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The neddylation pathway is overactivated in esophageal cancer. Our previous studies indicated that inactivation of neddylation by the NAE inhibitor induced apoptosis and autophagy in cancer cells. Camptothecin (CPT), a well-known anticancer agent, could induce apoptosis and autophagy in cancer cells. However, whether CPT could affect the neddylation pathway and the molecular mechanisms of CPT-induced autophagy in esophageal cancer remains elusive. We found that CPT induced apoptosis and autophagy in esophageal cancer. Mechanistically, CPT inhibited the activity of neddylation and induced the accumulation of p-IkBa to block NF-κB pathway. Furthermore, CPT induced the generation of ROS to modulate the AMPK/mTOR/ULK1 axis to finally promote protective autophagy. In our study, we elucidate a novel mechanism of the NF-κB/AMPK/mTOR/ULK1 pathway in CPT-induced protective autophagy in esophageal cancer cells, which provides a sound rationale for combinational anti-ESCC therapy with CPT and inhibition AMPK/ULK1 pathway.
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Introduction

Post-translational modification of proteins plays crucial roles in the regulation of tumorigenesis and tumor progression. Protein neddylation is an important post-translational modification that conjugates the ubiquitin-like molecule NEDD8 (neuronal precursor cell-expressed developmentally down-regulated protein 8) to substrate proteins (1–4). This process is catalyzed by NEDD8-activating enzyme (NAE, NAE1, and UBA3 heterodimer), transferred to NEDD8-conjugating enzymes E2 and then conjugated to substrate-specific NEDD8-E3 ligases (1–4). The cullin subunits of Cullin-RING E3 ubiquitin ligase (CRL) are the best-characterized substrates of neddylation pathway (5, 6). Accumulated studies show that protein neddylation is elevated in multiple human cancers, and inhibition of this pathway has been developed as a promising anticancer strategy. Mechanistic studies showed that neddylation inhibition effectively induced DNA re-replication stress/DNA damage response, cell cycle arrest, apoptosis, or senescence in a cell-type-dependent manner (7–13). Moreover, neddylation inhibition also induced pro-survival autophagic responses in cancer cells partially via modulating the HIF1–REDD1–TSC1 or DEPTOR–mTORC1 pathways (14–16).

Camptothecin (CPT), a topoisomerase I inhibitor, was isolated from the Asian tree Camptotheca acuminate by Wall and Wani in 1966 (17). CPT can form a stable tertiary structure with DNA and topoisomerase I, thus resulting in the formation of the topoisomerase I-CPT complex, which induce DNA double-strand breakage to ultimately promote cell death (18–20). Recent studies have revealed that CPT and its derivatives have significant anticancer efficacy in lung cancer (21), colorectal cancer (22), ovarian cancer (23), and breast cancer (24) in vitro and in vivo. Mechanistic studies showed that CPT effectively induced cell cycle progression, apoptosis, and other cellular responses (25, 26). For example, CPT induces mitotic arrest through Mad2–Cdc20 complex by activating the JNK-mediated Sp1 pathway (27). In addition, CPT enhanced apoptosis in cancer cells by targeting the 3-UTR regions of Mcl1, Bak1, and p53 through the miR-125b-mediated mitochondrial pathways (20). Furthermore, previous study demonstrated that CPT inhibited the growth and invasion of prostate cancer cells via PI3K/AKT, αVβ3/αVβ5 and MMP-2/-9 signaling pathways (28). However, it is completely unknown whether CPT could induce autophagy in esophageal cancer cells.

Autophagy is a process of cellular stress response by which some cytosolic materials are engulfed into autophagosome, followed by lysosome-mediated degradation. Autophagy can be upregulated under different cellular stresses, such as nutrient starvation, ROS accumulation, and reduced cytokine signaling (29, 30). Increasing lines of evidence have confirmed that autophagy is a pro-survival signal in human disease prevention and therapy (31, 32). Targeting the neddylation pathway to inactivate CRL E3 ligases has been shown to induce autophagy (1, 14). In addition, CPT could induce autophagy in some cancer cells. However, the underlying mechanisms of CPT triggering autophagy in ESCC cells remain elusive. Here, for the first time, we reported that neddylation inhibition by CPT significantly induced the accumulation of p-IκBα to trigger pro-survival autophagy by modulating NF-κB/AMPK/mTOR/ULK1 axis in esophageal cancer cells, highlighting targeting autophagy as a potential strategy to enhance anti-ESCC therapy of CPT.



