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Abstract

:

S5 is a withanolide natural product isolated from Physalis pubescens L. Our previous experimental studies found that it has significant antitumor activity on renal cell carcinoma. In the present study, the anti-melanoma effect of S5 and the related molecular mechanism was first investigated. It was found that S5 induced an obvious growth inhibitory effect on human melanoma A375 cells with low toxicity to human peripheral blood cells. Furthermore, the results demonstrated that the cell death mode of S5 on A375 cells is not due to inducing apoptosis and autophagy. However, there was a significant time-dependent increase in G2/M phase after treatment of A375 with S5. Meanwhile, S5 could also decrease the protein expression of Cdc25c, Cdc2, and CyclinB1, and increased the expression of p-P53 and P21, suggesting that S5 inhibited A375 cell death through G2/M phase arrest. Moreover, the signal pathway factors P38, extracellular regulated protein kinases (ERK), and epidermal growth factor receptor (EGFR) were observed taking part in the S5-induced A375 cells growth inhibitory effect. In addition, suppressing P38 and EGFR reversed the cell proliferation inhibitory effect and G2/M cell cycle arrest induced by S5 and inhibition of EGFR enhanced the downregulation of the expression of P38 and p-P38, indicating that S5 induced A375 G2/M arrest through the EGFR/P38 pathway. Briefly, this study explained for the first time the mechanism of S5-induced A375 cell growth inhibition in order to provide the basis for its clinical application in melanoma.
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1. Introduction


Cutaneous melanoma, the malignant tumor of melanocytes, is the skin cancer with the highest mortality and increasing incidence worldwide [1]. Incidence of malignant cutaneous melanoma is rising especially steeply, with minimal progress in non-surgical treatment of advanced disease [2,3]. The most common chemotherapy drug presently used for melanoma is dacarbazine (DTIC) at present, which is a U.S. Food and Drug Administration (FDA)-approved, first-line treatment for patients with wild-type melanomas [4]. However, in recent years, some clinical studies show that there is an objective response rate ranging from 7%–13% when DTIC was used [5,6]. Several other chemotherapeutic agents, such as fotemustine, vindesine, and temozolomide, have similar activities comparable to DTIC [7]. Therefore, a high-efficiency drug is urgently needed for melanoma.



Apoptosis and autophagy are two evolutionarily conserved processes that maintain homeostasis during stress [8]. Apoptosis is an active, specialized form of cell death, and is well-orchestrated by a set of hierarchical molecular events [9]. Apoptosis is characterized by cell membrane blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation, and chromosomal DNA fragmentation [10,11]. Caspase-3 is one of the hallmarks of apoptosis [12,13], and it is indispensable for apoptotic chromatin condensation and DNA fragmentation in all cell types examined [14]. PARP (poly ADP-ribose polymerase) is a kind of nuclear enzyme in response to DNA strand breaks. It is a cleaved substrate of caspase 3 [15]. During almost all forms of apoptosis, PARP is cleaved by caspases, suggesting that its inactivation plays the crucial role of apoptosis [16]. Autophagy is an evolutionarily conserved catabolic process in which intracellular membrane structures package dysfunctional protein complexes or organelles to degrade, and then renew these cytoplasmic components. It is thus critical for cellular integrity, intracellular homeostasis, and cell survival [17]. Autophagy is one of the adaptive mechanisms induced in melanoma cells in response to chemotherapy [18]. Inhibition of autophagy might help increase the efficiency of standard therapy to melanoma [19]. LC3 (microtubule-associated protein 1 light chain 3) is an important autophagic marker [20].



Cell cycle control is the main regulatory mechanism of cell growth. It consists of G1, S, G2, and M phases. Dysregulation of the cell cycle is one of the main features of melanoma, the dynamic interplay between cyclins, and their associated cyclin-dependent kinases (CDKs) are responsible for key transitions in the cell cycle [21]. Different cyclin-CDK complexes are activated at different points in the cell cycle [22]. For example, in the G2/M stage, the cyclin-dependent kinase CDK1 (also known as Cdc2) is thought to be the trigger of cell mitosis and when it binds to its regulatory subunit cyclin B, they can promote cell cycle entry into G2/M phase [23]. Before mitosis, cyclin B-Cdc2 complexes are held in an inactive state by phosphorylation of Cdc2 at Thr14 and Tyr15, and the dephosphorylation is carried out by the dual-specificity protein phosphatase Cdc25C. In addition, CDK activity can be counteracted by cell cycle inhibitory proteins, called CDK inhibitors (CKI), which can bind to CDK alone or to the CDK-cyclin complex and inhibit CDK activity. Two different CKI families have been discovered for now, the INK4 family and Cip/Kip family [24]. The INK family includes p15, p16, p18, and p19, which specifically inactivate CDK4 and CDK6 [25]. Furthermore, the another CKI family, Cip/Kip family, includes p21, p27, and p57, these inhibitors mainly inhibit the CDK1-cyclin B complexes [26,27]. The expression of p21 is under transcriptional control of the tumor suppressor p53. The p21 gene promoter contains a p53-binding site that allows p53 to transcriptionally activate p21 [28].



Mitogen-activated protein kinases (MAPKs) are protein Ser/Thr kinases that convert extracellular stimuli into a wide range of cellular responses. The family of MAPKs include the extracellular regulated kinases (ERKs), the C-Jun N-terminal kinases (JNKs), and the p38 MAPKs [29]. The Ras-dependent ERK1/2 signal transduction pathway is a classical MAPK signal pathway, which plays an indispensable role in cell proliferation control. In normal cells, keeping activation of ERK1/2 is necessary for G1 to S phase progression and is related with induction of positive regulation of the cell cycle and inactivation of antiproliferative genes [30]. The JNK and p38 MAPK kinase pathways can be activated by a wide range of cellular stress and extracellular stimuli. Furthermore, they have been implicated in the apoptotic response of cells exposed to stress [31]. The p38 MAPK has also been verified to be associated with the cell cycle G2/M arrest [32].



