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Abstract
BACKGROUND
Esophageal squamous cell carcinoma (ESCC) is one of the most common malignancies with a poor prognosis, and its treatment remains a great challenge. Dihydrotanshinone I (DHTS) has been reported to exert antitumor effect in many cancers. However, the role of DHTS in ESCC remains unclear. 

AIM
To investigate the antitumor effect of DHTS in ESCC and the underlying mechanisms.

METHODS
CCK-8 assay and cell cycle analysis were used to detect proliferation and cell cycle in ESCC cells. Annexin V-PE/7-AAD double staining assay and Hoechst 33258 staining were used to detect apoptosis in ESCC cells. Western blot was used to detect the expression of proteins associated with the mitochondrial pathway. Immunofluorescence was used to detect the expression of phosphorylated STAT3 (pSTAT3) in DHTS-treated ESCC cells. ESCC cells with STAT3 knockdown and overexpression were constructed to verify the role of STAT3 in DHTS induced apoptosis. A xenograft tumor model in nude mice was used to evaluate the antitumor effect of DHTS in vivo.

RESULTS
After treatment with DHTS, the proliferation of ESCC cells was inhibited in a dose- and time-dependent manner. Moreover, DHTS induced cell cycle arrest in the G0/1 phase. Annexin V-PE/7-AAD double staining assay and Hoechst 33258 staining revealed that DHTS induced obvious apoptosis in KYSE30 and Eca109 cells. At the molecular level, DHTS treatment reduced the expression of pSTAT3 and anti-apoptotic proteins, while increasing the expression of pro-apoptotic proteins in ESCC cells. STAT3 knockdown in ESCC cells markedly promoted the activation of the mitochondrial pathway while STAT3 overexpression blocked the activation of the mitochondrial pathway. Additionally, DHTS inhibited tumor cell proliferation and induced apoptosis in a xenograft tumor mouse model.

CONCLUSION
DHTS exerts antitumor effect in ESCC via STAT3-mediated activation of the mitochondrial pathway. DHTS may be a novel therapeutic agent for ESCC.
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Core Tip: Esophageal squamous cell carcinoma (ESCC) is one of the most common malignancies with a poor prognosis. Our research found that dihydrotanshinone I (DHTS) suppresses proliferation and induces apoptosis in ESCC cells. Besides, STAT3-mediated activation of the mitochondrial pathway plays a vital role in DHTS-induced apoptosis. DHTS may be a promising candidate for the treatment of ESCC.

INTRODUCTION
Esophageal cancer (EC) is one of the most common malignancies, ranking seventh in terms of incidence and sixth in terms of mortality worldwide. Esophageal squamous cell carcinoma (ESCC) is the main histologic subtype of EC in parts of Asia and Sub-Saharan Africa, and accounts for over 90% of all EC cases[1]. Many patients with ESCC are diagnosed in the advanced stage of disease and have a great need for chemotherapy. Unfortunately, because of drug resistance and toxicity, clinical outcomes have been far from satisfactory[2,3]. Thus, potent antitumor agents with excellent sensitivity and safety are urgently needed.
Studies have shown that traditional Chinese medicine has good preventive or therapeutic effect for various malignant tumors[4]. Dihydrotanshinone I (DHTS) is a natural component isolated from the roots of a well-known traditional Chinese medicinal plant, Salvia miltiorrhiza[5]. Previous studies have shown that DHTS has various biological functions, including cardiovascular protection, anti-inflammation, and anti-Alzheimer's disease, and several molecules, such as hypoxia-inducible factor-1α, human antigen R, and acetylcholinesterase, have been identified as potential targets for DHTS[6-9]. Recently, DHTS has been reported to exert anti-tumor efficacy in breast cancer, osteosarcoma, and hemangiomas by exerting cytotoxic effect and inducing cell cycle arrest and apoptosis[6,10-12]. However, the role of DHTS in ESCC and the underlying molecular mechanisms remain to be determined.
STAT3 is reported to be associated with cell proliferation, migration, and apoptosis, and is aberrantly hyperactivated in many types of cancer[13-15]. The STAT3 cascade is associated with the promotion of tumor growth and immunosuppression[16]. In the inactive state, STAT3 exists as a monomer found in the cytoplasm. Once activated, the phosphorylation of Tyr705 results in dimerization of the STAT3 protein and translocation of the STAT3 dimer to the nucleus. In the nucleus, phosphorylated STAT3 (pSTAT3) may mediate the induction of key target genes that regulate cellular proliferation and survival, suppress apoptosis, and promote angiogenesis, invasiveness, and/or metastasis[17,18]. It has been proven that STAT3 is involved in the progression of many kinds of tumors, and treatments that target STAT3 promise therapeutic benefits for cancer patients[19].
In this study, we treated ESCC cells with DHTS to investigate whether DHTS could exert antitumor effect in ESCC cells, as well as the possible molecular mechanism involved, trying to provide a new strategy for the treatment of ESCC.

MATERIALS AND METHODS
Cell culture and reagents
The human ESCC cell lines KYSE30, Eca109, KYSE450, and KYSE510 and human normal esophageal epithelial cell line Het-1A were donated by the China Center for Type Culture Collection. The ESCC cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco, United States) with 10% fetal bovine serum (FBS) (Gibco, United States) while Het-1A cells in Dulbecco’s modified Eagle medium (DMEM) (Gibco, United States) with 10% FBS in a humidified incubator at 37 °C containing 5% CO2. DHTS (Sigma-Aldrich, United States) was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, United States) at a stock concentration of 10 mmol/L and was diluted with RPMI-1640 medium or DMEM medium to perform assays. As a result, the final concentration of DMSO in the medium was no more than 10 μL/mL in all assays and would not show obvious toxicity to cells.