Materials and Methods


Cell Lines, Culture, and Reagents

Human ESCC cell lines EC1 and EC109 were cultured in Dulbecco’s Modified Eagle’s Medium (Hyclone), containing 10% fetal bovine serum (Biochrom AG) and 1% penicillin–streptomycin solution, at 37°C with 5% carbon dioxide. Chloroquine (CQ), Bafilomycin A1 (BafA1), 3-methyladenine (3MA), and N-Acetyl-L-cysteine (NAC) were purchased from Sigma. Compound C (Com. C) was purchased from Selleck. (S)-(+)-camptothecin (CPT, 98%) was purchased from Aladdin Industrial Inc. For in vitro studies, CPT stock solution (5 mM) was prepared in dimethyl sulfoxide (DMSO) and stored at −20°C as small aliquots until needed. For in vivo studies, CPT was freshly dissolved in 10% 2-hydroxypropyl-b-cyclodextrin (HPBCD) and stored at room temperature before use.



Cell Viability and Clonogenic Survival Assay

Cells were seeded in 96-well plates (2 × 103 cells/well) and treated with DMSO or CPT. Cell proliferation was determined using the ATPLite Luminescence Assay Kit (PerkinElmer, Waltham, MA, USA) according to manufacturer’s instructions. For the clonogenic assay, 500 cells were seeded in six-well plates and then were treated with DMSO or CPT and cultured for 10 days in six-well plates. The colonies were fixed, stained, and counted under an inverted microscope (Olympus, Tokyo, Japan). Colonies comprising 50 cells or more were counted under an inverted microscope. Three independent experiments were performed.



Immunoblotting

Cell lysates were prepared for immunoblotting analysis using antibodies against LC3, p62, NEDD8, AMPK, p-AMPKα (Thr172), ULK1, p-ULK1 (Ser317), p-H2AX, WEE1, p21, ORC1, Beclin1, ATG5, p-p70S6K (Thr389), p70S6K, 4EBP1, p-4EBP1 (Thr37/46), cleaved PARP, cleaved Caspase-3, IκBα, p-IκBα, p65, LaminA/C and Tublin (Cell Signaling Technology), Cullin1 (Abcam). ACTIN (Protein Tech) was used as the loading control.



Gene Silencing Using siRNA

EC1 and EC109 cells were transfected with siRNA oligonucleotides and synthesized by GenePharma (Shanghai, China) using Lipofectamine 2000 (Invitrogen, Carlsbad,CA, USA). The sequences of siRNA are as follows:

	siIκBα: GCCAGAAATTGCTGAGGCA;

	siULK1: CGCCTGTTCTACGAGAAGA;

	siBeclin1: CAGTTTGGCACAATCAATA;

	siATG5: GGATGAGATAACTGAAAGG.





Detection of Apoptosis

Cells were treated with CPT at a specified concentration for appointed time. Apoptosis was determined with the Annexin V-FITC/PI Apoptosis Kit (BD Biosciences, San Diego, CA, USA) according to the manufacturer’s instructions.



Quantification of Reactive Oxygen Species

The quantification of reactive oxygen species (ROS) production was monitored by cell permeable ROS indicator, 2′, 7′-dichlorodihydrofluorescein diacetate (H2-DCFDA) (Sigma). The functional role of ROS generation in autophagy was evaluated by free-radical scavenger NAC (Beyotime). Cells were pre-incubated with 50 μM NAC for 12 h, followed by co-incubation with the indicated chemicals and assessment of autophagy or ROS generation as described above.



Tumor Formation Assay

For tumor formation assay, five-week-old female athymic nude mice were purchased from the Shanghai Experimental Animal Center (Shanghai, China). 5 × 106 EC1 cells were subcutaneously injected into the right back. Tumor size was measured by a vernier caliper and calculated as (length × width2)/2. All procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Statistical Analysis

The statistical significance of differences between groups was assessed using the Graph Pad Prism 5 software. The unmatched two-tailed t-test was used for the comparison of parameters between two groups. The level of significance was set at P <0.05.




