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Abstract

:

Autophagy is an evolutionarily conserved lysosomal-dependent pathway for degrading cytoplasmic proteins, macromolecules, and organelles. Autophagy-related genes (Atgs) are the core molecular machinery in the control of autophagy, and several major functional groups of Atgs coordinate the entire autophagic process. Autophagy plays a dual role in liver cancer development via several critical signaling pathways, including the PI3K-AKT-mTOR, AMPK-mTOR, EGF, MAPK, Wnt/β-catenin, p53, and NF-κB pathways. Here, we review the signaling pathways involved in the cross-talk between autophagy and hepatocellular carcinoma (HCC) and analyze the status of the development of novel HCC therapy by targeting the core molecular machinery of autophagy as well as the key signaling pathways. The induction or the inhibition of autophagy by the modulation of signaling pathways can confer therapeutic benefits to patients. Understanding the molecular mechanisms underlying the cross-link of autophagy and HCC may extend to translational studies that may ultimately lead to novel therapy and regimen formation in HCC treatment.
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1. Introduction


Autophagy is a self-degradative process that represents an important physiological catabolic mechanism of the eukaryotic cell. It is hallmarked by a lysosome-dependent process which allows the degradation and recycling of cellular components, such as cellular organelles and macromolecules, in a given order. During autophagy, the autophagosome, a double-membrane vesicle structure, engulfs portions of the cytoplasm and subsequently fuses with lysosomes to form autolysosomes for further degradation [1,2,3,4,5,6,7]. In eukaryotic cells, there are three major types of autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy (hereafter referred to as “autophagy”) is the main pathway, characterized by a autophagosome-autolysosome process and highly conserved autophagy-related genes (Atgs) in the core autophagic machinery. Since the discovery of the first Atg in yeast in 1996 [8], more than 40 Atgs and Atg homolog genes have been identified across different species [9,10]. The liver is essential for the maintenance of metabolic homeostasis, and thereby autophagy plays a vital role in the organismal energetic balance. Energy homeostasis mainly relies on cytosolic and organelle protein degradation and amino acid recycling by autophagy in the liver. Besides protein breakdown, hepatic glycogen stores become an essential energy source when no longer available through dietary intake. The hydrolases present in lysosomes are capable of degrading proteins, carbohydrates, lipids, and nucleic acids. Moreover, the autophagic adjustment of the mitochondrial metabolic capacity in the liver further supports the notion that hepatic autophagy contributes to liver metabolism [11].



It has been widely established that autophagy plays a dual role in cancer, and it has been extensively reviewed [12,13,14,15,16,17,18]. On the one hand, autophagy can function as a tumor-suppression mechanism in the early stage of cancer development by inhibiting inflammation and promoting genomic stability [19]. In vitro and in vivo studies have demonstrated that autophagy could suppress tumorigenesis by removing oncogenic protein, maintaining genomic stability, promoting cell death, inducing stress and immune response, and suppressing reactive oxygen species (ROS) [17,20,21,22,23,24,25,26]. Notably, many autophagy-related genes play an essential role in the suppression function of autophagy tumor development. Autophagy was assigned a tumor suppressive role by the discovery of Beclin1 deletions in multiple tumor types, which demonstrated the tumor-suppressive function of autophagy for the first time [27,28,29]. The mutation of several other autophagy genes, including ATG2B, ATG3, ATG4, ATG5, ATG9B, and ATG12, was also found, together suggesting that autophagy contributes to the suppression role of tumorigenesis [30,31,32,33,34]. While Atg5 and/or Atg7 deletion have been shown to enhance tumor incidence during the early stages of tumorigenesis via RAS signaling, there was no effect on tumor development in the late stage. However, studies have revealed that the loss of autophagy upon Atg5 or Atg7 deletion could accelerate tumor formation in mice containing oncogenic Kras and lacking p53 [35,36,37,38,39]. Hence, autophagy plays an essential role in tumor suppression, and autophagy deficiency or inhibition may contribute to tumorigenesis, especially at the initial stage.



On the other hand, autophagy can promote tumorigenesis by supplying nutrients and energy, reducing hypoxia and oxidative stress, and promoting angiogenesis. Autophagy may also promote tumor metastasis and invasion, regulating unfolded protein response (UPR) as well as providing drug resistance to cancer cells [18,25,39,40,41,42,43,44]. Interestingly, once the tumor has been established, autophagy can help cancer cells cope with environmental stresses. Thus, autophagy is critical for cancer cells’ survival and growth. Many reports have revealed that the genetic ablation of essential autophagy genes in established tumors could inhibit tumor growth, survival, and malignancy [23,38,45,46,47,48,49,50]. Moreover, the deletion of Atg5 or Atg7, atg13 or Ulk1, Fip200, and Atg7 decrease tumor progression in various oncogene-driven cancer types [49,51,52,53,54]. These findings collectively suggest that cancer cells benefit from autophagy activation, while suppressing autophagy inhibits tumor progression and increases tumor cell death [12,17,55].



Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and the fifth leading cause of death worldwide. The role of autophagy underlying HCC initiation and development has been well studied because autophagy can be induced in hepatocytes and the liver is an important metabolic organ [11,56,57]. Several lines of evidence have linked autophagy to a tumor suppression role in HCC [21,58,59]. For instance, the systemic mosaic deletion of Atg5 and liver-specific Atg7−/− has been shown to cause benign liver adenoma development [31], while Beclin-1 haploinsufficiency induces spontaneous HCC formation [29]. On the other hand, autophagy may protect tumor cells by providing extra arginine in the microenvironment of a liver-specific Atg7 or Atg5 deletion mice model, thereby indicating that autophagy partially compensates for nutrient loss in such condition and thus promotes cell growth [47,60]. Changes in autophagic signaling may also impair the metabolic balance of energy and nutrients and seriously impact liver physiology and disease [56,61,62]. The elucidation of the molecular mechanisms underlying autophagy-dependent pathogenesis could lead to the discovery of novel therapeutic approaches for HCC. Evidence has revealed that the suppression or induction of autophagy by the modulation of the mTOR, AMPK, and MAPK pathways plays a critical role in liver tumor development [63,64,65]. Hence, the modulation of autophagy via the key signaling pathways is a promising approach for enhancing the efficacy of existing liver cancer therapies [14,16,58,66,67].



In our previous review, we described the role of autophagy in the physiology of the liver and etiological factors of HCC. The dual role of autophagy in hepatocarcinogenesis and the modulation of autophagy as a novel strategy for liver cancer therapy was also discussed [68]. To further summarize the current progress in the study of autophagy in liver cancer, we will illustrate the regulatory machinery of autophagy and focus on the signaling pathways that link the function of autophagy in HCC development. Following this, we then discuss the potential therapeutic approaches for HCC treatment by targeting those pathways involved. We hope to provide a comprehensive view and reference for a deep understanding of the underlying mechanisms in the role of autophagy in liver cancer and a unique visual angle for HCC treatments involving autophagy modulation as an HCC therapeutic regimen strategy.




2. The Role of Autophagy in HCC via Autophagy Core Machinery Genes


2.1. The Core Molecular Machinery of Autophagy


In general, the basic autophagy process consists of the following steps: induction, vesicle nucleation, autophagosome, and autolysosome formation and degradation [69,70]. ATG proteins, which play an important role in autophagosome formation and the lysosomal delivery of autophagic cargo, are divided into five complexes (Figure 1): (I) Unc-51-like kinase 1 (ULK1) complex- ULK1, RB1-inducible coiled-coil protein 1 (FIP200), ATG101, and ATG13; (II) class III PI3K (PI3KC3) complex, the catalytic subunit vacuolar protein sorting 34 (VPS34), Beclin 1, and p115, joined by ATG14 or UV radiation resistance-associated gene protein (UVRAG); (III) two ubiquitin (Ub)-like proteins and conjugation systems: the ATG12-ATG5–ATG16L conjugation complex and Ub-like ATG8 family proteins (ATG8s), which form conjugates with membrane-resident phosphatidylethanolamine (PE); (IV) ATG18/WIPI (WD repeat domain phosphoinositide-interacting) proteins and ATG2; and (V) ATG9, a sole multi-spanning transmembrane protein which is involved in vesicle trafficking [70,71,72].



Among these complexes mentioned above, the mechanistic target of rapamycin complexes (mTORC1 and 2) is the most critical upstream autophagy regulator. mTORCs play an important role in regulating various cell biological functions, including but not limited to cellular growth, cell progression, cell migration, protein synthesis, and physiology and metabolism pathways [73]. Under nutrient-rich conditions, ATG13 and ULK1/2 are phosphorylated by mTOR, which inversely correlates with FIP200 phosphorylation to inhibit autophagy. Under nutrient deprivation, the mTORC1-dependent phosphorylation sites in ULK1/2 are rapidly dephosphorylated, allowing ULK1/2 to phosphorylate, and activate Atg13/FIP200, thereby inducing autophagy [74]. Activated Atg1/ULK1 complex further regulates the activity of the class-III phosphatidylinositol 3-kinase (PI3K) complex in sequence. Following this, two ubiquitination-like conjugation systems—namely, ATG12-ATG5-ATG16L and ATG8 systems—are involved in an autophagosome membrane elongation step. ATG7 (E1-like enzyme) and ATG10 (E2-like enzyme) proteins promote ATG12 and ATG5 conjugation, followed by the addition of ATG16L protein to the complex [75]. The second conjugation ATG8 proteins are covalently conjugated to lipid phosphatidylethanolamine (PE). LC3-PE proteins are cleaved by ATG4 at their C-terminus to generate a free cytosolic form of the protein LC3-I. LC3-I conjugated to a PE, resulting in the LC3-II form which is commonly used as a marker of autophagy [76]. ATG18/WIPI complex plays an important role in autophagosome formation by recognizing PI3K to phosphatidylinositol triphosphate (PI3P) at the nascent autophagosome [9]. ATG9A is a pass transmembrane protein that has been shown to have an essential role in autophagosome formation. It is found that ATG9A supplies inner components, such as proteins and lipids, to the autophagosome membranes via the trans-Golgi network [9]. After completing the whole process with the help of the protein complex, the cargo inside the autophagosome is delivered to the autolysosome and degraded by hydrolytic enzymes’ action. Accordingly, a better understanding of the underlying mechanisms in autophagy is essential before deciding to either induce or inhibit autophagy from treating human diseases in the future.




2.2. The Role of Autophagy Core Machinery Genes in Liver Cancer as Diagnostic Marker


Currently, HCC patients exhibit a high recurrence rate and poor survival [16,77]. It is important to discover convenient biomarkers to predict treatment risk and prognosis for HCC patients. Some core Atgs can be used as predictive biomarkers for the prognosis of HCC, and using autophagy-related markers will benefit HCC prognosis and extend therapeutic approaches [15].



Many reports have revealed the controversial role of LC3 expression in the clinicopathological features in HCC patients. For example, HCC tissues express higher levels of LC3A compared to adjacent non-tumorous tissue. A survival rate analysis showed a significant association between LC3A expression and poor prognosis [78]. However, another report has demonstrated that the lower expression or absence of LC3 is strongly linked to immediate mortality for HCC [79]. Further, a meta-analysis showed that positive LC3 expression was positively correlated with tumor size and overall survival. Therefore, the LC3 expression level may be related to the occurrence, evolution, and poor prognosis of liver cancer, suggesting that the LC3 could be a diagnostic marker associated with the occurrence and development of HCC [80].



Beclin-1 was taken as an independently predicted marker of HCC tumor progression. The Beclin-1 expression level was significantly associated to disease-free survival (DFS; p < 0.0001) and overall survival (OS; p < 0.0001) [81]. The study on 103 primary HCC patients showed that Beclin 1 expression was significantly lower in HCC tissues than adjacent tissues (72.8 vs. 89.5%, p = 0.015) [82]. A more recent study has confirmed reduced Beclin-1 and high HIF-1α expression associated with the development and progression of HCC [83]. Moreover, the expression level of ULK1 was significantly associated with tumor size and survival time [84].



The expression of LC3 and Beclin-1 were analyzed by immunohistochemistry on tissues from 190 HCC patients, and LC3 expression was a significant independent prognostic factor of overall survival (OS) and predict time to recurrence (TTR). Moreover, the expression of LC3 in the advanced stages of tumor-node-metastasis TNM (III) was correlated with a more prolonged survival [85]. Similarly, LC3B combined with ULK1 improved prognosis assessment in HCC patients [86]. Accordingly, LC3 can be used as a promising prognostic marker in HCC alone and/or combined with other related autophagy related genes may improve clinical diagnostic benefits.



P62 was not found in non-tumor areas and cirrhotic nodules but was found in 20 out of 20 (100%) tumor specimens. Induction of autophagy by Torin 1, a mTOR inhibitor, abolished the expression of p62, while inhibition of autophagy increased the expression of p62 in HCC cells in vitro. These results demonstrated that p62 expression change caused by autophagy level manipulation and further indicates that p62 may serve as a novel diagnostic marker for HCC [87].



An extensive bioinformatic analysis showed that 63 gene-related autophagy processes have different expression patterns between normal and HCC tissues. Based on the LASSO Cox regression algorithm, seven autophagy related genes (ATG9A, ATG7, RAB7A, GNAI3, CAPN10, EIF2S1 and SPNS1) were identified to be closely associated with the OS of HCC. They could be potential markers for prognostic risk signatures [88].



However, the methods for monitoring autophagic activity are complicated and elevated autophagic protein levels do not always directly correlate with increased autophagic activity. In terms of the diagnostic marker selection in HCC treatment, the autophagic protein level changes combine with the autophagic structures detection as well as the autophagic flux monitor may provide a more comprehensive and robust strategy.





3. The Role of Autophagy in Liver Cancer via Modulating Signaling Cascade


Two important mechanisms are involved in HCC molecular pathogenesis: (1) multiple molecular factors related to the cirrhosis induced by hepatitis infection, environmental or metabolic influences [89]; (2) mutations occurring in oncogenes or tumor suppressor genes [90,91]. These two mechanisms are closely related to several critical cell signaling pathways that influence HCC initiation and development. In our previous review, we mainly discussed the dual role of autophagy in HCC by elaborating the tumor-suppressive activity of ATGs, the role of p62 in liver tumorigenesis, and cancer cell survival and cell death mechanisms. In the following section, we will focus on the signaling cascades namely, PI3K-AKT-mTOR, AMPK-mTOR, the epidermal growth factor (EGFR) and insulin-like growth factor (IGF), mitogen-activated protein kinases (MAPKs), Wnt/β-catenin, p53, NF-κB and Nrf2-p62 pathways. We will also discuss the effect of autophagy on HCC via crosstalk with the pathways above and potential therapeutic application in HCC therapy.



3.1. The PI3K-AKT-mTOR Pathway


In cancer and particularly in HCC, the PI3K-Akt-mTOR pathway plays an important role in regulating cell growth, proliferation, apoptosis and angiogenesis [92,93,94]. The PI3K-Akt-mTOR pathway is highly activated in 15–41% of HCCs, and inhibition of mTOR plays an antitumor role in HCC [95].



IGF-1 activates PI3K and, in turn, activates AKT, which proceeds to phosphorylate. Inactivated Ras Homologue Enriched In Brain (RHEB) and Tuberous Sclerosis Complex 2 (TSC2) will stimulate mTORC1 activation [96], leading to the inhibition of autophagy [97]. In contrast, with stress conditions such as low nutrition and hypoxia, this pathway is inactivated and cell growth and proliferation are suppressed via induction of autophagy [97,98].



