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Abstract

:

Cisplatin is among the most widely used anticancer drugs used in the treatment of several malignancies, including oral cancer. However, cisplatin treatment often promotes chemical resistance, subsequently causing treatment failure. Several studies have shown that epidermal growth factor receptors (EGFRs) play a variety of roles in cancer progression and overcoming cisplatin resistance. Therefore, this study focused on EGFR inhibitors used in novel targeted therapies as a method to overcome this resistance. We herein aimed to determine whether the combined effects of cisplatin and cetuximab could enhance cisplatin sensitivity by inhibiting the epithelial-to-mesenchymal transition (EMT) process in cisplatin-resistant cells. In vitro analyses of three cisplatin-resistant oral squamous cell carcinoma cells, which included cell proliferation assay, combination index calculation, cell cytotoxicity assay, live/dead cell count assay, Western blot assay, propidium iodide staining assay, scratch assay, and qRT-PCR assay were then conducted. Our results showed that a cisplatin/cetuximab combination treatment inhibited cell proliferation, cell motility, and N-cadherin protein expression but induced E-cadherin and claudin-1 protein expression. Although the combination of cisplatin and cetuximab did not induce apoptosis of cisplatin-resistant cells, it may be useful in treating oral cancer patients with cisplatin resistance given that it controls cell motility and EMT-related proteins.
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1. Introduction


Studies have shown that the overexpression of the epidermal growth factor receptor (EGFR), a member of the ErbB family of receptors, was associated with the development of various cancers [1,2,3]. Moreover, evidence has found that the activation of the EGFR signaling pathway promotes the proliferation, invasion, and metastasis of cancer cells [4,5,6]. The diverse roles of the EGFR in cancer progression have facilitated the development of anticancer therapies that interfere with EGFR-mediated effects, such as monoclonal antibodies and small-molecule tyrosine kinase inhibitors [4,7,8].



Cetuximab (trade name Erbitux) is an anti-EGFR monoclonal antibody administered through intravenous infusion used to treat metastatic colorectal cancer and head and neck cancer [7,8,9]. Recent in vitro studies have reported that: a specific EGFR tyrosine kinase inhibitor increased the therapeutic effects of cisplatin in oral squamous cell carcinoma (OSCC) cells; cetuximab increased cisplatin-induced apoptosis through the inactivation of the EGFR/AKT signaling pathway in nasopharyngeal carcinoma (NPC); cetuximab plus platinum-based chemotherapy enhanced the overall survival in patients with recurrent or metastatic squamous cell carcinoma of the head and neck; and cetuximab improved cisplatin-induced reticulum stress-related apoptosis in laryngeal squamous cell carcinoma cells by suppressing the expression of TXNDC5 [9,10,11]. Moreover, other reports have shown that cetuximab attenuated cell invasion/metastasis-related processes in gastric cancer, whereas E-cadherin protein expression correlated with cetuximab sensitivity in non-small cell lung cancer (NSCLC) [12,13].



Cadherins are a class of intercellular adhesion molecules important for the formation of adherens junctions that bind cells with each other and are essential for maintaining cell-cell contact and regulating cell-cell adhesion among different cells [14,15]. E- and N-cadherin belong to type-I classical cadherins [15]. E-cadherin plays an important role in tumor suppression considering that the downregulation of E-cadherin expression or function facilitated increased invasion in malignant epithelial cancers [15,16]. On the other hand, N-cadherin expression in cancer cells enhances cancer cell motility and promotes cancer metastasis [14,15].



While epithelial-to-mesenchymal transition (EMT) is a developmental process generally observed in normal embryogenesis, this process can also occur during wound healing and the initiation of metastasis during cancer progression [16,17,18]. Throughout the process of EMT, the decreased expression of epithelial markers (e.g., E-cadherin and claudin) and the increased expression of mesenchymal markers (e.g., N-cadherin and vimentin) have been reported [16,19]. Recent studies have increasingly reported that EMT not only contributes to the metastasis of cancer cells but also plays an important role in anticancer drug resistance after chemotherapy treatment [20,21,22,23]. Thus, inhibition of this cellular process may constitute a method for overcoming chemoresistance [20,21,24].



Our established cisplatin-resistant human OSCC cell lines showed greater N-cadherin protein expression and cell motility compared to their parental cell lines [25]. Therefore, the current study attempted to determine whether the combined treatment of cisplatin and cetuximab affected apoptosis and cell motility. The present study demonstrated the in vitro activity of cetuximab in three cisplatin-resistant OSCC cell lines and showed that an EGFR blockade with cisplatin decreased the proliferation and migration thereof.




