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Abstract

:

Esophageal squamous cell carcinoma (ESCC) is a poor prognostic cancer with a low five-year survival rate. Echinatin (Ech) is a retrochalone from licorice. It has been used as a herbal medicine due to its anti-inflammatory and anti-oxidative effects. However, its anticancer activity or underlying mechanism has not been elucidated yet. Thus, the objective of this study was to investigate the anti-tumor activity of Ech on ESCC by inducing ROS and ER stress dependent apoptosis. Ech inhibited ESCC cell growth in anchorage-dependent and independent analysis. Treatment with Ech induced G2/M phase of cell cycle and apoptosis of ESCC cells. It also regulated their related protein markers including p21, p27, cyclin B1, and cdc2. Ech also led to phosphorylation of JNK and p38. Regarding ROS and ER stress formation associated with apoptosis, we found that Ech increased ROS production, whereas its increase was diminished by NAC treatment. In addition, ER stress proteins were induced by treatment with Ech. Moreover, Ech enhanced MMP dysfunction and caspases activity. Furthermore, it regulated related biomarkers. Taken together, our results suggest that Ech can induce apoptosis in human ESCC cells via ROS/ER stress generation and p38 MAPK/JNK activation.
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1. Introduction


Esophageal cancer is the one of most common cancer types. In 2018, approximately 321,670 patients in the USA suffer from this cancer, and the total estimated number of deaths from the disease was 13,020 (4%). Its global mortality rate is currently ranked fifth for men and ninth for women [1,2]. There are different types of esophageal cancer, including esophageal squamous cell carcinoma (ESCC: ~90%) and esophageal adenocarcinoma (EA: ~10%) [3]. In particular, ESCC shows a high incidence rate in Eastern Europe, South America, Eastern/Central Asia, and Eastern/Southern Africa. Its five-year survival rate is only ~10% for high grade occurrences [3]. Chemotherapy against ESCC is available with cisplatin, paclitaxel, or 5-fluorouracil. However, these therapies have side effects, including toxicities that are difficult issues to solve. Since natural compounds show benefits such as reduced toxicity, they might be useful for ESCC treatment [4]. Natural compounds such as herbal medicines can inhibit various cancers including lung, colon, oral, prostate, and ovarian cancers [5,6,7,8]. Echinatin (Ech) is a retrochalcone compound. It is a main component of licorice root extracts, particularly from Glycyrrhiza inflata species [9]. The pharmacological activities of Ech occur due to its antioxidative and anti-inflammatory effects [9,10]. Ech can induce about a four-fold increase of activity of the nuclear factor erythroid 2-related factor 2, a transcription factor that transcribes antioxidant proteins, thereby protecting mice against hepatoxicity and carbon tetrachloride-induced acute liver injury [10]. In another study, lipopolysaccharide treated RAW 264.7 macrophages showed higher levels of inflammation factors with the induction of prostaglandin E2 and interleukin-6, whereas Ech reduced these inflammatory factors’ production [9]. Cancer cell death induced by anticancer drug is caused by intrinsic or extrinsic apoptosis signaling pathways including Bcl-2/Bax/Bid/cytochrome C (cyto C)/apoptotic protease activating factor-1 (Apaf-1)/caspase-9 or death receptors (DR)/caspase-8/Bid together with executional activity of caspase-3 and caspase-7 [11,12]. In addition, reactive oxygen species (ROS), endoplasmic reticulum (ER) stresses, and stress-inducible proteins such as c-Jun N-terminal kinases (JNK) and p38 can induce cell apoptosis through intrinsic cell death signaling pathways [13,14,15].



However, the anticancer activity of Ech has been rarely studied. Therefore, the objective of this study was to determine whether Ech might have inhibitory effects on ESCC cell growth. In this study, we found that Ech inhibited cell growth and induced cell cycle at the G2/M phase and apoptosis in ESCC cell lines. We then examined the mechanism involved in the apoptosis induced by Ech in detail by detecting ROS level, ER stress, and their biomarkers. Our results revealed that Ech triggered ROS production and 78 kDa glucose-regulated protein (GRP78), CCAAT/enhancer-binding protein homologous protein (CHOP), DR4, and DR5 expression. It also activated phospho-JNK (p-JNK) and phospho-p38 (p-p38), thus inducing apoptosis of ESCC cells by both intrinsic and extrinsic cell death signaling pathways.




2. Results


2.1. Ech Inhibits ESCC Cell Growth


At the beginning, we examined effects of Ech (Figure 1a) on ESCC cells (Figure 1). Ech significantly inhibited growth of ESCC cells in a dose- and time- dependent manner compared to control (Figure 1b–f). The concentration for inhibiting 50% of cell growth (IC50) of Ech was 15 µM for KYSE 30, 15 µM for KYSE 70, 6 µM for KYSE 410, 13 µM for KYSE 450, and 10 µM for KYSE 510. In the three-dimensional culture of ESCC cells, colony numbers and sizes were decreased by treatment with Ech in KYSE 30 and KYSE 450 cells (Figure 1g). Ech at 5, 10, and 15 µM inhibited KYSE 30 cell colonies by 4.92%, 44.26%, and 81.97%, respectively. Similarly, Ech at 5, 10, and 15 µM inhibited KYSE 450 cell colonies by 41.27%, 69.84%, and 92.06%, respectively.




