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Abstract

:

Simple Summary


Liver cancer is one of the deadliest human cancers. High-throughput analysis of cancer cell genomes has established that hotspot mutations in HNF4α and HNF1α occur in a variety of human cancers, including liver cancer. Here, we review recent findings pertaining to role of HNF1α and HNF4α in liver cancer, and their possible targeting for liver cancer treatment.




Abstract


The hepatocyte nuclear factor-4α (HNF4α) and hepatocyte nuclear factor-1α (HNF1α) are transcription factors that influence the development and maintenance of homeostasis in a variety of tissues, including the liver. As such, disruptions in their transcriptional networks can herald a number of pathologies, such as tumorigenesis. Largely considered tumor suppressants in liver cancer, these transcription factors regulate key events of inflammation, epithelial–mesenchymal transition, metabolic reprogramming, and the differentiation status of the cell. High-throughput analysis of cancer cell genomes has identified a number of hotspot mutations in HNF1α and HNF4α in liver cancer. Such results also showcase HNF1α and HNF4α as important therapeutic targets helping us step into the era of personalized medicine. In this review, we update current findings on the roles of HNF1α and HNF4α in liver cancer development and progression. It covers the molecular mechanisms of HNF1α and HNF4α dysregulation and also highlights the potential of HNF4α as a therapeutic target in liver cancer.
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1. Introduction


Transcriptional factors (TFs) play a pivotal role in normal cellular physiology, and their aberrant expression is linked to a myriad of diseases [1]. Mutations in TFs and TF-binding sites underlie many human diseases, including cancer. The hepatocyte nuclear factor 4α (HNF4α, NR2A1, gene symbol HNF4A) and hepatocyte Nuclear Factor 1α (HNF1α) TFs influence the development as well as the maintenance of normal homeostasis in a variety of tissues including the liver, kidney, and small intestine [2,3]. The HNF family of TFs is implicated in mature onset diabetes of the young (MODY), and mutations in the HNF4α, HNF1α, and HNF1β genes cause MODY, a form of non-insulin-dependent diabetes mellitus [4,5,6]. HNF4α is a member of the ligand-dependent NR2A nuclear receptor superfamily of TFs [7,8]. HNF4α is highly expressed in the liver, in which about 60% of the actively transcribed genes have a binding site for HNF4α [8,9]. It is crucial during embryonic development and liver organogenesis, as manifested by embryonic lethality in HNF4α-knockout mouse embryos [10,11]. The HNF4α protein contains six distinct domains: an N-terminal activation domain (activation function-2), a DNA-binding domain (DBD) containing two zinc finger motifs, a presumed ligand-binding domain, a C-terminal homodimerization and activation domain, and a repressor domain [2,12]. The expression of HNF4α is driven by two distinct promoters, P1 and P2, which result in 12 different variants (HNF4α 1-12) with an organ-specific expression [13]. The zinc finger region is essential for the binding of HNF4α to its target promoters and the recruitment of coactivators and corepressors, such as p300, SRC-1, and p160, to the target site [14,15,16,17]. HNF4α is a master regulator of cell fate decisions and maintains the differentiated state of many cell types, including hepatocytes [11]. While HNF4α has been well studied in the development of MODY, its role in tumorigenesis is not fully understood. Recently, many studies have proved its role as a tumor suppressant across different cancer types, including liver cancer [18,19], renal cell cancer [20], pancreatic cancer [21], and colorectal cancer [22,23]. Many studies have focused on liver cancer because of the pivotal role of HNF4α in the normal physiology and development of the liver. HNF4α plays a role throughout the initiation, malignant transformation, and metastasis in liver cancer development by regulating the key events of inflammation [24,25], epithelial–mesenchymal transition (EMT) [26,27], and the differentiation status of the cells [11,28]. Another liver-enriched TF, HNF1α acts synergistically with HNF4α to regulate gene expression in a variety of tissues and organs, including the liver, pancreas, and kidney [16,29]. HNF1α is present in embryonic tissues and affects cellular differentiation and organ development [30]. HNF1α interacts with target DNA as a homodimer or heterodimer with HNF1β to regulate glucose metabolism, lipid transport, and detoxification [4,31,32,33]. HNF1α is a member of the homeobox family of proteins, having a tripartite domain structure. Structurally, HNF1α has an N-terminal dimerization domain, a central DBD, and a C-terminal transactivation domain. The DBD is composed of a POU (Pit1, Oct1, and Unc1)-homeodomain (POUH) and POU-specific (POUS) parts and is not the prototype of homeobox proteins because of a unique 21-amino acid insertion in the POUH part, which interacts with the POUS to stabilize the interface for efficient transcriptional activity [31,34]. Recent data from many studies have established HNF1α as a tumor suppressor [35,36,37,38]. The expression of the HNF4α gene is mainly upregulated by transcription factor HNF1α, which binds to the HNF4α promoter region together with HNF6 [39]. HNF4α also occupies the HNF1α promoter region and upregulates its expression as positive feedback, but HNF1α inhibits its own gene transcription by protein–protein interaction with HNF4α as negative feedback [40]. HNF4α and HNF1α together form a network of transacting factors regulating the expression of each other and multiple liver-specific genes [41,42,43]. HNF4α and HNF1α act together as a heterodimer at many target genes and reciprocally regulate each other’s expression through DNA-binding-dependent and independent (protein–protein interaction) mechanisms. HNF4α facilitates the recruitment of p300 and enhances HNF1α-mediated transcription activation [16]. Several cancer genome consortia, like the International Cancer Genome Consortium (ICGC), study the genomic changes in different types of cancers and publish in-depth lists of somatic mutations in cancer. The analysis of these somatic mutations can reveal previously unidentified pathways in carcinogenesis and new targets of cancer treatment. The ICGC data analysis revealed that, alongside top mutated genes, HNFs are also mutated in liver cancer and may be implicated in carcinogenesis. Though HNFs are well-established tumor suppressants in the liver, their functional importance is yet to be elucidated.




2. The Roles of HNF4α and HNF1α in Liver Cancer Development


2.1. HNF4α and HNF1α as a Link between Inflammation and Cancer


Inflammation is an adaptive immune response to infectious pathogens and tissue injury, characterized by immune cell recruitment and the release of cytokines to ward off the infection or harmful impetus, restore damaged tissues, and maintain homeostasis. However, under the conditions of persistent inflammatory stimuli or the dysfunction of regulatory mechanisms, non-resolving inflammation occurs, which sets the stage for autoimmunity and cancer development [44]. The preponderance of evidence suggests a clear link between inflammation and its protumorigenic role, which is the consequence of its role in tissue regeneration and repair. Up to 20% of cancers have been linked to chronic inflammation or infections [45,46,47]. Liver cancer, gastric cancer, and colorectal cancer (CRC) may differ in their etiology and pathogenic mechanisms, but inflammation is a common factor. A study by Hatziapostolou et al. established HNF4α as a candidate linking inflammation and hepatocarcinogenesis through microRNA regulation [25] (Figure 1). The IL6-STAT3 pathway is implicated in driving liver tumorigenesis by inducing the expression of oncogenic microRNAs, miR-24 and miR-629. These oncomiRs, in turn, inhibit HNF4α expression and result in hepatocyte neoplastic transformation. A target of HNF4α, miR-124 is a well-established inhibitor of the IL6-STAT3 pathway, directly targeting the IL6R [25]. The perturbation of the HNF4α-miRNA inflammatory circuit may result in hepatocarcinogenesis. The anti-inflammatory role of HNF4α is also evidenced by its protective action against inflammatory bowel disease (IBD) and ulcerative colitis [23]. Uncovering the role of HNF4α in inflammation is a crucial area of research and can offer new therapeutic options for inflammation-driven cancers.



The constitutive activation of the nuclear factor kappa B (NF-kB) signaling pathway is vital in establishing an inflammatory environment that is conducive to cellular transformation and neoplasia. NF-kB regulates the expression of a myriad of genes involved in cellular proliferation, apoptosis, survival, and tumorigenesis [48]. One of the predisposing factors for liver cancer is fibrosis [49]. An inflammatory microenvironment facilitates the onset of fibrosis and, ultimately, liver cirrhosis, which sets the stage for hepatocarcinogenesis [50]. The activated hepatic stellate cells (HSCs) are the cells implicated in inducing fibrosis; they do so by inhibiting HNF1α expression in hepatocytes through IL-6- and TNFα-induced expression of miR-21 and miR-146a in the hepatocytes and thus promoting tumor development [38]. Highly expressed in epithelial and hematopoietic cells, SHP-1/PTPN6 plays a prominent anti-inflammatory role by negatively regulating the NF-kB, ERK, STAT, JNK, and JAK2 pathways [51]. The SHP-1 promoter contains binding sites for HNF1α, and its expression is transcriptionally regulated by HNF1α in hepatocytes [38]. HNF1α negatively regulates the NF-kB pathway by inducing the expression of miR-194. In hepatocellular carcinoma (HCC), TNFα-induced NF-kB signaling downregulates HNF1α, thereby inhibiting miR-194, and results in tumorigenesis [52]. In summary, HNFs are vital in regulating inflammatory pathways and thus may be of importance in inflammation-associated cancer.