Over-expression of SOCS5, a member of the suppressor of cytokine signaling (SOCS) protein family, can enhance the cell invasion and migration via suppression of PI3K-Akt-mTOR-mediated autophagy in HCC in vitro. On the other hand, inhibition of SOCS5 suppressed cell migration and invasion by activating PI3K-Akt-mTOR-mediated autophagy in HCC. Combined inhibition of mTOR and SOCS5 may provide a potential therapeutic approach for metastasis inhibition in HCC patients [99].



As a tumor suppressor gene, PTEN mutation is involved in the process of initiation and progression in HCC [63,100]. PTEN deletion is frequently detected in 5% of HCCs [101], while over-expression results in the tumor size reduction and further activation of the PI3K-Akt-mTOR pathway [102]. Long noncoding RNA (lncRNA) HULC promotes liver cancer development via increasing cellular autophagy, which activates the AKT-PI3K-mTOR pathway via inhibiting PTEN in HCC cells [103]. This observation revealed autophagy plays a pro-oncogenic role by utilizing the PTEN-mTOR pathway.




3.2. The AMPK-mTOR Pathway


The adenosine monophosphate (AMP)-activated protein kinase (AMPK)-mTOR pathway plays an important role in cell growth, cell proliferation and metabolism as well as autophagy regulation [104]. More and more studies showed that the AMPK-mTOR pathway is involved in liver cancer metabolism and tumorigenesis [105,106]. Under stress conditions, ATP reduction would enlarge the AMP/ATP ratio and further activate the energy-sensing kinase, liver kinase B1(LKB1), and AMPK. In addition, TSC2 and Raptor (the regulatory associated protein of mTOR) can be phosphorylated by AMPK, leading to the inactivation of mTORC1 and the induction of autophagy [107,108]. Under glucose starvation, AMPK can promote autophagy by direct phosphorylation of ULK1 [109,110].



Recent studies have highlighted the tumor suppression role of AMPK in HCC. The activation of AMPK was found to be associated with the inhibition of cell motility, invasiveness and subsequent cell apoptosis in HCC cells [111,112]. Interestingly, AMPK also induces autophagic and apoptotic cell death by activating transcription factor CCAAT/enhancer-binding protein delta (CEBPD) and enhancing LC3B expression in HCC [113]. Contrarily, loss of AMPK in HCC cells may promote cell progression, cell survival, migration, and invasion via different oncogenic molecules and pathways suggested that activation of AMPK may possess potential anti-HCC function [114].




3.3. The EGFR and IGF Pathway


EGF receptor (EGFR/HER1) is one of the most relevant growth factor receptors in HCC. It plays a vital role in tumor proliferation and angiogenesis by activating the PI3K-AKT-mTOR and RAF-MEK-ERK pathways [115]. A high expression of EGFR is detected in adult hepatocytes suggesting that EGFR plays an essential role in hepatoprotective and pro-regenerative functions of the liver [116]. Moreover, the EGFR signaling pathway is also involved in proliferation, survival, and tumorigenicity in vitro in human HCC cell lines [117]. The genetic over-expression of TGF-α or EGF enhanced the incidence of HCCs in mice [118]. Importantly, the inhibition of EGFR with the tyrosine kinase inhibitor, gefitinib, exhibited an antitumoral effect in diethylnitrosamine (DEN) induced HCC rats suggesting that gefitinib is a potential drug for the HCC treatment [119].



The IGF signaling pathway plays a pivotal role in antiapoptotic, the stimulation of proliferation, the activation of angiogenesis, and the initiation and maintenance of oncogenesis [120]. The crucial role of this pathway, as well as each of its components, have been demonstrated in the carcinogenic and metastatic potential of HCC both in vitro and in vivo [121]. In HCC, dysregulation of IGF signaling mainly occurs at the level of IGF2 bioavailability. The over-expression of IGF2 can be detected in 16–40% of human HCCs and several HCC animal models [122,123]. The IGF2 gene is transcribed in a developmental- and tissue-specific way and four promoters (Pl–P4) were involved in IGF2 expression level change [124]. The disruption of the IGF2 promoter regulation is a common feature of human HCCs suggested that the frequent loss of biallelic IGF2 expression as a result of the loss of P1 activity may potentially be used as a diagnostic or monitoring marker for human HCC [125,126]. Unlike the high-level expression of IGF-2 in human HCCs, a lower level of IGF2R is found in approximately 80% of HCCs [127]. This excess ligand can enhance the receptor binding capability and MAPK and PI3K-AKT-mTOR pathways which are master regulators in autophagy modulation [101].




3.4. The MAPK Pathway (ERK, JNK, p38)


Mitogen-activated protein kinases (MAPKs) pathways are the major signaling systems involved in cell fate decisions such as proliferation, differentiation, and cell death. Mammalian MAP kinases are divided mainly into three groups based on their structure and function: (1) c-Jun N-terminal kinase or stress-activated protein kinase (JNKs or SAPKs), (2) extracellular signal-regulated kinases (ERKs), and (3) the p38 MAPK [128]. The MAPK axis is one of the best-characterized pathways in HCC and Ras, Raf, MEK and upstream kinases of the ERK MAPK pathway, which is activated by several ligands such as HGF, IGF, VEGF, and PDGF [129].



The RAF-MEK-ERK cascade plays a critical role in cell proliferation, differentiation, angiogenesis and survival [130]. Currently, the activation of the RAF-MEK-ERK pathway in hepatocarcinogenesis can be summarized as follows [131]. Firstly, oncogenic mutations within the RAS gene results in constitutive pathway activation through c-RAF [130]. C-RAF is overexpressed in all 30 HCC tissue samples, suggesting that CRAF activation may play a critical role in HCC [132]. In the Catalog of Somatic Mutations in Cancer (COSMIC) database (update to June 2020), B-RAF exhibits a high mutation rate of (5.8% in tested samples), while mutations within the gene NRAS (1.1%) are rare in HCC [133]. The COSMIC database shows that the NRAS gene mutation is less than the KRAS mutation (3.5%) [134]. Secondly, modulation of expression of growth factors and their receptors contributes to the CRAF activation and downstream RAF-MEK-ERK activation [130]. In addition, down-regulation of the MAPK negative regulatory proteins phosphatidylethanolamine binding protein 1 (RKIP) and the Ras inhibitors Sprouty (Spry)/Spred proteins is often observed in human hepatocarcinogenesis [135]. Finally, hepatitis B and C viruses can utilize the RAF-MEK-ERK pathway to regulate hepatocyte survival and viral replication via autophagy induction [136,137]. For HBV infection, HBx activates Raf-MEK-ERK signaling cascade during hepatocarcinogenesis [138], while for HCV, the core protein activates the Raf-MEK-ERK signaling cascade in HCC [139].




3.5. The Wnt/β-catenin Pathway


The canonical Wnt pathway regulation is caused by the binding between Wnt proteins and cell-surface receptors of the Frizzled family [101], resulting in the activation of downstream effector Disheveled, which consequently prevents the phosphorylation of β-catenin, promotes the translocation from the cytoplasm to the nucleus [140]. The Wnt/β-catenin pathway is one of the most common disrupted pathways in HCC and activation of the Wnt pathway had been found in approximately 30% of HCC [141]. A study demonstrated that the level of autophagy was inversely correlated with Dishevelled Segment Polarity Protein 2 (Dvl2) expression and activation of Wnt signaling in tumor cells [142].



The β-catenin mutation is detected in 12–26% of HCCs, and these mutations are closely related to chronic HCV infection, which is important for HCC initiation [143]. In addition, the accumulation of β-catenin in the cytoplasm and nucleus is found in 50–70% of HCC although the accumulation alone does not transform the tumor from benign to malignant [144]. Interestingly, several Wnt/β-catenin signaling genes play a role as tumor suppressors in HCC development. For example, Iqgap2 deletion promotes β-catenin activation and the tumorigenesis of HCC [145]. Sox17 can inhibit human HCC cell growth by negatively regulating the canonical Wnt/β-catenin signaling pathway [146], while as a tumor suppressor, GABARAPL1 inhibits Wnt signaling by the mediation of Dvl2 degradation suggested that the inhibition role of GABARAPL1 on the Wnt signaling is autophagy dependent [147].



Interestingly, the suppression of cell growth has been found when cells were treated with the IWP12 porcupine inhibitor or knockdown of Wntless (WLS) to block Wnt secretion in HCC. However, the Wnt secretion level change does not affect the β-catenin signaling in most HCC cells, suggesting that other possible mechanisms involved are essential in cell growth reduction. These results indicated that mutations of critical components in the Wnt pathway and the β-catenin level do not strongly rely on extracellular Wnt ligand in most liver cancers. Hence, the suppression of Wnt secretion reduces cell growth of HCC independent of β-catenin signaling [148].




3.6. The p53 Pathway


p53 mutation had been found in more than 50% of aflatoxin B1-induced HCC, around 45% of HBV-related HCC and about 13% of HCV-related HCC [149]. Currently, different types of p53 were used as the target for therapeutic strategies in HCC [150]. Many discoveries had shown that autophagy suppresses p53, and p53 activates autophagy [151].



On the one hand, when cancer cells express fully functional wildtype p53, they can recover from physiological apoptosis while suppression of p53 may promote tumor. Injection of recombinant adenovirus p53 (rAd-p53) with transarterial chemoembolization (TACE) treatment is effective and safe for treating of unresectable HCC. This p53 gene therapy-based TACE improves the overall survival (OS) and PFS rates compared to TACE monotherapy [152]. Walsuronoid B, a limonoid compound extracted from Walsura robusta, inhibited cell proliferation and induced apoptosis via the ROS-p53 signaling pathway in HepG2 and Bel-7402, showing that Walsuronoid B possesses potential anti-cancer function by the upregulation of p53 levels [153].



On the other hand, some mutants of p53 play new oncogenic functions referred to as “gain-of-function” which are different from their original function and effect of wildtype p53. Hence, strategies to inhibit these new functions than restore wildtype p53 have proven effective. PRIMA-1 can restore and stabilize the original DNA binding domain of p53 and refold mutant p53 in HCC cell lines [154]. RETRA elevates TAp73 expression by disruption of the TAp73/mutant p53 complex and promotes the releasing ability of TAp73. Next, the released p73 is involved in many cell-cycle arrest and apoptosis processes by activating the target genes of p53 [155].




3.7. The Nuclear Factor-κB (NF-κB) Pathway


Interestingly, the inhibition of NF-κB may contribute to both beneficial and negative effects on hepatocyte viability. NF-κB acts as a two-edged sword in hepatocarcinogenesis, where suppression of NF-κB increasees liver injury. Hence, the effects of NF-κB on HCC strongly depend on the cell type and the status of NF-κB activation. A high level of NF-κB expression in non-parenchymal cells generally promotes inflammation and HCC. However, the activation of NF-κB in parenchymal cells shows both suppression and promotion role in HCC [156].



NF-κB shows different specific effects on different cell types such as hepatocytes, Kupffer cells, and HSCs and/or hepatic myofibroblasts [156]. The IL-1α released from dying hepatocytes can increase hepatic injury and stimulate regenerative responses in progenitor cells and activation of Kupffer cells. Activated HSCs and/or hepatic myofibroblasts produce an extracellular matrix; increased extracellular matrix is associated with HCC progression [157]. NF-κB activation occurs early stage of HCC with viral or nonviral etiologies and has been associated with the acquisition of a transformed phenotype during hepatocarcinogenesis [158]. Many factors may cause NF-κB activation. For example, oncogenic HBV-X protein activates the NF-κB pathway via the upregulation of TANK-binding kinase 1(TBK1) in HBV-induced HCC [159]. Moreover, patients with advanced liver disease with high levels of LPS or fatty acids resulting in activation of NF-κB [160].



NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) as a protein complex, is a key transcriptional regulator of inflammation and plays an important role in modulating the immune and infection response in the liver [161]. In human liver cancer, activated NF-κB is found very frequently and occurs at the early stages of hepatocarcinogenesis, mainly caused by viral or nonviral factors [158,162].



A high level of mitochondrial fission is detected in HCC tissues and significantly contributes to the poor prognosis of liver cancer patients. In addition, increased mitochondrial fission promotes autophagy and cell survival via elevated ROS production and AKT activation, which facilitates transcriptional activity of NFκB in liver cancer cells, while the inhibition of mitochondrial division significantly suppressed tumor growth in vivo [163]. The over-expression of Dynamin-1-like protein (Drp1) increased mitochondrial fission and promoted cell proliferation by facilitating G1/S phase transition and autophagy induction in vitro and in vivo. Moreover, the Drp1-mediates mitochondrial fission was affected by p53/p21 and NF-κB-cyclins, indicating modulation of mitochondrial fission by targeting Drp1 may give us a clue for searching the novel therapeutic strategy for HCC treatment [164].




3.8. The Nrf2-p62 Pathway


Phosphorylation of p62/Sqstm1 at Ser349 enhanced the tolerance of cells to anti-cancer drugs and proliferation potency via the activation of the transcription factor Nrf2. Further study showed that inhibition of phosphorylated p62-dependent Nrf2 activation by N-[2-acetonyl-4-(4-ethoxybenzenesulfonylamino) naphthalene-1-yl]-4-ethoxybenzenesulfonamide (named as K67) suppresses the proliferation and drug resistance of HCC. Therefore, K67 might take as a drug against HCC cells resistant to chemotherapy in a p62 phosphorylation manner [165,166]. p62 is an important autophagy marker to indicate the protein accumulation and degradation. By interaction with Keap1/Nrf2, which play an important role in oxidative stress regulation, p62 is involved in cell survival, growth and cell death pathways in HCC. Currently, targeting p62 or the Keap1/Nrf2 system with related pathways, such as autophagy, is a potential therapeutic strategy in HCC therapy [167]. More detailed molecular mechanisms underlying the HCC therapeutic perspective in terms of targeting Nrf2-p62 via autophagy have been discussed and reviewed recently [168].





4. Targeting the Autophagy Core Machinery for Liver Cancer Treatment


Sorafenib is a kinase inhibitor drug approved for the treatment of primary HCC. Treatment of HCC cells with sorafenib increased LC3-II and decreased the expression of p62 which suggests that autophagic flux is increased. However, inhibition of autophagy by autophagy inhibitor (Baf-A1) and ULK1-silencing resulted in increased cell death and enhanced the sensitivity of HCC cells to sorafenib. Furthermore, silencing Ulk1 suppressed the tumor growth in a xenograft mouse model. The inhibition of autophagy by XST-14, a ULK1 inhibitor, can significantly reduce the HCC progression. These data suggest that targeting ULK1 could be used as a novel therapeutic strategy in HCC treatment, especially in combination with sorafenib [169].



Furthermore, besides the application in biomarkers, modulation of members of core molecular machinery Atgs may exert direct effects on HCC therapy. The expression of miR-26a/b inhibited autophagy by targeting ULK1 and promoted cell death in HepG2 cells while overexpression of miR-26a/b sensitized hepatomas to Dox treatment via the inhibition of autophagy in vitro and xenograft nude mice models. [65]. In addition, miR-375 negatively regulated sorafenib-induced autophagy by direct targeting ATG14 and enhanced the sensitivity of HCC to sorafenib [170].



