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Dihydroartemisinin Sensitizes Esophageal Squamous Cell Carcinoma to Cisplatin by Inhibiting Sonic Hedgehog Signaling
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Platinum-based regimens have been routinely used in the clinical treatment of patients with esophageal squamous cell carcinoma (ESCC). However, administration of these drugs is frequently accompanied by drug resistance. Revealing the underlying mechanisms of the drug resistance and developing agents that enhance the sensitivity to platinum may provide new therapeutic strategies for the patients. In the present study, we found that the poor outcome of ESCC patients receiving platinum-based regimens was associated with co-expression of Shh and Sox2. The sensitivity of ESCC cell lines to cisplatin was related to their activity of Shh signaling. Manipulating of Shh expression markedly changed the sensitivity of ESCC cells to platinum. Continuous treatment with cisplatin resulted in the activation of Shh signaling and enhanced cancer stem cell-like phenotypes in ESCC cells. Dihydroartemisinin (DHA), a classic antimalarial drug, was identified as a novel inhibitor of Shh pathway. Treatment with DHA attenuated the cisplatin-induced activation of the Shh pathway in ESCC cells and synergized the inhibitory effect of cisplatin on proliferation, sphere and colony formation of ALDH-positive ESCC cells in vitro and growth of ESCC cell-derived xenograft tumors in vivo. Taken together, these results demonstrate that the Shh pathway is an important player in cisplatin-resistant ESCC and DHA acts as a promising therapeutic agent to sensitize ESCC to cisplatin treatment.
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INTRODUCTION

Esophageal cancer with esophageal squamous cell carcinoma (ESCC) as its main histological type is the eighth most common form of cancer worldwide, and has been demonstrated to be one of the most difficult malignancies to be cured (Arnold et al., 2015). Platinum-based chemotherapy is commonly used for the treatment of patients with unresectable ESCC (Nakajima and Kato, 2013; Rubenstein and Shaheen, 2015). However, the treatment efficacy is diminished duo to the occurrence of platinum resistance (Galanski, 2006; Aichler et al., 2014). Insight into the molecular underpinnings of platinum resistance would benefit the development of novel therapeutic strategies for ESCC patients. Recently, several molecules or signaling pathways have been reported to be involved in the platinum resistance, including sirtuin type 1 (SIRT1) (Cao et al., 2015), multidrug resistance protein 2 (MRP2) (Yamasaki et al., 2011), 14-3-3σ (Lai et al., 2016), leptin and AKT signaling (Bain et al., 2014; Li et al., 2014). Nevertheless, none of them has been used as an indicator to predict the response to platinum or a target to sensitize cancer cells to platinum for patients with ESCC in clinical practice.

Sonic hedgehog (Shh) signaling plays an important role in embryonic development, cell proliferation, tissue polarity, and carcinogenesis (Merchant, 2012; Athar et al., 2014). Once Shh protein binds to its receptor patched 1 (PTCH1), smoothened (SMO) is released from the inhibitory combination of PTCH1 and activates downstream Gli transcriptional factors (Glis). So the target genes of Glis were activated, including SOX2 (Rimkus et al., 2016) and PTCH1 (Xie et al., 1998). It has been well demonstrated that the activation of Shh signaling was involved in the development and progression of many types of cancer (Cui et al., 2010; Yoo et al., 2011; Wang et al., 2012; Duan et al., 2015), including ESCC (Berman et al., 2003; Yang et al., 2012). Moreover, the critical roles of Shh pathway in maintaining cancer stem cells (CSCs) and drug resistance have also been well-illustrated (Chase et al., 2010; Zahreddine et al., 2014; Rimkus et al., 2016). Thus, Shh signaling might also been involved in platinum resistance in ESCC.

Dihydroartemisinin (DHA) is a derivative of artemisinin isolated from a traditional Chinese medicine Artemisia annua, and has been used as classical antimalarial drug worldwide. In the recent years, DHA has also been reported to have anti-cancer properties in several types of cancer, including ESCC (Efferth, 2017a; Luo et al., 2019). Moreover, it has been reported that DHA can sensesize cisplatin to cisplatin-resistant ovarian cancer cells by inhibiting mTOR (Feng et al., 2014). DHA exerts anti-tumor effects in a multi-specific manner, in which it inhibits important tumor-related signaling pathways, such as Wnt/β-catenin, AMPK, PI3K/AKT, and so on (Efferth, 2017a). However, whether DHA could reverse cisplatin resistance in ESCC and its underlying mechanism need to be elucidated.

In this study, we demonstrated that Shh pathway was a key player of the cisplatin resistance in ESCC and DHA could inhibit Shh pathway to sensesize ESCC to cisplatin, suggesting that DHA may serve as a promising agent combined with cisplatin in ESCC treatment.