2.2. HNF4α and HNF1α in Epithelial-to-Mesenchymal Transition (EMT) and Liver Cancer Metastasis


The EMT-controlling TFs are well recognized to play a role in cancer development from tumor initiation to tumor dissemination [53]. The malignant cells must undergo EMT to acquire metastatic potential. EMT is tightly regulated by Wnt/β-catenin signaling and TFs such as SNAIL, SLUG, AXIN2, and TWIST. Under normal conditions, β-catenin is bound by a destruction complex containing Axin, APC, and GSSK3, which leads to β-catenin phosphorylation and destruction [54]; however, owing to the constitutively active Wnt signaling in tumor cells, β-catenin is stabilized [55]. It consequently forms a complex with T-cell factor (TCF) in the nucleus and upregulates the expression of EMT inducers, which leads to the change of polarity of epithelial cells as they transition to the mesenchymal cell type [56] (Figure 2). HNF4α is responsible for maintaining the differentiated phenotype of adult hepatocytes by inducing liver-specific genes and acting as a competitive inhibitor of the Wnt/β-catenin pathway and a direct inhibitor of EMT-inducing TFs [26,27,57,58] (Figure 2). HNF4α not only inhibits the nuclear translocation of β-catenin but also causes its trafficking to the plasma membrane, where it influences cell adhesion and connects cadherins to α-catenin and the cytoskeleton [26]. HNF4α also inhibits hepatocyte dedifferentiation, proliferation, migration, and malignant transformation by upregulating miR-194 and miR-192, which are negative regulators of cell adhesion and migration, activated leukocyte cell adhesion molecule (Alcam), tumorigenesis and tumor progression (Rap2B and epiregulin (Ereg)), and EMT-related genes (moesin (Msn)) [59]. HNF1α also plays a major role in maintaining the differentiated and epithelial phenotype of hepatocytes. The silencing of HNF1α in hepatocellular carcinoma cells by siRNA impairs their epithelial phenotype, characterized by the decreased expression of epithelial markers, such as E-cadherin, and the increased expression of mesenchymal markers, such as vimentin, and TFs involved in EMT like Snail1 and Snail2 [60,61,62].




2.3. HNF4α and HNF1α in Metabolism and Liver Cancer


The hallmark feature of tumor cells is metabolic reprogramming characterized by high glycolysis and lipogenesis (the Warburg effect) to cope with poor oxygenation and nutrient scarcity in the tumor microenvironment [63]. The metabolic adaptations in the tumor cells are the downstream effects of oncogenic signaling. Multiple lines of evidence suggest that disrupting the lipid metabolic pathways reduces tumor growth and metastasis and can offer new avenues for cancer treatment [64]. The peroxisome proliferator-activated receptor gamma (PPARG) is a master regulator of lipid uptake, synthesis, and storage in adipose tissue [65]. In hepatocellular adenoma (HCA) and a subset of HCC, the expression and activity of PPARG is significantly increased, affecting metabolic rearrangements and liver tumorigenesis via the transcriptional regulation of hexokinase 2 (HK2) and M2 pyruvate kinase (PKM2) [36,66]. In a whole-body mouse mutant of HNF1α, there was a significant fold induction of hepatic PPARG transcript and protein expression, suggesting a functional interaction between these two TFs. The same study established that PPARG is under the negative transcriptional regulation of HNF1α [36].



Non-alcoholic fatty liver disease (NAFLD) and its progressive subtype non-alcoholic steatohepatitis (NASH) are recognized as emerging causes of HCC. NAFLD is a group of diseases characterized by the deposition of fat in the hepatocytes, with obesity, diabetes, and insulin resistance identified as common risk factors. NAFLD starts as simple steatosis that progresses to NASH because of the actions of inflammatory mediators, reactive oxygen species (ROS), and intestinal microbiota [67,68,69,70]. The damage-associated molecular patterns (DAMPs; for example, HMGB1, cholesterol esters) and microbe-associated molecular patterns (MAMPs; for example, LPS) from the intestinal microbiota and damaged hepatocytes lead to the activation of toll-like receptor (TLR) signaling in resident immune cells and hepatocytes, which may support the development of NASH [68]. Defining the pathogenesis of NAFLD and NASH is the subject of intense investigation, and many studies have established a pivotal role for HNF4α and HNF1α in NAFLD-NASH. Whole-body knockout Hnf1α mice suffered from hyperglycemia, hypercholesterolemia, and fatty liver, indicating the essential role of HNF1α in liver function and fat metabolism [71,72]. Moreover, Ni et al. studied the effects of the hepatocyte-specific deletion of Hnf1α using the Cre-LoxP method and demonstrated a critical link between HNF1α and the development of NAFLD-HCC [73]. The Hnf1α knockout (KO) mice developed fatty liver, NASH, and liver tumors characterized by collagen deposition and fibrosis with no evidence of cirrhosis. Immunohistochemical staining of the tumor nodules revealed intense expression of glypican-3 (Gpc3), a diagnostic marker for HCC. Furthermore, the inflammatory and pro-proliferative pathways were highly active in the livers of Hnf1α KO mice, as evidenced by the increased expression of TNFα, TGFb1, IL-6, phosphorylation of NF-kB subunit p65 and Akt [73].



Liver-specific Hnf4α KO mice display increased plasma bile acid levels and reduced plasma levels of triglycerides and cholesterol owing to impaired, very low-density lipoprotein (VLDL) secretion by the liver [74]. In mice, the short hairpin RNA (shRNA)-mediated knockdown of hepatic Hnf4α leads to the dysregulation of genes involved in lipid metabolism, such as VLDL secretion (Mtp, ApoB), de novo cholesterol biosynthesis (Hmgcr, Hmgcs, Srebp-2), cholesterol catabolism (Cyp7a1, Cyp8b1), cholesterol esterification (Acat2, Lcat), and cholesterol uptake (Ldlr, SR-BI), which eventually leads to the development of fatty liver [75]. The expression and protein levels of HNF4α and mRNA levels of HNF4α target genes are drastically reduced in NASH patients [76]. The roles of microRNAs have been indicated in NAFLD and NASH [77], and, in particular, miR-34a is highly expressed during common metabolic stress (diabetes, HFD feeding, and NASH). Furthermore, miR-34a inhibits HNF4α expression via binding to the 3′-UTR and influences the regulation of hepatic and plasma lipid metabolism. During metabolic stress, hepatic miR-34a negatively regulates HNF4α, and the perturbation of this circuit may play an important role in NASH development [76].




2.4. HNF4α and HNF1α Mutations in Liver Cancer


Cancers arise from the accretion of mutations in critical genes that alter the normal plans of cell proliferation, differentiation, and death [78]. The ICGC data analysis revealed relatively rare gene mutations, which may play crucial roles in tumor formation (ICGC; https://dcc.icgc.org/; accessed on 15 July 2021). High-throughput analysis of cancer cell genomes has established that hotspot mutations in HNF4α and HNF1α occur in a variety of human cancers, including liver [30,79,80,81,82,83], renal [84], colorectal [85], and pancreatic carcinomas (ICGC Database) (Figure 3). Notably, most of the HNF4α mutations are located in the Zn-finger region or the ligand-binding domain of HNF4α, which is well conserved among various species. Mutations in such evolutionarily conserved elements suggest a strong effect on the protein function, though further studies are necessary. Our group identified, for the first time, functional HNF4α mutations in liver cancers. Notably, HNF4α DNA-binding ability and transcriptional activity were lost in the tested mutations [14]. The study suggested that HNF4α loss-of-function mutations cause the reduction of HNF4α target gene expression, and, in turn, this may induce hepatic tumorigenesis or tumor growth. Additionally, the identification of HNF4α and HNF1α as mutated targets in cancer suggests that systematic searches through cancer cell genomes for somatic mutations will ultimately provide a full picture of the pathophysiology and therapeutic opportunities for underlying human oncogenesis. Therefore, the analysis of these somatic mutations may reveal new pathways involved in carcinogenesis and new targets of cancer treatment.