The over-expression of lncRNA HANR in sorafenib-resistant HCC tissues and cells inhibit sorafenib susceptibility of HCC cells by promoting autophagy. miR-29b reduces HANR-induced sorafenib resistance by targeting HANR and suppressing autophagy in HCC cells. Meanwhile, HANR could act as a competing endogenous RNA (ceRNA) to upregulate ATG9A expression by inhibiting miR-29b expression. miR-29b enhances sorafenib sensitivity by inhibiting autophagy, which is caused by direct targeting ATG9A in sorafenib-resistant HCC cells, indicating that the suppression of autophagy via miR-29b/ATG9A axis may be a potential target to prevent sorafenib-resistant in HCC [171]. Similarly, a study in lncRNA nuclear enriched abundant transcript 1 NEAT1 showed that NEAT1 lower sorafenib efficacy and induced autophagy in liver cancer cells. As a ceRNA, NEAT1 could upregulate ATG3 expression by sponging miR-204 levels. Accordingly, this result suggested that suppression of autophagy via modulating NEAT1/miR-204/ATG3 signaling may be a good option for sorafenib-induced chemoresistance in HCC treatment [172].



Under hypoxic conditions, the downregulation of autophagy using 3MA and silencing of Atg4B, which involved PI3KC3 inhibition and the suppression of the conversion of LC3-I to LC3-II, inhibited the proliferation of HCC cells. Moreover, the intracellular ATP level in autophagy deficiency HCC cells was lower than in non-treated cells due to the impairment of mitochondrial b-oxidation. This study revealed the protective role of autophagy that involves the proliferation of HCC cells by activating mitochondrial b-oxidation [173].



Increased apoptosis, inflammation, and fibrosis were detected in hepatocyte-specific ATG5 knockout mice, caused by aberrant polyubiquitinated proteins accumulation. However, these pathological changes were markedly abolished in Nrf2 and ATG5 double knockout mice. These results suggest that loss of autophagy causes cell death, which will further result in liver inflammation and tumorigenesis [174].



The higher level of lncRNA HAGLROS was found in HCC tissues and correlated with the progression and development of HCC. Suppression of HAGLROS upregulated the miR-5095 expression, which further suppresses apoptosis and autophagy by targeting ATG12 [175]. The high level of miR-135a is associated with decreased disease-free survival in HCC. The autophagic processes were inhibited by ectopic expression of miR-135a via targeting Atg14. These results suggested that miR-135a plays a novel function in the regulation of autophagy, which could be used as a potential target for HCC treatment [176].



The inhibition of autophagy (with 3MA or ATG5/Beclin1 knockdown) results in the enhancement of apoptotic cell death induced by a number of agents, including physicon [177], fangchinoline [178], Bcl-2 inhibitor ABT-737 (which induces autophagy via JNK activation and the dissociation of Beclin 1 from the Beclin 1/Bcl-2 complex) [179], AKT inhibitor 1/2 (AKTi-1/2) in vitro and in vivo [180], doxorubicin [181], indicating that autophagy inhibition could be an effectual approach in combination therapy to overcome chemoresistance in HCC. Moreover, the study also revealed that the BMP4 induced autophagy was mediated through activating the JNK1/Bcl2 pathway [182]. Similarly, inhibiting autophagy by using autophagy-specific inhibitors (3-MA, chloroquine, and bafilomycin A1) or Beclin1 and ATG5 silencing, enhances apoptosis induced by naturally occurring products such as Arenobufagin, a bufadienolide from toad venom [183,184].



The silencing of LC3 with siRNA results in the down-regulation of LC3 and autophagosomes, resulting in increased apoptosis and angiogenesis potential in SMMC7721 HCC cells and HCC xenograft model [185], while suppressing LC3 by lentivirus-mediated shLC3 silencing inhibits serum deprivation-induced autophagy and significantly reducing cell proliferation and blocking cell cycle progression by increasing of the percentage of G1 (2N DNA content) phase cells in HepG2 cells. Combined treatment with shLC3 and epirubicin, an anthracycline drug used for chemotherapy, significantly decreased the survival rate of HepG2 cells, compared with epirubicin alone suggesting that LC3 plays a key role in HCC tumorigenesis, and is a potential therapeutic target for HCC [186].




5. Targeting Autophagy for Liver Cancer Treatment via Signaling Cascades


As discussed above, the PI3K/AKT/mTOR pathway plays an important regulatory role in liver tumorigenesis and HCC therapy via autophagy modulation. Due to the double-sided role of autophagy in HCC, the significance of balanced autophagy activity in PI3K/AKT/mTOR pathway in HCC treatment has become incredibly important [187]. Studies have shown that the abnormal activation of AKT and PI3K in cancer cells, leading to the activation of PI3K/AKT/mTOR pathway, which will regulate cancer cell proliferation by the activation of protein synthesis via p70S6K and 4EBP1 phosphorylation [188]. Hence, the inhibition of the PI3K/AKT/mTOR pathway may benefit cancer therapy. However, the inhibition of PI3K/AKT/mTOR pathway could also activate autophagy, promoting cell perforation in the later stage of cancer. This evidence suggested that inhibition of the PI3K/AKT/mTOR pathway may lead to a conflicted role in HCC treatment. Therefore, the combination of PI3K/AKT/mTOR pathway inhibition and autophagy inhibitors can inhibit hepatoma proliferation [64]. On the other hand, the activation of autophagy does not promote tumor progression in the late stage of HCC. Over-activation of autophagy by inhibition of PI3K/AKT/mTOR pathway may cause autophagic cell death in liver cancer [189]. Accordingly, to investigate the controversial function of PI3K/AKT/mTOR in HCC the different stages of HCC development may be considered carefully.



The induction of autophagy by the over-activation of the AMPK/mTOR pathway promotes autophagic cell death and inhibits hepatoma cell growth [190,191]. Autophagy activation can also help cells survive under stress conditions such as starvation, hypoxia, and chemotherapy [192]. Hence, reports also reveal that the inhibition of autophagy may promote cell death by enhancing the sensitivity of cancer cells to cytotoxic drugs [15]. In summary, the double-sided effects of the role of AMPK/mTOR in liver cancer also need to be highlighted.



Thus far, studies on the role of the Ras/Raf/MEK/ERK pathway in liver cancer via autophagy modulation are limited. Recently, evidence has indicated that Ras/Raf/MEK/ERK pathway plays an important role in liver cancer via regulation of autophagy by mediating mTOR [193]. Of note, mTOR acts as the major regulator involved in PI3K/AKT, AMPK, Ras/Raf/MEK/ERK pathways. These three mTOR-mediated pathways show multiple crossing points and are not independent parallel pathways.



The abnormal activation of Wnt/β-Catenin signaling has been found in 20% to 90% of liver cancers [194]. In terms of modulation of Wnt/β-Catenin in liver cancer treatment, there two points need to be highlighted. Firstly, some oncogenes, such as H-Ras proteins, have been found mutated simultaneously with β-Catenin and increases the incidence of liver cancer to 100% in mice [195]. Thus, the inhibition of Wnt/β-Catenin signaling may also be combined with other oncogenic inhibitors to improve the anti-carcinogenesis outcome in liver cancer. Secondly, combined therapy targeting the Ras/Raf/MAPK and Wnt/β-catenin pathway can suppress cell proliferation in HCC [196,197]. In this context, combined therapy may be a promising strategy to overcome the complex network of signaling pathways. It is important to identify the selective inhibitors of this pathway and eventually benefit the patient with advanced HCC.



p53 mutation is most commonly presented in human tumors, including liver cancer. Autophagy can be activated or inhibited by p53 indicating the dual function of p53 in the modulation of autophagy in HCC. On the one hand, wildtype nuclear p53 can be taken as the transcription factor which induces pro-autophagic genes under stressed conditions. On the other hand, cytoplasmic p53 represses autophagy. Notably, in contrast to nuclear p53, cytoplasmic p53 inhibits AMPK, a positive regulator of autophagy, and activates mTOR to suppress autophagy. Besides, in the absence of p53, autophagy can be induced, and wildtype p53 promotes cell death in HDACi such as SAHA-treated HCC [198]. The mutational status of the tumor cell and the mechanisms of p53 involved in modulating autophagy and apoptosis need further investigation.



The role of NF-κB in inflammation and cancer provides a high clinical relevance for HCC. However, the gap between the basic research results and the application of the chemical compound remains investigated. The principle for the design of pharmacologic therapies targeting NF-κB should follow the direct conclusion from different model systems and circumstances [156]. NF-κB inhibition with increased liver injury promotes liver cancer development in the IKKγ knockout mice, TGF-β-activated kinase 1 (TAK1) knockout mice, and DEN-treated IKK2 knockout mice. However, under less liver injury conditions, inhibition of NF-κB can promote cell death when the producing tumor-promoting proinflammatory mediators are targeted. Increasing evidence showed that NF-κB involved in the initiation and promotion of liver cancer development in the chronically inflamed liver. These studies suggested that compounds targeting of NF-κB pathway may consider the stages of liver cancer and the inflammatory status.



As an autophagy substrate, p62 is degraded during autophagy activation. Meanwhile, p62 can also inhibit autophagy by activating mTORC1 [199]. Moreover, it is well known that mTORC1 induction promotes liver cancer development. Therefore, p62-mediated mTORC1 activation may also contribute to liver tumorigenesis. Accordingly, these findings suggested that p62 may function as a tumor promoter role by modulating multiple signaling pathways including mTOR and autophagy.



In general, either the induction or suppression of autophagy could benefit the HCC treatment by targeting signaling pathways. Currently, many chemicals and drugs have been used in vitro or in vivo and clinical trials in HCC therapy. We hereby summarized these compounds to clarify the dual role of autophagy inducers and inhibitors in liver cancer (Table 1).




6. Conclusions and Future Directions


As outlined in this review, HCC is a notoriously difficult disease to treat by traditional approaches. Until now, only a few drugs have been approved for clinical treatment. Research on HCC development and treatment has focused on the molecular and cellular signaling mechanisms. Since autophagy is a highly selective and powerful process that is critically implicated in various fundamental cellular processes, it plays a critical role in hepatocarcinogenesis and may be regulated through several key signaling pathways (Figure 2). Since considerable pathways contribute to HCC development, targeting single molecules or pathways may have a limited benefit in HCC therapy. The use of a traditional combination regimen can lead to tolerability and drug resistance. Therefore, an unbiased re-evaluation of therapeutic strategies is required for HCC treatment. The key points for future treatment in HCC will be highly dependent on the underlying molecular pathways involved in autophagy. Our primary task aims to map the context-dependent functional networks in which autophagy and HCC therapy are embedded. The fact that the crosstalk of autophagy with many signaling pathways may give some idea of the landscape of this task.



In this review, we need to think about the following questions to be solved in the future: Firstly, how to select the diagnostic markers properly before or during the HCC treatment? Given the complications of the HCC tumorigenesis process, we may need to decide where and when to look at the markers. Moreover, a combination of several markers may provide a solid result compared with using a single marker. Secondly, in terms of the combination therapy using different autophagy inhibitors such as CQ/HCQ with sorafenib or other small molecules, we need to elucidate the underlying molecular mechanisms and cytotoxin of those chemicals and the specific role to autophagy before we proceed on to the next step. Thirdly, these pathways are the most important signaling cascades that are tangled with liver cancer development and presented complicated molecular mechanisms. Additionally, autophagy can affect liver development on multiple levels in most pathways. These findings further enhance the notion that autophagy shows the multi- nature of tumorigenesis. Hence, when and how to block or activate the related pathways will open up the possibilities for liver cancer treatment. Finally, it is important to find the specific inducers and inhibitors of autophagy. How to balance the cell death and cell survival mechanisms caused by autophagy is of utmost concern in treating HCC. Another balance we need to consider is how to target the right stage of HCC development. Hence, facing the contrasting roles of autophagy in liver cancer, we need to select the proper way to achieve better therapeutic benefits, induction or inhibition of autophagy is all dependent on the particular case and analysis.







Author Contributions


J.C. and H.-M.S.: conceptualization, formal analysis, writing original draft; L.H.K.L. and H.-M.S.: review, editing, and finalizing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was in part supported by research grants from Singapore National Medical Research Council (NMRC/CIRG/1490/2018) and Ministry of Education grant (MOE2018-T2-1-060) to HMS, and Ministry of Education to LHKL (MOE2017-T2-2-044).




Acknowledgments


The authors would like to thank Michelle Yee Yi Hui, Sonja Courtney Chua Jun Hui, and Lam Shi Woon Joanne for the English language review.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, Z.; Klionsky, D.J. Mammalian autophagy: Core molecular machinery and signaling regulation. Curr. Opin. Cell Biol. 2010, 22, 124–131. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res. 2014, 24, 24. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Klionsky, D.J. The regulation of autophagy—Unanswered questions. J. Cell Sci. 2011, 124, 161–170. [Google Scholar] [CrossRef]

	



Suzuki, H.; Osawa, T.; Fujioka, Y.; Noda, N.N. Structural biology of the core autophagy machinery. Curr. Opin. Struct. Biol. 2017, 43, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Jin, M.; Klionsky, D.J. The core molecular machinery of autophagosome formation. In Autophagy and Cancer; Springer: New York, NY, USA, 2013; pp. 25–45. [Google Scholar]

	



Dikic, I.; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349–364. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Klionsky, D.J. An overview of the molecular mechanism of autophagy. Curr. Top. Microbiol. Immunol. 2009, 335, 1–32. [Google Scholar]

	



Matsuura, A.; Tsukada, M.; Wada, Y.; Ohsumi, Y. Apg1p, a novel protein kinase required for the autophagic process in Saccharomyces cerevisiae. Gene 1997, 192, 245–250. [Google Scholar] [CrossRef]

	



Nishimura, T.; Tooze, S.A. Emerging roles of ATG proteins and membrane lipids in autophagosome formation. Cell Discov. 2020, 6, 32. [Google Scholar] [CrossRef]

	



Weidberg, H.; Shvets, E.; Elazar, Z. Biogenesis and cargo selectivity of autophagosomes. Annu. Rev. Biochem. 2011, 80, 125–156. [Google Scholar] [CrossRef]

	



Madrigal-Matute, J.; Cuervo, A.M. Regulation of Liver Metabolism by Autophagy. Gastroenterology 2016, 150, 328–339. [Google Scholar] [CrossRef]

	



Wu, W.K.; Coffelt, S.B.; Cho, C.H.; Wang, X.J.; Lee, C.W.; Chan, F.K.; Yu, J.; Sung, J.J. The autophagic paradox in cancer therapy. Oncogene 2012, 31, 939–953. [Google Scholar] [CrossRef]

	



Chen, N.; Karantza, V. Autophagy as a therapeutic target in cancer. Cancer Biol. Ther. 2011, 11, 157. [Google Scholar] [CrossRef]

	



Dash, S.; Chava, S.; Chandra, P.K.; Aydin, Y.; Balart, L.A.; Wu, T. Autophagy in hepatocellular carcinomas: From pathophysiology to therapeutic response. Hepatic Med. Evid. Res. 2016, 8, 9–20. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.J.; Jang, B.K. The Role of Autophagy in Hepatocellular Carcinoma. Int. J. Mol. Sci. 2015, 16, 26629–26643. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Liao, J.-Z.; He, X.-X.; Li, P.-Y. The role of autophagy in hepatocellular carcinoma: Friend or foe. Oncotarget 2017, 8, 57707–57722. [Google Scholar] [CrossRef] [PubMed]