MATERIALS AND METHODS


Cell Lines and Cell Culture

Human ESCC cell lines TE-1, EC109, and KYSE150 were obtained from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Human ESCC cell line KYSE510 was obtained from German Collection of Microorganisms and Cell Cultures (Germany). All cells were routinely cultured in RPMI-1640 or MEM medium supplemented with 10% fetal bovine serum (FBS) and maintained at 37°C in 5% CO2 and 100% humidity. For continuous treatment cells, the 1/2 and 1/4 IC50 concentrations of cisplatin were continuously given to cell lines for 2–3 weeks, and then cells were collected for next investigation.



Patients and Tissue Specimens

A total of 59 ESCC patients who received platinum-based regimens were enrolled between Jan 2006 and Dec 2007 from Southwest Hospital (Chongqing, China). The enrolled patients met the following eligibility criteria: histological or cytological confirmation of esophageal squamous cell carcinoma, presence of measurable disease, no second malignancies, and availability of adequate diagnostic tumor tissues. The clinicopathologic features of these patients are summarized in Supplementary Table S1. Overall survival (OS) was defined as the time between the onset of chemotherapy and the date of the last follow up or death from any cause. Ethical oversight and approval were obtained from the Institutional Review Board of Southwest Hospital, and written informed consent was obtained from all patients.



Immunohistochemistry

Immunohistochemical staining was performed on formalin-fixed, paraffin-embedded ESCC sections (4μm) using Dako REALTM EnVisionTM detection System (Code K5007; Dako, Glostrup, Denmark) as previously described (Liu et al., 2017). Briefly, the sections were pretreated by 0.3% H2O2 and antigen retrieval was performed according to the manufacturer’s instructions. The slides were incubated with mouse anti-human Shh (1:100; Cell Signaling Technology, United States) or Sox2 (1:100; Cell Signaling Technology, United States) at 4°C overnight. The secondary antibody (1:400; Jackson ImmunoResearch, United States) was added for incubation at 37°C for 30 min. All slides were evaluated independently by two pathologists in a blind manner. The intensity of immunohistochemical staining and the proportion of positively stained tumor cells was evaluated as previously described (Liu et al., 2017). Briefly, the staining intensity was scored with “0” (no staining), “1” (weakly positive), “2” (moderately positive), and “3” (strongly positive). The staining average percentage of positive cells was scored as: 0 = 0%, 1 = 1–25%, 2 = 26–50%, 3 = 51–75%, and 4 = 76–100%. The expression levels of detected proteins were reported by multiplication of staining density and average percentage of positive cells. It was defined as high expression if calculation of the scores more than 4 or 2 for Shh and Sox2, respectively, and the cut-off was derived from X-tile analysis, other tumor tissues were considered as low expression.



Compounds and Reagents

Dihydroartemisinin (DHA) and cisplatin (CDDP) were obtained from Sigma, United States. These agents were dissolved in DMSO to 100 mM and stored at −20°C. Before treatment, the stock solution was diluted to different concentrations. The final concentration of DMSO in cultures was 0.1% (v/v) or less. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was purchased from Sigma, United States. The primary antibodies against Shh, PTCH1, Gli1, Nanog, Sox2, Oct4, P-gp, ALDH1A1, Tubulin, and β-actin were listed in Supplementary Table S2.



Cell Viability Assay

The in vitro cell viability was determined by MTT assay. The cells (/mL) were seeded into 96-well culture plates at 5 × 103 cells/well in 100 μL DMEM containing 10% FBS. After incubation overnight, the cells were treated with various concentrations of agents for 48 h. Then 10 μL MTT solution (2.5 mg/mL in PBS) was added to each well, and the plates were incubated for an additional 4 h at 37°C. After centrifugation (2,500 rpm, 10 min), the medium with MTT was aspirated, and replaced with 100 μL DMSO. The optical density of each well was measured at 570 nm with a Molecular Devices M5 Reader.



Transient Transfection

For transiently silencing Shh, the Shh Silencer Select Validated siRNA was purchased from Life Technologies, United States (Catalog #AM16708). For overexpression of Shh, human Shh full-length cDNA was cloned into the pCMV expression vector. The Shh siRNA and pCMV-Shh (2 μg/μL) was transiently transfected into TE-1 or KYSE-510 cells by Lipofactamine 2000 (Invitrogen) according to the manufacturer’s instructions. Transfection efficiency was verified by western blotting.



ALDEFLUOR Assay and Flow Cytometry

An ALDEFLUOR kit (Stem Cell Technologies, Canada) was used to isolate tumor cells with ALDH enzymatic activity according to the manufacturer’s instruction. Briefly, ESCC cells were suspended in ALDEFLUOR assay buffer containing ALDH substrate, then treated with BODIPY-aminoacetaldehyde (BAAA) and incubated for 40min at 37°C. Diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, was used as a negative control. 7-Amino-actinomycin D (7-AAD) staining solution (BD Pharmingen, United States) was used to exclude dead cells. Cells with intact plasma membranes were sorted for experiments.



