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Despite the activation of autophagy may enable residual cancer cells to survive and allow tumor relapse, excessive activation of autophagy may eventually lead to cell death. However, the details of the association of autophagy with primary resistance in hepatocellular carcinoma (HCC) remain less clear. In this study, cohort analysis revealed that HCC patients receiving sorafenib with HBV had higher mortality risk. We found that high epidermal growth factor receptor (EGFR) expression and activity may be linked to HBV-induced sorafenib resistance. We further found that the resistance of EGFR-overexpressed liver cancer cells to sorafenib is associated with low activity of AMP-activated protein kinase (AMPK) and CCAAT/enhancer binding protein delta (CEBPD) as well as insufficient autophagic activation. In response to metformin, the AMPK/cAMP-response element binding protein (CREB) pathway contributes to CEBPD activation, which promotes autophagic cell death. Moreover, treatment with metformin can increase sorafenib sensitivity through AMPK activation in EGFR-overexpressed liver cancer cells. This study suggests that AMPK/CEBPD-activated autophagy could be a potent strategy for improving the efficacy of sorafenib in HCC patients.
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INTRODUCTION

Sorafenib is a multi-kinase inhibitor that mainly targets Raf kinases and receptor tyrosine kinases, including vascular endothelial growth factor receptor (VEGFR)-2/3, platelet-derived growth factor receptor (PDGFR)-β, FMS-like tyrosine kinase 3 (Flt3), and c-Kit (CD117) (Cervello et al., 2012), which are involved in tumor angiogenesis and progression. However, the overall outcomes for patients with advanced hepatocellular carcinoma (HCC) are discouraging and distinct tumor cells exhibit diverse degrees of sensitivity to sorafenib. Therefore, a precise understanding of the mechanism of resistance is critical to develop personalized medicine strategies for HCC patients.

Autophagy is a highly conserved intracellular degradation process that can be enhanced when cancer cells face environmental stresses such as nutritional deficiency and even chemotherapy. Autophagy induced by hepatitis B virus (HBV)/hepatitis C virus (HCV) has been suggested to support viral replication and contributes to HCC progression (Wang et al., 2014; Wu et al., 2014; Khan et al., 2018). Epidermal growth factor receptor (EGFR) is overexpressed and activated in more than half of HCC patients (Buckley et al., 2008). A combination of EGFR inhibitor and sorafenib was assessed as a rational therapeutic strategy for HCC (Zhu et al., 2017), but the preclinical results were far from satisfactory. Some studies showed that autophagy induced by EGFR inhibitors is cytoprotective, and the combination of EGFR inhibitors with autophagy inhibitors might be beneficial (Wang et al., 2019). Despite autophagy is involved in a survival mechanism, excessive activation of autophagy could eventually lead to cell death (Liu and Levine, 2015). Autophagy is also responsive to sorafenib stress and strengthens the sorafenib-induced death of cancer cells (Park et al., 2010). Therefore, the complex role of autophagy should be clarified, which may be important to precisely regulate the levels of autophagy to control HCC.

CCAAT/enhancer binding protein delta (CEBPD) is a transcription factor that responds to various external stimuli, including the proinflammatory cytokines IL-1β and TNFα (Chang et al., 2012), stress (O'Rourke et al., 1997), growth factors (Wang et al., 2005), and anti-cancer chemotherapy drugs (Li et al., 2015; Chu et al., 2017; Tsai et al., 2017). CEBPD is thought to be a potent tumor suppressor, and its expression is downregulated in several cancers, including breast cancer (Sivko and DeWille, 2004), leukemia (Agrawal et al., 2007), cervical cancer (Pan et al., 2010), and hepatocellular carcinoma. We previously demonstrated that epigenetic regulation contributes to CEBPD inactivation in cancers (Ko et al., 2008) and that strong CEBPD activation can strengthen the death of cancer cells via eliminating epigenetic control (Li et al., 2015). However, we also found that inhibition of the EGFR/STAT3/CEBPD axis reverses cisplatin resistance in bladder cancer (Wang et al., 2017). Therefore, the different and sometime paradoxical function of CEBPD appears to be dependent on cell type-specific contexts.

Metformin (dimethylbiguanide) is a current first-line pharmacological treatment for type 2 diabetes. Some studies have further demonstrated that metformin can induce cell arrest and promote cell death (Chen et al., 2013). Metformin can activate autophagy by inhibiting mammalian target of rapamycin (mTOR) directly or indirectly in an AMP-activated protein kinase (AMPK)-dependent manner (Kim and He, 2013; Pernicova and Korbonits, 2014). It has also been suggested that metformin should be applied for therapy for other cancers in addition to HCC, including melanoma and lymphoma, via autophagic activation (Tomic et al., 2011; Shi et al., 2012). However, the molecular details of metformin in overcoming the primary resistance of liver cancer cells to sorafenib remains an open question.