	



Poillet-Perez, L.; White, E. Role of tumor and host autophagy in cancer metabolism. Genes Dev. 2019, 33, 610–619. [Google Scholar] [CrossRef] [PubMed]

	



White, E. The role for autophagy in cancer. J. Clin. Investig. 2015, 125, 42–46. [Google Scholar] [CrossRef]

	



Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27–42. [Google Scholar] [CrossRef]

	



Karantza-Wadsworth, V.; Patel, S.; Kravchuk, O.; Chen, G.; Mathew, R.; Jin, S.; White, E. Autophagy mitigates metabolic stress and genome damage in mammary tumorigenesis. Genes Dev. 2007, 21, 1621–1635. [Google Scholar] [CrossRef]

	



Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.-Y.; Bray, K.; Reddy, A.; Bhanot, G.; Gelinas, C. Autophagy suppresses tumorigenesis through elimination of p62. Cell 2009, 137, 1062–1075. [Google Scholar] [CrossRef]

	



Mathew, R.; Khor, S.; Hackett, S.R.; Rabinowitz, J.D.; Perlman, D.H.; White, E. Functional role of autophagy-mediated proteome remodeling in cell survival signaling and innate immunity. Mol. Cell 2014, 55, 916–930. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, J.M.; Dell’Antonio, G.; et al. Pancreatic cancers require autophagy for tumor growth. Genes Dev. 2011, 25, 717–729. [Google Scholar] [CrossRef] [PubMed]

	



Deretic, V.; Saitoh, T.; Akira, S. Autophagy in infection, inflammation and immunity. Nat. Rev. Immunol. 2013, 13, 722–737. [Google Scholar] [CrossRef] [PubMed]

	



Kocaturk, N.M.; Akkoc, Y.; Kig, C.; Bayraktar, O.; Gozuacik, D.; Kutlu, O. Autophagy as a molecular target for cancer treatment. Eur. J. Pharm. Sci. 2019, 134, 116–137. [Google Scholar] [CrossRef]

	



Mathew, R.; Kongara, S.; Beaudoin, B.; Karp, C.M.; Bray, K.; Degenhardt, K.; Chen, G.; Jin, S.; White, E. Autophagy suppresses tumor progression by limiting chromosomal instability. Genes Dev. 2007, 21, 1367–1381. [Google Scholar] [CrossRef]

	



Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672–676. [Google Scholar] [CrossRef]

	



Qu, X.; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.-L.; Mizushima, N.; Ohsumi, Y. Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J. Clin. Investig. 2003, 112, 1809–1820. [Google Scholar] [CrossRef]

	



Yue, Z.; Jin, S.; Yang, C.; Levine, A.J.; Heintz, N. Beclin 1, an autophagy gene essential for early embryonic development, is a haploinsufficient tumor suppressor. Proc. Natl. Acad. Sci. USA 2003, 100, 15077–15082. [Google Scholar] [CrossRef]

	



Mariño, G.; Salvador-Montoliu, N.; Fueyo, A.; Knecht, E.; Mizushima, N.; López-Otín, C. Tissue-specific autophagy alterations and increased tumorigenesis in mice deficient in Atg4C/autophagin-3. J. Biol. Chem. 2007, 282, 18573–18583. [Google Scholar] [CrossRef]

	



Takamura, A.; Komatsu, M.; Hara, T.; Sakamoto, A.; Kishi, C.; Waguri, S.; Eishi, Y.; Hino, O.; Tanaka, K.; Mizushima, N. Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011, 25, 795–800. [Google Scholar] [CrossRef]

	



Kang, M.R.; Kim, M.S.; Oh, J.E.; Kim, Y.R.; Song, S.Y.; Kim, S.S.; Ahn, C.H.; Yoo, N.J.; Lee, S.H. Frameshift mutations of autophagy-related genes ATG2B, ATG5, ATG9B and ATG12 in gastric and colorectal cancers with microsatellite instability. J. Pathol. 2009, 217, 702–706. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.S.; Song, S.Y.; Lee, J.Y.; Yoo, N.J.; Lee, S.H. Expressional and mutational analyses of ATG5 gene in prostate cancers. Apmis 2011, 119, 802–807. [Google Scholar] [CrossRef]

	



Wen, X.; Klionsky, D.J. At a glance: A history of autophagy and cancer. Semin. Cancer Biol. 2019, 66, 3–11. [Google Scholar] [CrossRef] [PubMed]

	



Rosenfeldt, M.T.; O’Prey, J.; Morton, J.P.; Nixon, C.; MacKay, G.; Mrowinska, A.; Au, A.; Rai, T.S.; Zheng, L.; Ridgway, R. p53 status determines the role of autophagy in pancreatic tumour development. Nature 2013, 504, 296–300. [Google Scholar] [CrossRef] [PubMed]

	



Strohecker, A.M.; Guo, J.Y.; Karsli-Uzunbas, G.; Price, S.M.; Chen, G.J.; Mathew, R.; McMahon, M.; White, E. Autophagy sustains mitochondrial glutamine metabolism and growth of BRAFV600E–driven lung tumors. Cancer Discov. 2013, 3, 1272–1285. [Google Scholar] [CrossRef] [PubMed]

	



Rao, S.; Tortola, L.; Perlot, T.; Wirnsberger, G.; Novatchkova, M.; Nitsch, R.; Sykacek, P.; Frank, L.; Schramek, D.; Komnenovic, V.; et al. A dual role for autophagy in a murine model of lung cancer. Nat. Commun. 2014, 5, 3056. [Google Scholar] [CrossRef]

	



Towers, C.G.; Wodetzki, D.; Thorburn, A. Autophagy and cancer: Modulation of cell death pathways and cancer cell adaptations. J. Cell Biol. 2020, 219, e201909033. [Google Scholar] [CrossRef]

	



Yun, C.W.; Lee, S.H. The Roles of Autophagy in Cancer. Int. J. Mol. Sci. 2018, 19, 3466. [Google Scholar] [CrossRef]

	



Guo, J.Y.; Xia, B.; White, E. Autophagy-Mediated Tumor Promotion. Cell 2013, 155, 1216–1219. [Google Scholar] [CrossRef]

	



Zhi, X.; Zhong, Q. Autophagy in cancer. F1000Prime Rep. 2015, 7, 18. [Google Scholar] [CrossRef]

	



Rebecca, V.W.; Amaravadi, R.K. Emerging strategies to effectively target autophagy in cancer. Oncogene 2016, 35, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Levine, B. Autophagy and cancer. Nature 2007, 446, 745–747. [Google Scholar] [CrossRef] [PubMed]

	



Kenific, C.M.; Debnath, J. Cellular and metabolic functions for autophagy in cancer cells. Trends Cell Biol. 2015, 25, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.; Koh, J.Y.; Price, S.; White, E.; Mehnert, J.M. Atg7 overcomes senescence and promotes growth of BRAFV600E-driven melanoma. Cancer Discov. 2015, 5, 410–423. [Google Scholar] [CrossRef]

	



Degenhardt, K.; Mathew, R.; Beaudoin, B.; Bray, K.; Anderson, D.; Chen, G.; Mukherjee, C.; Shi, Y.; Gélinas, C.; Fan, Y. Autophagy promotes tumor cell survival and restricts necrosis, inflammation, and tumorigenesis. Cancer Cell 2006, 10, 51–64. [Google Scholar] [CrossRef]

	



Poillet-Perez, L.; Xie, X.; Zhan, L.; Yang, Y.; Sharp, D.W.; Hu, Z.S.; Su, X.; Maganti, A.; Jiang, C.; Lu, W. Autophagy maintains tumour growth through circulating arginine. Nature 2018, 563, 569–573. [Google Scholar] [CrossRef]

	



Karsli-Uzunbas, G.; Guo, J.Y.; Price, S.; Teng, X.; Laddha, S.V.; Khor, S.; Kalaany, N.Y.; Jacks, T.; Chan, C.S.; Rabinowitz, J.D. Autophagy is required for glucose homeostasis and lung tumor maintenance. Cancer Discov. 2014, 4, 914–927. [Google Scholar] [CrossRef]

	



Guo, J.Y.; Karsli-Uzunbas, G.; Mathew, R.; Aisner, S.C.; Kamphorst, J.J.; Strohecker, A.M.; Chen, G.; Price, S.; Lu, W.; Teng, X. Autophagy suppresses progression of K-ras-induced lung tumors to oncocytomas and maintains lipid homeostasis. Genes Dev. 2013, 27, 1447–1461. [Google Scholar] [CrossRef]

	



Guo, J.Y.; Chen, H.-Y.; Mathew, R.; Fan, J.; Strohecker, A.M.; Karsli-Uzunbas, G.; Kamphorst, J.J.; Chen, G.; Lemons, J.M.; Karantza, V. Activated Ras requires autophagy to maintain oxidative metabolism and tumorigenesis. Genes Dev. 2011, 25, 460–470. [Google Scholar] [CrossRef]

	



Yang, A.; Herter-Sprie, G.; Zhang, H.; Lin, E.Y.; Biancur, D.; Wang, X.; Deng, J.; Hai, J.; Yang, S.; Wong, K.-K.; et al. Autophagy Sustains Pancreatic Cancer Growth through Both Cell-Autonomous and Nonautonomous Mechanisms. Cancer Discov. 2018, 8, 276–287. [Google Scholar] [CrossRef]

	



Santanam, U.; Banach-Petrosky, W.; Abate-Shen, C.; Shen, M.M.; White, E.; DiPaola, R.S. Atg7 cooperates with Pten loss to drive prostate cancer tumor growth. Genes Dev. 2016, 30, 399–407. [Google Scholar] [CrossRef]

	



Wei, H.; Wei, S.; Gan, B.; Peng, X.; Zou, W.; Guan, J.-L. Suppression of autophagy by FIP200 deletion inhibits mammary tumorigenesis. Genes Dev. 2011, 25, 1510–1527. [Google Scholar] [CrossRef] [PubMed]

	



Huo, Y.; Cai, H.; Teplova, I.; Bowman-Colin, C.; Chen, G.; Price, S.; Barnard, N.; Ganesan, S.; Karantza, V.; White, E.; et al. Autophagy Opposes p53-Mediated Tumor Barrier to Facilitate Tumorigenesis in a Model of PALB2-Associated Hereditary Breast Cancer. Cancer Discov. 2013, 3, 894–907. [Google Scholar] [CrossRef]

	



Eskelinen, E.L. The dual role of autophagy in cancer. Curr. Opin. Pharmacol. 2011, 11, 294–300. [Google Scholar] [CrossRef] [PubMed]

	



Ding, W.X. Role of autophagy in liver physiology and pathophysiology. World J. Biol. Chem. 2010, 1, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Di Fazio, P.; Matrood, S. Targeting autophagy in liver cancer. Transl. Gastroenterol. Hepatol. 2018, 3, 39. [Google Scholar] [CrossRef] [PubMed]

	



Yazdani, H.O.; Huang, H.; Tsung, A. Autophagy: Dual Response in the Development of Hepatocellular Carcinoma. Cells 2019, 8, 91. [Google Scholar] [CrossRef] [PubMed]

	



Akkoç, Y.; Gözüaçık, D. Autophagy and liver cancer. Turk. J. Gastroenterol. 2018, 29, 270–282. [Google Scholar] [CrossRef] [PubMed]

	



Kimmelman, A.C.; White, E. Autophagy and Tumor Metabolism. Cell Metab. 2017, 25, 1037–1043. [Google Scholar] [CrossRef]

	



Feng, G.S. Conflicting roles of molecules in hepatocarcinogenesis: Paradigm or paradox. Cancer Cell 2012, 21, 150–154. [Google Scholar] [CrossRef]

	



Wang, K. Autophagy and apoptosis in liver injury. Cell Cycle 2015, 14, 1631–1642. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.S.; Wang, Q.; Fu, X.H.; Huang, X.H.; Chen, X.L.; Cao, L.Q.; Chen, L.Z.; Tan, H.X.; Li, W.; Bi, J.; et al. Involvement of PI3K/PTEN/AKT/mTOR pathway in invasion and metastasis in hepatocellular carcinoma: Association with MMP-9. Hepatol. Res. 2009, 39, 177–186. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Pi, C.; Wang, G. Inhibition of PI3K/Akt/mTOR pathway by apigenin induces apoptosis and autophagy in hepatocellular carcinoma cells. Biomed. Pharmacother. 2018, 103, 699–707. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Tang, Y.; Xie, Z.-J.; Lu, J.-N.; Deng, J.-H.; Huang, X.-W.; Hooi, S.C.; He, M.; Lu, G.-D. AKT activation was not essential for hepatocellular carcinoma cell survival under glucose deprivation. Anti-Cancer Drugs 2017, 28, 427–435. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Yang, L.; Li, X.; Li, B.; Li, Y.; Zhang, X.; Ma, Y.; Peng, X.; Jin, H.; Li, H. New insights into autophagy in hepatocellular carcinoma: Mechanisms and therapeutic strategies. Am. J. Cancer Res. 2019, 9, 1329–1353. [Google Scholar] [PubMed]

	



Huang, F.; Wang, B.-R.; Wang, Y.-G. Role of autophagy in tumorigenesis, metastasis, targeted therapy and drug resistance of hepatocellular carcinoma. World J. Gastroenterol. 2018, 24, 4643–4651. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Gong, Z.; Shen, H.-M. The role of autophagy in liver cancer: Molecular mechanisms and potential therapeutic targets. Biochim. Biophys. Acta BBA Rev. Cancer 2013, 1836, 15–26. [Google Scholar] [CrossRef]

	



Mizushima, N. Autophagy: Process and function. Genes Dev. 2007, 21, 2861–2873. [Google Scholar] [CrossRef]

	



Wollert, T. Autophagy. Curr. Biol. 2019, 29, R671–R677. [Google Scholar] [CrossRef]

	



Suzuki, K.; Ohsumi, Y. Molecular machinery of autophagosome formation in yeast, Saccharomyces cerevisiae. FEBS Lett. 2007, 581, 2156–2161. [Google Scholar] [CrossRef]

	



Yim, W.W.-Y.; Mizushima, N. Lysosome biology in autophagy. Cell Discov. 2020, 6, 1–12. [Google Scholar] [CrossRef]

	



Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18. [Google Scholar] [CrossRef] [PubMed]

	



Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274–293. [Google Scholar] [CrossRef] [PubMed]

	



Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The Role of ATG Proteins in Autophagosome Formation. Annu. Rev. Cell Dev. Biol. 2011, 27, 107–132. [Google Scholar] [CrossRef] [PubMed]

	



Lystad, A.H.; Simonsen, A. Mechanisms and Pathophysiological Roles of the ATG8 Conjugation Machinery. Cells 2019, 8, 973. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.-P.; Qiu, F.-Z.; Wu, Z.-D.; Zhang, Z.-W.; Huang, Z.-Y.; Chen, Y.-F. Long-term outcome of resection of large hepatocellular carcinoma. Br. J. Surg. 2006, 93, 600–606. [Google Scholar] [CrossRef]

	



Xi, S.-Y.; Lu, J.-B.; Chen, J.-W.; Cao, Y.; Luo, R.-Z.; Wu, Q.-L.; Cai, M.-Y. The “stone-like” pattern of LC3A expression and its clinicopathologic significance in hepatocellular carcinoma. Biochem. Biophys. Res. Commun. 2013, 431, 760–766. [Google Scholar] [CrossRef]