Western Blot Analysis

ESCC cells or FACS-sorted ALDHhigh cells were gathered after pre-treatment for the indicated time periods as described previously (Liu et al., 2017). Western blotting was performed as previously described (Wang et al., 2014). Briefly, equal amounts of total protein extracts from cultured cells or tissues were fractionated by 8–12% SDS-PAGE and then electrically transferred onto polyvinylidene difluoride (PVDF) membranes. Mouse or rabbit primary antibodies and appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies were used to detect the designated proteins. The bound secondary antibodies on the PVDF membrane were reacted with ECL detection reagents (Pierce; Rockford, United States) and detected by a ChemiDocXRS system (Bio-Rad). β-actin or Tubulin were used as loading control.



Quantitative RT-PCR Analysis

Total RNA was isolated from cells using RNeasy Mini Kits (Qiagen) as described in the product insert. The RNA was reverse transcribed with RevertAid First Strand cDNA Synthesis Kits (Thermo Fisher Scientific) and PCR was done using iQ SYBR Green Supermix and the CFX96 Real-Time PCR Detection System (Bio-Rad). Primers used in this study were listed in Supplementary Table S3. The expression of each gene was determined using the 2–ΔΔCT method. Results were normalized against GAPDH. All experiments were performed in triplicate, and results were plotted as the mean ± s.d.



Real-Time Cell Analysis (RTCA)

The RTCA assay was performed as previously described (Wang et al., 2015). A chemotactic signal for movement was provided by inoculating 30,000–50,000 TE-1 cells in serum-free medium in the upper chamber and supplying RPMI-1640 with 10% FBS in the lower chamber. Cell index (electrical impedance) was monitored every 5 min for the duration of the experiment. The cell index represents the capacity of cell migration, and the slope of the curve was related to the migration velocity of tumor cells.



Colony Formation Assay

One hundred viable FACS-sorted ALDHhigh TE-1 cells per well were seeded in each well of 24-well plates and cultured in DMEM containing 10% FBS. After incubation for 2 weeks, the colonies were stained with crystal violet and the colonies containing more than 50 cells were counted.



Tumorsphere Formation Assay

FACS-sorted ALDHhigh cells were seeded in 6-well ultra-low attachment plates (Corning, NY) at 500 cells/well with or without the indicated treatments in serum-free DMEM/F-12 medium supplemented with B27 (1×, Invitrogen), 20 ng/mL human recombinant bFGF (PeproTech), 20 ng/mL EGF (PeproTech), 10 ng/mL leukemia inhibitory factor (Chemicon) and 4 U/L insulin (Sigma). After culture for 2 weeks, spheres were counted under a phase contrast microscope, and pictures were taken by AF6000 and DFC350FX (Leica).



Immunofluorescence Confocal Microscopy

FACS-sorted ALDHhigh cells were seeded on cover slides and cultured in DMEM containing 10% FBS for 7 days with or without treatment. The cells were then fixed and blocked by preimmune goat serum. Primary mouse anti-human Gli1 (1:100, Cell Signaling, United States) was added to the cells and incubated at 4°C overnight. Secondary goat anti-mouse IgG conjugated with Cy5 (1:500, Cell Signaling, United States) was added to the cells and incubated at 37°C for 30 min. DAPI was used to stain the nuclei. Cells were then observed under laser confocal microscopy (Zeiss, Germany).



Determination of Combination Index

TE-1 or KYSE-510 cells were treated with different concentrations of DHA alone, cisplatin alone, or the two agents in combination. The cell viability was measured by MTT assay. The nature of the drug interaction was analyzed by using the combination index (CI) according to the method of Chou and Talalay (1984). A CI value lower than 0.90 indicates synergism; a CI value between 0.90 and 1.10 indicates an additive effect; and a CI value higher than 1.10 indicates antagonism. Data analysis was performed using Calcusyn software (Biosoft, Oxford, United Kingdom).



Mouse Xenograft Tumor Study

For tumorigenesis assessment, viable TE-1 cells (1 × 106/100 μL PBS per mouse), as confirmed by trypan blue staining, were subcutaneously injected into the right flank of 7- to 8-week-old female BALB/c mice. When the average tumor volume reached 100 mm3, the mice were randomly divided into four treatment groups, including control (saline only, n = 4), DHA (25 mg/kg/5 days/week, i.p.; n = 4), CDDP (4 mg/kg/week, i.p.; n = 4), and the combination (n = 4). The dosage of CDDP and DHA was designed based on the clinical equivalent dose. Tumor size was measured once every 3 days with a caliper (calculated volume = shortest diameter2 × longest diameter/2). The body weight was also measured once every 3 days to assess gross toxicity. After 35 days, the mice were sacrificed and the tumors were excised and stored at −80°C until western blot analysis. These studies were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Shenyang Pharmaceutical University.



Statistical Analysis

Differences between experimental groups were evaluated by one-way ANOVA with Turkey’s post-hoc test using the SPSS11.5 software package for Windows (SPSS, Chicago, IL). Survival curves were constructed using the Kaplan–Meier method. Statistical significance was based on a P-value of 0.05 (P < 0.05, two-tailed test).