MATERIALS AND METHODS


Clinical Data Analysis

Our nationwide cohort analysis used the Taiwan Cancer Registry (TCR) and National Health Insurance Research Database (NHIRD) to identify diagnosis of HCC and sorafenib prescription (Lu et al., 2017; Chan et al., 2019). The TCR database captures 97% of the cancer cases in Taiwan and also represented a perfect data quality comparing to other well-established cancer registries (Bray and Parkin, 2009; Chiang et al., 2016). To ensure patient privacy, all personal identifying information was removed prior to analysis. This study was approved by the Institutional Review Board of Chi-Mei Medical Center in Taiwan (IRB: 10702-E04).

The International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) code 155.0 were used to identify patients diagnosed with HCC between 2012 and 2015 from the TCR database. Information on HBV or HCV infection were obtained for the period from 12 months before until 12 months after HCC diagnosis based on ICD-9-CM diagnosis codes: HBV (070.20, 070.22, 070.30, 070.32) and HCV (070.41, 070.44, 070.51, 070.70, 070.71). Patients with a previous cancer history, a lack of clear demographic and tumor information or aged <18 years were excluded. Finally, a total of 6,628 HCC patients were enrolled in this analysis. For the usage of sorafenib, all patients were reimbursed without co-payment by NHI according to the criteria BCLC advanced stage that were not amenable to either surgical resection or locoregional therapy and Child–Pugh class A liver functional reserve. The prescription of sorafenib is 800 mg (200 mg/tablet) for 2 months. The application needed to be re-evaluated every 2 months for next term of sorafenib usage with imaging evidence showing no disease progression.

The categorical variables were presented as frequency with percentage, and the difference between patients with HBV diagnosed and those without was compared using Pearson's chi-square test. The 1-year mortality risk for HCC patients with different hepatitis B/C virus was estimated using Cox proportional regression analysis adjusted with age, gender, HCC diagnosed to start sorafenib, dosage of sorafenib, comorbidities, and additional therapy after sorafenib such as TACE, RFA, radiation, hepatectomy, and liver transplantations. The stratified analysis was also implemented to investigate the mortality risk among the different duration of sorafenib used. In addition, the estimation of different follow-up period mortality risk was considered. The predicted survival curves were plotted using the results of above Cox regression analysis with adjusted confounding factors. SAS 9.4 for Windows (SAS Institute, Inc., Cary, NC, USA) was used for all statistical analyses. All statistical tests were 2-sided, and p < 0.05 was considered statistically significant.



Cell Culture

The human hepatocellular carcinoma cell lines Huh7 and Hep3B were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 μg/ml streptomycin, and 100 units/ml penicillin at 37°C and 5% CO2.



Lentiviral shRNA Knockdown

The virus was produced from Phoenix Ampho cells using Mirus Bio TransIT-2020 and cotransfected with various short hairpin RNA (shRNA) expression vectors in combination with pMD2.G and psPAX2 vectors and the pLKO.1-shRNA expression vectors. The short interfering RNA sequences targeting LacZ, CEBPD, and AMPK were subcloned into the lentiviral expression vector pLKO.1. The short interfering RNA sequences are as follows: shLacZ (shZ): 5′-CCGGTGTTCGCATTATCCGAACCATCTCGAGATGGTTCGGATAATGCGAACATTTTTG-3′; shCEBPD (shD): 5′-CCGGGCCGACCTCTTCAACAGCAATCTCGAGATTGCTGTTGAAGAGGTCGGCTTTTT-3′; shAMPKα (shKα1): 5′-CCGGTGATTGATGATGAAGCCTTAACTCGAGTTAAGGCTTCATCATCAATCATTTTT-3′; shAMPKα (shKα2): 5′-CCGGCAACTTTACCTGGTTGATAACCTCGAGGTTATCAACCAGGTAAAGTTGTTTT-3′. The expression vectors and shRNAs were obtained from the National RNAi Core Facility located at the Genomic Research Center of Institute of Molecular Biology, Academia Sinica, Taiwan.



Plasmid Transfection and Reporter Assays

Human CEBPD reporter was constructed in our lab (Wang et al., 2005). The reporter was transfected into Huh7 cells by Turbofect according to the manufacturer's suggestions. Transfectants were cultured in complete medium with or without treatment for 3 h. Luciferase activity was measured in the lysates of transfectants.



Cell Viability

Huh7 and Hep3B cells were seeded 5*103 cells per well in 96-well plates. Cells were treated with various concentrations (0, 2.5, and 5 μM) of sorafenib for 48 h or with the combination of 2.5 μM sorafenib and 5 mM metformin for 48 h. The experimental cells were incubated with diluted MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] at 37°C for 3.5 h. The samples were then measured spectrophotometrically at 595 nm by an ELISA plate reader.



