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Abstract

:

Simple Summary


The culture of lung cancer stem cells (LCSCs) is not possible using traditional flat polystyrene surfaces. The study of these tumor-initiating cells is fundamental due to their key role in the resistance to anticancer therapies, tumor recurrence, and metastasis. Hence, we evaluated the use of polycaprolactone electrospun (PCL-ES) scaffolds for culturing LCSC population in sensitive and resistant EGFR-mutated lung adenocarcinoma models. Our findings revealed that both cell models seeded on PCL-ES structures showed a higher drug resistance, enhanced levels of several genes and proteins related to epithelial-to-mesenchymal process, stemness, and surface markers, and the activation of the Hedgehog pathway. We also determined that the non-expression of CD133 was associated with a low degree of histological differentiation, disease progression, distant metastasis, and worse overall survival in EGFR-mutated non-small cell lung cancer patients. Therefore, we confirmed PCL-ES scaffolds as a suitable three-dimensional cell culture model for the study of LCSC niche.




Abstract


The establishment of a three-dimensional (3D) cell culture model for lung cancer stem cells (LCSCs) is needed because the study of these stem cells is unable to be done using flat surfaces. The study of LCSCs is fundamental due to their key role in drug resistance, tumor recurrence, and metastasis. Hence, the purpose of this work is the evaluation of polycaprolactone electrospun (PCL-ES) scaffolds for culturing LCSCs in sensitive and resistant EGFR-mutated (EGFRm) lung adenocarcinoma cell models. We performed a thermal, physical, and biological characterization of 10% and 15%-PCL-ES structures. Several genes and proteins associated with LCSC features were analyzed by RT-qPCR and Western blot. Vimentin and CD133 tumor expression were evaluated in samples from 36 patients with EGFRm non-small cell lung cancer through immunohistochemistry. Our findings revealed that PC9 and PC9-GR3 models cultured on PCL-ES scaffolds showed higher resistance to osimertinib, upregulation of ABCB1, Vimentin, Snail, Twist, Sox2, Oct-4, and CD166, downregulation of E-cadherin and CD133, and the activation of Hedgehog pathway. Additionally, we determined that the non-expression of CD133 was significantly associated with a low degree of histological differentiation, disease progression, and distant metastasis. To sum up, we confirmed PCL-ES scaffolds as a suitable 3D cell culture model for the study of the LCSC niche.
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1. Introduction


Lung cancer is the leading cause of cancer-related mortality worldwide among men and women [1]. The 5-year survival rate is 19.4%, and about 57% of lung cancer cases are diagnosed at advanced stages of the disease when surgical resection is not possible and radio- and chemotherapy show a response rate of roughly 25% [2,3]. Non-small cell lung cancer (NSCLC) is the most common subtype, and approximately 40% of cases are diagnosed as adenocarcinoma [4]. The discovery of activating mutations in the tyrosine kinase domain of the epidermal growth factor receptor (EGFR) led to the development of different targeted therapies, such as gefitinib or osimertinib. Despite the good initial response to these therapies, most patients develop progressive disease, acquiring resistance through different mechanisms [5,6]. Therefore, there is an indubitable need to better understand the disease in order to identify new biomarkers.



Cancer stem cells (CSCs) are a small subpopulation within the tumor responsible for cancer recurrence, metastasis, and resistance to current therapies. These tumor-initiating cells have self-renewal and pluripotency capacities [7,8,9]. The stemness potential is closely regulated by several transcription factors, such as Sox2, Oct-4, and Nanog [10,11,12]. Consequently, lung cancer stem cells (LCSCs) play a key role in the occurrence and development of lung cancer by driving intratumor heterogeneity [13]. Different surface markers have been linked to this malignant subpopulation, such as CD133, CD166, CD24, or CD90 [14,15,16,17]. Cancer cells are also capable of removing cell–cell and cell–matrix interactions to migrate from the primary tumor to other organs through the epithelial-to-mesenchymal transition (EMT) process [18]. EMT is also related to cancer stemness and resistance to anticancer therapies [19]. Furthermore, researchers have reported that the canonical Wnt/β-catenin and the Hedgehog signaling pathways are crucial for the LCSC population [20,21].



Lung cancer is traditionally studied using two-dimensional (2D) cell culture and animal models. Nonetheless, these methodologies have some limitations. Monolayer culture does not fully mimic the tumor microenvironment where the extracellular matrix (ECM) has an essential role in some processes, for example gene expression and drug response. At the same time, cancer cells affect ECM deposition, degradation, and remodeling, influencing tumor progression and invasiveness [22]. Although 2D cell culture is a well-established, simple, and economical method, flat surfaces alter apical-basal polarity, nutrient and oxygen distribution, soluble gradients, and cell proliferation, morphology, and interactions [23]. Additionally, monolayer culture causes the differentiation of CSCs, which lose their stemness behavior [24]. Animal models offer a natural in vivo environment, but they are expensive and their use is discouraged due to the 3R (Replacement, Reduction, and Refinement) principle. Only 8% of drugs tested in animal systems remain in clinical trials; hence, they do not predict human responses properly [25]. Thus, more reliable and suitable in vitro culture systems are required to reduce the number of animals for scientific research.



In the past few years, researchers have studied several three-dimensional (3D) strategies to simulate physiological lung tissue conditions, such as decellularized lung scaffolds [26], hydrogel matrices [27], tumors-on-chip [28], patient-derived organoids [29], cell-line spheroids [30], or biopolymeric structures [31,32], among others. Chen et al. highlighted that not only oncogenic changes but also the surrounding microenvironment are crucial for the definitive cell phenotype in lung adenocarcinoma [33]. Cell proliferation, genetic and protein expression, and response to drugs are modified in cells cultured on 3D models compared to monolayer culture [22]. Besides this, researchers have pointed out that mechanical signals induced by cell-generated physical force cause changes in cell morphology, adhesion, alignment, differentiation, and migration [34]. Electrospinning is a cost-effective and simple technique that produces nanofibers similar to the ECM structure [35]. Moreover, electrospun (ES) scaffolds provide a 3D configuration that possesses a high surface area-to-volume ratio, allowing cell attachment. Polycaprolactone (PCL) is a synthetic polymer frequently selected for scaffold manufacturing. It is commonly used with electrospinning technology because of its low melting temperature (around 60 °C) and easy adjustability. This low-cost material is suitable for biomedical and cell culture applications due to its biocompatibility, bioresorbability, and long-term biodegradability [36]. Previously, our research group reported that PCL-ES platforms increase the CSC population in breast cancer [37].



The main aim of this study was to evaluate the effectiveness of PCL-ES scaffolds for culturing the LCSC niche. Sensitive and resistant EGFR-mutated (EGFRm) lung adenocarcinoma cell models were seeded on the resulting meshes from two different PCL concentrations (10 and 15% w/v), and then several LCSC features were analyzed. Moreover, Vimentin and CD133 tumor expression were also evaluated in 36 samples from patients with EGFRm NSCLC in order to validate in vitro results.




