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Abstract

:

Pemetrexed is a folic acid inhibitor used as a second-line chemotherapeutic agent for the treatment of locally advanced or metastatic non-small cell lung cancer (NSCLC), which accounts for 85% of lung cancers. However, prolonged treatment with pemetrexed may cause cancer cells to develop resistance. In this study, we found increased expressions of BMI1 (B Lymphoma Mo-MLV insertion region 1 homolog) and Sp1 and a decreased expression of miR-145-5p was found in pemetrexed-resistant A400 cells than in A549 cells. Direct Sp1 targeting activity of miR-145-5p was demonstrated by a luciferase based Sp1 3′-UTR reporter. Changed expression of miR-145-5p in A400 or A549 cells by transfection of miR-145-5p mimic or inhibitor affected the sensitivity of the cells to pemetrexed. On the other hand, the overexpression of Sp1 in A549 cells caused the decreased sensitivity to pemetrexed, induced cell migratory capability, and epithelial–mesenchymal transition (EMT) related transcription factors such as Snail Family Transcriptional Repressor 1 and Zinc Finger E-Box Binding Homeobox 1. In addition, the overexpression of BMI1 in the A549 cells resulted in an increase in Sp1 and a decrease in miR-145-5p accompanied by the elevations of cell proliferation and EMT transcription factors, which could be reduced by the overexpression of miR-145-5p or by treatment with the Sp1 inhibitor of mithramycin A. In conclusion, the results of this study suggest that the downregulation of miR-145-5p by BMI1 overexpression could lead to the enhanced expression of Sp1 to induce the EMT process in pemetrexed-resistant NSCLC cells. These results suggest that increasing miR-145-5p expression by delivering RNA drugs may serve as a sensitizing agent for pemetrexed-resistant NSCLC patients.
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1. Introduction


Lung cancer is a malignant lung tumor and is commonly classified as small cell lung cancer or non-small cell lung cancer (NSCLC) [1], with the latter accounting for approximately 85% of cases [2]. In recent years, every 10 µg/m3 increase in air pollution PM2.5 suspended particulate concentration has increased lung cancer mortality by 15–20% [3]. Common symptoms of lung cancer include cough, weight loss, shortness of breath, and chest pain [4]. In 2020, lung cancer was the leading cause of cancer deaths worldwide with an estimated 1.8 million deaths [5]. The current treatment options for lung cancer include surgery, chemotherapy, and radiation therapy. According to the investigation by our group, the 5-year overall survival (OS) rate of lung cancer in Taiwan was 25.0% using the data in the Taiwan Cancer Registry. For the patients receiving any kind of treatment, the OS was 27.1% [6], which indicates that it is urgent to develop new treatments for lung cancer. In NSCLC, epidermal growth factor receptor (EGFR) mutations account for 15–40% of cases of non-squamous type and EGFR inhibitors have been used clinically to treat lung cancer caused by EGFR abnormalities [7].



Pemetrexed (trade name Alimta), a folic acid antagonist, is primarily used as a second-line agent for the treatment of advanced or metastatic NSCLC, and is also approved to use as a first-line agent for the treatment of malignant mesothelioma and non-squamous type of NSCLC [8]. The main mechanism of action of pemetrexed is the inhibition of glycinamide ribonucleotide formyltransferase, dihydrofolate reductase, and thymidylate synthase (TS), which are involved in the metabolism of folic acid and the enzymes of purine and pyrimidine [9]. However, long-term treatment of pemetrexed in NSCLC may lead to resistance due to the high expression of TS [10], which is also considered as a biomarker for NSCLC [11]. However, it has been shown that there was no correlation between TS expression in NSCLC tissues and the development of pemetrexed resistance in patients [12], suggesting that the mechanism of pemetrexed resistance is not fully understood. We previously demonstrated that B lymphoma Mo-MLV insertion region 1 (BMI1) was increased in pemetrexed resistant NSCLC cells and the inhibition of BMI1 by a small molecule inhibitor suppressed the cancer stem cell activity and increased the pemetrexed sensitivity of the pemetrexed resistant cells [13]. However, the signaling networks of BMI1 upregulation in pemetrexed resistant NSCLC cells are not fully understood.



miR-145-5p is a microRNA (miRNA) of 22 nucleotides in length and is the guide strand of pre-miR-145 [14,15]. miR-145-5p is widely regarded as a tumor suppressor miRNA [16], and it has been shown that miR-145-5p is less expressed in lung cancer cells than in normal tissues [17]. Wang et al. found that miR-145-5p regulated the Sp1/NF-B signal transduction pathway to inhibit the metastatic and invasive ability of squamous cell carcinoma [18]. miR-145-5p was shown to inhibit the proliferation and metastasis of bladder cancer by regulating Transgelin-2 [19] and to inhibit the growth, invasion, and metastasis of colorectal cancer cells by targeting Rhomboid domain containing 1 [20]. In NSCLC, miR-145-5p has been shown to target the c-Jun N-terminal kinase (JNK) signaling pathway mediated by Mitogen-activated protein kinase kinase kinase 1 (MAP3K1), leading to the inhibition of epithelial–mesenchymal transition (EMT) [21]. Zheng et al. reported that circPVT1 functioned as a competing endogenous RNA to downregulate miR-145-5p in A549 with the resistance to cisplatin and pemetrexed [21]. They also found that the direct target of miR-145-5p in the double resistant A549 cells was ATP binding cassette subfamily c member 1 (ABCC1), a cell surface glycoprotein to transport chemotherapeutic compounds in cancer cells [21]. In this study, we would like to investigate the possible connections of miR-145-5p, Sp1, and BMI1-induced EMT in the pemetrexed resistance of NSCLC cells.




