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Abstract							
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK16][bookmark: OLE_LINK41][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK144]AIM
[bookmark: OLE_LINK3668][bookmark: OLE_LINK3669][bookmark: OLE_LINK3651][bookmark: OLE_LINK3652]To clarify the mechanisms involved in the critical endoplasmic reticulum (ER) stress initiating unfolded protein response (UPR) pathway modified by melatonin.

METHODS
Hepatoma cell HepG2 was cultured in vitro. Flow cytometry and TUNEL assay was used to measure HepG2 cell apoptosis. Western blotting and quantitative reverse transcription polymerase chain reaction methods were selected to determine the protein and message RNA level of ER stress and apoptosis related genes expression, respectively. Tissue microarray construction from patients was checked by immunohistochemical analysis.

RESULTS 
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK142][bookmark: OLE_LINK143]In the present study, we first identified that melatonin selectively blocked activating transcription factor 6 (ATF-6) and then inhibitedcyclooxygenase-2 (COX-2) expression, leading to enhanced liver cancer cell apoptosis under ER stress condition. Dramatically increased CCAAT-enhancer-binding protein homologous protein (CHOP) level, supressed COX-2 and decreased Bcl-2/Bax ratio by melatonin or ATF-6 siRNA contributed the enhanced HepG2 cell apoptosis under tunicamycin (an ER stress inducer) stimulation. In clinical hepatocellular carcinoma patients, close relationship between ATF-6 and COX-2 was further confirmed. 

CONCLUSION
These findings indicate that melatonin as a novel selective ATF-6 inhibitor can sensitize human hepatoma cells to ER stress inducing apoptosis.

Key words: Melatonin; Endoplasmic reticulum stress; Activating transcription factor 6; Hepatocellular carcinoma; Cyclooxygenase-2
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Core tip: Endoplasmic reticulum (ER) stress plays an important role in tumor growth and resistance to treatment. Our previous studies have already showed that melatonin sensitizes the human hepatocellular carcinoma cell to ER stress-induced apoptosis and attenuates ER stress-induced doxorubicin resistance. In this study, we first identified that melatonin selectively blocked ER stress downstream activating transcription factor 6 (ATF-6) and then inhibited cyclooxygenase-2 expression, leading to enhanced liver cancer cell apoptosis under ER stress condition. Our findings indicate that melatonin as a novel selective ATF-6 inhibitor can sensitize human hepatoma cells to ER stress inducing apoptosis.
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INTRODUCTION
[bookmark: OLE_LINK145][bookmark: OLE_LINK146]Hepatocellular carcinoma (HCC) was the fifth most frequently diagnosed cancer worldwide and the third place of cancer-related death, which causes approximately 700000 people death each year worldwide[1,2]. China accounts for the most of total HCC incidence in the world[1]. Most patients with HCC are diagnosed at a late stage, and there is no chance of surgical therapy. Unfortunately, there were few effective chemotherapy agents for this malignant tumor. One of the major reasons of untreatable HCC was that the liver cancer cell could show much more tolerance to a number of cellular stress conditions, such as endoplasmic reticulum stress (ER stress), hypoxia, nutrient deprivation and so on[3,4]. Thus, approaches to overcoming this superior tolerance have been raising as a potential drug target for the treatment of HCC[5].
All kinds of stress including oncogenetic stress that interferes with endoplasmic reticulum (ER) function causes accumulation of unfolded proteins in the ER lumen, referred to as ER stress, and activates a homeostatic signaling network known as the unfolded protein response (UPR)[6,7]. The three main ER transmembrane sensors that elicit the UPR are the protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme-1 (IRE-1), and the activating transcription factor 6(ATF-6). In general, ER stress initiated by IRE-1a, PERK, and ATF-6 and activated in solid tumorsare crucial for tumor growth and aggressiveness as well as for microenvironment remodeling or drug resistance[3, 4].
[bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK150]Melatonin (N-acetyl-5-methoxytryptamine), produced in the human pineal gland during the night phase of the light–dark cycle, plays important roles in physiological and pharmacological functions, such as circadian rhythms and antioxidants. More interestingly to us is that metlatonin has anticancer effects through interplay with ER stress[8-10]. Our previous study demonstrated that melatonin could sensitize the human hepatocellular carcinoma cell line HepG2 to ER stress-induced apoptosis via the inhibition of cyclooxygenase-2 (COX-2)[11].Furthermore, we found that melatonin attenuates ER stress-induced resistance to doxorubicin through reversing tunicamycin-induced endoplasmic reticulum stress[12]. However, the mechanisms involved in the critical UPR pathway modified by melatonin must still be clarified. In the present study, we first identified that melatonin can selectively block ATF-6 and then inhibit COX-2 expression, leading to enhanced liver cancer cell apoptosis. In clinical HCC patients, close relationship between ATF-6 and COX-2 was further confirmed. Our study explored the more detail mechanisms of melatonin enhancing ER stress-induced apoptosis in human hepatocellular cell via inhabition of COX-2 by selectively targeting ATF-6.