The mutations of HNF1α are well established in HCA characterized by hepatic steatosis due to increased fatty acid synthesis and decreased expression of liver fatty acid-binding protein (LFABP). The metabolic consequences of biallelic mutations of HNF1α are dysregulated glycolysis, gluconeogenesis, and lipogenesis [37,81]. The neoplastic consequence is the increased activity of the ErbB2 receptor tyrosine kinase, which activates the mTOR signaling pathway with proproliferative and anti-apoptotic effects [86,87]. HCAs are characterized by the lack of activation of β-catenin and CTNNB1 (Catenin Beta-1) mutations, and defective HNF1α signaling [88]. A study by Hechtman et al. reported two mutations, HNF1α E32 and L214Q, in HCC [82]. Ding et al. reported HNF1α Q511L somatic mutations in HCC defined by reduced transactivation activity and impaired nuclear localization of HNF1α [83]. The somatic mutations of HNF1α in HCC attenuate the tumor suppressor function of HNF1α and may play a role in HCC development through a distinct pathway independent of HCC with β-catenin mutations [88].




2.5. Phenotypic Consequences of Downregulated Expression of HNF4α and HNF1α in Liver Cancer


Both HNF1α and HNF4α act as tumor suppressors, and they reduce expression of factors that can trigger tumor development in several types of cells. The knockout of HNF4α in the adult mouse liver induces a robust proliferative response in normal hepatocytes [19]. Moreover, the heterozygous mutation of HNF4α resulted in the loss of transcriptional activation of target genes, APOB and HNF1α [89]. Additionally, the knockdown of HNF4α led to substantial reductions in HNF1α and APOB, and RNA-seq data from liver cancer patients also showed that the expression of HNF4α, HNF1α, and APOB mRNA are significantly correlated [14]. A recent study found that liver specific HNF4α knockout (H4LivKO) mice had enlarged livers with evident steatosis [90]. Gene expression analysis confirmed that Apolipoprotein M (apoM) was downregulated in H4LivKO mice; however, both Hnf4γ and PPARγ were upregulated in the liver [90], suggesting the effect of HNF4α ablation on lipid metabolism and liver function. The role of HNF4α in liver regeneration (LR) after partial hepatectomy (PH) was indicated by the decreased expression of HNF4α target genes after PH; the phosphorylation of HNF4α by Src kinase may be one of the mechanisms through which HNF4α exits the nucleus and stops transcriptional regulation after PH [91]. Moreover, proliferating cell nuclear antigen (PCNA)-positive nuclei were significantly higher in HNF4α-KO mice throughout the 7-day course post-PH, which indicated increased hepatocyte proliferation in HNF4α-KO livers throughout LR [91]. Acute endoplasmic reticulum stress (ERS) induces liver injury through the extensive and preferential decrease in both nuclear and chromatin-bound levels of HNF4α, and the inhibition of SRC kinase prevents HNF4α degradation following acute ERS [92]. Markedly, the recruitment of HNF4α in hepatocyte development is interconnected with other genes, which are the major contributors to the proper maintenance of hepatocyte-specific genes. Liver receptor homolog-1 (LRH1) overexpression protects hepatocytes from acute acetaminophen intoxication or hepatitis B virus (HBV)-induced acute liver failure. The increased expression of HNF4α maintains the hepatocyte identity and normal liver function, as it is under the control of LRH1 [93]. Another study reported the NRF2–HNF4α regulatory axis to be a cytoprotective response during hepatitis C virus (HCV) infection [94]. During HCV infection, NRF2 is activated, and it reduces HNF4α expression by altering the stability or decreasing the transcription of HNF4α [94,95]. HCV infection also promotes STAT3 expression through NRF2-ARE [94]. This STAT3 expression is negatively correlated with HNF4α, and stress-induced activation of the STAT3–HNF4α inflammatory loop leads to the decreased expression of miR-122, which is responsible for liver cancer cell migration and invasion [94,96].



In PiZ mouse (a model for this disease) livers, it was found that the downregulation of HNF4α was associated with the reduced expression of CEBPA, HNF1α, and NRF2 at an early age of the mice [97]. Reduced HNF4α was associated with the increased activation of β-catenin, which is responsible for impaired liver zonation in livers expressing α1-antitrypsin variant Z (ATZ). Livers of AAT-deficient patients were found to have a severe perturbation of liver zonation and an increased risk of HCC [97]. In DEN-induced HCC rats, it was found that HNF4α was significantly downregulated with the reduction of E-cadherin, whereas the expression of vimentin was notably increased [98]. In the same study, the overexpression of HNF4α blocked hepatocyte EMT in DEN-induced hepatocarcinogenesis. The explanation for the observed reduction in tumorigenesis was the suppression of β-catenin nuclear translocation and transcriptional activity by HNF4α in hepatocytes [98]. Moreover, liver-specific knockout of HNF4α mice revealed significantly enlarged livers with higher body weight; this correlated with the increased serum bile acid concentrations and defective lipid metabolism [74]. It has been reported that the acute loss of hepatic HNF4α causes hypotriglyceridemia, hypocholesterolemia, and fatty liver via reducing VLDL secretion and de novo cholesterol biosynthesis. A recent study by Huang’s group found that, in an NAFLD rat model, the activation of the transcriptional network of HNF4α with HNF4α-specific small activating RNA (saRNA) reduces the liver triglyceride, increases the high-density lipoprotein and low-density lipoprotein ratio, and decreases the white adipose tissue and body weight ratio [99]. Taken together, these studies provided evidence that HNF4α is important for lipid metabolism.



In a case study of diazoxide-responsive hyperinsulinism (HI) in children, it was found that HNF1α and HNF4α mutations accounted for 5.9% of all cases (12/204) [100]. Moreover, HNF1A-mutated hepatocellular adenomas (H-HCAs) were phenotypically categorized by marked steatosis [37] in which the mTOR pathway was aberrantly activated. Furthermore, these tumors exhibited an increase of eIF-4G3 and eEF1A2, at both mRNA and protein levels, which are involved in protein translation. This study also confirmed that cyclin D1 and eIF-4G3 are closely correlated with HNF1α expression at the protein level [37]. Another study reported that HNF1α inhibition in liver cancer cell lines caused the loss of cell–cell contacts and the development of migration structures with the upregulation of TGFB1, SNAIL, and SLUG, suggesting EMT is triggered by the loss of HNF1α expression [60]. In human liver cancers, PPARG expression is significantly increased by the activation of the Akt signaling responsible for liver pathology. The loss of function of HNF1α in liver lesions induces PPARG expression, resulting in tumorigenesis [36].




2.6. Disruptions of Epigenetic and miRNA Controls in HNF4α and HNF1α Networks Contribute to Cancer Development in Liver Cancer


While the role of mutations is well established in the development of cancer, disruptions of the transcription network are not limited to the changes in DNA sequence. Epigenetic alterations in healthy cells are important mechanisms for regulation of gene expression allowing, e.g., tissue differentiation [101]. The molecular basis encompasses post-translational histone modifications, which can influence heterochromatin and euchromatin changes; methylation of cytosine directly in the DNA molecule, as well as a plethora of nonstructural changes such as involvement of non-coding RNAs.



Protein arginine methyl transferase 1 (PRMT1) regulates the transcription of HNF4α by arginine methylation at HNF4α promoter. When PRMT1 is absent, demethylase, JMJD6 demethylates the HNF4α promoter and represses its expression [102]. Interestingly, a lack of PRMT1 causes hepatocyte proliferation, and the function of PRMT1 is strongly inhibited by alcohol, suggesting that the PRMT1–HNF4α axis plays a significant role in alcohol-related liver cancer development. On the other hand, inhibition of PRMT5 is known to cause induction of HNF4α by inhibiting histone H4 arginine-3 symmetrical dimethylation of HNF4 α promoter. Notably, a PRMT5 inhibitor, DW14800, reduces the proliferation and migration of HCC cells [103]. Modification of the epigenetic status of liver cancer cell line HepG2 by 5-Azacytidine (5-AZA) and Vitamin C led to increased levels of HNF4α along with elevated drug metabolic capacity [104]. Moreover, 5-AZA treatment increased E-cadherin and decreased SNAIL expression, suggesting that this treatment inhibits EMT through the induction of HNF4α expression. Additionally, HNF4α is also known to regulate ten-eleven translocation methylcytosine dioxygenase 3 (TET3), a protein whose function is tightly connected with DNA demethylation through its enhancer region [105]. Additionally, TET3 interacts with HNF4α and maintains both acetylation of lysine 27 of histone 3 (H3K27ac) and 5-hydroxymethylcytosine (5hmc) [105], which, in turn, controls the active epigenetic state of enhancers that induce transcription of genes in hepatocytes.