Flow Cytometry Analysis

Huh7 and Hep3B cells were treated with sorafenib for 48 h. Treated and control cells were harvested, washed twice and re-suspended in 500 μl of PBS plus Annexin V-FITC and PI in dark for 15 min at room temperature. The degree of apoptosis was determined as the percentage of cells positive for Annexin V-FITC/PI. For each sample, at least 1 × 10 4 cells were analyzed by FACScan cytometry (CellLab QuantaTM SC, Beckman Coulter). The data were determined by three independent experiments.



Fluorescence Microscopy

The pEGFP-LC3 plasmid was a gift obtained from Dr. Tamotsu Yahsimori and Noboru Mizushima (Kabeya et al., 2000). Huh7 and Hep3B cells transfected with GFP-LC3B plasmid were grown on glass coverslips or treated with sorafenib (2.5 and 5 μM) for 6 h, and then examined under a fluorescence microscope. Images shown are representative of three independent experiments. The fold changes of the average numbers of puncta per positive cells were calculated with 50 individual cells.



Animal Studies

Male, 6-week-old NOD/SCID mice were obtained from the Laboratory Animal Center of National Cheng Kung University, Tainan, Taiwan. Hep3B cells (5 × 106) in 0.2 ml PBS were inoculated subcutaneously into the right flank of the mice. After 14 days, when macroscopic tumors (50–100 mm3) had formed, animals were placed randomly into four groups (n = 5 per group) as follows: (1) the control group, which received identical volumes of vehicle; (2) the sorafenib treatment group, which was treated with sorafenib at doses of 15 mg/kg/day; (3) the metformin treatment group, which was treated with 250 mg/kg/day metformin; and (4) the combined treatment group, which was injected with sorafenib combined with metformin. Treatment was given to all groups intraperitoneally every day for 4 weeks. Animal weight and tumor dimensions were measured every 4 days with calipers, and tumor volumes were estimated using two-dimensional measurements of length and width and were calculated with the formula: [l × (w)2] × 0.52, where l is length and w is width.



Statistical Analysis

All experiments were repeated at least 3 times, and data were analyzed for statistical significance by two-tailed unpaired Student's t-test using Prism 5 software. The data were expressed as the means ± SEM. Differences were considered statistically significant when indicated by asterisks.




RESULTS


HBV Is Associated With Sorafenib Resistance in HCC Cells

HBV and HCV are major risk factors for HCC and have been associated with therapeutic efficacy. To check the clinical relevance of HBV/HCV with sorafenib resistance in patients with HCC, cohort analysis was performed to identify HCC patients receiving sorafenib with (n = 3,389) or without HBV/HCV (n = 2,113) (Table 1). After adjusted to potential confounding factors, patients with HBV/HCV increased 10% risk of overall 1-year mortality compared with those without HBV/HCV (Table 2). In addition, patients with HBV/HCV had higher mortality risk at 6–12 months follow-up period than those without HBV/HCV (Table 3), and the estimated survival probability from the hazard function after adjusted to age, gender, HCC diagnosed to start sorafenib, dosage of sorafenib, comorbidities, and additional therapy after sorafenib was plotted as Figure 1A. Interestingly, previous study indicated that sorafenib improved overall survival among patients with HCC who were HCV positive but HBV negative (Jackson et al., 2017), suggesting that HBV might be the major cause of sorafenib resistance. To dissect the presence of HBV in sorafenib resistance, two human HCC cell lines, Huh7 without HBV and Hep3B with an integrated HBV genome, were treated with different concentrations (2.5 and 5 μM) of sorafenib to address this issue. A cell viability assay revealed that Huh7 cells were more sensitive than Hep3B cells to sorafenib (Figure 1B). Furthermore, a cell death assay revealed that sorafenib significantly induced apoptotic cell death in Huh7 cells compared to Hep3B cells (Figure 1C), suggesting that Hep3B cells are intrinsically more resistant than Huh7 cells to sorafenib.


Table 1. Clinical information of HCC patients treated with sorafenib with or without HBV/HCV.

[image: Table 1]


Table 2. Risk of 1-year mortality in HCC patients receiving sorafenib with or without HBV/HCV.
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Table 3. Risk of follow-up period mortality in HCC patients receiving sorafenib with or without HBV/HCV.
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FIGURE 1. HCC cells with HBV are more resistant than those without HBV to the anti-cancer effects of sorafenib. (A) The survival curves for more than 6 months follow-up period. (B) Huh7 and Hep3B cells were treated with sorafenib (SFN) at the indicated concentrations for 48 h. The cell viability of the experimental cells was measured by MTT assays after 48 h of sorafenib treatment at the indicated concentrations. (C) Huh7 and Hep3B cells were treated with sorafenib at the indicated concentrations for 48 h. Experimental cells were collected after 48 h of sorafenib treatment at the indicated concentrations, stained with Annexin-V/PI, and analyzed by flow cytometry. The data are shown as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t-test.