MATERIALS AND METHODS
Reagents
Melatonin (M5250) and tunicamycin (T7765) were obtained from Sigma Chemical (St. Louis, MO, USA). DMEM was purchased from Gibco BRL Life Technologies (Grand Island, NY, USA). Anti-COX-2 (ab179800), anti-Bax (ab32503) and anti-CHOP (ab11419) were obtained from Abcam (Cambridge, MA, USA). Anti-ATF-6 (BS6476), and anti-PERK (BS2156) and anti-Bcl-2 (BS3711) were obtained from Bioworld Technology Inc. (Minnesota, USA). The terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) system was purchased from Roche (Indianapolis, IN, USA). The annexin V-FITC kit was obtained from Shanghai Bestbio (Bestbio, Shanghai, China). The reverse transcription kit (A3500) was obtained from Promega Inc. TRIzol（15596-026）. The SYBR Green qPCR kit (11744-100) was obtained from Invitrogen Life Technologies (Grand Island, NY, USA).

Hepatocellular carcinoma specimens
[bookmark: OLE_LINK46][bookmark: OLE_LINK47]Tissue samples were obtained from 100 patients with HCC. These 100 patients underwent surgery at the First Affiliated Hospital of Anhui Medical University between 2001 and 2007. Patients with HCC who had accepted chemotherapy or radiation therapy before surgery were excluded. The pathohistological diagnosis of the specimens was consistent with HCC in accordance with World Health Organization Guidelines. A total of 85 HCC patients were male, and 15 HCC patients were female. The median age of the HCC patient population was 50.7 years, with a range from 18 to 84 years. These 100 HCC patients were staged according to UICC as follows: 3 HCC patients were Stage I (3%), 73 HCC patients were Stage II (73%), 9 HCC patients were Stage III (9%), and 15 patients were Stage IV (15%). Tumors were pathologically graded according to WHO guidelines: 4 HCC patients were well-differentiated, 91 HCC patients were moderately differentiated, and 5 HCC patients were poorly differentiated. All the clinical specimens were collected from patients after obtaining written informed consent. The study was carried out in accordance with a protocol approved by the Ethics Committee of Anhui Medical University (Anhui, China).

Tissue microarray construction
Formalin-fixed paraffin-embedded specimens were obtained from the archives of the Department of Pathology at the First Affiliated Hospital of Anhui Medical University. Hematoxylin and eosin-stained tissue sections were reviewed for identification of the target area for tissue microarray construction (TMA). Three to five representative 1-mm cores were obtained from each sample and inserted in a grid pattern into a new recipient paraffin block using a manual tissue arrayer (Hengtai Instruments, Liaoning, China).

Immunohistochemical analysis
Tissue microarray sections were deparaffinized, and endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol for 10 min and heated in 0.01 mol/L sodium citrate buffer (pH 6.0) for 10 min for antigen retrieval. Subsequently, the sections were incubated with a primary antibody in a moist chamber for 1 h at ambient temperature. Then, the sections were washed in phosphate buffered saline [PBS(pH 7.2)], incubated with a biotinylated secondary antibody and then incubated with peroxidase-conjugated streptavidin. To observe positive binding of the antigen, the sections were incubated with diaminobenzidine solution and then counterstained with hematoxylin. Next, the sections were viewed under a microscope and scored on the basis of staining intensity and the percentage of stained cells relative to the background: > 10% of tumor cells stained was considered positive staining.