2.2. Ech Arrests Cell Cycle of ESCC Cells at G2/M Phase and Induces Apoptosis


Cell growth processes contain the cell cycle’s promotion [16]. Thus, Ech may affect the cell cycle and cause ESCC cell growth inhibition. When we treated KYSE 30 and KYSE 450 ESCC cells with Ech at 0, 5, 10, or 15 µM, cell cycles were accumulated at G2/M phase compared to control (Figure 2a). Sub-G1 population was dose-dependently increased by Ech (increase after treatment with Ech at 0, 5, 10, or 15 µM: 8.17 ± 0.99, 11.83 ± 1.78, 11.87 ± 0.55, and 36.53 ± 2.02% in KYSE 30 cells; 7.57 ± 0.47, 15.97 ± 0.25, 23.80 ± 1.15, and 36.47 ± 0.93% in KYSE 450 cells, respectively) (Figure 2b). Sub-G1 death cells can be caused by apoptosis or necrosis [17]. Thus, we stained cells with Annexin V for apoptosis or 7-Aminoactinomycin D (7-AAD) for necrosis (Figure 2c). Early apoptosis percentage of Annexin V+/7-AAD- gating was increased to 9.69 ± 0.17% or 16.79 ± 1.12%, while the late apoptosis percentage of Annexin V+/7-AAD+ gating was increased to 27.68 ± 1.53 or 19.02 ± 0.83% in KYSE 30 or KYSE 450 ESCC cells after treatment with 15 µM Ech, respectively (Figure 2c). To verify the effects of Ech on cell cycle and apoptosis, we conducted Western blot to examine expression of the cell cycle at G2/M phase and apoptosis signaling markers (Figure 3a,b). After KYSE 30 and KYSE 450, cells were treated with Ech at 5, 10, or 15 µM for 48 h, expression levels of cell cycle markers p21 and p27 were increased while those of cyclin B1 and cdc2 were decreased compared the control (Figure 3a). For apoptosis signaling markers, Ech induced expression levels of p-JNK and p-p38 mitogen-activated protein kinase (MAPK) (compared to total form of JNK and p38, respectively) using β-actin as control (Figure 3b).




2.3. Ech Induces Apoptosis by Increasing ROS Levels and ER Stress


To determine the increase of p-p38 and p-JNK expression via induction of ROS, we detected ROS levels after treatment with dimethyl sulfoxide (DMSO) as a control and Ech (5, 10, 15 µM) for 48 h (Figure 4a). Ech at 0, 5, 10, and 15 µM induced ROS levels by 6.71 ± 0.57, 12.06 ± 0.38, 14.84 ± 0.76, and 37.17 ± 1.01% in KYSE 30 cells, as well as 49.98 ± 1.28, 56.07 ± 1.68, 63.02 ± 0.54, and 70.27 ± 2.99% in KYSE 450 cells, respectively. To confirm the involvement of ROS in apoptosis induction, we measured viabilities of KYSE 30 and KYSE 450 cells treated with a combination of ROS scavenger N-acetyl-l-cysteine (NAC, 6 mM) and Ech (15 µM) (Figure 4b). Results revealed that treatment with NAC only did not significantly affect the viabilities of either cell line. However, Ech significantly decreased the viabilities of KYSE 30 and KYSE 450 cells. Its decreases were recovered by NAC treatment (Figure 4b). To further determine whether Ech-induced ROS could activate ER stress cascades, thereby inducing apoptosis of ESCC cells, we examined expression levels of ER stress related proteins (Figure 4c). Ech induced DR4 and DR5 expression in KYSE 30 and KYSE 450 cells in a dose-dependent manner (Figure 4c). Expression levels of GRP78 and CHOP, down-stream targets of DR4 and DR5 proteins, were also increased by Ech in a dose-dependent manner compared to those in the control (DMSO treated).




2.4. Ech Provokes Mitochondrial Dysfunction and Caspases Activation


Next, we determined whether the induction of ROS level and ER stress caused by Ech treatment influenced mitochondrial membrane potential (MMP) dysfunction (Figure 5). Ech at 15 µM obviously induced depolarization of MMP in KYSE 30 and KYSE 450 ESCC cells by 31.01 ± 1.72 and 44.05 ± 0.43%, respectively (Figure 5a). Mitochondria-mediated apoptosis markers were also regulated by Ech treatment (Figure 5b). Ech decreased expression of Bid, and Bcl-2 but increased Bax expression. In addition, Ech resulted in the release of cyto C from mitochondria to the cytosol in a dose-dependent manner compared to the DMSO control and α-tubulin and COX-4 control fraction proteins (Figure 5b). Expression levels of the following signal proteins of apoptosis, Apaf-1 and cleaved Poly (ADP-Ribose) Polymerase (c-PARP), were increased by treatment with Ech in a dose-dependent manner compared to those in the control. We also measured activities of caspases, an upstream protein of PARP, and a downstream protein of Apaf-1 in apoptosis signaling pathway (Figure 6).





