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Abstract

:

Paclitaxel is still used as a standard first-line treatment for ovarian cancer. Although paclitaxel is effective for many types of cancer, the emergence of chemoresistant cells represents a major challenge in chemotherapy. Our study aimed to analyze the cellular mechanism of dacomitinib, a pan-epidermal growth factor receptor (EGFR) inhibitor, which resensitized paclitaxel and induced cell cytotoxicity in paclitaxel-resistant ovarian cancer SKOV3-TR cells. We investigated the significant reduction in cell viability cotreated with dacomitinib and paclitaxel by WST-1 assay and flow cytometry analysis. Dacomitinib inhibited EGFR family proteins, including EGFR and HER2, as well as its downstream signaling proteins, including AKT, STAT3, ERK, and p38. In addition, dacomitinib inhibited the phosphorylation of Bad, and combination treatment with paclitaxel effectively suppressed the expression of Mcl-1. A 2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA) assay revealed a substantial elevation in cellular reactive oxygen species (ROS) levels in SKOV3-TR cells cotreated with dacomitinib and paclitaxel, which subsequently mediated cell cytotoxicity. Additionally, we confirmed that dacomitinib inhibits chemoresistance in paclitaxel-resistant ovarian cancer HeyA8-MDR cells. Collectively, our research indicated that dacomitinib effectively resensitized paclitaxel in SKOV3-TR cells by inhibiting EGFR signaling and elevating intracellular ROS levels.
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1. Introduction


Ovarian cancer is a gynecological cancer with a high mortality and recurrence rate [1,2,3]. Ovarian cancer is generally diagnosed at an advanced stage, primarily due to the absence of screening tests [3]. As of the present, the standard strategy for treating ovarian cancer involves cytoreductive surgery and chemotherapy employing regimens based on platinum or taxane [4,5]. The emergence of chemoresistant ovarian cancer has posed challenges to the use of medications such as cisplatin and paclitaxel in the therapeutic approach for ovarian cancer patients [6,7].



Paclitaxel is a natural compound in a class of taxane drugs isolated from the bark of the Pacific tree (Taxus brevifolia Nutt), approved by the Food and Drug Administration (FDA) in 1992 as a chemotherapy for ovarian cancer [8,9]. Paclitaxel targets microtubules and facilitates the stable assembly of microtubules from β-tubulin heterodimers, thereby inhibiting the depolymerization of the microtubule, which ultimately prevents cell division and eventually induces apoptosis [9,10]. Paclitaxel also limits tumor angiogenesis and induces the expression of genes and cytokines that inhibit cell growth and apoptosis [11]. This pharmaceutical capacity against cancer has demonstrated efficacy across a spectrum of malignancies, with particular prominence in the treatment of ovarian and breast carcinomas [12,13]. Despite the anticancer efficacy of paclitaxel against diverse malignancies, paclitaxel therapy may fail to treat ovarian cancer. One of these causes is the emergence of chemoresistant ovarian cancer cells, but to date, the mechanisms of paclitaxel resistance are very complex and have not yet been fully elucidated [9]. According to previous studies, 90% of deaths in patients with advanced ovarian cancer are due to their nonresponsiveness to drugs and mutations in various genes that cause chemoresistance in ovarian cancer cells treated with standard anticancer drugs such as paclitaxel and cisplatin [14,15].



One of the mechanisms causing chemoresistance is the overexpression of ATP-binding cassette (ABC) transporter proteins [16]. The most characteristic ABC transporter protein for chemoresistance is P-glycoprotein (P-gp/ABCC1/MDR1) [17]. It has been reported that overexpression of P-gp has shown poor clinical results in patients with chemoresistant cancer [18,19,20]. Increased expression of P-gp in cancer cells can induce selective chemoresistance due to its ability to transport a variety of substrates, including vinblastine, etoposide, cisplatin, and paclitaxel [21].



The epidermal growth factor receptor (EGFR) comprises four distinct receptors containing EGFR (ErbB1), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). These EGFR receptors are membrane-bound glycoproteins with an intracellular tyrosine kinase domain and an extracellular ligand-binding domain [22,23]. Activation of these receptor tyrosine kinases results in proliferation, survival, adhesion, migration, and invasion and plays an important role in cancer [5]. There are six autophosphorylation sites (Tyr 992, 1045, 1068, 1086, 1148, and 1173) in the carboxy-terminal tail of EGFR protein. The binding of extracellular ligands induces activation of the intracellular kinase domain at these autophosphorylation sites, triggering the EGFR signaling pathway [24,25]. These residues serve as docking sites for intracellular signaling factors, including phospholipase Cγ1, c-Cbl, Grb2, and Shc [26,27,28,29]. These factors can directly regulate the activation of various intracellular signaling cascades, including PI3K/AKT, STAT3, and ERK pathways, and are involved in differentiation, proliferation, survival, and transformation [30,31,32]. In addition, mutations and abnormal expression of EGFR have been observed in different cancer types, including glioblastomas, non-small cell lung cancer (NSCLC), breast cancer, and ovarian cancer [33,34,35,36]. Recently, a study has documented that the enhancement of chemosensitivity in ovarian cancer to cisplatin can be increased by EGFR blockade [37,38].



Reactive oxygen species (ROS) contribute to intracellular physiological functions such as abnormal cell growth, metastasis, and resistance to cell death in cancer while increasing oxidative stress and inducing cell death [39,40,41]. Since the excessive accumulation of intracellular ROS can inflict significant damage on cancer cells, suppressing cancer cells through ROS induction is one of the primary anticancer strategies [42,43]. Through an extensive understanding of the biological mechanism, several anticancer drugs such as cisplatin, doxorubicin, motexafin, and paclitaxel can promote ROS generation directly or indirectly in cancer cells [44,45,46,47]. Also, the antineoplastic agent paclitaxel that induces excessive intracellular ROS may affect the viability of surrounding cells through a bystander effect [48].



Dacomitinib is a pan-EGFR inhibitor developed by Pfizer Inc. for the treatment of solid tumors [49]. Unlike the first-generation EGFR tyrosine kinase inhibitor (EGFR TKI) (gefitinib and erlotinib), which is a reversible inhibitor selectively targeting EGFR, dacomitinib, the second-generation EGFR TKI, is an irreversible inhibitor that has activity on three ErbB family kinase members (EGFR/HER1, HER2, and HER4) [50]. In previous studies, dacomitinib has shown higher anticancer effects in terms of progression-free survival and response periods than gefitinib in the primary treatment of EGFR mutant-positive NSCLC patients [51,52] and has demonstrated clinical activity in recurrent/metastatic cranial squamous cell carcinoma (RM-SCCHN) [53]. Furthermore, dacomitinib is effective in treating bladder cancer that expresses multiple HER family target receptors [54]. Previous studies on ovarian cancer have shown that dacomitinib reduces growth, clonogenic potential, and anoikis resistance, and induces apoptosis [38]. A combination treatment of dacomitinib and cisplatin has been shown to inhibit viability and promote apoptosis in cisplatin-resistant epithelial ovarian cancer cells [38].



Nonetheless, there is no research examining the effect of dacomitinib on paclitaxel-resistant ovarian cancer cells. In this study, we demonstrated that dacomitinib exhibits anticancer efficacy by enhancing the resensitization of paclitaxel-resistant ovarian cancer cells for the first time. This effect occurred through the inhibition of EGFR and its downstream signaling pathway, increasing intracellular ROS levels.




2. Results


2.1. Dacomitinib Induced Cytotoxicity in Paclitaxel-Resistant Ovarian Cancer SKOV3-TR Cells


First, we evaluated the cytotoxic effect of dacomitinib (DAC) in SKOV3-TR cells. The cells were subjected to treatments with different concentrations of dacomitinib (0, 0.1, 0.5, 1, 5, and 10 µM) for 48 h, and then the cell cytotoxicity was examined by LDH assay. Figure 1A showed no significant cell cytotoxicity by dacomitinib at concentrations up to 1 μM, but treatment with 5 μM and 10 μM dacomitinib showed cytotoxicity of 1.57% and 36.75%, respectively. To determine the effect of dacomitinib on paclitaxel (PTX) resistance, cell viability was examined by WST-1 assay in SKOV3-TR cells at a concentration of 1 μM or less, which does not show cytotoxicity when dacomitinib is treated. SKOV3-TR cells were subjected to treatment with paclitaxel at serially diluted concentrations ranging from 0 to 500 nM, along with varying concentrations of dacomitinib (0, 0.1, 0.5, and 1 µM), for 48 h. The WST-1 assay showed that cell viability was significantly decreased in a dose-dependent manner in SKOV3-TR cells cotreated with dacomitinib and paclitaxel compared to paclitaxel alone (Figure 1B). Crystal violet assay also showed that cell viability decreased in a dose-dependent manner when these agents were treated (Figure 1C). Microscopic observations revealed that individual administrations of dacomitinib (1 μM) and paclitaxel (200 nM) did not change the morphology of SKOV3-TR cells. However, cotreatment with dacomitinib and paclitaxel led to a rounded and detached morphology of SKOV3-TR cells, indicating the induction of apoptosis (Figure 1D). Hence, we examined the levels of cleaved PARP, a widely recognized hallmark of apoptosis [55], following cotreatment with dacomitinib and paclitaxel in SKOV3-TR cells. Cleaved PARP was increased in SKOV3-TR cells cotreated with dacomitinib (1 μM) and paclitaxel (200 nM) in a time-dependent manner (Figure 1E). SKOV3-TR cells were treated with different concentrations of dacomitinib (0, 0.1, 0.5, and 1 μM) in combination with various concentrations of paclitaxel (0, 10, 100, and 200 nM). As a result, cleaved PARP was also induced by dacomitinib and paclitaxel in a dose-dependent manner, respectively (Figure 1F). Next, we confirmed the cytotoxic effect of the combination treatment of dacomitinib and paclitaxel in SKOV3-TR cells using FACS analysis. SKOV3-TR cells were treated separately or together with dacomitinib and paclitaxel for 48h. Then, cells were stained with propidium iodide staining and the sub-G1 fraction was measured. Figure 1G showed that the combination of paclitaxel and dacomitinib resulted in a higher sub-G1 fraction compared to the other sub-G1 fractions (2.09% in control cells, 5.93% in paclitaxel-treated cells, 6.14% in dacomitinib-treated cells, and 54.98% in the combination of dacomitinib and paclitaxel-treated cells). Collectively, these results indicate that dacomitinib restores paclitaxel sensitivity in paclitaxel-resistant ovarian cancer SKOV3-TR cells, leading to paclitaxel-induced cytotoxicity.