Cell culture
[bookmark: OLE_LINK3639][bookmark: OLE_LINK3640]The human hepatoma cell line HepG2 was obtained from the Shanghai cell bank (Chinese Academy of Sciences, Shanghai, China). The cell was cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cell culture was carried out at 37°C in a humidified 5% CO2 atmosphere.

Flow cytometry
After treatment, cells were detached in 6-well plates with 0.2% trypsin, harvested, washed twice with phosphate buffered saline, and centrifuged twice at 300 g for 5 min at 4°C. Then, the supernatant was discarded, and the pellet was resuspended in 400 μL Annexin V binding buffer at 20°C for at least 12 h. Cells were subsequently treated in PBS with RNase A for 30 min at room temperature and stained with propidium iodide (PI). Flow cytometric analysis was performed using an EPICS XL-MCL model counter (Beckman Coulter, Fullerton, CA, USA). A total of 1 × 106 cells/mL were analyzed for each sample, and the experiment was repeated at least three times.

[bookmark: OLE_LINK57][bookmark: OLE_LINK62]TUNEL assay
Cells were cultured in 6-well plates on coverslips overnight. After treatment with various concentrations of the indicated compounds for each time period, the coverslips were washed twice with cold PBS and fixed in a 4% paraformaldehyde solution for 1 h at room temperature. Apoptotic cells were detected by the TUNEL assay (TUNEL System Kit from Roche), which was performed according to the manufacturer’s instructions. The TUNEL assay results were quantitatively analyzed through the biological image analysis system from the Nikon ECLIPSE 80i biology microscope, Nikon Digital Camera DXM 1200F, ACT-1 version 2.63 software (Japan).

Western blotting
[bookmark: OLE_LINK3643][bookmark: OLE_LINK3644]After drug treatment for the indicated time periods and concentrations, cells were lysed in RIPA lysis buffer (50 mmol/L TRIS (tris (hydroxymethyl) aminomethane)–HCl, (pH 7.4), 150 mmol/L NaCl, 10 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L ethylene diamine tetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100 and 1% sodium deoxycholate) for 20–30 min on ice. Protein concentrations were determined by the Lowry protein assay. Lysates were incubated with 2×Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) and heated for 10 min at 95°C. The proteins were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA) and incubated with blocking buffer [Tris-buffered saline/Tween 20 (TBST)/5% nonfat dry milk] overnight at 4°C. Immunoblots were incubated with the indicated primary antibody followed by the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody and visualized with enhanced chemiluminescence (ECL, Pierce, Rockford, IL, USA) using hydrogen peroxide and luminol as substrate with Kodak X-AR film. Autoradiographs were scanned using a GS-700 Imaging Densitometer (BioRad).

[bookmark: OLE_LINK3641][bookmark: OLE_LINK3642]Quantitative reverse transcription polymerase chain reaction 
Total RNA was extracted from HepG2 cells using Trizol reagent (Invitrogen, California, USA), and 1 mg RNA was reverse transcribed to cDNA using Reverse Transcription System A3500 (Fermentas, Burlington, Canada). To determine the quantity of mRNA, the cDNA was amplified by real-time PCR with a SYBR Green PCR master mix kit (Invitrogen, California, USA), and the housekeeping gene GAPDH was used as the internal control. The SYBR Green assays were performed in triplicate on a 7500 real-time instrument (Applied Biosystems, CA, USA). The primers to detect mRNA were 5'-CTG TAT CCC GCC CTG CTG GTG-3' and 5'-ACT TGC GTT GAT GGT GGC TGT CTT-3' for COX-2 and 5'-AGAAGGCTGGGGCTCATTTG-3' and 5'-AGGGGCCATCCACAGTCTTC-3' for GADPH. All samples were normalized to internal controls, and fold changes were calculated by relative quantification. The conditions for Quantitative reverse transcription polymerase chain reaction (qRT-PCR) were as follows: 5 min at 94°C, and then 50 cycles of 94°C for 30s, 59℃ for 30s, and 72°C for 1 min.

Statistical analysis
Three or more separate experiments were performed for each experiment. Statistical analysis was performed by Student’s t-test or ANOVA. Data are presented as the mean ± SD. Significance was noted at P < 0.05.