High EGFR Activity and Low AMPK Activity Determine the Primary Resistance of Hep3B Cells to Sorafenib

To check the efficacy of sorafenib, the Raf downstream effector extracellular-signal-regulated kinase 1/2 (ERK1/2), a potential biomarker for sorafenib response, was examined in Huh7 (HBV-negative) and Hep3B (derived from HBV-infected liver) cells. The results showed that, in contrast to that in Huh7 cells, the activity of ERK1/2 (phosphorylated ERK1/2, pERK1/2) was sustainedly activated in Hep3B cells, and there was no further effect following sorafenib treatment (Figure 2A). HBV-encoded X protein (HBx) has been suggested to increase EGFR expression by inhibiting miR129-5p function (Ochi et al., 2020). Here, we found that upregulation of EGFR in HBV-infected liver tissues compared with healthy liver tissues through analysis of the public dataset GSE83148 (Supplementary Figure 1A). To further dissect whether EGFR contributes to sorafenib resistance in Hep3B cells, the activity of EGFR (phosphorylated EGFR, pEGFR) was examined. Western blot analyses revealed that the basal levels of EGFR and pEGFR were higher in Hep3B cells than in Huh7 cells (Figure 2B) and that the EGFR inhibitor gefitinib increased the efficacy of sorafenib by reducing the level of the phosphorylated ERK1/2 protein in Hep3B cells (Figure 2C). The above results suggest that the EGFR/ERK pathway may be linked to HBV-induced sorafenib resistance. Previous studies have indicated that ERK1/2 can promote the uncoupling of liver kinase B1 (LKB1) and AMPK to confer anti-apoptotic effects (Esteve-Puig et al., 2009). Here, we showed that the levels of phosphorylated AMPK and its downstream target acetyl-CoA carboxylase (ACC) were lower in Hep3B cells than in Huh7 cells under sorafenib treatment (Figure 2B) and that the EGFR inhibitor gefitinib strengthened sorafenib-induced AMPK phosphorylation in Hep3B cells (Figure 2C). Collectively, these results imply that the EGFR/ERK-induced reduction in AMPK phosphorylation plays a functional role in hepatocarcinoma resistance to sorafenib.


[image: Figure 2]
FIGURE 2. High activity of EGFR and low activity of AMPK determine the primary resistance of Hep3B cells to sorafenib. (A) Huh7 and Hep3B cells were treated with sorafenib at the indicated concentrations for 3 and 24 h. Whole cell lysates were harvested for Western blot analyses. (B) Two types of liver cancer cells (Huh7 and Hep3B) were treated with or without sorafenib (2.5 μM) for 24 h and harvested for Western blot analyses. The quantitative analyses of phosphorylated AMPK and ACC were shown in the graphs. (C) Hep3B cells were treated with sorafenib (2.5 μM) alone or with the combination of sorafenib and the EGFR inhibitor gefitinib (GEF; 1 μM) for 24 h. Whole cell lysates were harvested for Western blot analyses. The data are shown as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t-test.




Resistance of Hep3B Cells to Sorafenib Is Associated With Lower Autophagic Responsiveness

Accumulated results have suggested that AMPK is an upstream activator of autophagy. Meanwhile, autophagy can serve as a tumor suppressor, and its deficiency leads to HCC (Liang et al., 2006; Takamura et al., 2011). However, whether AMPK and autophagy are involved in primary resistance to sorafenib in liver cancer cells remains unknown. Our results demonstrated that the levels of AMPK phosphorylation and the LC3B-II/LC3B-I ratio were significantly higher in Huh7 cells than in Hep3B cells upon sorafenib treatment (Figures 3A,B). In addition, sorafenib significantly increased the number of LC3B puncta in GFP-LC3B/Huh7 cells, but the number of LC3B puncta was marginally higher in GFP-LC3B/Hep3B cells (Figure 3C). The results suggest that the sorafenib resistance in liver cancer cells with EGFR overexpression is associated with insufficient autophagic activation.


[image: Figure 3]
FIGURE 3. Resistance of Hep3B cells to sorafenib is associated with lower autophagic responsiveness. (A) Huh7 and Hep3B cells were treated with sorafenib at the indicated concentrations for 3 and 24 h. Whole cell lysates were harvested for Western blot analyses. (B) The quantitative analyses of phosphorylated AMPK and LC3B-II/LC3B-I were shown in the graphs. (C) Huh7 and Hep3B cells were transfected with GFP-LC3B expression vectors and then treated with sorafenib at the indicated concentrations for 6 h. The number of LC3B puncta was evaluated under a fluorescence microscope. The data are shown as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t-test.