Results


CPT Induced Autophagy and Suppressed the Growth of Esophageal Cancer Cells In Vitro and In Vivo

To investigate whether CPT could induce autophagy in esophageal cancer cells, we detected the autophagy response after CPT treatment. Firstly, we determined the conversion of LC3-I to LC3-II, a classical marker of autophagy, and found that CPT dramatically induced the conversion of LC3-I to LC3-II and inhibited the expression of p62 in EC1 and EC109 cells (Figure 1A). In addition, we performed autophagic flux analysis by treating cells with classical autophagy inhibitors including Chloroquine (CQ), bafilomycin A1 (BafA1), and 3-methyladenine (3MA), respectively. As expected, 3MA inhibited, while BafA1 and CQ enhanced the accumulation of LC3 II, indicating that autophagic flux was intact and supraphysiological autophagic response was induced by CPT treatment (Figure 1B). These results convincingly demonstrated that CPT induced autophagy in esophageal cancer cells.




Figure 1 | CPT induced autophagy and suppressed the growth of esophageal cancer cells in vitro and in vivo. (A) Cells were treated with the indicated concentrations of CPT for 24 h, and cells were collected and subjected to IB analysis for the expression of LC3 and p62, Actin was used as an equal loading control. (B) Autophagic flux analysis. EC1 and EC109 cells treated with DMSO or CPT (2.5 μmol/L) for 24 h were incubated with or without CQ (50 μM), BafA1 (20 nM), or 3MA (5 mM) for 6 h. The treated cells were then collected and subjected to IB analysis with ACTIN as a loading control. (C) Cells were treated with the indicated concentrations of CPT for 72 h, and cell viability was assessed by the ATPLite assay (n = 4). (D) CPT inhibited clonogenic cell survival of ESCC cancer cells. EC1 and EC109 cells were seeded into 60 mm dishes in duplicate and then grown in the presence or absence of CPT for 10 days. The colonies with more than 50 cells were counted, following crystal violet staining (n = 3). (E, F) CPT induced apoptosis in ESCC cells. (E) Cells were treated with the indicated concentrations of CPT for 48 h and subjected to Annexin V-FITC/PI double-staining analysis (n = 3). (F) Cells were treated with the indicated concentrations of CPT for 24 h, and cell lysates were assessed by IB with specific antibodies against cleaved-Caspase-3 (c-Casp3) and cleaved-PARP (c-PARP). (G–K) CPT induced autophagy and suppressed the growth of esophageal cancer cells in vivo. Nude mice bearing esophageal cancer xenografts with EC109 cells were administered with CPT at 2.5 mg/kg. The treatments for the nude mice were carried out every 2 days and lasted for 14 days. (G) Tumor volumes were determined by caliper measurement, and the data were converted to tumor growth curves. Tumor tissues of mice were collected, photographed, weighed, and stored for further analysis (n = 5). (H) CPT significantly reduced tumor weight (n = 5). (I) Images of CPT-treated or control xenograft tumors at the end of experiment. (J) No obvious toxicity against body weight was observed during CPT treatment. Body weight of mice was measured twice a week during the treatment (n = 5). (K) Proteins extracted from tumor tissues were analyzed by IB using anti-LC3. Data were presented as mean ± S.E.M. **P < 0.01 and ***P < 0.001.



We next evaluated the antitumor activity after CPT treatment in ESCC cells. Firstly, we found that CPT significantly inhibited cell proliferation (Figure 1C) and colony formation (Figure 1D) in a dose-dependent manner in EC1 and EC109 cells. Next we found that CPT significantly induced apoptosis (Figures 1E, F), as best evidenced by the increase of Annexin V-positive cell populations and the accumulation of cleaved-PARP and cleaved-Caspase-3, two classical markers of apoptosis. These results convincingly demonstrated that CPT inhibited cell proliferation and induced apoptosis in esophageal cancer cells.