RESULTS


Activation of the Shh Pathway Is Associated With Poor Outcome of ESCC Patients Receiving Platinum-Based Regimens

In order to investigate whether the activation of Shh signaling was correlated to platinum resistance of ESCC, we first used immunohistochemistry (IHC) to measure the expression of Shh and Sox2, where Shh is a ligand and Sox2 is a target in canonical Shh signaling (Rimkus et al., 2016), in paraffin-embedded tumor tissues from 59 ESCC patients who were treated with platinum-based regimens. The Shh protein was mainly detected in the membrane and cytoplasm and Sox2 staining was mainly existed in nuclei in ESCC cells (Figure 1A). The cases with high expression of Shh and Sox2 were 26/59 (44.1%) and 25/59 (42.4%), respectively. The cases with both Shh and Sox2 high expression were 18/59 (30.5%). There was a positive relationship between Shh and Sox2 expression (P < 0.05, Figure 1B). Analysis of the relationship between expression of Shh and Sox2 and overall survival (OS) of the patients showed that the expression of Shh was marginally related to the OS of platinum-treated ESCC patients (P = 0.07, Figure 1C left), whereas Sox2 showed a significant correlation with the patients’ OS (P = 0.03, Figure 1C middle). Importantly, we found that both Shh and Sox2 high expression group was much more strongly correlated with poor prognosis than the “other” group included either single- or double-lower Shh and Sox2 (P = 0.002, Figure 1C right). Taken together, these results suggest that the activation of Shh signaling is involved in efficacy of platinum-based treatments in ESCC patients.
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FIGURE 1. The expression of Shh and Sox2 in ESCC tissues derived from platinum-treated patients and its relationship with prognosis of the patients. (A) The representative images of immunohistochemistry staining for Shh and Sox2 proteins in ESCC tissues. (B) The correlation between Shh and Sox2 expression in ESCC. (C) Kaplan–Meier estimated overall survivals of platinum-treated ESCC patients according to expression levels of Shh or/and Sox2 in ESCC tissues.




The Activation of Shh Signaling Is Correlated With the Response of ESCC Cells to Cisplatin

To further confirm the correlation between Shh signaling and platinum sensitivity, we measured the expression levels of Shh and PTCH1, which is both a receptor and a downstream transcriptional target of Shh signaling, and the cytotoxic effect of cisplatin (CDDP) in four ESCC cell lines. TE-1 and EC109 cells expressed Shh and PTCH1 at a relatively higher levels than that in KYSE510 and KYSE150 cells (Figure 2A), suggesting that TE-1 and EC109 cells had a higher innate Shh signaling activity than that of KYSE510 and KYSE150 cells. In accordance with the expression levels of Shh and PTCH1, the IC50 values of TE-1 and EC109 cells on cisplatin were significantly higher than that of KYSE510 and KYSE150 cells, implying that the Shh signaling activity was negatively correlated with the sensitivity of ESCC cells to cisplatin (R = 0.9; Figure 2B). These results were confirmed by manipulating the expression of Shh in ESCC cells. Transient transfection with siRNA targeted Shh markedly reduced the expression of Shh and PTCH1 (Figure 2C left upper panel) and significantly increased cisplatin-induced cytotoxicity (Figure 2C left lower panel) in TE-1 cells. Inversely, overexpression of Shh in KYSE510 cells resulted in a significant upregulation of PTCH1 expression (Figure 2C right upper panel) and reduction of cisplatin-induced cytotoxicity (Figure 2C right lower panel). These results suggest that the Shh pathway plays a key role in the sensitivity of ESCC cells to cisplatin.
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FIGURE 2. The relationship between the Shh signaling pathway and the sensitivity to cisplatin in ESCC cell lines. (A) The expression of Shh and PTCH1 in ESCC cell lines. (B) The correlation between PTCH expression level and sensitivity to cisplatin (CDDP) in ESCC cell lines. IC50 values were determined by the MTT method after treatment with CDDP for 48 h. (C) The effect of manipulating Shh expression on the cytotoxicity of CDDP in TE-1 and KYSE510 cells. The cells were transfected with specific siRNA in TE-1 cells (left panel) or pCMV-Shh vector in KYSE510 cells (right panel) for 48 h, and then treated with different concentrations of CDDP for another 48 h. All error bars are s.e.m. *P < 0.05, compared with control group.