2. Materials and Methods


2.1. Chemicals & Reagents


Polycaprolactone (PCL, Mn 80,000 g/mol), paraformaldehyde, TritonTM X-100, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), bovine serum albumin (BSA) (≥98.0%), phenylmethylsulfonylfluoride (PMSF), TWEEN® 20, and primers (Table S1) were purchased from Sigma-Aldrich (St. Louis, MO, USA). BSA Fraction V pH for Western blotting (min. 96%), acetone (min. ≥99.8%), and tris-buffered saline (TBS) were provided from PanReac AppliChem (Gatersleben, Germany). Ethanol absolute was obtained from Labkem-Labbox Labware S.L. (Barcelona, Spain) and Qiazol was acquired by Qiagen (Hilden, Germany). Roswell Park Memorial Institute (RPMI-1640) medium, penicillin/streptomycin 10,000 U/mL, phosphate-buffered saline (PBS), and trypsin 10× were supplied from Lonza (Basilea, Switzerland) and fetal bovine serum (FBS) was purchased from HyClone (Logan, UT, USA). DC Protein Assay, 40% acrylamide solution, and ClarityTM Western ECL Substrate were obtained from Bio-Rad (Hercules, CA, USA). Rhodamine-phalloidin was acquired from Cytoskeleton Inc. (Denver, CO, USA) and 4,6-diamidino-2-phenylindole (DAPI) was provided from BD Pharmingen (Franklin Lakes, NJ, USA). GeneJET RNA Purification Kit, nitrocellulose membranes, and West Femto Maximum Sensitivity Substrate were supplied by Thermo Fisher Scientific Inc. (Waltham, MA, USA). High Capacity cDNA Archive Kit was purchased from Applied Biosystems (Foster City, CA, USA) and qPCRBIO SyGreen Mix Lo-Rox was obtained from PCR Biosystems Inc. (Wayne, PA, USA). Lithium dodecyl sulfate (LDS) sample buffer and sample reducing agent were acquired from Invitrogen (Carlsbad, CA, USA). Lysis buffer was purchased from Cell Signaling Technology (CST) Inc. (Danvers, MA, USA). Antibodies (Table S2) were provided from CST, Abcam (Cambridge, UK), ProteinTech® (Manchester, UK), and Roche Diagnostics (Basilea, Switzerland). Osimertinib was kindly supplied by AstraZeneca (Cambridge, UK). UltraView Universal DAB Detection Kit and Amplification Kit were purchased from Roche Diagnostics.




2.2. Electrospun Scaffolds Manufacturing


PCL was dissolved in acetone at 10% and 15% (w/v) under agitation at 60 °C for 24 h. Scaffolds were manufactured by an electrospinning machine (Spraybase, Dublin, Ireland). The solution was moved to a 20 mL syringe connected to a stainless steel 18G needle (inner diameter of 0.8 mm) through a polytetrafluoroethylene tube (inner diameter of 1 mm). The distance between the emitter and collector was 10 cm. The electrospinning process was established by Syringe Pump Pro software (New Era Pump Systems; Farmingdale, NY, USA). For the 10% PCL concentration, 8.5 mL of solution was ejected at a voltage of 9 kV and a flow rate of 6 mL/h. For the 15% PCL concentration, 5 mL was ejected at a voltage of 7 kV and a flow rate of 6 mL/h. The resulting meshes were cut and sterilized as described elsewhere [38].




2.3. Thermal Analysis


2.3.1. Thermogravimetric Analysis


The thermal stability of PCL-ES scaffolds was determined by thermogravimetric analysis (TGA) using Mettler-Toledo TGA/DSC 1 (Mettler-Toledo; Columbus, OH, USA). Samples (11.45 mg for 10% PCL; 10.03 mg for 15% PCL) were performed at a heating rate of 10 °C/min at a temperature range from 30 to 700 °C under a nitrogen atmosphere.




2.3.2. Differential Scanning Calorimetry


The calorimetric behavior of PCL-ES structures was measured by differential scanning calorimetry (DSC) using TA Instruments Q2000 (TA Instruments; New Castle, DE, USA). Samples (4.71 mg for 10% PCL; 5.42 mg for 15% PCL) were contained in an aluminum pan under a dynamic nitrogen atmosphere (50 mL/min) at a heating rate of 10 °C/min from 30 to 100 °C.




2.3.3. Dynamic Mechanical Analysis


The viscoelastic property of PCL-ES scaffolds was measured by dynamic mechanical analysis (DMA) using Mettler-Toledo DMA/SDTA861e (Mettler-Toledo). The size samples were 5.50 mm of length, 7.00 mm of width, and 0.65 mm of thickness. DMA was performed in tensile test mode, at a heating rate of 5 °C from −85 °C to 45 °C with 1 Hz of frequency and 50 μm of amplitude.





2.4. PCL Electrospun Scaffolds Observation through Scanning Electrone Microscopy


The weight and thickness of PCL-ES scaffolds were measured by the Sartorius ED224S analytical balance (Sartorius; Göttingen, Germany) and the Mahr Micromar 40 EWV digital micrometer (Mahr; Göttingen, Germany), respectively. Samples were cut and stuck with a carbon bioadhesive. To provide conductivity, a layer of colloidal silver surrounded the sample and afterwards, the carbon was eliminated by the Quorum Emitech K950 Turbo Evaporator (Emitech, Kent, UK). The microarchitecture was examined by the Hitachi S4100 field emission scanning electron microscope (FESEM) (Hitachi; Tokyo, Japan) and images were captured by Quartz PCi software (Quartz; Vancouver, Canada). The average values of fiber diameter, surface porosity, and pore area were determined from top and bottom sides via ImageJ software (National Institutes of Health; Bethesda, MD, USA).




2.5. Weight Degradation Assay


PCL-ES structures were firstly weighed using the analytical balance (Sartorius). Afterward, they were sterilized, relocated to non-adherent cell culture 12-well plates (Sarstedt, Nümbrecht, Germany), and 2 mL of supplemented medium was added into the wells. Scaffolds were maintained in the incubator for 3, 6, 14, or 28 days, and then they were washed twice with PBS, air-dried, and weighed again. Control samples were directly air-dried and weighed after their sterilization.




2.6. Protein Adsorption Assay


Sterilized scaffolds were soaked in 2 mL of supplemented medium and blank samples in PBS. Structures were placed in the incubator at 37 °C and 5% CO2 for 3 and 6 days. In order to guarantee that only proteins attached to meshes were analyzed, PCL-ES scaffolds were put into new wells after their PBS rinsing. The protein amount from each sample was calculated through a BSA standard curve by DC Protein Assay. Absorbance was measured at 700 nm in a microplate reader (Bio-Rad).




2.7. Cell Models


Human EGFRm lung adenocarcinoma PC9 and its gefitinib and osimertinib resistant derivative PC9-GR3 models were kindly provided by Dr. R. Rosell and Dr. M. A. Molina (Barcelona, Spain). Cells were routinely grown in RPMI-1640 medium supplemented with 10% FBS, and 50 U/mL penicillin/streptomycin. Cells were maintained at 37 °C and 5% CO2 atmosphere, regularly monitored, and remained mycoplasma-free.




2.8. Three-Dimensional Cell Culture


Sterilized scaffolds were put in non-adherent cell culture plates (Sarstedt) and immersed in supplemented medium for 30 min at 37 °C and in a 5% CO2 atmosphere to ensure cell attachment. The appropriate cell density was prepared in 50 μL of medium for 12-well scaffolds and 75 μL for 6-well ones. PC9 and PC9-GR3 models were seeded in scaffolds as previously described [39].




2.9. Nucleus and Cytoplasm Elongation


Cells were seeded on adherent coverslips (Sarstedt) and sterilized scaffolds for 3 and 6 days. After the PBS rinsing, cells were fixed with 4% (w/v) paraformaldehyde, permeated using 0.2% (v/v) Triton X-100, blocked using 3% (w/v) BSA, and dyed the actin cytoskeleton by rhodamine-phalloidin (1:250) and the nucleus by DAPI (1:1000). Fluorescence was examined through a Nikon A1R confocal laser scanning microscope (CLSM) (Nikon, Tokyo, Japan) and all images were taken by Nikon NIS-Elements AR v4.10 software (Nikon). Image J (National Institutes of Health, Bethesda, MD, USA) software was used to determine nuclear and cytoplasmic elongation. As described elsewhere [40], five cells from each image were randomly chosen to measure the length and width of the nucleus and cytoplasm.