2.2. Dacomitinib Suppressed EGFR Signaling in Ovarian Cancer SKOV3-TR Cells


Dacomitinib is known to be a pan-EGFR inhibitor that targets not only EGFR but also HER2 and HER4 [56,57,58]. We investigated the effect of dacomitinib on EGFR and its downstream signaling in SKOV3-TR cells. Dacomitinib effectively inhibited the phosphorylation of EGFR at the Tyr1068 residue as well as the phosphorylation of HER2 at the Tyr1248 residue in SKOV3-TR cells (Figure 2A). However, dacomitinib did not affect the total mRNA levels of EGFR and HER2 (Figure 2B). Previous studies have reported that paclitaxel can inhibit EGFR signaling by promoting the EGFR internalization/degradation mechanism [59,60]. Therefore, we investigated whether cotreatment with paclitaxel and dacomitinib could have a synergistic effect on the downregulation of EGFR signaling by promoting the suppression of receptors along with EGFR phosphorylation in SKOV3-TR cells. In Figure 2C, dacomitinib inhibited the phosphorylation of EGFR even at 0.1 µM treatment with paclitaxel in SKOV3-TR cells. Interestingly, dacomitinib did not show degradation of EGFR due to receptor internalization/degradation mechanism when treated alone at 1 µM (Figure 2C, lane 6), but receptor degradation occurred when treated with paclitaxel in a dose-dependent manner (Figure 2C, lanes 3–5). Moreover, dose-dependent treatment of paclitaxel induced EGFR degradation when treated with 1 µM dacomitinib (Figure 2C, lanes 7–9). The phosphorylation and expression of HER2 were also inhibited in SKOV3-TR cells by treatment with dacomitinib and paclitaxel (Figure 2C). The treatment with dacomitinib inhibited the phosphorylation of EGFR within 3 h, while phosphorylation of HER2 inhibition occurred earlier, within 1 h (Figure 2D). Next, we compared the EGFR inhibition and degradation activities of dacomitinib and the selective EGFR inhibitors gefitinib (GEF) and erlotinib (ERL) in SKOV3-TR cells [61,62]. Dacomitinib effectively inhibited the phosphorylation of both EGFR and HER2, whereas gefitinib and erlotinib only suppressed EGFR phosphorylation (Figure 2E). Interestingly, the combination treatment of dacomitinib and paclitaxel resulted in higher levels of cleaved PARP and enhanced EGFR degradation compared to the gefitinib/paclitaxel or erlotinib/paclitaxel combination treatments (Figure 2E). Subsequently, we investigated the effect of EGFR and its downstream signaling pathways upon treatment with dacomitinib and paclitaxel in SKOV3-TR cells. Immunoblotting analysis showed that dacomitinib effectively suppressed the phosphorylation of AKT, STAT3, ERK, and p38 MAPK (Figure 2F), which are EGFR downstream signaling factors that are well known to affect intracellular proliferation and survival pathways [63,64,65,66,67,68,69]. The transcriptional expressions of EGFR downstream factors (AKT, STAT3, ERK, and p38) were examined by RT-PCR in dacomitinib- and paclitaxel-treated SKOV3-TR cells. The results showed that dacomitinib did not affect the transcriptional expression of EGFR downstream factors (Figure 2G). Interestingly, only the transcription of STAT3 was inhibited in the combined treatment of dacomitinib and paclitaxel (Figure 2G). This suggests that the transcription of STAT3 might be inhibited at the transcriptional level during paclitaxel-mediated apoptotic cell death. These results suggest that dacomitinib can inhibit EGFR and its downstream signaling in SKOV3-TR cells, thereby inhibiting the expression and activation of factors associated with cellular proliferation, differentiation, and survival pathways.




2.3. Inhibition of HER2 Did Not Resensitize Paclitaxel in SKOV3-TR Cells


The inhibition of EGFR and its downstream signaling by treatment of pan-EGFR inhibitor dacomitinib resulted in a reduction in cell viability in paclitaxel-treated SKOV3-TR cells (Figure 1 and Figure 2), leading us to further investigate whether selective HER2 inhibition affects paclitaxel resensitization in SKOV3-TR cells. We examined whether the selective HER2 inhibitor trastuzumab is able to resensitize paclitaxel in SKOV3-TR. Immunoblotting showed that treatment with 10 μg/mL trastuzumab (TRA) inhibited the phosphorylation of HER2 in SKOV3-TR cells while it did not downregulate the phosphorylation of EGFR (Figure 3A). As shown in Figure 3B, the selective inhibition of HER2 by trastuzumab did not inhibit cell viability in paclitaxel-treated SKOV3-TR cells, indicating that HER2 signaling does not affect paclitaxel resistance.




2.4. Dacomitinib Did Not Affect the Expression and Function of P-gp in SKOV3-TR Cells


We sought to determine how dacomitinib resensitizes paclitaxel in SKOV3-TR cells and induces paclitaxel-induced cell cytotoxicity. P-gp is a member of the ATP-dependent efflux transporters, which efflux a wide range of chemical anticancer drugs such as paclitaxel, cisplatin, and doxorubicin [70,71,72,73]. According to previous findings, the acquired overexpression of P-gp contributes to chemoresistance against anticancer drugs in various cancer types, including breast and ovarian cancers [17]. We tested whether dacomitinib affected the expression or function of P-gp in SKOV3-TR cells. The expression of P-gp was higher in SKOV3-TR cells than in the parent SKOV3 cells (Figure S1). Immunoblotting showed that treatment with dacomitinib alone or in combination with dacomitinib and paclitaxel did not affect the expression of P-gp in SKOV3-TR cells (Figure 4A,B). Next, we examined whether dacomitinib could affect the function of P-gp using the cell-permeant dye fluo-3/AM, a fluorescent substrate for P-gp [74,75]. SKOV3-TR cells were subjected to treatments with dacomitinib and paclitaxel alone or cotreated with dacomitinib and paclitaxel for 24 h, and then cells were additionally treated with 4 μM fluo-3/AM for 1 h. In Figure 4C, UV-microscopic observation showed that cell fluorescence was lower in SKOV3-TR cells than in SKOV3 cells due to the overexpression of P-gp. However, the cell fluorescence by fluo-3/AM did not increase with dacomitinib alone or in the combination treatment with dacomitinib and paclitaxel, indicating that dacomitinib does not affect the function of P-gp in SKOV3-TR cells (Figure 4C).




2.5. Dacomitinib Downregulated the Expression of Mcl-1 and the Phosphorylation of Bad in Paclitaxel-Treated SKOV3-TR Cells


It has been reported that paclitaxel-induced apoptosis is associated with Bcl-2 family proteins [76,77,78]. The Bcl-2 family can regulate the apoptotic pathway in response to cellular stresses, and abnormalities of these proteins act as a barrier to cancer therapy [79,80,81]. We examined whether the expression and phosphorylation of Bcl-2 family proteins are affected by the apoptotic process induced by the combination treatment of dacomitinib and paclitaxel in SKOV3-TR cells. Interestingly, the cellular expression of Mcl-1 was drastically reduced upon the cotreatment of dacomitinib and paclitaxel, and the expression of cleaved caspase-3, the active form of caspase 3, and cleaved PARP were clearly increased (Figure 5A). Moreover, dacomitinib reduced the phosphorylation of Bad at Ser155 residue (Figure 5A). RT-PCR analysis revealed that the combination of dacomitinib and paclitaxel did not affect the transcriptional expression of MCL-1 (Figure 5B), indicating that the expression of Mcl-1 was reduced by post-transcriptional regulation. These results suggested that the combination treatment of dacomitinib and paclitaxel may inhibit the expression of Mcl-1 and the phosphorylation of Bad through inhibition of EGFR and its downstream pathways, which increased the susceptibility of paclitaxel-induced apoptosis in SKOV3-TR cells.




2.6. Dacomitinib Increased Intracellular ROS Levels in Paclitaxel-Treated SKOV3-TR Cells


Several reports have indicated that induction of excessive intracellular ROS is one of the major mechanisms of paclitaxel-mediated apoptosis [48,82]. So, we investigated whether ROS were excessively generated during apoptosis induced by combination treatment of dacomitinib and paclitaxel in SKOV3-TR cells. In Figure 6A, DCFH-DA assay showed that the level of ROS in SKOV3-TR cells cotreated with dacomitinib and paclitaxel was significantly increased by more than 2.1-fold compared to the control cells. Also, the increased ROS by cotreatment with dacomitinib and paclitaxel was effectively reduced by additional treatment with N-acetylcysteine (NAC), a ROS scavenging agent (Figure 6A). Next, we used the WST-1 assay to test whether ROS scavenging with NAC in SKOV3-TR cells could affect cytotoxicity induced by combination treatment with dacomitinib and paclitaxel. The WST-1 assay showed that NAC had no effect on SKOV3-TR cells when treated with paclitaxel alone (Figure 6B), but it efficiently attenuated cell cytotoxicity in SKOV3-TR cells cotreated with dacomitinib and paclitaxel (Figure 6C). Additionally, crystal violet assay confirmed that ROS scavenging by NAC treatment inhibited cell death induced by cotreatment with dacomitinib and paclitaxel, thereby increasing cell viability in SKOV3-TR cells (Figure 6D). Collectively, our data indicated that the combination of dacomitinib and paclitaxel successfully induced cell cytotoxicity in SKOV3-TR cells through the excessive intracellular induction of ROS.




2.7. Dacomitinib Induced Cytotoxicity in Paclitaxel-Resistant Ovarian Cancer HeyA8-MDR Cells


To investigate whether the restoration of paclitaxel sensitivity by dacomitinib is specific to the SKOV3-TR cell type, we examined cell viability assay in paclitaxel-resistant ovarian cancer HeyA8-MDR cells treated with dacomitinib and paclitaxel. In Figure 7A, the WST-1 assay showed that dacomitinib increased cell death in paclitaxel-treated HeyA8-MDR cells in a dose-dependent manner. Also, crystal violet assay confirmed that dacomitinib inhibited cell viability in paclitaxel-treated HeyA8-MDR cells (Figure 7B). The phosphorylation of EGFR at Tyr1068 residue was inhibited by treatment with dacomitinib, and apoptotic cell death was induced by a combination treatment of dacomitinib and paclitaxel (Figure 7C). These results indicated that the restoration of paclitaxel sensitivity in paclitaxel-resistant ovarian cancer cells is not a cell-type-dependent phenomenon.





3. Discussion


To date, the standard treatment of ovarian cancer is surgery and chemotherapy (platinum- and taxane-based chemical anticancer drugs) [83,84]. As highlighted by numerous studies, chemoresistance represents a significant obstacle in cancer therapy [1,6,15,83,85,86,87,88]. Overcoming chemoresistance is a crucial challenge within the field of cancer treatment because chemoresistance is associated with disease recurrence, metastasis, and impaired clinical outcomes in cancer patients [50,89,90,91].



Dacomitinib is a second-generation pan-EGFR inhibitor targeting EGFR, HER2, and HER4 receptor tyrosine kinases that has been approved for the first-line therapeutics of metastatic NSCLC with EGFR mutation [49]. Dacomitinib irreversibly inhibits the kinase activity of EGFR through covalent binding to Cys797 residue at the ATP-binding site of EGFR in the intracellular kinase domain [92,93]. It has been reported that dacomitinib has effective anticancer activity in various cancers, including EGFR-mutation-positive NSCLC, HER2-positive gastric cancer, HER2-amplified breast cancer, human bladder cancer, and cetuximab-resistant head and neck cancer cell lines [51,54,57,94,95]. However, research on dacomitinib in chemoresistance is insufficient compared to its own anticancer effects. In this study, we demonstrated the effect of dacomitinib on paclitaxel resensitization and the mechanism of action in paclitaxel-resistant ovarian cancer cells (Figure 1). The restoration of paclitaxel sensitivity by dacomitinib in paclitaxel-resistant ovarian cancer HeyA8-MDR cells (Figure 7) suggests the potential of dacomitinib as an effective agent for suppressing chemoresistance in ovarian cancer via inhibiting the antioxidant signaling pathway.



We showed that treatment with dacomitinib at a sublethal concentration of 1 μM effectively inhibited the phosphorylation of EGFR and its downstream signaling proteins in SKOV3-TR cells in the presence or absence of paclitaxel (Figure 2A,F). Therefore, we concluded that inhibition of EGFR phosphorylation itself did not induce apoptosis, but the decrease in cell survival signaling induced apoptotic cell death when cotreated with paclitaxel. Our data showed that dacomitinib simultaneously inhibited not only phosphorylation of EGFR but also phosphorylation of HER2 (Figure 2A). However, treatment with trastuzumab, a selective HER2 inhibitor, did not affect the paclitaxel resistance of SKOV3-TR and cell viability (Figure 3), suggesting that paclitaxel resistance was not affected due to the effect of dacomitinib on phosphorylation of HER2. Previous studies have reported that the expression of HER3 and HER4 was not observed in SKOV3 cells, the parent cells of SKOV3-TR [96,97]. Although we did not analyze the activities of HER3 and HER4 signaling mechanisms by dacomitinib in SKOV3-TR, we expected that the effect of treatment with dacomitinib on SKOV3-TR cells would be mainly due to the inhibition of EGFR and its downstream signaling mechanisms.



