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Thymidylate synthase confers pemetrexed resistance of non-small cell lung cancer cells by EGFR/PI3K/AKT pathway
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Abstract: Chemotherapy drug resistance is the main cause leading to the relapse and metastasis of non-small cell lung cancer (NSCLC) patients. Our study aimed to investigate the mechanism of pemetrexed resistance in NSCLC. Firstly, the pemetrexed (PEM)-resistant PC-9 and A549 lung adenocarcinoma cell lines (PC-9/PEM and A549/PEM) were established. The expression of thymidylate synthase (TS) in PC-9/PEM, A549/PEM, A549, and PC-9 cells were analyzed by qRT-PCR and western blot. Then, cell viability, colony formation, migration, and invasion were performed on PEM-resistant cells transfected with TS siRNA. The role of EGFR in PEM resistance of PEM-resistant cells was investigated using EGFR siRNA. The effects of gefitinib and EGFR siRNA on EGFR/PI3K/AKT pathway and downstream signaling Cyclin D1 and E2F1 in PEM-resistant cells were analyzed. Results showed that the protein level of TS was significantly increased in A549/PEM and PC-9/PEM. TS knockdown inhibited the potency of proliferation, colony-forming potential, migration, and invasion in PEM-resistant cells. EGFR knockdown abrogated the resistance to PEM of PEM-resistant cells and suppressed the migration and invasion of PEM-resistant cells. Gefitinib treatment and EGFR knockdown respectively inhibited the EGFR/PI3K/AKT pathway and downregulated Cyclin D1 and E2F1 in PEM-resistant cells. Thus, TS might be a predictive marker for PEM resistance in NSCLC. Inhibition of the EGFR pathway abrogated the resistance to PEM and inhibited the EGFR/PI3K/AKT and downstream signaling of PEM-resistant NSCLC cell lines.
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Introduction

As one of the most common cancer types among women and men, non-small cell lung cancer (NSCLC) is one of the main causes of morbidity and mortality in the entire world (Ren et al., 2015; Sandler et al., 2019). Although early diagnosis and therapeutic approaches for NSCLC have considerably progressed, the 5-year survival rate of NSCLC patients is still less than 15% (Chang, 2011; Zhang, 2015; Siegel et al., 2018). Importantly, the resistance of chemotherapy drugs limits the effectiveness of therapies for NSCLC, which leads to the relapse and metastasis of NSCLC (Chang, 2011; Dong et al., 2017). Although progression-free survival and response rate were better than chemotherapy in targeted therapy in first-line therapy, the overall survival did not improve. The second-line targeted therapy still has a higher response rate and survival benefit after the failure of first-line chemotherapy. Only a 15% response rate of the second-line chemotherapy was achieved after the failure of first-line targeted therapy (Mistry et al., 2019; Yamaguchi et al., 2018). A previous study showed that first-line targeted therapy would reduce the sensitivity of second-line chemotherapy drugs (Zeng et al., 2014). The development of novel strategies for NSCLC is still critical.

Pemetrexed (PEM) is an inhibitor of thymidylate synthase (TS), which is used worldwide for NSCLC excluding squamous cell lung cancer by decreasing the de novo biosynthesis of the essential thymidine (Calvert and Bunn, 2002; Schultz et al., 1999; Hanna et al., 2004). TS regulates the de novo biosynthesis of thymidine and purine nucleotides by catalyzing the methylation of fluoro dUMP into dTMP (Wu et al., 2010). TS expression is a significant association with outcomes of pemetrexed for NSCLC, which is a promising predictor for the efficacy of pemetrexed-based chemotherapy for NSCLC (Liu et al., 2013).

The pemetrexed resistance in NSCLC is a challenge for NSCLC therapy. It is clinically important for NSCLC patients to overcome the resistance of pemetrexed in NSCLC cells. Nevertheless, the mechanisms underlying the resistance of pemetrexed in NSCLC need to be elucidated. Currently, the increased expression of TS in pemetrexed resistant cells and the acquisition of pemetrexed resistance were found in colon and breast cancer (Chiu et al., 2017; Takezawa et al., 2011). In NSCLC, a meta-analysis showed that the increased TS expression might be an independent risk factor of pemetrexed resistance (Liu et al., 2013). The epidermal growth factor receptor/phosphoinositide 3-kinase/protein kinase B (PKB), also known as Akt (EGFR/PI3K/Akt) pathway, is associated with gefitinib resistance in NSCLC cells (Liu et al., 2020). However, it is still not clear about the role and molecular mechanisms of TS in the PEM-resistance of NSCLC.