The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor of the ErbB family, and it is overexpressed in a lot of malignancies [33]. Moreover, the overexpression of EGFR has been verified to promote tumor growth and progression, including maturation, angiogenesis, invasion, metastasis, and inhibition of apoptosis [34]. In human melanoma, EGFR plays a key role in its growth. It has been reported that EGFR is highly-expressed in melanoma, and its expression level is positively correlated with tumor progression and poor prognosis [35], hence it might be a useful target to inhibit melanoma via inhibiting the expression of EGFR.



S5 is a withanolide natural product isolated from Physalis pubescens L., which is a plant that produces nutritious and healthy fruits, named as husk tomato or hairy ground cherry. In our previous study, we found that it has a significant anti-tumor activity on renal cell carcinoma [36]. Herein, we elucidated that S5 could markedly inhibit A375 cell proliferation and it has lower cytotoxicity to human peripheral blood cells. Moreover, we report for the first time that S5 induces G2/M phase cell cycle arrest in A375 cells and the molecular mechanism of it might be mediated via the EGFR/P38 signaling pathway.




2. Results


2.1. The Effects of S5 on A375 Cell Proliferation


To determine the cytotoxic effect, the viabilities of A375 cells treated with increasing concentrations and time of S5 were measured with an methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. It was found that S5 caused remarkable inhibition of A375 cell growth in a time- and dose-dependent manner. The IC50 value of A375 cells after treatment with S5 for 24 h was 36.88 μM (Figure 1B). However, the IC50 value of peripheral blood cells after treatment with S5 for 24 h was 82.99 μM (Figure 1C). The results suggest that S5 has significant anti-proliferation activity on human melanoma A375 cells, but has less toxicity to normal cells. The concentration of 40 μM was chosen for the subsequent experiments.




2.2. S5 Induces Cell Cycle G2/M Arrest in A375 Cells


To further explore the mechanism of S5-induced cell death in A375 cells, we first investigated the effect of S5 on apoptosis. Acridine orange (AO) staining was used to estimate the changes in the cell nucleus (Figure 2A). The results of the fluorescence staining indicated that the number of living cells was reduced in A375 cells treated with 40 μM of S5 for 24 h. We also analyzed the apoptosis rate of A375 cells exposed to S5 using flow cytometry. As shown in Figure 2B, compared with the control group, S5 did not significantly increase the apoptosis ratio in A375 cells after treatment with 40 μM of S5 for 0, 6, 12, and 24 h. Furthermore, since autophagy also contributes to cell death, we investigated whether S5 induced autophagy in A375 cells. Autophagy is characterized by the increased acidic vesicular organelles, which are correlated with increased autophagosomes. We use monodansylcadaverine (MDC) label cellular acidic compartments, including lysosomes and autolysosomes. Upon exposure to 40 μM S5 for 24 h, the fluorescence intensity did not exhibit obvious increase in A375 cells (Figure 2C). Moreover, western blot was used to detect caspase3, PARP, and LC3. the maker proteins of apoptosis and autophagy. As shown in Figure 2D, the expression of caspase3, PARP, and LC3 did not change after treatment with S5 for 0, 6, 12, and 24 h.



On the other hand, the analysis of the cell cycle phase distribution of A375 cells was assessed using flow cytometry. After treatment with S5 at 40 μM for 0, 12, 24, and 36 h, the rates of G2/M phase were 17.58%, 25.94%, 31.76%, and 57.50%, respectively (Figure 2E). Furthermore, cell cycle-regulating pathways were measured using western blotting. In Figure 2F, the expression of Cyclin B1, Cdc2, and Cdc25c, which play important roles in G2/M cell cycle progression [37], were markedly downregulated in cells after treatment with S5. Moreover, the expression of P21, one of CDK inhibitors [38], increased prominently in a time-dependent manner. Furthermore, the expression of phospho-P53 was also upregulated in a time-dependent manner by S5, while the expression of P53 remained unchanged. All these results demonstrated that S5 could not induce either apoptosis or autophagy in A375 cells, whereas it could induce cell cycle G2/M arrest in A375 cells.




2.3. ERK, P38, and EGFR Are Involved in the Anti-Proliferation Of S5 on A375 Cells


The mitogen-activated protein kinase (MAPK) pathway plays an important role in modulating cell growth and proliferation in melanoma [39]. In order to confirm whether S5 inhibits A375 cell proliferation via MAPK signaling pathway, we examined the effect of the JNK inhibitor SP600125, the ERK inhibitor PD98059, and the P38 inhibitor SB201580 on the S5-induced growth inhibition of A375 cells. As shown in Figure 3A, PD98059 and SB201580 both enhanced the inhibitory effect of S5 on A375 cells, whereas SP600125 did not affect S5-induced proliferation inhibition in A375 cells.



Also, since the epidermal growth factor receptor (EGFR) is known to play a pivotal role in tumor growth [40], we investigated whether EGFR was associated with the anti-proliferative effect of S5 on A375 cells. The effect of an anti-EGFR monoclonal antibody cetuximab on the S5-induced growth inhibition of A375 cells was tested. The result (Figure 3A) showed that cetuximab could remarkably increase the inhibitory effect of S5 on A375 cells.



Furthermore, the related proteins were measured using western blotting. As shown in Figure 3B, the expression of ERK and phospho-ERK were increased after treatment with S5 for 36 h, whereas P38 and phospho-P38 expression were decreased. The expression of EGFR did not change in S5-treated A375 cells, but the expression of phospho-EGFR was remarkably downregulated. Taken together, ERK, P38, and EGFR were involved in S5-induced cell growth inhibition on A375 cells.