3. Discussion


Chemotherapy of ESCC still needs further investigation to obtain proper efficiency with low side effects [18]. Natural medicines such as aspirin from willow bark and eupatilin from artemisia have low side effects. They have been used for treating cancers [19]. Here, we examined the anticancer effect of Ech from Glycyrrhiza inflata (licorice) on ESCC and found that it had inhibitory activities against ESSC cells. Although other components of licorice such as licochalcones A, B, and C have shown anticancer effects on colon, skin, and oral cancers [20,21,22], the anticancer effect of Ech has not been well elucidated yet. Many anticancer agents can inhibit cancer cell proliferation by arresting cell cycle at G1- or G2/M-phase [23]. The G2 checkpoint can prevent cells from entering mitosis when DNA is damaged. It ensures the propagation of error-free copies of the genome to each daughter cell. Cdk1/cyclin B1 complex controls the cell cycle progression from the G2 phase to the M phase by regulating phosphorylation or dephosphorylation of proteins [24]. In addition, actin remodeling in coordination can ensure proper execution of G2/M checkpoint arrest. It is crucial for entry into mitosis. Flow-cytometry analysis results of the present study revealed that Ech induced G2/M phase arrest of cell cycle (Figure 2a). We then detected expression of related markers, including cyclin B1, cdc2 (Cdk1), and p27 (Figure 3a). Increase of p27 expression regulates cell cycle at G2/M and suppresses cdc2/cyclin B1 expression [25]. Apoptosis is a type I cell death. It physiologically shows plasma membrane shrinkage and nuclear fragmentation following death ligands (extrinsic pathway) and DNA damage/cell stresses (intrinsic pathway) [26]. Cell stresses caused by chemotherapeutic agents can stimulate stress activated MAPKs including p38 MAPK and JNK [15]. Ech induced activation of p38 MAPK and JNK based on the detection of their phosphorylation forms by Western blotting (Figure 3b). Accumulating evidence suggests that protein folding and generation of ROS as a byproduct of protein oxidation in the ER are closely linked to each other [27]. ROS have emerged as crucial regulators of ER function in several diseases. Induction of ER stress and ROS production occur concurrently. GRP78 and CHOP are commonly used as markers of ER stress. GRP78, the master regulator of the unfolded protein response (UPR), plays a role in proliferation, invasion, and metastasis in cancer [28]. GRP78 represents both a regulator and a target of the UPR. It is associated with pro-survival responses. Conversely, GRP78 can interact with components of ER related pro-apoptotic pathways [29]. In a previous study, only GRP78 negative colon cancer cells were found to be highly proliferative. They induced significant growth in tumor size and metastasized to the liver [30]. In contrast, GRP78 positive cells manifested reduced proliferation, colony formation, tumor growth, and liver metastases [30]. CHOP as a transcription factor is also involved in ER stress-induced apoptosis [31]. Ech induced ROS formation, ER stress, and expression of DR4, DR5, GRP78, and CHOP biomarkers (Figure 4). We also confirmed Ech-induced cell death via ROS through treatment with NAC (Figure 4b). ER stress and ROS formation can induce mitochondrial potential disruption and result in apoptosis [32,33]. Treatment of ESCC cells with Ech induced MMP dysfunction and released cyto C from mitochondria to cytosol, thereby activating caspases (Figure 5 and Figure 6). In summary, Ech inhibited ESCC cell growth by inducing intrinsic and extrinsic apoptosis pathways through ROS- and ER-stress mediated signaling (Figure 7). At present, phase I or phase II clinical trials using natural compounds such as resveratrol and grape powder (NCT 00256334, NCT 01370889), ginger root extract (NCT 01344538), and sulforaphane (NCT 01228084) for colorectal cancer or prostate cancer have been conducted or are being conducted. A successful natural medicine with clear evaluation and prediction in clinic is needed. Thus, it is necessary to investigate the action mechanisms of these compounds in detail.




4. Materials and Methods


4.1. Purification of Echinatin


Air-dried, powdered G. inflata roots (2 Kg) were purchased from Chonnam Herb Association and identified by Prof. Gil-Saeng Jeong of the College of Pharmacy, Keimyung University. They were then extracted twice with MeOH (4 L) by sonication for 3 h. After filtration, the solvent was evaporated in vacuo to provide a MeOH extract (170 g) which was suspended in H2O (1 L) and extracted successively with n-hexane, methylene chloride, and EtOAc. The methylene chloride extract (9 g) was subjected to flash silica gel chromatography using a n-hexane:EtOAc solvent system (2:1~1:1) to give 10 fractions. Fraction 6 was subjected to further flash silica gel chromatography with a chloroform:MeOH (10:1) eluent system to afford echinatin (150 mg). Echinatin was further purified by recrystallization with MeOH.



