Identification of cucurbitacin IIb as a potential EGFR tyrosine kinase inhibitor
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ABSTRACT  

Background and Purpose: Epidermal growth factor receptor (EGFR) is considered as a valid target in the clinical trials of anticancer therapy and tyrosine kinase inhibitors (TKIs) of EGFR are approved for cancer treatments.

Experimental Approach: A549 cells proliferation, apoptosis, and cycle analysis were measured by MTT, annexin V-FITC apoptosis, and PI-staining assay, respectively. Meanwhile, the accumulation levels of the gene and protein were carried out by real-time quantitative PCR and western blotting assays. The inhibiting effect of CuIIb against the phosphorylation level of the EGFR protein was detected by homogeneous time-resolved ﬂuorescence (HTRF) analysis. Based on molecular docking, the binding interaction of CuIIb with EGFR was evaluated.

Key Results: CuIIb was confirmed to exhibited the proliferation inhibitory activity in A549 cells. CuIIb induced apoptosis via STAT3 pathway and arrested the cell cycle in G2/M phase. HTRF analysis demonstrated the kinase activity of EGFR was inhibited by CuIIb. The results of molecular docking suggest that the CuIIb-EGFR binding fundamentally depends on the contribution of both hydrophobic and hydrogen-bonding interactions. 

Conclusion and Implications: CuIIb was capable of suppressing the signal transmitting of the EGFR/MAPK pathway by severely reduced the amounts of the most participants in the pathway and inhibited the activation thereof, thus suppression of EGFR/MAPK signaling pathway was responsible to the apoptosis and cell cycle arrest. In addition, CuIIb may serve as a potential EGFR TKI.
Abbreviations: CuIIb, cucurbitacin IIb; EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; TKI, tyrosine kinase inhibitor; NSCLC, non-small-cell lung cancer; HTRF, homogeneous time-resolved ﬂuorescence; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; YAP, yes‑associated protein; DMSO, dimethyl sulfoxide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; HPR, horseradish peroxidase; FBS, fetal bovine serum; OD, optical density; PI, propidium iodide; qRT-PCR, real-time quantitative PCR; SEM, standard errors of the means; FRET, fluorescence resonance energy transfer.
Keywords: Cucurbitacin IIb, Epidermal growth factor receptor (EGFR), Tyrosine kinase inhibitor (TKI), Apoptosis, Cell cycle arrest, Binding mode.
1. INTRODUCTION
The epidermal growth factor receptor (EGFR) belongs to the erbB family, which consists of four closely related receptor tyrosine kinases, including erbB1 (also known as EGFR), erbB2, erbB3, and erbB4 
 ADDIN EN.CITE 
(Roskoski, 2019; Saki et al., 2013)
. All of the erbB family proteins are transmembrane receptor tyrosine kinases consisting of three functional regions, designated as an extracellular ligand-binding region, a transmembrane region with the single hydrophobic anchor sequence, and an intracellular tyrosine kinase region (Tang et al., 2015). Binding of the specific ligand, such as the epidermal growth factor (EGF), initiates the dimerisation of the EGFR with the consequent initiation of the divergent intracellular signaling pathways cascade (Xu et al., 2017). In the downstream of EGFR, there are two major signaling pathways, including phosphatidylinositol 3-kinase (PI3K)/AKT and RAS/MEK/ERK (Zhang et al., 2020a). It is well known that during the past decades, EGFR plays crucial roles in cell migration, apoptosis, and proliferation (Zhang et al., 2020b). Overactivation of EGFR signaling pathways has been demonstrated as a significant step in the pathogenesis and progression of multiple malignant tumors (Bodey et al., 2005). Meanwhile, EGFR is observed to be overexpressed or dysregulated in many solid tumors and confirmed as a valid target in the clinical trials of anticancer therapy (Ciardiello et al., 2003). Therefore, the tyrosine kinase inhibitors (TKIs) of EGFR are approved in the treatment of non-small-cell lung cancer (NSCLC) throughout the world 
 ADDIN EN.CITE 
(Becker et al., 2011; Zhang et al., 2019b)
. The first-generation EGFR TKIs, such as erlotinib and gefitinib, were designed to reversibly compete for the ATP-binding sites and thus blocked the activation of EGFR downstream signaling pathways (Lin et al., 2014). Unfortunately, these EGFR TKIs may result in the occurrence of side effects, such as diarrhea and papulopustular rash (Welch et al., 2007). 