2.4. Activation of EGFR/P38 Signal Transduction Is Associated with S5-Induced A375 Cell Cycle Arrest at G2/M


We have already proven that S5 could induce cell cycle arrest at G2/M in A375 cells and also confirmed that S5 inhibits A375 cells proliferation via ERK, P38, and EGFR. To elucidate whether the ERK, P38, and EGFR contribute to the S5-induced cell cycle arrest at G2/M phase, the G2/M phase distribution and the expression levels of proteins that regulate the G2/M phase transition were measured after treatment with ERK and P38 kinase-specific inhibitors PD98059, SB203580, and anti-EGFR monoclonal antibody cetuximab. As shown in Figure 4A, S5-induced G2/M cell cycle arrest was markedly increased by SB203580 and cetuximab, while there were no significant changes when pre-treated with PD98059, suggesting that P38 and EGFR were involved in the cell cycle arrest at G2/M phase. To verify the above finding, we further tested the expression of several maker proteins of G2/M cell cycle arrest using western blotting (Figure 4B). It was found that the expression of Cdc2, Cdc25c, and Cyclin B1 were downregulated after treatment with S5. The P38 inhibitor SB201580 further intensified the downregulation of Cdc2, Cdc25c, and Cyclin B1, while the EGFR monoclonal antibody cetuximab could only further enhance the downregulation of Cdc2 and Cdc25c.



To confirm the relation between P38 and EGFR, cetuximab was used to detect the influence of EGFR on P38. As shown in Figure 4C, the expression of P38 and phospho-P38 were decreased after treatment with S5, and the pre-treatment with cetuximab further decreased their expression. These results suggested that S5 caused cell cycle arrest on G2/M through EGFR/ P38 signal transduction.





3. Discussion


A significant amount of literature has been reported stating that withanolides could exhibit significant anti-tumor effects on various tumors, including human head and neck squamous cell carcinomas [41], breast cancer [42], and liver cancer [43]. We previously also found that a variety of withanolides of Physalis pubescens L. have the effect of inhibiting renal carcinoma, prostate cancer, and melanoma cell proliferation [44]. S5 is one of active withanolide compounds derived from Physalis pubescens L. with antitumor effect [36]. Here, the aim of the present study was to assess the antitumor effects of S5 on human melanoma A375 cells. The results demonstrated that S5 has remarkable inhibitory activity on A375 cells, but it has lower toxicity on the peripheral blood cell. These properties are in agreement with second generation anticancer drugs, which exhibit selective cytotoxicity on tumor cells but relatively low-toxicity to normal cells [45]. Thus, S5 could be used as a potential agent in the treatment of melanoma. In particular, we found that S5 caused remarkable inhibition of A375 cell growth in a time- and dose-dependent manner, and the inhibition ratio of cells had a stationary phase after treatment with 36 μM to 54 μM of S5. The inhibition rate of A375 cell following treatment with S5 for 24 h in the stationary phase was about 50%, which indicated a good medicinal property of S5; thus, with appropriate adjustment, it can be used clinically. To explore the underlying mechanism of S5, its influence on apoptosis and autophagy in A375 cells was observed. Apoptosis and autophagy are the most common death modes caused by withanolides [42]. However, we found that there was neither apoptosis nor autophagy following treatment of A375 cells with S5, which was confirmed using both flow cytometry and western blotting.



Ching-Yu Yen et al. have reported that 4β-Hydroxywithanolide E [46], as the withanolides, induced G2/M cell cycle arrest. In the current study, we also demonstrated that S5 can induce the G2/M cell cycle arrest in a time-dependent manner. Squatrito M et al. have pointed out that cells are engaged in complex events in response to DNA damage [47]. These events could result in the removal of the damage and also halt or slow down cell cycle progression until the damage has been repaired [48]. In this study, we also investigated the potential of S5 to reduce the expression of cyclin B1, Cdc2, and Cdc25c, but the action times were different, indicating that the mechanism of S5 in influencing the expression of cell cycle arrest proteins was more complex. Cuiting Lv et al. found that asperolide A leads to the inhibition of NCI-H460 lung carcinoma cell proliferation by G2/M arrest with the p53-dependent p21 pathway [49]. In addition, Yanlin Ming et al. also found that p-p53 and P21 expression level was upregulated while the Corilagin induced G2/M phase arrest on Hepatocellular carcinoma cells [50]. Similar to their results, we also found that S5 could increase the expression of P21 and phospho-P53. These results suggested that S5 further induced G2/M phase arrest through P53-P21 regulatory mechanism. The above results reflect that the antitumor potential of S5 could involve blocking the cell cycle progression between G2 and M phase, thus delaying the progression of the cells toward mitosis.



MAPK signaling pathway influenced the cell cycle progression and cell proliferation in melanoma [51,52]. In the current study, we demonstrated that the P38 inhibitor SB201580 markedly enhanced the cell inhibitory effect of S5 on A375 cells; meanwhile, S5 could decrease the expression of p-P38, suggesting that the P38 contributed to the anti-proliferative effect of S5 on A375 cells and has a pro-survival role. Additionally, the present results showed that inhibition of ERK could increase the cell inhibition rate of S5. However, when treated with S5 alone, the expression of ERK and p-ERK were raised. Furthermore, the results of our research demonstrated that ERK was not involved in S5-induced G2/M arrest of A375 cells. These results indicated that ERK had complicated functions in the proliferation inhibitory effect of S5 on A375 cells. The mechanism of how ERK influenced the cell inhibition needs to be further explored. The JNK inhibitor SP600125 did not have an obvious influence on A375 cells, indicating that JNK might be not associated with S5-induced A375 cell death.



Koprowski et al. described that EGFR is overexpressed in late melanoma [53]. A previous study showed that EGFR is involved in the anti-tumor effect of withanolide products [54]. In agreement with the report, we found that S5 can inhibit the phosphorylation of EGFR and the EGFR monoclonal antibody cetuximab could enhance the anti-proliferative effect of S5 on A375 cells markedly.



Some studies showed that ERK, P38, and EGFR all can take part in the G2/M arrest in cells [55,56,57]. In the present study, S5-induced cell cycle G2/M arrest was markedly increased by the P38 inhibitor SB203580 and the EGFR monoclonal antibody cetuximab, whereas there was no significant changes when pre-treated with the ERK inhibitor PD98059. Furthermore, the P38 inhibitor SB201580 and anti-EGFR monoclonal antibody cetuximab could further intensify the downregulation of Cdc2 and Cdc25c by S5. These results indicate that both P38 and EGFR were involved with in the G2/M arrest induced by S5 and played a reverse role. Interestingly, P38 inhibitor SB201580 could enhance S5-induced down-regulation of Cyclin B1, whereas cetuximab did not show a similar effect on the expression of Cyclin B1. Therefore, the p38 and EGFR signal pathways influenced the A375 cell cycle arrest differently and the phenomenon needs to be studied further.