RESULTS
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]COX-2 is the inducible form of cyclooxygenase and is frequently high expressed in tumor tissue including liver cancer, playing a important role in tumor development. To determine which UPR pathway was associated with COX-2 expression under ER stress in HCC patients, we analyzed the paraffin-embedded, formalin-fixed HCC specimens by immunohistochemical staining. For all 100 specimens, COX-2, ATF-6, IRE-1, and PERK were stained in the nuclei and/or cytoplasm of tumor cells. We observed that the expression of COX-2 was more likely to be associated with the expression of ATF-6 than with IRE- and PERK, which has reached statistical significance (P=0.011) (Table 1). These data suggest the existence of a close relationship between ATF-6 and COX-2 (Figure 1).
There is a limited information about the effects of melatonin under ER stress conditions and the impact of melatonin on these three UPR pathway. To answer this question, we next evaluated the effects of melatonin on the UPR pathways in virto. To mimic the ER stress condition, HepG2 cells were first pretreated with tunicamycin for 8 h; then, the cells were treated with melatonin of four different concentrations(10-3, 10-5, 10-7, 10-9 mmol/L) for another 24 h. The expression of all three UPR pathways was evaluated by western blotting method. As illustrated in Figure 2A, consistent with previous reports, the downstream signaling molecule ATF-6, IRE-1 and PERK were detected after ER stress activator tunicamycin treatment. Melatoninat concentration between10-7 to 10-3 mmol/L markedly inhibited ATF-6 expression. However, only high concentration melatonin (10-3 mmol/L) slightly decreased the expression of IRE-1. Meanwhile, melatonin had no effect on the expression of PERK. These results indicate melatonin prominently affects ATF-6 pathway under ER stress condition. 
To investigate the underlying mechanisms of which pathway is associated with the expression of COX-2 under the condition of ER stress, we used RNA interference to knockdown the mRNA in all three UPR pathways and then observed the changes in COX-2 levels by western blotting. First, each UPR siRNA has three candidate sequences, and we chose the most effective ones by western blot staining (Figure 3A-C). As shown in Figure 4A and B, the COX-2 protein expression is downregulated after blocking the ATF-6 mRNA under ER stress condition. In addition, the mRNA level of COX-2 was also decreased by si-ATF-6 after ER stress activator tunicamycin pre-treatment. Thus, we concluded that COX-2 can be regulated by the ATF-6 pathway under ER stress. 
To further determine whether blocking ATF-6 pathway influences ER stress-induced apoptosis, FACS analysis and TUNEL staining were performed using HepG2 cells. As shown in Figure 5, tunicamycin slightly but significantly induced tumor cell apoptosis to around 10%-20%. Interestingly, the percentage of apoptotic cells markedly increased to around 30% when combination with si-ATF-6. This result suggests that blocking ATF-6 pathway under ER stress can further aggravates liver tumor cell apoptosis.
As have already been found melatonin was likely an ER stress inhibitor by selectively blocking ATF-6 pathway, next we ask whether melatonin also can aggravates liver tumor cell apoptosis similar as si-ATF-6 after ER stress activation. To further determine whether melatonin influences ER stress-induced apoptosis, FACS analysis and TUNEL staining were performed in HepG2 cells in virto. Similar to the results from si-ATF-6, as shown in Figure 6, treated with melatonin for 24 h after pretreatment with tunicamycin, the increase apoptotic tumor cells was obviously observed. The morphological changes indicative of apoptosis were also assessed by TUNEL staining, as shown in Figures 5 and 6. Treatment with ATF-6-siRNA and melatonin resulted in a dramatic increase in the number of apoptotic HepG2 cells. This also suggested that melatonin can effectively downregulate ATF-6 and lead to an increased number of HepG2 cells, which supports the results of FACS. 
Further mechanism study shown in Figure 7, melatonin or si-ATF-6 inhibited COX-2 expression while increased CHOP and the Bax/Bcl-2 ratio to induce cancer cell apoptosis.
These data suggest that COX-2 expression may be directly involved in the adaptation of human hepatoma cells to ER stress–induced apoptosis. Based on the data of the relationship between COX-2 and UPR pathways, we concluded that melatonin can obviously knockdown ATF-6 and reduce apoptosis under ER stress by downregulating COX-2.
CHOP (CCAAT/enhancer-binding protein homologous protein), also called GADD153, is one of the primary effectors of ER stress–mediated cell apoptosis. As shown in Figure 7A, the expression of CHOP was markedly increased in the presence of melatonin and ATF-6 siRNA. Similarly, the levels of the anti-apoptosis factor, Bcl-2, were decreased, and the levels of pro-apoptosis factor, Bax, were increased when cells were exposed to melatonin or ATF-6 siRNA. The Bcl-2/Bax ratio also decreased (Figure 7B). These data indicate that inhibition of COX-2 with melatonin by knocking down ATF-6 mRNA increases the number of apoptotic cells by upregulating the expression of CHOP.
In conclusion, the results of this study indicate that under the tunicamycin-induced ER stress, melatonin can inhibit the expression COX-2 by downregulating one of the UPR pathways, ATF-6, which increases the apoptosis of HepG2 cells via CHOP and Bcl-2/Bax pathway.