Among non-coding RNAs associated with cancer, of particular attention is miR-122, the most frequently detected miRNA in the liver and a direct target of HNF4α [106]. miR-122 is capable of inhibiting HCC progression by blocking the ADAM17 signal pathway [107]. The increased expression of miR-122 negatively regulates EMT and the metastasis of HCC cells through suppression of RhoA in the RhoA/Rock pathway, thereby increasing cell adhesion, cell junctions, and decreasing cell motility [108]. The HNF4α/miR-122 axis comes into play in HBV-associated HCC as well, where a ChIP assay showed a decreased association of HNF4α with miR-122 promoter in HBV-infected hepatoma cells [109]. The decreased expression of miR-122 in clinical samples of HCC correlated with grave prognosis and tumor progression [110]. miR-194/192 is also known to be regulated by HNF4α in hepatic cells [59]. miR-194/192 targets genes are responsible for glucose metabolism (Gyg1), EMT (Msn), tumor growth (Rap2b and Ereg), as well as cell adhesion (Alcam) [59]. Additionally, the HNF4α–miR-134 axis downregulates oncoprotein KRAS in HCC [111], whereas HNF4α-induced miR-124 and miR-7 repress RelA, a subunit of the NF-κB family (p65) and consequently diminish NF-κB activation [112] (Figure 1). In the feedback loop NF-κB upregulates the expression of miR-21, which reduces the level of HNF4α. miR-34a is upregulated by β-catenin, often mutated in HCC and targets HNF4α. Inhibition of this microRNA exerts anti-proliferative effect in hepatocyte culture by changing the levels as well as transcriptional activity of HNF4α [113]. However, in neuroblastoma, a pediatric solid tumor miR-34a appears to play anti-oncogenic role, while also regulating levels of HNF4α [114]. HNF4α is also involved in the axis with miR-542-3p and lncRNA, SNHG16 in neuroblastoma [115].



Temporary deactivation of HNF4α triggers a feedback loop consisting of miR-124, IL6R, STAT3, miR-24, and miR-629, leading to carcinogenesis [25] (Figure 1). After activation, this loop was able to sustain the inhibition of HNF4α and carcinogenesis. HCV was also capable of perturbing the network of miR-24, miR-629, miR-124 and HNF4α [95]. Systemic administration of miR-124 was also able to stop HCC growth in DEN-treated mice [25].



In pediatric and adolescent acute myeloid leukemia (AML) lncRNA, LINP1 was found to be overexpressed at diagnosis and reduced after complete remission. Furthermore, its knockdown was able to suppress glucose metabolism by downregulating HNF4α expression [116]. Another crucial cellular event controlled by HNF4α-non-coding RNAs axis is the regulation of EMT. Apart from the abovementioned examples, HNF4α also induces the expression of miR-29a and -29b, which in turn reduces the expression of DNA methyltransferase 3 (DNMT3) enzyme, playing an important role in EMT [117]. HNF4α is also able to repress transcription of another lncRNA, HOTAIR, by changing the chromatin structure. HOTAIR conveys SNAIL-mediated repression of epithelial genes [118,119].



HNF1α antisense RNA 1 (HNF1A-AS1) is an lncRNA directly activated by HNF1α. This lncRNA was able to stop the growth and invasion of HCC cells via increasing the phosphatase activity of Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) [120] (Figure 4). In HCC samples carrying HNF1α mutations, downregulation of miR-107 was found and hypothesized to contribute to lipid accumulation in HNF1α-deficient cells [121]. A low level of miR-194 is known to be correlated to vascular invasion in HCC with TRIM23 (tripartite motif containing 23), a ligase that is important for NF-κB activation, being the target of miR-194 (Figure 4). In turn, TNFα, which activates the NF-κB pathway, negatively regulates the expression of miR-194 via suppression of HNF1α [52]. Forced expression of HNF1α in HCC cells using a recombinant adenovirus upregulated the levels of miR-192 and -194 [122]. On the other hand, miR-192 and -194 levels were also significantly reduced in mice in which HNF1α was genetically deleted [123]. miR-194 was revealed to target human FZD6, while there exists an inverse correlation of miR-194 and Fzd6 in the mouse model of HCC.




2.7. Function of HNF4α and HNF1α Is Disrupted by HBV and HCV Infection


Hepatotropic viruses are a heterogenous group consisting of different genera and connected by their primary infection site. The two most prominent ones, HBV and HCV, are, respectively, a partially double-stranded DNA virus belonging to the Hepadnaviridae family and a single-stranded RNA virus of the Flaviviridae family. Both of them are directly connected to HCC, with chronic HBV infection accounting for at least 50% of cases worldwide and HCV being the main etiological factor in low-incidence areas [124]. Both viruses also interact with HNF4α and HNF1α TFs and the nature of this interaction appears to be bidirectional. The expression of HNF4α is suppressed in HCC exhibiting long-term expression of HBV with a slight reduction in the level of HNF1α and yet HBV core-related antigen (HBcrAg) appears to upregulate the transcription of HNF4α [109,125,126,127]. Interestingly, suppression is not present during transient infection. The HBx protein, a multifunctional protein encoded by the HBV genome, was found to downregulate HNF4α at the transcriptional level through the activation of ERK signaling pathway [127]. Furthermore, HBV-induced HNF4α suppression appears to increase cell proliferation in vitro and contribute to tumor development in nude mouse xenograft models [127]. On the other hand, HNF4α seems to be positively linked with higher HBV replication [128,129,130,131,132]. Conversely, the level of HNF4α was significantly elevated in the liver biopsies of patients with severe hepatitis B compared to patients with chronic hepatitis B and liver cirrhosis in the course of HBV infection [133]. Unfortunately, none of the clinical studies include an uninfected control group, which prevents comparing HNF4α levels between long-term HBV infection and healthy tissue. Moreover, several factors, such as TRAIL, luteolin, epigallocatechin gallate, and p22-FLIP, which influence HBV replication, seem to exert their effects through targeting HNF4α [134,135,136,137,138]. HNF1α’s influence on HBV replication is less clear with existing contradictory research. HNF1α is capable of downregulating HBV replication and antigen expression [139]; however, because of its connection with HNF4α, it can yield the opposite effect as well [140,141,142].



HCV infection is known to suppress the expression of HNF4α, correlating with decreased protein levels of microsomal triglyceride transfer protein (MTP) and HNF1α [95]. Furthermore, infection with HCV led to loss of HNF4α by inducing the upregulation of miR-24 and miR-629 with concurrent downregulation of miR-124 expression levels [95]. This effect appears to be mediated through HCV-derived small non-coding RNAs, Vmr11. Additionally, the loss of HNF4α in liver tumors of HCV-infected humanized mice was correlated with the induction of EMT-related genes [143]. However, it was found that HCV-induced upregulation of glycolysis was controlled by the activation of HNF4α [144]. HNF4α is also important for the successful completion of the HCV viral cycle [145]. During infection, the expression of HNF1α is significantly repressed, resulting in an increase of serum lipid uptake by the liver [146]. This appears to be at least mediated by lysosomal degradation via chaperone-mediated autophagy promoted by the NS5A protein [147,148,149]. In summary, while HBV infection appears to decrease the levels of HNF4α in long-term infection, HNF4α itself is important for HBV replication. This phenomenon may be related to differences between severe hepatitis, in which HBV replication is high, and chronic hepatitis leading to HCC, in which HBV replication occurs at a low level. The research relating to HNF1α is, however, contradictory, and it is difficult to summarize its role in HBV infection. A preponderance of evidence suggests that HCV infection suppresses the expression of both HNF4α and HNF1α, while, as in the case of HBV, HNF4α is essential for HCV replication. Several papers have mentioned the possibility of anti-HBV and anti-HCV drugs that influence HNF4α levels; however, their use may lead to worse clinical outcomes, as HNF4α is an important factor in HCC.