2.10. Cell Viability Assays


To compare cell viability rate in 2D and 3D cell cultures, sensitive and resistant models were cultured on adherent cell culture 12-well plates and 10–15% PCL-ES scaffolds for 3 and 6 days. Afterward, PCL-ES structures were rinsed twice with PBS and placed in new wells. Finally, the MTT assay was performed as previously described [38].



To investigate osimertinib resistance of cells cultured on 2D and 3D culture, PC9 and PC9-GR3 models were seeded as previously mentioned. After 3 or 6 days, cells were treated with different concentrations of osimertinib for 48 h. Thereafter, the MTT assay was performed.




2.11. Quantitative Real-Time PCR Analysis


Cells cultured on 2D and PCL-ES scaffolds for 3 and 6 days were trypsinized, recollected, and resuspended in 700 μL of Qiazol. In order to obtain RNA from samples, the GeneJET RNA Purification Kit was performed following the manufacturer’s protocol and the RNA isolated was quantified by a NanoDrop 2000 Spectophotometer (ThermoFisher Scientific). RNA was reverse-transcribed into complementary DNA (cDNA) using the High Capacity cDNA Archive Kit. Gene expression levels were detected using primers (Table S1) and qPCRBIO SyGreen Mix Lo-Rox through the QuantStudio3 Real-Time PCR System (ThermoFisher Scientific Inc., Waltham, MA, USA). Results obtained were transformed using the standard formula 2ΔCT and normalized to the housekeeping GAPDH.




2.12. Immunoblotting Analysis


Cells cultured on 2D and PCL-ES scaffolds for 3 and 6 days were trypsinized, recollected and lysed by vortexing every 5 min for 30 min in ice-cold lysis buffer with 100 μg/mL PMSF. Protein concentration was calculated through a BSA standard curve by DC Protein Assay. Equal amounts of protein were heated in LDS and reducing agent for 10 min at 70 °C. Thereafter, total protein was separated by SDS-polyacrylamide gel (SDS-PAGE) and moved to nitrocellulose membranes. Membranes were incubated for 3 h at room temperature in blocking buffer (5% BSA in TBS 0.05% Tween (TBS-T)) and overnight at 4 °C with the corresponding primary antibody (Table S2) diluted in blocking buffer. Specific horseradish peroxidase (HRP)-conjugated secondary antibodies were incubated for 90 min at room temperature before being detected in the Bio-Rad ChemiDocTM MP Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using a chemiluminescent HRP substrate ClarityTM Western ECL Substrate or West Femto Maximum Sensitivity Substrate.




2.13. Selection of Patients


Between 2006 and 2019, at the Dr. Josep Trueta University Hospital (Girona, Spain), 45 patients met inclusion criteria. Clinical characteristics of the patients and pathological features of the tumors were analyzed retrospectively and obtained from the medical records. However, only 36 patients had sufficient tumor sample for immunohistochemical analysis. The samples were from biopsy, but all patients had received EGFR-tyrosine kinase inhibitors (TKIs) at some point.




2.14. Immunohistochemistry Assay of Tissue Samples


CD133 and Vimentin tumor expression were determined by immunohistochemistry (IHC) in 3 µm thick slides from formalin-fixed paraffin-embedded tissue blocks of the primary tumor using a BenchMark ULTRA-Ventana instrument (Roche Diagnostics). The UltraView Universal DAB Detection Kit and the Amplification Kit were used for the detection of CD133 and Vimentin antibodies. A negative control was included by using mouse IgG at a comparable concentration instead of the primary antibody. Kidney and colon tissue were also examined as a control expression of CD133 and Vimentin, respectively. CD133 expression was considered as positive when at least 1% of the cells showed cytoplasmic and/or membrane staining. Vimentin expression was classified as positive when 10% or more of the cells were stained.




2.15. Data Analysis


The statistical analysis was performed through the IBM SPSS software (Version 25.0; SPSS Inc., Chicago, IL, USA) and R software (Version 4.0.4; The R Foundation, Vienna, Austria). For in vitro experiments, they were performed at least three times and the results obtained are expressed as mean ± standard error of the mean (SEM). For samples from patients, categorical variables are summarized as counts and percentages, and continuous variables as the number of non-missing observations, the mean ± standard deviation (SD), or the median and interquartile range [IQR], depending on the distribution of the variable. Categorical variables were compared by Fisher’s exact tests. Overall Survival (OS) and Progression Free Survival (PFS) probabilities were estimated according to the method of Kaplan–Meier. Statistical differences between curves were calculated using the log-rank test. For two-group comparisons, parametric data were analyzed by Student’s t test and non-parametric data by Mann–Whitney U test. For more than two groups’ comparisons, parametric data were analyzed by one-way analysis of variance (ANOVA) using Bonferroni or Tamhane’s T2 post hoc test and non-parametric data were analyzed by Kruskal–Wallis test. Levels of significance were established at p < 0.050 and are represented by asterisks, as follows: p < 0.050 (*), p < 0.010 (**), and p < 0.001 (***).





3. Results


3.1. Characterization of PCL-ES Scaffolds


3.1.1. Thermal Characterization of PCL-ES Scaffolds


The thermal stability of structures was tested by TGA (Figure S1a,b). The first stage of the curve, from 30 °C to 380 °C with a slight weight loss of about 10%, corresponded to water vaporization and the elimination of unstable fragments. The weight degradation occurred from 387 °C to 430 °C for 10%-PCL-ES meshes and from 388 °C to 429 °C for 15%-PCL ones. After their decomposition, 10% and 15%-PCL-ES supports showed a residual weight of 9.88% and 9.66%, respectively.



The thermal properties of scaffolds were revealed by DSC (Figure S1c,d). A single peak was observed in both 3D platforms corresponding to melting temperature (Tm) which was 59.66 °C for 10%-PCL-ES matrices and 59.52 °C for 15%-PCL ones. Regarding the enthalpy of fusion (ΔHf), 10% and 15%-PCL-ES meshes absorbed 74.90 J/g and 73.69 J/g, respectively.



The structural and viscoelastic behavior of 3D supports were examined by DMA (Figure S1e,f). We determined a storage modulus (E’) value of 6.25 MPa and 7.22 MPa at 25 °C (room temperature), and 4.52 MPa and 5.40 MPa at 37 °C (physiological conditions) for 10% and 15%-PCL-ES platforms, respectively. In terms of the Tan Delta curve, the glass transition temperature (Tg) was −42.56 °C and −49.65 °C for 10% and 15%-PCL-ES structures, respectively.




3.1.2. Microarchitecture of PCL-ES Scaffolds


The top (TS) and bottom (BS) sides of 3D meshes were displayed using SEM (Table 1) to expose their microarchitecture and measure their filament diameter, porosity, and pore area.



One filament population was confirmed in 10%-PCL-ES matrices, whereas 15%-PCL ones exhibited two subpopulations of filaments (Figure S2). Additionally, beads (non-filamentous polymer) were observed in 10%-PCL-ES platforms. On the other hand, 15%-PCL-ES scaffolds showed higher fiber diameter, lower surface porosity, and larger pore area compared to 10%-PCL ones, in a significant way (Table 2). Significant differences were also found between top and bottom sides in the fiber diameter (329.69 ± 33.97 nm for TS, 297.94 ± 24.89 nm for BS; p = 0.007) and the surface porosity (66.13 ± 1.29% for TS, 70.34 ± 1.20% for BS; p = 0.036) of 10%-PCL-ES structures and the fiber diameter (1501.42 ± 570.10 nm for TS, 1979.60 ± 376.64 nm for BS; p = 1. 000 × 10−4) and pore area (0.70 ± 0.35 μm2 for TS, 0.76 ± 0.36 μm2 for BS; p = 0.019) of 15%-PCL ones.