MAPK activation is EGFR-dependent in most cells [58]. Qiang Dang et al. found that EGFR is upstream of P38 in the antiproliferative effects of kaempferol in renal cell carcinoma [59]. Other studies have also described that, to some extent, P38 is upstream of EGFR and it could modulate the expression of EGFR [60]. The relationship between EGFR and P38 is complicated and our results, in accordance with Qiang Dang et al., we demonstrated that the cetuximab could further decrease the expression of P38 and p-P38 protein, while the P38 inhibitor did not affect the expression of EGFR (data not shown), which suggested that EGFR might be one of the upstream of the P38 signal transduction pathway.



In conclusion, our study, for the first time, identified the potential molecular mechanisms of the anti-tumor effect of S5 on melanoma cells. We found that S5 significantly induced G2/M cell cycle arrest via EGFR/P38 signaling pathway (Figure 5). This study showed that S5 is a novel anticancer drug candidate that has a great potential as a prospective agent in melanoma.




4. Materials and Methods


4.1. Drug and Reagents


The purified (>98%) S5, an inseparable epimeric mixture, was identified as (20S,22R,24R,25S,26S)-15α-acetoxy-5,6β:22,26-diepoxy-4β, 24, 25, 26-tetrahydroxyergost-2-en-1-one and (20S,22R,24R,25S,26R)-15α-acetoxy-5,6β:22,26-diepoxy-4β, 24, 25, 26-tetrahydroxyergost-2-en-1-one, and it was generously provided by professor Feng Qiu (Tianjin, China) [36]. The ratio of two isomers of S5 in medium was R:S = 1:4. Stock solution of 100 mM was prepared in dimethylsulfoxide (DMSO) (Sigma, St. Louis, MO, USA) and stored at −20 °C. The high-glucose Dulbecco’s Modified Eagle’s Medium was obtained from Gibco/BRL (Gaithersburg, MD, USA). Fetal bovine serum (FBS) was obtained from Biological Industries (Bio-logical Industries, Kibbutz Beit-Haemek, Israel). The primary antibodies of p-P53, LC3, p-ERK, p-P38, and p-EGFR for western blotting were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Also, rabbit polyclonal antibodies against PARP, P53, Cdc2, Cyclin B1, ERK, P38, and EGFR were purchased from Bioss Antibodies (Beijing, China). The antibodies against P21 and Cdc25c were purchased from ProteinTech Group (Rosemont, IL, USA). All horseradish peroxidase (HRP)-conjugated secondary antibodies (goat-anti-rabbit, goat-anti-mouse, and rabbit-anti-goat) were obtained from ZhongShanJinQiao company (Beijing, China). The ERK inhibitor PD98059, JNK inhibitor SP600125, p38 MAPK inhibitor SB203580, and other chemicals were purchased from Selleck (Houston, TX, USA).




4.2. Cell Culture


The human melanoma A375 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in DMEM supplemented with 10% FBS, 10 µg/mL streptomycin, and 100 µg/mL penicillin, and maintained at 37 °C and 5% CO2 in a humidified incubator.




4.3. Cell Viability Assay


A375 cells were seeded onto a 96-well culture plates at a density of 6 × 103 cells/well for 24 h and then treated with various concentration of S5 (16, 24, 36, 54, and 81 μM). After 6, 12, 24, 36, and 48 h, the cells were washed using PBS, then MTT was added to a final concentration of 0.5 µg/mL, and the cells were further incubated for 2.5 h. The resulting crystals were dissolved in DMSO. The optical density (OD) was measured at 490 nm using a microplate reader (FlexStation 3, Molecular Devices, CA, USA). The percentage of viable cells was calculated according to previous report [61].



The human peripheral blood cells were seeded onto 96-well culture plates at a density of 15 × 105 cells/well for 3 h and then treated with various concentration of S5 (12.5, 25, 50, and 100 μM). After 24 h, the percentage of cell toxicity was measured using an MTT assay.



The A375 cells were seeded onto 96-well culture plates at a density of 6 × 103 cells/well for 24 h and pretreated with or without 1.25 μM of SP600125, 5 μM of PD98059, and 5 μM of SB203580 or 40 μg/mL cetuximab for 1 h, and then incubated with 40 μM of S5 for 24 h. Viability of A375 cells was assessed using an MTT assay.




4.4. Fluorescence Microscopy Examination


The apoptotic and autophagy morphology were assessed by staining the cells with the fluorescent DNA-binding dye acridine orange (AO) and monodansylcadaverine (MDC) separately. After treatment with S5 for 24 h, A375 cells were stained with 20 µg/mL AO or MDC for 15 min, and finally the nuclear morphology was observed under a fluorescence microscope (Olympus, Tokyo, Japan).




4.5. Flow Cytometric Analysis of poptosis and Cell Cycle Distribution


Cell apoptosis was analyzed by a combined staining of annexin V and propidium iodide (PI) using the FITC Annexin V Apoptosis Detection Kit (BD Biosciences, San Diego, CA, USA). After treatment with 40 μM of S5 for 0, 6, 12, and 24 h, A375 cells were washed with binding buffer and centrifuged. The cell pellets were resuspended in binding buffer and 5 µL Annexin-V and 5 µL PI were added, mixed, and the preparations incubated for 15 min in the dark at room temperature. The apoptotic cells were measured using a BD FaCSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).