	



Lin, C.-W.; Lin, C.-C.; Lee, P.-H.; Lo, G.-H.; Hsieh, P.-M.; Koh, K.W.; Lee, C.-Y.; Chen, Y.-L.; Dai, C.-Y.; Huang, J.-F. The autophagy marker LC3 strongly predicts immediate mortality after surgical resection for hepatocellular carcinoma. Oncotarget 2017, 8, 91902. [Google Scholar] [CrossRef]

	



Meng, Y.C.; Lou, X.L.; Yang, L.Y.; Li, D.; Hou, Y.Q. Role of the autophagy-related marker LC3 expression in hepatocellular carcinoma: A meta-analysis. J. Cancer Res. Clin. Oncol. 2020, 146, 1103–1113. [Google Scholar] [CrossRef]

	



Ding, Z.-B.; Shi, Y.-H.; Zhou, J.; Qiu, S.-J.; Xu, Y.; Dai, Z.; Shi, G.-M.; Wang, X.-Y.; Ke, A.-W.; Wu, B.; et al. Association of Autophagy Defect with a Malignant Phenotype and Poor Prognosis of Hepatocellular Carcinoma. Cancer Res. 2008, 68, 9167–9175. [Google Scholar] [CrossRef]

	



Qiu, D.-M.; Wang, G.-L.; Chen, L.; Xu, Y.-Y.; He, S.; Cao, X.-L.; Qin, J.; Zhou, J.-M.; Zhang, Y.-X.; Qun, E. The expression of beclin-1, an autophagic gene, in hepatocellular carcinoma associated with clinical pathological and prognostic significance. BMC Cancer 2014, 14, 327. [Google Scholar] [CrossRef] [PubMed]

	



Osman, N.A.A.; El-Rehim, D.M.A.; Kamal, I.M. Defective Beclin-1 and elevated hypoxia-inducible factor (HIF)-1α expression are closely linked to tumorigenesis, differentiation, and progression of hepatocellular carcinoma. Tumor Biol. 2015, 36, 4293–4299. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Yu, H.; Zhang, X.; Shen, X.; Zhang, K.; Sheng, H.; Dai, S.; Gao, H. UNC51-like kinase 1 as a potential prognostic biomarker for hepatocellular carcinoma. Int. J. Clin. Exp. Pathol. 2013, 6, 711–717. [Google Scholar] [PubMed]

	



Lee, Y.J.; Hah, Y.J.; Kang, Y.N.; Kang, K.J.; Hwang, J.S.; Chung, W.J.; Cho, K.B.; Park, K.S.; Kim, E.S.; Seo, H.-Y.; et al. The autophagy-related marker LC3 can predict prognosis in human hepatocellular carcinoma. PLoS ONE 2013, 8, e81540. [Google Scholar] [CrossRef]

	



Wu, D.H.; Wang, T.T.; Ruan, D.Y.; Li, X.; Chen, Z.H.; Wen, J.Y.; Lin, Q.; Ma, X.K.; Wu, X.Y.; Jia, C.C. Combination of ULK1 and LC3B improve prognosis assessment of hepatocellular carcinoma. Biomed. Pharmacother. 2018, 97, 195–202. [Google Scholar] [CrossRef] [PubMed]

	



Bao, L.; Chandra, P.K.; Moroz, K.; Zhang, X.; Thung, S.N.; Wu, T.; Dash, S. Impaired autophagy response in human hepatocellular carcinoma. Exp. Mol. Pathol. 2014, 96, 149–154. [Google Scholar] [CrossRef]

	



Mao, D.; Zhang, Z.; Zhao, X.; Dong, X. Autophagy-related genes prognosis signature as potential predictive markers for immunotherapy in hepatocellular carcinoma. PeerJ 2020, 8, e8383. [Google Scholar] [CrossRef]

	



Bugianesi, E. Review article: Steatosis, the metabolic syndrome and cancer. Aliment. Pharmacol. Ther. 2005, 22 (Suppl. 2), 40–43. [Google Scholar] [CrossRef]

	



Thorgeirsson, S.S.; Grisham, J.W. Molecular pathogenesis of human hepatocellular carcinoma. Nat. Genet. 2002, 31, 339–346. [Google Scholar] [CrossRef]

	



Villanueva, A.; Newell, P.; Chiang, D.Y.; Friedman, S.L.; Llovet, J.M. Genomics and signaling pathways in hepatocellular carcinoma. Semin. Liver Dis. 2007, 27, 55–76. [Google Scholar] [CrossRef]

	



Sabatini, D.M. mTOR and cancer: Insights into a complex relationship. Nat. Rev. Cancer 2006, 6, 729–734. [Google Scholar] [CrossRef]

	



Xue, S.; Zhou, Y.; Zhang, J.; Xiang, Z.; Liu, Y.; Miao, T.; Liu, G.; Liu, B.; Liu, X.; Shen, L.; et al. Anemoside B4 exerts anti-cancer effect by inducing apoptosis and autophagy through inhibiton of PI3K/Akt/mTOR pathway in hepatocellular carcinoma. Am. J. Transl. Res. 2019, 11, 2580–2589. [Google Scholar] [PubMed]

	



Lu, X.; Paliogiannis, P.; Calvisi, D.F.; Chen, X. Role of the mTOR pathway in liver cancer: From molecular genetics to targeted therapies. Hepatology 2020, in press. [Google Scholar] [CrossRef] [PubMed]

	



Sieghart, W.; Fuereder, T.; Schmid, K.; Cejka, D.; Werzowa, J.; Wrba, F.; Wang, X.; Gruber, D.; Rasoul-Rockenschaub, S.; Peck-Radosavljevic, M.; et al. Mammalian target of rapamycin pathway activity in hepatocellular carcinomas of patients undergoing liver transplantation. Transplantation 2007, 83, 425–432. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Polo, R.A.; Boya, P.; Pauleau, A.L.; Jalil, A.; Larochette, N.; Souquere, S.; Eskelinen, E.L.; Pierron, G.; Saftig, P.; Kroemer, G. The apoptosis/autophagy paradox: Autophagic vacuolization before apoptotic death. J. Cell Sci. 2005, 118, 3091. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Karantza-Wadsworth, V. Role and regulation of autophagy in cancer. Biochim. Biophys. Acta BBA Bioenergy 2009, 1793, 1516–1523. [Google Scholar] [CrossRef]

	



Kroemer, G.; Marino, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell 2010, 40, 280–293. [Google Scholar] [CrossRef]

	



Zhang, M.; Liu, S.; Chua, M.-S.; Li, H.; Luo, D.; Wang, S.; Zhang, S.; Han, B.; Sun, C. SOCS5 inhibition induces autophagy to impair metastasis in hepatocellular carcinoma cells via the PI3K/Akt/mTOR pathway. Cell Death Dis. 2019, 10, 612. [Google Scholar] [CrossRef]

	



Tian, T.; Nan, K.J.; Wang, S.H.; Liang, X.; Lu, C.X.; Guo, H.; Wang, W.J.; Ruan, Z.P. PTEN regulates angiogenesis and VEGF expression through phosphatase-dependent and -independent mechanisms in HepG2 cells. Carcinogenesis 2010, 31, 1211–1219. [Google Scholar] [CrossRef]

	



Whittaker, S.; Marais, R.; Zhu, A.X. The role of signaling pathways in the development and treatment of hepatocellular carcinoma. Oncogene 2010, 29, 4989–5005. [Google Scholar] [CrossRef]

	



Hu, T.-H.; Huang, C.-C.; Lin, P.-R.; Chang, H.-W.; Ger, L.-P.; Lin, Y.-W.; Changchien, C.-S.; Lee, C.-M.; Tai, M.-H. Expression and prognostic role of tumor suppressor gene PTEN/MMAC1/TEP1 in hepatocellular carcinoma. Cancer 2003, 97, 1929–1940. [Google Scholar] [CrossRef] [PubMed]

	



Xin, X.; Wu, M.; Meng, Q.; Wang, C.; Lu, Y.; Yang, Y.; Li, X.; Zheng, Q.; Pu, H.; Gui, X.; et al. Long noncoding RNA HULC accelerates liver cancer by inhibiting PTEN via autophagy cooperation to miR15a. Mol. Cancer 2018, 17, 94. [Google Scholar] [CrossRef] [PubMed]

	



Shackelford, D.B.; Shaw, R.J. The LKB1-AMPK pathway: Metabolism and growth control in tumour suppression. Nat. Rev. Cancer 2009, 9, 563–575. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, M.; Klooster, J.P.T.; Offerhaus, G.J.; Clevers, H. LKB1 and AMPK family signaling: The intimate link between cell polarity and energy metabolism. Physiol. Rev. 2009, 89, 777–798. [Google Scholar] [CrossRef]

	



Green, A.S.; Chapuis, N.; Maciel, T.T.; Willems, L.; Lambert, M.; Arnoult, C.; Boyer, O.; Bardet, V.; Park, S.; Foretz, M. The LKB1/AMPK signaling pathway has tumor suppressor activity in acute myeloid leukemia through the repression of mTOR-dependent oncogenic mRNA translation. Blood 2010, 116, 4262. [Google Scholar] [CrossRef]

	



Corradetti, M.N.; Inoki, K.; Bardeesy, N.; DePinho, R.A.; Guan, K.L. Regulation of the TSC pathway by LKB1: Evidence of a molecular link between tuberous sclerosis complex and Peutz-Jeghers syndrome. Genes Dev. 2004, 18, 1533. [Google Scholar] [CrossRef]

	



Inoki, K.; Ouyang, H.; Zhu, T.; Lindvall, C.; Wang, Y.; Zhang, X.; Yang, Q.; Bennett, C.; Harada, Y.; Stankunas, K. TSC2 integrates WNT and energy signals via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 2006, 126, 955–968. [Google Scholar] [CrossRef]

	



Egan, D.F.; Shackelford, D.B.; Mihaylova, M.M.; Gelino, S.; Kohnz, R.A.; Mair, W.; Vasquez, D.S.; Joshi, A.; Gwinn, D.M.; Taylor, R. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects energy sensing to mitophagy. Science 2011, 331, 456. [Google Scholar] [CrossRef]

	



Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [Google Scholar] [CrossRef]

	



Kim, Y.W.; Jang, E.J.; Kim, C.H.; Lee, J.H. Sauchinone exerts anticancer effects by targeting AMPK signaling in hepatocellular carcinoma cells. Chem. Biol. Interact. 2017, 261, 108–117. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhao, Z.X.; Huang, F.; Yuan, X.W.; Deng, L.; Tang, D. MicroRNA-1271 functions as a potential tumor suppressor in hepatitis B virus-associated hepatocellular carcinoma through the AMPK signaling pathway by binding to CCNA1. J. Cell. Physiol. 2019, 234, 3555–3569. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, H.H.; Lai, H.Y.; Chen, Y.C.; Li, C.F.; Huang, H.S.; Liu, H.S.; Tsai, Y.S.; Wang, J.M. Metformin promotes apoptosis in hepatocellular carcinoma through the CEBPD-induced autophagy pathway. Oncotarget 2017, 8, 13832–13845. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X.; Tan, H.-Y.; Teng, S.; Chan, Y.-T.; Wang, D.; Wang, N. The Role of AMP-Activated Protein Kinase as a Potential Target of Treatment of Hepatocellular Carcinoma. Cancers 2019, 11, 647. [Google Scholar] [CrossRef] [PubMed]

	



Hisaka, T.; Yano, H.; Haramaki, M.; Utsunomiya, I.; Kojiro, M. Expressions of epidermal growth factor family and its receptor in hepatocellular carcinoma cell lines: Relationship to cell proliferation. Int. J. Oncol. 1999, 14, 453–460. [Google Scholar] [CrossRef] [PubMed]

	



Berasain, C.; Latasa, M.U.; Urtasun, R.; Goñi, S.; Elizalde, M.; Garcia-Irigoyen, O.; Azcona, M.; Prieto, J.; Ávila, M.A. Epidermal Growth Factor Receptor (EGFR) Crosstalks in Liver Cancer. Cancers 2011, 3, 2444–2461. [Google Scholar] [CrossRef] [PubMed]

	



Castillo, J.; Erroba, E.; Perugorría, M.J.; Santamaría, M.; Lee, D.C.; Prieto, J.; Avila, M.A.; Berasain, C. Amphiregulin contributes to the transformed phenotype of human hepatocellular carcinoma cells. Cancer Res. 2006, 66, 6129. [Google Scholar] [CrossRef] [PubMed]

	



Borlak, J.; Meier, T.; Halter, R.; Spanel, R.; Spanel-Borowski, K. Epidermal growth factor-induced hepatocellular carcinoma: Gene expression profiles in precursor lesions, early stage and solitary tumours. Oncogene 2005, 24, 1809–1819. [Google Scholar] [CrossRef]

	



Schiffer, E.; Housset, C.; Cacheux, W.; Wendum, D.; Desbois-Mouthon, C.; Rey, C.; Clergue, F.; Poupon, R.; Barbu, V.; Rosmorduc, O. Gefitinib, an EGFR inhibitor, prevents hepatocellular carcinoma development in the rat liver with cirrhosis. Hepatology 2005, 41, 307–314. [Google Scholar] [CrossRef]

	



LeRoith, D.; Roberts, C.T. The insulin-like growth factor system and cancer. Cancer Lett. 2003, 195, 127–137. [Google Scholar] [CrossRef]

	



Wu, J.; Zhu, A.X. Targeting insulin-like growth factor axis in hepatocellular carcinoma. J. Hematol. Oncol. 2011, 4, 30. [Google Scholar] [CrossRef]

	



Breuhahn, K.; Longerich, T.; Schirmacher, P. Dysregulation of growth factor signaling in human hepatocellular carcinoma. Oncogene 2006, 25, 3787–3800. [Google Scholar] [CrossRef] [PubMed]

	



Harris, T.M.; Rogler, L.E.; Rogler, C.E. Reactivation of the maternally imprinted IGF2 allele in TGFα induced hepatocellular carcinomas in mice. Oncogene 1998, 16, 203. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Cui, H.; Sandstedt, B.; Nordlinder, H.; Larsson, E.; Ekström, T.J. Expression levels of the insulin-like growth factor-II gene (IGF2) in the human liver: Developmental relationships of the four promoters. J. Endocrinol. 1996, 149, 117–124. [Google Scholar] [CrossRef] [PubMed]

	



Vernucci, M.; Cerrato, F.; Besnard, N.; Casola, S.; Pedone, P.V.; Bruni, C.B.; Riccio, A. The H19 endodermal enhancer is required for IGF2 activation and tumor formation in experimental liver carcinogenesis. Oncogene 2000, 19, 6376–6385. [Google Scholar] [CrossRef]

	



Li, X.; Nong, Z.; Ekström, C.; Larsson, E.; Nordlinder, H.; Hofmann, W.J.; Trautwein, C.; Odenthal, M.; Dienes, H.P.; Ekström, T.J. Disrupted IGF2 promoter control by silencing of promoter P1 in human hepatocellular carcinoma. Cancer Res. 1997, 57, 2048–2054. [Google Scholar]

	