2. Results


2.1. The Expression Levels of miR-145-5p Change Pemetrexed Sensitivity of NSCLC Cells


We have previously established pemetrexed resistant NSCLC cells by long-term treatment of pemetrexed in A549 cells, named as A400 [9]. Here, we confirmed the pemetrexed resistant phenotype of A400 cells (Figure 1A) and further discovered that the miR-145-5p expression was significantly decreased in the A400 cells (Figure 1B). Next, we manipulated the intracellular miR-145-5p levels of A549 or A400 cells by transfection of the miR-145-5p inhibitor (Figure 1C) or miR-145-5p mimic (Figure 1D), respectively, followed by examining the pemetrexed sensitivity. The results revealed that the suppression of miR-145-5p in A549 cells caused the decreased sensitivity of pemetrexed (Figure 1E), while the overexpression of miR-145-5p enhanced the proliferation inhibition activity of pemetrexed in A400 cells (Figure 1F). These data demonstrate that the expression levels of miR-145-5p influence the pemetrexed sensitivity in NSCLC cells.




2.2. Sp1 Is a Direct Target of miR-145-5p in NSCLC Cells


We previously reported that the increased protein levels of BMI1 and TS could be observed in pemetrexed resistant A400 cells [13] and here we also confirmed them (Figure 2A). In addition, we further discovered the upregulation of Sp1 in A400 cells when compared to the original A549 cells (Figure 2A). Due to the discovery of Sp1 involved in the cancer suppressive effects of miR-145 [22], we next examined the Sp1 protein level after manipulating the intracellular level of miR-145-5p in the NSCLC cells. The results found that the increased Sp1 could be found in A549 after the inhibition of miR-145-5p by transfecting a specific inhibitor, while the decreased Sp1 protein was found in A400 cells when overexpressed in miR-145-5p by transfecting a specific mimic (Figure 2B). With the comparison of the sequences between Sp1 3′-UTR and mature miR-145-5p, we found the putative miR-145-5p binding site (Figure 2C) and cloned the Sp1 3′-UTR into a pMirTarget 3′-UTR assay vector. After transfecting the Sp1 3′-UTR reporter vector into the A549 and A400 cells, the luciferase activity was higher in A400 than those of thee A549 cells (Figure 2D). The transfection of the miR-145-5p inhibitor into the A549 cells increased the luciferase activity (Figure 2E), while the delivery of thee miR-145-5p mimic into A400 cells decreased the luciferase activity (Figure 2F). The changes in the luciferase activity were abolished when the binding site of miR-145-5p was deleted in the Sp1 3′-UTR reporter (Figure 2E,F). These data demonstrate that Sp1 is a direct target of miR-145-5p in the NSCLC cells.




2.3. Overexpression of Sp1 Decreases Pemetrexed Sensitivity and Induction EMT in NSCLC Cells


We next investigated the effects of Sp1 overexpression in A549 cells. With the transfection of the Sp1 cDNA vector and selected by hygromycin B, we established a Sp1 overexpressed subline called A549-Sp1-S2. We first compared the pemetrexed sensitivity of A549-Sp1-S2 to the parental cells and found the decreased pemetrexed sensitivity after Sp1 overexpression (Figure 3A). EMT can be induced by Sp1 in pancreatic ductal adenocarcinoma cells [23] and the EMT program is known to promote drug resistance in cancer cells [24]. We further found that the cell migration capability was increased in A549-Sp1-S2 cells compared to the parental A549 cells (Figure 3B) with the downregulation of E-cadherin and upregulation of ZEB1 and Snail1 (Figure 3C). The increased expression of TS was also observed in thee A549-Sp1-S2 cells (Figure 3C). These data indicate that increased Sp1 expression in NSCLC cells could decrease pemetrexed sensitivity and induce the EMT program.




2.4. miR-145-5p Suppresses BMI1 Induced Cell Proliferation and EMT in NSCLC Cells


We have previously reported that the upregulation of BMI1 promoted pemetrexed resistance in the NSCLC cells [13]. Here, we confirmed that A549-BS1, the BMI1 overexpressed A549 cells, displayed a resistance to pemetrexed (Figure 4A). Next, we observed a decreased expression of miR-145-5p in the A549-BS1 cells and the treatment of PTC-209, a small molecule inhibitor of BMI1, induced miR-145-5p expression in the pemetrexed resistant A400 cells (Figure 4B). Based on these observations, we hypothesized that forced miR-145-5p expression might suppress BMI1 induced malignant phenotypes. We first examined the expression of Sp1 in A549-tRFP, the vector control cells with the expression of the tRFP fluorescent protein, and A549-BS1 cells with or without miR-145-5p overexpression and found that the overexpression of BMI1 increased Sp1 expression and could be suppressed by the forced expression of miR-145-5p (Figure 4C). BMI1 overexpression in A549 cells increased cell proliferation and was reduced by the delivery of the miR-145-5p mimic (Figure 4D). We also found that the cell migration capability (Figure 4E) and the EMT program (Figure 4F) were increased with BMI1 overexpression, but these phenomena were suppressed by the transfection of the miR-145-5p mimic. These data suggest that miR-145-5p could suppress BMI1 induced malignant phenotypes in NSCLC cells.