2. Results


2.1. Cisplatin and Cetuximab Co-Treatment Promoted Greater Inhibition of Cisplatin-Resistant OSCC Cell Proliferation Compared to Each Alone


To study the effects of combining cisplatin and cetuximab on OSCC cell growth, an MTT assay was performed. First, three cisplatin-resistant cell lines (YD-8/CIS, YD-9/CIS, and YD-38/CIS) were treated with each drug at various concentrations for 72 h. Accordingly, cisplatin treatment dose-dependently inhibited cell growth in YD-9/CIS and YD-38/CIS (Figure 1a), although only a slight suppression was observed in YD-8/CIS. However, cetuximab had no effect on the growth of all three cell lines (Figure 1b). Thereafter, we determined whether co-treatment with cisplatin (1–5 μg/mL) and cetuximab (200 or 500 μg/mL) had a synergistic effect on cell growth (data not shown). Combination treatment with both drugs at a low dose (1 μg/mL of cisplatin and 200 μg/mL of cetuximab) promoted greater cell growth inhibition compared to each treatment administered alone (Figure 1c). Moreover, combination index (CI) analysis found synergism in most combinations, except for a few cases in YD-8/CIS cells (Figure 1d–i). Moreover, cetuximab tended to have a greater synergistic effect in combination with cisplatin at 200 μg/mL than at 500 μg/mL. The aforementioned data showed a synergistic effect between cisplatin (1 μg/mL) and cetuximab (200 μg/mL).




2.2. Cisplatin and Cetuximab Co-Treatment Inhibited Cisplatin-Resistant OSCC Cell Growth but Did Not Induce Cell Death


To confirm whether the synergistic effects were due to cytotoxicity, we measured the amount of lactate dehydrogenase (LDH) enzyme released into the surrounding cell culture medium. Upon exposure to toxic compounds and plasma membrane damage, cells release LDH into the cell culture medium. Therefore, the three cisplatin-resistant cell lines were treated with cisplatin (1 μg/mL) and/or cetuximab (200 μg/mL) for 15 h. Given that the animal serum used in our experiment contained varying amounts of LDH, the cell culture medium containing 1% serum was used in this assay. Figure 2a shows minimal changes in cell cytotoxicity in each cell.



We subsequently performed a trypan blue assay to determine whether cisplatin (1 μg/mL) and cetuximab (200 μg/mL) co-treatment could induce cell death. This method is based on the principle that living (viable) cells do not uptake the trypan blue dye, whereas dead (non-viable) cells absorb it. As such, only the number of living cells was measured in Figure 2b, whereas the number of both dead and living cells was measured in Figure 2c–e. Figure 2b–e show that cisplatin and cetuximab co-treatment promoted a greater reduction in the number of living cells compared to their individual treatment, whereas the number of dead cells tended to be approximately the same or slightly increased.



To characterize EGFR signaling, which may be related to the synergistic inhibitory effect of cisplatin and cetuximab on cisplatin-resistant OSCC cells, the levels of EGFR and its phosphorylation signaling pathway proteins were determined through Western blotting. Figure 2f shows that cetuximab promoted little change in EGFR protein expression in all three cell lines but significantly reduced the expression of two p-EGFR (Y992 and Y1068) proteins in YD-38/CIS. However, co-treatment with cisplatin and cetuximab markedly decreased the expression of p-EGFR (Y1045) protein in YD-8/CIS and YD-38/CIS.



Therefore, the aforementioned results suggested that co-treatment with cisplatin and cetuximab induced growth inhibition by limiting the number of viable cells rather than killing them.




2.3. Cisplatin and Cetuximab Co-Treatment Did Not Induce Apoptosis in Cisplatin-Resistant OSCC Cells


To evaluate whether cisplatin (1 μg/mL) and cetuximab (200 μg/mL) co-treatment inhibited cell growth by enhancing apoptosis, propidium iodide (PI) staining, and Western blot assays were performed. In all cisplatin-resistant OSCC cells, cisplatin and cetuximab individually and in combination, promoted little change in the sub-G1 phase population (Figure 3a). Similarly, the cisplatin and cetuximab combination slightly increased the expression of caspase-9, -7, and -3 and PARP proteins (Figure 3b). Overall, our results showed that cetuximab did not enhance cisplatin-mediated apoptosis in cisplatin-resistant OSCC cells.