As a group of highly oxidized tetracyclic triterpenes with biological activities and medicinal properties, cucurbitacins exhibited strong cytotoxicity in EGFR-overexpressed NSCLC by blocking the activation of EGFR and its downstream signaling pathways 
 ADDIN EN.CITE 
(Cheng et al., 2017; Cianciosi et al., 2018)
. According to the characteristics of their structures, cucurbitacins are arbitrarily divided into twelve categories and classified as cucurbitacins A–T 
 ADDIN EN.CITE 
(Alsayari et al., 2018a; Zhu et al., 2018)
. Cucurbitacins have been investigated widely for their pharmacological activities, such as cytotoxic, anti-inﬂammatory, and anticancer activities (Graziose et al., 2013). Certain cucurbitacins have been shown to exhibit antiproliferative activity on several human cancer cell lines, including lung, breast, and brain cancers 
 ADDIN EN.CITE 
(Zhang et al., 2019a)
. Furthermore, cucurbitacin B, D, E, and I have been reported to inhibit cancer cells proliferation in HCT-116, MCF-7, NCI-H460, and SF-268 cell lines, respectively 
 ADDIN EN.CITE 
(Alsayari et al., 2018b; Hussain et al., 2019)
. In a murine model, cucurbitacin E could not only inhibit the Yes‑associated protein (YAP) signaling pathway, but also suppress the brain metastasis of human NSCLC (Hsu et al., 2019). It is also demonstrated that cucurbitacin B significantly induced cell cycle arrest at the G2/M phase and mitochondrial apoptosis in NSCLC cell lines (Kausar et al., 2013). In addition, cucurbitacin IIb (Figure 1A) was found to exert therapeutic efficacy in inflammation-related diseases through regulating multiple cellular behaviors (Wang et al., 2014). Although the anti-inﬂammatory activity of cucurbitacin IIb (CuIIb) has been reported, its cytotoxic effects towards A549 cells and the related molecular mechanism is rarely reported. 
In this work, CuIIb was observed to be a potential TKI of EGFR by homogeneous time-resolved ﬂuorescence (HTRF) kinase inhibition analysis. In addition, CuIIb inhibited the proliferation of A549 cells by regulating the EGFR/mitogen-activated protein kinase (MAPK) signaling pathway which eventually resulted in apoptosis and cell cycle arrest. Moreover, the binding interaction of CuIIb with EGFR was evaluated by using molecular docking.

2. MATERIALS AND METHODS
2.1 Reagent
CuIIb was purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Stock solution of CuIIb was prepared in dimethyl sulfoxide (DMSO) and stored at -20 °C. DMSO was purchased from Sigma-Aldrich (St Louis, MO, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich (Bellefonte, PA, USA). HTRF KinEASE-TK kit was purchased from Cisbio (Codolet, France). GAPDH antibody was purchased from Gene Tex (San Antonio, TX, USA). Other primary antibodies were all purchased from Abcam Co. (Cambridge, MA, UK). Horseradish peroxidase (HPR)-conjugated secondary antibody was purchased from Sino Biological Inc. (Beijing, China). All other chemicals and reagents used in the experiments were of analytical grade.
2.2 Cell culture and cell viability assay 
NSCLC line A549 was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). A549 cell was cultured in DMEM medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cell was cultured at 37 °C in a humidified atmosphere with 5% CO2.
The MTT assay was used to assess the cytotoxicity of CuIIb. The A549 cells (1 × 105 mL-1) were plated in 96-well plates with 100 μL medium per well. After approximately 16 h, the new DMEM medium was replaced. Then CuIIb was added to cell cultures and incubated for 24 h, then the DMEM medium was discarded. New DMEM medium (90 μL) and 5 mg mL-1 MTT solution (10 μL) were added to each well. The 96-well plates were incubated for 4 h and the supernates were discarded. DMSO (150 μL) was added and the optical density (OD) values were read at 570 nm with the iMARK microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). DMSO was applied as the blank control. 