To evaluate the cell cycle distribution, A375 cells were seeded in six-well plates with a density of 7.5 × 104 cells/mL and then treated with S5 at 40 μM concentrations for 0, 12, 24, and 36 h or treated with or without PD98059, SP600125, or SB203580 at the given concentrations for 1 h and subsequently treated with S5 for 36 h. After S5 treatment, the cells were harvested, washed with phosphate-buffered saline (PBS), and added the 10 mL cold ethyl alcohol dropwise, maintained at −20 °C overnight. Then, the cell pellets were stained by 1 mg/mL PI, which contains 50 μL RNase on ice in the dark for 30 min. The cell cycle distribution was measured using a BD FaCSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). All data were recorded and analyzed using the FlowJo software version 7.6 (Tree Star, Inc., Ashland, OR, USA).




4.6. Western Blot Analysis


Cells were seeded in six-well plates at a density of 1.5 × 105 cells/mL. After 24 h of incubation, they were treated with or without PD98059, SP600125, or SB203580 at the given concentrations for 1 h and subsequently treated with 40 μM of S5 for different time periods. Then both adherent and floating cells were collected, and then lysed in ice-cold RIPA for 30 min on ice. Cell lysates were centrifuged at 12,000 r/min for 15 min at 4 °C and the supernatants were collected. Protein concentrations were quantified using the BSA Protein Assay (Solarbio Life Sciences, Beijing, China) according to the manufacturer’s instruction. Equal amounts (30 μg) of total protein were separated using SDS-PAGE (10–12%) at 70 V for 1.5 h and transferred to a PVDF membrane at 100 V for 2.5 h. The membranes were blocked with 5% non-fatty milk in TBS/0.5% Tween 20, and then indicated with primary antibodies at 4 °C for overnight. After three washes with TBS/0.5% Tween 20, anti-mouse, anti-goat, or anti-rabbit IgG was incubated with the membranes for 2 h at room temperature. Signals were developed using an ECL western blotting detection kit (Sigma Chemical, USA) and exposed to X-ray film.




4.7. Data Analysis


All data represent at least three independent experiments and are expressed as the mean ± SD. These data were analyzed using IBM SPSS statistics 17.0 (SPSS, Chicago, IL, USA) software. One-way ANOVA was employed to calculate the significance between sets of data. For all analysis, p < 0.05 was considered to indicate a statistically significant result.








Author Contributions


Conceptualization, F.Q. and N.K.; methodology, S.C. and G.X.; software, Q.Z.; investigation, H.Z.; resources, F.Q.; data curation, Y.M.; writing and original draft preparation, Y.F.; writing, review and editing, all authors; supervision, N.K.; project administration, N.K.; funding acquisition, F.Q.




Funding


This research was funded by National Natural Science Foundation of China, grant number 21472138.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jemal, A.; Siegel, R.; Xu, J.; Ward, E. Cancer statistics, 2010. CA Cancer J. Clin. 2010, 60, 277–300. [Google Scholar] [CrossRef] [PubMed]

	



Byers, H.R.; Bhawan, J. Pathologic parameters in the diagnosis and prognosis of primary cutaneous melanoma. Hematol. Oncol. Clin. North. Am. 1998, 12, 717–735. [Google Scholar] [CrossRef]

	



Mcmasters, K.M.; Sondak, V.K.; Lotze, M.T.; Ross, M.I. Recent advances in melanoma staging and therapy. Ann. Surg. Oncol. 1999, 6, 467–475. [Google Scholar] [CrossRef] [PubMed]

	



Eigentler, T.K.; Caroli, U.M.; Radny, P.; Garbe, C. Palliative therapy of disseminated malignant melanoma: A systematic review of 41 randomised clinical trials. Lancet Oncol. 2003, 4, 748–759. [Google Scholar] [CrossRef]

	



Hodi, F.S.; O’Day, S.J.; Mcdermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.; Schadendorf, D.; Hassel, J.C. Improved survival with ipilimumab in patients with metastatic melanoma. N. Eng. J. Med. 2010, 363, 711–723. [Google Scholar] [CrossRef]

	



Hersh, E.M.; O’Day, S.J.; Ribas, A.; Samlowski, W.E.; Gordon, M.S.; Shechter, D.E.; Clawson, A.A.; Gonzalez, R. A phase 2 clinical trial of nab-paclitaxel in previously treated and chemotherapy-naive patients with metastatic melanoma. Cancer 2010, 116, 155–163. [Google Scholar]

	



Garbe, C.; Eigentler, T.K. Diagnosis and treatment of cutaneous melanoma: State of the art 2006. Melanoma Res. 2007, 17, 117–127. [Google Scholar] [CrossRef]

	



Wu, X.; Xue, X.; Wang, L.; Wang, W.; Han, J.; Sun, X.; Zhang, H.; Liu, Y.; Che, X.; Yang, J. Suppressing autophagy enhances disulfiram/copper-induced apoptosis in non-small cell lung cancer. Eur. J. Pharmacol. 2018, 827, 1–12. [Google Scholar] [CrossRef]

	



Rashedi, I.; Panigrahi, S.; Ezzati, P.; Ghavami, S.; Los, M. Autoimmunity and apoptosis--therapeutic implications. Curr. Med. Chem. 2007, 14, 3139–3151. [Google Scholar] [CrossRef]

	



Nagasaka, A.; Kawane, K.; Yoshida, H.; Nagata, S. Apaf-1-independent programmed cell death in mouse development. Cell Death Differ. 2010, 17, 931. [Google Scholar] [CrossRef]

	



Burgess, D.J. Apoptosis: Refined and lethal. Nat. Rev. Cancer 2013, 13, 79. [Google Scholar] [CrossRef]

	



Los, M.; Wesselborg, S.; Schulze-Osthoff, K. The role of caspases in development, immunity, and apoptotic signal transduction: Lessons from knockout mice. Immunity 1999, 10, 629–639. [Google Scholar] [CrossRef]

	



Slee, E.A.; Harte, M.T.; Kluck, R.M.; Wolf, B.B.; Casiano, C.A.; Newmeyer, D.D.; Wang, H.G.; Reed, J.C.; Nicholson, D.W.; Alnemri, M.S. Ordering the Cytochrome c c–initiated caspase cascade: Hierarchical activation of caspases-2,-3,-6,-7,-8,and-10 in a caspase-9-dependent manner. J. Cell Biol. 1999, 2, 281–292. [Google Scholar] [CrossRef]