Here, we found the enhanced level of TS in pemetrexed-resistant NSCLC cell lines. TS knockdown inhibited the potency of proliferation, colony-forming potential, migration, and invasion of pemetrexed-resistant NSCLC cell lines. Inhibition of the EGFR pathway abrogated the resistance to pemetrexed and inhibited the EGFR/PI3K/AKT and downstream signaling of pemetrexed-resistant NSCLC cell lines. We have revealed that EGFR signaling pathways regulated the PEM-induced resistance in NSCLC cell lines. Our study provided the potential treatment strategies to combine gefitinib and PEM for overcoming the pemetrexed resistance of NSCLC.

Materials and Methods

Cell culture and treatment agents

Human NSCLC cell lines (PC-9 and A549) were purchased from American Type Culture Collection (ATCC, USA) and cultured in Roswell Park Memorial Institute 1640 medium (Procell Life Science & Technology, China) supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA). The PEM-resistant NSCLC cells (i.e., PC-9/PEM and A549/PEM) were generated by continuous exposing cells with a stepwise increase in the concentration of pemetrexed for over six months. Whenever 70–80% confluency was reached, cells were passaged. The gefitinib (Selleckchem, TX, USA) and PEM (LC Laboratories, MA, USA) reagents were used in the study.

Cell viability assay

Three thousand cells each well were seeded and exposed to the indicated treatment. 90 μL fresh media was used to replace the media, and 10 µL of CCK-8 solution (CCK-8, Dojin, Japan) was added into each well; 2.5 h later, absorbance at 450 nm was measured by the Infinite M200 FA plate reader (TECAN, Männedorf, Switzerland) (Deng et al., 2020).

Colony forming assay

1.5 × 103 PC-9/PEM or A549/PEM lung adenocarcinoma cell lines per well were cultured in complete medium for 12 to 16 days. Afterward, the cells were stained with 0.2% crystal violet after fixed by 4% paraformaldehyde, and then the cells were washed with PBS, and the representative images were photographed (McQuillan et al., 2020).

Apoptosis assay

The apoptosis of PC-9/PEM or A549/PEM cells was analyzed by Annexin V-FITC/PI detection kit (Sigma-Aldrich). Briefly, the cells in the logarithmic growth stage were seeded in a 6-well plate with a density of 2 × 105/well and cultured for 48 h. Washed with pre-cooled PBS twice, the supernatant was discarded after centrifugation for 3 min, and 400 μL Annexin V-FITC staining solution was added and incubated on ice under dark for 15 min. Then 10 μL propidium iodide (PI) dye solution was added and mixed and incubated under dark for 5 min. The apoptosis was detected by flow cytometry by BD FACS Calibur Aria (BD, USA). The experiment was repeated three times, and the average value of the data from three experiments was taken out (Majtnerová and Roušar, 2018).

Quantitative real-time PCR (qRT-PCR)

The cells were homogenized in 1 mL of TRIzol (Invitrogen, CA) to extract the total RNA and then reversed-transcribed by the QuantiTect Reverse Transcription Kit (#205313) (Qiagen, Shanghai, China). SYBR® Green (BioRad Laboratories Inc., USA) was used for qRT–PCR analysis of TS and GAPDH. The relative expressions were normalized to GAPDH using the comparative cycle threshold method and fold change. The primer used as followed. TS forward primer, 5’-AAGCCTGTCTGGAAGTTACTTGT-3’; TS reverse primer, 5’-GCAGGGTATCCTTGTGCCA-3’; GAPDH forward primer, 5’-GGAGCGAGATCCCTCCAAAAT-3’; GAPDH reverse primer, 5’-GGCTGTTGTCATACTTCTC ATGG-3’ (Hawkins and Guest, 2017).