Echinatin (Ech, purity > 95%) characterization data were: ESI-MS m/z: 270 [M]+. (Calcd for C16H14O4 270.08); 1H-NMR (400 MHz, Acetone-d6) δ: 8.11 (2H, d, J = 8.4 Hz, H-2′, 6′), 8.07 (1H, d, J = 15.6 Hz, H-β), 7.74 (1H, d, J = 8.4 Hz, H-6), 7.70 (1H, d, J = 15.6 Hz, H-α), 7.00 (2H, d, J = 8.4 Hz, H-3′, 5′), 6.58 (1H, d, J = 2.0 Hz, H-3), 6.55 (1H, dd, J = 2.0, 8.4 Hz, H-5), 3.90 (3H, s, 2-OCH3); 13C NMR (400 MHz, Acetone-d6) δ: 186.8 (C = O), 160.6 (C-4′), 160.4 (C-4), 159.5 (C-2), 137.6 (C-β), 129.8 (C-2′), 129.8 (C-6′), 129.7 (C-6), 129.2 (C-1′), 117.5 (C-α), 114.7 (C-1), 114.2 (C-3′), 114.2 (C-5′), 107.1 (C-5), 98.0 (C-3), 54.0 (2-OCH3).




4.2. Chemicals and Reagents


DMSO, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and NAC were bought from Sigma-Aldrich (St. Louis, MO, USA). Cell culture media (RPMI-1640 and DMEM) and supplementary reagents were purchased from Hyclone (Logan, UT, USA) or Welgene (Daegu, Korea). Antibodies against p21, p27, cdc2, cyclin B1, GRP78, CHOP, DR4, DR5, Bid, Bax, Bcl-2, cyto C, α-tubulin, COX-4, Apaf-1, PARP, c-PARP, β-actin, p-JNK (Thr183/Try185), JNK, p-p38 (Thr180/Try182) and p38 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) or Cell Signaling Technology (Danvers, MA, USA).




4.3. Cell Culture


Human ESCC cell lines (KYSE 30, KTYSE 70, KTSE 410, KYSE 450 and KYSE 510) were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and the American Type Culture Collection (ATCC, Rockville, MD, USA). Human ESCC cells were maintained in RPMI1640 contained with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were incubated at 37 °C in a 5% CO2 incubator and passaged within 8 times (2 months).




4.4. Cell Growth Assay


ESCC cells were seeded with optimal cell numbers (KYSE 30: 2.75 × 103/well; KYSE 70: 10 × 103/well; KYSE 410: 2.5 × 103/well; KYSE 450: 3.5 × 103/well; and KYSE 510: 5.5 × 103/well) into 96-well plates and incubated at 37 °C overnight. Cells were then treated with 0, 5, 10, or 15 μM of Ech for 24 h or 48 h. Growing cells were detected by adding MTT solution followed by incubation at 37 °C for 1 h. Formazan crystals were then dissolved with DMSO. Absorbance was measured at wavelength of 570 nm with a spectrophotometer (Thermo Fisher Scientific, Vantaa, Finland).




4.5. Soft Agar Assay


Bottom layer contained 0.6% agar and basement membrane extract mix. DMSO or Ech (5, 10, 15 μM) was fixed in 6-well plates for 1 h. The top layer included 8 × 103 ESCC cells/well and a mixture of 0.3% agar and basement membrane extract mix with adding DMSO or Ech. Cells were incubated at 37 °C in a 5% CO2 incubator for two weeks. Colony numbers were counted using a microscope (Leica Microsystems, Wetzlar, Germany)




4.6. Cell Cycle Analysis


KYSE 30 (7.5 × 104 cells/well) and KYSE 450 (10.5 × 104 cells/well) cells were seeded into 6-well plates and exposed to DMSO or Ech (5, 10, 15 µM) for 48 h. Cells were harvested and washed with 1× phosphate-buffered saline (PBS) three times and then fixed in 70% ethanol at −20 °C overnight. Cells were centrifuged at 4000 rpm for 10 min, washed with 1× PBS three times, and then suspended with 200 μL of Muse™ Cell Cycle Reagent (EMD Millipore, Billerica, MA, USA) for 30 min in the dark. The cell cycle status of cells was analyzed with a Muse™ Cell Analyzer (EMD Millipore, Billerica, MA, USA).




4.7. Apoptosis Analysis


Cells (KYSE 30: 7.5 × 104 cells/well; KYSE 450: 10.5 × 104 cells/well) were seeded into 6-well plates and incubated at 37 °C in a 5% CO2 incubator overnight. After treatment with DMSO or Ech (5, 10 and 15 µM) for 48 h, ESCC cells were stained with Annexin V and dead cell reagents (Muse™ Apoptosis Assay kit, EMD Millipore). Apoptotic cells were then analyzed using the Muse™ Cell Analyzer.