Having established that CPT induced autophagy and inhibited esophageal cancer cell growth in vitro, we next evaluated the antitumor activity and autophagy response after CPT treatment in vivo. CPT treatment significantly suppressed tumor growth over time while control tumors grew rapidly, as revealed by size of tumors, tumor growth curve, and tumor weight analysis. CPT-treated tumors progressed slowly, whereas control tumors grew rapidly over time, as shown by tumor growth curve (Figure 1G) and tumor weight analysis (Figure 1H). Consistently, the size of control tumors was much larger than that of CPT-treated tumors (Figure 1I) without obvious treatment-related toxicity, such as body weight loss (Figure 1J). In addition, as shown in Figure 1K, CPT significantly induced autophagy in vivo, as evidenced by the increase of conversion of LC3I to LC3II. Taken together, these findings demonstrated that CPT induced autophagy and inhibited esophageal tumor growth both in vitro and in vivo.



CPT-Induced Autophagy Was a Survival Signal in Esophageal Cancer Cells

In order to investigate the role of autophagy response induced by CPT in the growth of ESCC cells, we blocked autophagy pathway via siRNA silencing of autophagy essential genes Beclin1 or ATG5 and evaluated its effect on proliferation and apoptosis of esophageal cancer cells. As shown in Figure 2A, downregulation of Beclin1 expression effectively enhanced CPT-induced proliferation inhibition in EC1 and EC109 cells. Similarly, downregulation of ATG5 expression effectively enhanced CPT-induced proliferation inhibition in EC1 and EC109 cells (Figure 2B). Consistently, the inhibition of autophagic response by siBeclin1 and siATG5 significantly enhanced CPT-induced apoptosis, as best evidenced by the increase of Annexin V-positive cell populations (Figures 2C, D) and the accumulation of cleaved PARP, a classical marker of apoptosis (Figures 2E, F) in esophageal cancer cells. These results demonstrated that CPT induced autophagy as a prosurvival signal in esophageal cancer cells.




Figure 2 | CPT-induced autophagy was a survival signal in esophageal cancer cells. (A, B) The proliferation inhibition by CPT treatment was significantly increased by simultaneously blocking autophagy with siBeclin1 or siATG5. The combination of siBeclin1 or siATG5 with CPT in EC1 and EC109 cells significantly increased proliferation inhibition by ATPLite assay (n = 3). (C, D) Blocking of autophagy pathway by Beclin1 or ATG5 siRNA silencing amplified CPT-induced apoptosis. The combination of siBeclin1 or siATG5 with CPT in EC1 and EC109 cells significantly increased apoptosis by Annexin V-FITC/PI double-staining analysis (n = 3). (E, F) Beclin1 or ATG5 knockdown increased cleaved PARP expression induced by CPT. Cells were transferred with siRNAs against Beclin 1 (E) or ATG5 (F) for 48 h, and then treated with CPT at 2.5 μmol/L for 24 h. Knockdown efficiency and cleaved PARP were assessed by IB analysis. Data were presented as mean ± S.E.M. ***P < 0.001.





AMPK/mTOR/ULK1 Axis Contributes to CPT Induced Autophagy

Previous studies indicated that the activation of AMPK/ULK1 pathway induced autophagy, and inactivation of the mTOR pathway could promote autophagy in multiple human cancers (33). Based on these findings, we determined whether CPT-induced autophagy by modulating the AMPK/mTOR/ULK1 pathway. As shown in Figure 3A, we found that CPT activated the AMPK pathway, as best evidenced by the increase of phosphorylation of AMPK and ULK1. In addition, CPT inhibited the mTOR pathway, as best evidenced by the decrease of phosphorylation of p70S6K and 4EBP1. In order to determine the role of AMPK in CPT-induced expression of p-ULK1 and inhibition of p-p70S6K in EC1 and EC109 cells, we used Compound C (an AMPK inhibitor) to inactivate the AMPK pathway and found that inactivation of AMPK significantly reversed CPT-induced expression of p-ULK1 in ESCC cells. Consistently, inactivation of AMPK significantly reversed CPT-inhibited expression of p-p70S6K. Moreover, inactivation of AMPK via Compound C treatment significantly increased CPT-induced proliferation inhibition (Figure 3B). Additionally, inhibition of AMPK with Compound C significantly enhanced CPT-induced apoptosis, as evidenced by the accumulation of cleaved PARP (Figure 3C) and the increase of Annexin V-positive cell populations (Figure 3D). In order to determine the role of ULK1 in CPT-induced autophagy in EC1 and EC109 cells, we knockdown ULK1 and found that ULK1 knockdown markedly attenuated the conversion of LC3 I to LC3 II in ESCC cell (Figures 3E, F). These findings demonstrated that CPT induced protective autophagy by AMPK/mTOR/ULK1 axis in esophageal cancer cells.