We investigated the effect of dacomitinib on P-gp as a mechanism to suppress paclitaxel resistance and induce apoptotic cell death by paclitaxel treatment in SKOV3-TR cells. ATP-dependent drug efflux transporter P-gp prevents cellular accumulation of their substrates, including paclitaxel and cisplatin, and causes multidrug resistance [98]. It has been reported that an EGFR inhibitor, gefitinib, inhibits the function of P-gp in multidrug-resistant lung cancer and breast cancer [99]. Xu L et al. reported that dacomitinib can suppress cisplatin resistance in cisplatin-resistant ovarian cancer cells by inhibiting the expression of P-gp [38]. Therefore, we suspected that dacomitinib might affect the expression or function of P-gp by combination treatment of dacomitinib and paclitaxel in SKOV3-TR cells. However, our data indicated no effect on P-gp by dacomitinib (Figure 4). We did not rule out the possibility that these results may be due to differences in cell types.



It has been known that paclitaxel-induced cell death requires intrinsic apoptotic pathways via Bcl-2 family proteins, but the mechanisms are not clearly defined [100]. Our data showed that the cellular level of Mcl-1, one of the prosurvival/antiapoptotic Bcl-2 family proteins, was clearly decreased in combination treatment with dacomitinib and paclitaxel in SKOV3-TR cells (Figure 5A). As several studies have reported that the regulation of cellular Mcl-1 levels is involved in the EGFR signaling mechanism and its effects on cell survival and chemoresistance [101,102,103], we expected that the expression level of Mcl-1 would be related to EGFR signaling in SKOV3-TR cells. First, it has been reported that the intracellular inhibition of Mcl-1 can overcome EGFR resistance. H Zang et al. reported that Mcl-1 degradation resensitized to osimertinib, a selective EGFR inhibitor, in EGFR-mutant lung cancer cells [104]. Recently, it has been reported that the inhibition of Mcl-1 and activation of Bax overcome acquired resistance to third-generation EGFR inhibitor osimertinib [105]. Second, there are reports that some EGFR tyrosine kinase inhibitors can inhibit the expression of Mcl-1 and induce apoptotic cell death. Yu X et al. reported that formononetin inhibits cell growth by suppressing EGFR signaling and reducing Mcl-1 in NSCLC [106]. Gao F et al. indicated that deguelin suppresses NSCLC cells by EGFR signaling via destabilization of Mcl-1 [107]. Our data showed dacomitinib treatment alone at sublethal concentrations did not affect the cellular level of Mcl-1 and also showed a decrease in Mcl-1 when combined with paclitaxel (Figure 5A), indicating there is a possibility that dacomitinib may indirectly reduce the cellular Mcl-1 during the apoptosis process. We considered that the decrease in cellular Mcl-1 plays an important role in apoptotic cell death by inhibiting the EGFR signaling mechanism. We are planning additional studies using transcriptome and proteome analysis to analyze the effect not only of the EGFR downstream genes but also various signaling pathways at the whole genome-wide level. Accumulating evidence indicates that ROS can be increased in cancer cells due to intracellular changes, such as metabolic reprogramming and mutations in ROS regulators, and environmental changes, including hypoxic conditions [39]. Increased levels of ROS are associated with tumor growth and response to therapy [108]. Paradoxically, ROS promotes tumorigenesis in cancer cells at low concentrations but also causes cell death at high concentrations [40]. Several anticancer drugs, including cisplatin and buthionine sulfoximine, act directly on ROS generation or inhibit the anticancer process, causing excessive ROS accumulation and directly leading to cell death [44,109]. Recently, it has been reported that the inhibition of EGFR signaling induces excessive intracellular ROS in cancer cells, leading to apoptosis [110]. Yan S et al. reported that FGFC1, a natural alkaloid, suppressed the growth of EGFR-mutant NSCLC cells by accumulating intracellular ROS via inhibition of the EGFR/PI3K/AKT/mTOR pathway [111]. Ge X et al. reported that almonertinib, an EGFR inhibitor, induces apoptosis and autophagy mediated by ROS in NSCLC cells [112]. Also, previous reports have indicated that paclitaxel has cell cytotoxic activity by inducing excessive intracellular ROS [48,113,114]. Li M et al. also reported that paclitaxel promotes apoptosis through the induction of ROS in osteosarcoma cells [114]. Ren X et al. reported that paclitaxel induces apoptosis through the regulation of the AKT/MAPK signaling pathway and ROS in a canine tumor [113]. These previous reports that excessive ROS can be induced during paclitaxel-induced apoptosis as well as inhibition of EGFR signaling led us to investigate whether intracellular ROS was excessively induced in SKOV3-TR cells cotreated with dacomitinib and paclitaxel. Our results showed that only the combination treatment of dacomitinib and paclitaxel induced excessive ROS in SKOV3-TR cells (Figure 5A). Moreover, NAC treatment alleviated paclitaxel-induced cytotoxicity in dacomitinib-treated SKOV3-TR cells, and these results indicated that paclitaxel induced a dose-dependent excessive ROS increase (Figure 5B). Our data showed that ROS was increased by paclitaxel in cells treated with sublethal concentrations (up to 1 μM) of dacomitinib, which did not induce ROS, but the detailed signaling mechanisms that induce ROS in SKOV3-TR cells are still unclear. Figure 1A indicates that treatment with dacomitinib above 1 μM induces cell cytotoxicity in SKOV3-TR cells. In additional experiments, we observed that the cell cytotoxicity induced at concentrations above 1 μM of dacomitinib was attenuated by NAC treatment, even in the absence of paclitaxel (Figure S2), indicating that dacomitinib can affect the signaling mechanisms that regulate ROS in SKOV3-TR cells. We are analyzing to determine whether the inhibition of EGFR and its downstream signaling by dacomitinib can induce ROS directly or indirectly and the synergistic mechanism of dacomitinib and paclitaxel in SKOV3-TR cells through further studies. In several studies, excessive ROS levels are appropriately suppressed by regulating signaling factors such as forkhead homeobox type O (FOXO), erythroid-2-related factor 2 (NRF2), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [115,116,117,118,119,120]. It has also been reported that these factors affect chemoresistance in various cancers [121,122,123,124].



In conclusion, these data indicated that dacomitinib downregulates the expression level of Mcl-1 and phosphorylation of Bad in SKOV3-TR cells through inhibition of the EGFR signaling pathway and resensitizes to paclitaxel, resulting in ROS-induced apoptosis. Our study suggests that dacomitinib presents a therapeutic option to overcome chemoresistance to paclitaxel, but it also provides information regarding druggable targets for chemoresistant ovarian cancer.




4. Materials and Methods


4.1. Cell Culture and Reagents


The human ovarian cancer cell line SKOV3 and paclitaxel-resistant ovarian cancer lines SKOV3-TR and HeyA8-MDR were used. SKOV3, SKOV3-TR, and HeyA8-MDR cells were generously supplied by Professor A.K. Sood (University of Texas MD Anderson Cancer Center, Houston, TX, USA). These cells were cultured in Roswell Park Memorial Institute’s (RPMI) 1640 medium (Biowest, Nuaillé, France) supplemented with 10% (v/v) fetal bovine serum (Corning, NY, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 5% CO2 and 37 °C. Paclitaxel-resistant cells were cultured with 50 nM of paclitaxel (Cayman Chemical Company, Ann Arbor, MI, USA). N-acetylcysteine (NAC) (Sigma-Aldrich, St. Louis, MO, USA) was used to free radical scavengers. Dacomitinib was purchased from MedChem Express (Monmouth Junction, NJ, USA). Dulbecco’s Phosphate-Buffered Saline (DPBS, WelGENE, Seoul, Republic of Korea) and dimethyl sulfoxide (DMSO, Sigma-Aldrich, Darmstadt, Germany) were used in this experiment.




4.2. Lactate Dehydrogenase (LDH) Assay


The EZ-LDH kit (DoGen, Seoul, Republic of Korea) was used to measure the cytotoxicity of dacomitinib to SKOV3-TR cells. Cells were seeded into individual wells of 96-well cell culture plates at a density of 4.0 × 103 cells per well, followed by incubation at 5% CO2 and 37 °C for 24 h. Dacomitinib was treated by concentration (0.1, 0.5, 1, 5, and 10 μM) and incubated at 5% CO2 and 37 °C for 48 h. This assay was performed according to the manufacturer’s instructions. The absorbance was measured at 450 nm using Synergy™ HTX Multi-Mode Microplate Reader (Bioteck, Winooski, VT, USA).




4.3. Water-Soluble Tetrazolium Salt-1 (WST-1) Assay


Cell viability was measured by WST-1 assay. SKOV3-TR and HeyA8-MDR cells were seeded into individual wells of 96-well cell culture plates at a density of 6.0 × 103 cells per well, followed by incubation at 5% CO2 and 37 °C for 24 h. The chemicals were treated for a duration of 48 h, and the concentrations of each chemical were administered as detailed below: In Figure 1B and Figure 7A, dacomitinib (0, 0.1, 0.5, 1 μM) and paclitaxel (0–500 nM) were applied either individually or in combination. In Figure 3B, trastuzumab (0, 10, 50, 100 μg/mL) and paclitaxel (0–500 nM) were administered either individually or in combination. In Figure 6B, NAC (5 mM) and paclitaxel (0–500 nM) were treated either individually or in combination. In Figure 6C, dacomitinib (1 μM), paclitaxel (0–500 nM), and NAC (5 mM) were applied either individually or in combination. In Figure S2A, dacomitinib (0–10 μM) and NAC (5 mM) were treated either individually or in combination. In Figure S2B, dacomitinib (0–10 μM), paclitaxel (200 nM), and NAC (5 mM) were administered, respectively. After removing the supernatant, cells were washed with DPBS. Ten percent EZ-Cytox (DoGen, Seoul, Republic of Korea) solution was divided into each well and incubated at 5% CO2 and 37 °C for 30 min. The absorbance was measured at 450 nm using Synergy™ HTX Multi-Mode Microplate Reader. NAC was diluted in DPBS and treated at 5 mM of concentration in cells for 48 h.




4.4. Crystal Violet Assay


Crystal violet assay was performed to indirectly evaluate cell viability by visualizing living cells. The paclitaxel-resistant ovarian cancer cells were seeded into individual wells of 96-well cell culture plates at a density of 4.0 × 104 cells per well, followed by incubation at 5% CO2 and 37 °C for 24 h. The chemicals were treated for a duration of 48 h, and the concentrations of each chemical were administered as detailed below: In Figure 1C and Figure 7B, dacomitinib (0–10 μM) alone or dacomitinib (0.5 and 1 μM) and paclitaxel (0–400 nM) were treated either individually or in combination. In Figure 6D, paclitaxel (0–400 nM) was treated alone or in combination with NAC (5 mM) and dacomitinib (1 μM). In Figure S2C, dacomitinib (0–10 μM) was treated alone or in combination with NAC (5 mM) and paclitaxel (200 nM). After removing the supernatant, the cells were washed twice with DPBS. A 0.2% crystal violet (Biopure, Seoul, Republic of Korea) solution was added to each well, and cells were stained for 1 h at room temperature.