2.3 Cell apoptosis and cycle analysis

The A549 cells (1.25 × 105 mL-1) were plated in 6-well plates with 2 mL medium per well. After approximately 16 h, the new DMEM medium was replaced. Different final concentrations (40, 60, and 80 μM) of CuIIb was added to cell cultures and incubated 24 h for cell apoptosis and cycle analysis. DMSO was applied as the blank control. The eBioscience™ annexin V-FITC apoptosis detection kit (Thermo Fisher Scientiﬁc, San Jose, CA, USA) was used to perform the apoptosis analysis. Briefly, A549 cells were harvested, washed twice with ice-cold PBS, and resuspended in the binding buffer. Annexin V-FITC and propidium iodide (PI) were added and incubated at room temperature for 10 min. Subsequently, the cell suspensions were analyzed on the ﬂow cytometer (Guava easyCyte™, EMD Millipore, Inc., Germany). 

Cell cycle analysis was detected by PI-staining method followed by flow cytometry. After the treatment of CuIIb, A549 cells were centrifuged for 5 min at 1000 rpm and were ﬁxed with 70 % ice-cold ethanol at -20 °C overnight. Then cells were stained with PI for 15 min at room temperature and samples were measured with the same flow cytometer.
2.4 Real-time quantitative PCR
The A549 cells (5 × 105 mL-1) were plated in 10 cm discs with 10 mL medium per disc. After approximately 16 h, the new DMEM medium was replaced and 100 μL of 6 mM CuIIb was supplemented to the A549 cells and treated for 1, 2, 3, 4, and 5 h, A549 cells were harvested to extract total RNAs. DMSO was applied as the blank control. Trizol reagent and reverse transcriptional kit (Transgen Biotech Ltd., Beijing, China) was used to extract total RNAs according to the instruction manual. Five hundred nanogram of mRNA was used for reverse transcription. In the real-time quantitative PCR (qRT-PCR) assays, cDNAs were diluted ten times and 1 μL of each sample was used as templates. The primers with the sequences are listed in the previously published article 
 ADDIN EN.CITE 
(Zhang et al., 2019a)
. The PCRs were performed on the ﬂuorescence quantitative thermocycler using the quantitative PCR kit (Transgen Biotech Ltd., Beijing, China). The relative mRNA expression levels were normalized to the GAPDH. Briefly, the ΔΔCt method was used to calculate the expression of each relative mRNA.
2.5 Western blot analysis
Western blotting was carried out to investigate the accumulation and existence status of the products of the genes tested above. Cells were cultured and treated with the same condition for the real-time qPCR analysis. After 4, 8, 12, and 24 h, the cells were used to protein extraction. The extracted proteins were isolated by SDS-PGAE. The accumulation of EGFR, Ras, BRAF, Raf1, MEK1/2, and ERK1/2, either phosphorylated or not, were tested. The proteins of cell apoptosis pathways, such as PARP1, STAT3, p-STAT3, Bcl-XL, survivin, caspase-3, and caspase-9, were also tested. As for the cell cycle pathways proteins, the accumulation of CDK1, CDK2, p-CDK1+CDK2, CDK4, RSK1, p-RSK1, cyclin A2, cyclin B1, cyclin D1, and cyclin E1 were detected as well. GAPDH was assayed as loading control. Chemiluminescence signals were detected with an Azure Biosystems C300 analyzer (Azure Biosystems, Dublin, CA, USA).
2.6 HTRF analysis