Cell viability assay
Cells were seeded in triplicate in 96-well plates at a density of 8000 cells per well. After overnight incubation, the cells were exposed to different concentrations of DHTS for 12 h, 24 h, or 36 h. Cell viability was assessed using a Cell Counting Kit-8 (CCK-8, Beyotime, China) according to the manufacturer’s protocol. The absorbance at 450 nm was measured using a microplate spectrophotometer (Victor3 1420 Multilabel Counter, Perkin Elmer, United States). RPMI 1640 medium or DMEM medium containing 5% CCK-8 was used as a control. 

Cell cycle analysis
Cells were seeded at a density of 5 × 105 per well in six-well plates and incubated at 37 °C overnight. After culturing in RPMI 1640 medium without fetal bovine serum for 24 h, the cells were cultured in RPMI 1640 medium with 10% FBS and treated with DHTS for 24 h and then collected after trypsinization and fixed in ice-cold 75% ethanol overnight at 4 °C. The cells were then washed with PBS and incubated with PI (50 μg/mL, Antgene, China) and RNAse (Yeasen, China) for 30 min. Cell cycle distribution was detected using the BD TM LSRΙΙ flow cytometer (BD Biosciences, San Jose, CA, United States). The resultant cell cycle profiles were analyzed using ModFit software (Verity Software House, Topshem, ME, United States).

Annexin V-PE/7-AAD double staining assay for apoptosis
The annexin V-PE/7-AAD kit (BD Pharmingen, United States) was used to quantify the percentage of apoptotic cells using flow cytometry (FACS Calibur, Becton Dickinson). Cells were seeded into a six-well plate and incubated at 37 °C overnight. Then the cells were treated with different concentrations of DHTS for 24 h. Adherent cells were collected and co-stained with 5 μL of annexin V-PE and 5 μL of 7-AAD before flow cytometric analysis. Live cells are PE- and 7-AAD-negative, and early apoptotic cells are PE-positive and 7-AAD-negative. Necrotic cells are both PE- and 7-AAD-positive, and late apoptotic and dead cells are PE-negative and 7-AAD-positive.

Hoechst 33258 staining for apoptosis
Cells were seeded into a six-well plate at a density of 2 × 105 per well and incubated at 37 °C overnight. The cells were then treated with different concentrations of DHTS for 24 h. Cells were then fixed with 4% paraformaldehyde for 15 min at room temperature and then washed twice with PBS. After that, the cells were stained with 50 ng/mL Hoechst 33258 (Beyotime, China) for 10 min. Apoptotic morphological features (chromatin condensation and nuclear fragmentation) were observed and imaged using a fluorescence microscope (BX51, Olympus). 

Transfection and lentiviral transduction
pLVX-Puro-STAT3-shRNA- and pLVX-Puro-STAT3-expressing lentiviruses were designed and provided by Genomeditech (Shanghai, China). KYSE30 cells and Eca109 cells were transfected with the lentiviral vectors, while control cells were transfected with empty vectors according to the manufacturer's instructions. To establish stable cell lines, 2 μg/mL puromycin dihydrochloride (Beyotime, China) was used daily for 1 wk after transfection with lentiviral vectors. Knockdown and overexpression efficiencies were validated using Western blot and real-time quantitative polymerase chain reaction (RT-qPCR). 

RNA extraction and RT-PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen, United States) as described by the manufacturer. cDNA was synthesized using the Hifair II 1st Strand cDNA Synthesis SuperMix for qPCR Kit (Yeasen, China) according to the manufacturer’s protocol. RT-qPCR was conducted using the Hieff qPCR SYBR Green Master Mix Kit (Yeasen, China) on an ABI7500 real-time PCR system (Applied Biosystems, Foster City, CA) following the recommended protocols. The expression level of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was used as a loading control. Primer sequences are as follows: Forward sequence 5'-CAGCAGCTTGACACACGGTA-3' and reverse sequence 5'-AAACACCAAAGTGGCATGTGA-3' for STAT3; forward sequence 5'-AAATCCCATCACCATCTTCC-3' and reverse sequence 5'-TCACACCCATGACGAACA-3' for GAPDH.

Western blot analysis
ESCC cells treated with DHTS were used to isolate proteins. The proteins were separated on 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, United States). PVDF membranes were blocked in 5% non-fat milk in TBS-Tween 20 (0.1%, v/v) at 25 °C for 1 h. The PVDF membranes were incubated in blocking solution with primary antibodies at 4 °C overnight. The membranes were washed with TBS-Tween 20 (0.1%, v/v) three times (10 min/time), further immunoblotted with secondary antibody for 1 h at 25 °C, washed three times with TBS-Tween 20 (0.1%, v/v) in the dark, and scanned using a two-color Odyssey infrared imaging system (LI-COR Biosciences). The specific protein expression levels were normalized to that of GAPDH on the same PVDF membranes. Antibodies against STAT3 (#9139), pSTAT3 (#4113), B-cell lymphoma 2 (Bcl 2) (#4223), Bcl 2-associated X (Bax) (#5023), cytochrome C (Cyt C) (#4280), Cyclin D1 (#2978), cleaved caspase 3 (#9664), cleaved caspase 7 (#8438), cleaved caspase 9 (#7237), survivin (#2808), and GAPDH (#2118) were obtained from Cell Signaling Technology (United States), and antibodies against cyclin A2 (#18202-1-AP) and cyclin E1 (#11554-1-AP) were obtained from Proteintech (China). The antibodies were used at the indicated concentrations. Secondary antibodies were purchased from LI-COR (Lincoln, United States) and used at a dilution ratio of 1:10000. Protein bands were quantified based on densitometry using Image J software (National Institutes of Health, Bethesda, MD, United States). 