	



Porter, A.G.; Jänicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99–104. [Google Scholar] [CrossRef][Green Version]

	



Long, J.F.; Zhang, Q.X.; Zhang, J.; Wang, Y.L.; Zhao, H.; Wang, L.; Bian, B.L.; Zhao, H.Y. Active fractions of Huanglian Jiedu decoction on the MAP- 2 /PGP9. 5Expression and the impact of astrocyte activation after cerebral ischemia rats. Inf. Tradit. Chin. Med. 2014, 37, 89–90. [Google Scholar]

	



Zhang, G.Y.; Zhu, R.Y.; Tian, R.H.; Dai, Y.R. Cleavage of poly (ADP-ribose) polymerase during apoptosis induced by nicotinamide at high concentrations in tobacco suspension cells. Plant Growth Regul. 2003, 41, 93–98. [Google Scholar] [CrossRef]

	



Boya, P.; Reggiori, F.; Codogno, P. Emerging regulation and functions of autophagy. Nat. Cell Biol. 2013, 15, 713–720. [Google Scholar] [CrossRef][Green Version]

	



Saito, R.d.F.; Tortelli, T.C.; Jacomassi, M.D.; Otake, A.H.; Chammas, R. Emerging targets for combination therapy in melanomas. FEBS Lett. 2015, 589, 3438–3448. [Google Scholar] [CrossRef][Green Version]

	



Thorburn, A.; Morgan, M.J. Targeting autophagy in BRAF-mutant tumors. Cancer Discov. 2015, 5, 353–354. [Google Scholar] [CrossRef]

	



Eskelinen, E.L.; Saftig, P. Autophagy: A lysosomal degradation pathway with a central role in health and disease. Biochim. Biophys. Acta 2009, 1793, 664–673. [Google Scholar] [CrossRef][Green Version]

	



Xu, W.; Mcarthur, G. Cell cycle regulation and melanoma. Curr. Oncol. Rep. 2016, 18, 34. [Google Scholar] [CrossRef]

	



Murray, A.W. Recycling the cell cycle: Cyclins revisited. Cell 2004, 116, 221–234. [Google Scholar] [CrossRef]

	



Takizawa, C.G.; Morgan, D.O. Control of mitosis by changes in the subcellular location of cyclin-B1-Cdk1 and Cdc25C. Curr. Opin. Cell Biol. 2000, 12, 658–665. [Google Scholar] [CrossRef]

	



Sherr, C.J.; Roberts, J.M. Inhibitors of mammalian G1 cyclin-dependent kinases. Genes Dev. 1995, 9, 1149–1163. [Google Scholar] [CrossRef]

	



Carnero, A.; Hannon, G.J. The INK4 Family of CDK Inhibitors. In Cyclin Dependent Kinase (CDK) Inhibitors; Vogt, P.K., Reed, S.I., Eds.; Springer: Berlin/Heidelberg, Germany, 1998; pp. 43–55. [Google Scholar]

	



Polyak, K.; Lee, M.H.; Erdjument-Bromage, H.; Koff, A.; Roberts, J.M.; Tempst, P.; Massaguã, J. Cloning of p27Kip1, a cyclin-dependent kinase inhibitor and a potential mediator of extracellular antimitogenic signals. Cell 1994, 78, 59–66. [Google Scholar] [CrossRef]

	



Hengst, L.; Reed, S.I. Inhibitors of the Cip/Kip Family. Curr Top. Microbiol. Immunol. 1998, 227, 25–41. [Google Scholar]

	



El-Deiry, W.S.; Tokino, T.; Velculescu, V.E.; Levy, D.B.; Parsons, R.; Trent, J.M.; Lin, D.; Mercer, W.E.; Kinzler, K.W.; Vogelstein, B. WAF1, a potential mediator of p53 tumor suppression. Cell 1993, 75, 817–825. [Google Scholar] [CrossRef]

	



Raman, M.; Chen, W.; Cobb, M.H. Differential regulation and properties of MAPKs. Oncogene 2007, 26, 3100–3112. [Google Scholar] [CrossRef][Green Version]

	



Meloche, S.; Pouyssegur, J. The ERK1/2 mitogen-activated protein kinase pathway as a master regulator of the G1- to S-phase transition. Oncogene 2007, 26, 3227. [Google Scholar] [CrossRef]

	



Ip, Y.T.; Davis, R.J. Signal transduction by the c-Jun N-terminal kinase (JNK)–from inflammation to development. Curr. Opin. Cell Biol. 1998, 10, 205. [Google Scholar] [CrossRef]

	



Thornton, T.M.; Rincon, M. Non-classical p38 map kinase functions: Cell cycle checkpoints and survival. Int. J. Biol. Sci. 2009, 5, 44. [Google Scholar] [CrossRef] [PubMed]

	



Oh, M.J.; Choi, J.H.; Kim, I.H.; Lee, Y.H.; Huh, J.Y.; Park, Y.K.; Lee, K.W.; Chough, S.Y.; Joo, K.S.; Ku, B.S. Detection of epidermal growth factor receptor in the serum of patients with cervical carcinoma. Clin. Cancer Res. 2000, 6, 4760–4763. [Google Scholar] [PubMed]

	



Rochalima, C.M.; Soares, H.P.; Raez, L.E.; Singal, R. EGFR targeting of solid tumors. Cancer Control 2007, 14, 295–304. [Google Scholar] [CrossRef] [PubMed]

	



Udart, M.; Utikal, J.; Krähn, G.M.; Peter, R.U. Chromosome 7 aneusomy. A marker for metastatic melanoma? Expression of the epidermal growth factor receptor gene and chromosome 7 aneusomy in nevi, primary malignant melanomas and metastases. Neoplasia 2001, 3, 245–254. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.X.; Xia, G.Y.; He, H.; Huang, J.; Qiu, F.; Zi, X.L. New withanolides with TRAIL-sensitizing effect from Physalis pubescens L. RSC Adv. 2016, 6, 52925–52936. [Google Scholar] [CrossRef] [PubMed]

	