Figure 3 | AMPK/mTOR/ULK1 axis contributes to CPT induced autophagy. (A) EC1 and EC109 cells were treated with DMSO and 1.25, 2.5, 5 μmol/L CPT for 24 h and then collected and subjected to IB analysis for the expression of AMPK, p-AMPK, p-70S6K, p-p70S6K, 4EBP1, p-4EBP1, ULK1, and p-ULK1. (B) EC1 and EC109 cells were treated with 2.5 μmol/L CPT alone or CPT + Com.C (5 μmol/L) for 72 h and subjected to ATPLite assay (n = 3). (C) EC1 and EC109 cells were treated with 2.5 μmol/L CPT alone or CPT + Com.C (5 μmol/L) for 24 h and subjected to IB analysis for the expression of AMPK, p-AMPK, p-ULK1, p70S6K, p-p70S6K, and c-PARP. (D) EC1 and EC109 cells were treated with 2.5 μmol/L CPT alone or CPT + Com.C (5 μmol/L) for 48 h. Apoptosis induction was quantified by Annexin V-FITC/PI double-staining analysis (n = 3). (E, F) Autophagy was rescued by ULK1 siRNA silencing. ULK1 knockdown largely abrogated CPT-induced conversion of LC3-I to LC3-II in EC1 and EC109 cells. EC1 and EC109 cells were transfected with control or siULK1 for 48 h and then treated with 2.5 μmol/L CPT for 24 h. Knockdown efficiency and LC3 were assessed by IB analysis. Data were presented as mean ± S.E.M. ***P < 0.001.





CPT Induced ROS Generation to Promote Autophagy via AMPK/mTOR/ULK1 Axis

Given that ROS could activate the AMPK pathway to induce autophagy (34–36), we determined whether CPT-induced autophagy was mediated by ROS generation in esophageal cancer cells. We firstly detected cellular ROS level with the cell permeable ROS indicator, 2′, 7-dichlorodihydrofuorescein diacetate (H2-DCFDA), and found that CPT significantly induced ROS production in both EC1 and EC109 cells (Figures 4A–D). Furthermore, we determined the role of ROS in CPT-induced AMPK/ULK1 pathway and CPT-inhibited mTOR pathway. We used NAC, a classical ROS scavenger, and found that NAC prevented CPT induced the generation of ROS (Figures 4E, F) and found that ROS reduction markedly attenuated CPT-induced the expression of p-AMPK, p-ULK1, LC3II and CPT-inhibited the expression of p-p70s6k (Figures 4G, H). Based on these observations, we concluded that CPT-induced ROS production modulated the AMPK/mTOR/ULK1 pathway to induce autophagy in esophageal cancer cells.




Figure 4 | CPT induced ROS generation to promote autophagy via AMPK/mTOR/ULK1 axis. (A–D) CPT elevated ROS levels in ESCC cells. (A, B) Cells were treated with various concentrations of CPT for 24 h. (C, D) Cells were treated with 1.25 μmol/L CPT for the indicated time periods. ROS generation was determined by H2-DCFDA staining and flow cytometry. (E, F) EC1 and EC109 cells were treated with 1.25 μmol/L CPT alone or CPT + NAC (50 μmol/L) for 12 h and subjected to H2-DCFDA staining analysis for the levels of ROS. (G, H) NAC inhibited CPT-induced autophagy and suppressed CPT-modulated AMPK/mTOR/ULK1 axis in ESCC cells. EC1 and EC109 cells were treated with 1.25 μmol/L CPT alone or CPT + NAC (50 μmol/L) for 12 h and subjected to IB analysis for the expression of AMPK, p-AMPK, ULK1, p-ULK1, p70S6K, p-p70S6K, and LC3.