3.1.3. Effect of the Sterilization Process and Medium Immersion on PCL-ES Scaffolds


A weight degradation assay was performed to discern whether the sterilization procedure and medium soaking altered PCL-ES matrices (Figure 1a). The process of sterilization resulted in an increase of approximately 5–7% of their weight. Significant differences were found between the weight before and after sterilization in 3D supports. However, no significant variations were found between their weight after sterilization and medium immersion for 3, 6, 14, or 28 days. The medium soaking neither changed the weight of PCL-ES platforms throughout the 28-day period.



We also investigated the scaffold capacity to adsorb protein from the medium on their surface after 3 and 6 days of incubation (Figure 1b). Both 3D structures were able to adsorb protein, which was significantly greater after 3 days than 6 days. Moreover, 15%-PCL-ES meshes exhibited a higher capacity to adsorb protein than 10%-PCL ones after 3 days.





3.2. Morphology of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


To examine possible changes in cell morphology, PC9 and PC9-GR3 models were cultured on 2D and 3D (10% and 15%-PCL-ES) matrices for 3 and 6 days. The stained nucleus and actin cytoskeleton were displayed using CLSM (Figure 2a,b).



PC9 cells seeded on 3D platforms showed a significantly higher nucleus elongation compared to the monolayer and 10%-PCL ones (Figure 2c). Additionally, a significantly larger cytoplasmic lengthening was observed on cells grown on 15%-PCL-ES scaffolds for 3 and 6 days. Regarding culture time, PC9 cultured on 15%-PCL-ES structures also exhibited a more extended cytoplasm for 6 days than 3 days.



PC9-GR3 seeded on 15%-PCL-ES meshes for 3 and 6 days showed a significantly larger nucleus extension in comparison with 2D and 10%-PCL ones (Figure 2d). After 3 days, cells grown on 10%-PCL-ES supports also demonstrated a significantly higher elongated nucleus in contrast to the monolayer. It was observed a tendency to elongate the cytoplasm in cells seeded on 3D culture for 3 days in contrast to 2D. Nonetheless, PC9-GR3 grown on 10%-PCL-ES scaffolds for 6 days exhibited a shrunken cytoplasm compared to those grown for 3 days. The largest elongation of nucleus and cytoplasm were determined in cells seeded on 15%-PCL-ES meshes compared to the monolayer, for 6 days in PC9 and 3 days in PC9-GR3.



Actin and tubulin were analyzed by RT-qPCR and Western blot (Figure 3) in order to clarify whether cells changed their expression as a consequence of 3D culture. The uncropped immunoblottings can be found in Figure S3.



Although no changes were observed in ACTB expression in PC9, β-actin protein levels were decreased in cells cultured on 3D supports for 6 days. TUBB mRNA expression and γ-tubulin protein levels were also diminished in the same culture conditions. No alterations were detected in α- and β-tubulin protein levels.



Regarding the PC9-GR3 cell model, ACTB mRNA levels were upregulated in cells cultured on 3D platforms for 3 days compared to 2D, being statistically significant in 15%-PCL ones. β-actin protein expression was also increased in cells seeded on 3D culture for 3 and 6 days, despite the ACTB reduction in scaffolds for 6 days. Cells grown on 3D structures exhibited an increase of α- and β-tubulin proteins expression for 3 days and an increase of γ-tubulin for 6 days. No changes were exhibited in TUBB mRNA levels, except for the significant reduction shown in 10%-PCL-ES meshes compared to the monolayer for 6 days.




3.3. Viability of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


Differences in the viability of PC9 and PC9-GR3 cell models cultured on PCL-ES matrices or monolayer were studied through the MTT assay for 3 and 6 days (Figure 4). In both models, cells grown on 3D culture exhibited a lower rate compared to 2D. Cells seeded on 15%-PCL-ES meshes showed a higher viability than on 10%-PCL ones. Furthermore, it was observed that there was a tendency to decrease cell viability in cells cultured on 3D supports after 6 days in contrast to 3 days.




3.4. Evaluation of EGFR Status in Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


The status of EGFR in PC9 and PC9-GR3 cell models cultured on PCL-ES scaffolds was evaluated after 3 and 6 days of culture (Figure 5). The uncropped immunoblottings can be found in Figure S3.



Although no changes were observed in EGFR mRNA expression and phosphorylated EGFR protein levels in PC9 seeded on 3D matrices, a slight reduction in total EGFR protein expression was observed in 10%-PCL-ES meshes after 3 days of culture and in both 3D platforms after 6 days.



EGFR mRNA levels were significantly higher in PC9-GR3 grown on PCL-ES structures. However, total EGFR protein expression was reduced in 3D supports after 6 days of culture. No changes were exhibited in phosphorylated EGFR expression.




3.5. Study of LCSC population in Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


3.5.1. Resistance to Osimertinib of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


To evaluate the capacity of PCL-ES matrices to culture the LCSC population, the resistance to osimertinib was investigated in PC9 and PC9-GR3 cell models seeded on 2D or 3D culture for 3 or 6 days, and then treated with the EGFR-TKI for an extra 48 h.



As shown in Figure 6a, no differences were found between PC9 seeded on PCL-ES structures and 2D after the treatment with 0.001 and 1 μM of osimertinib. Moreover, cells grown on 10%-PCL-ES meshes for 6 days exhibited significantly lower cell viability in comparison with control. Nevertheless, at the highest concentrations of osimertinib, PC9 cultured on 3D supports was significantly more resistant than on 2D culture.



Regarding the PC9-GR3 model, cells seeded on 3D culture were more resistant to osimertinib compared to the monolayer in all treatments assayed, as displayed in Figure 6b. As the EGFR-TKI concentration increased, the differences exhibited between 2D and 3D culture became more evident.



ABCB1 and ABCG2 mRNA expression was also determined through RT-qPCR in both cell models cultured on PCL-ES platforms for 3 and 6 days (Figure 6c,d).



ABCB1 levels were increased in cells cultured on 10%-PCL-ES structures for 3 days in PC9 and both 3D meshes after 6 days in PC9 and PC9-GR3 models. No changes were found in ABCG2 expression in PC9 in any cell culture condition. However, ABCG2 was slightly higher in PC9-GR3 seeded on 10%-PCL-ES meshes for 3 and 6 days.




3.5.2. Epithelial-to-Mesenchymal Transition (EMT) of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


We examined different transcription factors that trigger EMT, such as Snail, Slug, Twist, and Zeb1, by RT-qPCR, and E-cadherin and Vimentin by RT-qPCR and immunoblotting to determine the capacity of PCL-ES scaffolds to induce this process (Figure 7). The uncropped Western blots can be found in Figure S4 and Figure S5.



CDH1 mRNA expression was slightly increased in PC9 grown on PCL-ES supports, being statistically significant in 10%-PCL ones compared to 2D after 6 days of culture. Nonetheless, E-cadherin protein levels were clearly diminished in cells on 3D culture after 3 and 6 days. VIMENTIN mRNA expression was significantly higher in PC9 cultured on 3D for 3 and 6 days in comparison with the monolayer, which is in agreement with its protein levels. Regarding the transcriptional factors, a significant enhancement of SNAIL and TWIST was shown in PC9 cultured on 15%-PCL-ES scaffolds for 3 days. No changes were found in SLUG. ZEB1 mRNA levels were approximately three times greater in cells seeded on 3D in contrast to 2D, being statistically significant for both PCL-ES matrices after 3 days and only 15%-PCL ones after 6 days of culture.