Continuous Cisplatin Treatment Activates Shh Signaling and Induces Cancer Stem-Like Properties in ESCC Cells

To further clarify the linkage of cisplatin resistance to the activation of Shh signaling pathway, we continuously treated ESCC cells with cisplatin to observe the activation status of Shh pathway in TE-1 and KYSE510 cell lines. As shown in Figure 3A, continuous cisplatin treatment resulted in a significant nuclear translocation of Gli1 in TE-1 and KYSE510 cells, which represented the activation of Shh signaling. Consistent with the activation of the Shh pathway, the expression of the downstream transcriptional target PTCH1 was markedly increased at the mRNA and protein levels in both cell lines (Figures 3A,B). It is well known that Shh signaling is involved in the maintenance of cancer stem cell (CSC) traits, such as self-renewal and drug resistance (Ruiz i Altaba et al., 2002). Thus, we next observed the effect of continuous treatment of cisplatin on CSC properties. The results showed that continuous cisplatin treatment induced the upregulation of CSC related transcription factors, including Nanog, Sox2, and Oct4 in TE-1 cells (Figure 3C) and increased the proportion of ALDH1 positive cells, i.e., ESCC stem cells (Yang et al., 2014; Figure 3D). Cisplatin-treated TE-1 cells also showed enhanced tumor sphere formation (Figure 3E) and increased migration capability (Figure 3F). These results indicate that continuous exposure of ESCC cells to cisplatin lead to the activation of Shh signaling and the accumulation of ESCC stem cells.
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FIGURE 3. The effects of cisplatin on activation of the Shh pathway and related biological functions. (A) The protein expression of Gli1 (nuclear and cytoplasmic) and PTCH1 in TE-1 and KYSE510 cells continuously treated with cisplatin (CDDP). Histone3 and β-actin expression were used as nuclear and total loading controls, respectively. (B) The mRNA expression of PTCH1 in TE-1 and KYSE510 cells continuously treated with CDDP. GAPDH expression was used as a control. *P < 0.05, compared with control group cells. (C) The expression of the cancer stem cell-related transcription factors Nanog, Sox2, and Oct4 in TE-1 cells after continuous exposure to CDDP. β-actin expression was used as a loading control. (D) The percentages of ALDH1 positive cells in TE-1 cells after continuous exposure to CDDP. (E) Sphere formation after continuous exposure to CDDP in TE-1 cells. *P < 0.05, compared with control group. (F) The effect of continuous exposure to CDDP on cell migration in TE-1 cells.




Dihydroartemisinin Suppresses the Activation of Shh Pathway and Attenuates the Cancer Stem-Like Traits in ESCC Cells

Dihydroartemisinin (DHA, Figure 4A), a sesquiterpene lactone isolated from the traditional Chinese herb Artemisia annua, was reported to have antitumorigenic properties and has been tested in clinical trials as a new agent to treat various cancers (Odaka et al., 2014; Lucibello et al., 2015; Qin et al., 2015). We treated TE-1 cells with DHA and found that it significantly inhibited nuclear translocation of Gli1 (Figure 4B) and downregulated the transcription of the Shh target genes PTCH1 and MDR1 (Figure 4C). These results suggest that DHA might be a novel inhibitor of the Shh signaling pathway in ESCC cells. So we further observed whether overexpressing Shh would affect the roles of DHA in TE-1 cells. As shown in Figure 4D, overexpression of Shh significantly attenuated the DHA-induced cytotoxicity (P < 0.05), implying that the Shh signaling pathway was an important target of DHA in ESCC cells. Since Shh signaling is a classical cancer stem cell-related pathway, so we next examined whether DHA could affect the property of cancer stem cells. As shown in Figure 4E, DHA decreased the expression level of the stem cell-related transcription factors Sox2 and Oct4 in TE-1 cells. Furthermore, flow cytometry assay data indicated that DHA treatment also decreased the proportion of ALDH1 positive cells in TE-1 cells (Figure 4F). These results identify DHA as a novel inhibitor of the Shh pathway with the ability to suppress the cancer stem-like properties in ESCC cells.
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FIGURE 4. The effects of DHA on activation of Shh pathway and stemness in ESCC cells. (A) The structure of DHA. (B) The effect of DHA at 2 μM (low concentration, DHA-L) and 20 μM (high concentration, DHA-H) on expression of Gli1 in the nucleus and cytoplasm in TE-1 cells. Histone3 and β-actin expression were used as nuclear and total loading controls, respectively. (C) The effect of DHA on the expressions of PTCH and MDR1 at mRNA level in TE-1 cells. *P < 0.05, compared with DMSO treated group cells. (D) Effect of DHA on the viability of TE-1 cells with or without Shh overexpression vector transfection. The cells were transfected with Shh overexpression or mock vector (control) for 48 h, and then treated with different concentrations of DHA for another 48 h. (E) The effects of DHA on the expression of Sox2 and Oct4 proteins in TE-1 cells. β-actin expression was used as a loading control. (F) The effect of DHA on the proportion of ALDH1 positive cells in TE-1 cells. All error bars are s.e.m. *P < 0.05, compared with control group.