2.5. BMI1 Induced Malignant Phenotypes in NSCLC Cells Can Be Reduced by Sp1 Inhibition


Since we demonstrated that Sp1 could be a direct target of miR-145-5p, we next investigated whether the suppression of Sp1 activity could also reduce BMI1-induced malignant features in the NSCLC cells. With the treatment of mithramycin A, a Sp1 selective inhibitor, the induced cell proliferation by BMI1 overexpression was significantly reduced (Figure 5A). We also found that the BMI1-induced cell migration capability (Figure 5B) and EMT program (Figure 5C) could be decreased by the treatment of mithramycin A in a dose-dependent manner. Finally, we analyzed the data of the Cancer Genome Atlas (TCGA) by The Encyclopedia of RNA Interactomes (ENCORI) webtool and found a decreased expression of miR-145-5p in tumor samples of lung adenocarcinoma (LUAD) and lung squamous cell carcinoma subjects (LUSC) (Figure 6A). The analysis of the LUAD and LUSC datasets revealed a negative correlation between Sp1 and miR-145-5p, however, a significant difference was found in LUSC, while LUAD showed a p-value of 0.058 (Figure 6B). Using the Gene Expression Profiling Integrative Analysis (GEPIA) webtool for the analysis, we observed a strong positive correlation between Sp1 and BMI1 mRNA expression in the NSCLC samples of TCGA (Figure 6C). Although there was no prognostic role of BMI1, Sp1, or ZEB1 in the overall survival of NSCLC subjects with a combination of the LUAD and LUSC datasets (Figure S1), the subjects with high expression of a 3-gene signature consisted of BMI1, Sp1, and ZEB1 displayed a significantly shorter overall survival in the NSCLC dataset of TCGA (Figure 6D). It suggests that the EMT factors induced by BMI1 or Sp1 in the NSCLC cells may contribute to the poor outcome of patients. All of the data suggest that the malignant features in NSCLC with a high BMI1 expression level can be reduced by Sp1 inhibition or miR-145-5p overexpression.





3. Discussion


There were some limitations in this study. First, we did not obtain the clinical samples with pemetrexed resistance to prove the links among BMI1, Sp1, and miR-145-5p, which were identified in the cell line data. Second, the enhancing effects of the miR-145-5p mimics or Sp1 inhibitors in the pemetrexed sensitivity of NSCLC tumors have not been demonstrated in vivo. One could also notice that the increasing fold of miR-145-5p in the mimic transfected A400 cells reached a thousand times, but the changes in the cell viability under pemetrexed treatment were only 30–40% (Figure 1F). Thomson et al. previously demonstrated that the increasing fold of mature miRNA after the transfection of miRNA mimics usually reached a thousand times level. However, these miRNA mimics displayed little complexing with the Argonaute protein, which is required to form an RNA-induced silencing complex (RISC) to suppress the translation of target mRNAs [26]. The efficiency of forming functional RISC after the transfection of miRNA mimics may affect the following biological effects, which may not be relevant to the level of mature miRNA detected by the RT-qPCR method.



It has also been suggested that high expression of TS may serve as an indicator of the susceptibility of lung cancer cells to develop aa resistance to pemetrexed drugs [27]. However, the clinical study by He et al. found no significant correlation between the degree of TS expression and the responsiveness of NSCLC patients to pemetrexed [12]. Chang et al. also found that in the analysis of NSCLC patients treated with pemetrexed as a third- or fourth-line therapeutic agent, the expression level of TS was not significantly correlated with the clinicopathological factors [28]. These data suggest that the mechanisms of pemetrexed resistance in NSCLC cells were not solely dependent on the over-expression of TS. In our study, a high expression of TS was also found in the pemetrexed-resistant A400 cells compared to the original A549 cells, while the BMI1 and Sp1 expression also showed an increase (Figure 2A). In addition to TS, EMT may also be an important pathway to cause drug resistance. Liang et al. found that blocking the EMT pathway could eliminate resistance to anti-folate drugs in lung cancer cells [29]. Taken together, the mechanism of resistance to pemetrexed in lung cancer cells may arise from either the high expression of TS or inducing cells toward the EMT program.



Some studies have found that in NSCLC, the level of BMI1 expression is closely related to patient survival and tumor size [30,31]. In contrast, the high expression of BMI1 increases the self-renewal capacity of cancer cells [32] and may promote EMT [33] and in cancer stem cells (CSCs), BMI1 is also highly expressed [34]. In addition, several studies have found that the inhibition of BMI1 expression can reduce cancer resistance and suppress cancer progression [35,36]. In A549 cells, the expression of miR-145-5p was suppressed when BMI1 was highly expressed (Figure 4B). It has been found that the expression of miR-145 was negatively correlated with high expression of BMI1 in CSCs derived from SPC-A1 lung cancer cells [37]. In colorectal cancer cells, epigallocatechin-3-gallate, a polyphenol phytochemical, was discovered to inhibit the expression of Notch, BMI1, and EZH2 with an upregulation of the expression of miR-145, miR-34a, and miR-200c, thus reducing tumor growth [38]. These studies showed a negative correlation between BMI1 and miR-145 expression, and our results were consistent with these previous studies. In addition, we increased miR-145-5p in A549-BS1 cells with BMI1 overexpression by delivering miR-145-5p mimic oligos and found that the proliferation and migratory capabilities of NSCLC cells were inhibited (Figure 4D,E), indicating that miR-145-5p could suppress the BMI1-induced proliferation and metastatic potentials of NSCLC cells, suggesting that miR-145-5p RNA drugs have the potential to be developed as anti-cancer drugs in lung cancer patients with high level of BMI1 expression.



In A549 cells, when BMI1 was highly expressed, the inhibition of Sp1 activity by mithramycin A reduced cell proliferation (Figure 5A) and cell migration (Figure 5B), suggesting that cell proliferation and EMT induced by BMI1 overexpression required Sp1 activity. Wang et al. showed that BMI1 transcription was regulated by Sp1 and c-Myc in nasopharyngeal carcinoma (NPC) [39]. Zhang et al. also found that the inhibition of Sp1 expression could block the expression of BMI1, c-Myc, Klf4, and Oct4 in NPC [40]. These studies suggest that the transcription of BMI1 may be regulated by Sp1. In our study, however, we found that when BMI1 was overexpressed in A549 cells, the expression of Sp1 increased simultaneously (Figure 4C), indicating that there was an additional regulatory mechanism between BMI1 and Sp1 in the NSCLC cells than those found in the NPC cells [39]. In our study, the forced expression of BMI1 in the A549 cells upregulated Sp1 expression (Figure 4C). The high expression of BMI1 also caused the downregulation of miR-145-5p (Figure 4B), and the transfection of the miR-145-5p mimic led to a decrease in Sp1 expression in pemetrexed-resistant A400 cells (Figure 2B). These results suggest that BMI1 may induce Sp1 expression in NSCLC cells by inhibiting miR-145-5p, which ultimately increases proliferation and the EMT program in NSCLC and promotes cellular resistance to pemetrexed. Although BMI1 was negatively correlated with miR-145-5p expression in NSCLC cells, how BMI1 downregulates miR-145-5p expression still needs to be investigated. Our previous report has demonstrated that ZEB1 protein expression was increased in pemetrexed resistant A400 cells or in A549 cells with BMI1 overexpression [13] and we showed that miR-145-5p expression was downregulated in BMI1 overexpressed NSCLC cells in this study (Figure 4B). In breast CSCs, Polytarchou et al. reported that ZEB1 could suppress miR-145 expression [41]. Therefore, we hypothesize that the inhibition of miR-145-5p expression by BMI1 in pemetrexed resistant A400 cells might be achieved by inducing ZEB1 expression, but this hypothesis needs to be confirmed in the future.