The inhibiting effect of CuIIb against the phosphorylation level of the EGFR protein (Thermo Fisher Scientific, San Jose, CA, USA) was detected by HTRF KinEASE-TK kit 
 ADDIN EN.CITE 
(Jia et al., 2016; Wang et al., 2019)
. Briefly, 4 μL different concentrations of CuIIb, 2 μL substrate-biotin, and 2 μL kinase were added to a HTRF microplate, then 2 μL ATP was added to start the enzymatic reaction. After incubating for 40 min at room temperature, 5 µL Sa-XL665 and 5 µL TK antibody-Eu3+ in detection buffer with EDTA were added to stop the enzymatic reaction. After incubating 1 h at room temperature, the fluorescence value was read at 665 nm and 620 nm with the Tecan Inﬁnite® M1000 pro (Tecan, Austria). The data were calculated using Prism software (GraphPad, Inc., La Jolla, CA, USA). 

2.7 Molecular docking

The binding interaction of CuIIb with EGFR was evaluated by using molecular docking. Briefly, the initial structure of the tyrosine kinase domain of EGFR was collected from Protein Data Bank (ID 1M17) (Stamos et al., 2002). The initial structure of CuIIb was built by using GaussView and then was submitted to Gaussian 09W for further optimization. The preparation of EGFR and CuIIb before docking was performed by using AutoDockTools 1.5.6. Following the validation of the docking parameters, EGFR and CuIIb were subjected to AutoDockTools 1.5.6 for docking calculations with a Lamarckian genetic algorithm. A grid box of 40 × 40 × 40 points with a spacing of 0.375 Å was generated on the centroid of the bound ligand and then was defined as the binding region. The remaining docking parameters were in accordance to the default values. The binding interaction of CuIIb with EGFR was visualized by using PyMol.
2.8 Statistical Analysis

All experiments were repeated independent at least three times. All the data were expressed as mean ± standard errors of the means (SEM). The P-value of less than 0.05 was considered as the statistically signiﬁcant.

3. RESULTS
3.1
Cytotoxicity of CuIIb to A549 Cells
MTT assay has been developed to assess the toxicity of CuIIb on A549 cells. As shown in Figure 1B, CuIIb significantly inhibited the proliferation of the cells. The inhibition showed a dose-dependent manner with the tested concentrations. The half inhibition concentration was around 70 μM. Therefore, a concentration of 60 μM, which is relatively moderate, was adopted for further investigation of the possible mechanism of the inhibitory activity.

3.2
CuIIb induced apoptosis in A549 cells

Apoptosis analysis was performed on A549 cells with PI/FTIC method after treating with 60, 70, and 80 μM of CuIIb to assess its apoptosis induction activity. As shown in Figure 2A, treatment significantly altered the percentage of cell type share. Apoptosis induction frequency was dose-dependent and apoptotic cells raised as the concentration raised. The cells were mainly promoted into early apoptotic status and probably stayed very short time at the late status before death. The population of normal cells was very significantly reduced in all treatments (p<0.01). On the contrary, the early apoptotic cells increased very significantly (p<0.01). In the high concentration treatments (70 and 80 μM), the portion of late apoptotic and necrotic cells enlarged significantly (p<0.5 and p<0.01 for 70 and 80 μM respectively). Though the numbers of late apoptotic cell in treatment of 60 μM and blank treatment was not significant different, the number of those necrotic was statistically different (p<0.05).

To investigate the potential mechanism of the apoptosis induction in A549 cells, the expression of apoptosis related genes was tested by qRT-PCR method and 6 genes shown in Figure 2B were observed in the early treatment (1, 2, 3, 4, and 5 h). It was observed that the expression of caspase-3 and STAT3 was significantly upregulated by CuIIb, especially, STAT3. However, the expression of Bcl-XL and survivin was significantly downregulated. The other apoptosis promotor, caspase-9 seemed not sensitive to CuIIb as the expression of its encoding gene was not significantly altered. The transcriptional behavior of PARP1 was rather complex and down- and upregulated of relatively stable expression were observed at different test time point.