Lew, D.J.; Kornbluth, S. Regulatory roles of cyclin dependent kinase phosphorylation in cell cycle control. Curr. Opin. Cell Biol. 1996, 8, 795–804. [Google Scholar] [CrossRef]

	



Bulavin, D.V.P.V.; Pospelova, T.V. Oncoproteins E1Aad5 interact with the universal inhibitor of cyclin-dependent kinases p21/waf-1 and inhibit its activity in E1A+cHA-Ras transformants. Mol. Biol. (Mosk) 1999, 33, 641–643. [Google Scholar]

	



Endo, M.; Yamamoto, H.; Setsu, N.; Kohashi, K.; Takahashi, Y.; Ishii, T.; Iida, K.; Matsumoto, Y.; Hakozaki, M.; Aoki, M. Prognostic significance of AKT/mTOR and MAPK pathways and antitumor effect of mTOR inhibitor in NF1-related and sporadic malignant peripheral nerve sheath tumors. Clin. Cancer Res. 2013, 19, 450–461. [Google Scholar] [CrossRef]

	



Rákosy, Z.; Vízkeleti, L.; Ecsedi, S.; Vokó, Z.; Bégány, A.; Barok, M.; Krekk, Z.; Gallai, M.; Szentirmay, Z.; Adány, R. EGFR gene copy number alterations in primary cutaneous malignant melanomas are associated with poor prognosis. Int. J. Cancer 2010, 121, 1729–1737. [Google Scholar] [CrossRef]

	



Zhang, H.; Samadi, A.K.; Cohen, M.S.; Timmermann, B.N. Anti-proliferative withanolides from the Solanaceae: A structure-activity study. Pure Appl. Chem. 2012, 84, 1353–1367. [Google Scholar] [CrossRef]

	



Yadav, D.K.; Kumar, S.; Saloni; Singh, H.; Kim, M.; Sharma, P.; Misra, S.; Khan, F. Molecular docking, QSAR and ADMET studies of withanolide analogs against breast cancer. Drug Des. Devel. Ther. 2017, 11, 1859–1870. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



He, Q.P.; Ma, L.; Luo, J.Y.; He, F.Y.; Lou, L.G.; Hu, L.H. Cytotoxic withanolides from Physalis angulata L. Chem. Biodivers. 2007, 4, 443–449. [Google Scholar] [CrossRef] [PubMed]

	



Rai, M.; Jogee, P.S.; Agarkar, G.; Santos, C.A. Anticancer activities of Withania somnifera: Current research, formulations, and future perspectives. Pharm. Biol. 2016, 54, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Xia, G.; Li, Y.; Sun, J.; Wang, L.; Tang, X.; Lin, B.; Kang, N.; Huang, J.; Chen, L.; Qiu, F. Withanolides from the stems and leaves of Physalis pubescens and their cytotoxic activity. Steroids 2016, 115, 136–146. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Z.L.; Ming-Tz, T.; Alan, L.; Yang, H.L.; You-Cheng, H.; Chi-Ching, H.; Chen, J.; Chang, F.R.; Chien-Chih, C.; Ching-Yu, Y. 4β-Hydroxywithanolide E from Physalis peruviana (golden berry) inhibits growth of human lung cancer cells through DNA damage, apoptosis and G2/M arrest. BMC Cancer 2010, 10, 46. [Google Scholar]

	



Ugurel, S.; Hildenbrand, R.; Zimpfer, A.; Rosée, P.L.; Paschka, P.; Sucker, A.; Keikavoussi, P.; Becker, J.C.; Rittgen, W.; Hochhaus, A. Lack of clinical efficacy of imatinib in metastatic melanoma. Br. J. Cancer 2005, 92, 1398–1405. [Google Scholar] [CrossRef] [PubMed]

	



Squatrito, M.; Brennan, C.W.; Helmy, K.; Huse, J.T.; Petrini, J.H.; Holland, E.C. Loss of ATM/Chk2/p53 pathway components accelerates tumor development and contributes to radiation resistance in gliomas. Cancer Cell 2010, 18, 619–629. [Google Scholar] [CrossRef] [PubMed]

	



Lv, C.; Sun, W.; Sun, H.; Wei, S.; Chen, R.; Wang, B.; Huang, C. Asperolide A, a marine-derived tetranorditerpenoid, induces G2/M arrest in human NCI-H460 lung carcinoma cells, is mediated by p53-p21 stabilization and modulated by Ras/Raf/MEK/ERK signaling pathway. Mar. Drugs 2013, 11, 316–331. [Google Scholar] [CrossRef] [PubMed]

	



Yanlin, M.; Zhizhong, Z.; Lianghua, C.; Guohua, Z.; Shaosong, L.; Yinhua, Y.; Qingxuan, T. Corilagin inhibits hepatocellular carcinoma cell proliferation by inducing G2/M phase arrest. Cell Biol. Int. 2013, 37, 1046–1054. [Google Scholar]

	



D’Adda, D.F.F.; Teo, S.H.; Jackson, S.P. Functional links between telomeres and proteins of the DNA-damage response. Genes Dev. 2004, 18, 1781–1799. [Google Scholar] [CrossRef][Green Version]

	



Wilkinson, M.G.; Millar, J.B. Control of the eukaryotic cell cycle by MAP kinase signaling pathways. FASEB J. 2000, 14, 2147–2157. [Google Scholar] [CrossRef] [PubMed]

	



Koprowski, H.; Herlyn, M.; Balaban, G.; Parmiter, A.; Ross, A.; Nowell, P. Expression of the receptor for epidermal growth factor correlates with increased dosage of chromosome 7 in malignant melanoma. Somat. Cell Mol. Genet. 1985, 11, 297. [Google Scholar] [CrossRef] [PubMed]

	



Gallagher, R.J.; Subramanian, C.; Grogan, P.T.; Kindscher, K.; Cao, C.M.; Zhang, H.; Cohen, M.S.; Timmermann, B.N. The therapeutic potential of Physalis longifolia against various carcinomas. Pharmanutrition 2015, 3, 146–152. [Google Scholar] [CrossRef]