4. Materials and Methods


4.1. Cell Culture


A549 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). A400 cells were pemetrexed resistance cells derived from A549 cells that were established as the previous report [9]. All cells were maintained in Dulbecco’s modified Eagle medium (DMEM, GibcoTM, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Hyclone Laboratories Inc., South Logan, UT, USA), 1 mM glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 1× penicillin/streptomycin/Amphotericin B (Gibco), and 1× non-essential amino acids (Gibco) at 37 °C, 5% CO2 incubator.




4.2. Determination of Pemetrexed Sensitivity


The sensitivity of pemetrexed was determined by the 3-(4,5-ddimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, Saint Louis, MO, USA). A total of 1 × 103 cells/well/100 μL in culture medium containing pemetrexed (1.5, 0.75, 0.375, 0.1875, 0.09375 μM) were seeded into 96-well plates and incubated at a 37 °C incubator with 5% CO2. After incubation for 72 h, 10 μL of MTT in a concentration of 1 mg/mL in ddH2O was added into each well followed by incubation for 2 h at 37 °C. The blue formazan crystals were dissolved with dimethyl sulfoxide (DMSO) at room temperature for 10 min. Finally, the absorbance at 570 nm was detected by a microplate reader (SpectraMax M5, Molecular Devices, San Jose, CA, USA).




4.3. Cell Transfection


For the transfection of the miR-145-5p mimic or inhibitor, 2 × 105 cells were seeded in six-well plates with the DMEM medium containing 2% FBS and the miR-145-5p inhibitor, miR-145-5p mimic, or negative controls were mixed with INTEFERINTM transfection reagent (Polyplus, New York, NY, USA), following the manufacturer’s protocol. The miRNA oligos were synthesized by GenePharma (GenePharma, Shanghai, China) as the sequences listed below:



miR-145-5p inhibitor: 5′-AGGGAUUCCUGGGAAAACUGGAC-3′;



miR-145-5p mimic sense: 5′-GUCCAGUUUUCCCAGGAAUCCCU-3′, antisense: 5′- GGAUUCCUGGGAAAACUGGACUU-3′;



inhibitor negative control: 5′-CAGUACUUUUGUGUAGUACAA-3′;



mimic negative control sense: 5′-UUCUCCGAACGUGUCACGUTT-3′, antisense: 5′-ACGUGACACGUUCGGAGAATT-3′.



For the overexpression of Sp1 in A549 cells, the Sp1 cDNA containing vector was purchased from Sino Biological, Inc. (Beijing, China. Cat No. HG12024-UT) and transfected with TransIT-X2TM Dynamic Delivery System (Mirus Bio LLC, Madison, WI, USA), following the manufacturer’s protocol. The stable clone of Sp1 overexpressed A549 was further established by the selection of 400 μg/mL of hygromycin.




4.4. Reverse Transcription Quantitative PCR (RT-qPCR)


The total cellular RNA were extracted by TRIzolTM Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. The qPCR detection of miR-145-5p was conducted by using the Bulge-LoopTM miRNA qRT-PCR Kit (RiboBio Co. Ltd., Guangzhou, China) with the manufacturer’s protocol. The reverse transcription of miR-145-5p was conducted by the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) with a miR-145-5p specific RT primer followed by SYBR Green based qPCR detection (SYBRTM Green qPCR Supermixed, Bio-Rad, Hercules, CA, USA) with a miR-145-p specific forward primer and a universal reverse primer in a Eco 48 Real-Time PCR System (PCR max, Staffordshire, UK) with the following steps: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 70 °C for 10 s. A melting analysis was performed to assess the specificity of PCR products.




4.5. Western Blotting


Cells were lyzed with the NETN buffer (20 mM Tris-HCl pH = 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40). The total protein concentrations were quantified by the Bicinchoninic Acid Assay (BCA) Kit (Thermo Fisher Scientific). A total of 20 μg of total cellular proteins were loaded in 10% sodium dodecyl sulfate polyacrylamide gel for separation followed by transferring onto a polyvinylidene fluoride membrane (Pall Corporation, Washington, NY, USA). After blocking the membrane with 1% skim milk at room temperature for 1 h, the primary antibodies were then added and incubated at 4 °C overnight. On the next day, the membranes were washed with TBS-T (20 mM Tris pH = 8.0, 137 mM NaCl, 0.1% Tween-20), and added horseradish peroxidase conjugated secondary antibodies followed by incubated at room temperature for 1 h. The signals were then developed by PierceTM ECL Western Blotting Substrate (Thermo Fisher) and captured by AmershamTM Imager 680 (Cytiva, Marlborough, MA, USA). The antibodies used in this study are provided in Table S1.




4.6. Luciferase Reporter Assay


The Sp1 3′-UTR sequence that contained a predicted miR-145-5p binding site was constructed into a pMirTarget 3′-UTR assay vector (Origene Technologies, Inc., Rockville, MD, USA) after digesting with the restrict enzymes of EcoRI and XbaI. The mutant Sp1 3,’-UTR vector was constructed by deleting the predicted miR-145-5p binding site with a site-direct mutagenesis method using PCR synthesis of the wild type vector with mutant introducing primers followed by the digestion of the DpnI enzyme to remove the wild type sequences. The primer sequences for the constructions are provided in Table S2. Co-transfection of the miR-145-5p mimic or inhibitor with the wild type or mutant luciferase reporter constructs was performed by the TransITTM X2 transfection reagent. After being incubated for 48 h, the firefly luciferase activities were measured by the Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) and the firefly luciferase activity data were normalized by RFP signals after analyzing with a flow cytometer (BD FACSCalibur™ System, BD Biosciences, Franklin Lakes, NJ, USA.