Further investigations on the above apoptotic regulators were carried out by western blotting and the results were presented in Figure 2C. The results suggested that the accumulation of PARP1 raised soundly at 4, 8, and 12h testing points, however completely degraded in long time treatments. Total amount of STAT3 was ascended at the beginning and reached a peak at 8 h testing point, then descended. On the contrary, the phosphorylated STAT3 showed the opposite behavior and had a valley at 8 h testing point. The accumulation of Bcl-XL was initially increased and then gradually degraded afterwards. Cleaved caspase-3 and caspase-9 were observed to be increase as the treatment lasted. Accumulation of survivin decreased in at the beginning and thoroughly degraded at 12 h tested point, but inversely recovered to the initial after treated for 24 h.

3.3
CuIIb arrested the cell cycle at G2/M phase

In order to determine whether cell cycle arrest induction is involved in the inhibitory activity of CuIIb to A549 cells, PI-staining based cell cycle analysis was performed. The result suggested that, the treatments did significantly arrest the cell cycle (Figure 3A). CuIIb reduced the cell populations of S phase (p<0.05 or p<0.001) and increase those of G2/M phase (p<0.01 or 0.001) in all treatments. Although the decrement of G0/G1 cell population in treatment of 40 μM was not notable, 60 and 80 μM treatments significantly decreased the population size of G0/G1 cell (p<0.05 or p<0.001). Thereby, CuIIb induces a G2/M cell cycle arrest in A549 cells, which is accordant to the previous report in prostate cancer cell lines (Ren et al., 2012) but a bit differ from that in mouse lymphocytes (Wang et al., 2014).

Transcription of cell cycle regulators were performed to detail the mechanism of the cell cycle arrest. Eleven genes were investigated and the results are present in Figure 3B and C. The result showed that, the expression of CDK1, cyclin B1, and cyclinE1 were almost up regulated at all the tested points. But oppositely, cdc25C, and cyclin A2 were almost down regulated. From Figure 3B and C, it was concluded that the stimulating efficiency of CuIIb to CDK1, RSK1, cyclin E1, cdc25C, and cyclin A2 was limited in 4 h, after that the upregulation or downregulation of them would be relieved. Other gene, namely CDK2, CDK4, and cyclin D1 did not showed regular transcriptional regulation. 

Immunoblotting was also performed to assessed the existence of the above cell cycle regulators and the results were displayed in Figure 3D. The accumulation of CDK1 was soundly increased in the beginning of the treatment, which was accordant to the transcription pattern. However, CDK2 was gradually degraded and have a burst at 24 h test point. The amount of CDK4 was firstly burst and then decreased. The existence of RSK1 and phosphorylated RSK1 was relatively constant with a few decreased at 12 h test point. Four cyclins, i.e., cyclin A2, cyclin B1, cyclin D1, and cyclin E1 were degraded with various manners. Cyclin A2 and cyclin D1 were null background accumulated and bust initially then and finally completely degraded. However, cyclin B1 and cyclin E1 were background accumulated and decreased after treated. Cyclin B1 was soundly decreased and the increase gradually with a low increment. Cyclin E1 decreased quickly to a valley and then increased and the turning point was 12 h test point.

3.4
CuIIb suppressed the EGFR/MAPK pathway

As EGFR/MAPK pathway is a key signaling pathway that plays various rules in biological and pathological processes, whether CuIIb impacts and how to impact to the pathway is worthy for exploration. The expression of genes involved the pathway were firstly investigated and the results were presented in Figure 4A. It was suggested that most of the genes in the pathway, i.e., EGFR, BRAF, Raf1, MEK1, MEK2, and ERK2, were significantly suppressed by CuIIb. Although ERK1 was less impacted by the treatment, significant downregulation was also found in some tested points. Interestingly, Ras was notably upregulated in three test point and without significantly downregulated at other tested points. 