ROS-Mediated Autophagy Is Attributed to p-IκBα Accumulation by Neddylation Inactivation

Since the inactivation of NF-κB could induce ROS generation (37, 38), we next determined whether ROS/AMPK/mTOR/ULK1 axis-induced autophagy is mediated by the NF-κB pathway. Firstly, we found that pretreating cells with CPT prior to TNFα (an activator of NF-κB) stimulation significantly inhibited protein level of p65 NF-κB in the nuclear fraction of esophageal cancer cells, suggesting that CPT inhibited the activation of NF-κB pathway (Figure 5A). Furthermore, immunofluorescence staining demonstrated that cells stimulated with TNFα showed prominent p65 NF-κB accumulation in the nucleus (Figure 5B). Translocation of NF-κB to the nucleus is allowed by the phosphorylation of IκBα, resulting in its ubiquitination and degradation by CRL complex. Based on this, we hypothesized that CPT may induce p-IκBα accumulation due to the inactivation of CRL E3 ligase, and therefore activate ROS-mediated AMPK/mTOR/ULK1 axis to activate autophagy. As shown in Figure 5C, CPT significantly induced the expression of p-IκBα in both EC1 and EC109 cells. Interestingly, we found that CPT indeed suppressed the global protein neddylation and the neddylation levels of Cullin1 (Figure 5D). We further explored the mechanism of CPT-induced neddylation pathway in esophageal cancer cells. The key neddylation enzymes, NAE1, UBA3 and UBC12, were obviously suppressed upon CPT treatment in EC1 cells (Figure 5E). Furthermore, CRL substrates, including WEE1, p21, ORC1, and p-H2AX, were accumulated upon CPT treatment (Figure 5E). Having established that CPT inhibited neddylation pathway in vitro, we next evaluated whether CPT inactivated neddylation after CPT treatment in vivo. As shown in Figure 5F, CPT indeed suppressed the global protein neddylation, cullin1 neddylation, and the expression of the neddylation enzyme UBC12. These findings demonstrated that CPT inhibited the protein neddylation pathway in vitro and in vivo.




Figure 5 | ROS-mediated autophagy is attributed to p- IκBα accumulation by neddylation inactivation. (A–C) CPT inhibited the activation of NF-κB pathway. (A, B) CPT prevented p65 NF-κB translocation to the nucleus induced by TNFα. ESCC cells were cultured in the presence or absence of 2.5 μmol/L CPT (12 h) and stimulated concurrently with TNFα (100 ng/ml) for 30 min. (A) p65 isoform of NF-κB was determined by western blot analysis using nuclear (N) and cytosolic (C) fractions of ESCC cells treated as indicated. Lamin A/C and Tubulin were analyzed to demonstrate the presence of nuclear and cytosolic fractions, respectively. (B) p65 NF-κB subcellular localization was determined by immunofluorescence staining for endogenous p65 NF-κB (green). (C) EC1 and EC109 cells were treated with 2.5 μmol/L CPT for 24 h and cell lysates were assessed by IB with specific antibody against IκBα and p-IκBα. (D, E) CPT inhibited neddylation modification. (D) Immunoblotting was used to analyze the neddylation levels of cullin1 and global protein neddylation upon CPT treatment for 24 h with various concentrations. (E) ESCC cells were treated with CPT (0, 1.25, 2.5, and 5 μmol/L) for 24 h, followed by IB analysis using antibodies against NAE1, UBA3, UBC12, WEE1, p21, ORC1, p-H2AX, ACTIN as a loading control. (F) CPT inhibited neddylation pathway in vivo. Nude mice bearing esophageal cancer xenografts with EC109 cells were administered with CPT at 2.5 mg/kg. The treatments for the nude mice were carried out every 2 days and lasted for 14 days. Proteins extracted from tumor tissues were analyzed by IB using anti-NEDD8, cullin1, and UBC12. (G, K) ESCC cells were transfected with IκBα siRNA, then treated with 2.5 μmol/L CPT for 48 h. p-AMPK, p-ULK1, cleaved PARP activity were assessed by IB analysis (G). ROS generation was determined by H2-DCFDA staining and flow cytometry (H, I). Cell viability was measured using the ATPLite assay (J) and apoptosis was detected by annexin V and PI double staining (K) (n = 3). Data were presented as mean ± S.E.M. ***P < 0.001.