4.5. Immunoblotting and Antibodies


SKOV3, SKOV3-TR, and HeyA8-MDR cells were seeded in 100 mm culture plates at a density of 7.0 × 105 cells, followed by incubation at 5% CO2 and 37 °C for 24 h. Cells were treated alone or in parallel with dacomitinib (1 μM) and paclitaxel (200 nM) or combined with dacomitinib (0.1, 0.5, and 1 μM) and paclitaxel (10, 100, and 200 nM) and then incubated at 37 °C in 5% CO2 conditions for 48 h. Cells were lysed using a RIPA lysis buffer (25 mM Tris-Cl, 5 mM EDTA, 1% NP40, 0.025% SDS, 150 mM NaCl, and 1% sodium deoxycholate) containing phosphatase inhibitor PhosSTOP™ (Roche, Basel, Switzerland). Protein concentrations were quantified using Pierce™ BCA Protein Assay Kits (Thermo Fisher Scientific, MA, USA). Extracts were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a 0.2 µm nitrocellulose membrane (Cytiva, Amersham, UK). The nitrocellulose membrane was blocked in 2% skim milk (Biopure, Cambridge, MA, USA) for 90 min and subsequently incubated with primary antibodies at 4 °C overnight. After washing 3 times for 5 min with 1X Tris-buffered saline buffer containing Tween 20 (1X TBST buffer), the secondary antibody was attached at room temperature for 2 h. After washing 3 times for 10 min with 1X TBST buffer, the secondary antibodies were detected by Clarity Western ECL Substrate (Biorad, Hercules, CA, USA). Actin was used as the loading control. The following antibodies were used: Akt (#9272), Phospho-Akt (Ser473) (#9271), p44/42 MAPK (ERK1/2) (#9102), Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (#9101), p38 MAPK (#9212), phosphor-p38 MAPK (Thy180/Tyr182) (#9211), Stat3 (124H6) Mouse mAb (#9139), phosphor-Stat3 (Yyr705) (D3A7) XP® Rabbit mAb (#9145), Phospho-Stat3 (Ser727) (D8C2Z) Rabbit mAb (#92994), EGF Receptor (#2232), Phospho-EGF Receptor (Yyr1068) (#2234), HER2/ErbB2 (29D8) Rabbit mAb (#2165), Phospho-HER2/ErbB2 (Tyr1248) (#2247), Bcl-xL (54H6) Rabbit mAbB (#2764), Mcl-1 (D35A5) Rabbit mAb (#5453), Bax (D2E11) Rabbit mAb (#5023), Phospho-Bad (Ser155) (#9297), Caspase-3 (8G10) Rabbit mAb (#9665), Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb (#9664), Cleaved PARP (Asp214) (D64E10) XP® Rabbit mAb (#5625), and MDR1/ABCB1 (D3H1Q) Rabbit mAb (#12693S) were purchased from Cell Signaling Technology (Beverly, MA, USA). Bcl-2 Rabbit mAb (A19693) was obtained from ABclonal (Woburn, MA, USA). Bad (C-7) (sc-8044) and β-actin (C4) (sc-47778) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).




4.6. Flow Cytometry


Flow cytometry analysis was conducted to evaluate the effect of dacomitinib and paclitaxel on cell cycle arrest or apoptosis in SKOV3-TR cells. The cells were seeded in 100 mm culture plates at a density of 7.0 × 105 cells, followed by incubation at 5% CO2 and 37 °C for 24 h. Dacomitinib (1 µM) and paclitaxel (200 nM) were treated individually or in combination, followed by incubation at 5% CO2 and 37 °C for 48 h. Then, 1 mL of ice-cold 70% ethanol was added to the cell pellet, one drop at a time, and made into a single-cell state. The cells were incubated at −20 °C for 1 h. The cells were centrifuged at 600× g for 2 min. After removing the supernatant, the cell pellet was washed with 1 mL of DPBS. Subsequently, the cells were treated with a 100 mg/mL propidium iodide solution (Sigma-Aldrich, Darmstadt, Germany) and incubated at room temperature for 30 min. After the sample was transferred to the fluorescence-activated cell sorting (FACS) sample tube, flow cytometry was analyzed immediately using FACS analysis (BD Bioscience, Mountain View, CA, USA).




4.7. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


SKOV3-TR cells were seeded in 100 mm culture plates at a density of 7.0 × 105 cells, followed by incubation at 5% CO2 and 37 °C for 24 h. Then, the cells were treated with dacomitinib (1 µM) and paclitaxel (200 nM) individually or in combination, followed by incubation at 5% CO2 and 37 °C for 48 h. Total RNAs were isolated from the cells using the Ribo-EX (GeneAll Biotechnology Co., Ltd., Seoul, Republic of Korea). Complementary DNAs were generated from total RNA using M-MLV-Reverse Transcriptase (Invitrogen, Waltham, MA, USA) with 0.1 M DTT and 5X First Strand Buffer. RT-PCR was performed using Taq DNA Polymerase, 2.5 mM dNTP mixture, 10X reaction buffer with MgCl2 (Bioneer, Daejeon, Republic of Korea), and DMSO. RT-PCR conditions were 30 s at 94 °C for denaturation, 30 s at 54–64 °C for annealing, and 60 s at 72 °C for extension. The primers used in this experiment are listed in Table 1.




4.8. Fluo-3/Acetoxymethyl (AM) Assay


SKOV3-TR or SKOV3 cells were seeded in 100 mm culture plates at a density of 7.0 × 105 cells, followed by incubation at 5% CO2 and 37 °C for 24 h. Dacomitinib (1 µM) and paclitaxel (200 nM) were treated individually or in combination, followed by incubation at 5% CO2 and 37 °C for 48 h. Four micro-mole fluo-3/AM (Sigma-Aldrich, Darmstadt, Germany) solution was added and incubated at 37 °C for 1 h. The cells were observed through an inverted fluorescence microscope.




4.9. 2′-7′-Dichlorodihydrofluorescein Diacetate (DCFH-DA) Assay


DCFH-DA (Sigma-Aldrich, Darmstadt, Germany) was used to detect the generation of reactive oxygen species (ROS). SKOV3-TR cells were seeded in 24-well cell culture plates at a density of 2 × 104 cells and incubated at 37 °C for 24 h. Dacomitinib (1 µM), paclitaxel (200 nM), and NAC (5 mM) were treated individually or in combination, followed by incubation at 5% CO2 and 37 °C for 48 h. The cells were washed with DPBS. A total of 10 µM of DCFH-DA solution was divided into each well for 30 min at 37 °C. The absorbance was measured using a fluorescence microplate reader at excitation wavelengths of 485 nm and emission wavelengths of 520 nm.




4.10. Statistical Analysis


Statistical analyses were conducted in triplicate, and the data are expressed as mean ± standard deviation (SD). Normally distributed data were evaluated using a one-way analysis of variance (ANOVA) followed by Tukey’s test, as specified in the figure legends. Values of p < 0.05 were considered statistically significant.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules29010274/s1, Figure S1: The expression of P-gp between paclitaxel-sensitive SKOV3 and -resistant SKOV3-TR cells, Figure S2: N-acetylcysteine (NAC) restored dacomitinib-induced apoptosis in SKOV3-TR cells.





Author Contributions


Conceptualization, Y.J.L. and J.H.L.; methodology, Y.J.L., H.S.K. and S.B.; software, K.A.S. and T.J.K.; validation, Y.J.L., S.B. and H.S.K.; formal analysis, Y.J.L. and J.H.L.; investigation, Y.J.L., S.B. and J.H.L.; resources, K.A.S., T.J.K., S.B. and J.H.L.; data curation, Y.J.L. and H.S.K.; writing—original draft preparation, Y.J.L.; writing—review and editing, Y.J.L., H.S.K. and J.H.L.; visualization, Y.J.L., H.S.K. and S.B.; supervision, J.H.L.; project administration, J.H.L.; funding acquisition, S.B. and J.H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Korean governmment (MSIT) (No. 2021R1F1A1063986).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Acknowledgments


The authors are grateful to the Department of Cosmetic Engineering at Konkuk University for supporting the use of their research facilities.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Jayson, G.C.; Kohn, E.C.; Kitchener, H.C.; Ledermann, J.A. Ovarian cancer. Lancet 2014, 384, 1376–1388. [Google Scholar] [CrossRef] [PubMed]

	



Reid, B.M.; Permuth, J.B.; Sellers, T.A. Epidemiology of ovarian cancer: A review. Cancer Biol. Med. 2017, 14, 9–32. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, C.; Ralyea, C.; Lockwood, S. Ovarian Cancer: An Integrated Review. Semin. Oncol. Nurs. 2019, 35, 151–156. [Google Scholar] [CrossRef] [PubMed]

	



Matulonis, U.A.; Penson, R.T.; Domchek, S.M.; Kaufman, B.; Shapira-Frommer, R.; Audeh, M.W.; Kaye, S.; Molife, L.R.; Gelmon, K.A.; Robertson, J.D.; et al. Olaparib monotherapy in patients with advanced relapsed ovarian cancer and a germline BRCA1/2 mutation: A multistudy analysis of response rates and safety. Ann. Oncol. 2016, 27, 1013–1019. [Google Scholar] [CrossRef] [PubMed]

	



Cortez, A.J.; Tudrej, P.; Kujawa, K.A.; Lisowska, K.M. Advances in ovarian cancer therapy. Cancer Chemother. Pharmacol. 2018, 81, 17–38. [Google Scholar] [CrossRef]

	



Kim, S.; Han, Y.; Kim, S.I.; Kim, H.S.; Kim, S.J.; Song, Y.S. Tumor evolution and chemoresistance in ovarian cancer. NPJ Precis. Oncol. 2018, 2, 20. [Google Scholar] [CrossRef] [PubMed]

	



McMullen, M.; Karakasis, K.; Madariaga, A.; Oza, A.M. Overcoming Platinum and PARP-Inhibitor Resistance in Ovarian Cancer. Cancers 2020, 12, 1607. [Google Scholar] [CrossRef] [PubMed]

	



Wani, M.C.; Taylor, H.L.; Wall, M.E.; Coggon, P.; McPhail, A.T. Plant antitumor agents. VI. Isolation and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia. J. Am. Chem. Soc. 1971, 93, 2325–2327. [Google Scholar] [CrossRef]

	



Kampan, N.C.; Madondo, M.T.; McNally, O.M.; Quinn, M.; Plebanski, M. Paclitaxel and Its Evolving Role in the Management of Ovarian Cancer. Biomed. Res. Int. 2015, 2015, 413076. [Google Scholar] [CrossRef]

	



Schiff, P.B.; Horwitz, S.B. Taxol stabilizes microtubules in mouse fibroblast cells. Proc. Natl. Acad. Sci. USA 1980, 77, 1561–1565. [Google Scholar] [CrossRef]

	



Taghian, A.G.; Abi-Raad, R.; Assaad, S.I.; Casty, A.; Ancukiewicz, M.; Yeh, E.; Molokhia, P.; Attia, K.; Sullivan, T.; Kuter, I.; et al. Paclitaxel decreases the interstitial fluid pressure and improves oxygenation in breast cancers in patients treated with neoadjuvant chemotherapy: Clinical implications. J. Clin. Oncol. 2005, 23, 1951–1961. [Google Scholar] [CrossRef] [PubMed]

	



McGuire, W.P.; Rowinsky, E.K.; Rosenshein, N.B.; Grumbine, F.C.; Ettinger, D.S.; Armstrong, D.K.; Donehower, R.C. Taxol: A unique antineoplastic agent with significant activity in advanced ovarian epithelial neoplasms. Ann. Intern. Med. 1989, 111, 273–279. [Google Scholar] [CrossRef] [PubMed]

	



Singla, A.K.; Garg, A.; Aggarwal, D. Paclitaxel and its formulations. Int. J. Pharm. 2002, 235, 179–192. [Google Scholar] [CrossRef] [PubMed]