Immunofluorescence
KYSE30 and Eca109 cells were seeded onto glass coverslips in a 24-well plate overnight, and the cells were then treated with DHTS for 24 h. The cells were then washed with PBS and fixed with paraformaldehyde for 15 min at 25 °C. Next, the cells were permeabilized for 15 min with 0.3% Triton X-100 in PBS. The cells were then blocked with 5% BSA in PBS for 1 h at 25 °C and then incubated at 4 °C with the primary antibody against pSTAT3 (1:100 dilution; CST, #4113) overnight. The treated cells were then incubated with an FITC-labeled goat anti-mouse IgG (H + L) highly cross-adsorbed secondary antibody (Biosharp, China) in the dark for 1 h. The nuclei were visualized after staining with 2 μg/mL DAPI (Biosharp, China) for 10 min at 25 °C. The glass coverslips were sealed with antifade reagent (Biosharp, China) and examined under a fluorescence microscope (BX51, Olympus). 

Xenograft tumor experiment using nude mice
All animal research procedures were approved by the Ethics Committee of Renmin Hospital of Wuhan University. All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised in 1978). Male BALB/c nude mice (5 wk old) were purchased from Beijing Life River Experimental Animal Technology Co. Ltd. (China). The collected KYSE30 cells (1 × 106) were washed in serum-free RPMI 1640, suspended in 200 μL of PBS, and subcutaneously implanted into the right flank in the dorsal region of nude mice. When the longest diameter of the tumor was about 5 mm, nude mice were randomly divided into the following four groups (n = 6 each group): Control (normal saline), 5 mg/kg DHTS, 10 mg/kg DHTS, and 15 mg/kg DHTS. Mice were injected intraperitoneally once every other day. There was no significant difference between these groups before treatment. Tumor size was measured using a Vernier caliper (3–4 times/wk). Tumor volume (TV) was calculated using the following formula: TV (cm3) = 0.5 × d2 × D; where d and D are the shortest and longest diameters, respectively. All mice were weighed (3–4 times/wk). After treatment for 9 times, tumor specimens were collected and weighed. 

TUNEL assay 
Xenograft tumors from vehicle-treated and DHTS-treated mice were fixed in 10% neutral buffered formalin, embedded in paraffin, and used to prepare 4 μm-thick sections. Apoptotic cells were detected using a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay performed with an in situ apoptosis detection kit (Roche Applied Science, Basel, Switzerland). An optical microscope (Olympus, BX51) was used to observe the specimens. Positive cells were identified, counted, and analyzed.

Immunohistochemistry
Immunohistochemistry staining was performed using an UltraSensitive TM SP kit and DAB kit (China Fuzhou Maixin Biotechnology) according to the manufacturer’s instructions. Sections (4 μm) were obtained from formalin-fixed paraffin-embedded xenograft tumors from vehicle-treated and DHTS-treated mice. Anti-Ki67 antibody (Abcam, #ab16667) was applied at 1:200 dilution. An optical microscope (Olympus, BX51) was used to observe the specimens. Positive cells were identified, counted, and analyzed.

Statistical analysis
SPSS software, version 25.0, was used for all analyses. Data are expressed as the mean ± SD. Analysis of variance was used to analyze differences between groups. A P-value of less than 0.05 was considered statistically significant.

RESULTS
DHTS inhibits proliferation in ESCC cells
To identify whether DHTS exerts antitumor effect in ESCC cells, CCK8 was used to detect the cell viability of ESCC cells. After treatment with different concentrations of DHTS for 12 h, 24 h, or 36 h, the proliferation of ESCC cells was inhibited in a dose- and time-dependent manner (Figure 1A-D). After treatment with DHTS for 24 h, the IC50 of DHTS in KYSE30, Eca109, KYSE450, and KYSE510 cells was 0.697 (95% confidence interval [CI]: 0.438-0.961) μmol/L, 5.895 (95%CI: 3.766-9.633) μmol/L, 13.878 (95%CI: 10.287-20.148) μmol/L, and 9.943 (95%CI: 7.675-13.496) μmol/L, respectively. In addition, to explore whether DHTS inhibits the proliferation of normal esophageal epithelial cells, the viability of Het-1A cells treated with DHTS was detected, while no significant inhibition was detected even at a high concentration of DHTS (Figure 1E) and the IC50 of DHTS at 24 h was 758.751 (95%CI: 238.424-20168.744) μmol/L, which is much higher than the IC50 in ESCC cells. All IC50 values for different treatment time are shown in Table 1. These data indicate that DHTS exerts an inhibitory effect on the proliferation of ESCC cells in a dose- and time-dependent manner, but shows no obvious proliferation inhibition in normal esophageal epithelial cells. 

DHTS induces cell cycle arrest in the G0/1 phase in ESCC cells
To decipher the mechanisms underlying DHTS-mediated inhibition of proliferation, we analyzed the cell cycle distribution using flow cytometry. KYSE30 cells were treated with 0 μmol/L, 0.25 μmol/L, 0.5 μmol/L, or 1.0 μmol/L DHTS, while Eca109 cells were treated with 0 μmol/L, 2.5 μmol/L, 5 μmol/L, or 10 μmol/L DHTS. Following 24 h of DHTS treatment, the number of KYSE30 and Eca109 cells in the G0/1 phase significantly increased in a concentration-dependent manner, accompanied by a marked decrease in cells in the S and G2/M phases (Figure 2A and B) (P < 0.05). 
Western blot analysis revealed that DHTS treatment significantly regulated the expression of proteins associated with the cell cycle. Cyclin A2, cyclin E1, and cyclin D1, which are involved in the transition from G1 to S phase, decreased significantly with an increase in DHTS concentration (Figure 2C and D) (P < 0.05). Meanwhile, the expression of P21 increased after DHTS treatment (Figure 2C and D) (P < 0.05). These data indicated that the number of cells in the G0/1 phase increased greatly while the number of cells in the S and G2/M phases decreased significantly after DHTS treatment, demonstrating that DHTS induces an obvious cell cycle arrest in the G0/1 phase in KYSE30 and Eca109 cells.