Although no changes in CDH1 were observed in PC9-GR3, a reduction in E-cadherin protein levels was determined in cells grown on 15%-PCL-ES meshes for 6 days. mRNA and protein expression of Vimentin were higher in 3D supports after 6 days of culture. SNAIL and SLUG expression were significantly increased in PC9-GR3 cultured on 15%-PCL-ES platforms compared to the monolayer after 6 days and 3 days of culture, respectively. TWIST mRNA levels were approximately two times larger in cells seeded on 3D in comparison with 2D, but no changes were found for ZEB1.




3.5.3. Self-Renewal, Stemness and Pluripotency Markers of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


Sox2, Oct-4, and Nanog expression were determined in 3D culture by RT-qPCR and Western blot to examine the capacity of PCL-ES scaffolds to culture this malignant subpopulation (Figure 8). The uncropped immunoblottings can be found in Figure S4 and Figure S5.



SOX2 mRNA levels increased about five times in PC9 grown on PCL-ES matrices, being statistically significant in 15%-PCL ones after 3 days and 10%-PCL ones after 6 days of culture in contrast to the monolayer. Sox2 total protein levels were slightly greater in 3D after 6 days of culture. OCT3/4 and NANOG expression were also larger in cells cultured on 3D for 6 days compared to 2D. Nevertheless, phosphorylated Sox2 and total Oct-4A protein were enhanced on cells seeded on 15%-PCL-ES structures for 3 days, and Nanog in both 3D meshes in comparison with the monolayer, but then their levels were diminished after 6 days of culture.



PC9-GR3 cultured on 10%-PCL-ES supports for 3 days caused a slight enhancement of SOX2, OCT3/4, and NANOG mRNA expression in contrast to 2D. An important increase of SOX2 was also shown in cells grown on 10%-PCL-ES platforms for 6 days and on 15%-PCL ones after 3 days of culture. Phosphorylated levels of Sox2 were higher in 3D culture after 6 days of culture, but Oct-4A protein levels were larger after 3 days compared to the monolayer. Although no changes were observed in mRNA expression, PC9-GR3 seeded on 10%-PCL-ES structures for 6 days produced a slight increase in Oct-4A and Nanog protein levels.




3.5.4. Membrane Receptors of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


The expression of CD133, CD166, CD24, and CD90 were evaluated in 3D culture by RT-qPCR and immunoblotting to determine the capacity of ES-PCL scaffolds to culture LCSC population (Figure 9). The uncropped Western blots can be found in Figure S4 and Figure S5.



Although CD133 mRNA expression slightly increased in PC9 cultured on 3D matrices, a reduction was determined in its protein levels. The same results were found in CD24 mRNA and protein expression. CD166 mRNA levels were greater in 3D in comparison with 2D, being statistically significant in 15%-PCL-ES supports after 3 days of culture and 10% and 15%-PCL ones after 6 days. CD166 protein levels were larger in PC9 cultured on 3D for 3 days, however they were reduced after 6 days of culture in contrast to the monolayer. CD90 mRNA and protein expression trended to decrease in cells seeded on PCL-ES scaffolds, except for 15%-PCL ones after 3 days of culture, which did not change their expression.



CD133 mRNA expression was slightly higher in PC9-GR3 grown on PCL-ES scaffolds compared to 2D after 3 days of culture. Nevertheless, a decrease in its protein levels was exhibited in cells cultured on 15%-PCL-ES meshes after 3 days and on both PCL-ES supports after 6 days. CD166 mRNA and protein expression were increased in 3D culture in comparison with the monolayer, being statistically significant in 10%-PCL-ES platforms. In contrast, CD24 mRNA and protein levels were larger in PC9-GR3 seeded on 10%-PCL-ES matrices, but did not change on 15%-PCL ones. No changes were observed in CD90 in 3D after 3 days of culture, but a significant reduction was demonstrated after 6 days. These results are in agreement with CD90 protein levels.




3.5.5. Hedgehog and Canonical Pathway of Sensitive and Resistant EGFRm Lung Adenocarcinoma Cell Models Cultured on PCL-ES Scaffolds


We analyzed the role of the canonical (Wnt/β-catenin) and the Hedgehog signaling pathways in PC9 and PC9-GR3 cell models cultured on PCL-ES scaffolds for 3 and 6 days (Figure 10). The uncropped immunoblottings can be found in Figure S4 and Figure S5.



Regarding β-catenin mRNA and protein expression, no changes were exhibited in neither the cell model nor the cell culture condition. The mRNA expression of the transcriptional regulators GLI1/2, PTCH1/2 receptors, and Sonic ligand (SHH) were increased in PC9 grown on PCL-ES meshes, being statistically significant in 15%-PCL ones for PTCH1/2 compared to 2D after 3 days of culture. Nonetheless, no changes were found in GLI1/2, PTCH1, and SHH in 3D after 6 days of culture. PTCH2 expression was larger in PC9 cultured on 3D for 6 days. Significant differences were observed in 15%-PCL ones in comparison with the monolayer. Shh protein levels were enhanced on cells seeded on PCL-ES supports, but then their levels were decreased after 6 days of culture.



Regarding changes in PC9-GR3, GLI1 and PTCH1 mRNA expression were greater in cells grown on 3D for 3 days in contrast to 2D. PCL-ES platforms caused an enhancement of GLI2 and PTCH2. Significant differences were found in 15%-PCL-ES scaffolds after 6 days of culture for GLI2 and in 10%-PCL ones after 3 days for PTCH2 compared to the monolayer. No changes in SHH mRNA and its protein levels were exhibited, except for a significant reduction in 15%-PCL-ES structures after 3 days of culture.





3.6. CD133 and Vimentin Expression in EGFRm NSCLC Patient-Derived Tumors


3.6.1. Patient and Tumor Characteristics


We analyzed data from 45 patients, who met inclusion criteria, with EGFRm NSCLC harboring exon 19 deletion and exon 21 L858R activating mutations (Table S3).



Regarding patients and tumor features, more than 75% were women with a median age of 68 years. Approximately 73% of patients were never smokers and most of them showed an ECOG of 0–1. The histology mainly identified was adenocarcinoma exhibiting a poor grade of differentiation. Almost 60% of the tumors harbored the exon 19 deletion and brain metastasis was observed in 20% of the patients before starting the treatment with the EGFR-TKI. Approximately 70% of the patients achieved a partial or a complete response to first or second generation EGFR-TKI.




3.6.2. CD133 and Vimentin Tumor Expression in EGFRm NSCLC Patients


CD133 and Vimentin tumor expression were evaluated in 36 biopsies which had sufficient tumor sample for immunohistochemical analysis. The expression of CD133 and Vimentin were detected in 50% and 58% of tumor samples, respectively.



The non-expression of the CD133 surface marker was significantly associated with a low degree of histological differentiation (p = 0.018) (Figure 11a). From all patients, 14 cases showed CD133 negative expression and poor tumor differentiation. In contrast, 11 CD133 positive patients exhibited well and moderate tumor differentiation. Furthermore, CD133 negative tumor expression significantly correlated with higher disease progression (p = 0.019) (Figure 11b) and a higher number of distant metastasis (p = 0.040) (Figure 11c).



We also observed that the non-expression of CD133 showed a trend to worse OS (p = 0.064) (Figure 12a). On the other hand, high Vimentin tumor expression has a trend to a poor PFS (p = 0.056) (Figure 12b).






4. Discussion


Although researchers have developed several EGFR-TKIs for the treatment of EGFRm NSCLC, the majority of patients are diagnosed at advanced stages of the disease and eventually acquire resistance to the therapy through different mechanisms [2,6]. LCSCs have been identified as responsible for resistance to anticancer drugs, tumor relapse, and metastasis [7,8,9], but the research of this malignant subpopulation is not possible using monolayer cell culture [24,37]. Hence, different 3D culture strategies have been described to provide a more physiological environment for cells [26,28,32]. In this study, we evaluated the capacity of PCL-ES scaffolds to culture the LCSC niche in sensitive and resistant EGFRm lung adenocarcinoma cell models.