2.4. Cisplatin and Cetuximab Combination Restored Epithelial Cell Properties with Increased Expression of Adhesion Molecules but Decreased Cell Motility and Mesenchymal Maker Expression in Cisplatin-Resistant OSCC Cells


Our previous study reported that three cisplatin-resistant OSCC cells acquired the EMT phenotype. Thus, we determine whether the combination of cisplatin (1 μg/mL) and cetuximab (200 μg/mL) in three cisplatin-resistant OSCC cell lines was associated with EMT characteristics through in vitro scratch, Western blot, and qRT-PCR assays. Figure 4a shows that the combination of cisplatin and cetuximab significantly reduced the number of cells migrating into the wounded area in cisplatin-resistant OSCC cells. Moreover, combination therapy promoted greater E-cadherin protein expression but lower N-cadherin protein expression in the cisplatin-resistant cells compared to other treatments (Figure 4b). Although claudin-1 protein expression was increased in YD-8/CIS and YD-9/CIS, no change was observed in YD-9/CIS. Furthermore, vimentin protein expression was decreased only in YD-9/CIS. However, the combination of cisplatin and cetuximab had little effect on the expression of E-cadherin and N-cadherin (Figure 4c). The aforementioned findings indicate that the combination therapy caused molecular changes consistent with cell migration and EMT signaling pathway proteins.





3. Discussion


Cisplatin, a DNA-damaging agent, is a well-known anticancer drug widely used in the chemotherapy of various human cancers, including oral cancers [9,26,27]. Nevertheless, patients receiving cisplatin-based treatments often exhibit lower response rates during subsequent treatment [28,29]. This problem can be attributed to several reasons, with some studies suggesting the importance of EMT in the development of resistance to cisplatin treatment [28,29,30,31]. Cisplatin-resistant OSCC cells established by our group were characterized by enhanced EMT markers [25]. Moreover, other studies have shown that EGFR could overcome cisplatin resistance by restoring cisplatin sensitivity through an EGFR blockade in cisplatin-resistant epithelial ovarian cancer cells and OSCC cells [1,5]. Thus, the current study aimed to determine whether the combined effects of cisplatin and cetuximab could enhance cisplatin sensitivity by inhibiting the EMT process in cisplatin-resistant cells.



Accordingly, our results showed that cetuximab and cisplatin synergistically reduced the proliferation of cisplatin-resistant OSCC cells, with their synergistic effects being confirmed using CI analysis. Moreover, the present study found that cisplatin/cetuximab co-treatment did not induce apoptosis but instead inhibited the increase in cell number. After subsequently evaluating whether the synergistic effects of cisplatin and cetuximab on cell growth inhibition was related to EMT, we observed that cisplatin/cetuximab co-treatment inhibited cell motility and regulated EMT markers, such that E-cadherin and claudin-1 proteins were upregulated, whereas N-cadherin was downregulated.



The current study revealed that the synergistic effects of cetuximab and low dose cisplatin co-treatment potentially suppressed cell migration and the expression levels of EMT markers, a hallmark of increased cisplatin-resistant cells. However, given the yet unclear molecular mechanisms for the synergistic effects of cisplatin and cetuximab, further studies are warranted. In conclusion, the combination of cisplatin and cetuximab may be a useful treatment strategy for patients with oral cancer who have acquired cisplatin resistance.




4. Materials and Methods


4.1. Reagent


Cisplatin (PubChem CID: 84691) (PubChem, Bethesda, MD, USA), dissolved in distilled water at 1 mg/mL, was purchased from JW Medical C. (JW Medical C., Seoul, Korea). Cetuximab, a monoclonal antibody administered via intravenous infusion and distributed under the trade name Erbitux, was obtained from Merck KGaA (Merck KGaA, Darmstadt, Germany).




4.2. Cell Lines and Cell Cultures


Cisplatin-resistant OSCC cell lines (YD-8/CIS, YD-9/CIS, and YD-38/CIS) were derived from their parental OSCC cell lines (YD-8, YD-9, and YD-38) using methods described in our previous paper [25].




4.3. Cell Proliferation Assay


Cells (5 × 103 cells/well in 50 μL) were seeded into 96-well plates and incubated in the presence of various amounts of cisplatin and cetuximab for 72 h. MTT reagent (0.5 mg/mL) was added into each well, after which cells were reincubated for another 2 h. Thereafter, the medium was discarded, and the remaining formazan formed were dissolved in 100 μL of DMSO and quantitated at 570 nm using a SpectraMax Plus 384 microplate reader (Molecular Devices, LLC., San Jose, CA, USA).




4.4. Combination Index Calculation


The synergistic effects of cisplatin and cetuximab were automatically simulated using CompuSyn 1.0 software (ComboSyn, Inc., Paramus, NJ, USA). Values were defined according to previous studies. Accordingly, CI < 0.9 indicated synergism; 0.9 ≤ CI ≤ 1.1 indicated additive effects; and CI > 1.1 indicated antagonism [32,33,34].