DHTS induces apoptosis in ESCC cells
To detect whether DHTS induces apoptosis in ESCC cells, annexin PE/7-AAD staining was used to detect cell apoptosis. The proportion of early and late apoptotic cells increased significantly for DHTS-treated KYSE30 cells and Eca109 cells with the increase in DHTS concentration (Figure 3A and B) (P < 0.05). Apoptosis of ESCC cells induced by DHTS was further confirmed by Hoechst 33258 staining. Both KYSE30 and Eca109 cells treated with DHTS had more bright-blue fluorescence and condensed nuclei than control cells, indicating many more apoptotic cells among the DHTS-treated cells (Figure 3C and D) (P < 0.05). Besides, annexin PE/7-AAD staining was used to detect whether DHTS induces apoptosis in normal esophageal epithelial cells. The results revealed that the proportion of early and late apoptotic cells of Het-1A cells showed no significant difference with the control group even when treated with DHTS at 64 μmol/L (Figure 4A and B). These results indicate that DHTS induces apoptosis in KYSE30 cells and Eca109 cells dose-dependently but does not induce obvious apoptosis in normal esophageal epithelial cells.

DHTS activates mitochondrial pathway in ESCC cells 
The mitochondrial pathway plays an important role in the apoptosis of tumor cells[20]. To test whether DHTS exerts antitumor effect through the mitochondrial pathway, we examined the expression of proteins associated with apoptosis in DHTS-treated ESCC cells. An imbalance of anti-apoptotic/pro-apoptotic proteins was found: DHTS treatment led to an obvious increase in pro-apoptotic Bax and a decrease in anti-apoptotic Bcl2 in both KYSE30 and Eca109 cells, and the ratio of Bax and Bcl2 increased significantly (Figure 5A and B). Additionally, cleaved caspase 3, cleaved caspase 7, cleaved caspase 9, and Cyt C, which could promote apoptosis, were significantly higher than those in the control group after exposure to DHTS for 24 h (Figure 5C and D). Meanwhile, survivin levels were lower in DHTS-treated cells, indicating that DHTS inhibited survival and promoted apoptosis in KYSE30 and Eca109 cells (Figure 5C and D). The above results demonstrate that DHTS activates the mitochondrial pathway and induces significant apoptosis in KYSE30 and Eca109 cells.

DHTS inhibits the phosphorylation of STAT3 in ESCC cells
Previous studies have demonstrated that STAT3 plays an essential role in the proliferation of ESCC cells[21]. Hence, we speculated that DHTS may induce apoptosis through STAT3 in ESCC cells. After DHTS treatment for 24 h, the protein expression of STAT3 in both KYSE30 and Eca109 cells did not change significantly, but the expression of pSTAT3, the active form of STAT3 that functions in the nucleus, decreased significantly with an increase in DHTS concentration (Figure 6A and B). Immunofluorescence showed the same results; it was obvious that pSTAT3 mainly located in the nucleus, and the expression of pSTAT3 decreased with the increase in DHTS concentration (Figure 6C and D). These results suggest that DHTS inhibits the phosphorylation of STAT3. 

STAT3 knockdown promotes the activation of mitochondrial pathway in DHTS-treated ESCC cells
To clarify the role of STAT3 in DHTS-induced apoptosis, we constructed STAT3-knockdown ESCC cell lines. Western blot and RT-qPCR were used to detect the efficiency of STAT3 knockdown (Figure 7A-C). Western blot analysis showed that the level of pSTAT3 was consistent with that of STAT3 (Figure 7A). To verify the role of STAT3 in ESCC cells, cell lines with the best STAT3 knockdown efficiency were used in the following experiments. Hoechst 33258 staining showed that STAT3 knockdown not only induced apoptosis but also showed synergy with DHTS in both KYSE30 and Eca109 cells; STAT3 knockdown and DHTS treatment showed a significant pro-apoptotic effect (Figure 7D and E). Annexin PE/7-AAD staining showed the same results (Figure 7F and G). In addition, the expression proteins associated with the mitochondrial pathway were detected in STAT3-knockdown ESCC cells. In both KYSE30 and Eca109 cells, STAT3 knockdown increased the expression of pro-apoptotic proteins such as Bax, Cyt C, cleaved caspase 3, cleaved caspase 7, and cleaved caspase 9, while proteins associated with anti-apoptosis and survival, including Bcl2 and survivin, decreased significantly (Figure 8A and B). Furthermore, STAT3 knockdown and DHTS treatment led to a greater increase in pro-apoptotic proteins and greater decrease of anti-apoptotic proteins (Figure 8A and B). These results indicate that STAT3 knockdown promotes the pro-apoptotic effect of DHTS in KYSE30 and Eca109 cells.

STAT3 overexpression blocks the activation of mitochondrial pathway in DHTS treated ESCC cells
Although STAT3 knockdown promotes the activation of the mitochondrial pathway, we still cannot determine whether DHTS exerts antitumor effect through STAT3 for other molecules that may play a role in the process. To prove that STAT3 is involved in DHTS-induced apoptosis, STAT3-overexpressing ESCC cell lines were used to detect apoptosis-associated proteins. STAT3 overexpression efficiency was verified by Western blot and RT-qPCR (Figure 9A-C). Western blot analysis showed that the level of pSTAT3 was consistent with that of STAT3 (Figure 9A). Compared with ESCC cells without any treatment, STAT3 overexpression decreased the levels of pro-apoptotic proteins such as Bax, Cyt C, cleaved caspase 3, cleaved caspase 7, and cleaved caspase 9, while increased the levels of Bcl2 and survivin (Figure 9D and E), which means that STAT3 overexpression inhibited apoptosis. Meanwhile, the expression of pro-apoptotic proteins in DHTS treated STAT3-overexpressing cells was lower while the expression of anti-apoptotic proteins was higher than that in DHTS-treated control cells (Figure 9D and E), indicating that the pro-apoptotic effect of DHTS was blocked by STAT3 overexpression. All the results indicate that DHTS induces apoptosis through STAT3 in KYSE30 and Eca109 cells.