The existence status of the most members in the EGFR/MAPK pathway was altered by CuIIb treatments. The accumulation and phosphorylation of the members in the EGFR/MAPK pathway were also altered by the treatments of CuIIb (Figure 4B). Both amount of total and phosphorylated EGFR reduced time dependently and the phosphorylated EGFR was detected to be trace in the late treatment. The amount of Ras was gradually decreased in early treatments but increased after 12 h, this was just opposite to its transcription. Total BRAF was trended to be reduced but with an exception at 8 h test point, which was different from Raf1, whose trend was constantly reduced. However, both phosphorylated BRAF and Raf1 were null background accumulated, and they quickly accumulated in early treatments and decreased afterwards. Both total MEK1/2 and ERK1/2 were detected to be relatively constant, and their phosphorylation were found to be decreased, though the decrements were not notable. The trends of EGFR, BRAF and Raf1 were basically matched those of their transcription.

3.5 Inhibitory activity of the CuIIb against EGFR kinase

To conﬁrm the inhibitory activity of the CuIIb, HTRF assay was performed in a 96-well low volume plate with 20 µL total assay volume per well. HTRF assay generates the signal by fluorescence resonance energy transfer (FRET) between the donor and acceptor molecules. Optimization of pre-treatment conditions is the key step before the HTRF assay of CuIIb. As a result, data suggest that the best optimum concentrations of EGFR kinase and ATP are 4 pg μL-1 and 1.6 μM, respectively. The IC50 value was 2.287 nM calculated from the concentration-inhibition curve (Figure 5A). Thus, CuIIb might be a candidate for EGFR TKI treatment in wild-type EGFR and potential agent of EGFR-directed therapy.

3.6 Binding interaction of CuIIb with EGFR

In order to evaluate the binding interaction of CuIIb with EGFR, molecular docking was carried out based on the X-ray crystal structure of the tyrosine kinase domain of EGFR (Stamos, Sliwkowski & Eigenbrot, 2002). As shown in Figure 5B, CuIIb can fit into the hydrophobic pocket and occupy the ATP-binding site. The results of molecular docking suggest that the CuIIb-EGFR binding fundamentally depends on the contribution of both hydrophobic and hydrogen-bonding interactions. The amino acids of EGFR that lie within 4 Å away from CuIIb are shown in Figure 5C. Among which, Leu694, Phe699, Val702, Ala719, Met742, Leu768, Met769, Phe771, and Leu820 were observed to engage in multiple hydrophobic interactions with CuIIb. Meanwhile, there are also extensive hydrogen-bonding interactions between EGFR and CuIIb, thereby helping stabilize their binding. As shown in Figure 5C, CuIIb forms a hydrogen bond with Leu694, Met769, and Arg817 respectively, while it forms two hydrogen bonds with Asp831. In accordance to the literatures 
 ADDIN EN.CITE 
(Halim et al., 2019; Yadav et al., 2014)
, Leu694 and Met769 are key amino acids that play a unique role in stabling the CuIIb-EGFR binding, providing both hydrophobic and hydrogen-bonding interactions.
4. DISCUSSION
Although the toxicity of cucurbitacins to various of cancer cells have been well reported previously 
 ADDIN EN.CITE 
(Garg et al., 2018; Kaushik et al., 2015)
, however, the toxicity of CuIIb was rarely reported (Ren et al., 2012). In this work, the half inhibitory concentration to A549 cell line was putatively to be approximately 70 μM (Figure 1B) when cells were treated for 24 h with initial population of 1 × 104 cells, which is similar to its analogue, CuIIa 


(Zhang et al., 2019a) ADDIN EN.CITE . However, this figure is much greater than those of human prostate cancer cell lines (Ren et al., 2012) and its analogue 25-O-acetyl-23,24-dihydro-cucurbitacin F to human soft tissue sarcoma cells (Lohberger et al., 2015).