The Combination of Dihydroartemisinin and Cisplatin Synergistically Suppress the Cell Proliferation and the Stem Cell Properties in ESCC Cells

We next assessed the growth inhibitory effect of DHA in combination with cisplatin on ESCC cells. In TE-1 cells, which have high innate Shh signaling activity, the combination of DHA and cisplatin suppressed proliferation more effectively than DHA or cisplatin alone (Figure 5A). Combination analysis showed that DHA/cisplatin together led to a strong synergistic antiproliferative effect on TE-1 cells with a minimal combination index (CI) of 0.506 (Figure 5B). However, in KYSE-510 cells, which have lower innate Shh activity, the combination of DHA and cisplatin did not have a synergistic antiproliferative effect (minimal CI = 1.411; see Supplementary Figure S1). The above results demonstrate that the synergistic effect of DHA and cisplatin is associated with the Shh signaling activity in ESCC cells.
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FIGURE 5. The effects of DHA, cisplatin, and their combination on cell viability and sphere and colony formation. (A) Growth curves of TE-1 cells after treatment with DHA, cisplatin (CDDP), and their combination. (B) Analysis of the combination of DHA and CDDP in TE-1 cells. The cells were treated by using various concentrations of DHA and CDDP, either alone or in a fixed ratio for 48 h. The combination index was analyzed using the Calcusyn program. (C) Representative images for sphere formation of ALDH + TE-1 cells after treatment with DHA, CDDP, and DHA + CDDP at designated concentrations for 24 h. (D) Bar graph of sphere formation efficiency of ALDH + TE-1 cells after treatment with DHA or/and CDDP. *P < 0.05, compared with DMSO treated group. (E) Representative images of colony formation of ALDH + TE-1 cells after treatment with DHA, CDDP and DHA + CDDP at designated concentrations for 24 h. (F) Bar graph of colony formation efficiency of ALDH + TE-1 cells after treatment with DHA or/and CDDP. *P < 0.05, compared with DMSO treated group.


In view of the relationship between Shh signaling and the cancer stem cell property, we further verified the synergistic effect of DHA and cisplatin on ESCC stem cells. As shown in Figures 5C–F, cisplatin alone inhibited sphere and colony formation of ALDH + TE-1 cells. In comparison to cisplatin, DHA at equal effective concentrations (calculated by IC50) displayed an enhanced inhibitory effect. Importantly, the combination of DHA and cisplatin had an obvious synergistic anti-self renewal effect on ALDH + TE-1 cells, that is which exhibited stronger inhibitory effect on sphere and colony formation than DHA and cisplatin alone (Figures 5E,F). These results indicated that DHA and cisplatin synergistically inhibit the proliferation of bulk cells and the self-renewal of cancer stem cells in ESCC cells.

To further explore the effect of the cisplatin/DHA combination on ESCC stem cells, we analyzed the levels of cancer stem cell markers. The results showed that cisplatin alone upregulated the expression of Sox2, Oct4, and ALDH1A1 at the mRNA and protein levels. The combination of DHA and cisplatin inhibited the upregulation of Sox2, Oct4, and ALDH1A1 induced by continuous cisplatin treatment (see Supplementary Figures S2A,B). Taken together, our results indicate that the combination of DHA and cisplatin synergistically suppresses the ESCC stem cell properties.



DHA Enhances Cellular Enrichment of Cisplatin and Blocks Cisplatin-Induced Activation of Shh Signaling in TE-1 Cells

The reduction of drug accumulation in the cells is a common mechanism for anticancer drugs (Fletcher et al., 2016). Considering the synergistic action of DHA in combination with cisplatin, we next used HPLC to examine whether DHA could enhance the enrichment of cisplatin in TE-1 cells. As shown in Figure 6A, the cisplatin in cell culture medium was detected by HPLC as a clear peak. Incubation of TE-1 cells with DHA resulted in a 35.4% increase of cellular cisplatin (Figure 6B), which suggests that DHA promotes cellular enrichment of cisplatin. In order to further investigate the mechanisms underlying the synergistic action, we investigated the effect of cisplatin alone, DHA alone, or the cisplatin/DHA combination on Shh signaling. As shown in Figure 6C, cisplatin single treatment upregulated the mRNA levels of the Shh signaling target genes Gli1, PTCH1, and MDR1, a gene that promotes cisplatin efflux in ALDH + TE-1 cells, whereas these effects were completely blocked by DHA (Figure 6C). A similar pattern was also observed at the protein level. DHA in combination with cisplatin caused an obvious downregulation of PTCH1 and Pgp as compared to cisplatin single treatment (Figure 6D). We also assessed the nuclear location of Gli1 by using confocal microscopy. As shown in Figure 6E, cisplatin treatment led to the accumulation of Gli1 in nuclei, and this co-treatment with DHA blocked the nuclear translocation of Gli1 in TE-1 cells. The above data demonstrate that DHA synergistically enhances the anti-tumor effect of cisplatin in ESCC cells by blocking cisplatin-induced activation of Shh signaling.
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FIGURE 6. The effects of DHA on the cellular cisplatin content and cisplatin-induced activation of the Shh pathway. (A) Representative HPLC trace showing the cisplatin (CDDP) peak. (B) Analysis of the cellular concentration of CDDP in TE-1 cells with or without DHA. (C) The expression of Gli1, PTCH1, and MDR1 mRNAs in ALDH + TE-1 cells after treatment with DHA (11.25 μM) or/and CDDP (1.25 μM) for 24 h. ∗P < 0.05, compared with CDDP treated group. (D) The expression of PTCH1 and P-gp proteins in ALDH + TE-1 cells after treatment with DHA (11.25 μM) or/and CDDP (1.25 μM) for 24 h. Tubulin expression was used as a loading control. (E) The effect of DHA or/and CDDP on Gli1 nuclear translocation in ALDH + TE-1 cells. ∗P < 0.05 for DHA plus CDDP compared with the DMSO plus CDDP.