To further investigate the potential role of IκBα in CPT-induced ROS production and autophagy, we downregulated the IκBα expression in esophageal cancer cells. We found that IκBα knockdown markedly attenuated CPT-induced expression of p-AMPK, p-ULK1 (Figure 5G) and the generation of ROS (Figures 5H, I). Furthermore, we found that IκBα knockdown significantly enhanced CPT-induced proliferation inhibition (Figure 5J). In addition, IκBα knockdown significantly enhanced CPT-induced apoptosis, as evidenced by the accumulation of cleaved PARP (Figure 5G) and the increase of Annexin V-positive cell populations (Figure 5K). These findings collectively demonstrated that CPT inhibited NF-κB pathway to promote ROS generation, which modulated the AMPK/mTOR/ULK1 axis to eventually induce autophagy in esophageal cancer cells.




Discussion

Esophageal cancer is one of the most human malignant tumors with high recurrence rate and poor long-term survival (39, 40). The severe threat of esophageal cancer to human health raises an urgent necessity to further elucidate the mechanisms for esophageal carcinogenesis and need novel effective therapeutic strategies. Recently, protein neddylation pathway has emerged as a potential anti-ESCC target, as supported by the discovery of overactivation of the neddylation pathway in esophageal cancer. Our present work demonstrated for the first time that CPT inhibited cullin neddylation, inactivated CRLs and induced the accumulation of classical CRL substrates p-IκBα. Mechanistic investigations further revealed that the neddylation inhibition by CPT induced the generation of ROS to modulate AMPK/mTOR/ULK1 axis to induce autophagy in esophageal cancer cells. Therefore, the neddylation pathway may serve as an important drug target for CPT to mediate cell death in ESCC cells.

Recently, the neddylation pathway, including its three enzymes NAE, UBC12 and NEDD8, has been reported to be overactivated in many kinds of cancer cells, indicating the neddylation pathway as a promising anticancer target (8, 9, 41–43). In our study, we discovered for the first time that CPT inhibited cullin neddylation to inactivate CRLs, as evidenced by the accumulation of CRLs substrate p-IκBα. Furthermore, we found that CPT reduced the expression of NAE1, UBA3, and BUC12. However, it is unclear how neddylation enzymes are downregulated by CPT in esophageal cancer. These findings establish the necessity to explore the mechanism by which CPT inhibits neddylation in future studies.

AMPK is an important cellular energy sensor and acts as a duplex molecule in cancer development and progression. In the early phase, AMPK may function as a tumor suppressor and its activation would lead to cell cycle arrest and tumor growth inhibition, thus playing a critical role in cancer prevention (44–47). However, it should be noted that AMPK might protect tumor cells from death-inducing events by maintaining intracellular homeostasis, once the tumors are established and finally lead to cancer drug resistance and metastasis (45, 48). For example, AMPK-deficient tumor cells were more susceptible to cell death induced by glucose deprivation, suggesting that AMPK activation is a pro-survival signal in cancer cells (49). In our study, we illustrated that CPT treatment induced AMPK activation to trigger autophagic response as a pro-survival signal in esophageal cancer cells, which provide a potential combination strategy of dually targeting AMPK and neddylation pathway for effective anti-ESCC therapy.

Our study suggested the following working model (Figure 6). We first time found that CPT promote autophagy in esophageal cancer cells. Mechanistically, CPT inactivates neddylation pathway, which induce the expression of p-IκBα to modulate AMPK/mTOR/ULK1 pathway to trigger pro-survival autophagy, whereas targeting this pathway blocks the autophagic response and thus sensitizes cancer cells to CPT-induced apoptosis. These findings provide a potential combination strategy of dually targeting AMPK/mTOR/ULK1 axis and neddylation pathway for effective anti-ESCC therapy.




Figure 6 | Working model. CPT inhibited cullin neddylation, inactivated CRLs and induced the accumulation of classical CRL substrates p-IκBα. Mechanistic investigations further revealed that the neddylation inhibition by CPT induced the generation of ROS to modulate AMPK/mTOR/ULK1 axis to induce autophagy in esophageal cancer cells.
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