2.8. HNF4α in Colorectal Cancer (CRC): Friend or Foe?


Despite ample evidence suggesting HNF4α acts as a tumor suppressor in liver cancer, its role in other types of cancers is still unclear. Aberrations in the HNF4α signaling pathway have been reported in many GIT cancers including colon cancer, gastric cancer, and pancreatic cancer [150,151,152,153,154,155,156,157]. Nevertheless, most of these reports with respect to the role of HNF4α in colon cancer are still unclear. Many studies have ascribed a tumor suppressor role to HNF4α in CRC [22,158,159,160]. However, other published reports have also suggested the tumor promoter effects of HNF4α, depending on the tissue and the isoform of HNF4α expressed in the specific tissue [161,162,163,164,165]. The chromosome 20q amplification is one of the main genomic alterations in CRC identified by TCGA, and HNF4α is the candidate driver gene for this amplification [163,166,167]. Proteomic characterization of CRC established HNF4α as one of the top genes whose amplification is highly correlated with its protein levels and suggested an oncogenic role for HNF4α [163]. Data from the Achilles project established that HNF4α shRNA knockdown has a negative effect on proliferation and viability of colon cancer cells [163,168]. The limitation of these studies is that they did not determine the isoform of HNF4α. Nonetheless, a preponderance of evidence points to the fact that the role of HNF4α in cancer is not only isoform-specific but also depends on the status of HNF4α gene amplification. Schwartz et al. proposed an oncogenic role for HNF4α in CRC by combining the use of HNF4α antagonists of the MEDICA family and siRNA-mediated inhibition of HNF4α in CRC cell lines [161]. Furthermore, they demonstrated that the tumor-promoting effect of HNF4α is due to its interaction with anti-apoptotic oncogenes and cytokines. MEDICA analogues inhibited the proliferation of CRC cell lines evidenced by increased cell apoptosis, caspase-3 activity, cytosolic cytochrome-c, and PCNA. The inhibition of cell growth and HNF4α expression by MEDICA analogues were compared to troglitazone, a known CRC suppressor [161]. In an adenomatous polyposis coli (ApcMin) mouse model, deletion of both P1 and P2-HNF4α inhibited the initiation of intestinal polyposis and neoplasia. The possible explanation for the tumor-promoting effect of HNF4α is that the decreased production of ROS and ROS-triggered apoptosis in cancerous cells favors cancer cell survival and proliferation [162].



Long intergenic 20 non-coding RNA 00511 (LINC00511) is highly expressed in CRC tumors and CRC cell lines, and silencing LINC00511 has anti-proliferative and proapoptotic action on CRC cell lines. LINC00511 is under the transcriptional control of HNF4α in CRC. HNF4α also inhibits IL-24, a proinflammatory and tumor suppressive pathway, through upregulation of LINC00511 and promotes CRC proliferation, migration, and metastasis [169]. The low level of another lncRNA, LINC00483, was found to be correlated with harmful clinical features of colorectal cancer [170]. In vitro experiments showed a likely role of LINC00483 in the inhibition of EMT through a negative regulation by HNF4α. Xu et al. reported that lncRNA LINC00858 is highly expressed in colon cancer tissue compared to normal adjustment tissue and correlated with poor differentiation, higher TNM stages, and metastasis to lymph nodes [171]. The knockdown of LINC00858 reduced the invasion and migration capacities of colon cancer cell lines, whereas its overexpression did the opposite. All of the above is possibly mediated through HNF4α, as LINC00858 was found to bind to and increase the expression of HNF4α. Interestingly, upregulation of the LINC00858/HNF4α axis, in turn, leads to downregulation of WNK2, which acts as tumor-promoting mechanism [171].



Both P1 and P2 isoforms of HNF4A are expressed in the small and large intestine, and many studies have suggested a tumor suppressant role for P1-HNF4α and an oncogenic role for P2-HNF4α in CRC. The downregulated expression of P1-HNF4α isoform in CRC was proposed because of the SRC tyrosine kinase-dependent phosphorylation of P1-HNF4α, which leads to increased instability and degradation of HNF4α [150,153,172]. In a mouse CRC xenograft model, the ectopic expression of P1-HNF4α inhibited tumor growth by competing with Wnt/β-catenin mediator TCF4 for binding to the target gene promoters and led to inhibition of Wnt/β-catenin signaling [173]. A recent study by Babeu et al. established that P1-HNF4α isoforms predominantly play a role in colonic cell differentiation and cell metabolism and have an anti-tumorigenic function, while P2-HNF4α isoforms are the main drivers of colonic cell proliferation and have an oncogenic role in CRC [174]. Activating mutations of the Wnt/β-catenin pathway are well established in CRC and are implicated in specifically repressing the expression of P1-HNF4α in CRC and thus favor tumor development. How β-catenin selectively inhibits the P1-HNF4α gene transcripts is yet to be elucidated. Altogether, the mRNA and protein expression of P1-HNF4α isoforms is inhibited in CRC in comparison to P2-HNF4α isoforms whose expression is maintained or increased in the CRC tumors [150,153,174]. The downregulated expression of the P1-HNF4α isoform is suggested as a marker for worse prognosis and liver metastasis in CRC patients [152]. The role of HNF4α in gastric and pancreatic cancer is beyond the scope of this review and the reader is referred to a recent review by Lv et al. [175]. In summary, the role of HNF4α in CRC is complex, depending on the isoform expressed, the tumor microenvironment, and the underlying genomic aberrations. Thus, whether HNF4α is a friend or a foe in CRC is puzzling, and future studies are needed to elucidate its role in cancer and to make it an actionable target for cancer treatment.





3. HNF4α as a Therapeutic Target in Cancer


The emerging role of HNFs in cellular proliferation, differentiation, metabolism, and immunity has highlighted their therapeutic potential. HNF4α was originally described as an orphan nuclear receptor continuously bound to fatty acids. Linoleic acid has been proposed as a reversible ligand for HNF4α expression in the mouse liver [176]. Studies are underway to examine HNF4α as a therapeutic target, and recently, the alkaloid Berberine was found to upregulate the expression of HNF4α [177]. By developing highly specific small molecules that can selectively target the diseased cell, HNF4α will offer new therapeutic options for cancer treatment [178]. Recently, mesenchymal stem cells (MSCs) have emerged as efficient vehicles for tumor-targeted gene therapy owing to their openness to genetic manipulation and homing capacity toward the tumor site [179]. MSC-based gene delivery of HNF4α could be a propitious avenue for HCC prevention [180]. Cancer gene therapy is gaining ground, and TFs can serve as promising candidates for delivery into cancer cells by acting as master regulators and exerting control over a wide set of genes and cellular processes [181]. Conjunctional transduction of HNF4α, HNF1α, and FOXA3 in HCC cell lines induces their differentiation into mature hepatocytes, and the transduced cells lose tumorigenicity in vivo [182]. Therefore, identifying pathogenic mutations of HNF1α and HNF4α has implications for liver cancer biology and drug targets for precision medicine. Indeed, HNF1α was proposed to serve as a personalized candidate mutation-driver gene in HCC [183]. As such, the multi-omics methodology can be used to identify candidate mutations and develop therapeutic targets.




4. Conclusions


HNF4α and HNF1α are known to be master regulators of the development of the liver. As a matter of fact, their loss of function causes severe damage in liver formation. However, the roles of these factors in liver cancer development and progression have been demonstrated only recently. In this review, we summarized the possible mechanisms associated with HNF4α and HNF1α that regulate multiple oncogenic pathways in the liver and discussed the potential use of HNF4α as a therapeutic target for liver cancer. Therefore, identifying a link between their loss-of-function mutations and the molecular mechanism for tumorigenesis will help to improve understanding of how HNF4α and HNF1α function in liver cancer.