DHA Combined With Cisplatin Synergistically Retards Tumor Growth in vivo by Inhibiting Shh Signaling

Next we assessed the effects of the combination strategy of DHA and cisplatin in vivo. BALB/c nude mice bearing TE-1 xenografts were treated with cisplatin, DHA, or cisplatin plus DHA. As shown in Figure 7A, cisplatin or DHA single administration resulted in a moderate inhibition of tumor growth, with inhibition rates of 56.8 and 43.6%, respectively. Compared to the single treatments, cisplatin plus DHA treatment displayed a much more obvious inhibition of tumor growth (inhibition rate 84.2%), which confirmed our in vitro results. Additionally, the gross toxicity data showed that cisplatin group had a significant decrease in the body weights of the mice, whereas DHA group had not, as compared to control group. Importantly, the body weights of mice treated with the combination of cisplatin and DHA showed a weak increase when compared with cisplatin alone (Figure 7B). The effects of DHA, cisplatin and the combination of cisplatin and DHA on Shh signaling was confirmed by testing the expression levels of nuclear Gli1, PTCH1, and Sox2 in tumor cells obtained from xenografts (Figure 7C). Xenografts treated with cisplatin alone exhibited increased expression levels of nuclear Gli1, PTCH1, and Sox2, which suggests that Shh signaling was activated. However, treatment with the combination of cisplatin and DHA led to an inhibition of Shh activity. These results indicate that DHA combined with cisplatin synergistically retarded tumor growth by overcoming cisplatin-induced activation of Shh signaling in vivo.


[image: image]

FIGURE 7. The anti-tumor effect of DHA and cisplatin on TE-1-derived xenografts in mice. (A) The effect of administration of DHA alone, cisplatin (CDDP) alone or the DHA/CDDP combination on the tumor volumes. Tumor volumes are expressed as mean ± SD (n = 4 per group). (B) The average body weight of each group is expressed as mean ± SD (n = 4 per group). (C) The expression levels of nuclear Gli1, PTCH1, and Sox2 were detected by western blot. Proteins were extracted from the tumor tissues of mice in the four groups. The expression levels of nuclear Gli1, PTCH1, and Sox2 were detected by western blot. Proteins were extracted from the tumor tissues of mice in the four groups. (D) Schematic of the mechanism by which Shh pathway activation results in cisplatin resistance in ESCCs and reversing resistance by novel Shh pathway inhibitor DHA. All error bars are s.e.m. ∗P < 0.05 for DHA alone, CDDP alone or the combination treatment compared with the vehicle control. #P < 0.05 for the combination treatment compared with single administration of DHA and CDDP.





DISCUSSION

Platinum derivatives, the best known of which is cisplatin, are currently employed as a key component in the first-line standard of care for the clinical treatment of patients with ESCC (Nakajima and Kato, 2013; Rubenstein and Shaheen, 2015). Despite the unresolved issues regarding its mechanism of action, treatment with platinum-based drugs is generally associated with high rates of clinical response. However, accumulating evidence now suggests that malignant cells continuously exposed to cisplatin will activate adaptive responses that render them less susceptible to the antiproliferative and cytotoxic effects of the drug, and will eventually resume proliferation (Galluzzi et al., 2014). Therefore, the vast majority of cisplatin-treated ESCC patients are destined to experience the emergence of acquired cisplatin resistance and tumor recurrence.

Delineation of the molecular mechanisms whereby ESCC cells progressively lose their sensitivity to cisplatin will pave the way for rationally designed and hopefully long-lasting combinations of targeted therapies. In the present study, we found that the Shh signaling activity was increased in the tumors of platinum-treated ESCC patients with poor survival. Furthermore, the activation of Shh signaling was negatively correlated with the sensitivity of ESCC cell lines to cisplatin. Interestingly, continuous treatment of ESCC cells with cisplatin also resulted in the activation of Shh signaling along with the enhanced cancer stem cell property. Importantly, our results indicate that inhibition of Shh signaling by DHA could be a strategy to overcome acquired resistance to cisplatin. Overall, our results have important implications for clinical oncology and ESCC biology.