Western blot

Cells were homogenized in ice-cold lysis buffer and then were centrifuged for 5 min at 10000 × g. Then, equivalent amounts of proteins (20 µg) were subjected to 12% SDS-PAGE and transferred onto a nitrocellulose membrane. Membranes were blocked for 60 min by phosphate-buffered saline (PBS). Then, the membranes were incubated with respective primary antibodies: Anti- TS (Santa Cruz, 1:1000), EGFR (Santa Cruz, 1:1000), p-EGFR (CST, 1:1000), p-PI3K (Abcam, 1:1000), p-AKT (Abcam, 1:1000), Cyclin D1 (Sigma, 1:1000), E2F1 (Santa Cruz, 1:1000) and anti-rabbit IgG-HRP (Santa Cruz, 1:1000). Bands were visualized with the enhanced chemiluminescent system (Thermo Fisher Scientific, Inc. USA) (Taylor and Posch, 2014).

Cell transfection

The small interfering RNAs (siRNAs) and scrambled negative controls (NCs) for TS and EGFR were designed and purchased from Genepharma (Co., Ltd., China). Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Shanghai, China) was used for transfection of siRNA in PC-9/PEM and A549/PEM (Longo et al., 2013).

Transwell migration and invasion assay

For transwell migration assay, 2 × 105 cells/well were seeded onto the upper well of a millipore transwell chambers (8 μm) in serum-free medium, and then 650 μL media containing 10% FBS were added in the lower chamber. 24 h later, the non-penetrated cells in the upper surface of the membrane were removed. The cells adhering to the lower chamber were fixed with formaldehyde, stained with 0.1% Crystal Violet, and photographed in different filed by inverted microscope (CX41, Olympus) and counted (Zeng et al., 2019). For transwell invasion assay, all the steps were carried out similarly to those in the migration assay except for the Matrigel coating: Serum-free DMEM/RPMI-1640 (1:1) medium containing 0.2 mg/mL type I-collagen and 2.5 mg/mL matrigel matrix (refer to the below recipe) was laid onto the upper chamber of transwells (150 μL/ well), and solidify in a CO2 incubator at 37°C for 30 min (Justus et al., 2013).

Statistical analysis

All experiments were performed at least three times. p < 0.05 was considered statistically significant. Unpaired Student’s t-tests were used by Prism statistical software package (Version 8.0, Graphpad Software Inc.).

Results

Enhanced expression of TS in PC9/PEM and A549/PEM

Firstly, we developed the pemetrexed-resistant NSCLC cells PC-9/PEM and A549/PEM cells. To analyze the relative pemetrexed resistance of PC-9/PEM cells and A549/PEM cells compared to the corresponding parental cell line, the cells were exposed to various concentrations of pemetrexed, and the viability profile was analyzed. As shown in Fig. 1A, the PC-9/PEM cells showed higher resistance to pemetrexed than the corresponding parental cell line. A similar result was found in A549/PEM cells compared with A549 cells (Fig. 1B). Then, we assessed the TS mRNA level in PC-9/PEM, A549/PEM, PC-9, and A549 cells. The mRNA levels of TS in PC-9/PEM and A549/PEM were significantly increased compared with PC-9 and A549 cells, respectively (Fig. 1C). The protein level of TS was also markedly increased inA549/PEM cells and PC-9/PEM (Fig. 1D).
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Figure 1: Characteristics of pemetrexed-resistant lung cancer cell lines such as TS expression. (A and B) Pemetrexed (PEM)-resistant NSCLC cell lines. PC-9/PEM and A549/PEM cells developed and the sensitivity to pemetrexed of PC-9/PEM, A549/PEM, PC-9, and A549 cells was determined by using CCK-8 assays. (C) q-PCR analyses of TS mRNA levels (change in folds) of in PC-9/PEM, A549/PEM, PC-9, and A549 cells. (D) The protein levels of thymidylate synthase in PC-9/PEM, A549/PEM, PC-9, and A549 cells were analyzed by Western Blot. All experiments were repeated three times. Data represent mean ± SEM. **p < 0.01. ***p < 0.001.


TS knockdown inhibited the potency of proliferation, colony forming potential, migration, and invasion in pemetrexed-resistant NSCLC cell lines