CEBPD Is Involved in Sorafenib-Induced Autophagic Cell Death

Our previous results showed that CEBPD expression is responsive to clinical anti-cancer drugs in liver cancer cells (Li et al., 2015). Here, we found that co-downregulation of CEBPD and LC3B in EGFRhigh HBV-infected liver tissues compared with EGFRlow HBV-infected liver tissues through analysis of the public dataset GSE83148 (Supplementary Figure 1B). We further validated the liver specimens from the HBx transgenic mice by immunofluorescence. Consistently, we found that CEBPD and LC3B expressions were lower in tumors (T) compared with adjacent non-tumor (N) tissues (Supplementary Figure 2). Interestingly, we found that sorafenib can activate CEBPD expression in Huh7 cells but not in Hep3B cells (Figures 4A,B). In addition, the LC3B-II/LC3B-I ratio and the level of caspase-3 activation were significantly lower and the cell viability inhibition effect was minor in Hep3B cells than in Huh7 cells upon sorafenib treatment (Figures 4B,C). To verify whether CEBPD is involved in the sorafenib-induced anti-cancer effect, a loss-of-function assay was conducted by reducing the levels of CEBPD with shRNA. The results showed that the loss of CEBPD attenuated the sorafenib-induced increase in LC3B-I/-II conversion and caspase-3 activity (Figure 4B) and suppressed the sorafenib-induced inhibition in cell viability (Figure 4C) in Huh7 cells. Treatment with an autophagy inhibitor (chloroquine, CQ) also restored sorafenib-inhibited Huh7 cell viability (Figure 4C). Our previous studies suggested that the methylation status of the CEBPD promoter determines CEBPD induction and expression in HCC and other cancer types (Ko et al., 2008; Li et al., 2015; Chu et al., 2017). However, the methylation states of the CEBPD promoter were not different between Huh7 and Hep3B cells (Supplementary Figure 3), indicating that a non-DNA methylation mechanism contributes to CEBPD desensitization in liver cancer cells. AMPK is involved in CEBPD activation (Tsai et al., 2017), and the p38 MAPK/cAMP-responsive element binding protein (CREB) pathway is important for the transcriptional activation of the CEBPD gene (Hsiao et al., 2013; Lai et al., 2017). In addition, activation of AMPK has been reported to activate CREB in liver cancer cells (Irungbam et al., 2020). We next tested whether AMPK contributes to sorafenib-induced CEBPD expression. The results demonstrated that the AMPK inhibitor compound C suppressed sorafenib-induced AMPK and ACC phosphorylation as well as CEBPD expression in Huh7 cells (Figure 4D). Moreover, sorafenib-induced CEBPD reporter activity was attenuated in compound C-treated and dominant negative CREB (DN-CREB)-transfected Huh7 cells (Figure 4E). Taken together, these results suggest that AMPK participates in sorafenib-induced CEBPD expression, which contributes to autophagic cell death in HCC.
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FIGURE 4. CEBPD is involved in sorafenib-induced autophagic cell death. (A) Huh7 and Hep3B cells were treated with sorafenib at the indicated concentrations for 3 and 24 h. Total RNA was harvested for RT-qPCR assays. (B) Huh7 and Hep3B cells were infected with lentiviruses encoding shLacZ (shZ) or shCEBPD (shDB and shDC) and then treated with or without sorafenib (2.5 μM). Whole cell lysates were harvested for Western blot analyses. (C) Huh7 and Hep3B cells were infected with lentiviruses encoding shLacZ (shZ) or shCEBPD (shDB or shDC) for 3 days. Huh7 cells were pretreated with or without chloroquine (CQ, 10 μM) for 30 min. After being treated with sorafenib (2.5 μM) for 48 h, the cell viability of the infected experimental cells was measured by MTT assays. (D) Huh7 cells were pretreated with or without the AMPK inhibitor compound C (10 μM) for 0.5 h and then treated with or without sorafenib (2.5 μM) for an additional 6 h. Whole cell lysates were harvested for Western blot analyses. (E) Huh7 cells transfected with CEBPD reporters were cotransfected with or without DN-CREB expression vectors for 18 h or treated with or without the AMPK inhibitor compound C (10 μM) for 30 min and then treated with or without sorafenib (2.5 μM) for an additional 3 h. The lysates of the transfected cells were harvested for luciferase assays. The data are shown as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t-test.