4.8. Western Blotting


Cells were lysed in RIPA buffer (iNtRON, Gyeonggi-do, Korea) for 30 min on ice. Proteins were separated by SDS-PAGE and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). These membranes were blocked with 3% or 5% skim milk at RT for 2 h and incubated with primary antibodies (dilution, 1:1000) at 4 °C overnight. After removing non-specific binding antibodies with 1× washing buffer (PBS with 0.1% Tween-20) three times, blots were probed with HRP-conjugated secondary antibody (dilution of 1:7000) in skim milk at RT for 2 h. Specific bands were detected using an ImageQuant LAS 500 (GE Healthcare, Uppsala, Sweden).




4.9. Cytosolic and Mitochondrial Fractions


ESCC cells (KYSE 30: 2.8 × 105 cells; KYSE 450: 4.4 × 105 cells) were cultured in 100 mm dishes and treated with DMSO or Ech (5, 10, 15 μM) for 48 h. Cells were harvested and mixed with plasma membrane extraction buffer (250 mM sucrose, 10 mM HEPES (pH 8.0), 10 mM KCl, 1.5 mM MgCl2•6H2O, 1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 0.01 mg/mL aprotinin, 0.01 mg/mL leupeptin) and 0.05% digitonin at RT for 1 min. Cytosolic fraction (supernatant) was harvested after centrifugation at 13,000 rpm for 5 min at 4 °C. For the mitochondrial fraction, cell pellets were further suspended with plasma membrane extraction buffer and 0.5% Triton X-100. Suspended pellets were tapped and incubated on ice for 10 min. The mitochondrial fraction was harvested after centrifugation at 13,000 rpm for 30 min. Cyto C expression in the cytosolic or membrane fraction was detected by Western blotting.




4.10. Reactive Oxygen Species (ROS) Measurements


Cells (KYSE 30: 7.5 × 104 cells/well; KYSE 450: 10.5 × 104 cells/well) were seeded into 6-well plates. Both KYSE 30 and KYSE 450 cell lines were treated with DMSO or Ech (5, 10, 15 μM) for 48 h. Cells were harvested, suspended in Muse™ Oxidation Stress Reagent working solution (EMD Millipore), and then incubated at 37 °C for 30 min in the dark. ROS levels were measured with the Muse™ Cell Analyzer.




4.11. Mitochondrial Membrane Potential (MMP) Assay


KYSE 30 and KYSE 450 cells were treated with DMSO or Ech (5, 10, 15 μM) for 48 h and harvested after centrifuging at 3000 rpm for 5 min at 4 °C. After washing with 1× assay buffer, cells were stained with Mitopotential working solution (Muse™ Mitopotential kit, EMD Millipore) at 37 °C for 20 min in the dark, added with 5 μL of 7-AAD, and incubated at RT for 5 min. MMPs were then observed with the Muse™ Cell Analyzer.




4.12. Multi-Caspase Activity Analysis


ESCC cells were treated with DMSO or Ech (5, 10, 15 μM) and harvested to measure multi-caspase activity. Samples were mixed with 1× caspase buffer and 50 μL of Muse™ Multi-Caspase reagent working solution (Muse™ Multi-Caspase kit, EMD Millipore), incubated at 37 °C for 30 min, and then added with 125 μL of Muse™ caspase and 7-AAD for each sample. Multi-caspase stained cells were then analyzed with the Muse™ Cell Analyzer.




4.13. Statistical Analysis


Data are presented as means ± standard deviation (SD). All statistical analyses of data were performed using Prism 5.0 statistical package. Statistical significance of differences among groups was analyzed using analysis of variance (ANOVA). Mean values were considered to be significantly different at p < 0.05.








Author Contributions


Conceptualization, A.-W.K., J.-S.C., M.-H.L., H.-N.O., S.-S.C., G.Y. and K.L.; methodology, A.-W.K., J.-S.C., M.-H.L., H.-N.O., S.-S.C., G.Y. and K.L.; software, M.-H.L. and G.Y.; validation, A.-W.K., J.-S.C., M.-H.L., H.-N.O., S.-S.C., G.Y., K.L., J.-I.C. and J.-H.S.; formal analysis, A.-W.K., J.-S.C., M.-H.L., H.-N.O., S.-S.C., G.Y. and K.L.; investigation, A.-W.K., J.-S.C., M.-H.L., H.-N.O., S.-S.C., G.Y., K.L., J.-I.C. and J.-H.S.; resources, J.-I.C. and J.-H.S.; data curation, A.-W.K., J.-S.C., M.-H.L., H.-N.O., S.-S.C., G.Y. and K.L.; writing—original draft preparation, A.-W.K. and J.-S.C.; writing—review and editing, A.-W.K. and J.-S.C.; supervision, J.-I.C. and J.-H.S.