DISCUSSION
ER stress producing from tumor cells exposed to intrinsic and external factors often causes tumor growth and resistance to treatment[4,5]. Targeting ER stress signaling in cancer is a potential therapeutic method. Our previous studies and other lab's data show that melatonin exerts its anticancer actions through modulation of the ER stress response[8,9,11,12]. However, there is a limited information focused on the effect of melatonin under ER stress conditions and the impact of melatonin on UPR pathway. In the present study, we provided evidence suggesting that melatonin can selectively target ATF-6 signal, an important pathway of UPR response initiated by ER stress. We found that melatonin induced hepatoma cell apoptosis through inhibiting ATF-6 pathway. Our studies demonstrated that downregulation of ATF-6 contribute to the increased susceptibility of liver cancer cell to melatonin treatment under ER stress condition. 
HCC is one of the most common hepatobiliary malignant tumors, causing increase cancer mortalities worldwide. As the fifth most common cancer in the world, HCC is always associated with poor prognosis: the 5-year survival rate is less than 17%[2]. Hepatic resection and liver transplantation offers treatment to only 20% because most patients are diagnosed at a late stage[13]. To eliminate the early stages of HCC, local ablation, surgical resection, or liver transplantation was applied to the clinical treatment of HCC. Patients who suffer late stage HCC always present with distant metastasis and liver dysfunctions, and the tumor size no longer allows surgical management. Thus, there are few effective treatment for HCC patients to date. A major obstacle is that we still cannot overcome the chemotherapy resistance and clarify the underline mechanisms. Among these complex mechanisms involved in HCC development and progress, ER stress induction associated with COX-2 is playing a very import role. COX-2 is a well-known inducible form of cyclooxygenase considered as a good drug target, which is frequently elevated in variety kinds of cancer tissues including HCC[14,15]. There is increasing evidence shows that COX-2 induction is closely associated with ER stress[16,17]. One research group observed that COX-2 and the eIF2α-ATF-4 pathway of ER stress were induced by heavy metal cadmium in both kidney tissues and cultured cells[16]. This finding indicates the ER stress eIF2α-ATF-4 pathway-mediated COX-2 overexpression. In this study, we found that the expression of COX-2 was more likely to be associated with the expression of ATF-6 but not IRE1 and PERK. In virto cell experiment, blocking ATF-6 pathway using si-ATF-6 significantly repressed COX-2 expression. These data suggest the existence of a close relationship between ATF-6 and COX-2. Thus, it is rational to search for specific inhibitors of ATF-6 as potential candidates as new therapeutic agents for HCC.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]As HCC is resistance to systemic chemotherapy, to find new intervention or targeted therapy is urgent for patients[13]. One of the mechanisms by why liver cancer cells resists to chemotherapy is ER stress[3,4,6]. The ER stress response is a process that can be activated by a number of cellular stress conditions, such as hypoxia, nutrient deprivation, alterations in glycosylation status, and disturbances of calcium flux[3,4,6]. Those conditions always cause imbalances in intracellular homeostasis. ER stress plays an important role in post-translational modifications[3,4,6]. The ER responds to stress conditions by activating a range of stress response signaling pathways, which is referred to as the UPR. The UPR is fundamentally a cytoprotective response, but excessive or prolonged activation of the UPR can result in apoptosis. In the present study, single TM-induced ER stress only induedslighltlyHepG2 cells apoptosis, whereas combination with si-ATF-6 strongly increased the percentage of theHepG2 cells apoptosis. This finding suggests that targeting ATF-6 pathway in HepG2 cells enhances the sensitivity to apoptosis inducer. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Melatonin (N-acetyl-5-methoxytrypt-amine) is mainly secreted by the human pineal gland, and it has also been detected in many other tissues or secreted by other organs. Melatonin is a highly lipophilic molecule that can easily cross cell membranes to reach subcellular compartments, including mitochondria, where it was found in high concentrations[18]. Melatonin is able to prevent oxidative stress through both its free radical scavenging effect and by directly increasing antioxidant activity[19-25], and different studies have demonstrated its protective role against oxidative damage induced by drugs, toxins, and different diseases[26]. In additional, melatonin also acts complex functions through specific nuclear and plasma membrane receptors[27,28]. Melatonin MT1 and MT2 receptors are G protein coupled receptors expressed in various parts of the central nervous system and in peripheral organs, which mediate intracellular effects depending on the changes in intracellular cyclic nucleotides (cAMP, cGMP) and calcium levels, activation of certain protein kinase C subtypes, intracellular localization of steroid hormone receptors and regulation of G protein signaling proteins. Alterations in melatonin receptor expression and following abnormal signal pathway as well as changes in endogenous melatonin production contribute to the pathophysiology of various diseases including sleep disorders, depression and Alzheimer’s disease[27,28].Interestingly, experimental and clinical studies suggest increase the awareness of melatonin as a therapeutic agent in cancers including gastrointestinal tract cancer[10,29,30]. Our previous studies and other lab's findings suggest that melatonin exerts its anticancer action through surpressing COX-2 and attenuating ER stress-induced drug resistance[11,12,31,32]. Recent study also shows that melatonin inhibits the expression of proangiogenic proteins HIF-1α and VEGF in conditions of normoxia and hypoxia using HepG2 cell line[33]. ER stress induced by hepatitis B virus X protein enhances COX-2 expression via activating transcription factor 4 (ATF-4). Further experiment shows that ATF-4 binding to the COX-2 promoter plays a critical role in HBx-mediated COX-2 induction[34]. In addition, melatonin enhances antitumor function through up-regulation of pro-apoptotic protein BimBim expression and down-regulation of COX-2 expression in tunicamycin-treated breast carcinoma MDA-MB-231 cells[35]. Current study further explores new mechanism of specific effect of meltonin on ATF-6, one of the UPR response. We found that melatonin selectively inhibited the ATF-6 expression (Figure 1). As it is well-known that melatonin has an inhitory effect on COX-2 activity[36], it is easy to speculate and understandsi-ATF-6 has s similar COX-2 suppression as melatonin (Figure 2). Furthermore, we confirmed that downregulation of ATF-6 by melatonin contribute to the increased susceptibility of liver cancer cell to melatonin treatment under ER stress condition (Figure 6). Dramatically increased CHOP level, supressed COX-2 and decreased Bcl-2/Bax ratio by melatonin or ATF-6 siRNA contributed the enhanced HepG2 cell apoptosis under ER stress stimulation (Figure 5). These finding indicate that melatonin as a selective ATF-6 inhibitor can sensitizes human hepatoma cells to ER stress induced apoptosis. 
[bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK153][bookmark: OLE_LINK154]In summary, our study provides the new mechanism by which melatonin downregulates COX-2 expression and sensitizes apoptosis by selectively target ATF-6 in human HCC cells under ER stress. Our results raise the possibility that melatonin may be a promising approach in targeting ER stress–induced apoptosis as a therapeutic strategy for the treatment of HCC and other cancers. We also identified that of the three UPR pathways, ATF-6 was positively associated with COX-2 in HCC patients samples. Therefore, if there are any agents that can knockdown the ATF-6 like melatonin, they can be used to treat HCC. However, we still need to investigate whether this effect of melatonin in ER stress–induced tumor apoptosis in virto will also work well in vivo. Because of the low toxicity and well-documented oncostatic effects of melatonin, we believe melatonin has a promising future in the treatment of HCC.