Metformin Improves the Sensitivity of Hep3B Cells to Sorafenib

Our current results suggest that sorafenib cannot efficiently induce AMPK activation to contribute to autophagic cell death due to EGFR overexpression. Since clinical drug metformin can activate AMPK bypassing the inhibitory effect of the EGFR/ERK pathway, we further assess the activity of AMPK and CEBPD in response to metformin for sorafenib resensitization. We first examined the effect of metformin on the activity of AMPK in Hep3B cells. The results revealed that metformin increased AMPK phosphorylation, CEBPD expression, and the LC3B-II/LC3B-I ratio in Hep3B cells (Figure 5A). Next, we tested whether metformin inhibits Hep3B and Huh7 cell proliferation. The results revealed that metformin reduced Huh7 and Hep3B cell viability (Figure 5B). Moreover, a combination of sorafenib and metformin was used to assess whether metformin can enhance sorafenib sensitivity in Hep3B cells. The results revealed that, compared to sorafenib treatment, combination of sorafenib and metformin significantly enhanced AMPK phosphorylation, CEBPD expression, the LC3B-II/LC3B-I ratio (Figure 5C), and the number of LC3B puncta (Figure 5D) in Hep3B cells. To further support the contribution of AMPK activity to downstream targets and biological effects, a loss-of-function assay using lentiviruses encoding shAMPKα1 and shAMPKα2 was conducted. The results showed that the knockdown of AMPKα could suppress dual treatment-induced CEBPD expression, LC3B-I/-II conversion (Figure 5C), and the number of LC3B puncta (Figure 5D) in Hep3B cells. Moreover, the combination treatment reduced Hep3B cell viability more than treatment with sorafenib or metformin alone, and either AMPKα knockdown or autophagy inhibition could also restore dual treatment-inhibited Hep3B cell viability (Figure 5E). Collectively, these results suggest that metformin can enhance the death of sorafenib-insensitive EGFR-overexpressed liver cancer cells by activating AMPK/CEBPD-induced autophagy in vitro.


[image: Figure 5]
FIGURE 5. Metformin improves the sensitivity of Hep3B cells to sorafenib. (A) Hep3B cells were treated with metformin at the indicated concentrations for 3 and 6 h. Whole cell lysates were harvested for Western blot analyses. (B) Huh7 and Hep3B cells were treated with metformin (MET) at the indicated concentrations for 48 h. The cell viability of the experimental cells was measured by MTT assays after 48 h of metformin treatment at the indicated concentrations. (C) Hep3B cells were infected with lentiviruses encoding shLacZ (shZ) or shAMPKα (shKα1 or shKα2) for 3 days. Hep3B cells were treated with sorafenib (2.5 μM) or metformin (5 mM) alone or with the combination of sorafenib (2.5 μM) and metformin (5 mM) for 24 h. Whole cell lysates were harvested for Western blot analyses. The quantitative analysis of phosphorylated AMPK was shown in the graph. (D) Hep3B cells were transfected with GFP-LC3B expression vectors and then treated with sorafenib or metformin alone or with the combination of sorafenib and metformin for 6 h. The number of LC3B puncta was evaluated under a fluorescence microscope. (E) Hep3B cells were pretreated with or without chloroquine (CQ, 10 μM) for 30 min and then treated with sorafenib or metformin alone or with the combination of sorafenib and metformin for 48 h. The cell viability of the experimental cells was measured by MTT assays. The data are shown as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t-test.




The Combination of Sorafenib and Metformin Elicits a Stronger Anti-tumor Effect in a Hep3B Cell Xenograft Mouse Model

We further assessed the in vivo effect of the dual treatment of sorafenib and metformin in a human tumor xenograft mouse model in accordance with the ARRIVE guidelines (Supplementary Table 1). Concerning the effects of sorafenib dose on toxicity in HCC, we used a relatively lower dose of sorafenib in combination with metformin in Hep3B cell xenografts in NOD/SCID mice. Consistent with the above in vitro results, the combined treatment of sorafenib and metformin significantly enhanced cytotoxicity compared with that induced by sorafenib or metformin treatment alone (Figure 6A, left panel). Importantly, the combined treatment was well tolerated as evidenced by no weight loss was observed after treatment (Figure 6A, right panel). Furthermore, the loss of CEBPD attenuated the combined treatment-induced enhancement of Hep3B tumor xenograft death in NOD-SCID mice (Figure 6B, compare lane 1 with lane 3 and lane 3 with lane 4), suggesting that CEBPD has a strong anti-tumor effect. Importantly, the LC3B-II/LC3B-I ratio was examined in tumor lysates extracted from these experimental xenografts. The result demonstrated that the LC3B-II/LC3B-I ratio was induced in metformin treatment alone and in combination group (Figure 6C). Collectively, these results suggest that the insufficient activation of autophagy may enable residual HCC cells to survive; however, strong autophagy can contribute to cell death and resensitize sorafenib-resistant HCC cells.