Funding


This research was funded by Basic Science Research program of National Research Foundation Korea, grant number 2019R1A2C1005899. This research was funded by Cooperative Research Program for Agriculture Science & Technology Development of Rural Development Administration, grant number PJ013842.




Acknowledgments


This research was supported by Basic Science Research program through the National Research Foundation Korea Funded by the Ministry of Education, Science and Technology (2019R1A2C1005899). This work was carried out with the support of “Cooperative Research Program for Agriculture Science & Technology Development (Project No. PJ013842)” Rural Development Administration, Republic of Korea. This research was studied by Research Funds of MNU Innovative programs for University in 2019 (Basic construction for convergence research).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, F. Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2019, 144, 1941–1953. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. Ca: A Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef] [PubMed]

	



Abnet, C.C.; Arnold, M.; Wei, W.Q. Epidemiology of Esophageal Squamous Cell Carcinoma. Gastroenterology 2018, 154, 360–373. [Google Scholar] [CrossRef] [PubMed]

	



Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016, 79, 629–661. [Google Scholar] [CrossRef]

	



Jung, S.K.; Lee, M.H.; Lim, D.Y.; Kim, J.E.; Singh, P.; Lee, S.Y.; Jeong, C.H.; Lim, T.G.; Chen, H.; Chi, Y.I.; et al. Isoliquiritigenin induces apoptosis and inhibits xenograft tumor growth of human lung cancer cells by targeting both wild type and L858R/T790M mutant EGFR. J. Biol. Chem. 2014, 289, 35839–35848. [Google Scholar] [CrossRef]

	



Oh, H.N.; Seo, J.H.; Lee, M.H.; Yoon, G.; Cho, S.S.; Liu, K.; Choi, H.; Oh, K.B.; Cho, Y.S.; Kim, H.; et al. Oridonin induces apoptosis in oral squamous cell carcinoma probably through the generation of reactive oxygen species and the p38/JNK MAPK pathway. Int. J. Oncol. 2018, 52, 1749–1759. [Google Scholar] [CrossRef]

	



Surh, Y.J. Cancer chemoprevention with dietary phytochemicals. Nature reviews. Cancer 2003, 3, 768–780. [Google Scholar]

	



Zhao, R.; Huang, H.; Choi, B.Y.; Liu, X.; Zhang, M.; Zhou, S.; Song, M.; Yin, F.; Chen, H.; Shim, J.H.; et al. Cell growth inhibition by 3-deoxysappanchalcone is mediated by directly targeting the TOPK signaling pathway in colon cancer. Phytomedicine: Int. J. Phytother. Phytopharm. 2018, 61, 152813. [Google Scholar] [CrossRef]

	



Fu, Y.; Chen, J.; Li, Y.J.; Zheng, Y.F.; Li, P. Antioxidant and anti-inflammatory activities of six flavonoids separated from licorice. Food Chem. 2013, 141, 1063–1071. [Google Scholar] [CrossRef]

	



Lin, Y.; Kuang, Y.; Li, K.; Wang, S.; Ji, S.; Chen, K.; Song, W.; Qiao, X.; Ye, M. Nrf2 activators from Glycyrrhiza inflata and their hepatoprotective activities against CCl4-induced liver injury in mice. Bioorganic Med. Chem. 2017, 25, 5522–5530. [Google Scholar] [CrossRef]

	



Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [Google Scholar] [CrossRef] [PubMed]

	



Fulda, S.; Debatin, K.M. Extrinsic versus intrinsic apoptosis pathways in anticancer chemotherapy. Oncogene 2006, 25, 4798–4811. [Google Scholar] [CrossRef] [PubMed]

	



Schumacker, P.T. Reactive oxygen species in cancer: A dance with the devil. Cancer Cell 2015, 27, 156–157. [Google Scholar] [CrossRef] [PubMed]

	



Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative stress and cell death. Apoptosis: Int. J. Program. Cell Death 2007, 12, 913–922. [Google Scholar] [CrossRef] [PubMed]

	



Sui, X.; Kong, N.; Ye, L.; Han, W.; Zhou, J.; Zhang, Q.; He, C.; Pan, H. p38 and JNK MAPK pathways control the balance of apoptosis and autophagy in response to chemotherapeutic agents. Cancer Lett. 2014, 344, 174–179. [Google Scholar] [CrossRef] [PubMed]

	



Asghar, U.; Witkiewicz, A.K.; Turner, N.C.; Knudsen, E.S. The history and future of targeting cyclin-dependent kinases in cancer therapy. Nature reviews. Drug Discov. 2015, 14, 130–146. [Google Scholar] [CrossRef]

	



Wlodkowic, D.; Skommer, J.; Darzynkiewicz, Z. Flow cytometry-based apoptosis detection. Methods Mol. Biol. 2009, 559, 19–32. [Google Scholar]