Author Contributions


Conceptualization, A.S.T. and H.T.; writing—original draft preparation, A.S.T. and H.T.; writing—review and editing, K.Ł., E.H., M.A.G. and D.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Polish National Science Center OPUS 13 (2017/25/B/NZ5/02762) for HT.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lambert, S.A.; Jolma, A.; Campitelli, L.F.; Das, P.K.; Yin, Y.; Albu, M.; Chen, X.; Taipale, J.; Hughes, T.R.; Weirauch, M.T. The Human Transcription Factors. Cell 2018, 172, 650–665. [Google Scholar] [CrossRef]

	



Walesky, C.; Apte, U. Role of Hepatocyte Nuclear Factor 4 Alpha (HNF4α) in Cell Proliferation and Cancer. Gene Expr. 2015, 16, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Lau, H.H.; Ng, N.H.J.; Loo, L.S.W.; Jasmen, J.B.; Teo, A.K.K. The Molecular Functions of Hepatocyte Nuclear Factors—In and beyond the Liver. J. Hepatol. 2018, 68, 1033–1048. [Google Scholar] [CrossRef] [PubMed]

	



Yamagata, K.; Oda, N.; Kaisaki, P.J.; Menzel, S.; Furuta, H.; Vaxillaire, M.; Southam, L.; Cox, R.D.; Lathrop, G.M.; Boriraj, V.V.; et al. Mutations in the Hepatocyte Nuclear Factor-1alpha Gene in Maturity-Onset Diabetes of the Young (MODY3). Nature 1996, 384, 455–458. [Google Scholar] [CrossRef]

	



Horikawa, Y.; Iwasaki, N.; Hara, M.; Furuta, H.; Hinokio, Y.; Cockburn, B.N.; Lindner, T.; Yamagata, K.; Ogata, M.; Tomonaga, O.; et al. Mutation in Hepatocyte Nuclear Factor-1 Beta Gene (TCF2) Associated with MODY. Nat. Genet. 1997, 17, 384–385. [Google Scholar] [CrossRef]

	



Furuta, H.; Iwasaki, N.; Oda, N.; Hinokio, Y.; Horikawa, Y.; Yamagata, K.; Yano, N.; Sugahiro, J.; Ogata, M.; Ohgawara, H.; et al. Organization and Partial Sequence of the Hepatocyte Nuclear Factor-4 Alpha/MODY1 Gene and Identification of a Missense Mutation, R127W, in a Japanese Family with MODY. Diabetes 1997, 46, 1652–1657. [Google Scholar] [CrossRef]

	



Jiang, G.; Sladek, F.M. The DNA Binding Domain of Hepatocyte Nuclear Factor 4 Mediates Cooperative, Specific Binding to DNA and Heterodimerization with the Retinoid X Receptor α. J. Biol. Chem. 1997, 272, 1218–1225. [Google Scholar] [CrossRef] [PubMed]

	



Ko, H.L.; Zhuo, Z.; Ren, E.C. HNF4α Combinatorial Isoform Heterodimers Activate Distinct Gene Targets That Differ from Their Corresponding Homodimers. Cell Rep. 2019, 26, 2549–2557. [Google Scholar] [CrossRef] [PubMed]

	



Vető, B.; Bojcsuk, D.; Bacquet, C.; Kiss, J.; Sipeki, S.; Martin, L.; Buday, L.; Bálint, B.L.; Arányi, T. The Transcriptional Activity of Hepatocyte Nuclear Factor 4 Alpha is Inhibited via Phosphorylation by ERK1/2. PLoS ONE 2017, 12, e0172020. [Google Scholar] [CrossRef]

	



Chen, W.S.; Manova, K.; Weinstein, D.C.; Duncan, S.A.; Plump, A.S.; Prezioso, V.R.; Bachvarova, R.F.; Darnell, J.E. Disruption of the HNF-4 Gene, Expressed in Visceral Endoderm, Leads to Cell Death in Embryonic Ectoderm and Impaired Gastrulation of Mouse Embryos. Genes Dev. 1994, 8, 2466–2477. [Google Scholar] [CrossRef]

	



Li, J.; Ning, G.; Duncan, S.A. Mammalian Hepatocyte Differentiation Requires the Transcription Factor HNF-4alpha. Genes Dev. 2000, 14, 464–474. [Google Scholar]

	



Chandra, V.; Huang, P.; Potluri, N.; Wu, D.; Kim, Y.; Rastinejad, F. Multidomain Integration in the Structure of the HNF-4α Nuclear Receptor Complex. Nature 2013, 495, 394–398. [Google Scholar] [CrossRef]

	



Huang, J.; Levitsky, L.L.; Rhoads, D.B. Novel P2 Promoter-Derived HNF4α Isoforms with Different N-Terminus Generated by Alternate Exon Insertion. Exp. Cell Res. 2009, 315, 1200–1211. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, H.; Fujimoto, A.; Kono, H.; Furuta, M.; Fujita, M.; Nakagawa, H. Loss-of-Function Mutations in Zn-Finger DNA-Binding Domain of HNF4A Cause Aberrant Transcriptional Regulation in Liver Cancer. Oncotarget 2018, 9, 26144–26156. [Google Scholar] [CrossRef] [PubMed]

	



Hwang-Verslues, W.W.; Sladek, F.M. HNF4α—Role in Drug Metabolism and Potential Drug Target? Curr. Opin. Pharmacol. 2010, 10, 698–705. [Google Scholar] [CrossRef]

	



Eeckhoute, J.; Formstecher, P.; Laine, B. Hepatocyte Nuclear Factor 4α Enhances the Hepatocyte Nuclear Factor 1α-Mediated Activation of Transcription. Nucleic Acids Res. 2004, 32, 2586–2593. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Padilla, M.E.; Sladek, F.M.; Weiss, M.C. Developmentally Regulated N-Terminal Variants of the Nuclear Receptor Hepatocyte Nuclear Factor 4alpha Mediate Multiple Interactions through Coactivator and Corepressor-Histone Deacetylase Complexes. J. Biol. Chem. 2002, 277, 44677–44687. [Google Scholar] [CrossRef] [PubMed]

	



Walesky, C.; Gunewardena, S.; Terwilliger, E.F.; Edwards, G.; Borude, P.; Apte, U. Hepatocyte-Specific Deletion of Hepatocyte Nuclear Factor-4α in Adult Mice Results in Increased Hepatocyte Proliferation. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 304, G26–G37. [Google Scholar] [CrossRef]

	



Bonzo, J.A.; Ferry, C.H.; Matsubara, T.; Kim, J.-H.; Gonzalez, F.J. Suppression of Hepatocyte Proliferation by Hepatocyte Nuclear Factor 4α in Adult Mice. J. Biol. Chem. 2012, 287, 7345–7356. [Google Scholar] [CrossRef] [PubMed]

	



Sel, S.; Ebert, T.; Ryffel, G.U.; Drewes, T. Human Renal Cell Carcinogenesis is Accompanied by a Coordinate Loss of the Tissue Specific Transcription Factors HNF4 Alpha and HNF1 Alpha. Cancer Lett. 1996, 101, 205–210. [Google Scholar] [CrossRef]

	



Hoskins, J.W.; Jia, J.; Flandez, M.; Parikh, H.; Xiao, W.; Collins, I.; Emmanuel, M.A.; Ibrahim, A.; Powell, J.; Zhang, L.; et al. Transcriptome Analysis of Pancreatic Cancer Reveals a Tumor Suppressor Function for HNF1A. Carcinogenesis 2014, 35, 2670–2678. [Google Scholar] [CrossRef]

	



Saandi, T.; Baraille, F.; Derbal-Wolfrom, L.; Cattin, A.-L.; Benahmed, F.; Martin, E.; Cardot, P.; Duclos, B.; Ribeiro, A.; Freund, J.-N.; et al. Regulation of the Tumor Suppressor Homeogene Cdx2 by HNF4α in Intestinal Cancer. Oncogene 2013, 32, 3782–3788. [Google Scholar] [CrossRef]

	



Ahn, S.-H.; Shah, Y.M.; Inoue, J.; Morimura, K.; Kim, I.; Yim, S.; Lambert, G.; Kurotani, R.; Nagashima, K.; Gonzalez, F.J.; et al. Hepatocyte Nuclear Factor 4alpha in the Intestinal Epithelial Cells Protects against Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2008, 14, 908–920. [Google Scholar] [CrossRef] [PubMed]

	



Babeu, J.-P.; Boudreau, F. Hepatocyte Nuclear Factor 4-Alpha Involvement in Liver and Intestinal Inflammatory Networks. World J. Gastroenterol. 2014, 20, 22–30. [Google Scholar] [CrossRef]

	



Hatziapostolou, M.; Polytarchou, C.; Aggelidou, E.; Drakaki, A.; Poultsides, G.A.; Jaeger, S.A.; Ogata, H.; Karin, M.; Struhl, K.; Hadzopoulou-Cladaras, M.; et al. An HNF4α-MiRNA Inflammatory Feedback Circuit Regulates Hepatocellular Oncogenesis. Cell 2011, 147, 1233–1247. [Google Scholar] [CrossRef]

	



Yang, M.; Li, S.-N.; Anjum, K.M.; Gui, L.-X.; Zhu, S.-S.; Liu, J.; Chen, J.-K.; Liu, Q.-F.; Ye, G.-D.; Wang, W.-J.; et al. A Double-Negative Feedback Loop between Wnt-β-Catenin Signaling and HNF4α Regulates Epithelial-Mesenchymal Transition in Hepatocellular Carcinoma. J. Cell Sci. 2013, 126, 5692–5703. [Google Scholar] [CrossRef]