4.5. Cell Cytotoxicity Assay


Lactate dehydrogenase (LDH) is a cytosolic enzyme and a well-established indicator of cellular toxicity. During cell damage, LDH is released from the plasma membrane into the surrounding cell culture medium. Briefly, cells (2.5 × 104 cells/well in 200 μL) were seeded into 48-well plates and then treated with cisplatin (1 μg/mL) and cetuximab (200 μg/mL) in the presence of 1% serum. After incubation for 15 h, the plate was centrifuged at 250× g for 10 min. Thereafter, 100 μL of supernatant from each well was carefully transferred into a clear 96-well plate, followed by the addition of 100 μL of the reaction mixture from the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) and incubation for 30 min at room temperature while blocking the light. The absorbance of the samples was measured at 490 nm using a SpectraMax Plus 384 microplate reader (Molecular Devices, LLC., San Jose, CA, USA).




4.6. Live/Dead Cell Count Assay


For the live/dead cell count assay, cells in suspension were stained with trypan blue, which is used to count live cells by labeling only dead cells. First, cells (2.5 × 104 cells/well in 200 μL) were seeded into 48-well plates and then incubated in the presence of cisplatin (1 μg/mL) and cetuximab (200 μg/mL) for 72 h. Cells were then collected into a conical tube, stained with trypan blue, and pipetted into a disposable Countess® chamber slide (Thermo Fisher Scientific, Waltham, MA, USA). The slide was inserted into the Countess™ II automated cell counter (Thermo Fisher Scientific, Waltham, MA, USA), after which the number of cells was counted.




4.7. Western Blot Assay


To investigate the expression levels of EGFR proteins (EGFR and phosphor-EGFR (p-EGFR; Y992, Y1045, and Y1068)), apoptosis signaling pathway proteins (Caspase-9, -7, -3, and PARP), EMT signaling pathway proteins (E-cadherin, Claudin-1, Vimentin, N-cadherin), and the housekeeping protein (GAPDH) in the cell lines, electrophoresis, and blotting were performed. All antibodies were purchased from Cell Signaling Technology (Cell Signaling Technology, Inc., Danvers, MA, USA). Immunobands were detected using the EZ-western detection kit (Daeil Lab Service Co., Ltd, Seoul, Korea) and visualized using an automatic X-ray film processor JP-33 (JPI Healthcare Co., Ltd., Seoul, Korea).




4.8. Propidium Iodide Staining Assay


DNA content distribution was quantified using the PI/RNase Staining Buffer (BD, Franklin Lakes, NJ, USA). Each cell was fixed with 70% ethanol, stained with PI, and then observed, with apoptotic cells being represented by the sub-G1 population. The fluorescence intensity for each cell was detected via flow cytometry using a FACSCalibur instrument (BD, Franklin Lakes, NJ, USA), and data were analyzed using BD CellQuest Pro 6.0 software (BD, Franklin Lakes, NJ, USA).




4.9. In Vitro Scratch Assay


To measure cell migration in vitro, cells (2.5 × 104 cells/well in 200 μL) were seeded into a 48-well plate. Once the cells reached 100% confluence, the cell monolayer was scratched with a sterile pipette tip. After incubation for 18–19 h, the area with remaining cells was washed with PBS. The cells that migrated into the scratch region were imaged using an Olympus CKX53 inverted microscope (Olympus Corporation, Shinjuku, Tokyo, Japan).




4.10. RNA Isolation and Real-Time qPCR


RNA was extracted from collected cells using an RNA-spin™ Total RNA Extraction Kit (iNtRON Biotechnology, Inc., Seongnam, Korea). cDNA was directly synthesized from the RNA using High-Capacity cDNA Reverse Transcription Kits (Thermo Fisher Scientific, Waltham, MA, USA). The expression levels of E-cadherin, N-cadherin, and GAPDH were analyzed using a qPCR QuantStudio 7 Flex Real-Time PCR System using GoTaq® qPCR Master Mix (Promega, Madison, WI, USA). The following primers were used: E-cadherin, 5′-CAGAAAGTTTTCCACCAAAG-3′ (forward) and 5′-AAATGTGAGCAATTCTGCTT-3′ (reverse); N-cadherin, 5′-GCCCCTCAAGTGTTACCTCAA-3′ (forward) and 5′-AGCCGAGTGATGGTCCAATTT-3′ (reverse); and GAPDH, 5′-AATCCCATCACCATCTTCCA-3′ (forward) and 5′-TGGACTCCACGACGTACTCA-3′ (reverse) [35,36]. The relative fold gene expression for each sample was calculated using the 2−ΔΔCT method.