[image: Figure 6]
FIGURE 6. The combination of sorafenib and metformin elicits stronger cytotoxicity in a Hep3B cell xenograft mouse model. Hep3B cells were subcutaneously inoculated into NOD-SCID mice, and the mice then received an intraperitoneal injection of vehicle, sorafenib (15 mg/kg/day), metformin (250 mg/kg/day), or sorafenib (15 mg/kg/day) combined with metformin (250 mg/kg/day). (A) Tumor dimensions were obtained at the indicated time points. Following 4 weeks of drug treatment, the mice were sacrificed, and animal weights were obtained. (B) Hep3B cells were infected with lentiviruses to drive the stable expression of either IPTG-inducible LacZ shRNA (shC) or IPTG-inducible CEBPD shRNA (shD). Infected Hep3B cells were subcutaneously inoculated into the dorsum of 6-week-old NOD-SCID mice (n = 5), and the mice then received an intraperitoneal injection of 200 μl IPTG (0.53 mmol) every other day. The mice were then treated with or without sorafenib (15 mg/kg/day) combined with metformin (250 mg/kg/day) via intraperitoneal injection. After 28 days of treatment, the mice were sacrificed, and the tumor volume was measured. (C) After 28-day treatment, the lysates extracted from these experimental xenograft tumors were collected and analyzed by Western blotting. The data are shown as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t-test.





DISCUSSION

In this study, we showed that EGFR activation is a potential determinant of the primary sorafenib resistance of HCC cells with HBV. However, the clinical results revealed that the addition of erlotinib, an oral tyrosine kinase inhibitor of EGFR with moderate anti-tumor activity against HCC, to sorafenib did not affect the overall survival (Finn, 2013). This could be partially explained by the fact that EGFR inhibitors cannot efficiently induce AMPK activation (Peng et al., 2016), and the insufficient activation of autophagy may enable residual cancer cells to resist chemotherapy. Our current results reveal that AMPK and CEBPD are unresponsive to sorafenib due to sustained EGFR/ERK activation in Hep3B cells. Therefore, metformin that has the direct effect on the activity of AMPK and CEBPD may be a potential combined with sorafenib to overcome sorafenib resistance in HCC. Interestingly, accumulation of evidence showed that metformin synergistically sensitizes leukemia cells (Wang et al., 2015) and lung cancer cells (Groenendijk et al., 2015) to sorafenib through AMPK activation, which are consistent with our findings.

There are other downstream signaling pathways regulated by EGFR, including Src/signal transducer and activator of transcription (STAT) and phosphatidylinositol 3-kinase (PI3K)/Akt signal transduction pathways (Nyati et al., 2006). Our previous finding revealed that metformin can reduce Src-mediated CEBPD protein degradation (Tsai et al., 2017). However, Western blot analyses revealed that sorafenib activates Src. Meanwhile, the AMPK inhibitor compound C has no effect on sorafenib-induced Src phosphorylation (Supplementary Figure 4). These results suggest that metformin could work via the Src-dependent pathway to enhance CEBPD expression and autophagic cell death in sorafenib-resistant liver cancer cells. Moreover, several studies have demonstrated that metformin inhibits STAT (Feng et al., 2014) and the PI3K/Akt pathway (Pernicova and Korbonits, 2014). Therefore, the application of metformin for the improvement of the efficacy of sorafenib in HCC with EGFR overexpression involves multiple factors that need to be further investigated.

Acute inflammation is a strong and rapid response to tissue injury and protects body, but low-grade and chronic inflammation can be harmful. Sustained cell growth in an inflammatory environment combined with accumulation of genetic abnormalities contributes to cancer progression. Our previous study demonstrated that inflammation-responsive transcription factor CEBPD can induce genomic instability and promote tumorigenesis, even though it serves as a tumor suppressor in cervical cancer (Wu et al., 2011). Recent study indicated that the acquired sorafenib resistance may also be associated with genomic instability (Xia et al., 2020). Therefore, the association of insufficient but sustained CEBPD and autophagic activity with genomic instability and cell survival, respectively, in response to sorafenib deserves to be clarified. In this way, the molecular details of how sorafenib establishes acquired resistance will be dissected. The dual roles of CEBPD may orchestrate the dual functions of autophagy to contribute to both death and resistance of cancer cells and this could in part underlie the complex role of inflammation in cancer development.

