNA-Based Nano-Delivery. Cancers 2022, 14, 5244. [Google Scholar] [CrossRef]

	



Ramzy, A.; ElSafy, S.; Elshoky, H.A.; Soliman, A.; Youness, R.; Mansour, S.; Sebak, A. Drugless nanoparticles tune-up an array of intertwined pathways contributing to immune checkpoint signaling and metabolic reprogramming in triple-negative breast cancer. Biomed. Mater. 2022, 18, 015023. [Google Scholar] [CrossRef]

	



Arias, J.L. Novel strategies to improve the anticancer action of 5-fluorouracil by using drug delivery systems. Molecules 2008, 13, 2340. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Wu, W.; Wang, Y.; Han, S.; Yuan, Y.; Huang, J.; Shuai, X.; Peng, Z. Recent development of gene therapy for pancreatic cancer using non-viral nanovectors. Biomater. Sci. 2021, 9, 6673–6690. [Google Scholar] [CrossRef] [PubMed]

	



Thandapani, G.; Prasad, S.; Sudha, P.N.; Sukumaran, A. Size optimization and in vitro biocompatibility studies of chitosan nanoparticles. Int. J. Biol. Macromol. 2017, 104, 1794–1806. [Google Scholar] [CrossRef] [PubMed]

	



Ragelle, H.; Riva, R.; Vandermeulen, G.; Naeye, B.; Pourcelle, V.; Le Duff, C.S.; D’Haese, C.; Nysten, B.; Braeckmans, K.; De Smedt, S.C.; et al. Chitosan nanoparticles for siRNA delivery: Optimizing formulation to increase stability and efficiency. J. Control. Release 2014, 176, 54–63. [Google Scholar] [CrossRef] [PubMed]

	



Yi, J.; Chen, S.; Yi, P.; Luo, J.; Fang, M.; Du, Y.; Zou, L.; Fan, P. Pyrotinib Sensitizes 5-Fluorouracil-Resistant HER2(+) Breast Cancer Cells to 5-Fluorouracil. Oncol. Res. 2020, 28, 519–531. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Wang, Y.; Gu, J.; Zhou, D.; He, Z.; Wang, X.; Ferrone, S. ADAM12-L confers acquired 5-fluorouracil resistance in breast cancer cells. Sci. Rep. 2017, 7, 9687. [Google Scholar] [CrossRef] [PubMed]

	



Wińska, P.; Karatsai, O.; Staniszewska, M.; Koronkiewicz, M.; Chojnacki, K.; Rędowicz, M.J. Synergistic Interactions of 5-Fluorouracil with Inhibitors of Protein Kinase CK2 Correlate with p38 MAPK Activation and FAK Inhibition in the Triple-Negative Breast Cancer Cell Line. Int. J. Mol. Sci. 2020, 21, 6234. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.; Wang, Y.; Wang, F.; Li, L.; Qiu, X. CircFBXL5 promotes the 5-FU resistance of breast cancer via modulating miR-216b/HMGA2 axis. Cancer Cell Int. 2021, 21, 384. [Google Scholar] [CrossRef]

	



Long, S.; Wang, J.; Weng, F.; Pei, Z.; Zhou, S.; Sun, G.; Xiang, D. ECM1 regulates the resistance of colorectal cancer to 5-FU treatment by modulating apoptotic cell death and epithelial-mesenchymal transition induction. Front. Pharmacol. 2022, 13. [Google Scholar] [CrossRef]

	



Wang, W.; Zhao, L.; Wei, X.; Wang, L.; Liu, S.; Yang, Y.; Wang, F.; Sun, G.; Zhang, J.; Ma, Y.; et al. MicroRNA-320a promotes 5-FU resistance in human pancreatic cancer cells. Sci. Rep. 2016, 6, 27641. [Google Scholar] [CrossRef]

	