Apoptosis induction is one of mechanisms in cell growth suppression. A number of reaches have demonstrated that cucurbitacins are capable of inducing apoptosis via different means. In the present research, CuIIb was also found to be able to induce apoptosis. The treatment of CuIIb boosted the cells to early apoptosis stage but quickly died and did not stay at late stage for a long time (Figure 2A). PARP1 is known to be essential in DNA damage reparation and PARP1 overactivation can be induced by massive DNA damage 


(Ray Chaudhuri et al., 2017; Valenzuela et al., 2002) ADDIN EN.CITE . In this work, accumulation of PARP1 burst initially by treating with CuIIb but reduced and eventually vanished in long time treatment (Figure 2C), which is accordant with those observed on CuE in other cells 


(Ma et al., 2016; Wu et al., 2016) ADDIN EN.CITE . The result indicated that in early treatment, CuIIb might cause DNA damage and thus induced the activation of PARP1. The oncogene STAT3 is important for numerous cancer cells, and activation of STAT3 is essential for cancer cell proliferation 
 ADDIN EN.CITE 
(Bromberg et al., 1999; Wong et al., 2017)
. Real time qPCR suggested that the transcription of STAT3 was soundly upregulated, whereas the accumulation of STAT3 and its activation (p-STAT3) was not accordant to the transcription, this is similar to report on CuB, CuI, and CuIIa 


(Zhang et al., 2019a; Zhang et al., 2012) ADDIN EN.CITE . CuIIb analogues, CuE, CuI, and CuIIa have been earlier reported to be capable of inducing caspase-dependent apoptosis 


(He et al., 2013; Kim et al., 2014; Ma et al., 2016; Zhang et al., 2012) ADDIN EN.CITE . The current work showed that the transcription of caspase-3 was observed to be greatly upregulated and the cleavage of caspase-3 was observed to be increase by long time treatment of CuIIb, and the cleavage of caspase-9 was constantly increase (Figure 2B and C). These results suggested that it might be a common manner for cucurbitacins to exerted the apoptosis induction activity by inducing caspase-dependent apoptosis. The expression of Bcl-XL and survinvin was greatly suppressed (Figure 2B). The amount of the Bcl-XL was initially soundly increased by treating of CuIIb, but then reduced constantly and this is similar to the observation on CuE treatment in the same cells (Ma et al., 2016). Therefore, CuIIb treatment could induce caspase-dependent mitochondria-mediated apoptosis via STAT3 pathway.

Cell cycle arrest is another mechanism of cell growth suppression. In this work, cell cycle was arrested at G2/M phase by treating of CuIIb (Figure 3A). Several cell cycle regulators were investigated to reveal the potential mechanism. Cyclin A-CDK2 and cyclin A-CDK1 are require at S and G2 phases in cell cycle 


(Pagano et al., 1992) ADDIN EN.CITE , and defect of them arrests the cell cycle at S/G2 or G2/M phase. Cyclin A- and cyclin B-CDK1 are required for M phase (Lorca et al., 1992), and their defect arrest cell cycle at G2/M phase. Likewise, defect of cyclin D-CDK4/6 and cyclin E-CDK4 arrests the cell cycle at G2/M and G0/G1 phase respectively 
 ADDIN EN.CITE 
(Diehl et al., 1997; Lauper et al., 1998)
. Current data showed that after treating by 24 h, cyclin A2 and cyclin D1 were completely degraded, whereas cyclin B1 and cyclin E1 were reduced although their encoding genes were significantly upregulated (Figure 3B, C, and D). On the other hand, CDK1, the interactor of cyclin A and B showed increasingly degradation, so did CDK2, the interactor of cyclin A and E when treated for a moderate of time (Figure 3D). The phosphorylation of CDK1/2 was observed to be decreased (Figure 3D), thus with the decrease of cyclin A2 and B1, the CDK1/2-cyclin A/B complexes were defected. Cyclin D1 was completely degraded after 24 h treatment, despite of the accumulation of CDK4 was increased at the end, there was no cell could enter S phase from G1 phase. Although the amount of cyclin E1 and CDK2 was considerable at the end of treatment, the cells were arrested at G2/M phase. This result was the same as the effects of CuE, CuI, CuIIa, and 25-O-acetyl-23,24-dihydro-cucurbitacin F 
 ADDIN EN.CITE 
(Kim, Park & Kim, 2014; Lohberger et al., 2015; Zhang et al., 2019a)
.