The use of PCL for biomedical applications has been increased over the years. Biocompatibility, bioresorbability, and low cost are very attractive features of this Food and Drug Administration (FDA) approved polymer [36]. Regarding the thermal characterization of PCL-ES matrices (Figure S1), the values obtained by TGA and DSC for weight degradation, Tm, and ΔHf of 3D structures coincide with the literature about PCL [41,42], and no differences were found between 10% and 15%-PCL-ES meshes. Stiffness and viscoelastic properties were also analyzed by DMA. An optimal stiffness of 3D structures is fundamental for cell adhesion, morphology, growth, and differentiation [43]. The E’ value for a healthy lung tissue is approximately 1.4 kPa, whereas that for polystyrene, the main component of 2D cell culture plates, is around 2100 MPa [44,45]. Thus, PCL-ES meshes are softer than 2D cell culture surfaces but stiffer than lung tissue, ranging from 4.52 to 5.40 MPa at 37 °C. According to the literature, the Tg for PCL is −60 °C, which is very similar to the values obtained for PCL-ES supports [41].



The spatial architecture is an important characteristic of 3D cell culture matrices. Through the analysis of SEM images, we calculated fiber diameter, porosity, and pore area of PCL-ES scaffolds (Table 2). The average filament diameter was 316 and 1764 nm for 10% and 15%-PCL-ES structures, respectively, which are in agreement with the literature [36,46,47,48,49,50]. A large porosity (approximately 90%) is recommended to provide a suitable space for cell attachment and a high-quality exchange of nutrients and metabolic waste [51,52]. On account of this, the porosity of 15%-PCL-ES meshes was 82%, which was significantly higher than 10%-PCL ones. Rabionet et al. demonstrated comparable findings with 7.5% and 15%-PCL-ES scaffolds [37]. Additionally, only 10%-PCL-ES supports showed beads. According to Nottelet and coworkers, beads were found in 7.5% and 9%-PCL-ES platforms, but not in 12% and 15%-PCL ones [49].



PCL-ES matrices increased their weight approximately 5% due to the sterilization process. In our study, we used overnight ethanol and 30 min of UV light. Guerra et al. concluded that the use of ethanol 70% for sterilization did not produce any significant effect on surface roughness, structure, distribution, and crystallinity of PCL structures, but it was observed a reduction of 11.9% in the Mw [53]. The soaking of PCL-ES meshes on RPMI-1640 for 28 days did not cause any change in their weight. Bölgen and colleagues described that PCL nanofibers with an average diameter of 196 nm reduced their elongation at break from 82 to 5.7% after 6 months in Ringer solution at 37 °C and pH 7.4 [54].



The protein adsorption on the surface of a scaffold strongly influences cell-scaffold interactions, determining cell attachment and proliferation [55]. Our findings showed that PCL-ES structures adsorb a great protein concentration (~0.8 and 1.2 g/L for 10% and 15%-PCL-ES meshes, respectively) after 3 days of incubation. Kumar et al. pointed out that the hydrophobic surfaces, i.e., PCL, were more covered by proteins than hydrophilic surfaces [56]. Besides this, no significant differences were found between both PCL-ES supports, which have similar surface roughness and chemistry, essential features for protein adsorption [57,58]. Nevertheless, a significant reduction in protein adsorption was also shown after 6 days of incubation due to the protein desorption rate and the exceeding of adsorption after a certain time [59].



Thereafter, PC9 and PC9-GR3 cell models were cultured on PCL-ES scaffolds for 3 and 6 days. Cell attachment to the 3D matrices was confirmed and the elongation of the nucleus in PC9-GR3 and the nucleus and cytoplasm in PC9 were determined in cells seeded on 15%-PCL-ES structures (Figure 2). Other researchers also found cell elongation on nanofibers in breast cancer cells [37] or fibroblasts [60]. In contrast, Moghadas et al. stated the formation of spheroids using highly hydrophobic ES meshes [32]. We also evaluated the expression of actin and tubulin (Figure 3). β-actin and γ-tubulin protein expression were reduced in PC9 cultured on 3D supports for 6 days, resulting in a more motile cell phenotype, oncogenic potential, and lower survival of NSCLC patients [61,62]. In PC9-GR3, α- and β-tubulin protein expression after 3 days and γ-tubulin after 6 days were upregulated on cells grown on PCL-ES scaffolds. High levels of βIII-tubulin have been associated with tumorigenic activity, chemoresistance, and poor survival of NSCLC patients [63,64].



The cell viability of PC9 and PC9-GR3 models cultured on PCL-ES structures were lower compared to monolayer (Figure 4). The same results were reported for different lung cancer cell lines seeded on decellularized lung scaffolds [26], chitosan–hyaluronic acid membranes [65], and gelatin meshes [66]. On the contrary, researchers proved that lung adenocarcinoma cell lines grown on silk/fibroin supports or AlgiMatrixTM scaffolds showed higher viability compared to 2D [27,67]. Furthermore, cell models exhibited a significantly greater viability rate when cultured on 15%-PCL-ES platforms after 3 days. Pore size, surface availability, and porosity of 3D platforms as well as initial seeding cell density or time of culture, influence cell colonization [22,51]. The cell viability was also correlated to the protein adsorbed, which directly affected cell division [55,68].



Total EGFR protein levels were decreased in both cell models seeded on PCL-ES scaffolds (Figure 5), which are in agreement with the literature [69]. These results suggest a mechanism by which EGFRm lung adenocarcinoma cells acquire resistance to the EGFR-TKIs (Figure 6). Moreover, no changes were observed in phosphorylated EGFR expression in cells grown on PCL-ES platforms, probably as a consequence of the maintenance of LCSC features, for instance, self-renewal and pluripotency capacities [70,71]. The enrichment of the LCSC population was confirmed in sensitive and resistant lung adenocarcinoma models cultured on both PCL-ES scaffolds. According to Wang and coworkers, the identification of LCSCs can be carried out by three or more specific stem cell markers [72], which was fully accomplished in our study.



PC9 and PC9-GR3 cell models seeded on PCL-ES structures showed higher resistance to osimertinib (Figure 6), an irreversible small-molecule that binds covalently to the ATP-binding site of the tyrosine kinase domain of the EGFR and it is effective in the presence of activating mutations and T790M resistance mutation in the EGFR [6]. Additionally, a recent report proved that the LCSC niche was responsible for therapeutic resistance in NSCLC patients [73]. Previous studies demonstrated that lung cancer cells grown on AlgiMatrixTM scaffolds [27], chitosan–hyaluronic acid membranes [65], or silk/fibroin structures [67] were less responsive to anticancer drugs in contrast to monolayer culture. PC9 cells cultured on PCL-ES supports also displayed upregulation of Nanog, which is also related to resistance to the treatment and tumor relapse and progression [74]. The multi-drug efflux pumps ABCB1 and ABCG2 are members of the ATP-binding cassette (ABC) family of transmembrane proteins [75]. Although ABCG2 has been commonly reported as a LCSC marker [71,76], our findings revealed enhanced levels of ABCB1. The expression of ABCB1 in patient samples has been linked to a poor response to chemotherapy [77,78]. In addition, several studies have associated the modulation of ABCB1 activity with the EGFR-TKIs [79,80]. Thus, the lower ABCB1 enhancement found in PC9-GR3 compared to PC9 could be another intrinsic mechanism of resistance of PC9-GR3 [81].