De Souza, A.; Hankins, G.R.; Washington, M.K.; Fine, R.L.; Orton, T.C.; Jirtle, R.L. Frequent loss of heterozygosity on 6q at the mannose 6-phosphate/insulin-like growth factor II receptor locus in human hepatocellular tumors. Oncogene 1995, 10, 1725–1729. [Google Scholar]

	



Davis, R.J. MAPKs: New JNK expands the group. Trends Biochem. Sci. 1994, 19, 470–473. [Google Scholar] [CrossRef]

	



Ito, Y.; Sasaki, Y.; Horimoto, M.; Wada, S.; Tanaka, Y.; Kasahara, A.; Ueki, T.; Hirano, T.; Yamamoto, H.; Fujimoto, J.; et al. Activation of mitogen-activated protein kinases/extracellular signal-regulated kinases in human hepatocellular carcinoma. Hepatology 1998, 27, 951–958. [Google Scholar] [CrossRef]

	



Gollob, J.A.; Wilhelm, S.; Carter, C.; Kelley, S.L. Role of Raf kinase in cancer: Therapeutic potential of targeting the Raf/MEK/ERK signal transduction pathway. Semin. Oncol. 2006, 33, 392–406. [Google Scholar] [CrossRef]

	



Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Kempf, R.C.; Long, J.; Laidler, P.; Mijatovic, S.; Maksimovic-Ivanic, D.; Stivala, F.; Mazzarino, M.C.; et al. Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity to therapy-implications for cancer and aging. Aging 2011, 3, 192–222. [Google Scholar] [CrossRef]

	



Hwang, Y.H.; Choi, J.Y.; Kim, S.; Chung, E.S.; Kim, T.; Koh, S.S.; Lee, B.; Bae, S.H.; Kim, J.; Park, Y.M. Over-expression of c-raf-1 proto-oncogene in liver cirrhosis and hepatocellular carcinoma. Hepatol. Res. 2004, 29, 113–121. [Google Scholar] [CrossRef] [PubMed]

	



Downward, J. Targeting RAS signalling pathways in cancer therapy. Nat. Rev. Cancer 2003, 3, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Forbes, S.A.; Bindal, N.; Bamford, S.; Cole, C.; Kok, C.Y.; Beare, D.; Jia, M.; Shepherd, R.; Leung, K.; Menzies, A.; et al. COSMIC: Mining complete cancer genomes in the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res. 2011, 39, D945–D950. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, T.; Hisamoto, T.; Akiba, J.; Koga, H.; Nakamura, K.; Tokunaga, Y.; Hanada, S.; Kumemura, H.; Maeyama, M.; Harada, M.; et al. Spreds, inhibitors of the Ras/ERK signal transduction, are dysregulated in human hepatocellular carcinoma and linked to the malignant phenotype of tumors. Oncogene 2006, 25, 6056–6066. [Google Scholar] [CrossRef] [PubMed]

	



Schmitz, K.J.; Wohlschlaeger, J.; Lang, H.; Sotiropoulos, G.C.; Malago, M.; Steveling, K.; Reis, H.; Cicinnati, V.R.; Schmid, K.W.; Baba, H.A. Activation of the ERK and AKT signalling pathway predicts poor prognosis in hepatocellular carcinoma and ERK activation in cancer tissue is associated with hepatitis C virus infection. J. Hepatol. 2008, 48, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Alavian, S.M.; Ande, S.R.; Coombs, K.M.; Yeganeh, B.; Davoodpour, P.; Hashemi, M.; Los, M.; Ghavami, S. Virus-triggered autophagy in viral hepatitis—possible novel strategies for drug development. J. Viral Hepat. 2011, 18, 821–830. [Google Scholar] [CrossRef]

	



Benn, J.; Schneider, R.J. Hepatitis B virus HBx protein activates Ras-GTP complex formation and establishes a Ras, Raf, MAP kinase signaling cascade. Proc. Natl. Acad. Sci. USA 1994, 91, 10350–10354. [Google Scholar] [CrossRef]

	



Yun, C.; Cho, H.; Kim, S.J.; Lee, J.H.; Park, S.Y.; Chan, G.K. Mitotic aberration coupled with centrosome amplification is induced by hepatitis B virus X oncoprotein via the Ras-mitogen-activated protein/extracellular signal-regulated kinase-mitogen-activated protein pathway. Mol. Cancer Res. 2004, 2, 159–169. [Google Scholar]

	



Avila, M.A.; Berasain, C.; Sangro, B.; Prieto, J. New therapies for hepatocellular carcinoma. Oncogene 2006, 25, 3866–3884. [Google Scholar] [CrossRef]

	



Taniguchi, K.; Roberts, L.R.; Aderca, I.N.; Dong, X.; Qian, C.; Murphy, L.M.; Nagorney, D.M.; Burgart, L.J.; Roche, P.C.; Smith, D.I.; et al. Mutational spectrum of β-catenin, AXIN1, and AXIN2 in hepatocellular carcinomas and hepatoblastomas. Oncogene 2002, 21, 4863–4871. [Google Scholar] [CrossRef]

	



Gao, C.; Cao, W.; Bao, L.; Zuo, W.; Xie, G.; Cai, T.; Fu, W.; Zhang, J.; Wu, W.; Zhang, X. Autophagy negatively regulates WNT signalling by promoting Dishevelled degradation. Nat. Cell Biol. 2010, 12, 781–790. [Google Scholar] [CrossRef] [PubMed]

	



Giles, R.H.; van Es, J.H.; Clevers, H. Caught up in a WNT storm: WNT signaling in cancer. Biochim. Biophys. Acta BBA Bioenergy 2003, 1653, 1–24. [Google Scholar] [CrossRef]

	



Wong, C.M.; Fan, S.T.; Ng, I.O. β-Catenin mutation and overexpression in hepatocellular carcinoma: Clinicopathologic and prognostic significance. Cancer 2001, 92, 136–145. [Google Scholar] [CrossRef]

	



Schmidt, V.A.; Chiariello, C.S.; Capilla, E.; Miller, F.; Bahou, W.F. Development of hepatocellular carcinoma in Iqgap2-deficient mice is IQGAP1 dependent. Mol. Cell. Biol. 2008, 28, 1489. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.; Yang, Y.; Liu, S.; Herman, J.G.; Lu, F.; Guo, M. SOX17 antagonizes WNT/β-catenin signaling pathway in hepatocellular carcinoma. Epigenetics 2010, 5, 743–749. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, F.; Han, L.; Wu, Y.; Li, S.; Yang, X.; Wang, Y.; Ren, F.; Zhai, Y.; Wang, D.; et al. GABARAPL1 negatively regulates Wnt/β-catenin signaling by mediating Dvl2 degradation through the autophagy pathway. Cell. Physiol. Biochem. 2011, 27, 503–512. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Xu, L.; Liu, P.; Jairam, K.; Yin, Y.; Chen, K.; Sprengers, D.; Peppelenbosch, M.P.; Pan, Q.; Smits, R. Blocking Wnt Secretion Reduces Growth of Hepatocellular Carcinoma Cell Lines Mostly Independent of β-Catenin Signaling. Neoplasia 2016, 18, 711–723. [Google Scholar] [CrossRef]

	



Shiraha, H.; Yamamoto, K.; Namba, M. Human hepatocyte carcinogenesis (review). Int. J. Oncol. 2013, 42, 1133–1138. [Google Scholar] [CrossRef]

	



Kunst, C.; Haderer, M.; Heckel, S.; Schlosser, S.; Müller, M. The p53 family in hepatocellular carcinoma. Transl. Cancer Res. 2016, 5, 632–638. [Google Scholar] [CrossRef]

	



White, E. Autophagy and p53. Cold Spring Harb. Perspect. Med. 2016, 6, a026120. [Google Scholar] [CrossRef]

	



Shen, A.; Liu, S.; Yu, W.; Deng, H.; Li, Q. p53 gene therapy-based transarterial chemoembolization for unresectable hepatocellular carcinoma: A prospective cohort study. J. Gastroenterol. Hepatol. 2015, 30, 1651–1656. [Google Scholar] [CrossRef] [PubMed]

	



Geng, Y.-D.; Zhang, C.; Lei, J.-L.; Yu, P.; Xia, Y.-Z.; Zhang, H.; Yang, L.; Kong, L.-Y. Walsuronoid B induces mitochondrial and lysosomal dysfunction leading to apoptotic rather than autophagic cell death via ROS/p53 signaling pathways in liver cancer. Biochem. Pharmacol. 2017, 142, 71–86. [Google Scholar] [CrossRef] [PubMed]

	



Hautefeuille, A.; Shi, H.; Hainaut, P.; Lambert, J.M.R.; Wiman, K.G.; Bykov, V.J.N.; de Fromentel, C.C. In vitro and in vivo cytotoxic effects of PRIMA-1 on hepatocellular carcinoma cells expressing mutant p53ser249. Carcinogenesis 2007, 29, 1428–1434. [Google Scholar] [CrossRef]

	



Kravchenko, J.E.; Ilyinskaya, G.V.; Komarov, P.G.; Agapova, L.S.; Kochetkov, D.V.; Strom, E.; Frolova, E.I.; Kovriga, I.; Gudkov, A.V.; Feinstein, E.; et al. Small-molecule RETRA suppresses mutant p53-bearing cancer cells through a p73-dependent salvage pathway. Proc. Natl. Acad. Sci. USA 2008, 105, 6302–6307. [Google Scholar] [CrossRef]

	



Luedde, T.; Schwabe, R.F. NF-κB in the liver—linking injury, fibrosis and hepatocellular carcinoma. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 108–118. [Google Scholar] [CrossRef]

	



Théret, N.; Musso, O.; Turlin, B.; Lotrian, D.; Bioulac-Sage, P.; Campion, J.P.; Boudjéma, K.; Clément, B. Increased extracellular matrix remodeling is associated with tumor progression in human hepatocellular carcinomas. Hepatology 2001, 34, 82–88. [Google Scholar] [CrossRef]

	



Liu, P.; Kimmoun, E.; Legrand, A.; Sauvanet, A.; Degott, C.; Lardeux, B.; Bernuau, D. Activation of NF-kappaB, AP-1 and STAT transcription factors is a frequent and early event in human hepatocellular carcinomas. J. Hepatol. 2002, 37, 63–71. [Google Scholar] [CrossRef]

	



Kim, H.R.; Lee, S.H.; Jung, G. The hepatitis B viral X protein activates NF-κB signaling pathway through the up-regulation of TBK1. FEBS Lett. 2010, 584, 525–530. [Google Scholar] [CrossRef]

	



Videla, L.A.; Tapia, G.; Rodrigo, R.; Pettinelli, P.; Haim, D.; Santibañez, C.; Araya, A.V.; Smok, G.; Csendes, A.; Gutierrez, L. Liver NF-κB and AP-1 DNA binding in obese patients. Obesity 2009, 17, 973–979. [Google Scholar] [CrossRef]

	



Gilmore, T.D. Introduction to NF-κB: Players, pathways, perspectives. Oncogene 2006, 25, 6680–6684. [Google Scholar] [CrossRef]

	



Huang, L.; Jian, Z.; Gao, Y.; Zhou, P.; Zhang, G.; Jiang, B.; Lv, Y. RPN2 promotes metastasis of hepatocellular carcinoma cell and inhibits autophagy via STAT3 and NF-κB pathways. Aging 2019, 11, 6674–6690. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; Zhan, L.; Cao, H.; Li, J.; Lyu, Y.; Guo, X.; Zhang, J.; Ji, L.; Ren, T.; An, J.; et al. Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the ROS-modulated coordinated regulation of the NFKB and TP53 pathways. Autophagy 2016, 12, 999–1014. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, L.; Cao, H.; Wang, G.; Lyu, Y.; Sun, X.; An, J.; Wu, Z.; Huang, Q.; Liu, B.; Xing, J. Drp1-mediated mitochondrial fission promotes cell proliferation through crosstalk of p53 and NF-κB pathways in hepatocellular carcinoma. Oncotarget 2016, 7, 65001–65011. [Google Scholar] [CrossRef] [PubMed]

	



Saito, T.; Ichimura, Y.; Taguchi, K.; Suzuki, T.; Mizushima, T.; Takagi, K.; Hirose, Y.; Nagahashi, M.; Iso, T.; Fukutomi, T.; et al. p62/Sqstm1 promotes malignancy of HCV-positive hepatocellular carcinoma through Nrf2-dependent metabolic reprogramming. Nat. Commun. 2016, 7, 12030. [Google Scholar] [CrossRef]

	



Taniguchi, K.; Yamachika, S.; He, F.; Karin, M. p62/SQSTM1-Dr. Jekyll and Mr. Hyde that prevents oxidative stress but promotes liver cancer. FEBS Lett. 2016, 590, 2375–2397. [Google Scholar] [CrossRef]

	



Denk, H.; Stumptner, C.; Abuja, P.M.; Zatloukal, K. Sequestosome 1/p62-related pathways as therapeutic targets in hepatocellular carcinoma. Expert Opin. Ther. Targets 2019, 23, 393–406. [Google Scholar] [CrossRef]

	



Bartolini, D.; Dallaglio, K.; Torquato, P.; Piroddi, M.; Galli, F. Nrf2-p62 autophagy pathway and its response to oxidative stress in hepatocellular carcinoma. Transl. Res. 2018, 193, 54–71. [Google Scholar] [CrossRef] [PubMed]

	



Xue, S.T.; Li, K.; Gao, Y.; Zhao, L.Y.; Gao, Y.; Yi, H.; Jiang, J.D.; Li, Z.R. The role of the key autophagy kinase ULK1 in hepatocellular carcinoma and its validation as a treatment target. Autophagy 2020, 16, 1832–1837. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Wang, M.; Yang, L.; Li, Y.; Ma, Y.; Peng, X.; Li, X.; Li, B.; Jin, H.; Li, H. MicroRNA-375 Targets ATG14 to Inhibit Autophagy and Sensitize Hepatocellular Carcinoma Cells to Sorafenib. OncoTargets Ther. 2020, 13, 3557–3570. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Yang, X.; Xue, X.; Sun, D.; Cai, P.; Song, Q.; Zhang, B.; Qin, L. HANR Enhances Autophagy-Associated Sorafenib Resistance Through miR-29b/ATG9A Axis in Hepatocellular Carcinoma. OncoTargets Ther. 2020, 13, 2127–2137. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Zhou, Y.; Yang, L.; Ma, Y.; Peng, X.; Yang, S.; Li, H.; Liu, J. LncRNA NEAT1 promotes autophagy via regulating miR-204/ATG3 and enhanced cell resistance to sorafenib in hepatocellular carcinoma. J. Cell. Physiol. 2020, 235, 3402–3413. [Google Scholar] [CrossRef] [PubMed]

	



Toshima, T.; Shirabe, K.; Matsumoto, Y.; Yoshiya, S.; Ikegami, T.; Yoshizumi, T.; Soejima, Y.; Ikeda, T.; Maehara, Y. Autophagy enhances hepatocellular carcinoma progression by activation of mitochondrial β-oxidation. J. Gastroenterol. 2014, 49, 907–916. [Google Scholar] [CrossRef] [PubMed]

	



Ni, H.-M.; Woolbright, B.L.; Williams, J.; Copple, B.; Cui, W.; Luyendyk, J.P.; Jaeschke, H.; Ding, W.-X. Nrf2 promotes the development of fibrosis and tumorigenesis in mice with defective hepatic autophagy. J. Hepatol. 2014, 61, 617–625. [Google Scholar] [CrossRef] [PubMed]