	



Sherman-Baust, C.A.; Becker, K.G.; Wood Iii, W.H.; Zhang, Y.; Morin, P.J. Gene expression and pathway analysis of ovarian cancer cells selected for resistance to cisplatin, paclitaxel, or doxorubicin. J. Ovarian Res. 2011, 4, 21. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, R.; Kaye, S.B. Ovarian cancer: Strategies for overcoming resistance to chemotherapy. Nat. Rev. Cancer 2003, 3, 502–516. [Google Scholar] [CrossRef] [PubMed]

	



Sharom, F.J. ABC multidrug transporters: Structure, function and role in chemoresistance. Pharmacogenomics 2008, 9, 105–127. [Google Scholar] [CrossRef] [PubMed]

	



Takara, K.; Sakaeda, T.; Okumura, K. An update on overcoming MDR1-mediated multidrug resistance in cancer chemotherapy. Curr. Pharm. Des. 2006, 12, 273–286. [Google Scholar] [CrossRef]

	



Koh, E.H.; Chung, H.C.; Lee, K.B.; Lim, H.Y.; Kim, J.H.; Roh, J.K.; Min, J.S.; Lee, K.S.; Kim, B.S. The value of immunohistochemical detection of P-glycoprotein in breast cancer before and after induction chemotherapy. Yonsei Med. J. 1992, 33, 137–142. [Google Scholar] [CrossRef]

	



Segawa, Y.; Ohnoshi, T.; Hiraki, S.; Ueoka, H.; Kiura, K.; Kamei, H.; Tabata, M.; Shibayama, T.; Miyatake, K.; Genba, K.; et al. Immunohistochemical detection of P-glycoprotein and carcinoembryonic antigen in small cell lung cancer: With reference to predictability of response to chemotherapy. Acta Medica Okayama 1993, 47, 181–189. [Google Scholar] [CrossRef]

	



Chan, H.S.; Haddad, G.; Thorner, P.S.; DeBoer, G.; Lin, Y.P.; Ondrusek, N.; Yeger, H.; Ling, V. P-glycoprotein expression as a predictor of the outcome of therapy for neuroblastoma. N. Engl. J. Med. 1991, 325, 1608–1614. [Google Scholar] [CrossRef]

	



Thottassery, J.V.; Zambetti, G.P.; Arimori, K.; Schuetz, E.G.; Schuetz, J.D. p53-dependent regulation of MDR1 gene expression causes selective resistance to chemotherapeutic agents. Proc. Natl. Acad. Sci. USA 1997, 94, 11037–11042. [Google Scholar] [CrossRef] [PubMed]

	



Ullrich, A.; Schlessinger, J. Signal transduction by receptors with tyrosine kinase activity. Cell 1990, 61, 203–212. [Google Scholar] [CrossRef] [PubMed]

	



Yarden, Y. The EGFR family and its ligands in human cancer: Signalling mechanisms and therapeutic opportunities. Eur. J. Cancer 2001, 37, 3–8. [Google Scholar] [CrossRef] [PubMed]

	



Shoelson, S.E. SH2 and PTB domain interactions in tyrosine kinase signal transduction. Curr. Opin. Chem. Biol. 1997, 1, 227–234. [Google Scholar] [CrossRef] [PubMed]

	



Yamaoka, T.; Frey, M.R.; Dise, R.S.; Bernard, J.K.; Polk, D.B. Specific epidermal growth factor receptor autophosphorylation sites promote mouse colon epithelial cell chemotaxis and restitution. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 301, G368–G376. [Google Scholar] [CrossRef] [PubMed]

	



Tvorogov, D.; Carpenter, G. EGF-dependent association of phospholipase C-γ1 with c-Cbl. Exp. Cell Res. 2002, 277, 86–94. [Google Scholar] [CrossRef] [PubMed]

	



Waterman, H.; Katz, M.; Rubin, C.; Shtiegman, K.; Lavi, S.; Elson, A.; Jovin, T.; Yarden, Y. A mutant EGF-receptor defective in ubiquitylation and endocytosis unveils a role for Grb2 in negative signaling. EMBO J. 2002, 21, 303–313. [Google Scholar] [CrossRef] [PubMed]

	



Batzer, A.; Rotin, D.; Urena, J.; Skolnik, E.; Schlessinger, J. Hierarchy of binding sites for Grb2 and Shc on the epidermal growth factor receptor. Mol. Cell. Biol. 1994, 14, 5192–5201. [Google Scholar]

	



Sakaguchi, K.; Okabayashi, Y.; Kido, Y.; Kimura, S.; Matsumura, Y.; Inushima, K.; Kasuga, M. Shc phosphotyrosine-binding domain dominantly interacts with epidermal growth factor receptors and mediates Ras activation in intact cells. Mol. Endocrinol. 1998, 12, 536–543. [Google Scholar] [CrossRef]

	



David, M.; Wong, L.; Flavell, R.; Thompson, S.A.; Wells, A.; Larner, A.C.; Johnson, G.R. STAT Activation by Epidermal Growth Factor (EGF) and Amphiregulin: Requirement for the EGF Receptor Kinase but Not for Tyrosine Phosphorylation Sites or JAK1 (∗). J. Biol. Chem. 1996, 271, 9185–9188. [Google Scholar] [CrossRef]

	



Porter, A.C.; Vaillancourt, R.R. Tyrosine kinase receptor-activated signal transduction pathways which lead to oncogenesis. Oncogene 1998, 17, 1343–1352. [Google Scholar] [CrossRef] [PubMed]

	



Jorissen, R.N.; Walker, F.; Pouliot, N.; Garrett, T.P.; Ward, C.W.; Burgess, A.W. Epidermal growth factor receptor: Mechanisms of activation and signalling. EGF Recept. Fam. 2003, 2003, 33–55. [Google Scholar] [CrossRef] [PubMed]

	



Yarden, Y.; Pines, G. The ERBB network: At last, cancer therapy meets systems biology. Nat. Rev. Cancer 2012, 12, 553–563. [Google Scholar] [CrossRef] [PubMed]

	



Sigismund, S.; Avanzato, D.; Lanzetti, L. Emerging functions of the EGFR in cancer. Mol. Oncol. 2018, 12, 3–20. [Google Scholar] [CrossRef] [PubMed]

	



Guo, D.; Prins, R.M.; Dang, J.; Kuga, D.; Iwanami, A.; Soto, H.; Lin, K.Y.; Huang, T.T.; Akhavan, D.; Hock, M.B.; et al. EGFR signaling through an Akt-SREBP-1-dependent, rapamycin-resistant pathway sensitizes glioblastomas to antilipogenic therapy. Sci. Signal. 2009, 2, ra82. [Google Scholar] [CrossRef]

	



Jänne, P.A.; Yang, J.C.-H.; Kim, D.-W.; Planchard, D.; Ohe, Y.; Ramalingam, S.S.; Ahn, M.-J.; Kim, S.-W.; Su, W.-C.; Horn, L. AZD9291 in EGFR inhibitor–resistant non–small-cell lung cancer. N. Engl. J. Med. 2015, 372, 1689–1699. [Google Scholar] [CrossRef]

	



Zhang, M.; Cong, Q.; Zhang, X.Y.; Zhang, M.X.; Lu, Y.Y.; Xu, C.J. Pyruvate dehydrogenase kinase 1 contributes to cisplatin resistance of ovarian cancer through EGFR activation. J. Cell. Physiol. 2019, 234, 6361–6370. [Google Scholar] [CrossRef]

	



Xu, L.; Xu, Y.; Zheng, J.; Zhao, Y.; Wang, H.; Qi, Y. Dacomitinib improves chemosensitivity of cisplatin-resistant human ovarian cancer cells. Oncol. Lett. 2021, 22, 569. [Google Scholar] [CrossRef]

	



Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50–64. [Google Scholar] [CrossRef]

	



Pelicano, H.; Carney, D.; Huang, P. ROS stress in cancer cells and therapeutic implications. Drug Resist. Update 2004, 7, 97–110. [Google Scholar] [CrossRef]

	



Rodriguez-Hernandez, M.A.; de la Cruz-Ojeda, P.; Lopez-Grueso, M.J.; Navarro-Villaran, E.; Requejo-Aguilar, R.; Castejon-Vega, B.; Negrete, M.; Gallego, P.; Vega-Ochoa, A.; Victor, V.M.; et al. Integrated molecular signaling involving mitochondrial dysfunction and alteration of cell metabolism induced by tyrosine kinase inhibitors in cancer. Redox Biol. 2020, 36, 101510. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Yi, J. Cancer cell killing via ROS: To increase or decrease, that is the question. Cancer Biol. Ther. 2008, 7, 1875–1884. [Google Scholar] [CrossRef] [PubMed]

	



Raza, M.H.; Siraj, S.; Arshad, A.; Waheed, U.; Aldakheel, F.; Alduraywish, S.; Arshad, M. ROS-modulated therapeutic approaches in cancer treatment. J. Cancer Res. Clin. Oncol. 2017, 143, 1789–1809. [Google Scholar] [CrossRef]

	



Marullo, R.; Werner, E.; Degtyareva, N.; Moore, B.; Altavilla, G.; Ramalingam, S.S.; Doetsch, P.W. Cisplatin induces a mitochondrial-ROS response that contributes to cytotoxicity depending on mitochondrial redox status and bioenergetic functions. PLoS ONE 2013, 8, e81162. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.-Y.; Kim, S.-J.; Kim, B.-J.; Rah, S.-Y.; Chung, S.M.; Im, M.-J.; Kim, U.-H. Doxorubicin-induced reactive oxygen species generation and intracellular Ca2+ increase are reciprocally modulated in rat cardiomyocytes. Exp. Mol. Med. 2006, 38, 535–545. [Google Scholar] [CrossRef]

	



Magda, D.; Miller, R.A. Motexafin gadolinium: A novel redox active drug for cancer therapy. In Proceedings of the Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2006; pp. 466–476. [Google Scholar]

	



Alexandre, J.; Batteux, F.; Nicco, C.; Chéreau, C.; Laurent, A.; Guillevin, L.; Weill, B.; Goldwasser, F. Accumulation of hydrogen peroxide is an early and crucial step for paclitaxel-induced cancer cell death both in vitro and in vivo. Int. J. Cancer 2006, 119, 41–48. [Google Scholar] [CrossRef]

	



Alexandre, J.r.m.; Hu, Y.; Lu, W.; Pelicano, H.; Huang, P. Novel Action of Paclitaxel against Cancer Cells: Bystander Effect Mediated by Reactive Oxygen Species. Cancer Res. 2007, 67, 3512–3517. [Google Scholar] [CrossRef]

	



Shirley, M. Dacomitinib: First Global Approval. Drugs 2018, 78, 1947–1953. [Google Scholar] [CrossRef]

	



Zheng, H.C. The molecular mechanisms of chemoresistance in cancers. Oncotarget 2017, 8, 59950–59964. [Google Scholar] [CrossRef]

	



Wu, Y.L.; Cheng, Y.; Zhou, X.; Lee, K.H.; Nakagawa, K.; Niho, S.; Tsuji, F.; Linke, R.; Rosell, R.; Corral, J.; et al. Dacomitinib versus gefitinib as first-line treatment for patients with EGFR-mutation-positive non-small-cell lung cancer (ARCHER 1050): A randomised, open-label, phase 3 trial. Lancet Oncol. 2017, 18, 1454–1466. [Google Scholar] [CrossRef]

	