Regarding the EMT process, both cell models cultured on PCL-ES meshes exhibited upregulation of Vimentin, SNAIL, and TWIST and downregulation of E-cadherin (Figure 7). The EMT process provides the capacity to metastasize by migrating from the primary tumor to another organ, and then, LCSCs can initiate another tumor [82,83]. Several researchers have observed that 3D culture using chitosan–hyaluronic acid matrices, spheroids, or hydrogel induced EMT through the modulation of different transcription factors and related proteins, such as Snail, Slug, Twist, Zeb1, E-cadherin, N-cadherin, or Fibronectin [84,85,86,87], which is consistent with our work. The EMT process has also been involved in the resistance to chemotherapy and EGFR-TKIs. PC9 cells seeded on decellularized lung scaffolds showed EMT induction and resistance to erlotinib and cisplatin [26]. PC9 grown on PCL-ES supports displayed a significantly greater ZEB1 mRNA expression in comparison with the monolayer, which may lead to the resistance to osimertinib in the sensitive cell model (Figure 6) [88]. According to Tiran and colleagues, the activity of EMT transcription factors triggers LCSC genes, leading to cancer cell plasticity [89]. For instance, the induction of EMT results in decreased levels of CD24 [86,90], as shown in PC9 cultured on scaffolds (Figure 9). In addition, the softness of PCL-ES structures (Figure S1) influences EMT induction in sensitive and resistant lung adenocarcinoma models [91].



LCSCs possess self-renewal and pluripotency capacities that are usually controlled by Sox2, Oct-4, and Nanog [7,8,9,10,11,12]. However, Singh and Chellappan pointed out that Sox2 may regulate these capacities independently of Oct-4 and Nanog [8]. Sox2 is also related to high tumorigenic potential [92,93]. We observed increased levels of SOX2, Oct-4A, and p-Sox2 in PC9 and PC9-GR3 cell models grown on 3D meshes in comparison with 2D (Figure 8). An upregulation of Sox2 has also been found in lung cancer cells cultured on 3D cultures, such as chitosan–hyaluronan matrices [65,84] and spheroids [85]. The genomic amplification of Sox2 was detected in about 20% of lung adenocarcinoma patients and its high expression was significantly associated with a lower overall survival [93,94]. Furthermore, Sox2 overexpression has been linked to resistance to chemotherapy [73,85] and EGFR-TKIs [92]. Li and coworkers demonstrated that treatment with gefitinib causes the overexpression of Sox2 [95]. Furthermore, the continuous activation of EGFR leads to an increase in Sox2 expression, resulting in the maintenance of LCSC features in EGFRm lung adenocarcinoma [70,71].



Several surface markers have been described to identify LCSCs, such as CD133 and CD166 [14,15]. We observed upregulation of CD166 and reduced CD133 protein expression in both cell models cultured on PCL-ES supports (Figure 9). Different researchers found that CD166+ cells displayed self-renewal capacity and high tumorigenic activity [15,96,97]. Additionally, this cell population showed molecular signatures related to stem cells and biological functions related to angiogenesis, migration, or anti-apoptosis [15]. Zakaria et al. described that CD166+ cells overexpressed Sox2 and Oct-4A and interacted with the Hedgehog pathway [15]. Conversely, another study revealed that CD166 expression was associated with smaller tumors without lymph node metastasis [98]. Regarding CD133, the role of this marker remains unclear [72,99]. Different researchers demonstrated that CD133+ cells derived from NSCLC patients expressed high tumorigenic activity, enhanced levels of different stemness genes, high resistance to cisplatin, and self-renewal capacity [100,101]. Nevertheless, Zhang et al. pointed out that no differences in the tumorigenic activity were found between CD133- and CD133+ populations from NSCLC patient samples using a more sensitive mouse xenotransplantation assay [97]. Other studies discovered that CD133- and CD133+ populations had the same self-renewal and tumorigenic capacities [102,103]. Additionally, the CD133+ population was sensitive to the EGFR-TKI afatinib in EGFRm lung adenocarcinoma H1650 and H1975 cell lines [104]. The variability of the CD133 marker in the aforementioned studies may be a consequence of the heterogeneity of NSCLC. Although the samples were classified by histologic subtypes, mutations in oncogenes were not taken into account, which may influence the results.



The Hedgehog signaling pathway plays an important role in the development and repair of normal lung tissue [105]. Researchers have related its inhibition to the loss of LCSC properties [21]. We also found the activation of the Hedgehog pathway in PC9 and PC9-GR3 cell models cultured on PCL-ES scaffolds (Figure 10). A recent study reported that 76% of lung adenocarcinoma patients express GLI1, the amplifier of the pathway [106]. Besides this, GLI1 also supports the EMT process leading to resistance to EGFR-TKIs in EGFRm lung adenocarcinoma [107,108,109]. Schnidar et al. demonstrated that an oncogenic transformation could be induced by the synergic activation of EGFR/MAPK and Hedgehog/GLI1 pathways [110]. The Hedgehog pathway and EGFR co-stimulate LCSC markers, e.g., Sox2 [109]. While PC9 seeded on 3D structures exhibited an upregulation of Shh after 3 days of culture, no changes were observed in PC9-GR3. According to Lauth et al., other pathways such as RAS, TGFβ, and PI3K can activate the non-canonical Hedgehog pathway, inducing GLI expression [111].



Taking all this into account, 15%-PCL-ES scaffolds may be a better 3D strategy than 10%-PCL ones. Cells cultured on 15%-PCL-ES structures exhibited a higher cell elongation and cell viability (Figure 2; Figure 4). Some LCSC properties were also significantly upregulated only in 15%-PCL-ES supports compared to monolayer, such as SNAIL in PC9 and PC9-GR3 models, TWIST in PC9, and SLUG in PC9-GR3 (Figure 7a). Another example is the CD133 reduction in PC9 and PC9-GR3, which was more notable in cells grown on 15%-PCL-ES platforms for 3 days (Figure 9b). Although the behavior of PC9 and PC9-GR3 cultured on PCL-ES matrices were similar, some variations were found in the EMT process and stemness and pluripotency capacities (Figure 7; Figure 8). Differences between cells seeded on 2D and PCL-ES meshes were already observed after 3 days of culture in PC9. However, PC9-GR3 grown on 3D matrices required 6 days to express these changes. Resistance to EGFR-TKIs has been linked to EMT and stemness and pluripotency capacities [88,92]. PC9-GR3 may already have a baseline upregulation of these properties and more days were needed to show differences between monolayer and 3D culture.



Patients’ data analysis agrees with the literature about NSCLC patients harboring EGFR sensitive mutations in the European population [112]. Hence, our sample is representative of the patient profile and tumor type. High levels of Vimentin were associated with lower PFS in our cohort of patients (Figure 12b). Previous studies observed that high expression of Vimentin was associated with a poor outcome to first generation EGFR-TKI and the development of brain metastasis in EGFRm NSCLC patients [113,114]. Our findings also revealed that non-expression of CD133 was associated with a poor degree of histological differentiation, progression to the disease, distant metastasis (Figure 11), and a low OS (Figure 12a). Wen and coworkers determined that high CD133 mRNA levels were related to a better survival rate in lung cancer [115]. Different studies concluded that there was no relationship between CD133 expression and prognosis in NSCLC patients [116,117]. Conversely, other studies established CD133 as an independent prognostic marker for NSCLC [118,119]. Nevertheless, to the best of our knowledge, basal CD133 expression levels in NSCLC patients harboring EGFR sensitivity mutations have not been previously investigated. CD133+ expression was associated with a better prognosis in EGFRm NSCLC patients. Our study has demonstrated that the use of PCL-ES scaffolds allows the enrichment of LCSCs, which are associated with cancer recurrence, resistance to therapies, and metastasis [7,8,9]. Cells cultured on these 3D supports exhibited higher levels of Vimentin (Figure 7) and lower expression of CD133 (Figure 9) compared to 2D. Taking into account in vitro results, the behavior of cells seeded on PCL-ES scaffolds is more similar to the results found in patients (Figure 11; Figure 12). The following limitations in our study may have influenced the results. First, it was a retrospective study with the biases that this entails. Second, the number of samples with enough tissue available to perform IHC was less than expected, and third, some tumor samples were quite old, which could modify the IHC results. However, in relation to this issue, the percentage of Vimentin expression observed in our samples is consistent with that reported in previous studies [113].