	



Wei, H.; Hu, J.; Pu, J.; Tang, Q.; Li, W.; Ma, R.; Xu, Z.; Tan, C.; Yao, T.; Wu, X.; et al. Long noncoding RNA HAGLROS promotes cell proliferation, inhibits apoptosis and enhances autophagy via regulating miR-5095/ATG12 axis in hepatocellular carcinoma cells. Int. Immunopharmacol. 2019, 73, 72–80. [Google Scholar] [CrossRef]

	



Huang, K.-T.; Kuo, I.Y.; Tsai, M.-C.; Wu, C.-H.; Hsu, L.-W.; Chen, L.-Y.; Kung, C.-P.; Cheng, Y.-F.; Goto, S.; Chou, Y.-W.; et al. Factor VII-Induced MicroRNA-135a Inhibits Autophagy and Is Associated with Poor Prognosis in Hepatocellular Carcinoma. Mol. Ther. Nucleic Acids 2017, 9, 274–283. [Google Scholar] [CrossRef]

	



Pan, X.; Wang, C.; Li, Y.; Zhu, L.; Zhang, T. Protective autophagy induced by physcion suppresses hepatocellular carcinoma cell metastasis by inactivating the JAK2/STAT3 Axis. Life Sci. 2018, 214, 124–135. [Google Scholar] [CrossRef]

	



Wang, N.; Pan, W.; Zhu, M.; Zhang, M.; Hao, X.; Liang, G.; Feng, Y. Fangchinoline induces autophagic cell death via p53/sestrin2/AMPK signalling in human hepatocellular carcinoma cells. Br. J. Pharmacol. 2011, 164, 731–742. [Google Scholar] [CrossRef]

	



Ni, Z.; Wang, B.; Dai, X.; Ding, W.; Yang, T.; Li, X.; Lewin, S.; Xu, L.; Lian, J.; He, F. HCC cells with high levels of Bcl-2 are resistant to ABT-737 via activation of the ROS–JNK–autophagy pathway. Free Radic. Biol. Med. 2014, 70, 194–203. [Google Scholar] [CrossRef]

	



Zhang, Q.; Yang, M.; Qu, Z.; Zhou, J.; Jiang, Q. Autophagy prevention sensitizes AKTi-1/2-induced anti-hepatocellular carcinoma cell activity in vitro and in vivo. Biochem. Biophys. Res. Commun. 2016, 480, 334–340. [Google Scholar] [CrossRef]

	



Park, H.-H.; Choi, S.-W.; Lee, G.J.; Kim, Y.-D.; Noh, H.-J.; Oh, S.-J.; Yoo, I.; Ha, Y.-J.; Koo, G.-B.; Hong, S.-S. A formulated red ginseng extract inhibits autophagic flux and sensitizes to doxorubicin-induced cell death. J. Ginseng Res. 2019, 43, 86–94. [Google Scholar] [CrossRef]

	



Deng, G.; Zeng, S.; Qu, Y.; Luo, Q.; Guo, C.; Yin, L.; Han, Y.; Li, Y.; Cai, C.; Fu, Y.; et al. BMP4 promotes hepatocellular carcinoma proliferation by autophagy activation through JNK1-mediated Bcl-2 phosphorylation. J. Exp. Clin. Cancer Res. 2018, 37, 156. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.-M.; Liu, J.-S.; Deng, L.-J.; Chen, M.-F.; Yiu, A.; Cao, H.-H.; Tian, H.-Y.; Fung, K.-P.; Kurihara, H.; Pan, J.-X. Arenobufagin, a natural bufadienolide from toad venom, induces apoptosis and autophagy in human hepatocellular carcinoma cells through inhibition of PI3K/Akt/mTOR pathway. Carcinogenesis 2013, 34, 1331–1342. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Q.; Liu, H.; Yao, Y.; Geng, L.; Zhang, X.; Jiang, L.; Shi, B.; Yang, F. Carnosic acid induces autophagic cell death through inhibition of the Akt/mTOR pathway in human hepatoma cells. J. Appl. Toxicol. 2015, 35, 485–492. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; Zhang, M.; Li, Y.; Zhou, J.; Chen, L. Studying the Effect of Downregulating Autophagy-Related Gene LC3 on TLR3 Apoptotic Pathway Mediated by dsRNA in Hepatocellular Carcinoma Cells. Cancer Res. Treat. 2017, 49, 230–245. [Google Scholar] [CrossRef]

	



Peng, W.; Du, T.; Zhang, Z.; Du, F.; Jin, J.; Gong, A. Knockdown of autophagy-related gene LC3 enhances the sensitivity of HepG2 cells to epirubicin. Exp. Ther. Med. 2015, 9, 1271–1276. [Google Scholar] [CrossRef]

	



Wang, H.; Liu, Y.; Wang, D.; Xu, Y.; Dong, R.; Yang, Y.; Lv, Q.; Chen, X.; Zhang, Z. The upstream pathway of mTOR-mediated autophagy in liver diseases. Cells 2019, 8, 1597. [Google Scholar] [CrossRef]

	



Ni, H.-M.; Williams, J.A.; Yang, H.; Shi, Y.-H.; Fan, J.; Ding, W.-X. Targeting autophagy for the treatment of liver diseases. Pharmacol. Res. 2012, 66, 463–474. [Google Scholar] [CrossRef]

	



Ye, R.; Dai, N.; He, Q.; Guo, P.; Xiang, Y.; Zhang, Q.; Hong, Z.; Zhang, Q. Comprehensive anti-tumor effect of Brusatol through inhibition of cell viability and promotion of apoptosis caused by autophagy via the PI3K/Akt/mTOR pathway in hepatocellular carcinoma. Biomed. Pharmacother. 2018, 105, 962–973. [Google Scholar] [CrossRef]

	



Cui, Y.-Q.; Liu, Y.-J.; Zhang, F. The suppressive effects of Britannin (Bri) on human liver cancer through inducing apoptosis and autophagy via AMPK activation regulated by ROS. Biochem. Biophys. Res. Commun. 2018, 497, 916–923. [Google Scholar] [CrossRef]

	



Liu, X.; Hu, X.; Kuang, Y.; Yan, P.; Li, L.; Li, C.; Tao, Q.; Cai, X. BCLB, methylated in hepatocellular carcinoma, is a starvation stress sensor that induces apoptosis and autophagy through the AMPK-mTOR signaling cascade. Cancer Lett. 2017, 395, 63–71. [Google Scholar] [CrossRef]

	



Morselli, E.; Galluzzi, L.; Kepp, O.; Vicencio, J.-M.; Criollo, A.; Maiuri, M.C.; Kroemer, G. Anti- and pro-tumor functions of autophagy. Biochim. Biophys. Acta BBA Mol. Cell Res. 2009, 1793, 1524–1532. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Breijo, B.; Monserrat, J.; Román, I.D.; González-Rodríguez, Á.; Fernández-Moreno, M.D.; Lobo, M.V.T.; Valverde, Á.M.; Gisbert, J.P.; Guijarro, L.G. Azathioprine desensitizes liver cancer cells to insulin-like growth factor 1 and causes apoptosis when it is combined with bafilomycin A1. Toxicol. Appl. Pharmacol. 2013, 272, 568–578. [Google Scholar] [CrossRef] [PubMed]

	



Vilchez, V.; Turcios, L.; Marti, F.; Gedaly, R. Targeting Wnt/β-catenin pathway in hepatocellular carcinoma treatment. World J. Gastroenterol. 2016, 22, 823–832. [Google Scholar] [CrossRef] [PubMed]

	



Harada, N.; Oshima, H.; Katoh, M.; Tamai, Y.; Oshima, M.; Taketo, M.M. Hepatocarcinogenesis in mice with β-catenin and Ha-ras gene mutations. Cancer Res. 2004, 64, 48–54. [Google Scholar] [CrossRef]

	



Galuppo, R.; Maynard, E.; Shah, M.; Daily, M.F.; Chen, C.; Spear, B.T.; Gedaly, R. Synergistic inhibition of HCC and liver cancer stem cell proliferation by targeting RAS/RAF/MAPK and WNT/β-catenin pathways. Anticancer Res. 2014, 34, 1709–1713. [Google Scholar]

	



Wu, M.-Y.; Yiang, G.-T.; Cheng, P.-W.; Chu, P.-Y.; Li, C.-J. Molecular Targets in Hepatocarcinogenesis and Implications for Therapy. J. Clin. Med. 2018, 7, 213. [Google Scholar] [CrossRef] [PubMed]

	



Denisenko, T.V.; Pivnyuk, A.D.; Zhivotovsky, B. p53-autophagy-metastasis link. Cancers 2018, 10, 148. [Google Scholar] [CrossRef] [PubMed]

	



Duran, A.; Amanchy, R.; Linares, J.F.; Joshi, J.; Abu-Baker, S.; Porollo, A.; Hansen, M.; Moscat, J.; Diaz-Meco, M.T. p62 is a key regulator of nutrient sensing in the mTORC1 pathway. Mol. Cell 2011, 44, 134–146. [Google Scholar] [CrossRef]

	



Wu, R.; Murali, R.; Kabe, Y.; French, S.W.; Chiang, Y.-M.; Liu, S.; Sher, L.; Wang, C.C.; Louie, S.; Tsukamoto, H. Baicalein Targets GTPase-Mediated Autophagy to Eliminate Liver Tumor–Initiating Stem Cell–Like Cells Resistant to mTORC1 Inhibition. Hepatology 2018, 68, 1726–1740. [Google Scholar] [CrossRef]

	



Zhang, W.; Liu, Y.; Fu, Y.; Han, W.; Xu, H.; Wen, L.; Deng, Y.; Liu, K. Long non-coding RNA LINC00160 functions as a decoy of microRNA-132 to mediate autophagy and drug resistance in hepatocellular carcinoma via inhibition of PIK3R3. Cancer Lett. 2020, 478, 22–33. [Google Scholar] [CrossRef]

	



Rizell, M.; Andersson, M.; Cahlin, C.; Hafström, L.; Olausson, M.; Lindnér, P. Effects of the mTOR inhibitor sirolimus in patients with hepatocellular and cholangiocellular cancer. Int. J. Clin. Oncol. 2008, 13, 66–70. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.; Houghton, P.J. Inhibitors of mammalian target of rapamycin as novel antitumor agents: From bench to clinic. Curr. Opin. Investig. Drugs 2002, 3, 295–304. [Google Scholar] [PubMed]

	



Huynh, H.; Chow, K.P.; Soo, K.C.; Toh, H.C.; Choo, S.P.; Foo, K.F.; Poon, D.; Ngo, V.C.; Tran, E. RAD001 (everolimus) inhibits tumour growth in xenograft models of human hepatocellular carcinoma. J. Cell. Mol. Med. 2009, 13, 1371–1380. [Google Scholar] [CrossRef]

	



Campos, L.; Nemunaitis, J.; Stephenson, J.; Richards, D.; Barve, M.; Gardner, L.; Niecestro, R.; Sportelli, P. Phase II study of single agent perifosine in patients with hepatocellular carcinoma (HCC). J. Clin. Oncol. 2009, 27, e15505. [Google Scholar] [CrossRef]

	



Xie, B.; He, X.; Guo, G.; Zhang, X.; Li, J.; Liu, J.; Lin, Y. High-throughput screening identified mitoxantrone to induce death of hepatocellular carcinoma cells with autophagy involvement. Biochem. Biophys. Res. Commun. 2020, 521, 232–237. [Google Scholar] [CrossRef]

	



Yu, H.; Qiu, Y.; Pang, X.; Li, J.; Wu, S.; Yin, S.; Han, L.; Zhang, Y.; Jin, C.; Gao, X.; et al. Lycorine Promotes Autophagy and Apoptosis via TCRP1/Akt/mTOR Axis Inactivation in Human Hepatocellular Carcinoma. Mol. Cancer Ther. 2017, 16, 2711–2723. [Google Scholar] [CrossRef]

	



Wang, S.S.; Chen, Y.H.; Chen, N.; Wang, L.J.; Chen, D.X.; Weng, H.L.; Dooley, S.; Ding, H.G. Hydrogen sulfide promotes autophagy of hepatocellular carcinoma cells through the PI3K/Akt/mTOR signaling pathway. Cell Death Dis. 2017, 8, e2688. [Google Scholar] [CrossRef]

	



Wang, Y.; Nie, H.; Zhao, X.; Qin, Y.; Gong, X. Bicyclol induces cell cycle arrest and autophagy in HepG2 human hepatocellular carcinoma cells through the PI3K/AKT and Ras/Raf/MEK/ERK pathways. BMC Cancer 2016, 16, 742. [Google Scholar] [CrossRef]

	



Sun, R.; Zhai, R.; Ma, C.; Miao, W. Combination of aloin and metformin enhances the antitumor effect by inhibiting the growth and invasion and inducing apoptosis and autophagy in hepatocellular carcinoma through PI3K/AKT/mTOR pathway. Cancer Med. 2020, 9, 1141–1151. [Google Scholar] [CrossRef]

	



Song, L.; Wang, Z.; Wang, Y.; Guo, D.; Yang, J.; Chen, L.; Tan, N. Natural Cyclopeptide RA-XII, a New Autophagy Inhibitor, Suppresses Protective Autophagy for Enhancing Apoptosis through AMPK/mTOR/P70S6K Pathways in HepG2 Cells. Molecules 2017, 22, 1934. [Google Scholar] [CrossRef]

	



Gao, L.; Lv, G.; Li, R.; Liu, W.-T.; Zong, C.; Ye, F.; Li, X.-Y.; Yang, X.; Jiang, J.-H.; Hou, X.-J.; et al. Glycochenodeoxycholate promotes hepatocellular carcinoma invasion and migration by AMPK/mTOR dependent autophagy activation. Cancer Lett. 2019, 454, 215–223. [Google Scholar] [CrossRef] [PubMed]

	



Vara, D.; Salazar, M.; Olea-Herrero, N.; Guzman, M.; Velasco, G.; Diaz-Laviada, I. Anti-tumoral action of cannabinoids on hepatocellular carcinoma: Role of AMPK-dependent activation of autophagy. Cell Death Differ. 2011, 18, 1099–1111. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Zhou, T.-Y.; Nie, C.-H.; Wan, D.-L.; Zheng, S.-S. Bigelovin, a sesquiterpene lactone, suppresses tumor growth through inducing apoptosis and autophagy via the inhibition of mTOR pathway regulated by ROS generation in liver cancer. Biochem. Biophys. Res. Commun. 2018, 499, 156–163. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.-J.; Chi, C.-W.; Su, W.-C.; Huang, H.-L. Lapatinib induces autophagic cell death and inhibits growth of human hepatocellular carcinoma. Oncotarget 2014, 5, 4845–4854. [Google Scholar] [CrossRef] [PubMed]

	



Hou, J.-Z.; Xi, Z.-Q.; Niu, J.; Li, W.; Wang, X.; Liang, C.; Sun, H.; Fang, D.; Xie, S.-Q. Inhibition of PIKfyve using YM201636 suppresses the growth of liver cancer via the induction of autophagy. Oncol. Rep. 2019, 41, 1971–1979. [Google Scholar] [CrossRef]

	