DHTS exerts antitumor effect in ESCC in vivo
Based on the data in vitro above, we further investigated the antitumor effect of DHTS on xenograft tumors in vivo. The transplanted tumors grew rapidly in the control group (1.047 ± 0.143 cm3) but were suppressed in the treatment group in a dose-dependent manner (0.364 ± 0.042 cm3 in the 5 mg/kg group, 0.270 ± 0.012 cm3 in the 10 mg/kg group, and 0.150 ± 0.030 cm3 in the 15 mg/kg group) (Figure 10A and B) (P < 0.05). The weight of tumors in the DHTS treatment groups also decreased in a dose-dependent manner (Figure 10C) (P < 0.05), while the body weight of mice in the four groups showed no difference during the treatment of DHTS (Figure 10D). Immunohistochemistry staining of tumors showed that the expression of Ki67 decreased significantly with the increase in DHTS dose (Figure 10E), proving that DHTS inhibited the proliferation of ESCC dose-dependently in vivo at the molecular level. Additionally, TUNEL assay of the tumors revealed more brown spots (which represent DNA fragments) in the DHTS treatment groups, indicating that cell apoptosis in the tumor increased significantly with the increase in DHTS dose (Figure 10F and G) (P < 0.05). Taken together, DHTS exerts antitumor effect in ESCC in vivo in a dose-dependent manner. 

DISCUSSION
ESCC is one of the most common cancers in south African countries and some Asian countries[22]. Although early detection and treatment have been gradually popularized, ESCC remains a great threat to patients[23,24]. For patients with advanced disease, chemotherapy is still needed. However, traditional fluoropyrimidine-based and platinum-based chemotherapies, as well as chemotherapies containing paclitaxel or docetaxel, are not perfect choices because of their severe adverse reactions and drug resistance[2], which leads to a poor clinical prognosis. Effective remedies are still urgently needed in the clinic.
DHTS, a natural lipophilic constituent, has been shown to exert antitumor effect in several cancers without obvious toxicity[10,11]. In the present study, we demonstrated that DHTS significantly inhibited the proliferation of ESCC cells and induced cell cycle arrest in the G0/1 phase in a dose-dependent manner. We further demonstrated that DHTS induced apoptosis via STAT3-mediated activation of the mitochondrial apoptotic pathway. Additionally, DHTS exerted antitumor effect in a xenograft tumor mouse model without decreasing the body weight of tumor-bearing mice, which is consistent with an earlier finding that DHTS treatment for 3 mo showed no significant toxicity, even at a high concentration[25]. All data suggest that DHTS is a promising novel agent for the treatment of ESCC.
Induction of cell cycle arrest has been proposed as an effective therapeutic approach for cancers[26,27]. Progression through G1 and entry into S-phase is tightly regulated by cyclin A/cyclin E–CDK2 complexes[28,29]. Cyclin D1 is also required for progression through the G1 phase of the cell cycle[30], while P21 may inhibit CDK activity through binding to the cyclin-CDK complex, inducing G1 phase arrest and blocking S phase entry[31]. In the present study, the expression of cyclin D1, cyclin A2, and cyclin E1 decreased and that of P21 increased after exposure to DHTS; the proportion of cells in the G1 phase increased, while that of cells in the S and G2/M phases decreased after DHTS treatment, which explains the antitumor effect of DHTS.
As a programmed form of cell death, apoptosis plays a pivotal role in cancer and therapies inducing cancer cell apoptosis have been proven to be effective strategies[32]. Apoptosis is induced through two main routes involving either the intrinsic mitochondrial pathway or the activation of death receptors (the extrinsic pathway)[33]. In the current study, DHTS treatment increased the expression of Bax while decreasing the levels of Bcl2. The Bax/Bcl2 ratio plays a vital role in determining mitochondrial membrane permeability and activation, which mediates the cell apoptosis process[34,35]. Activated Bax migrates to the outer membrane of mitochondria, which is the key step in initiating apoptosis. Moreover, Bax can also promote the release of Cyt C from mitochondria into the cytoplasm, while Cyt C is involved in the formation of apoptosomes[36]. Apoptosomes promote the activation of caspase 9, which in turn activates effector caspases, such as caspase 3 and caspase 7, which collectively orchestrate the execution of apoptosis[37,38]. Meanwhile, caspases may cause cell death by cleaving DNA repair enzymes such as PARP[39]. This is in line with our data showing that DHTS treatment activated the mitochondrial pathway. Moreover, survivin directly inhibits the activity of the caspase family to block the process of apoptosis induced by various stimulants[40,41], and our results indicated that DHTS treatment inhibited survivin in a dose-dependent way, which promoted the pro-apoptotic effect of DHTS. 
STAT3 has been reported as a key regulator of cell proliferation, survival, and apoptosis and is constitutively activated in many cancers[13,42,43]. It is a cytoplasmic transcription factor characterized by six functionally conserved domains, including the amino-terminal domain, the coiled-coil domain, the DNA-binding domain, the linker domain, the SRC homology 2 domain, and the carboxyl-terminal transactivation domain[44]. STAT3 maintains an inactive state in the cytoplasm in an unstimulated cell while becomes activated mainly by direct phosphorylation when there is stimulus. The phosphorylation induces dimerization of pSTAT3 and translocation of pSTAT3 dimer into the nucleus, and eventually execution of their nuclear functions[45]. Under physiological conditions, transient activation of STAT3 mediates cell proliferation, differentiation, apoptosis, survival, immune function, angiogenesis, and other important cellular processes in response to transcriptional signals from cytokines and growth factor[46]. However, STAT3 becomes hyperactivated in a variety of human cancers and is generally associated with a poor clinical prognosis[13,47,48]. Gathered evidence suggests that STAT3 hyperactivation occurs not only in cancer cells but also in immune cells and cancer-associated fibroblasts within the tumor microenvironment[49,50]. The hyperactivation of STAT3 in the tumor microenvironment may inhibit antitumor immunity through upregulation of immunosuppressive factors and downregulation of immune activation factors[51]. Furthermore, persistent activation of STAT3 is associated with resistance to chemotherapy and poor prognosis. Therefore, therapeutic strategies targeting the STAT3 signaling pathway has long been recognized as a new way for long-lasting and multilayered tumor control. Coincidentally, DHTS has been reported to exert antitumor effect via multiple mechanisms[11,12,26]. Therefore, we assumed that DHTS induced apoptosis in ESCC cells through STAT3. In this study, we found that DHTS inhibited the phosphorylation of STAT3 in a dose-dependent manner, which provides evidence for our hypothesis. To explore the relationship between DHTS and STAT3, cells with STAT3 knockdown and overexpression were constructed, and STAT3 knockdown significantly promoted the activation of the mitochondrial pathway induced by DHTS while STAT3 overexpression blocked the activation of the mitochondrial pathway induced by DHTS, which confirmed our hypothesis that DHTS may exert antitumor effect via STAT3-mediated activation of the mitochondrial pathway. Taken together, this study provides evidence that DHTS can exert antitumor effect via STAT3-mediated activation of the mitochondrial pathway, thus revealing the anticancer mechanism of the drug. 