4.11. Statistical Analysis


All experimental data were presented as the mean ± SD of at least three experiments. Statistical analyses were performed using Student’s t-test in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA), with p < 0.05 indicating statistical significance.








Author Contributions


Conceptualization, H.S.C. and P.-Y.Y.; methodology, H.S.C. and Y.-K.K.; formal analysis, H.S.C. and P.-Y.Y.; investigation, H.S.C.; resources, H.S.C.; data curation, H.S.C.; writing—original draft preparation, H.S.C.; writing—review and editing, H.S.C.; supervision, P.-Y.Y.; project administration, P.-Y.Y.; funding acquisition, P.-Y.Y. and Y.-K.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the SNUBH Research Fund (grant number: 02-2019-011) and National R&D program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT (grant number: 2021R1F1A1046020).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Poursheikhani, A.; Yousefi, H.; Tavakoli-Bazzaz, J.; Seyed, H.G. EGFR Blockade Reverses Cisplatin Resistance in Human Epithelial Ovarian Cancer Cells. Iran. Biomed. J. 2020, 24, 370–378. [Google Scholar] [CrossRef]

	



Wang, Z. ErbB Receptors and Cancer. Methods Mol. Biol. 2017, 1652, 3–35. [Google Scholar] [CrossRef]

	



Arteaga, C.L.; Engelman, J.A. ERBB receptors: From oncogene discovery to basic science to mechanism-based cancer therapeutics. Cancer Cell 2014, 25, 282–303. [Google Scholar] [CrossRef]

	



Bogdan, S.; Klämbt, C. Epidermal growth factor receptor signaling. Curr. Biol. 2001, 11, R292–R295. [Google Scholar] [CrossRef]

	



Hiraishi, Y.; Wada, T.; Nakatani, K.; Tojyo, I.; Matsumoto, T.; Kiga, N.; Negoro, K.; Fujita, S. EGFR inhibitor enhances cisplatin sensitivity of oral squamous cell carcinoma cell lines. Pathol. Oncol. Res. 2008, 14, 39–43. [Google Scholar] [CrossRef]

	



Normanno, N.; De Luca, A.; Bianco, C.; Strizzi, L.; Mancino, M.; Maiello, M.R.; Carotenuto, A.; De Feo, G.; Caponigro, F.; Salomon, D.S. Epidermal growth factor receptor (EGFR) signaling in cancer. Gene 2006, 366, 2–16. [Google Scholar] [CrossRef]

	



Rajaram, P.; Chandra, P.; Ticku, S.; Pallavi, B.K.; Rudresh, K.B.; Mansabdar, P. Epidermal growth factor receptor: Role in human cancer. Indian J. Dent. Res. 2017, 28, 687–694. [Google Scholar] [CrossRef]

	



Chong, C.R.; Jänne, P.A. The quest to overcome resistance to EGFR-targeted therapies in cancer. Nat. Med. 2013, 19, 1389–1400. [Google Scholar] [CrossRef] [PubMed]

	



Gu, J.; Yin, L.; Wu, J.; Zhang, N.; Huang, T.; Ding, K.; Cao, H.; Xu, L.; He, X. Cetuximab and Cisplatin Show Different Combination Effect in Nasopharyngeal Carcinoma Cells Lines via Inactivation of EGFR/AKT Signaling Pathway. Biochem. Res. Int. 2016, 2016, 7016907. [Google Scholar] [CrossRef] [PubMed]

	



Peng, F.; Zhang, H.; Du, Y.; Tan, P. Cetuximab enhances cisplatin-induced endoplasmic reticulum stress-associated apoptosis in laryngeal squamous cell carcinoma cells by inhibiting expression of TXNDC5. Mol. Med. Rep. 2018, 17, 4767–4776. [Google Scholar] [CrossRef]

	



Vermorken, J.B.; Mesia, R.; Rivera, F.; Remenar, E.; Kawecki, A.; Rottey, S.; Erfan, J.; Zabolotnyy, D.; Kienzer, H.R.; Cupissol, D.; et al. Platinum-based chemotherapy plus cetuximab in head and neck cancer. N. Engl. J. Med. 2008, 359, 1116–1127. [Google Scholar] [CrossRef]

	



Nikolova, D.A.; Asangani, I.A.; Nelson, L.D.; Hughes, D.P.; Siwak, D.R.; Mills, G.B.; Harms, A.; Buchholz, E.; Pilz, L.R.; Manegold, C.; et al. Cetuximab attenuates metastasis and u-PAR expression in non-small cell lung cancer: U-PAR and E-cadherin are novel biomarkers of cetuximab sensitivity. Cancer Res. 2009, 69, 2461–2470. [Google Scholar] [CrossRef]