4.7. Wound-Healing Assay


The migration ability of the cancer cells was measured by a wound-healing assay that was created by Ibidi GmbH (Grafelfing, Germany). Briefly, two silicone inserts were set up into each well of a 6-well plate followed by seeding 2 × 104 cells in each side of the silicone insert for attachment. After incubating overnight, the silicone inserts were removed, washed with PBS twice, and replaced with fresh culture medium. The pictures of the wells were captured by SPOT Basic Software (version SOPT56B, SPOT Imaging, Sterling Heights, MI, USA) at 0, 3, 6, and 24 h post insert removal and the cell migration areas were analyzed by ImageJ software (Version 1.53a, National Institutes of Health, Bethesda, MD, USA).




4.8. Clonogenic Assay


The cell proliferation ability was evaluated by a clonogenic assay. A total of 2.5 × 102 cells/well was seeded into 12-well plates and incubated for 5 days followed by fixation with 3.7% formaldehyde solution at room temperature for 10 min. After discarding the fixation solution, wells were washed with ddH2O twice, followed by staining with 0.5% crystal violet at room temperature for 2 h. The cell colonies were visualized as blue-purple and were pictured and counted.




4.9. Analysis of TCGA Data


The LUAD and LUSC datasets of the TCGA database were analyzed by two webtools including ENCORI [24] (accessed on 1 December 2022) and GEPIA2 [25] (accessed on 1 December 2022). In ENCORI, the number of cancer and normal in LUAD were 512 and 20, respectively. The cancer and normal numbers in the LUSC of ENCORI were 475 and 38, respectively. In GEPIA2, the number of cancer and normal in LUAD were 483 and 59, respectively. The cancer and normal numbers in LUSC in GEPIA2 were 486 and 50, respectively.




4.10. Statistical Analysis


Quantitative data were presented as the mean ±SD. The comparisons between two groups were analyzed with the Student’s t-test. The comparisons among multiple groups (more than two) were analyzed with one-way ANOVA followed by Tukey–Kramer’s post hoc test to identify differences in each two groups among all compared groups using Prism (version 5.0, GraphPad Software Inc., San Diego, CA, USA). A p value less than 0.05 was considered as statistically significant.





5. Conclusions


In conclusion, we found that miR-145-5p is involved in the resistance mechanism of NSCLC cells to pemetrexed treatment through the inhibition of Sp1, while miR-145-5p is negatively regulated by BMI1 in the NSCLC cells. The results of this study suggest that the expression level of miR-145-5p may be an indicator of the resistance to pemetrexed in NSCLC, and RNA drugs that enhance the miR-145-5p level in NSCLC tissues might have the potential to enhance the efficacy of pemetrexed, especially in subjects with a high level of BMI1 expression.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232315352/s1.





Author Contributions


Conceptualization, W.-W.C. and B.-Y.W.; Data curation, S.-H.C. and P.-J.C.; Formal analysis, W.-W.C., S.-H.C. and P.-J.C.; Funding acquisition, B.-Y.W.; Investigation, W.-W.C.; Methodology, G.-T.S.; Resources, G.-T.S.; Supervision, C.-H.L.; Writing—original draft, W.-W.C. and P.-J.C.; Writing—review & editing, B.-Y.W. and C.-H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Sciences and Technology Council in Taiwan, grant number: 110-2314-B-371-014 and 111-2314-B-371-013 (B.-Y.W.) and 111-2320-B-040-007-MY3 (W.-W.C.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Wei-Chung Lai and Jia-Ching Shieh at the Department of Biomedical Sciences, Chung Shan Medical University, Taichung, Taiwan for their suggestions in the construction of Sp1 3′-UTR reporter vectors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Oser, M.G.; Niederst, M.J.; Sequist, L.V.; Engelman, J.A. Transformation from non-small-cell lung cancer to small-cell lung cancer: Molecular drivers and cells of origin. Lancet Oncol. 2015, 16, e165–e172. [Google Scholar] [CrossRef] [PubMed]

	



Walser, T.; Cui, X.; Yanagawa, J.; Lee, J.M.; Heinrich, E.; Lee, G.; Sharma, S.; Dubinett, S.M. Smoking and lung cancer: The role of inflammation. Proc. Am. Thorac. Soc. 2008, 5, 811–815. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Goldberg, M.S.; Villeneuve, P.J. A Systematic Review of Relation between Long-term Exposure to Ambient Air Pollution and Chronic Disease. Rev. Environ. Health 2008, 23, 243–297. [Google Scholar] [CrossRef] [PubMed]

	



Longo, D.L.; Fauci, A.S.; Kasper, D.L.; Hauser, S.L.; Jameson, J.L.; Loscalzo, J. Harrison’s Principles of Internal Medicine; Mcgraw-Hill: New York, NY, USA, 2012; Volume 2012. [Google Scholar]

	



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 Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Chang, Y.J.; Huang, J.Y.; Lin, C.H.; Wang, B.Y. Survival and Treatment of Lung Cancer in Taiwan between 2010 and 2016. J. Clin. Med. 2021, 10, 4675. [Google Scholar] [CrossRef]

	



Herbst, R.S.; Heymach, J.V.; Lippman, S. Molecular origins of cancer. N. Engl. J. Med. 2008, 359, 1367–1380. [Google Scholar] [CrossRef]

	



Tomasini, P.; Barlesi, F.; Mascaux, C.; Greillier, L. Pemetrexed for advanced stage nonsquamous non-small cell lung cancer: Latest evidence about its extended use and outcomes. Ther. Adv. Med. Oncol. 2016, 8, 198–208. [Google Scholar] [CrossRef]