	



Matsuda, S.; Takeuchi, H.; Kawakubo, H.; Ando, N.; Kitagawa, Y. Current Advancement in Multidisciplinary Treatment for Resectable cStage II/III Esophageal Squamous Cell Carcinoma in Japan. Ann. Thorac. Cardiovasc. Surg. 2016, 22, 275–283. [Google Scholar] [CrossRef]

	



Nageen, B.; Sarfraz, I.; Rasul, A.; Hussain, G.; Rukhsar, F.; Irshad, S.; Riaz, A.; Selamoglu, Z.; Ali, M. Eupatilin: A natural pharmacologically active flavone compound with its wide range applications. J. Asian Nat. Prod. Res. 2018, 1–16. [Google Scholar] [CrossRef]

	



Oh, H.N.; Seo, J.H.; Lee, M.H.; Kim, C.; Kim, E.; Yoon, G.; Cho, S.S.; Cho, Y.S.; Choi, H.W.; Shim, J.H.; et al. Licochalcone C induced apoptosis in human oral squamous cell carcinoma cells by regulation of the JAK2/STAT3 signaling pathway. J. Cell Biochem. 2018, 119, 10118–10130. [Google Scholar] [CrossRef]

	



Yao, K.; Chen, H.; Lee, M.H.; Li, H.; Ma, W.; Peng, C.; Song, N.R.; Lee, K.W.; Bode, A.M.; Dong, Z.; et al. Licochalcone A, a natural inhibitor of c-Jun N-terminal kinase 1. Cancer Prev. Res. 2014, 7, 139–149. [Google Scholar] [CrossRef] [PubMed]

	



Kang, T.H.; Yoon, G.; Kang, I.A.; Oh, H.N.; Chae, J.I.; Shim, J.H. Natural Compound Licochalcone B Induced Extrinsic and Intrinsic Apoptosis in Human Skin Melanoma (A375) and Squamous Cell Carcinoma (A431) Cells. Phytother. Res. Ptr. 2017, 31, 1858–1867. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Zhang, T.; Sun, W.; Wang, Z.; Zuo, D.; Zhou, Z.; Li, S.; Xu, J.; Yin, F.; Hua, Y.; et al. Erianin induces G2/M-phase arrest, apoptosis, and autophagy via the ROS/JNK signaling pathway in human osteosarcoma cells in vitro and in vivo. Cell Death Dis. 2016, 7, e2247. [Google Scholar] [CrossRef] [PubMed]

	



Stark, G.R.; Taylor, W.R. Analyzing the G2/M checkpoint. Methods Mol. Biol. 2004, 280, 51–82. [Google Scholar]

	



Kawamoto, H.; Koizumi, H.; Uchikoshi, T. Expression of the G2-M checkpoint regulators cyclin B1 and cdc2 in nonmalignant and malignant human breast lesions: Immunocytochemical and quantitative image analyses. Am. J. Pathol. 1997, 150, 15–23. [Google Scholar]

	



Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.; et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ. 2018, 25, 486–541. [Google Scholar] [CrossRef]

	



Malhotra, J.D.; Kaufman, R.J. Endoplasmic reticulum stress and oxidative stress: A vicious cycle or a double-edged sword? Antioxid. Redox Signal. 2007, 9, 2277–2293. [Google Scholar] [CrossRef]

	



Dauer, P.; Sharma, N.S.; Gupta, V.K.; Durden, B.; Hadad, R.; Banerjee, S.; Dudeja, V.; Saluja, A.; Banerjee, S. ER stress sensor, glucose regulatory protein 78 (GRP78) regulates redox status in pancreatic cancer thereby maintaining “stemness”. Cell Death Dis. 2019, 10, 132. [Google Scholar] [CrossRef]

	



Ulianich, L.; Insabato, L. Endoplasmic reticulum stress in endometrial cancer. Front. Med. 2014, 1, 55. [Google Scholar] [CrossRef]

	



Hardy, B.; Raiter, A.; Yakimov, M.; Vilkin, A.; Niv, Y. Colon cancer cells expressing cell surface GRP78 as a marker for reduced tumorigenicity. Cell. Oncol. 2012, 35, 345–354. [Google Scholar] [CrossRef]

	



Nishitoh, H. CHOP is a multifunctional transcription factor in the ER stress response. J. Biochem. 2012, 151, 217–219. [Google Scholar] [CrossRef] [PubMed]

	



Liao, H.Y.; Kao, C.M.; Yao, C.L.; Chiu, P.W.; Yao, C.C.; Chen, S.C. 2,4,6-Trinitrotoluene Induces Apoptosis via ROS-Regulated Mitochondrial Dysfunction and Endoplasmic Reticulum Stress in HepG2 and Hep3B Cells. Sci. Rep. 2017, 7, 8148. [Google Scholar] [CrossRef] [PubMed]

	



Csordas, G.; Thomas, A.P.; Hajnoczky, G. Quasi-synaptic calcium signal transmission between endoplasmic reticulum and mitochondria. Embo. J. 1999, 18, 96–108. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Samples of the compounds are not available from the authors.