	



Chen, Q.; Shen, L.; Chen, C.; He, H.; Fu, Y.; Xu, L.; Wang, Y. Cetuximab combined with cisplatin improves the prognosis of gastric cancer patients and its effect on P38 MAPK expression. J. Buon 2019, 24, 2490–2498. [Google Scholar]

	



Cao, Z.Q.; Wang, Z.; Leng, P. Aberrant N-cadherin expression in cancer. Biomed. Pharm. 2019, 118, 109320. [Google Scholar] [CrossRef] [PubMed]

	



Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F. The E-Cadherin and N-Cadherin Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118. [Google Scholar] [CrossRef]

	



Yeung, K.T.; Yang, J. Epithelial-mesenchymal transition in tumor metastasis. Mol. Oncol. 2017, 11, 28–39. [Google Scholar] [CrossRef] [PubMed]

	



Saitoh, M. Involvement of partial EMT in cancer progression. J. Biochem. 2018, 164, 257–264. [Google Scholar] [CrossRef]

	



Pastushenko, I.; Blanpain, C. EMT Transition States during Tumor Progression and Metastasis. Trends Cell Biol. 2019, 29, 212–226. [Google Scholar] [CrossRef] [PubMed]

	



Kang, E.; Seo, J.; Yoon, H.; Cho, S. The Post-Translational Regulation of Epithelial-Mesenchymal Transition-Inducing Transcription Factors in Cancer Metastasis. Int J. Mol. Sci. 2021, 22, 3591. [Google Scholar] [CrossRef]

	



Du, B.; Shim, J.S. Targeting Epithelial-Mesenchymal Transition (EMT) to Overcome Drug Resistance in Cancer. Molecules 2016, 21, 965. [Google Scholar] [CrossRef]

	



Huang, J.; Li, H.; Ren, G. Epithelial-mesenchymal transition and drug resistance in breast cancer (Review). Int. J. Oncol. 2015, 47, 840–848. [Google Scholar] [CrossRef]

	



Sommers, C.L.; Heckford, S.E.; Skerker, J.M.; Worland, P.; Torri, J.A.; Thompson, E.W.; Byers, S.W.; Gelmann, E.P. Loss of epithelial markers and acquisition of vimentin expression in adriamycin- and vinblastine-resistant human breast cancer cell lines. Cancer Res. 1992, 52, 5190–5197. [Google Scholar] [PubMed]

	



Arumugam, T.; Ramachandran, V.; Fournier, K.F.; Wang, H.; Marquis, L.; Abbruzzese, J.L.; Gallick, G.E.; Logsdon, C.D.; McConkey, D.J.; Choi, W. Epithelial to mesenchymal transition contributes to drug resistance in pancreatic cancer. Cancer Res. 2009, 69, 5820–5828. [Google Scholar] [CrossRef] [PubMed]

	



McConkey, D.J.; Choi, W.; Marquis, L.; Martin, F.; Williams, M.B.; Shah, J.; Svatek, R.; Das, A.; Adam, L.; Kamat, A.; et al. Role of epithelial-to-mesenchymal transition (EMT) in drug sensitivity and metastasis in bladder cancer. Cancer Metastasis Rev. 2009, 28, 335–344. [Google Scholar] [CrossRef]

	



Choi, H.S.; Kim, Y.-K.; Yun, P.-Y. Upregulation of MDR- and EMT-Related Molecules in Cisplatin-Resistant Human Oral Squamous Cell Carcinoma Cell Lines. Int. J. Mol. Sci. 2019, 20, 3034. [Google Scholar] [CrossRef]

	



Shen, D.W.; Pouliot, L.M.; Hall, M.D.; Gottesman, M.M. Cisplatin resistance: A cellular self-defense mechanism resulting from multiple epigenetic and genetic changes. Pharm. Rev. 2012, 64, 706–721. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Kang, Y.; Chen, L.; Wang, H.; Liu, J.; Zeng, S.; Yu, L. The Drug-Resistance Mechanisms of Five Platinum-Based Antitumor Agents. Front. Pharmacol. 2020, 11, 343. [Google Scholar] [CrossRef]

	



Ashrafizadeh, M.; Zarrabi, A.; Hushmandi, K.; Kalantari, M.; Mohammadinejad, R.; Javaheri, T.; Sethi, G. Association of the Epithelial-Mesenchymal Transition (EMT) with Cisplatin Resistance. Int. J. Mol. Sci. 2020, 21, 4002. [Google Scholar] [CrossRef] [PubMed]