	



Cicchini, C.; Amicone, L.; Alonzi, T.; Marchetti, A.; Mancone, C.; Tripodi, M. Molecular Mechanisms Controlling the Phenotype and the EMT/MET Dynamics of Hepatocyte. Liver Int. 2015, 35, 302–310. [Google Scholar] [CrossRef]

	



Lazarevich, N.L.; Shavochkina, D.A.; Fleishman, D.I.; Kustova, I.F.; Morozova, O.V.; Chuchuev, E.S.; Patyutko, Y.I. Deregulation of Hepatocyte Nuclear Factor 4 (HNF4)as a Marker of Epithelial Tumors Progression. Exp. Oncol. 2010, 32, 167–171. [Google Scholar] [PubMed]

	



Boj, S.F.; Petrov, D.; Ferrer, J. Epistasis of Transcriptomes Reveals Synergism between Transcriptional Activators Hnf1alpha and Hnf4alpha. PLoS Genet. 2010, 6, e1000970. [Google Scholar] [CrossRef] [PubMed]

	



Jeannot, E.; Mellottee, L.; Bioulac-Sage, P.; Balabaud, C.; Scoazec, J.-Y.; Tran van Nhieu, J.; Bacq, Y.; Michalak, S.; Buob, D.; Laurent-Puig, P.; et al. Spectrum of HNF1A Somatic Mutations in Hepatocellular Adenoma Differs from That in Patients with MODY3 and Suggests Genotoxic Damage. Diabetes 2010, 59, 1836–1844. [Google Scholar] [CrossRef]

	



Cereghini, S. Liver-Enriched Transcription Factors and Hepatocyte Differentiation. FASEB J. 1996, 10, 267–282. [Google Scholar] [CrossRef]

	



Mendel, D.B.; Hansen, L.P.; Graves, M.K.; Conley, P.B.; Crabtree, G.R. HNF-1 Alpha and HNF-1 Beta (VHNF-1) Share Dimerization and Homeo Domains, but Not Activation Domains, and Form Heterodimers in Vitro. Genes Dev. 1991, 5, 1042–1056. [Google Scholar] [CrossRef] [PubMed]

	



Willson, J.S.B.; Godwin, T.D.; Wiggins, G.a.R.; Guilford, P.J.; McCall, J.L. Primary Hepatocellular Neoplasms in a MODY3 Family with a Novel HNF1A Germline Mutation. J. Hepatol. 2013, 59, 904–907. [Google Scholar] [CrossRef]

	



Chi, Y.-I.; Frantz, J.D.; Oh, B.-C.; Hansen, L.; Dhe-Paganon, S.; Shoelson, S.E. Diabetes Mutations Delineate an Atypical POU Domain in HNF-1alpha. Mol. Cell 2002, 10, 1129–1137. [Google Scholar] [CrossRef]

	



Luo, Z.; Li, Y.; Wang, H.; Fleming, J.; Li, M.; Kang, Y.; Zhang, R.; Li, D. Hepatocyte Nuclear Factor 1A (HNF1A) as a Possible Tumor Suppressor in Pancreatic Cancer. PLoS ONE 2015, 10, e0121082. [Google Scholar] [CrossRef]

	



Patitucci, C.; Couchy, G.; Bagattin, A.; Cañeque, T.; de Reyniès, A.; Scoazec, J.-Y.; Rodriguez, R.; Pontoglio, M.; Zucman-Rossi, J.; Pende, M.; et al. Hepatocyte Nuclear Factor 1α Suppresses Steatosis-Associated Liver Cancer by Inhibiting PPARγ Transcription. J. Clin. Investig. 2017, 127, 1873–1888. [Google Scholar] [CrossRef] [PubMed]

	



Pelletier, L.; Rebouissou, S.; Paris, A.; Rathahao-Paris, E.; Perdu, E.; Bioulac-Sage, P.; Imbeaud, S.; Zucman-Rossi, J. Loss of Hepatocyte Nuclear Factor 1alpha Function in Human Hepatocellular Adenomas Leads to Aberrant Activation of Signaling Pathways Involved in Tumorigenesis. Hepatology 2010, 51, 557–566. [Google Scholar] [CrossRef] [PubMed]

	



Qian, H.; Deng, X.; Huang, Z.-W.; Wei, J.; Ding, C.-H.; Feng, R.-X.; Zeng, X.; Chen, Y.-X.; Ding, J.; Qiu, L.; et al. An HNF1α-Regulated Feedback Circuit Modulates Hepatic Fibrogenesis via the Crosstalk between Hepatocytes and Hepatic Stellate Cells. Cell Res. 2015, 25, 930–945. [Google Scholar] [CrossRef]

	



Hatzis, P.; Talianidis, I. Regulatory Mechanisms Controlling Human Hepatocyte Nuclear Factor 4α Gene Expression. Mol. Cell. Biol. 2001, 21, 7320–7330. [Google Scholar] [CrossRef] [PubMed]

	



Ktistaki, E.; Talianidis, I. Modulation of Hepatic Gene Expression by Hepatocyte Nuclear Factor 1. Science 1997, 277, 109–112. [Google Scholar] [CrossRef]

	



Kuo, C.J.; Mendel, D.B.; Hansen, L.P.; Crabtree, G.R. Independent Regulation of HNF-1 Alpha and HNF-1 Beta by Retinoic Acid in F9 Teratocarcinoma Cells. EMBO J. 1991, 10, 2231–2236. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, S.K.; Párrizas, M.; Jensen, M.L.; Pruhova, S.; Ek, J.; Boj, S.F.; Johansen, A.; Maestro, M.A.; Rivera, F.; Eiberg, H.; et al. Genetic Evidence That HNF-1alpha-Dependent Transcriptional Control of HNF-4alpha is Essential for Human Pancreatic Beta Cell Function. J. Clin. Investig. 2002, 110, 827–833. [Google Scholar] [CrossRef] [PubMed]

	



Kyithar, M.P.; Bonner, C.; Bacon, S.; Kilbride, S.M.; Schmid, J.; Graf, R.; Prehn, J.H.M.; Byrne, M.M. Effects of Hepatocyte Nuclear Factor-1A and -4A on Pancreatic Stone Protein/Regenerating Protein and C-Reactive Protein Gene Expression: Implications for Maturity-Onset Diabetes of the Young. J. Transl. Med. 2013, 11, 156. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.-X.; Ling, Y.; Wang, H.-Y. Role of Nonresolving Inflammation in Hepatocellular Carcinoma Development and Progression. NPJ Precis. Oncol. 2018, 2. [Google Scholar] [CrossRef]

	



Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-Related Inflammation. Nature 2008, 454, 436–444. [Google Scholar] [CrossRef]

	



Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, Inflammation, and Cancer. Cell 2010, 140, 883–899. [Google Scholar] [CrossRef]

	



Greten, F.R.; Grivennikov, S.I. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity 2019, 51, 27–41. [Google Scholar] [CrossRef]

	



Xia, L.; Tan, S.; Zhou, Y.; Lin, J.; Wang, H.; Oyang, L.; Tian, Y.; Liu, L.; Su, M.; Wang, H.; et al. Role of the NFκB-Signaling Pathway in Cancer. OncoTargets Ther. 2018, 11, 2063–2073. [Google Scholar] [CrossRef]

	



Affo, S.; Yu, L.-X.; Schwabe, R.F. The Role of Cancer-Associated Fibroblasts and Fibrosis in Liver Cancer. Annu. Rev. Pathol. 2017, 12, 153–186. [Google Scholar] [CrossRef]

	



O’Rourke, J.M.; Sagar, V.M.; Shah, T.; Shetty, S. Carcinogenesis on the Background of Liver Fibrosis: Implications for the Management of Hepatocellular Cancer. World J. Gastroenterol. 2018, 24, 4436–4447. [Google Scholar] [CrossRef]

	



Chong, Z.Z.; Maiese, K. The Src Homology 2 Domain Tyrosine Phosphatases SHP-1 and SHP-2: Diversified Control of Cell Growth, Inflammation, and Injury. Histol. Histopathol. 2007, 22, 1251–1267. [Google Scholar] [CrossRef]

	



Bao, C.; Li, Y.; Huan, L.; Zhang, Y.; Zhao, F.; Wang, Q.; Liang, L.; Ding, J.; Liu, L.; Chen, T.; et al. NF-ΚB Signaling Relieves Negative Regulation by MiR-194 in Hepatocellular Carcinoma by Suppressing the Transcription Factor HNF-1α. Sci. Signal. 2015, 8, ra75. [Google Scholar] [CrossRef]