Mok, T.S.; Cheng, Y.; Zhou, X.; Lee, K.H.; Nakagawa, K.; Niho, S.; Lee, M.; Linke, R.; Rosell, R.; Corral, J.; et al. Improvement in Overall Survival in a Randomized Study That Compared Dacomitinib with Gefitinib in Patients with Advanced Non-Small-Cell Lung Cancer and EGFR-Activating Mutations. J. Clin. Oncol. 2018, 36, 2244–2250. [Google Scholar] [CrossRef] [PubMed]

	



Abdul Razak, A.R.; Soulieres, D.; Laurie, S.A.; Hotte, S.J.; Singh, S.; Winquist, E.; Chia, S.; Le Tourneau, C.; Nguyen-Tan, P.F.; Chen, E.X.; et al. A phase II trial of dacomitinib, an oral pan-human EGF receptor (HER) inhibitor, as first-line treatment in recurrent and/or metastatic squamous-cell carcinoma of the head and neck. Ann. Oncol. 2013, 24, 761–769. [Google Scholar] [CrossRef] [PubMed]

	



Grivas, P.D.; Day, K.C.; Karatsinides, A.; Paul, A.; Shakir, N.; Owainati, I.; Liebert, M.; Kunju, L.P.; Thomas, D.; Hussain, M.; et al. Evaluation of the antitumor activity of dacomitinib in models of human bladder cancer. Mol. Med. 2013, 19, 367–376. [Google Scholar] [CrossRef] [PubMed]

	



Chaitanya, G.V.; Steven, A.J.; Babu, P.P. PARP-1 cleavage fragments: Signatures of cell-death proteases in neurodegeneration. Cell Commun. Signal 2010, 8, 31. [Google Scholar] [CrossRef] [PubMed]

	



Kris, M.G.; Camidge, D.R.; Giaccone, G.; Hida, T.; Li, B.T.; O’Connell, J.; Taylor, I.; Zhang, H.; Arcila, M.E.; Goldberg, Z.; et al. Targeting HER2 aberrations as actionable drivers in lung cancers: Phase II trial of the pan-HER tyrosine kinase inhibitor dacomitinib in patients with HER2-mutant or amplified tumors. Ann. Oncol. 2015, 26, 1421–1427. [Google Scholar] [CrossRef]

	



Kalous, O.; Conklin, D.; Desai, A.J.; O’Brien, N.A.; Ginther, C.; Anderson, L.; Cohen, D.J.; Britten, C.D.; Taylor, I.; Christensen, J.G.; et al. Dacomitinib (PF-00299804), an irreversible Pan-HER inhibitor, inhibits proliferation of HER2-amplified breast cancer cell lines resistant to trastuzumab and lapatinib. Mol. Cancer Ther. 2012, 11, 1978–1987. [Google Scholar] [CrossRef] [PubMed]

	



Engelman, J.A.; Zejnullahu, K.; Gale, C.M.; Lifshits, E.; Gonzales, A.J.; Shimamura, T.; Zhao, F.; Vincent, P.W.; Naumov, G.N.; Bradner, J.E.; et al. PF00299804, an irreversible pan-ERBB inhibitor, is effective in lung cancer models with EGFR and ERBB2 mutations that are resistant to gefitinib. Cancer Res. 2007, 67, 11924–11932. [Google Scholar] [CrossRef]

	



Mohiuddin, M.; Kasahara, K. Paclitaxel impedes EGFR-mutated PC9 cell growth via reactive oxygen species-mediated DNA damage and EGFR/PI3K/AKT/mTOR signaling pathway suppression. Cancer Genom. Proteom. 2021, 18, 645–659. [Google Scholar] [CrossRef]

	



Hu, J.; Zhang, N.; Wang, R.; Huang, F.; Li, G. Paclitaxel induces apoptosis and reduces proliferation by targeting epidermal growth factor receptor signaling pathway in oral cavity squamous cell carcinoma. Oncol. Lett. 2015, 10, 2378–2384. [Google Scholar] [CrossRef]

	



Cohen, M.H.; Johnson, J.R.; Chen, Y.-F.; Sridhara, R.; Pazdur, R. FDA Drug Approval Summary: Erlotinib (Tarceva®) Tablets. Oncologist 2005, 10, 461–466. [Google Scholar] [CrossRef]

	



Herbst, R.S.; Fukuoka, M.; Baselga, J. Gefitinib—A novel targeted approach to treating cancer. Nat. Rev. Cancer 2004, 4, 956–965. [Google Scholar] [CrossRef] [PubMed]

	



Fresno Vara, J.A.; Casado, E.; de Castro, J.; Cejas, P.; Belda-Iniesta, C.; Gonzalez-Baron, M. PI3K/Akt signalling pathway and cancer. Cancer Treat. Rev. 2004, 30, 193–204. [Google Scholar] [CrossRef]

	



Song, M.; Bode, A.M.; Dong, Z.; Lee, M.H. AKT as a Therapeutic Target for Cancer. Cancer Res. 2019, 79, 1019–1031. [Google Scholar] [CrossRef]

	



Yu, H.; Lee, H.; Herrmann, A.; Buettner, R.; Jove, R. Revisiting STAT3 signalling in cancer: New and unexpected biological functions. Nat. Rev. Cancer 2014, 14, 736–746. [Google Scholar] [CrossRef] [PubMed]

	



Yue, P.; Turkson, J. Targeting STAT3 in cancer: How successful are we? Expert Opin. Investig. Drugs 2009, 18, 45–56. [Google Scholar] [CrossRef] [PubMed]

	



Kohno, M.; Pouyssegur, J. Targeting the ERK signaling pathway in cancer therapy. Ann. Med. 2006, 38, 200–211. [Google Scholar] [CrossRef]

	



Roberts, P.J.; Der, C.J. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the treatment of cancer. Oncogene 2007, 26, 3291–3310. [Google Scholar] [CrossRef]

	



Wagner, E.F.; Nebreda, A.R. Signal integration by JNK and p38 MAPK pathways in cancer development. Nat. Rev. Cancer 2009, 9, 537–549. [Google Scholar] [CrossRef]

	



Yusuf, R.; Duan, Z.; Lamendola, D.; Penson, R.; Seiden, M. Paclitaxel resistance: Molecular mechanisms and pharmacologic manipulation. Curr. Cancer Drug Targets 2003, 3, 1–19. [Google Scholar] [CrossRef]

	



Dean, M.; Hamon, Y.; Chimini, G. The human ATP-binding cassette (ABC) transporter superfamily. J. Lipid Res. 2001, 42, 1007–1017. [Google Scholar] [CrossRef]

	



Eckford, P.D.; Sharom, F.J. ABC efflux pump-based resistance to chemotherapy drugs. Chem. Rev. 2009, 109, 2989–3011. [Google Scholar] [CrossRef] [PubMed]

	



Fujii, R.i.; Mutoh, M.; Niwa, K.; Yamada, K.; Aikou, T.; Nakagawa, M.; Kuwano, M.; Akiyama, S.I. Active efflux system for cisplatin in cisplatin-resistant human KB cells. Jpn. J. Cancer Res. 1994, 85, 426–433. [Google Scholar] [CrossRef] [PubMed]

	



Holló, Z.; Homolya, L.; Davis, C.W.; Sarkadi, B. Calcein accumulation as a fluorometric functional assay of the multidrug transporter. Biochim. Biophys. Acta (BBA)-Biomembr. 1994, 1191, 384–388. [Google Scholar] [CrossRef]

	



Homolya, L.; Holló, Z.; Germann, U.A.; Pastan, I.; Gottesman, M.M.; Sarkadi, B. Fluorescent cellular indicators are extruded by the multidrug resistance protein. J. Biol. Chem. 1993, 268, 21493–21496. [Google Scholar] [CrossRef] [PubMed]

	



Tang, C.; Willingham, M.C.; Reed, J.C.; Miyashita, T.; Ray, S.; Ponnathpur, V.; Huang, Y.; Mahoney, M.E.; Bullock, G.; Bhalla, K. High levels of p26BCL-2 oncoprotein retard taxol-induced apoptosis in human pre-B leukemia cells. Leukemia 1994, 8, 1960–1969. [Google Scholar] [PubMed]

	



Huang, Y.; Ibrado, A.; Reed, J.; Bullock, G.; Ray, S.; Tang, C.; Bhalla, K. Co-expression of several molecular mechanisms of multidrug resistance and their significance for paclitaxel cytotoxicity in human AML HL-60 cells. Leukemia 1997, 11, 253–257. [Google Scholar] [CrossRef]

	



Yip, K.W.; Reed, J.C. Bcl-2 family proteins and cancer. Oncogene 2008, 27, 6398–6406. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.R.; Fletcher, B.; Page, C.; Hu, C.; Nunez, G.; Baker, V. Bcl-xLIs Expressed in Ovarian Carcinoma and Modulates Chemotherapy-Induced Apoptosis. Gynecol. Oncol. 1998, 70, 398–403. [Google Scholar] [CrossRef]

	



Adams, J.M.; Cory, S. The BCL-2 arbiters of apoptosis and their growing role as cancer targets. Cell Death Differ. 2018, 25, 27–36. [Google Scholar] [CrossRef]

	



Kelly, P.N.; Strasser, A. The role of Bcl-2 and its pro-survival relatives in tumourigenesis and cancer therapy. Cell Death Differ. 2011, 18, 1414–1424. [Google Scholar] [CrossRef]

	



Jiang, H.; Zhang, X.W.; Liao, Q.L.; Wu, W.T.; Liu, Y.L.; Huang, W.H. Electrochemical Monitoring of Paclitaxel-Induced ROS Release from Mitochondria inside Single Cells. Small 2019, 15, e1901787. [Google Scholar] [CrossRef] [PubMed]

	



Matulonis, U.A.; Sood, A.K.; Fallowfield, L.; Howitt, B.E.; Sehouli, J.; Karlan, B.Y. Ovarian cancer. Nat. Rev. Dis. Primers 2016, 2, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Jelovac, D.; Armstrong, D.K. Recent progress in the diagnosis and treatment of ovarian cancer. CA Cancer J. Clin. 2011, 61, 183–203. [Google Scholar] [CrossRef]

	



Hennessy, B.T.; Coleman, R.L.; Markman, M. Ovarian cancer. Lancet 2009, 374, 1371–1382. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, N.; Van Gorp, T.; Parma, G.; Amant, F.; Gatta, G.; Sessa, C.; Vergote, I. Ovarian cancer. Crit. Rev. Oncol./Hematol. 2006, 60, 159–179. [Google Scholar] [CrossRef] [PubMed]

	



Yap, T.A.; Carden, C.P.; Kaye, S.B. Beyond chemotherapy: Targeted therapies in ovarian cancer. Nat. Rev. Cancer 2009, 9, 167–181. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, M.; Leung, B.; Jahani-Asl, A.; Yan, X.; Thompson, W.E.; Tsang, B.K. Chemoresistance in human ovarian cancer: The role of apoptotic regulators. Reprod. Biol. Endocrinol. 2003, 1, 66. [Google Scholar] [CrossRef]

	



Madden, E.C.; Gorman, A.M.; Logue, S.E.; Samali, A. Tumour cell secretome in chemoresistance and tumour recurrence. Trends Cancer 2020, 6, 489–505. [Google Scholar] [CrossRef]

	



Chang, A. Chemotherapy, chemoresistance and the changing treatment landscape for NSCLC. Lung Cancer 2011, 71, 3–10. [Google Scholar] [CrossRef]

	



Lu, D.; Shi, H.-C.; Wang, Z.-X.; Gu, X.-W.; Zeng, Y. Multidrug resistance-associated biomarkers PGP, GST-π, Topo-II and LRP as prognostic factors in primary ovarian carcinoma. Br. J. Biomed. Sci. 2011, 68, 69–74. [Google Scholar] [CrossRef]

	