	



Galluzzi, L.; Senovilla, L.; Vitale, I.; Michels, J.; Martins, I.; Kepp, O.; Castedo, M.; Kroemer, G. Molecular mechanisms of cisplatin resistance. Oncogene 2012, 31, 1869–1883. [Google Scholar] [CrossRef]

	



Liu, Y.Q.; Zhang, G.A.; Zhang, B.C.; Wang, Y.; Liu, Z.; Jiao, Y.L.; Liu, N.; Zhao, Y.R. Short low concentration cisplatin treatment leads to an epithelial mesenchymal transition-like response in DU145 prostate cancer cells. Asian Pac. J. Cancer Prev. 2015, 16, 1025–1028. [Google Scholar] [CrossRef] [PubMed]

	



Fang, S.; Yu, L.; Mei, H.; Yang, J.; Gao, T.; Cheng, A.; Guo, W.; Xia, K.; Liu, G. Cisplatin promotes mesenchymal-like characteristics in osteosarcoma through Snail. Oncol Lett. 2016, 12, 5007–5014. [Google Scholar] [CrossRef]

	



Chou, T.-C. Preclinical versus clinical drug combination studies. Leuk. Lymphoma 2008, 49, 2059–2080. [Google Scholar] [CrossRef] [PubMed]

	



Chou, T.-C. Drug Combination Studies and Their Synergy Quantification Using the Chou-Talalay Method. Cancer Res. 2010, 70, 440–446. [Google Scholar] [CrossRef] [PubMed]

	



Choi, H.S.; Kim, Y.-K.; Hwang, K.-G.; Yun, P.-Y. Increased FOXM1 Expression by Cisplatin Inhibits Paclitaxel-Related Apoptosis in Cisplatin-Resistant Human Oral Squamous Cell Carcinoma (OSCC) Cell Lines. Int. J. Mol. Sci. 2020, 21, 8897. [Google Scholar] [CrossRef] [PubMed]

	



Yoshinaga, K.; Inoue, H.; Utsunomiya, T.; Sonoda, H.; Masuda, T.; Mimori, K.; Tanaka, Y.; Mori, M. N-cadherin is regulated by activin A and associated with tumor aggressiveness in esophageal carcinoma. Clin. Cancer Res. 2004, 10, 5702–5707. [Google Scholar] [CrossRef]

	



Goyal, A.; Martin, T.A.; Mansel, R.E.; Jiang, W.G. Real time PCR analyses of expression of E-cadherin, alpha-, beta- and gamma-catenin in human breast cancer for predicting clinical outcome. World J. Surg. Oncol. 2008, 6, 56. [Google Scholar] [CrossRef]








[image: Ijms 22 08167 g001 550] 





Figure 1. Cisplatin and cetuximab co-treatment had a significant synergistic effect in oral squamous cell carcinoma (OSCC) cancer cell lines. (a–c) Cells were treated with cisplatin (CIS) (0–5 μg/mL) and/or cetuximab (CET) (0–500 μg/mL) for 72 h. After incubation, combined treatment promoted greater inhibition of cell growth in these cancer cell lines compared to cisplatin (1 μg/mL) or cetuximab (200 μg/mL) treatment alone. The effects of cisplatin with or without cetuximab on the viability of YD-8/CIS, YD-9/CIS, and YD-38/CIS cells were determined using the MTT assay (mean ± standard deviation (SD); n = 6). (a,b) * p < 0.05 versus non-treated group in YD-8/CIS cells, $ p < 0.05 versus non-treated group in YD-9/CIS cells, and # p < 0.05 versus non-treated group in YD-38/CIS cells. (c) * p < 0.05 versus non-treated group, $ p < 0.05 versus only cisplatin-treated group, and # p < 0.05 versus only cetuximab-treated group. (d–i) Synergistic effects were noted in most combinations, except for a few cases in YD-8/CIS cells. The fraction affected versus CI plot (CIS/CET) was determined using the Chou–Talalay and CompuSyn software. 