To further explore the role of TS in pemetrexed induced resistance, we knocked down the TS by siRNA transfection. The interference efficiency of siRNA-TS was shown (Figs. 2A and 2B). The knockdown of TS significantly inhibited the cell viability of PC-9/PEM and A549/PEM cells (Figs. 3A and 3B). The cell colony-forming potential of PC-9/PEM and A549/PEM cells was abrogated by TS knockdown (Fig. 3C). In addition, TS knockdown significantly induced apoptosis in both PC-9/PEM and A549/PEM cells (Fig. 3D). The migration and invasion potency of PC-9/PEM and A549/PEM cells were also assessed. Compared with the negative control group, siRNA-TS significantly decreased the migration of PC-9/PEM and A549/PEM cells (Fig. 3E). The invasion potency of PC-9/PEM and A549/PEM cells was markedly inhibited by TS knockdown (Fig. 3F). The results showed that TS knockdown inhibited the potency of proliferation, colony-forming potential, migration, and invasion in pemetrexed-resistant NSCLC cell lines.
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Figure 2: Thymidylate synthase knockdown in pemetrexed-resistant NSCLC cell lines. The PC-9/PEM and A549/PEM cells were transfected by siRNA targeting TS Iα or siRNA negative control. (A) q-PCR analyses of TS mRNA levels in PC-9/PEM and A549/PEM cells after transfection. (B) The protein levels of TS in PC-9/PEM and A549/PEM cells after transfection were analyzed by Western Blot. Data represent mean ± SEM. **p < 0.01. ***p < 0.001.
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Figure 3: Thymidylate synthase knockdown inhibited the potency of proliferation, colony-forming potential, migration, and invasion in pemetrexed-resistant NSCLC cell lines. The PC-9/PEM and A549/PEM cells were transfected by siRNA targeting TS Iα or siRNA negative control (NC). (A–B) The cell viability of PC-9/PEM (A) and A549/PEM cells (B) after transfection was analyzed by CCK8. (C) The potential of PC-9/PEM and A549/PEM cells to form colonies after transfection was analyzed by colony-forming assay, scale bar: 1 cm. (D) Flow cytometry analysis of cell apoptosis of PC-9/PEM and A549/PEM cells after transfection. (E) Migration assay was performed to assess the migration potency of PC-9/PEM and A549/PEM cells after transfection. Scale bar: 100 μm. (F) Cell invasion assay was performed to assess the invasion potency of PC-9/PEM and A549/PEM cells after transfection. Scale bar: 100 μm. All experiments were repeated three times. Data represent mean ± SEM. **p < 0.01. ***p < 0.001.


Inhibition of EGFR pathway abrogated the resistance to pemetrexed of pemetrexed-resistant NSCLC cell lines

Previous studies reported that EGFR-TKI can down-regulate TS expression and activity in breast cancer cells (Budman et al., 2006; Tung et al., 2017). Next, we wondered whether the expression of TS and the role of TS in PC9/PEM and A549/PEM was regulated by the EGFR pathway. As the orally active inhibitor of EGFR tyrosine kinase with activity in non-small-cell NSCLC, gefitinib was used to block the EGFR pathway in our study. The expression of EGFR in PC-9/PEM and A549/PEM cells was knocked down by siRNA targeting EGFR (Fig. 4A). Western blots showed that both the level of phosphorylated-EGFR in PC-9/PEM and A549/PEM cells was significantly decreased by gefitinib treatment or EGFR knockdown (Fig. 4A). Gefitinib treatment had no effect on the EGFR protein level and significantly decreased the expression of TS in PC-9/PEM and A549/PEM cells. EGFR knockdown also decreased the expression of TS in PC-9/PEM and A549/PEM cells (Fig. 4A). The pemetrexed IC50 values for A549/PEM cells under gefitinib treatment were reduced from 36.751 μM to 0.328 μM. The pemetrexed IC50 values for A549/PEM cells under EGFR knockdown were reduced from 38.728 μM to 0.220 μM (Fig. 4B). Similar results were found in PC-9/PEM cells about pemetrexed IC50 values with inhibition of the EGFR pathway (Fig. 3C). The cell colony-forming potential of PC-9/PEM and A549/PEM cells was abrogated by gefitinib treatment or EGFR knockdown (Figs. 4D and 4E). In the PC-9/PEM and A549/PEM cells, both the gefitinib treatment and EGFR knockdown significantly inhibited the cell proliferation (Fig. 4F). The cell apoptosis of PC-9/PEM and A549/PEM cells induced by pemetrexed was also significantly promoted by gefitinib treatment or EGFR knockdown (Fig. 4G).
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Figure 4: Inhibition of the EGFR pathway abrogated the resistance to pemetrexed in PEM-resistant NSCLC cell lines. The PC-9/PEM and A549/PEM cells were transfected by siRNA targeting EGFR Iα or siRNA negative control (NC). The PC-9/PEM (0.953 μM) and A549/PEM cells (35.640 μM) were treated with gefitinib. (A) Western blot analyzed the protein levels of EGFR, p-EGFR, and TS in PC-9/PEM and A549/PEM cells after gefitinib treatment or EGFR knockdown. (B) The pemetrexed IC50 values for A549/PEM cells under gefitinib treatment or EGFR knockdown. (C) The pemetrexed IC50 values for PC-9/PEM cells under gefitinib treatment or EGFR knockdown. (D–E) The EGFR pathway in PC-9/PEM and A549/PEM cells were inhibited by gefitinib treatment or EGFR knockdown. The cell colony-forming potential was analyzed by colony-forming assay. Scale bar: 1 cm. (F) EGFR pathway inhibition decreased the PC-9/PEM and A549/PEM cell potency of proliferation. The EGFR pathway in PC-9/PEM and A549/PEM cells were inhibited by gefitinib treatment or EGFR knockdown. Then, the cells were treated with pemetrexed and cell viability was analyzed by CCK8. (G) EGFR pathway inhibition increased the PC-9/PEM and A549/PEM cells apoptosis. The EGFR pathway in PC-9/PEM and A549/PEM cells was inhibited by gefitinib treatment or EGFR knockdown. Then, the cells were treated with pemetrexed, and cell apoptosis was analyzed by Flow cytometry. All experiments were repeated three times. Data represent Mean ± SEM. **p < 0.01. ***p < 0.001.