Liu, B.; Liu, Y.; Zhao, L.; Pan, Y.; Shan, Y.; Li, Y.; Jia, L. Upregulation of microRNA-135b and microRNA-182 promotes chemoresistance of colorectal cancer by targeting ST6GALNAC2 via PI3K/AKT pathway. Mol. Carcinog. 2017, 56, 2669–2680. [Google Scholar] [CrossRef] [PubMed]

	



Awad, A.R.; Youness, R.A.; Ibrahim, M.; Motaal, A.A.; El-Askary, H.I.; Assal, R.A.; Gad, M.Z. An acetylated derivative of vitexin halts MDA-MB-231 cellular progression and improves its immunogenic profile through tuning miR- 20a-MICA/B axis. Nat. Prod. Res. 2021, 35, 3126–3130. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed Youness, R.; Amr Assal, R.; Mohamed Ezzat, S.; Zakaria Gad, M.; Abdel Motaal, A. A methoxylated quercetin glycoside harnesses HCC tumor progression in a TP53/miR-15/miR-16 dependent manner. Nat. Prod. Res. 2020, 34, 1475–1480. [Google Scholar] [CrossRef] [PubMed]

	



Badea, M.A.; Prodana, M.; Dinischiotu, A.; Crihana, C.; Ionita, D.; Balas, M. Cisplatin Loaded Multiwalled Carbon Nanotubes Induce Resistance in Triple Negative Breast Cancer Cells. Pharmaceutics 2018, 10, 228. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.L.; Paoletti, C.; Campisi, M.; Osaki, T.; Adriani, G.; Kamm, R.D.; Mattu, C.; Chiono, V. MicroRNA delivery through nanoparticles. J. Control. Release 2019, 313, 80–95. [Google Scholar] [CrossRef] [PubMed]

	



Menzel, C.; Olsson, E.; Plivelic, T.S.; Andersson, R.; Johansson, C.; Kuktaite, R.; Järnström, L.; Koch, K. Molecular structure of citric acid cross-linked starch films. Carbohydr. Polym. 2013, 96, 270–276. [Google Scholar] [CrossRef]

	



Boanini, E.; Rubini, K.; Panzavolta, S.; Bigi, A. Chemico-physical characterization of gelatin films modified with oxidized alginate. Acta Biomater. 2010, 6, 383–388. [Google Scholar] [CrossRef]

	



Vila, A.; Sánchez, A.; Janes, K.; Behrens, I.; Kissel, T.; Jato, J.L.V.; Alonso, M.a.J. Low molecular weight chitosan nanoparticles as new carriers for nasal vaccine delivery in mice. Eur. J. Pharm. Biopharm. 2004, 57, 123–131. [Google Scholar] [CrossRef]

	



Attia, R.T.; Ewida, M.A.; Khaled, E.; Fahmy, S.A.; Fawzy, I.M. Newly Synthesized Anticancer Purine Derivatives Inhibiting p-EIF4E Using Surface-Modified Lipid Nanovesicles. ACS Omega 2023, 8, 37864–37881. [Google Scholar] [CrossRef]

	



Azzazy, H.M.E.-S.; Abdelnaser, A.; Al Mulla, H.; Sawy, A.M.; Shamma, S.N.; Elhusseiny, M.; Alwahibi, S.; Mahdy, N.K.; Fahmy, S.A. Essential Oils Extracted from Boswellia sacra Oleo Gum Resin Loaded into PLGA–PCL Nanoparticles: Enhanced Cytotoxic and Apoptotic Effects against Breast Cancer Cells. ACS Omega 2023, 8, 1017–1025. [Google Scholar] [CrossRef]

	



de la Fuente, M.; Seijo, B.a.; Alonso, M.J. Novel Hyaluronic Acid-Chitosan Nanoparticles for Ocular Gene Therapy. Investig. Ophthalmol. Vis. Sci. 2008, 49, 2016–2024. [Google Scholar] [CrossRef]

	