Helena, A.Y.; Riely, G.J. Second-generation epidermal growth factor receptor tyrosine kinase inhibitors in lung cancers. J. Natl. Compr. Cancer Netw. 2013, 11, 161–169. [Google Scholar]

	



Duggirala, K.B.; Lee, Y.; Lee, K. Chronicles of EGFR Tyrosine Kinase Inhibitors: Targeting EGFR C797S Containing Triple Mutations. Biomol. Ther. 2022, 30, 19–27. [Google Scholar] [CrossRef] [PubMed]

	



Oh, D.Y.; Lee, K.W.; Cho, J.Y.; Kang, W.K.; Im, S.A.; Kim, J.W.; Bang, Y.J. Phase II trial of dacomitinib in patients with HER2-positive gastric cancer. Gastric Cancer 2016, 19, 1095–1103. [Google Scholar] [CrossRef] [PubMed]

	



Ather, F.; Hamidi, H.; Fejzo, M.S.; Letrent, S.; Finn, R.S.; Kabbinavar, F.; Head, C.; Wong, S.G. Dacomitinib, an irreversible Pan-ErbB inhibitor significantly abrogates growth in head and neck cancer models that exhibit low response to cetuximab. PLoS ONE 2013, 8, e56112. [Google Scholar] [CrossRef]

	



Bijman, M.N.; van Berkel, M.P.; Kok, M.; Janmaat, M.L.; Boven, E. Inhibition of functional HER family members increases the sensitivity to docetaxel in human ovarian cancer cell lines. Anti-Cancer Drugs 2009, 20, 450–460. [Google Scholar] [CrossRef] [PubMed]

	



Xu, F.; Yu, Y.; Le, X.-F.; Boyer, C.; Mills, G.B.; Bast, R.C., Jr. The outcome of heregulin-induced activation of ovarian cancer cells depends on the relative levels of HER-2 and HER-3 expression. Clin. Cancer Res. 1999, 5, 3653–3660. [Google Scholar] [PubMed]

	



Hee Choi, Y.; Yu, A.-M. ABC transporters in multidrug resistance and pharmacokinetics, and strategies for drug development. Curr. Pharm. Des. 2014, 20, 793–807. [Google Scholar] [CrossRef]

	



Kitazaki, T.; Oka, M.; Nakamura, Y.; Tsurutani, J.; Doi, S.; Yasunaga, M.; Takemura, M.; Yabuuchi, H.; Soda, H.; Kohno, S. Gefitinib, an EGFR tyrosine kinase inhibitor, directly inhibits the function of P-glycoprotein in multidrug resistant cancer cells. Lung Cancer 2005, 49, 337–343. [Google Scholar] [CrossRef]

	



Wang, T.H.; Wang, H.S.; Soong, Y.K. Paclitaxel-induced cell death: Where the cell cycle and apoptosis come together. Cancer Interdiscip. Int. J. Am. Cancer Soc. 2000, 88, 2619–2628. [Google Scholar] [CrossRef]

	



Shi, P.; Oh, Y.-T.; Deng, L.; Zhang, G.; Qian, G.; Zhang, S.; Ren, H.; Wu, G.; Legendre Jr, B.; Anderson, E. Overcoming acquired resistance to AZD9291, a third-generation EGFR inhibitor, through modulation of MEK/ERK-dependent Bim and Mcl-1 degradation. Clin. Cancer Res. 2017, 23, 6567–6579. [Google Scholar] [CrossRef]

	



Song, L.; Coppola, D.; Livingston, S.; Cress, W.D.; Haura, E.B. Mcl-1 regulates survival and sensitivity to diverse apoptotic stimuli in human non-small cell lung cancer cells. Cancer Biol. Ther. 2005, 4, 267–276. [Google Scholar] [CrossRef] [PubMed]

	



Cao, F.; Gong, Y.-B.; Kang, X.-H.; Lu, Z.-H.; Wang, Y.; Zhao, K.-L.; Miao, Z.-H.; Liao, M.-J.; Xu, Z.-Y. Degradation of MCL-1 by bufalin reverses acquired resistance to osimertinib in EGFR-mutant lung cancer. Toxicol. Appl. Pharmacol. 2019, 379, 114662. [Google Scholar] [CrossRef] [PubMed]

	



Zang, H.; Qian, G.; Arbiser, J.; Owonikoko, T.K.; Ramalingam, S.S.; Fan, S.; Sun, S.Y. Overcoming acquired resistance of EGFR-mutant NSCLC cells to the third generation EGFR inhibitor, osimertinib, with the natural product honokiol. Mol. Oncol. 2020, 14, 882–895. [Google Scholar] [CrossRef] [PubMed]

	



Ma, G.; Deng, Y.; Qian, L.; Vallega, K.A.; Zhang, G.; Deng, X.; Owonikoko, T.K.; Ramalingam, S.S.; Fang, D.D.; Zhai, Y.; et al. Overcoming acquired resistance to third-generation EGFR inhibitors by targeting activation of intrinsic apoptotic pathway through Mcl-1 inhibition, Bax activation, or both. Oncogene 2022, 41, 1691–1700. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.; Gao, F.; Li, W.; Zhou, L.; Liu, W.; Li, M. Formononetin inhibits tumor growth by suppression of EGFR-Akt-Mcl-1 axis in non-small cell lung cancer. J. Exp. Clin. Cancer Res. CR 2020, 39, 62. [Google Scholar] [CrossRef] [PubMed]

	



Gao, F.; Yu, X.; Li, M.; Zhou, L.; Liu, W.; Li, W.; Liu, H. Deguelin suppresses non-small cell lung cancer by inhibiting EGFR signaling and promoting GSK3β/FBW7-mediated Mcl-1 destabilization. Cell Death Dis. 2020, 11, 143. [Google Scholar] [CrossRef]

	



Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [Google Scholar] [CrossRef]

	



Griffith, O.W.; Meister, A. Potent and specific inhibition of glutathione synthesis by buthionine sulfoximine (Sn-butyl homocysteine sulfoximine). J. Biol. Chem. 1979, 254, 7558–7560. [Google Scholar] [CrossRef]

	



Shan, F.; Shao, Z.; Jiang, S.; Cheng, Z. Erlotinib induces the human non–small-cell lung cancer cells apoptosis via activating ROS-dependent JNK pathways. Cancer Med. 2016, 5, 3166–3175. [Google Scholar] [CrossRef]

	



Yan, S.; Zhang, B.; Feng, J.; Wu, H.; Duan, N.; Zhu, Y.; Zhao, Y.; Shen, S.; Zhang, K.; Wu, W. FGFC1 selectively inhibits erlotinib-resistant non-small cell lung cancer via elevation of ROS mediated by the EGFR/PI3K/Akt/mTOR pathway. Front. Pharmacol. 2022, 12, 764699. [Google Scholar] [CrossRef]

	



Ge, X.; Zhang, Y.; Huang, F.; Wu, Y.; Pang, J.; Li, X.; Fan, F.; Liu, H.; Li, S. EGFR tyrosine kinase inhibitor Almonertinib induces apoptosis and autophagy mediated by reactive oxygen species in non-small cell lung cancer cells. Hum. Exp. Toxicol. 2021, 40, S49–S62. [Google Scholar] [CrossRef] [PubMed]

	



Ren, X.; Zhao, B.; Chang, H.; Xiao, M.; Wu, Y.; Liu, Y. Paclitaxel suppresses proliferation and induces apoptosis through regulation of ROS and the AKT/MAPK signaling pathway in canine mammary gland tumor cells. Mol. Med. Rep. 2018, 17, 8289–8299. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Yin, L.; Wu, L.; Zhu, Y.; Wang, X. Paclitaxel inhibits proliferation and promotes apoptosis through regulation ROS and endoplasmic reticulum stress in osteosarcoma cell. Mol. Cell. Toxicol. 2020, 16, 377–384. [Google Scholar] [CrossRef]

	



Luo, H.; Yang, Y.; Duan, J.; Wu, P.; Jiang, Q.; Xu, C. PTEN-regulated AKT/FoxO3a/Bim signaling contributes to reactive oxygen species-mediated apoptosis in selenite-treated colorectal cancer cells. Cell Death Dis. 2013, 4, e481. [Google Scholar] [CrossRef] [PubMed]

	



Greer, E.; Brunet, A. FOXO transcription factors in ageing and cancer. Acta Physiol. 2008, 192, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Sajadimajd, S.; Khazaei, M. Oxidative stress and cancer: The role of Nrf2. Curr. Cancer Drug Targets 2018, 18, 538–557. [Google Scholar] [CrossRef] [PubMed]

	



Deshmukh, P.; Unni, S.; Krishnappa, G.; Padmanabhan, B. The Keap1–Nrf2 pathway: Promising therapeutic target to counteract ROS-mediated damage in cancers and neurodegenerative diseases. Biophys. Rev. 2017, 9, 41–56. [Google Scholar] [CrossRef]

	



Huang, Q.; Zhan, L.; Cao, H.; Li, J.; Lyu, Y.; Guo, X.; Zhang, J.; Ji, L.; Ren, T.; An, J. Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the ROS-modulated coordinated regulation of the NFKB and TP53 pathways. Autophagy 2016, 12, 999–1014. [Google Scholar] [CrossRef]

	



Ling, J.; Kumar, R. Crosstalk between NFkB and glucocorticoid signaling: A potential target of breast cancer therapy. Cancer Lett. 2012, 322, 119–126. [Google Scholar] [CrossRef]

	



Dolcet, X.; Llobet, D.; Pallares, J.; Matias-Guiu, X. NF-kB in development and progression of human cancer. Virchows Arch. 2005, 446, 475–482. [Google Scholar] [CrossRef]

	



Pan, C.W.; Jin, X.; Zhao, Y.; Pan, Y.; Yang, J.; Karnes, R.J.; Zhang, J.; Wang, L.; Huang, H. AKT-phosphorylated FOXO 1 suppresses ERK activation and chemoresistance by disrupting IQGAP 1-MAPK interaction. EMBO J. 2017, 36, 995–1010. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, T.; Chen, N.; Zhao, F.; Wang, X.-J.; Kong, B.; Zheng, W.; Zhang, D.D. High levels of Nrf2 determine chemoresistance in type II endometrial cancer. Cancer Res. 2010, 70, 5486–5496. [Google Scholar] [CrossRef] [PubMed]

	



Meng, Q.; Liang, C.; Hua, J.; Zhang, B.; Liu, J.; Zhang, Y.; Wei, M.; Yu, X.; Xu, J.; Shi, S. A miR-146a-5p/TRAF6/NF-kB p65 axis regulates pancreatic cancer chemoresistance: Functional validation and clinical significance. Theranostics 2020, 10, 3967. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 29 00274 g001] 