Inhibition of EGFR pathway suppressed the migration and invasion of pemetrexed-resistant NSCLC cell lines

We also assessed the migration and invasion of PC-9/PEM and A549/PEM cells. Compared with the negative control group, siRNA-EGFR significantly inhibited the migration of A549/PEM cells (Figs. 5A and 5C). Gefitinib also inhibited the migration of A549/PEM cells (Figs. 5A and 5C). Similar results were found in PC-9/PEM cells under EGFR knockdown or gefitinib treatment (Fig. 5B). In addition, we performed the invasion assay of PC-9/PEM and A549/PEM cells and found that the invasion potency of PC-9/PEM and A549/PEM cells was also suppressed by inhibition of the EGFR pathway (Fig. 5D).
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Figure 5: Inhibition of the EGFR pathway suppressed the migration and invasion of pemetrexed-resistant NSCLC cell lines. The PC-9/PEM and A549/PEM cells were transfected by siRNA targeting EGFR Iα or siRNA negative control. The PC-9/PEM and A549/PEM cells were treated with gefitinib. (A) Migration assay was performed to assess the migration potency of A549/PEM cells after indicated treatment. Representative images of migration assay are shown. Scale bar: 100 μm. (B) Migration assay was performed to assess the migration potency of PC-9/PEM cells after indicated treatment. Representative images of migration assay are shown. Scale bar: 100 μm. (C) Quantitative assay of migrated A549/PEM and PC-9/PEM cells in the migration assay was performed. (D) Invasion assay was performed to assess the invasion potency of A549/PEM cells and PC-9/PEM after indicated treatment. Quantitative assay of invaded A549/PEM and PC-9/PEM cells in the invasion assay was performed. All experiments were repeated three times. Data represent mean ± SEM. *p < 0.05, **p < 0.01. ***p < 0.001.


The EGFR/PI3K/AKT and downstream signaling was inhibited by gefitinib or EGFR knockdown in PC-9/PEM and A549/PEM cells

As a key factor that activates the PI3K signaling pathway, EGFR with continuous activation promotes the cell proliferation and progression of cancers (Sun et al., 2018; Xia et al., 2018). We also assessed the EGFR/PI3K/AKT signaling in PC-9/PEM and A549/PEM cells after gefitinib treatment and EGFR knockdown. As shown in Fig. 6, the levels of phosphorylated AKT and phosphorylated PI3K in PC-9/PEM cells were significantly decreased by gefitinib treatment or EGFR knockdown. A similar result was also found in A549/PEM cells (Fig. 6). As Cyclin D1and E2F1 were the downstream signal molecule, the protein levels of Cyclin D1 and E2F1 in PC-9/PEM and A549/PEM cells after gefitinib treatment and EGFR knockdown were also analyzed. As expected, the protein levels of Cyclin D1 and E2F1 in both PC-9/PEM and A549/PEM cells were decreased by EGFR inhibition (Fig. 6).
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Figure 6: The EGFR/PI3K/AKT and downstream signaling was inhibited by gefitinib treatment or EGFR knockdown in PC-9/PEM and A549/PEM cells. Cells (i.e., A549/PEM cells PC-9/PEM) were transfected by siRNA targeting EGFR Iα or siRNA negative control or treated with gefitinib. I: Control, II: Gefitinib, III: Negative control (NC), and IV: siRNA-EGFR. Western blot analyzed the protein levels of p-AKT, p-EGFR Cyclin D1, and E2F1 in PC-9/PEM cells after gefitinib treatment or EGFR knockdown. All experiments were repeated three times. ***p < 0.001.