CONCLUSION
In summary, our data experimentally showed that DHTS has potent antitumor activity against ESCC by reducing cell proliferation and inducing apoptosis in vitro and in vivo. We further identified that STAT3-mediated activation of the mitochondrial pathway contributes to the antitumor effect of DHTS in ESCC cells. Overall, our results strongly suggest that DHTS is a promising candidate for the treatment of ESCC, which may build a foundation for the clinical trials of this novel therapeutic agent.

ARTICLE HIGHLIGHTS
Research background
Esophageal squamous cell carcinoma (ESCC) is one of the most common malignancies with a poor prognosis. Dihydrotanshinone I (DHTS) has been reported to exert antitumor effect in cancer. However, the role of DHTS in ESCC remains unclear. 

Research motivation
This study investigated the role of DHTS in ESCC and the underlying mechanisms, and explored novel therapeutic agents for ESCC.

Research objectives
The aim of this study was to investigate the antitumor effect of DHTS in ESCC and the underlying mechanisms.

Research methods
CCK-8 assay was used to detect proliferation and cell cycle analysis was used to detect cell cycle in ESCC cells. Annexin V-PE/7-AAD double staining assay and Hoechst 33258 staining were used to detect apoptosis. Western blot was used to detect the expression of proteins associated with proliferation and the mitochondrial pathway. Immunofluorescence was used to detect the expression of phosphorylated STAT3 (pSTAT3) in DHTS-treated ESCC cells. ESCC cells with STAT3 knockdown and overexpression were constructed to verify the role of STAT3 in DHTS induced apoptosis. A xenograft tumor model in nude mice was used to evaluate the antitumor effect of DHTS in vivo.

Research results
After treatment with DHTS, the proliferation of ESCC cells was inhibited in a dose- and time-dependent manner. Moreover, DHTS induced cell cycle arrest in the G0/1 phase. Annexin V-PE/7-AAD double staining assay and Hoechst 33258 staining revealed that DHTS induced obvious apoptosis in KYSE30 and Eca109 cells. At the molecular level, DHTS treatment reduced the expression of pSTAT3 and anti-apoptotic proteins, while increasing the expression of pro-apoptotic proteins in ESCC cells. STAT3 knockdown in ESCC cells markedly promoted the activation of the mitochondrial pathway while STAT3 overexpression blocked the activation of the mitochondrial pathway. Additionally, DHTS exerted antitumor effect in a xenograft tumor mouse model.

Research conclusions
DHTS exerts antitumor effect in ESCC via STAT3-mediated activation of the mitochondrial pathway. DHTS may be a novel therapeutic agent for ESCC. 