Duceppe, N.; Tabrizian, M. Factors influencing the transfection efficiency of ultra low molecular weight chitosan/hyaluronic acid nanoparticles. Biomaterials 2009, 30, 2625–2631. [Google Scholar] [CrossRef] [PubMed]

	



Fahmy, S.A.; Ramzy, A.; El Samaloty, N.M.; Sedky, N.K.; Azzazy, H.M.E.-S. PEGylated Chitosan Nanoparticles Loaded with Betaine and Nedaplatin Hamper Breast Cancer: In Vitro and In Vivo Studies. ACS Omega 2023, 8, 41485–41494. [Google Scholar] [CrossRef]

	



López-León, T.; Carvalho, E.L.S.; Seijo, B.; Ortega-Vinuesa, J.L.; Bastos-González, D. Physicochemical characterization of chitosan nanoparticles: Electrokinetic and stability behavior. J. Colloid. Interface Sci. 2005, 283, 344–351. [Google Scholar] [CrossRef] [PubMed]

	



Barbieri, A.; Quagliariello, V.; Del Vecchio, V.; Falco, M.; Luciano, A.; Amruthraj, N.J.; Nasti, G.; Ottaiano, A.; Berretta, M.; Iaffaioli, R.V.; et al. Anticancer and Anti-Inflammatory Properties of Ganoderma lucidum Extract Effects on Melanoma and Triple-Negative Breast Cancer Treatment. Nutrients 2017, 9, 210. [Google Scholar] [CrossRef]

	



Selem, N.A.; Nafae, H.; Manie, T.; Youness, R.A.; Gad, M.Z. Let-7a/cMyc/CCAT1/miR-17-5p Circuit Re-sensitizes Atezolizumab Resistance in Triple Negative Breast Cancer through Modulating PD-L1. Pathol.-Res. Pract. 2023, 248, 154579. [Google Scholar] [CrossRef] [PubMed]

	



El Din, G.S.; Youness, R.A.; Assal, R.A.; Gad, M.Z. miRNA-506-3p Directly Regulates rs10754339 (A/G) in the Immune Checkpoint Protein B7-H4 in Breast Cancer. Microrna 2020, 9, 346–353. [Google Scholar] [CrossRef] [PubMed]

	



Youssef, S.S.; Abbas, E.; Youness, R.A.; Elemeery, M.N.; Nasr, A.S.; Seif, S. PNPLA3 and IL 28B signature for predicting susceptibility to chronic hepatitis C infection and fibrosis progression. Arch. Physiol. Biochem. 2022, 128, 483–489. [Google Scholar] [CrossRef]

	



Steinle, H.; Ionescu, T.-M.; Schenk, S.; Golombek, S.; Kunnakattu, S.-J.; Tutku Özbek, M.; Schlensak, C.; Wendel, H.P.; Avci-Adali, M. Incorporation of Synthetic mRNA in Injectable Chitosan-Alginate Hybrid Hydrogels for Local and Sustained Expression of Exogenous Proteins in Cells. Int. J. Mol. Sci. 2018, 19, 1313. [Google Scholar] [CrossRef]

	



Azzazy, H.M.E.-S.; Sawy, A.M.; Abdelnaser, A.; Meselhy, M.R.; Shoeib, T.; Fahmy, S.A. Peganum harmala Alkaloids and Tannic Acid Encapsulated in PAMAM Dendrimers: Improved Anticancer Activities as Compared to Doxorubicin. ACS Appl. Polym. Mater. 2022, 4, 7228–7239. [Google Scholar] [CrossRef]

	



Sedky, N.K.; Abdel-Kader, N.M.; Issa, M.Y.; Abdelhady, M.M.M.; Shamma, S.N.; Bakowsky, U.; Fahmy, S.A. Co-Delivery of Ylang Ylang Oil of Cananga odorata and Oxaliplatin Using Intelligent pH-Sensitive Lipid-Based Nanovesicles for the Effective Treatment of Triple-Negative Breast Cancer. Int. J. Mol. Sci. 2023, 24, 8392. [Google Scholar] [CrossRef] [PubMed]