5. Conclusions


PCL-ES scaffolds are useful for the 3D cell culture of EGFRm lung adenocarcinoma cell models. The 3D structures displayed different properties that support cell attachment, proliferation, and morphology changes. Consequently, cell models grown on PCL-ES matrices amplified several LCSC characteristics. We showed higher resistance to osimertinib, upregulation of drug efflux pumps, EMT process, stemness, and surface markers, and the activation of the Hedgehog pathway. Additionally, our study demonstrated that the lack of CD133 expression is related to the LCSC population. In vitro, we observed a downregulation of CD133 protein expression when the LCSC niche was enriched. Moreover, in tumor tissue samples of EGFRm NSCLC patients, the non-expression of CD133 was significantly associated with a low degree of histological differentiation, progression of the disease, and distant metastasis, features directly connected to LCSCs. Regarding the results of Vimentin, the same correlation was revealed between in vitro and IHC patient results. Therefore, we conclude that the use of PCL-ES scaffolds for culturing EGFRm lung adenocarcinoma cell models is a trustworthy 3D strategy to simulate physiological conditions allowing the study of this lung cancer subtype in order to find new biomarkers or test new drugs.
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Figure 1. (a) Effect of sterilization process and medium soaking on the weight of PCL-ES scaffolds for 3, 6, 14, and 28 days. Results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as ** (p > 0.010) compared to the weight before the sterilization process. (b) Capacity to adsorb protein from medium of PCL-ES scaffolds after 3 and 6 days of incubation. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as ** (p > 0.010) compared to 3 days of incubation. 






Figure 1. (a) Effect of sterilization process and medium soaking on the weight of PCL-ES scaffolds for 3, 6, 14, and 28 days. Results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as ** (p > 0.010) compared to the weight before the sterilization process. (b) Capacity to adsorb protein from medium of PCL-ES scaffolds after 3 and 6 days of incubation. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as ** (p > 0.010) compared to 3 days of incubation.



[image: Cancers 13 05320 g001]







[image: Cancers 13 05320 g002 550] 





Figure 2. Images of (a) PC9 and (b) PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days displayed by a confocal laser scanning microscope (CLSM) at a magnification of ×200 (scale bars: 100 µm) and partial pictures enlarged (×3). The actin cytoskeleton was stained with rhodamine-phalloidin (red) and the nucleus with DAPI (blue). Nuclear and cytoplasmic elongation factors from (c) PC9 and (d) PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds. Levels of statistical significance are indicated as *, #, $ (p < 0.050), **, ## (p < 0.010), and ***, ###, $$$ (p < 0.001). The symbol * indicates the comparison with monolayer, $ indicates the comparison with 3 days of culture, and # indicates the comparison with 10%-PCL-ES scaffolds. 
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Figure 3. (a) ACTB and TUBB mRNA levels of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against the GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050) compared to 2D. (b) α-tubulin, β-tubulin, γ-tubulin, and β-actin protein expression of PC9 and PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The 2D culture was used as an internal control and GAPDH as a loading control. The results shown are representative from at least three independent experiments. 
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Figure 4. Cell viability of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The results are shown as mean ± SEM from at least three independent experiments. All cell culture conditions were compared to 2D, which was normalized to 100%. 
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Figure 5. (a) EGFR mRNA levels of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. Results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050), ** (p < 0.010), and *** (p < 0.001) compared to 2D. (b) EGFR protein expression of PC9 and PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The 2D culture was used as an internal control and GAPDH as a loading control. The results shown are representative from at least three independent experiments. 
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Figure 6. Cell viability of (a) PC9 and (b) PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days and then treated with osimertinib for 48 h. Results are expressed as the percentage of surviving cells (mean ± SEM) compared to control (untreated cells) from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050) and ** (p < 0.010) compared to 2D. ABCB1 and ABCG2 mRNA levels of (c) PC9 and (d) PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against the GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. The results are shown as mean ± SEM from at least three independent experiments. 
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Figure 7. (a) CDH1, VIMENTIN, SNAIL, SLUG, TWIST, and ZEB1 mRNA levels of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against the GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050) and ** (p < 0.010) compared to 2D. (b) E-cadherin and Vimentin protein expression of PC9 and PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The 2D culture was used as an internal control and GAPDH as a loading control. The results shown are representative from at least three independent experiments. 
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Figure 8. (a) SOX2, OCT3/4, and NANOG mRNA levels of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against the GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050) compared to 2D. (b) Sox2, Oct-4A, and Nanog protein expression of PC9 and PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The 2D culture was used as an internal control and GAPDH as a loading control. The results shown are representative from at least three independent experiments. 
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Figure 9. (a) CD133, CD166, CD24, and CD90 mRNA levels of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against the GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050), ** (p < 0.010) and *** (p < 0.001) compared to 2D. (b) CD133, CD166, CD24, and CD90 protein expression of PC9 and PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The 2D culture was used as an internal control and GAPDH as a loading control. The results shown are representative from at least three independent experiments. 
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Figure 10. (a) β-CATENIN, GLI1, GLI2, PTCH1, PTCH2, and SHH mRNA levels of PC9 and PC9-GR3 cell models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. mRNA expression was normalized against the GAPDH gene. All cell culture conditions were compared to 2D, which was normalized to 1 (marked by the dotted line) and shown as fold change. The results are shown as mean ± SEM from at least three independent experiments. Levels of statistical significance are indicated as * (p < 0.050) and ** (p < 0.010) compared to 2D. (b) β-catenin and Shh protein expression of PC9 and PC9-GR3 models cultured on monolayer, 10% and 15%-PCL-ES scaffolds for 3 and 6 days. The 2D culture was used as an internal control and GAPDH as a loading control. The results shown are representative from at least three independent experiments. 
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Figure 11. (a) Count of well and moderately tumor differentiation (W+M TD) and poorly tumor differentiation (P TD) cases according to the IHC expression levels of CD133. (b) Count of complete response, partial response, and stable disease (CR+PR+SD) and progression disease (PD) cases according to the IHC expression levels of CD133. (c) Count of non-metastasis (M0), local metastasis (M1a), and distant metastasis (M1b+M1c) cases according to the IHC expression levels of CD133. 
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Figure 12. (a) Median overall survival according to the IHC expression levels of CD133. The non-expression of CD133 was considered as negative and the expression of > 1 %, as positive. (b) Median progression free survival according to the IHC expression levels of Vimentin. The expression of Vimentin <10% was considered as negative and >10%, as positive. 
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Table 1. Pictures from the top and bottom sides of 10% and 15%-PCL-ES scaffolds at different magnifications displayed by scanning electronic microscopy (SEM).
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Table 2. Filament diameter, surface porosity, and pore area of 10% and 15%-PCL-ES scaffolds. Images from the top and bottom sides were used to calculate the parameters. The results are shown as mean ± SEM. Levels of statistical significance are indicated as *** (p > 0.001).
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	Parameter
	10% PCL
	15% PCL





	Filament diameter (nm)
	315.67 ± 21.84
	1764.42 ± 333.43 (***)



	Surface Porosity (%)
	68.26 ± 1.06
	82.29 ± 3.68 (***)



	Pore Area (µm2)
	0.36 ± 0.13
	0.73 ± 0.25 (***)
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