COMMENTS
Background
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]Hepatocellular carcinoma (HCC) was frequently diagnosed cancer in China and had high lethality. While, there were few effective chemotherapy agents for this malignant tumor. One of the major reasons of untreatable HCC was that the liver cancer cell could show much more tolerance to a number of cellular stress conditions, especially endoplasmic reticulum stress (ER stress). The published work by authors showed that melatonin could sensitize the human hepatocellular carcinoma cell to ER stress-induced apoptosis and melatonin attenuates ER stress-induced resistance to doxorubicin. However, the precise mechanisms involved in the critical UPR pathway modified by melatonin still need to be investigated.

Research frontiers
To the best knowledge of the authors, this is the first study to identify melatonin as a selectively ATF-6 blocker, inhibiting COX-2 and leading to enhanced cell apoptosis in liver cancer.

Innovations and breakthroughs
This is the first study investigating the precise mechanisms of the critical UPR pathway modified by melatonin.

Applications
The promising findings presented in the current study suggest that melatonin as a novel selective ATF-6 inhibitor can sensitize human hepatoma cells to ER stress inducing apoptosis, which may be considered as a therapeutic strategy for the treatment of HCC and other cancers.

Terminology
Melatonin plays important roles in human physiological and pharmacological functions, such as circadian rhythms and antioxidants. Interestingly, metlatonin has anticancer effects through interplay with ER stress. The published studies showed that melatonin sensitizes the human hepatocellular carcinoma cell to ER stress-induced apoptosis. Furthermore, melatonin also attenuates ER stress-induced resistance to doxorubicin through reversing tunicamycin-induced endoplasmic reticulum stress. In the current study, we first reports that melatonin selectively blocks ATF-6 and then inhibits COX-2 expression, leading to enhanced liver cancer cell apoptosis. In clinical HCC patients, close relationship between ATF-6 and COX-2 is further confirmed. The results presented raise the possibility that melatonin may be used in the treatment of HCC and other cancers.