Discussion

Pemetrexed is a multi-target antifolic acid agent that is essential for the first- and second-line as well as for maintenance’s treatment of non-squamous histological non-small cell lung cancer. A comprehensive assessment of drug toxicity and resistance to pemetrexed is still required when combined therapy is used in patients. To understand the complex mechanisms of non-small cell lung cancer patients and to individualize the use of pemetrexed in clinical applications, we explored the role of TS involved in pemetrexed resistance. TS is the main biological target of pemetrexed.

Ozasa et al. (2010) found that the expression of TS was significantly increased in PEM-resistant PC-9 cells. This was consistent with our results that the expression of TS in PC-9/PEM and A549/PEM were significantly increased compared with PC-9 and A549 cells, respectively. A meta-analysis demonstrated that the enhanced expression of TS might be the risk factor of pemetrexed resistance, and NSCLC patients with lower TS expression had the better outcomes of PEM-based chemotherapy (Liu et al., 2013). A shorter median progression-free survival was found in TS highly expressed NSCLC patients compared with NSCLC patients, which had low TS expression (Chen et al., 2011). We further proved the enhanced expression of TS in PEM -resistant A549 cells. TS knockdown inhibited the potency of proliferation and increased apoptosis.

A reduction in cell viability and an increase in apoptosis of TS knockdown without PEM indicate that TS itself is particularly important for cell viability, and its knockdown results in an excellent increase in apoptotic cells. In addition, TS knockdown inhibited the potency of proliferation. Thus, inhibition of the EGFR pathway inhibited the potency of proliferation, colony-forming potential, migration, and invasion in PEM-resistant NSCLC cell lines. Because A549 cells are grown faster than that of PC9 cells, A549 cells are overcrowding when PC9 cells can see obvious clones.

For PEM treatment of adenocarcinomas ATP-binding cassette-transporter 11 was reported as a biomarker (Uemura et al., 2010). In our study, we found the inhibition of EGFR/PI3K/AKT and downstream signaling abrogated the resistance of PEM-resistant NSCLC cell lines. Migration and invasion of PEM-resistant NSCLC cell lines changes with the resistance to PEM. The TS knockdown inhibited the potency of migration and invasion in PC-9/PEM and A549/PEM cells. Inhibition of the EGFR pathway also inhibited the potency of migration and invasion in PEM-resistant NSCLC cell lines. Many studies have reported that the epithelial–mesenchymal transition (EMT) played an important role in the chemoresistance of cancer cells (Zeng et al., 2016), which promoted potency of migration and invasion with the remodeling of the cytoskeleton of cancer cells (Bure et al., 2019; Lu and Kang, 2019). In the PEM resistance lung cancer cells, Chiu et al. found that the EMT was happened with the enhanced expression of ZEB1 and fibronectin, and decreased expression of E-cadherin (Chiu et al., 2017). EMT might play an important role in the acquisition of PEM resistance. We will further explore the association of PEM resistance with EMT alteration in PC9/PEM and A549/PEM.

Conclusion

Our observations indicate that the expression of TS in PEM-resistant NSCLC cell lines was increased compared with the corresponding parental cells. Thus, TS might be a predictive marker for PEM resistance in NSCLC. Inhibition of the EGFR pathway abrogated the resistance to PEM and inhibited the EGFR/PI3K/AKT and downstream signaling of PEM-resistant NSCLC cell lines. We showed the potential of combining gefitinib and PEM in preventing the acquisition of resistance to PEM in NSCLC. Future studies will be required to determine the exact molecular mechanism in the EGFR signaling pathways and TS activity in preventing the acquisition of resistance to PEM in NSCLC.
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