	



Fahmy, S.A.; Sedky, N.K.; Ramzy, A.; Abdelhady, M.M.M.; Alabrahim, O.A.A.; Shamma, S.N.; Azzazy, H.M.E.-S. Green extraction of essential oils from Pistacia lentiscus resins: Encapsulation into Niosomes showed improved preferential cytotoxic and apoptotic effects against breast and ovarian cancer cells. J. Drug Deliv. Sci. Technol. 2023, 87, 104820. [Google Scholar] [CrossRef]

	



Fahmy, S.A.; Ponte, F.; Grande, G.; Fawzy, I.M.; Mandour, A.A.; Sicilia, E.; Azzazy, H.M.E.-S. Synthesis, Characterization and Host-Guest Complexation of Asplatin: Improved In Vitro Cytotoxicity and Biocompatibility as Compared to Cisplatin. Pharmaceuticals 2022, 15, 259. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 02070 g001] 





Figure 1. Impact of 5-FU on cellular viability and proliferation in MDA-MB-231 cells. (A) Cellular viability was assessed using MTT assay; 5-FU resulted in a non-significant alteration in cellular viability compared with control cells. (B) Cellular proliferation rate was assessed using the BrdU incorporation assay. 5-FU resulted in a non-significant alteration in cellular proliferation of MDA-MB-231 cells compared with control cells. Data are presented as the mean ± SEM of three independent experiments. ns p > 0.05. 






Figure 1. Impact of 5-FU on cellular viability and proliferation in MDA-MB-231 cells. (A) Cellular viability was assessed using MTT assay; 5-FU resulted in a non-significant alteration in cellular viability compared with control cells. (B) Cellular proliferation rate was assessed using the BrdU incorporation assay. 5-FU resulted in a non-significant alteration in cellular proliferation of MDA-MB-231 cells compared with control cells. Data are presented as the mean ± SEM of three independent experiments. ns p > 0.05.



[image: Ijms 25 02070 g001]







[image: Ijms 25 02070 g002] 





Figure 2. Impact of 5-FU on JAK/STAT and PI3K/Akt/mTOR pathways in MDA-MB-231 cells. JAK, STAT3, PI3K, and mTOR relative expressions were measured using q-RT-PCR with GAPDH as a housekeeping gene. MDA-MB-231 cells treated with 5-FU for 72 h significantly increased the transcript levels of JAK, STAT3, PI3K, and mTOR compared to control cells. Data are presented as the mean ± SEM of three independent experiments. *** p < 0.001, * p < 0.05 compared with the control group. 
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Figure 3. Impact of 5-FU on miRNAs regulating JAK/STAT and PI3K/Akt/mTOR pathways in MDA-MB-231 cells. Six miRNAs (miR-155, miR-486-5p, miR-147, miR-1275, miR-615-5p, and Let-7i) were measured relative to RNU6B (a housekeeping gene). MDA-MB-231 cells treated with 5-FU for 72 h resulted in a non-significant alteration of miR-155, miR-486-5p, and miR-147. However, it showed a significant attenuation of miR-1275, miR-615-5p, and Let-7i in 5-FU-treated cells compared to control cells. Data are presented as the mean ± SEM of three independent experiments. ns p > 0.05, ** p < 0.01, *** p < 0.001 compared with mock cells. 
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Figure 4. Impact of miR-1275, miR-615-5p, and Let-7i on cellular viability and proliferation in MDA-MB-232 cells. miR-1275, miR-615-5p, and Let-7i were measured relative to RNU6B (a housekeeping gene) in MDA-MB-231 cells transfected by respective oligonucleotide mimics and mock cells. Efficient and significant transfection of (A) miR-1275, (B) miR-615-5p, and (C) Let-7i was confirmed. (D) Cellular viability was assessed using the MTT assay. MDA-MB-231 cells transfected by miR-1275, miR-615-5p, and Let-7i showed significant repression in cellular viability compared to mock cells. Similarly, (E) the cellular proliferation rate was assessed using the BrdU incorporation assay. MDA-MB-231 cells transfected by miR-1275, miR-615-5p, and Let-7i showed significant repression in cellular proliferation compared to mock cells. Data are presented as the mean ± SEM of three independent experiments. ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with mock cells. 
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Figure 5. Zeta potential values of the prepared CsNP formulas. 
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Figure 6. Transmission electron microscopy (TEM) images of (A) 5-FU-loaded CsNPs and (C) fluorouracil/miR-1275/miR-615-5p/Let-7i-loaded CsNPs with their diameter histograms (B and D, respectively). 