	



Chiu, L.; Hsin, I.; Yang, T.; Sung, W.; Chi, J.; Chang, J.; Ko, J.; Sheu, G. The ERK–ZEB1 pathway mediates epithelial-mesenchymal transition in pemetrexed resistant lung cancer cells with suppression by vinca alkaloids. Oncogene 2017, 36, 242–253. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, R.; Pan, Y.; Sun, Y.; Zhang, J.; Chen, H. The pemetrexed-containing treatments in the non-small cell lung cancer, is-/low thymidylate synthase expression better than+/high thymidylate synthase expression: A meta-analysis. BMC Cancer 2014, 14, 205. [Google Scholar]

	



Bukhari, A.A.; Goudar, R.K. Thymidylate synthase as a predictive biomarker for pemetrexed response in NSCLC. Lung Cancer Int. 2013, 2013, 436409. [Google Scholar] [CrossRef]

	



He, Y.-W.; Zhao, M.-L.; Yang, X.-Y.; Zeng, J.; Deng, Q.-H.; He, J.-X. Prognostic value of ERCC1, RRM1, and TS proteins in patients with resected non-small cell lung cancer. Cancer Chemother. Pharmacol. 2015, 75, 861–867. [Google Scholar] [CrossRef] [PubMed]

	



Shen, H.T.; Chien, P.J.; Chen, S.H.; Sheu, G.T.; Jan, M.S.; Wang, B.Y.; Chang, W.W. BMI1-Mediated Pemetrexed Resistance in Non-Small Cell Lung Cancer Cells Is Associated with Increased SP1 Activation and Cancer Stemness. Cancers 2020, 12, 2069. [Google Scholar] [CrossRef] [PubMed]

	



Cui, S.Y.; Wang, R.; Chen, L.B. Micro RNA-145: A potent tumour suppressor that regulates multiple cellular pathways. J. Cell. Mol. Med. 2014, 18, 1913–1926. [Google Scholar] [CrossRef] [PubMed]

	



Mataki, H.; Seki, N.; Mizuno, K.; Nohata, N.; Kamikawaji, K.; Kumamoto, T.; Koshizuka, K.; Goto, Y.; Inoue, H. Dual-strand tumor-suppressor microRNA-145 (miR-145–5p and miR-145–3p) coordinately targeted MTDH in lung squamous cell carcinoma. Oncotarget 2016, 7, 72084. [Google Scholar] [CrossRef] [PubMed]

	



Gan, T.-Q.; Xie, Z.-C.; Tang, R.-X.; Zhang, T.-T.; Li, D.-Y.; Li, Z.-Y.; Chen, G. Clinical value of miR-145–5p in NSCLC and potential molecular mechanism exploration: A retrospective study based on GEO, qRT-PCR, and TCGA data. Tumor Biol. 2017, 39, 1010428317691683. [Google Scholar] [CrossRef]

	



Mei, L.-L.; Wang, W.-J.; Qiu, Y.-T.; Xie, X.-F.; Bai, J.; Shi, Z.-Z. miR-145–5p suppresses tumor cell migration, invasion and epithelial to mesenchymal transition by regulating the Sp1/NF-κB signaling pathway in esophageal squamous cell carcinoma. Int. J. Mol. Sci. 2017, 18, 1833. [Google Scholar] [CrossRef]

	



Zhang, H.; Jiang, M.; Liu, Q.; Han, Z.; Zhao, Y.; Ji, S. miR-145–5p inhibits the proliferation and migration of bladder cancer cells by targeting TAGLN2. Oncol. Lett. 2018, 16, 6355–6360. [Google Scholar] [CrossRef]

	



Niu, Y.; Zhang, J.; Tong, Y.; Li, J.; Liu, B. miR-145–5p restrained cell growth, invasion, migration and tumorigenesis via modulating RHBDD1 in colorectal cancer via the EGFR-associated signaling pathway. Int. J. Biochem. Cell Biol. 2019, 117, 105641. [Google Scholar] [CrossRef]

	



Chang, Y.; Yan, W.; Sun, C.; Liu, Q.; Wang, J.; Wang, M. miR-145-5p inhibits epithelial-mesenchymal transition via the JNK signaling pathway by targeting MAP3K1 in non-small cell lung cancer cells. Oncol. Lett. 2017, 14, 6923–6928. [Google Scholar] [CrossRef]

	



Zheng, F.; Xu, R. CircPVT1 contributes to chemotherapy resistance of lung adenocarcinoma through miR-145–5p/ABCC1 axis. Biomed. Pharmacother. 2020, 124, 109828. [Google Scholar] [CrossRef]

	



Qiu, T.; Zhou, X.; Wang, J.; Du, Y.; Xu, J.; Huang, Z.; Zhu, W.; Shu, Y.; Liu, P. MiR-145, miR-133a and miR-133b inhibit proliferation, migration, invasion and cell cycle progression via targeting transcription factor Sp1 in gastric cancer. FEBS Lett. 2014, 588, 1168–1177. [Google Scholar] [CrossRef] [PubMed]

	



Kim, I.K.; Lee, Y.S.; Kim, H.S.; Dong, S.M.; Park, J.S.; Yoon, D.S. Specific protein 1(SP1) regulates the epithelial-mesenchymal transition via lysyl oxidase-like 2(LOXL2) in pancreatic ductal adenocarcinoma. Sci. Rep. 2019, 9, 5933–5944. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.H.; Liu, S.; Zhou, H.; Qu, L.H.; Yang, J.H. starBase v2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 2014, 42, D92–D97. [Google Scholar] [CrossRef] [PubMed]

	



Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An enhanced web server for large-scale expression profiling and interactive analysis. Nucleic Acids Res. 2019, 47, W556–W560. [Google Scholar] [CrossRef]

	