Wang, M.; Huang, C.; Su, Y.; Yang, C.; Xia, Q.; Xu, D.-J. Astragaloside II sensitizes human hepatocellular carcinoma cells to 5-fluorouracil via suppression of autophagy. J. Pharm. Pharmacol. 2017, 69, 743–752. [Google Scholar] [CrossRef]

	



He, J.-D.; Wang, Z.; Li, S.-P.; Xu, Y.-J.; Yu, Y.; Ding, Y.-J.; Yu, W.-L.; Zhang, R.-X.; Zhang, H.-M.; Du, H.-Y. Vitexin suppresses autophagy to induce apoptosis in hepatocellular carcinoma via activation of the JNK signaling pathway. Oncotarget 2016, 7, 84520–84532. [Google Scholar] [CrossRef]

	



Zai, W.; Chen, W.; Han, Y.; Wu, Z.; Fan, J.; Zhang, X.; Luan, J.; Tang, S.; Jin, X.; Fu, X.; et al. Targeting PARP and autophagy evoked synergistic lethality in hepatocellular carcinoma. Carcinogenesis 2020, 41, 345–357. [Google Scholar] [CrossRef]

	



Li, Z.; Zhang, L.; Gao, M.; Han, M.; Liu, K.; Zhang, Z.; Gong, Z.; Xing, L.; Shi, X.; Lu, K.; et al. Endoplasmic reticulum stress triggers Xanthoangelol-induced protective autophagy via activation of JNK/c-Jun Axis in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2019, 38, 8. [Google Scholar] [CrossRef]

	



Zhang, G.; He, J.; Ye, X.; Zhu, J.; Hu, X.; Shen, M.; Ma, Y.; Mao, Z.; Song, H.; Chen, F. β-Thujaplicin induces autophagic cell death, apoptosis, and cell cycle arrest through ROS-mediated Akt and p38/ERK MAPK signaling in human hepatocellular carcinoma. Cell Death Dis. 2019, 10, 255. [Google Scholar] [CrossRef]

	



Turcios, L.; Chacon, E.; Garcia, C.; Eman, P.; Cornea, V.; Jiang, J.; Spear, B.; Liu, C.; Watt, D.S.; Marti, F.; et al. Autophagic flux modulation by Wnt/β-catenin pathway inhibition in hepatocellular carcinoma. PLoS ONE 2019, 14, e0212538. [Google Scholar] [CrossRef]

	



Yang, Z.; Zhao, T.; Liu, H.; Zhang, L. Ginsenoside Rh2 inhibits hepatocellular carcinoma through β-catenin and autophagy. Sci. Rep. 2016, 6, 19383. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Lai, W.; Li, Q.; Yu, Y.; Jin, J.; Guo, W.; Zhou, X.; Liu, X.; Wang, Y. A novel oncolytic adenovirus targeting Wnt signaling effectively inhibits cancer-stem like cell growth via metastasis, apoptosis and autophagy in HCC models. Biochem. Biophys. Res. Commun. 2017, 491, 469–477. [Google Scholar] [CrossRef] [PubMed]

	



Mao, Z.; Han, X.; Chen, D.; Xu, Y.; Xu, L.; Yin, L.; Sun, H.; Qi, Y.; Fang, L.; Liu, K.; et al. Potent effects of dioscin against hepatocellular carcinoma through regulating TP53-induced glycolysis and apoptosis regulator (TIGAR)-mediated apoptosis, autophagy, and DNA damage. Br. J. Pharmacol. 2019, 176, 919–937. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Liu, J. Tanshinone I induces cell apoptosis by reactive oxygen species-mediated endoplasmic reticulum stress and by suppressing p53/DRAM-mediated autophagy in human hepatocellular carcinoma. Artif. Cells Nanomed. Biotechnol. 2020, 48, 488–497. [Google Scholar] [CrossRef]

	



Xie, S.-B.; He, X.-X.; Yao, S.-K. Matrine-induced autophagy regulated by p53 through AMP-activated protein kinase in human hepatoma cells. Int. J. Oncol. 2015, 47, 517–526. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Yin, X.; Sui, S. Resveratrol inhibited the progression of human hepatocellular carcinoma by inducing autophagy via regulating p53 and the phosphoinositide 3-kinase/protein kinase B pathway. Oncol. Rep. 2018, 40, 2758–2765. [Google Scholar] [CrossRef]

	



Song, B.; Bian, Q.; Shao, C.H.; Li, G.; Liu, A.A.; Jing, W.; Liu, R.; Zhang, Y.-J.; Zhou, Y.-Q.; Hu, X.-G. Ulinastatin reduces the resistance of liver cancer cells to epirubicin by inhibiting autophagy. PLoS ONE 2015, 10, e0120694. [Google Scholar] [CrossRef]

	



Sun, X.; Li, L.; Ma, H.-G.; Sun, P.; Wang, Q.-L.; Zhang, T.-T.; Shen, Y.-M.; Zhu, W.-M.; Li, X. Bisindolylmaleimide alkaloid BMA-155Cl induces autophagy and apoptosis in human hepatocarcinoma HepG-2 cells through the NF-κB p65 pathway. Acta Pharmacol. Sin. 2017, 38, 524–538. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 13 00432 g001 550] 





Figure 1. The mammalian core machinery of autophagy and target genes for Hepatocellular carcinoma (HCC) treatment. The core machinery comprises of ATG proteins formed five functional groups. (I) The ULK1 complex, consisting of ULK1, RB1-inducible coiled-coil protein 1 (FIP200), ATG101, and ATG13, which negatively regulates the mTOR complex. (II) The Beclin 1-class III PI3K complex consisting of Beclin 1, VPS34, P115, AMBRA1, and ATG14, controls the nucleation step of autophagosome formation. (III) The two ubiquitin-like conjugation systems (the ATG12-ATG5 system and the LC3 system). (IV) The WIPI1/2 and ATG2 complex. (V) The ATG9 retrieval complex. The targeted ATG genes in the autophagy core machinery in this review have been indicated by an asterisk (*). 
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Figure 2. The crosstalk between the major signaling pathway regulating autophagy and liver tumorigenesis. (1) PI3K-AKT-mTOR and AMPK-mTOR pathway receptor tyrosine kinases promote the conversion of PIP2 to PIP3 and the activation of PI3K. Activation of AKT by dephosphorylation of PIP3 caused by PTEN could negatively regulate PI3K signaling. Amino acids and nutrient-rich conditions initiate mTORC1 activation. In comparison, starvation and oxidative stress inhibit mTORC1 activation and induce autophagy. AMPK regulates autophagy either by phosphorylating TSC via the mTOR pathway or by directly phosphorylating ULK1. (2) EGFR, IGF, and MAPK pathway EGFR family members contribute to autophagy by activating three of the major signaling pathways for cell survival via the regulation of the autophagy process JNK/c-Jun, Ras/Raf, and the PI3K/AKT pathway. (3) Wnt-β-catenin pathway: This pathway results in the activation and nuclear recruitment of β-catenin protein, leading to directly regulating autophagy. In the canonical Wnt pathway, without Wnt β-catenin is degraded by a destruction complex and would not accumulate in the cytoplasm. This destruction complex consists of the following proteins: Axin, adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3), and casein kinase 1α (CK1α). (4) p53 pathway: Autophagy is also mediated by nuclear p53 activity, a transcription factor in stress conditions, such as UV, etc. p53 primarily induces the canonical pathway of autophagy by PI3K-AKT-mTOR, AMPK-mTOR, and ULK1 complex. Alternatively, damage-regulated autophagy modulator (DRAM), death-associated protein kinase (DAPK), or ATG7 upregulation by the p53 can also initiate autophagy. (5) NFκ-B pathway IKKα/β and NF-κB induce autophagy by increasing the Beclin 1 and other autophagy-related proteins’ expression levels. Moreover, increased autophagy can degrade IKK components and repress autophagy. Besides this, NF-κB signaling could inhibit autophagy by the over-expression of autophagy repressors, such as Bcl-2/Xl and BNIP3. 






Figure 2. The crosstalk between the major signaling pathway regulating autophagy and liver tumorigenesis. (1) PI3K-AKT-mTOR and AMPK-mTOR pathway receptor tyrosine kinases promote the conversion of PIP2 to PIP3 and the activation of PI3K. Activation of AKT by dephosphorylation of PIP3 caused by PTEN could negatively regulate PI3K signaling. Amino acids and nutrient-rich conditions initiate mTORC1 activation. In comparison, starvation and oxidative stress inhibit mTORC1 activation and induce autophagy. AMPK regulates autophagy either by phosphorylating TSC via the mTOR pathway or by directly phosphorylating ULK1. (2) EGFR, IGF, and MAPK pathway EGFR family members contribute to autophagy by activating three of the major signaling pathways for cell survival via the regulation of the autophagy process JNK/c-Jun, Ras/Raf, and the PI3K/AKT pathway. (3) Wnt-β-catenin pathway: This pathway results in the activation and nuclear recruitment of β-catenin protein, leading to directly regulating autophagy. In the canonical Wnt pathway, without Wnt β-catenin is degraded by a destruction complex and would not accumulate in the cytoplasm. This destruction complex consists of the following proteins: Axin, adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3), and casein kinase 1α (CK1α). (4) p53 pathway: Autophagy is also mediated by nuclear p53 activity, a transcription factor in stress conditions, such as UV, etc. p53 primarily induces the canonical pathway of autophagy by PI3K-AKT-mTOR, AMPK-mTOR, and ULK1 complex. Alternatively, damage-regulated autophagy modulator (DRAM), death-associated protein kinase (DAPK), or ATG7 upregulation by the p53 can also initiate autophagy. (5) NFκ-B pathway IKKα/β and NF-κB induce autophagy by increasing the Beclin 1 and other autophagy-related proteins’ expression levels. Moreover, increased autophagy can degrade IKK components and repress autophagy. Besides this, NF-κB signaling could inhibit autophagy by the over-expression of autophagy repressors, such as Bcl-2/Xl and BNIP3.



[image: Pharmaceuticals 13 00432 g002]







[image: Table] 





Table 1. Targeting autophagy as an anti-cancer strategy for liver cancer treatment via signaling cascades.
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Pathways Involved

	
Drugs/Compounds

	
Induction (+)/Inhibition (−) of Autophagy

	
In Vitro/In Vivo/Clinical Effects on HCC

	
References






	
PI3K-AKT-mTOR pathway

	
Baicalein

	
−

	
Synergized cell death in patient-derived xenograft (PDX) model.

	
[200]




	
Long non-coding RNA LINC00160

	
+

	
Improved cell viability and tumorigenesis; silencing of LINC00160 suppressed HCC cell viability and tumorigenesis via suppression of autophagy.

	
[201]




	
Rapamycin/everolimus (RAD001)

	
+

	
Displayed antiproliferative and anti-angiogenesis activities in HCC. Rapamycin induced a partial response, and the median OS was 6.5 in 24% of patients in a study with 21 advanced HCC patients.

	
[202,203,204]




	
KRX-0401 (perifosine)

	
+

	
Tested in a phase II clinical trial which reported a median time to progression (TTP) of 3.2 months.

	
[205]




	
mitoxantrone (MTX)

	
+

	
Inhibited cell growth and enhanced apoptosis in HepG2 cells.

	
[206]




	
Lycorine

	
+

	
Induced autophagy in HCC cells and suppressed growth of xenograft tumors.

	
[207].




	
NaHS

	
+

	
Significantly inhibited cell migration, proliferation and cell division, and induced cell apoptosis in HCC cells.

	
[208]




	
Bicyclol

	
+

	
Effectively inhibited cell proliferation and inhibited cell growth in HepG2 cells.

	
[209].




	
Barbaloin (Aloin) and Metformin (MET)

	
+

	
Inhibited cell proliferation, invasion, promoted apoptosis and suppressed the tumor growth in vitro and in vitro.

	
[210].




	
AMPK-mTOR pathway

	
RA-XII

	
−

	
Effectively inhibited HepG2 cell proliferation and enhanced cell death.

	
[211]




	
Glycochenodeoxycholate (GCDC)

	
+

	
Promoted cell and tumor invasion via AMPK-mTOR.

	
[212]




	
Cannabinoids (Δ9-THC)

	
+

	
Reduced growth of HCC xenografts, through inhibiting mTORC1 axis and AMPK stimulation.

	
[213]




	
Britannin and Bigelovin

	
+

	
Significantly suppressed cell growth and HepG2 cancer xenograft growth.

	
[190,214]




	
EGFR and IGF pathway

	
Gefitinib and lapatinib

	
+

	
Completed phase II trials (NCT00107536, NCT00071994, NCT00101036) in advanced HCC. Modest antitumor activity for gefitinib at 250 mg daily; Lapatinib induced cytotoxicity and autophagic cell death.

	
[81,119,215]




	
YM201636

	
+

	
Inhibited tumor growth without notable systemic toxicity in vivo.

	
[216]




	
MAPK pathway (ERK, JNK, P38)

	
Astragaloside II

	
−

	
Significantly inhibited autophagy and promoted 5-fluorouracil (5-FU)-induced cell death.

	
[217]




	
Vitexin

	
−

	
Significantly suppressed cell viability via inducing apoptosis and inhibiting autophagy in SK-Hep1 and Hepa1-6 cells and inhibited tumor growth in vivo.

	
[218]




	
Niraparib

	
+

	
Induced cytotoxicity and autophagy in response to its cytotoxicity in Huh7 and HepG2 cells.

	
[219]




	
Xanthoangelol

	
+

	
Exhibited antitumor properties in HCC.

	
[220]




	
β-Thujaplicin

	
+

	
Induced autophagic cell death and inhibited cell growth through ROS-mediated p38/ERK-MAPK signaling.

	
[221]




	
Wnt/β-catenin pathway

	
2,5-Dichloro-N-(2-methyl-4-nitrophenyl) benzenesulfonamide (FH535)

	
−

	
Effectively suppressed tumor progression by inhibition of the Wnt/β-catenin pathway and reduction in autophagic flux in a mouse xenograft model and HCC cells.

	
[222]




	
Ginsenoside Rh2 (GRh2)

	
+

	
Suppressed cell growth via coordinated autophagy and β-catenin signaling in HCC.

	
[223]




	
Ad.wnt-E1A(△24 bp)-TSLC1

	
+

	
Promoted autophagic cell death in HCC stem cells and inhibited growth of transplanted hepatic cancer stem cell (CSCs) tumors and extended survival period of mice.

	
[224].




	
p53 pathway

	
Dioscin

	
−

	
Inhibited proliferation and migration, apoptosis, autophagy by in SMMC7721 and HepG2 cells and inhibit ed primary tumorigenesis in xenografts.

	
[225]




	
Tanshinone (TA) I

	
−

	
Induced cell apoptosis by suppressing p53/DRAM-activated autophagy in HepG2 and Huh7 cells.

	
[226]




	
Matrine

	
+

	
Inhibited proliferation and induces apoptosis via induction of autophagy dependent on p53 inactivation in SMMC 7721 cells.

	
[227]




	
Resveratrol

	
+

	
Inhibited proliferation and mobility of HCC cells.

	
[228]




	
Nuclear factor-κB (NF-κB) pathway

	
Ulinastatin (UTI)

	
−

	
Enhanced the outcome of liver cancer chemotherapy.

	
[229]




	
Bisindolylmaleimides (BMA-155Cl

	
+

	
Induced apoptotic cell death in HCC cells.

	
[230]
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