Feedback activation of oncogenic pathways is considered as an important mechanism to mediate acquired drug resistance in tumors. Recently, several studies have shown that feedback activation of oncogenic pathways is also involved in the cisplatin resistance in ESCC. Myers et al. (2015) reported that IGF signaling, together with the MAPK or PI3K/AKT signaling pathways, was activated in cisplatin-resistant ESCC patients, and inhibition of the IGF or/and MAPK and PI3K/AKT signaling pathways could sensitize ESCC cells to cisplatin. Based on clinical pathological and in vitro data, Sugimura et al. (2012) demonstrated that the interleukin-6/STAT3 prosurvival pathway was activated in ESCC cells by cisplatin treatment, and inhibition of that feedback pathway by let-7c restored sensitivity to cisplatin. Here, we found for the first time that the Shh signaling pathway was activated in cells continuously exposed to cisplatin compared to the parental cells, and this activation resulted in an enhanced migratory capability and cancer stem cell characteristics, which suggests a novel biological role of the Shh signaling pathway in cisplatin resistance. Furthermore, the relationship between Shh activity and outcome in cisplatin-treated ESCC patients implies that Shh pathway activity might serve as a predictive biomarker for cisplatin treatment.

Besides feedback activation of oncogenic pathways, the classical mechanisms of cisplatin resistance are widely recognized to include increased DNA repair, altered cellular accumulation of drug and increased drug inactivation (Amable, 2016). Here, we found that the Shh signaling pathway is involved in cisplatin resistance. Two lines of evidence suggest how Shh signaling may be linked to the classical resistance mechanisms. First, MDR1 is considered to be involved in the process of altered cellular cisplatin accumulation and increased cisplatin inactivation (Sims-Mourtada et al., 2007), and MDR1 is also recognized as a target gene of the Shh signaling pathway (Kudo et al., 2012). Consistent with previous reports, our results showed that inhibition of MDR1 expression by DHA enhanced the enrichment of cellular cisplatin. Secondly, Kudo and his co-workers demonstrated that inhibition of the Shh pathway by shRNA led to the downregulation of three genes essential to nucleotide excision repair (ERCC1, XPD) and base excision repair (XRCC1) (Kudo et al., 2012), which mediated cisplatin resistance by increasing DNA repair. These published results indicate that the Shh signaling pathway might also be involved in other cisplatin resistance mechanisms.

The essential role of the Shh signaling pathway in ESCC cisplatin resistance in our studies and the limitation of an FDA-approved Shh inhibitor prompted us to identify a novel Shh inhibitor. In the current study, we identified DHA as a novel inhibitor of the Shh signaling pathway. Our results indicated that DHA inhibits the nuclear translocation of Gli1, one of the key transcription factors in the Shh signaling pathway, and suppresses the transcription of PTCH and MDR1 which are target genes of the Shh pathway. Furthermore, overexpression of Shh ligand resulted in decreased sensitivity of ESCC cells to DHA. The above results demonstrate the inhibitory role of DHA in the Shh signaling pathway. Consistent with the Shh activity data, our functional studies also indicated that DHA reduced the expression level of cancer stem cell transcription factors and inhibited ALDH activity, which is recognized as an ESCC stem cell marker. However, the detailed mechanism by which DHA inhibits the Shh signaling pathway needs to be further elucidated.

Although the cisplatin resistance mechanisms in ESCC have been a subject of considerable interest, the development of therapeutic strategies that reverse cisplatin resistance has remained a challenge in clinical oncology. The cisplatin-induced increase of Shh activity and the inhibitory action of DHA on the Shh pathway prompted us to evaluate a combination strategy to overcome cisplatin resistance in vitro and in vivo. Our results showed that DHA in combination with cisplatin displayed a synergistic inhibitory effect in vitro and in vivo on TE-1 ESCC cells, which have relatively high Shh activity. The combination also synergistically inhibited the characteristics of ESCC stem cells. Given the limited capacity of cisplatin to control ESCC and the important role of the Shh pathway in the cisplatin resistance of patients, this work lays the foundation for a promising therapeutic strategy.

It should be noted that several clinical studies have demonstrated the combination of DHA or its derivatives and chemotherapy agents could obtained a promising efficacy in various tumor patients (Efferth, 2017b). The advantage of these combinations might be explained by the following fact: (1) DHA owns a known safety profile and pharmacokinetic characteristics (Efferth, 2017b); (2) Multiple action to suppress drug-resistant signaling pathways, such as Wnt, Shh, Stat3 and NF-κB pathways (Efferth, 2017b; Chaib et al., 2019). However, a recent study indicated that Artesunate, a DHA derivatives, could induce hepatoxicity when combined with temozolomide in the treatment for glioblastoma (Efferth, 2017b). Thus, optimizing dose should be addressed when combined chemotherapy agents with DHA in treatment for cancer.



CONCLUSION

In conclusion, we provide evidence that activation of the Shh pathway is related to cisplatin resistance in ESCC and also to predicted poor overall survival of ESCC patients treated with cisplatin. Combining DHA with cisplatin suppressed the Shh signaling pathway, and thus synergistically inhibited cell growth and the characteristics of cancer stem cells in vitro and in vivo (see Figure 7D; Cui et al., 2020). Our findings not only elucidate a novel mechanism for cisplatin resistance, but also provide a promising therapeutic strategy to overcome cisplatin resistance in ESCC.
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