Thomson, D.W.; Bracken, C.P.; Szubert, J.M.; Goodall, G.J. On measuring miRNAs after transient transfection of mimics or antisense inhibitors. PLoS ONE 2013, 8, e55214–e55220. [Google Scholar] [CrossRef]

	



Takezawa, K.; Okamoto, I.; Okamoto, W.; Takeda, M.; Sakai, K.; Tsukioka, S.; Kuwata, K.; Yamaguchi, H.; Nishio, K.; Nakagawa, K. Thymidylate synthase as a determinant of pemetrexed sensitivity in non-small cell lung cancer. Br. J. Cancer 2011, 104, 1594–1601. [Google Scholar] [CrossRef]

	



Chang, M.H.; Ahn, J.S.; Lee, J.; Kim, K.H.; Park, Y.H.; Han, J.; Ahn, M.J.; Park, K. The efficacy of pemetrexed as a third- or fourth-line therapy and the significance of thymidylate synthase expression in patients with advanced non-small cell lung cancer. Lung Cancer 2010, 69, 323–329. [Google Scholar] [CrossRef]

	



Liang, S.Q.; Marti, T.M.; Dorn, P.; Froment, L.; Hall, S.R.; Berezowska, S.; Kocher, G.; Schmid, R.A.; Peng, R.W. Blocking the epithelial-to-mesenchymal transition pathway abrogates resistance to anti-folate chemotherapy in lung cancer. Cell Death Dis. 2015, 6, e1824. [Google Scholar] [CrossRef]

	



Koren, A.; Rijavec, M.; Sodja, E.; Kern, I.; Sadikov, A.; Kovac, V.; Korosec, P.; Cufer, T. High BMI1 mRNA expression in peripheral whole blood is associated with favorable prognosis in advanced non-small cell lung cancer patients. Oncotarget 2017, 8, 25384–25394. [Google Scholar] [CrossRef]

	



Zhang, X.; Tian, T.; Sun, W.; Liu, C.; Fang, X. Bmi-1 overexpression as an efficient prognostic marker in patients with nonsmall cell lung cancer. Medicine 2017, 96, e7346. [Google Scholar] [CrossRef]

	



Lopez-Arribillaga, E.; Rodilla, V.; Pellegrinet, L.; Guiu, J.; Iglesias, M.; Roman, A.C.; Gutarra, S.; Gonzalez, S.; Munoz-Canoves, P.; Fernandez-Salguero, P.; et al. Bmi1 regulates murine intestinal stem cell proliferation and self-renewal downstream of Notch. Development 2015, 142, 41–50. [Google Scholar] [CrossRef]

	



Paranjape, A.N.; Balaji, S.A.; Mandal, T.; Krushik, E.V.; Nagaraj, P.; Mukherjee, G.; Rangarajan, A. Bmi1 regulates self-renewal and epithelial to mesenchymal transition in breast cancer cells through Nanog. BMC Cancer 2014, 14, 785. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Mirshahidi, S.; Simental, A.; Lee, S.C.; de Andrade Filho, P.A.; Peterson, N.R.; Duerksen-Hughes, P.; Yuan, X. Cancer stem cell self-renewal as a therapeutic target in human oral cancer. Oncogene 2019, 38, 5440–5456. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, M.; Bharali, D.J.; Sudha, T.; Khedr, M.; Guest, I.; Sell, S.; Glinsky, G.V.; Mousa, S.A. Downregulation of Bmi1 in breast cancer stem cells suppresses tumor growth and proliferation. Oncotarget 2017, 8, 38731–38742. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.; Lee, S.; Park, W.H.; Suh, D.H.; Kim, K.; Kim, Y.B.; No, J.H. Silencing Bmi1 expression suppresses cancer stemness and enhances chemosensitivity in endometrial cancer cells. Biomed. Pharmacother. 2018, 108, 584–589. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.H.; Yang, S.F.; Li, P.Q. Human lung cancer cell line SPC-A1 contains cells with characteristics of cancer stem cells. Neoplasma 2012, 59, 685–692. [Google Scholar] [CrossRef] [PubMed]

	



Toden, S.; Tran, H.M.; Tovar-Camargo, O.A.; Okugawa, Y.; Goel, A. Epigallocatechin-3-gallate targets cancer stem-like cells and enhances 5-fluorouracil chemosensitivity in colorectal cancer. Oncotarget 2016, 7, 16158–16171. [Google Scholar] [CrossRef]

	



Wang, H.B.; Liu, G.H.; Zhang, H.; Xing, S.; Hu, L.J.; Zhao, W.F.; Xie, B.; Li, M.Z.; Zeng, B.H.; Li, Y.; et al. Sp1 and c-Myc regulate transcription of BMI1 in nasopharyngeal carcinoma. FEBS J. 2013, 280, 2929–2944. [Google Scholar] [CrossRef]

	



Zhang, J.P.; Zhang, H.; Wang, H.B.; Li, Y.X.; Liu, G.H.; Xing, S.; Li, M.Z.; Zeng, M.S. Down-regulation of Sp1 suppresses cell proliferation, clonogenicity and the expressions of stem cell markers in nasopharyngeal carcinoma. J. Transl. Med. 2014, 12, 222. [Google Scholar] [CrossRef]

	



Polytarchou, C.; Iliopoulos, D.; Struhl, K. An integrated transcriptional regulatory circuit that reinforces the breast cancer stem cell state. Proc. Natl. Acad. Sci. USA 2012, 109, 14470–14475. [Google Scholar] [CrossRef]








[image: Ijms 23 15352 g001 550] 