Research perspectives
In the future, additional research will be carried out to further explore the important role of DHTS and whether DHTS treatment can be employed to improve the prognosis of ESCC patients.
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Figure Legends
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Figure 1 Dihydrotanshinone I inhibits proliferation of esophageal squamous cell carcinoma cells while showing no proliferation inhibition in normal esophageal epithelial cells. A-E: Cell viability of esophageal squamous cell carcinoma cells (KYSE30, Eca109, KYSE-450, and KYSE-510) and normal esophageal epithelial cells (Het-1A) after treatment with dihydrotanshinone I for 12 h, 24 h, and 36 h. DHTS: Dihydrotanshinone I.
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Figure 2 Dihydrotanshinone I induces cell cycle arrest in the G0/1 phase in esophageal squamous cell carcinoma cells. A and B: Cell cycle distribution after treatment with DHTS for 24 h in KYSE30 cells and Eca109 cells; C and D: Western blot analysis of proteins associated with the cell cycle in KYSE30 cells and Eca109 cells.  aP < 0.05 vs control. DHTS: Dihydrotanshinone I.
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Figure 3 Dihydrotanshinone I induces apoptosis in esophageal squamous cell carcinoma cells. A and B: Cell apoptosis analyzed using flow cytometry with annexin V-PE/7-ADD double staining in KYSE30 cells and Eca109 cells; C and D: Apoptosis-related morphologic changes in the cells detected using Hoechst 33258 staining in KYSE30 cells and Eca109 cells. aP < 0.05 vs control.
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Figure 4 Dihydrotanshinone I does not induce apoptosis significantly in normal esophageal epithelial cells. A and B: Cell apoptosis analyzed using flow cytometry with annexin V-PE/7-ADD double staining in Het-1A cells. aP < 0.05 vs control.
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Figure 5 Dihydrotanshinone I activates the mitochondrial pathway in esophageal squamous cell carcinoma cells. A and B: Bax and Bcl2 levels detected using Western blot and the ratio of Bax and Bcl2 calculated in KYSE30 cells and Eca109 cells; C and D: Proteins associated with the mitochondrial pathway detected using Western blot in KYSE30 cells and Eca109 cells.  aP < 0.05 vs control. 
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Figure 6 Dihydrotanshinone I inhibits the expression of phosphorylated STAT3 in esophageal squamous cell carcinoma cells. A and B: Levels of STAT3 and pSTAT3 detected using Western blot in KYSE30 cells and Eca109 cells; C and D: Expression and location of phosphorylated STAT3 detected by immunofluorescence in KYSE30 cells and Eca109 cells. pSTAT3: Phosphorylated STAT3.
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Figure 7 STAT3 knockdown promotes dihydrotanshinone I-induced apoptosis in esophageal squamous cell carcinoma cells. A: Knockdown efficiency of STAT3 and phosphorylated STAT3 identified using Western blot in esophageal squamous cell carcinoma cells; B and C: Knockdown efficiency of STAT3 identified using RT-qPCR in KYSE30 cells and Eca109 cells; D: Apoptosis-related morphological changes in STAT3 knockdown cells detected using Hoechst 33258 staining in KYSE30/sh-vector and KYSE30/shSTAT3 cells treated with 0.5 μmol/L DHTS; E: Apoptosis-related morphologic changes detected using Hoechst 33258 staining in Eca109/sh-vector and Eca109/shSTAT3 cells treated with 5 μmol/L DHTS; F: Cell apoptosis analyzed using flow cytometry with annexin V-PE/7-ADD double staining in KYSE30/sh-vector and KYSE30/shSTAT3 cells treated with 0.5 μmol/L DHTS; G: Cell apoptosis analyzed using flow cytometry with annexin V-PE/7-ADD double staining in Eca109/sh-vector and Eca109/shSTAT3 cells treated with 5 μmol/L. aP < 0.05.
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Figure 8 STAT3 knockdown synergizes with dihydrotanshinone I in the activation of the mitochondrial pathway in esophageal squamous cell carcinoma cells. A: KYSE30/sh-vector and KYSE30/shSTAT3 cells were treated with 0.5 μmol/L DHTS, and Western blot was performed to detect the levels of related proteins; B: Eca109/sh-vector and Eca109/shSTAT3 cells were treated with 5 μmol/L dihydrotanshinone I, and Western blot was performed to detect the levels of related proteins. 
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Figure 9 STAT3 overexpression blocks the mitochondrial pathway activated by dihydrotanshinone I in esophageal squamous cell carcinoma cells. A: Overexpression efficiency of STAT3 identified using Western blot in esophageal squamous cell carcinoma cells; B and C: Overexpression efficiency of STAT3 identified using RT-qPCR in KYSE30 cells and Eca109 cells; D: KYSE30/OE-vector and KYSE30/OE-STAT3 cells were treated with 0.5 μmol/L DHTS, and Western blot was performed to detect the levels of related proteins; E: Eca109/OE-vector and Eca109/OE-STAT3 cells were treated with 5 μmol/L DHTS, and Western blot was performed to detect the levels of related proteins. OE: Overexpression. aP < 0.05 vs control.
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[bookmark: _GoBack]Figure 10 Dihydrotanshinone I inhibits proliferation and induces apoptosis in esophageal squamous cell carcinoma in vivo. A: Morphology of the subcutaneous implanted tumors; B: Mean tumor volume at each time point; C: Tumor weight obtained at the end of the experiment; D: Recorded body weight of the mice; E: Immunohistochemistry detection of the expression of Ki67 in the tumor tissue; F and G: A TUNEL assay was performed to detect apoptotic cells in the tumor tissue. aP < 0.05 vs control.

Table 1 IC50 of dihydrotanshinone I in esophageal squamous cell carcinoma cells and normal esophageal epithelial cells
	
	Time of treatment
	IC50 (μmol/L)
	95 % CI (μmol/L)

	KYSE30
	12 h
	1.313
	0.962-1.675

	
	24 h
	0.697
	0.438-0.961

	
	36 h
	0.407
	0.219-0.607

	Eca109
	12 h
	9.750
	8.363-11.499

	
	24 h
	5.895
	3.766-9.633

	
	36 h
	2.279
	1.700-2.988

	KYSE450
	12 h
	18.890
	13.967-28.640

	
	24 h
	13.878
	10.287-20.148

	
	36 h
	9.196
	6.849-12.921

	KYSE510
	12 h
	13.962
	12.063-16.416

	
	24 h
	9.943
	7.675-13.496

	
	36 h
	6.325
	4.831-8.423

	Het-1A
	12 h
	778.956
	216.388-175793.136

	
	24 h
	758.751
	238.424-20168.744

	
	36 h
	632.324
	227.536-6313.869



image3.png
B Control

o
o
1
e 120
100
J #
o] 50
e b L T eo:

AR,

10 uM

40

20

percent population (%)

Control 2.5 uMIL 5 uMIL 10 uMIL
DHTS (uMIL)

e

o

o1

oSl (LA arve)




image4.png
KYSE30

Cyclin A2 Cyclin A2

Cyclin D Cyclin D

Cyclin E1 Cyclin E1

P21 P21

GAPDH GAPDH





image5.png
>

KYSE30

Ecat109

Control 0.25 yM

wie 3 o 3
oaoe e oso s
10° 10°
° ° o
H H H
, : H H
1 i g i
2 2 2
10 10!
10 10
FL2H: AmesinV-PE FL2H: Ao V-PE
Control 10 uM
10t {9 2 10* 10° 10t {91 @
or4e pr 1% 0% aam s
10° 10° 10°
TS . T o0? 3 10?
3 2 H
10 10! 10
10° 100 10°
10° 10