[image: Molecules 24 04055 g001 550] 





Figure 1. Effects of echinatin (Ech) on cell growth. (a) Structure of Ech. (b–f) Ech inhibited KYSE 30, KYSE 70, KYSE 410, KYSE 450, and KYSE 510 ESCC cells growth at 5, 10, or 15 µM for 24 h or 48 h. Cell viability was examined using MTT assay. (g) Representative pictures (left panel) and graph (right panel) of KYSE 30 and KYSE 450 cells colonies treated with Ech (0, 5, 10, 15 µM) for 14 days. Colonies were counted using a microscope. The graph shows the percentage compared to the control group. Data represent mean ± SD. Asterisk (*) denotes p < 0.05 compared to the control. 
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Figure 2. Effects of Ech on cell cycles and apoptosis. (a) Ech arrested G2/M phase of cell cycle and (b) induced sub-G1 population in KYSE 30 and KYSE 450 cells. (c) Ech increased apoptotic population of KYSE 30 and KYSE 450 cells. Viable cells (Annexin V negative/7-AAD negative) are shown in the lower left; Early apoptotic cells (Annexin V positive/7-AAD negative) are shown in the lower right; Late apoptotic cells (Annexin V positive/7-AAD positive) are shown in the upper right; Necrotic cells (Annexin V negative/7-AAD positive) are shown in the upper left. Cells were treated with Ech at 0, 5, 10, or 15 µM for 48 h, stained with 7-AAD for the cell cycle or Annexin V/7-AAD for apoptosis, and analyzed with Muse™ Cell Analyzer. Asterisk (*) denotes p < 0.05 compared to the control. 
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Figure 3. Effects of Ech on cell cycle and cell death related signals. (a) Ech induced p21 and p27 expression but decreased cyclin B1 and cdc2 expression. (b) Ech induced p-JNK and p-p38 expression, although total proteins levels of JNK or p38 were not changed. KYSE 30 and KYSE 450 cells were treated with Ech (0, 5, 10, 15 µM) for 48 h. The expression was examined with Western blot. β-actin was used as a loading control. 
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Figure 4. Effects of Ech on intracellular ROS induction. (a) Ech induced ROS formation in ESCC cells. ROS formation was measured with a Muse™ Cell Analyzer (materials and method). M1 refers to the fraction of ROS negative population while M2 refers to the region of ROS positive population. Average percentages of ROS positive cells are shown in the M2 region. (b) NAC rescued Ech induced cell death through ROS scavenging. Cells were pretreated with 6 mM NAC for 3 h and then exposed to 15 μM Ech for 48 h. Data are presented as mean ± SD of three independent experiments (* p < 0.05 vs. untreated control; # p < 0.05 vs. Ech-treated cells). (c) Ech increased ROS-mediated signal proteins. Expression levels of GRP78, CHOP, DR4, and DR5 were determined with Western blot. β-actin was used as a loading control. 
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Figure 5. Effect of Ech on MMP activities and apoptosis-related proteins. (a) Ech induced MMP dysfunction. Cells were treated with Ech (0, 5, 10, or 15 µM) for 48 h, stained with MitoPotential Dye and 7-AAD, and analyzed with a Muse™ Cell Analyzer. Percentages in the left top show depolarized/dead cells. Percentages in the left bottom show depolarized/live cells. Experiments were done at least three times in triplicate. Data are presented as means ± SD. (b) Ech decreased Bid, Bcl-2, and cyto C (mitochondria) expression but increased Bax, cyto C (cytosol), Apaf-1, and c-PARP expression. Western blotting was performed to determine expression levels. β-actin, α-tubulin (cytosol), and COX4 (mitochondria) were used as loading controls. 
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Figure 6. Effects of Ech on multi-caspases activity in KYSE 30 and KYSE 450 cells. After cells were treated with Ech at various concentrations for 48 h, percentages of KYSE 30 and KYSE 450 cells with caspases activities were assessed. X-axis means the degree of caspase activity and y-axis shows the fluorescence of 7-AAD. Each proportion in the figure represents multi-caspases positive/live cells (lower right) or multi-caspases positive/dead cells (upper right). All tests were performed in triplicate. Values are expressed as mean ± SD. 
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Figure 7. Schematic showing Ech-induced cell death. Ech induces ROS production and activates p38 and JNK MAPK kinases, or stimulates ER stress. p38 and JNK MAPK kinases signaling cascades increase death receptor expression and caspase-8/Bid activation, BAX expression, Bcl2 reduction, and cytochrome c release (cytosol), which then induces Apaf-1/caspase9 or caspase-3 activation, thus resulting in cell apoptosis. On the other hand, ER stress with increasing GRP78 and CHOP expression will induce cancer cell apoptosis. 
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