Figure 1. The miR-145-5p expression level in NSCLC cells affects the pemetrexed sensitivity. (A) The differential pemetrexed sensitivity between A549 cells and the pemetrexed resistant A400 cells was determined by the MTT assay. (B) The miR-145-5p expression levels in the A549 or A400 cells were measured by the RT-qPCR method. (C,E) The miR-145-5p inhibitor or negative control (NC) inhibitor was transfected in the A549 cells. The inhibition of miR-145-5p was confirmed by the RT-qPCR method (C) and the effect on pemetrexed sensitivity was determined by the MTT assay (E). (D,F) Overexpression of miR-145-5p in the A400 cells was conducted by the transfection of the miR-145-5p mimic and was confirmed by thee RT-qPCR method (D). Pemetrexed sensitivities of the miR-145-5p mimic or negative control (NC) mimic transfected A400 cells were further measured by the MTT assay (F). * p < 0.05; ** p < 0.01. 
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Figure 2. Sp1 is a direct target of miR-145-5p in the NSCLC cells. (A) The expression levels of Sp1, BMI1, or TS were determined by Western blotting. (B) The A549 or A400 cells were transfected with the miR-145-5p inhibitor or miR-145-5p mimic, respectively, and the expression level of Sp1 was determined by Western blotting. NC, negative control. (C) Alignments of miR-145-5p to wild type (Sp1 3′-UTR-WT) or mutant (Sp1 3′-UTR-Mut) of Sp1 3′-UTR. (D) A luciferase reporter vector containing Sp1 3′-UTR-WT sequences was transfected into A549 or A400 cells. The firefly luciferase activity was measured at 48 h post transfection and data were presented as the relative luciferase activity of A549 after being normalized with the RFP positive percentage. (E) A549 (E) or A400 (F) cells were transfected with the miR-145-5p inhibitor or miR-145-5p mimic, respectively, together with the Sp1 3′-UTR reporter vector simultaneously for 48 h. Luciferase activities were measured and presented as the relative level to negative control (NC) inhibitor/mimic group after normalization with the RFP positive percentage. * p < 0.05. 
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Figure 3. Forced expression of Sp1 in A549 cells decreases pemetrexed sensitivity and induces EMT. A549 cells were transfected with Sp1 cDNA containing the vector and selected with 400 μg/mL hygromycin B to establish the Sp1 overexpressed subline (A549-Sp1-S2). (A) Pemetrexed sensitivity was measured by the MTT assay. (B) Cell migration capability was determined by the wound healing assay and the cell migration area was measured by ImageJ software (version 1.53u, National Institutes of Health, Bethesda, MD, USA) at 24 h after the removal of the inserts. Red lines indicated the forefront of cell migration. Data are presented as the relative migration area to the A549 cells. (C) The protein expressions of Sp1, TS, ZEB1, E-cadherin, Snail1, and Twist1 were determined by Western blotting. The inserted numbers indicated relative expression level to A549 cells. * p < 0.05. 
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Figure 4. miR-145-5p suppresses BMI1-induced malignant phenotypes in A549 cells. BMI1 overexpressed A549 cells (A549-BS1) or tRFP expressing A549 cells (A549-tRFP) were established as per our previous report [13]. (A) Pemetrexed sensitivity was measured by the MTT assay. (B) Expressions of miR-145-5p in the A549 or A549-BS1 cells were determined by the RT-qPCR method. A400 cells were treated with 5 μM of PTC-209 for 48 h followed by the detection of miR-145-5p by RT-qPCR. (C) The expressions of BMI1, Sp1, or flag-tagged proteins were determined by Western blotting. (D,E) A549 or A549-BS1 cells were transfected with the miR-145-5p mimic or negative control (NC) mimic for 24 h and harvested cells to determine the cell proliferation capability by the clonogenic assay (D) or cell migration activity by the wound healing assay (E). Red lines indicated the forefront of cell migration. (F) A549-tRFP or A549-BS1 cells were transfected with the 10 nM miR-145-5p mimic or negative control mimic (NC, indicated as 0) for 48 h. The protein expressions of E-cadherin, N-cadherin, Snail1, or ZEB1 were determined by Western blotting. The inserted numbers indicate the relative expression levels compared to the NC mimic transfected cells. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 5. The inhibition of Sp1 activity reduces BMI1-induced malignant phenotypes in A549 cells. A549 or the derived BMI1 overexpressed A549-BS1 cells were treated with mithramycin A (MitA) at the concentrations of 50 or 100 nM. (A) Cell proliferation capability was measured by the clonogenic assay for 14 days. Cell colonies were visualized by the crystal violet stain. The statistical analysis was performed by one-way ANOVA with Tukey–Kramer’s post hoc test. * p < 0.05; ** p < 0.01. (B) Cell migration activity was determined by the wound healing assay and the cell migration areas were measured by ImageJ software. Red lines indicated the forefront of cell migration. * p < 0.05; ** p < 0.01. The statistical analysis was conducted as described in (A). (C) The expressions of N-cadherin, Snail1, or ZEB1 in A549-tRFP or A549-BS1 cells after treatment with 100 nM of MitA were determined by Western blotting. Inserted numbers indicated the relative expression level compared to the non-MitA treated groups after quantifying the band intensities by ImageJ software and using the non-treated sample as a reference. 
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Figure 6. The correlations of BMI1, Sp1, and miR-145-5p in the lung cancer data of TCGA. (A) The RNA expression levels of miR-145-5p in normal lung tissues or cancer tissues of lung adenocarcinoma (LUAD) or lung squamous cell carcinoma (LUSC) were obtained from the TCGA database and analyzed using the ENCORI webtool [24]. T, tumor; N, normal. The number indicates the relative fold change in the tumor samples using normal samples as the reference. The statistical analysis was performed by the unpaired t-test. ***, p < 0.001. (B) The correlations between miR-145-5p and Sp1 mRNA expression in LUAD or LUSC were obtained from ENCORI and statistical analysis was performed by Spearman’s correlation. (C) The correlation between BMI1 and Sp1 mRNA in the NSCLC subjects (LUAD + LUSC) in the TCGA database was obtained from the GEPIA2 website [25] and the statistical analysis was performed by Spearman’s correlation. (D) Survival analysis based on a 3-gene-signature consisted of SP1/BMI1/ZEB1 in the NSCLC subjects of the TCGA database was analyzed using the GEPIA2 webtool with a cutoff set by the median expression level. The statistical analysis was performed by a log-rank test. 
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