Figure 6. Transmission electron microscopy (TEM) images of (A) 5-FU-loaded CsNPs and (C) fluorouracil/miR-1275/miR-615-5p/Let-7i-loaded CsNPs with their diameter histograms (B and D, respectively).



[image: Ijms 25 02070 g006]







[image: Ijms 25 02070 g007] 





Figure 7. In vitro release assay. In vitro release of 5-FU, miR-1275, miR-615, and Let-7i from formula F5 in PBS at pH 7.4 and pH 5.5 at 37 °C, respectively. 
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Figure 8. Impact of microRNA-loaded chitosan nanoparticles on MDA-MB-231 cellular viability and proliferation. (A) Cellular viability was assessed using MTT assay, where chitosan nanoparticles loaded with different cargos showed significant repression in cellular viability compared with control cells, where F5 showed the most significant repression in cellular viability. (B) The cellular proliferation rate was assessed using a BrdU incorporation assay. CsNPs loaded with different cargos showed significant repression in cellular proliferation compared with control cells, where F5 showed the most significant repression in cellular proliferation. Data are presented as the mean ± SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with control cells. 
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Figure 9. Graphical representation of F5-CsNPs effects in MDA-MB-231 cells. 
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Table 1. Loading components of the different CsNP formulas.
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	Formula Code
	5-FU
	miR-1275
	miR-615-5p
	Let-7i





	F1
	+
	−
	−
	−



	F2
	+
	+
	−
	−



	F3
	+
	−
	+
	−



	F4
	+
	−
	−
	+



	F5
	+
	+
	+
	+










 





Table 2. Average sizes and EE% and DLC% of the five prepared formulas. Data are presented as the mean ± SD; n = 3.
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Formula

	
Average Size (nm)

	
EE [%]

	
DLC [%]




	
5-FU

	
miR-1275

	
miR-615-5p

	
Let-7i

	
5-FU

	
miR-1275

	
miR-615-5p

	
Let-7i






	
F1

	
190.3 ± 6.3

	
70.3 ± 2.1

	
-

	
-

	
-

	
2.3 ± 0.1

	
-

	
-

	
-




	
F2

	
209.1 ± 3.4

	
79.8 ± 3.9

	
91.1 ± 2.4

	
-

	
-

	
2.6 ± 0.2

	
3.3 ± 0.1

	
-

	
-




	
F3

	
206.3 ± 8.4

	
80.7 ± 4.2

	
-

	
93.6 ± 2.7

	
-

	
2.5 ± 0.05

	
-

	
3.5 ± 0.17

	
-




	
F4

	
216.4 ± 5.1

	
78.5 ± 2.6

	
-

	
-

	
92 ± 4.9

	
2.7 ± 0.1

	
-

	
-

	
3.4 ± 0.02




	
F5

	
260.6 ± 11.5

	
85.6 ± 2.1

	
96.3 ± 1.9

	
98.5 ± 3.3

	
97.1 ± 4.1

	
2.9 ± 0.03

	
3.9 ± 0.1

	
4.1 ± 0.08

	
4.0 ± 0.07
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