The EGFR/MAPK pathway is an essential signaling pathway as it is involved in numerous biological and pathological events. It is known that this pathway is involved in many malignant tumors, either solid or non-solid, and it is common that that EGFR is a hot target in therapeutic in cancer treatments (Liu et al., 2018). Participants of the pathway was investigated in the current study. Most of the genes involved in this pathway were downregulated (Figure 4A) indicated that the signal falls was narrow down as it transferred. EGFR, either total or phosphorylated, was constantly decreased (Figure 4B), which was a bit different to its analogue CuE and CuIIa investigated earlier 


(Saeed et al., 2019; Zhang et al., 2019a) ADDIN EN.CITE . Ras, the small guanine nucleotide triphosphatases (GTPases) that transmit signals to the MAPK, PI3K, and other pathways for proliferation and survival (Beeram et al., 2005). The Raf/MEK/ERK module is right at the downstream of Ras in the EGFR/MAPK pathway, thus a slight alteration of Ras can make considerable signal shift to the downstream. Thereby, although only small decrement of Ras led to absolutely degradation of phosphorylated-BRAF and (phosphorylated-) Raf1 and huge decrease of total BRAF (Figure 4B). It has been reported that suppress the activation of BRAF 


(Ahn et al., 2014; Lei et al., 2018) ADDIN EN.CITE  or Raf1 (Hsu et al., 2007) is capable of inducing apoptosis. MEK and ERK inhibition was previously demonstrated could induce apoptosis and cell cycle arrest (Baranski et al., 2015). The current results that phosphorylation MEK1/2 and ERK1/2 were decreased by treatment of CuIIb may account for the induction of apoptosis. The activation of MEK1/2 and ERK1/2 activation of the apoptosis regulators (e.g., Caspases, STAT3, Bcl-XL, and survivin) and degradation cell cycle regulators (e.g., CDKs and Cyclins), which can regulate cell growth and survival, these have observed in treatment of CuIIa, CuB, CuE, CuI and 25-O-acetyl-23,24-dihydro-cucurbitacin F 
 ADDIN EN.CITE 
(Kausar, Munagala, Bansal, Aqil, Vadhanam & Gupta, 2013; Kim, Park & Kim, 2014)
, as well as CuIIb (Wang et al., 2014). In this work, the phosphorylation of MEK1/2 and ERK1/2 were detected to be decreased (Figure 4B), and alteration of apoptosis and cell cycle regulators were observed in A549 cells by treating with CuIIb. Therefore, suppression of EGFR/MAPK pathway was responsible for apoptosis and cell cycle arrest in A549 cells in CuIIb treatments.

In addition, computer simulation was carried out to evaluate the binding interaction of CuIIb with EGFR. The results of molecular docking suggest that the CuIIb-EGFR binding fundamentally depends on the contribution of both hydrophobic and hydrogen-bonding interactions. In the present work, Leu694 and Met769 are key amino acids that play a unique role in stabling the CuIIb-EGFR binding, providing both hydrophobic and hydrogen-bonding interactions. It has been confirmed that the residue Met769 in the hinge region is critical for inducing the active conformation of the EGFR tyrosine kinase domain 


(Elkamhawy et al., 2017; Park et al., 2012) ADDIN EN.CITE . Moreover, the residue Leu694 located in the binding pocket has also been reported to be associated with the EGFR kinase activity (Sun et al., 2015). To sum up, the results herein presented along with the aforementioned reports indicate that these two residues are essential for ligand binding to EGFR in its active state. In conclusion, this work might provide insight into the mechanism involved in ligand-dependent EGFR activity and help virtual screening of EGFR tyrosine kinase inhibitors.

5. CONCLUSIONS
CuIIb exerted proliferation inhibitory activity by acting as a TKI of EGFR. By inhibiting the kinase activity of EGFR, CuIIb suppressed the signal falls of EGFR/MAPK pathway, leading to caspase-dependent mitochondria-mediated apoptosis via STAT3 pathway and cell cycle arrest at G2/M phase. The results of molecular docking suggest that the CuIIb-EGFR binding fundamentally depends on the contribution of both hydrophobic and hydrogen-bonding interactions. In the light of the results of this work, CuIIb may serve as a potential EGFR TKI.
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