Figure 1. Cisplatin and cetuximab co-treatment had a significant synergistic effect in oral squamous cell carcinoma (OSCC) cancer cell lines. (a–c) Cells were treated with cisplatin (CIS) (0–5 μg/mL) and/or cetuximab (CET) (0–500 μg/mL) for 72 h. After incubation, combined treatment promoted greater inhibition of cell growth in these cancer cell lines compared to cisplatin (1 μg/mL) or cetuximab (200 μg/mL) treatment alone. The effects of cisplatin with or without cetuximab on the viability of YD-8/CIS, YD-9/CIS, and YD-38/CIS cells were determined using the MTT assay (mean ± standard deviation (SD); n = 6). (a,b) * p < 0.05 versus non-treated group in YD-8/CIS cells, $ p < 0.05 versus non-treated group in YD-9/CIS cells, and # p < 0.05 versus non-treated group in YD-38/CIS cells. (c) * p < 0.05 versus non-treated group, $ p < 0.05 versus only cisplatin-treated group, and # p < 0.05 versus only cetuximab-treated group. (d–i) Synergistic effects were noted in most combinations, except for a few cases in YD-8/CIS cells. The fraction affected versus CI plot (CIS/CET) was determined using the Chou–Talalay and CompuSyn software.
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Figure 2. Combined treatment with cisplatin (CIS) (1 μg/mL) and cetuximab (CET) (200 μg/mL) do not induce cell cytotoxicity after 15 h but reduced cell growth after 72 h in cisplatin-resistant OSCC cells. (a) Cell cytotoxicity was detected using the LDH assay (mean ± SD; n = 6). * p < 0.05 versus non-treated group in YD-8/CIS cells, $ p < 0.05 versus non-treated group in YD-9/CIS cells, and # p < 0.05 versus non-treated group in YD-38/CIS cells. (b) The number of cells was measured using the trypan blue assay (mean ± SD; n = 6). * p < 0.05 versus non-treated group, $ p < 0.05 versus only cisplatin-treated group, and # p < 0.05 versus only cetuximab-treated group. (c–e) Live/dead cell ratio was calculated based on the result of (b). (f) The effects of cetuximab were confirmed using the expression levels of EGFR signaling pathway proteins in cell lysates from all three cell lines treated with cisplatin and/or cetuximab for 72 h. The levels of the indicated proteins (epidermal growth factor receptor (EGFR), phosphor-EGFR (p-EGFR) (Y992, Y1045, Y1068), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) were determined using the Western blot assay. Western blot results were quantified as values calculated using the Image J software. The numbers represent the ratio of the optical density of cisplatin and/or cetuximab-treated to non-treated cells normalized by GAPDH. 
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Figure 3. Cisplatin (CIS) (1 μg/mL) and cetuximab (CET) (200 μg/mL) combination for 72 h did not affect apoptosis in cisplatin-resistant OSCC cells. (a) Left panel, the cytotoxic effect of cisplatin and/or cetuximab in cisplatin-resistant OSCC cells was measured using PI staining assay. A sub-G1 peak may be present when cells enter apoptosis in the G1 phase. Right panel, graph shows quantitative results for left panel (mean ± SD; n = 3). * p < 0.05 versus non-treated group in YD-8/CIS cells, # p < 0.05 versus non-treated group in YD-9/CIS cells, and $ p < 0.05 versus non-treated group in YD-38/CIS cells. (b) Levels of apoptosis signaling pathway proteins (Caspase-9, -7, -3, and poly (ADP-ribose) polymerase (PARP)) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in cell lysates from all three cell lines treated with cisplatin and/or cetuximab for 72 h were determined using Western blot assay. Western blot results were quantified using Image J software. The numbers represent the ratio of the optical density of cisplatin and/or cetuximab-treated to non-treated cells normalized by GAPDH. 
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Figure 4. Cisplatin (CIS) (1 μg/mL) and cetuximab (CET) (200 μg/mL) co-treatment promoted greater reduction in cell motility and N-cadherin expression in cisplatin-resistant OSCC cells compared to each alone. However, co-treatment promoted the expression of E-cadherin, which is known to be involved in cell adhesion. (a) Cell migration was analyzed using in vitro scratch assay, whereas images were obtained using an Olympus CKX53 inverted microscope (×40). (b) The levels of EMT signaling pathway proteins (E-cadherin, claudin-1, vimentin, and N-cadherin) and GAPDH in cell lysates from all three cell lines treated with cisplatin and/or cetuximab for 48 h were determined using the Western blot assay. Western blot results were quantified using Image J software. The numbers represent the ratio of the optical density of cisplatin and/or cetuximab-treated to non-treated cells normalized by GAPDH. (c) The expressions of E-cadherin and N-cadherin mRNA from all three cell lines treated with cisplatin and/or cetuximab for 24 h were determined using real-time qRT-PCR (mean ± SD; n = 3). * p < 0.05 versus non-treated group in YD-8/CIS cells, # p < 0.05 versus non-treated group in YD-9/CIS cells, and $ p < 0.05 versus non-treated group in YD-38/CIS cells. 
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