Figure 1. Cotreatment with dacomitinib and paclitaxel induced apoptosis in SKOV3-TR ovarian cancer cells. (A) SKOV3-TR cells were treated with various concentrations of dacomitinib (0, 0.1, 0.5, 1, 5, and 10 μM) for 48 h, and then LDH analysis was performed. (B) SKOV3-TR cells were cotreated with a combination of dacomitinib (0, 0.1, 0.5, and 1 µM) and serial dilutions of paclitaxel (0–500 nM) for 48 h. Cell viability was analyzed by WST-1 assay. (C) SKOV3-TR cells were cotreated with serial dilutions of paclitaxel (0–400 nM) and dacomitinib (0–10 μM) for 48 h, and then crystal violet assay was performed. (D) SKOV3-TR cells were subjected to treatments with DMSO (Mock), 200 nM paclitaxel, 1 µM dacomitinib, and a combination of 1 µM dacomitinib and 200 nM paclitaxel, each administered for 48 h. Subsequently, cellular observations were conducted under a microscope. (E) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib at various time intervals (0, 12, 24, and 48 h). Subsequently, the levels of cleaved PARP were analyzed by immunoblotting. (F) SKOV3-TR cells were treated with combination of dacomitinib (0, 0.1, 0.5, and 1 µM) and paclitaxel (0, 10, 100, and 200 nM) as indicated for 48 h, and then cleaved PARP was analyzed by immunoblotting. (G) SKOV3-TR cells were subjected to treatments with DMSO (Mock), 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib each for 48 h. Apoptotic cell death was analyzed by FACS analysis. Sub-G1 fraction (apoptotic cell fraction) was measured in percentages and shown as a graph. Actin was used as a loading control for each sample. The LDH assay data are presented as the mean percentage of control ± SD relative to the control. Values of *** p < 0.001 were considered statistically significant difference. DAC, dacomitinib; PTX, paclitaxel. 
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Figure 2. Dacomitinib suppressed EGFR and its downstream signaling in SKOV3-TR cells. (A) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib for 48 h. The expression of EGFR and HER2 and their phosphorylated forms (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were analyzed by immunoblotting. (B) Transcriptions of EGFR and HER2 were examined by RT-PCR. (C) SKOV3-TR cells were cotreated with dacomitinib (0, 0.1, 0.5, and 1 µM) and paclitaxel (0, 10, 100, and 200 nM) as indicated for 48 h. The expression levels of EGFR and HER2 and their phosphorylation (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined by immunoblotting. (D) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib, and then the expression levels of EGFR and HER2 and their phosphorylation status (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined at different time points (0, 0.5, 1.5, 3, and 6 h). (E) SKOV3-TR cells were treated with 200 nM paclitaxel, 1 µM dacomitinib, 1 µM geftinib, and 1 µM erlutinib in the presence or absence of 200 nM paclitaxel as indicated for 48 h and then the expression of EGFR and HER2 and their phosphorylation (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined by immunoblotting. (F) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib for 48 h. Then, the expression of AKT, STAT, ERK, and p38 and their phosphorylation levels (phosphorylated AKT at Ser473, phosphorylated STAT3 at Tyr705, phosphorylated STAT3 at Ser727, phosphorylated ERK at Thr202/Tyr204, and phosphorylated p38 at Thr180/Tyr182) were analyzed by immunoblotting. (G) Transcriptions of AKT, STAT3, ERK, and p38 were examined by RT-PCR. GAPDH was used as a loading control for the mRNAs in each sample. Actin was used as a loading control for each sample. PTX, paclitaxel; DAC, dacomitinib; GEF, gefitinib; ERL, erlotinib. 






Figure 2. Dacomitinib suppressed EGFR and its downstream signaling in SKOV3-TR cells. (A) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib for 48 h. The expression of EGFR and HER2 and their phosphorylated forms (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were analyzed by immunoblotting. (B) Transcriptions of EGFR and HER2 were examined by RT-PCR. (C) SKOV3-TR cells were cotreated with dacomitinib (0, 0.1, 0.5, and 1 µM) and paclitaxel (0, 10, 100, and 200 nM) as indicated for 48 h. The expression levels of EGFR and HER2 and their phosphorylation (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined by immunoblotting. (D) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib, and then the expression levels of EGFR and HER2 and their phosphorylation status (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined at different time points (0, 0.5, 1.5, 3, and 6 h). (E) SKOV3-TR cells were treated with 200 nM paclitaxel, 1 µM dacomitinib, 1 µM geftinib, and 1 µM erlutinib in the presence or absence of 200 nM paclitaxel as indicated for 48 h and then the expression of EGFR and HER2 and their phosphorylation (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined by immunoblotting. (F) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib for 48 h. Then, the expression of AKT, STAT, ERK, and p38 and their phosphorylation levels (phosphorylated AKT at Ser473, phosphorylated STAT3 at Tyr705, phosphorylated STAT3 at Ser727, phosphorylated ERK at Thr202/Tyr204, and phosphorylated p38 at Thr180/Tyr182) were analyzed by immunoblotting. (G) Transcriptions of AKT, STAT3, ERK, and p38 were examined by RT-PCR. GAPDH was used as a loading control for the mRNAs in each sample. Actin was used as a loading control for each sample. PTX, paclitaxel; DAC, dacomitinib; GEF, gefitinib; ERL, erlotinib.



[image: Molecules 29 00274 g002]







[image: Molecules 29 00274 g003] 





Figure 3. HER2 signaling did not affect the paclitaxel resensitization mechanism of dacomitinib in SKOV3-TR cells. (A) SKOV3-TR cells were treated with trastuzumab (10 µg/mL) for 48 h, and then the expression of EGFR and HER2 and their phosphorylation (phosphorylated EGFR at Tyr1068 and phosphorylated HER2 at Tyr1248) were examined by immunoblotting. (B) SKOV3-TR cells were cotreated with combination of a serial dilution of paclitaxel (0–500 nM) and trastuzumab (0, 10, 50, and 100 µg/mL) as indicated for 48 h. Cell viability analysis was performed by WST-1 assay. Actin was used as a loading control for each sample. TRA, trastuzumab. 
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Figure 4. Dacomitinib did not affect the expression and function of P-gp in SKOV3-TR cells. (A) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib for 48 h. Then, the expression levels of P-gp were examined by immunoblotting. (B) Transcription levels of MDR1 were analyzed by RT-PCR in SKOV3-TR cells treated with paclitaxel and dacomitinib as indicated. (C) SKOV3-TR cells (7 × 105) were seeded and further incubated for 24 h. Then, cells were subjected to treatments with DMSO (Mock), 200 nM paclitaxel, 1 µM dacomitinib, and a combination of 200 nM paclitaxel and 1 µM dacomitinib for 24 h. Fluo-3/AM solution was added and further reacted at 37 °C for 1 h, and then the fluorescences were visualized using an inverted fluorescence microscope. SKOV3 cells, the parent cells of SKOV3-TR, were used as paclitaxel-sensitive controls. Actin was used as a loading control for each sample. GAPDH was used as a loading control for the mRNAs in each sample. PTX, paclitaxel; DAC, dacomitinib. 
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Figure 5. Dacomitinib suppressed the expression of Mcl-1 and the phosphorylation of Bad in paclitaxel-treated SKOV3-TR cells. (A) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib for 48 h. The expression levels of prosurvival Bcl-2 family proteins (Bcl-2, Bcl-xl, and Mcl-1), apoptosis effector Bcl-2 family protein (Bax), proapoptotic Bcl-2 family protein (Bad), and its phosphorylation (phospho-Bad at Ser155 residue) were examined by immunoblotting. The apoptotic mediators (caspase-3, cleaved caspase-3, and cleaved PARP) were also analyzed by immunoblotting. (B) Transcriptions of BCL-2, BCL-XL, BAX, and MCL-1 were analyzed by RT-PCR. Actin was used as a loading control for each sample. GAPDH was used as a loading control for the mRNAs in each sample. PTX, paclitaxel; DAC, dacomitinib. 
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Figure 6. Dacomitinib increased intracellular ROS levels in paclitaxel-treated SKOV3-TR cells. (A) SKOV3-TR cells were subjected to treatments with 200 nM paclitaxel, 1 µM dacomitinib, and combination of 200 nM paclitaxel and 1 µM dacomitinib, with or without 5 mM N-acetylcysteine for 48 h. Cells were additionally treated with 10 µM DCFH-DA and further incubated for 30 min at 37 °C. Intracellular ROS levels were analyzed by measuring fluorescence values at excitation wavelengths of 485 nm and emission wavelengths of 520 nm using a fluorescence microplate reader. Relative intracellular ROS levels were calculated as the percentage of fluorescence values in the treatment group compared to those in the control group. (B) SKOV3-TR cells were subjected to treatments with a serial dilution of paclitaxel (0–500 nM) with or without 5 mM N-acetylcysteine for 48 h, and then cell viability was examined by WST-1 assay. (C) SKOV3-TR cells were subjected to treatments with combination of serial dilutions of paclitaxel (0–500 nM) and 1 µM dacomitinib with or without 5 mM N-acetylcysteine for 48 h, and then cell viability was examined by WST-1 assay. (D) SKOV3-TR cells were subjected to treatments with combination of serial dilutions of paclitaxel (0–400 nM), 1 μM dacomitinib, and 5 mM N-acetylcysteine as indicated for 48 h and then stained with 0.2% crystal violet solution for 1 h at room temperature. The DCFH-DA assay data are presented as the mean percentage of control ± SD relative to the control. Values of ***, ### p < 0.001 were considered statistically significant. PTX, paclitaxel; DAC, dacomitinib; NAC, N-acetylcysteine. 
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Figure 7. Dacomitinib resensitized paclitaxel in HeyA8-MDR ovarian cancer cells. (A) HeyA8-MDR cells were cotreated with a serial dilution of paclitaxel (0–500 nM) and specific concentrations of dacomitinib (0, 0.1, 0.5, and 1 µM) for 48 h. Cell viability was analyzed through WST-1 assay. (B) HeyA8-MDR cells were cotreated with serial dilutions of paclitaxel (0–400 nM) and dacomitinib (0–10 μM) for 48 h and then stained with 0.2% crystal violet solution for 1 h at room temperature. (C) HeyA8-MDR cells were subjected to treatments with paclitaxel (200 nM), dacomitinib (1 µM), and combination of paclitaxel (200 nM) and dacomitinib (1 µM) for 48 h. Immunoblotting was used to validate the expression levels of EGFR and its phosphorylation status (phosphorylated EGFR at Y1068). Actin was used as a loading control for each sample. PTX, paclitaxel; DAC, dacomitinib. 
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Table 1. List of sequences used for RT-PCR.
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Targets

	
Sequence of Primer






	
EGFR

	
F: 5′-CGCAAGTGTAAGAAGTGCGAA-3′




	
R: 5′-CGTAGCATTTATGGAGAGTGAGTCT-3′




	
HER2

	
F: 5′-TAAGGACCCTCCCTTCTGCG-3′




	
R: 5′-AAAGACCACCCCCAAGACCA-3′




	
AKT

	
F: 5′-ATGAGCGACGTGGCTATTGTG-3′




	
R: 5′-GAGGCCGTCAGCCACAGTCTG-3′




	
STAT3

	
F: 5′-GATCCAGTCCGTGGAACCAT-3′




	
R: 5′-TGGTCTTCAGGTATGGGGCA-3′




	
ERK

	
F: 5′-CCTAAGGAAAAGCTCAAAGA-3′




	
R: 5′-AAAGTGGATAAGCCAAGAC-3′




	
p38

	
F: 5′-GATCAGTTGAAGCTCATTTTAA-3′




	
R: 5′-CACTTGAATAATATTTGGAGAGT-3′




	
BCL-2

	
F: 5′-ATCGCCCTGTGGATGACTGAGT-3′




	
R: 5′-GCCAGGAGAAATCAAACAGAGGC-3′




	
BCL-XL

	
F: 5′-GTAAACTGGGGTCGCATTGT-3′




	
R: 5′-TGGATCCAAGGCTCTAGGTG-3′




	
MCL-1

	
F: 5′-CTCCCCACCAAGAGTCCACA-3′




	
R: 5′-CCCAAACCACTTGGGGTGTC-3′




	
BAX

	
F: 5′-CCAGCTGCCTTGGACTGT-3′




	
R: 5′-ACCCCCTCAAGACCACTCTT-3′




	
MDR1

	
F: 5′-GCGAGGTCGGAATGGATCTT-3′




	
R: 5′-AGGGTTAGCTTCCAACCACG-3′




	
GAPDH

	
F: 5′-GTCTCCTCTGACTTCACAGCG-3′




	
R: 5′-ACCACCCTGTTGCTGTAGCCAA-3′
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