	



Kuroda, S.; Tam, J.; Roth, J.A.; Sokolov, K.; Ramesh, R. EGFR-targeted plasmonic magnetic nanoparticles suppress lung tumor growth by abrogating G2/M cell-cycle arrest and inducing DNA damage. Int. J. Nanomed. 2014, 2014, 3825–3839. [Google Scholar]

	



Yan, Y.; Spieker, R.S.; Min, K.; Stoeger, S.M.; Cowan, K.H. BRCA1-mediated G2/M cell cycle arrest requires ERK1/2 kinase activation. Oncogene 2005, 24, 3285. [Google Scholar] [CrossRef] [PubMed]

	



Pedraza-Alva, G.; Koulnis, M.; Charland, C.; Thornton, T.; Clements, J.L.; Schlissel, M.S.; Rincón, M. Activation of p38 MAP kinase by DNA double-strand breaks in V(D)J recombination induces a G2/M cell cycle checkpoint. EMBO J. 2006, 25, 763–773. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dong, J.; Ramachandiran, S.; Tikoo, K.; Jia, Z.; Lau, S.S.; Monks, T.J. EGFR-independent activation of p38 MAPK and EGFR-dependent activation of ERK1/2 are required for ROS-induced renal cell death. Am. J. Physiol. Ren. Physiol. 2004, 287, F1049. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.; Dang, Q.; Xu, D.; Chen, Y.; Zhu, G.; Wu, K.; Zeng, J.; Long, Q.; Wang, X.; He, D. Kaempferol induces cell cycle arrest and apoptosis in renal cell carcinoma through EGFR/p38 signaling. Oncol. Rep. 2014, 31, 1350. [Google Scholar] [CrossRef] [PubMed]

	



Hu, W.; Lu, H.; Wang, S.; Yin, W.; Liu, X.; Dong, L.; Chiu, R.; Shen, L.; Lu, W.J.; Lan, F. Suppression of Nestin reveals a critical role for p38-EGFR pathway in neural progenitor cell proliferation. Oncotarget 2016, 7, 87052–87063. [Google Scholar] [CrossRef]

	



Cao, S.; Xia, M.; Mao, Y.; Zhang, Q.; Donkor, P.O.; Qiu, F.; Kang, N. Combined oridonin with cetuximab treatment shows synergistic anticancer effects on laryngeal squamous cell carcinoma: Involvement of inhibition of EGFR and activation of reactive oxygen species-mediated JNK pathway. Int. J. Oncol. 2016, 49, 2075–2087. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds are available from the authors.












[image: Molecules 23 03175 g001 550] 





Figure 1. S5 inhibits the growth of A375 cells. (A) The structure of S5. (B) Inhibitory effects of S5 on cell proliferation in A375 cells. The cells were treated with 16, 24, 36, 54, and 81 μM of S5 for the indicated time periods, and the inhibitory rate was measured using an MTT assay. n = 3, mean ± SD. (C) Inhibitory effects of S5 on cell proliferation in human peripheral mononuclear cell. The cells were treated with 12.5, 25, 50, and 100 μM of S5 for the 24 h, and the inhibitory rate was measured using MTT assay. n = 3, mean ± SD. 
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Figure 2. S5 induces G2/M arrest in A375 cells. (A) Nuclear morphology shown via AO staining of A375 cells treated with 40 μM of S5 for 24h. Bar represents 25 µm. (B) Induction of apoptosis was determined via staining with annexin V/propidium iodide (PI) and flow cytometric analysis. Values are expressed as mean ± SD. (C) The cellular morphologic changes were observed under fluorescence microscopy with MDC staining after being treated with 40 μM of S5 for 24 h. Bar represents 50 µm. (D) Western blot analysis of caspase3 LC3 and PARP expression levels in A375 cells after S5 treatments for 0, 6, 12, and 24 h. (E) The cells were cultured with 40 μM of S5 for 0, 12, 24, and 36h. The DNA content was analyzed using flow cytometry after PI staining. The percentage of cells in different phases of the cell cycle was represented using a bar diagram. Data from a representative experiment are shown. n = 3, mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. (F) S5 affected the expression of p-P53 and proteins involved in regulating the G2/M transition. The cells were lysed for protein extraction. Samples (25 μg) were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting for the detection of specific proteins. All blots are representative of at least three repeats. 
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Figure 3. ERK, P38 and EGFR are involved in the anti-proliferation of S5 on A375 cells. (A) The cells were pretreated with 1.25 μM of SP600125, 5 μM of PD98059, and 5 μM of SB203580 or 40 μg/mL cetuximab for 1 h and then incubated with 40 μM of S5 for 24 h. The death rate of cells was measured using an MTT assay. (B) S5 affects the expression of MAPKs and EGFR proteins. The cells were lysed for protein extraction. Samples (25 μg) were subjected to 10% SDS-PAGE and western blotting for the detection of specific proteins. Results presented are the mean from three parallel experiments, n = 3, mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. EGFR/P38 signaling pathway was involved in S5-induced cell G2/M arrest. The cells cultured with 40 μM of S5 for 36 h in the absence or presence of 5 μM of SB203580, 40 μg/mL of cetuximab or 5 μM of PD98059. (A) The percentage of cells in G2/M phase of the cell cycle was represented using a bar diagram. Data from a representative experiment are shown. n = 3, mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.05, ## p < 0.01. (B) The proteins expression of Cdc2, Cdc25c, and Cyclin B1 were tested using western blotting. * p < 0.05, ** p <0.01 vs. the control, # p < 0.05, ## p < 0.01 vs. the S5 treatment. (C) Cetuximab could further affect the expression of P38 and p-P38. The cells were lysed for protein extraction. Samples (25 μg) were subjected to 10% SDS-PAGE and western blotting for the detection of specific proteins. All blots are representative of at least three repeats. * p < 0.05 vs. the control, # p < 0.05, ## p < 0.01 vs. the S5 treatment. 
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Figure 5. Schematic diagram of hypothesized mechanism of S5-induced death of human melanoma A375 cells. 
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