We propose that metformin, an AMPK activator, restores the sensitivity of EGFR-overexpressed liver cancer cells to sorafenib. However, many anti-diabetic drugs and small molecule compounds should be tested with the goal of activating AMPK in cancer cells. Insulin-sensitizing thiazolidinediones (TZDs) are potent agonist ligands for the nuclear hormone receptor peroxisome proliferator-activated receptor γ (PPARγ). They are also thought to exert some of their anti-diabetic effects through AMPK activation in a variety of tissues, including skeletal muscle (LeBrasseur et al., 2006) and liver (Saha et al., 2004). Glucagon-like peptide-1 (GLP-1) mimetics stimulate insulin secretion in a glucose-dependent manner. Previous studies have shown that these compounds and endogenous GLP-1 can activate the AMPK pathway (Svegliati-Baroni et al., 2011). The first direct AMPK activator was A-769662, but this compound is unsuitable to be used due to its poor oral absorption. Recently, compound 991 is significantly more potent than A-769662 in allosterically activating AMPK (Xiao et al., 2013). Although further clinical trials are needed to evaluate the safety and efficacy of these compounds, our results indicate that therapeutic AMPK activation should be an attractive target for improving the efficacy of sorafenib.



CONCLUSIONS

Even though new chemotherapy agents are being developed quickly, all chemotherapy agents face the challenge of drug resistance. Primary drug resistance is one of the reasons for the attenuation of the efficacy of chemotherapy agents. In the current study, our results revealed a new insight that insufficient AMPK and CEBPD activation as well as lower autophagic activity play a functional role in sorafenib resistance in liver cancer cells with EGFR overexpression. Meanwhile, we further demonstrated that metformin may be combined with sorafenib to strengthen autophagic cell death (Figure 7). The discoveries indicated that AMPK activators and autophagy activators could be potential candidates for further application in sorafenib-resistant liver cancers.


[image: Figure 7]
FIGURE 7. Schematic model of the molecular mechanism by which metformin increases the sensitivity of Hep3B cells to sorafenib. Hep3B cells are intrinsically more resistant than Huh7 cells to sorafenib. High activity of epidermal growth factor receptor (EGFR) and low autophagic responsiveness may determine the primary resistance of Hep3B cells to sorafenib. CCAAT/enhancer binding protein delta (CEBPD), a potent tumor suppressor, is responsive to metformin via AMP-activated protein kinase (AMPK) activation, and it promotes autophagic cell death. Furthermore, metformin can resensitize sorafenib-induced autophagic cell death in Hep3B cells. Taken together, our results provide possible implications for improving the efficacy of sorafenib and helping to develop personalized medicine strategies for HCC patients.
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Supplementary Figure 1. EGFR upregulation is associated with lower CEBPD and LC3B levels in HBV-infected livers. (A) Quantitative data of EGFR transcripts were extracted from the transcript microarray of 6 healthy livers and 122 HBV-infected livers. (B) HBV-infected liver tissues were divided into two groups according to the median value of EGFR levels (EGFRlow and EGFRhigh). Quantitative data of CEBPD and LC3B transcripts were extracted from the transcript microarray of EGFRlow and EGFRhigh HBV-infected livers.

Supplementary Figure 2. CEBPD and LC3B are co-downregulated in tumors of HBx transgenic mice. The liver specimens [tumors (T) and adjacent non-tumor (N) tissues] from the 18-month old HBx transgenic mice were analyzed by immunohistochemistry using CEBPD and LC3B antibodies.

Supplementary Figure 3. Methylation states on the CEBPD promoter are not different in Huh7 and Hep3B cells. The CpG methylation status of CEBPD promoters in Huh7 and Hep3B cells was determined using MSP assays.

Supplementary Figure 4. The effects of sorafenib and the AMPK inhibitor compound C on Src phosphorylation in liver cancer cells. (A) Two types of liver cancer cells (Huh7 and Hep3B) were treated with or without sorafenib (2.5 μM) for 24 h and harvested for Western blot analyses. (B) Huh7 cells were pretreated with or without the AMPK inhibitor compound C (10 μM) for 0.5 h and then treated with or without sorafenib (2.5 μM) for an additional 6 h. Whole cell lysates were harvested for Western blot analyses and examined indicated proteins with specific antibodies.

Supplementary Table 1. Animal studies comply with the ARRIVE guidelines.



ABBREVIATIONS

AMPK, AMP-activated protein kinase; CEBPD, CCAAT/enhancer binding protein delta; EGFR, epidermal growth factor receptor; ERK, extracellular-signal-regulated kinase; HBV, hepatitis B virus; HBx, HBV-encoded X protein; HCC, hepatocellular carcinoma; LC3B, light chain 3 beta.
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Characteristic Adjusted HR® (95% Cl)

Overall Duration of sorafenib used, months
<2 2-4 4-6 >6

HBV diagnosed (with HBV alone or both HBV/HCV) 110 (1.08-1.19) 104 (095-1.14)  1.21(104-1.41)  129(099-168)  1.27 (0.92-1.75)
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both HBV/HCV)
N % N %

Overall patients 3,389 61.6 2,113 38.4
Age groups
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HCC diagnosed to start sorafenib, months
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