Peer-review
In general, enclosed set of data are very interesting. The article will be interesting for readers of this journal.
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Figure 1 The relationship between COX-2 and unfolded protein response pathways. Expression of Unfolded protein response (UPR) pathways and COX-2 in hepatocellular carcinoma (HCC) (Streptavidin-peroxidase × 400). A: Expression of COX-2 in HCC; B: Expression of ATF-6 in HCC; C: Expression of IRE-1 in HCC; D: Expression of PERK in HCC.
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Figure 2 Select the proper melatonin concentration. The effects of melatonin on the three unfolded protein response (UPR) pathways of HepG2 cells induced by tunicamycin (TM). HepG2 cells were exposed to different concentrations of melatonin (10-9, 10-7, 10-5, 10-3 mol/L) for 24 h. A: Equal protein amounts of cell lysates were subjected to western blot assay using anti-ATF-6, anti-IRE-1, anti-PERK. β-actin in the same HepG2 cells extract was used as an internal reference; B: Optical density reading values of specific proteins are represented as fold differences relative to the loading control protein, β-actin. aP < 0.01 vs negative control (NC; bP < 0.05 vs positive control (TM); cP < 0.01 vs positive control (TM).
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Figure 3 Select the most effective sequences of each unfolded protein response pathways siRNA (A-C). All of the candidate sequences of the three UPR pathways were examined by RNAi, and the expression of UPR protein was evaluated by Western blotting to select the most effective one to interfere with the UPR pathway.
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Figure 4 The relationship between the ATF-6 and COX-2 under endoplasmic reticulum stress. The mRNA of the unfolded protein response (UPR) pathways was interfered by ATF-6, IRE-1 and PERK siRNA after pretreatment by TM for 8 h. Equal protein amounts of cell lysates were subjected to western blot assay using anti-COX-2. β-actin in the same HepG2 cells extract was used as an internal reference (A). Optical density reading values of specific proteins are represented as fold differences relative to the loading control protein, β-actin (B). aP< 0.01vs the negative control. RNA was harvested and gene expression examined by qRT-PCR in the same condition above. The qRT-PCR fold-changes were normalized using the expression of housekeeping gene (GAPDH) and vs those obtained from untreated HepG2 cells. aP < 0.01 vs the negative control; cP < 0.01 vs the untreated HepG2 cells (C).
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Figure 5 The effects of ATF-6 siRNA on cell apoptosis in HepG2 cells under endoplasmic reticulum stress. A: HepG2 cells were transfected by ATF-6 siRNA for 24 h after pretreatment by tunicamycin for 8 h. Apoptotic cells were determined by FACS, and the data are expressed as the mean ± SD. a, Untreated HepG2 cells; b, HepG2 cells treated by TM only; c, HepG2 cells treated by combination of TM and ATF-6 siRNA negative control; d, HepG2 cells treated by ATF-6 siRNA and melatonin; B: Data are presented as the mean ± SD for the independent experiments. (aP < 0.05 vs untreated HepG2 cells; bP < 0.01 vs untreated HepG2 cells; cP < 0.01 vs HepG2 cells treated with TM and ATF-6 siRNA negative control); C: Cell morphology and percentage of apoptotic cells was examined by TUNEL staining. a, Untreated HepG2 cells; b, HepG2 cells treated by TM only; c, HepG2 cells treated by combination of TM and ATF-6 siRNA negative control; d, HepG2 cells treated by ATF-6 siRNA and melatonin; D: Data are presented as the mean ± SD for the independent experiments. (bP < 0.01 vs untreated HepG2 cells; cP < 0.01 vs HepG2 cells treated with TM and ATF-6 siRNA negative control).
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Figure 6 The comparison between melatonin and ATF-6 siRNA transfection on cell apoptosis in HepG2 cells under Endoplasmic reticulum stress. A: HepG2 cells were exposed to melatonin (10-5mmol/L) for 24 h after pretreatment by tunicamycin for 8 h or were transfected by ATF-6 siRNA for 6 h after pretreatment by tunicamycin for 8 h. Apoptotic cells were determined by FACS, and the data are expressed as the mean ± SD. a, Untreated HepG2 cells; b, HepG2 cells treated by TM only; c, HepG2 cells treated by combination of TM and melatonin (10-5mmol/L); d, HepG2 cells treated by ATF-6 siRNA and melatonin; B: Data are presented as the mean ± SD for the independent experiments (aP < 0.05 vs untreated HepG2 cells; bP < 0.01 vs untreated HepG2 cells; cP < 0.01 HepG2 cells treated by TM and melatonin vs HepG2 cells treated with TM and ATF-6 siRNA negative control);C: Cell morphology and percentage of apoptotic cells was examined by TUNEL staining. a, Untreated HepG2 cells; b, HepG2 cells treated by TM only; c, HepG2 cells treated by combination of TM and melatonin (10-5mmol/L); d, HepG2 cells treated by ATF-6 siRNA and melatonin; D: Data are presented as the mean ± SD for the independent experiments. (aP < 0.05 vs untreated HepG2 cells; bP < 0.01 vs untreated HepG2 cells; cP < 0.01 HepG2 cells treated by TM and melatonin vs HepG2 cells treated with TM and ATF-6 siRNA negative control).
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Figure 7 The pathway by which melatonin sensitized HepG2 to endoplasmic reticulum stress-induced apoptosis. A: a, Untreated HepG2 cells; b, HepG2 cells treated by TM only; c, HepG2 cells treated by TM, melatonin (10-5mmol/L); d: HepG2 cells treated by TM and ATF-6 siRNA. Equal protein amounts of cell lysates were subjected to western blot assay using anti-COX-2, anti-CHOP, anti-Bcl-2, and anti-Bax. β-actin in the same HepG2 cells extract was used as an internal reference; B: Optical density reading values of specific proteins are represented as fold differences relative to the loading control protein, β-actin. cP < 0.01, CHOP vs the Bcl-2 and Bax expression, bP < 0.01,vs the untreated HepG2 cells.







Table 1 Expression of COX-2 was more likely to be associated with the expression of ATF-6 than with IRE- and PERK in hepatocellular carcinoma patients
	
	AFP-6
	
	
	IRE-1
	
	
	PERK
	
	

	COX-2
	-
	+
	r
	P value
	-
	+
	r
	P value
	-
	+
	r
	P value

	Negative
	16
	39
	0.198
	0.011
	30
	25
	0.135
	0.086
	29
	26
	0.017
	0.134

	Positive
	14
	95
	
	
	44
	65
	
	
	44
	65
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