FL2H: Amexin V-PE FL2H: Amexin V-PE FL2 H: Amexin V-PE




image6.png
af: %
%
©

I32] &,
% (4
< oh Uy
CN
4

“
_.—vo«seo
o

———————
&% & = o

8 = 8 2
(%) 1192 anoydody

Control





image7.png
Eca109

60 a
s
45
o
3
8
g 3
2 2
g
£33
g 15
<
ol mum
> S
S
& o o





image8.png
FL3-H::7-AAD

Control

16 M

a1
0560%

10t
ra5% o52%

@
240%

a
1.99%

@
5034

328

Apoptotic cells (%)

12

Het-1A




image9.png
KYSE30

KYSE30 . control

25
T mmo025 M
. 20 BN 05 M
E-1
%5 1.0 M
~
K
% 1.0
g
o
0.5:
0.0
S
¥
N
25 I control
w25 M
2.0 3
T mm5uM
a 10uM

o

Bax/bcl2 ratio
5





image10.png
CytC

Cleaved Caspase 3
Cleaved Caspase 7
Cleaved Caspase 9
Survivin

GAPDH

Cleaved Caspase 3

Cleaved Caspase 7
Cleaved Caspase 9
Survivin

GAPDH





image11.png
2
\\b
4,
Q«o.
N
%,
,w«\OO
e g &
< < &
=oEF
® @ o
m 601e03
Wy
%
\V
\\«0.
o
2,
s,
4
%,
%%
)

STAT3
pSTAT3
GAPDH

0€3SAM
<




image12.png
o  lonuod Wri gzo W g0 Wi oL





image13.png




image14.png
Eca109

(8}

KYSE30

N @2 @ o 9
< 3 3 & 3
uoissaidxa YNNI aAyeleY

N b3 @ i >
¢ 3 g 3 32
Uoissaidxe YN¥W aABRIY

pSTAT3
GAPDH

STAT3
pSTAT3

GAPDH

0€3SAM 601E93




image15.png
KYSE30
D

sh-vector sh-vector+DHTS

KYSE30

Apoptotic cells (%)

shSTAT3 ShSTAT3+DHTS

Eca109

Apoptotic cells (%)





image16.png
m

KYSE30

9}

Ef:a1 29

sh-vector

sh-vector+DHTS

sShSTAT3 shSTAT3+DHTS
10 - w0
e
10° 10
H g, F
b i i
2 2 2
o' o'
@
10" A% 10°
0
FL2 M A v FL2 s A VP [ —— FL24: A VP
sh-vector sh-vector+DHTS shSTAT3 ShSTAT3+DHTS
10! 10
10* 0°
F F 2
W 1

FL2H: Amesin V-PE

KYSE30
l+|
50, —i
a
fao| —2—
%M
2
820
H
(ﬂﬂl
Eca109
L)
8 a
oo ——
gw
3
Ezn
2





image17.png
A KYSE30
shSTAT3 — — + +

DHTS _ + - +
STAT3
pSTAT3
Bol 2

Bax

Cleaved Caspase 3
Cleaved Caspase 7
Cleaved Caspase 9
cytc

Survivin

GAPDH

shSTAT3
DHTS

STAT3
pSTAT3

Bel 2

Bax

Cleaved Caspase 3
Cleaved Caspase 7

Cleaved Caspase 9

CytC

Survivin

GAPDH

— + - +





image18.png
Relative mRNA expressionm

L
o

&
o

@
o

o

e
o

KYSE30 c

©

>

Relative mRNA expression
N s

°





image19.png
D KYSE30

OESTAT3 — +
DHTS

+

|
+
|
+

STAT3
pSTAT3

Cleaved Caspase 3

Cleaved Caspase 7

Cleaved Caspase 9
CytC

Bax

Bcl 2

Survivin

GAPDH

E Eca109

OESTAT3 - -+ +

DHTS - + - +
STAT3
pSTAT3

Cleaved Caspase 3
Cleaved Caspase 7
Cleaved Caspase 9
CytC

Bax

Bcl 2

Survivin

GAPDH




image20.png




image21.tiff
D body weight
@?1.2 e control 1.0 28+ -e-control
§ro] = tow S 8 —26 -a-5mglkg
@gg] -+ medium E 2 - 10 mglkg
g™ ) =) =
£ = high 2.6 <, 24 -+ 15 mglkg
206 z ]
= H
5 S 0.41 224
g% a £ - g
=] a g 74 m 204
=02 a 0.2 2 a 20
0.0 -
—r—r 0.0 18 r——r—r
0 2 4 6 8 10 12 14 16 18 S S S !
« G NS 0 6 8 10 12 14 16 18
days (.6‘\ & ) days





image22.png
® .-
== Fhsi 2.

©





image23.tiff
D

.
.

-
-

e

-

.
.
.
N
.
.
N
.
.
N
.
.





image1.png
>

g
z

100

80;

60;

KYSE-30 B ECA-109 c KYSE-450
100. 100,
- 12h o 12h - 12h
= 24h gsu - 24n gsu - 24h
~+ 36h . h 260 -+ 36h
3
S 20
o+
4 6 8 10 5 1 15 20 25 30 35 5 10 15 20 25 30 35
DHTS (uMIL) DHTS (uMIL) DHTS (uMIL)
KYSE-510 Het-1A
D 100 E 100
- 12h
5 8 = 24h g0
Z 60 =+ 36h Z 80
3 - 12h
S w 70 - 24h
8 2 60. -+ 36h
0 50
5 10 15 20 25 30 35 0 10 20 30 40 50 60 70

DHTS (uMIL)

DHTS (uMIL)




image2.png
AT

KA A

T N

e

1.

Control

0.5uM

0.25 uM

1.0 uM

percent population (%)

60
40

KYSE30

Control 0.25 ML 0.5 uMIL 1.0 pMIL
DHTS (iMIL)