	



Stemmler, M.P.; Eccles, R.L.; Brabletz, S.; Brabletz, T. Non-Redundant Functions of EMT Transcription Factors. Nat. Cell Biol. 2019, 21, 102–112. [Google Scholar] [CrossRef] [PubMed]

	



MacDonald, B.T.; Tamai, K.; He, X. Wnt/β-Catenin Signaling: Components, Mechanisms, and Diseases. Dev. Cell 2009, 17, 9–26. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, T.; Rindtorff, N.; Boutros, M. Wnt Signaling in Cancer. Oncogene 2017, 36, 1461–1473. [Google Scholar] [CrossRef] [PubMed]

	



Kalluri, R.; Weinberg, R.A. The Basics of Epithelial-Mesenchymal Transition. J. Clin. Investig. 2009, 119, 1420–1428. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H.; Liu, Y.; Xue, M.; Liu, H.; Du, S.; Zhang, L.; Wang, P. Synergistic Action of Master Transcription Factors Controls Epithelial-to-Mesenchymal Transition. Nucleic Acids Res. 2016, 44, 2514–2527. [Google Scholar] [CrossRef]

	



Santangelo, L.; Marchetti, A.; Cicchini, C.; Conigliaro, A.; Conti, B.; Mancone, C.; Bonzo, J.A.; Gonzalez, F.J.; Alonzi, T.; Amicone, L.; et al. The Stable Repression of Mesenchymal Program is Required for Hepatocyte Identity: A Novel Role for Hepatocyte Nuclear Factor 4α. Hepatology 2011, 53, 2063–2074. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, A.; Kannari, M.; Tsuchida, Y.; Sasaki, S.; Saito, C.; Matsuta, T.; Maeda, T.; Akiyama, M.; Nakamura, T.; Sakaguchi, M.; et al. An HNF4α-MicroRNA-194/192 Signaling Axis Maintains Hepatic Cell Function. J. Biol. Chem. 2017, 292, 10574–10585. [Google Scholar] [CrossRef]

	



Pelletier, L.; Rebouissou, S.; Vignjevic, D.; Bioulac-Sage, P.; Zucman-Rossi, J. HNF1α Inhibition Triggers Epithelial-Mesenchymal Transition in Human Liver Cancer Cell Lines. BMC Cancer 2011, 11, 427. [Google Scholar] [CrossRef]

	



Battistelli, C.; Cicchini, C.; Santangelo, L.; Tramontano, A.; Grassi, L.; Gonzalez, F.J.; de Nonno, V.; Grassi, G.; Amicone, L.; Tripodi, M. The Snail Repressor Recruits EZH2 to Specific Genomic Sites through the Enrollment of the LncRNA HOTAIR in Epithelial-to-Mesenchymal Transition. Oncogene 2017, 36, 942–955. [Google Scholar] [CrossRef]

	



Bisceglia, F.; Battistelli, C.; Noce, V.; Montaldo, C.; Zammataro, A.; Strippoli, R.; Tripodi, M.; Amicone, L.; Marchetti, A. TGFβ Impairs HNF1α Functional Activity in Epithelial-to-Mesenchymal Transition Interfering with the Recruitment of CBP/P300 Acetyltransferases. Front. Pharmacol. 2019, 10, 942. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Beloribi-Djefaflia, S.; Vasseur, S.; Guillaumond, F. Lipid Metabolic Reprogramming in Cancer Cells. Oncogenesis 2016, 5, e189. [Google Scholar] [CrossRef]

	



Lefterova, M.I.; Haakonsson, A.K.; Lazar, M.A.; Mandrup, S. PPARγ and the Global Map of Adipogenesis and Beyond. Trends Endocrinol. Metab. 2014, 25, 293–302. [Google Scholar] [CrossRef]

	



Panasyuk, G.; Espeillac, C.; Chauvin, C.; Pradelli, L.A.; Horie, Y.; Suzuki, A.; Annicotte, J.-S.; Fajas, L.; Foretz, M.; Verdeguer, F.; et al. PPARγ Contributes to PKM2 and HK2 Expression in Fatty Liver. Nat. Commun. 2012, 3, 672. [Google Scholar] [CrossRef]

	



Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and Liver Cancer. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 656–665. [Google Scholar] [CrossRef]

	



Szabo, G.; Petrasek, J. Inflammasome Activation and Function in Liver Disease. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 387–400. [Google Scholar] [CrossRef] [PubMed]

	



Brandl, K.; Schnabl, B. Intestinal Microbiota and Nonalcoholic Steatohepatitis. Curr. Opin. Gastroenterol. 2017, 33, 128–133. [Google Scholar] [CrossRef] [PubMed]

	



Ringelhan, M.; Pfister, D.; O’Connor, T.; Pikarsky, E.; Heikenwalder, M. The Immunology of Hepatocellular Carcinoma. Nat. Immunol. 2018, 19, 222–232. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, C.; Akiyama, T.E.; Kudo, G.; Gonzalez, F.J. Hepatic Expression of Cytochrome P450s in Hepatocyte Nuclear Factor 1-Alpha (HNF1alpha)-Deficient Mice. Biochem. Pharmacol. 2003, 66, 2011–2020. [Google Scholar] [CrossRef]

	



Shih, D.Q.; Bussen, M.; Sehayek, E.; Ananthanarayanan, M.; Shneider, B.L.; Suchy, F.J.; Shefer, S.; Bollileni, J.S.; Gonzalez, F.J.; Breslow, J.L.; et al. Hepatocyte Nuclear Factor-1alpha is an Essential Regulator of Bile Acid and Plasma Cholesterol Metabolism. Nat. Genet. 2001, 27, 375–382. [Google Scholar] [CrossRef]

	



Ni, Q.; Ding, K.; Wang, K.-Q.; He, J.; Yin, C.; Shi, J.; Zhang, X.; Xie, W.-F.; Shi, Y.-Q. Deletion of HNF1α in Hepatocytes Results in Fatty Liver-Related Hepatocellular Carcinoma in Mice. FEBS Lett. 2017, 591, 1947–1957. [Google Scholar] [CrossRef]

	



Hayhurst, G.P.; Lee, Y.H.; Lambert, G.; Ward, J.M.; Gonzalez, F.J. Hepatocyte Nuclear Factor 4alpha (Nuclear Receptor 2A1) is Essential for Maintenance of Hepatic Gene Expression and Lipid Homeostasis. Mol. Cell. Biol. 2001, 21, 1393–1403. [Google Scholar] [CrossRef] [PubMed]

	



Yin, L.; Ma, H.; Ge, X.; Edwards, P.A.; Zhang, Y. Hepatic Hepatocyte Nuclear Factor 4α is Essential for Maintaining Triglyceride and Cholesterol Homeostasis. Arter. Thromb. Vasc. Biol. 2011, 31, 328–336. [Google Scholar] [CrossRef]

	



Xu, Y.; Zalzala, M.; Xu, J.; Li, Y.; Yin, L.; Zhang, Y. A Metabolic Stress-Inducible MiR-34a-HNF4α Pathway Regulates Lipid and Lipoprotein Metabolism. Nat. Commun. 2015, 6, 7466. [Google Scholar] [CrossRef]

	



Fernández-Hernando, C.; Suárez, Y.; Rayner, K.J.; Moore, K.J. MicroRNAs in Lipid Metabolism. Curr. Opin. Lipidol. 2011, 22, 86–92. [Google Scholar] [CrossRef]

	



Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al. Mutations of the BRAF Gene in Human Cancer. Nature 2002, 417, 949–954. [Google Scholar] [CrossRef] [PubMed]

	



Fujimoto, A.; Furuta, M.; Totoki, Y.; Tsunoda, T.; Kato, M.; Shiraishi, Y.; Tanaka, H.; Taniguchi, H.; Kawakami, Y.; Ueno, M.; et al. Whole-Genome Mutational Landscape and Characterization of Noncoding and Structural Mutations in Liver Cancer. Nat. Genet. 2016, 48, 500–509. [Google Scholar] [CrossRef] [PubMed]

	



Bacq, Y.; Jacquemin, E.; Balabaud, C.; Jeannot, E.; Scotto, B.; Branchereau, S.; Laurent, C.; Bourlier, P.; Pariente, D.; de Muret, A.; et al. Familial Liver Adenomatosis Associated with Hepatocyte Nuclear Factor 1alpha Inactivation. Gastroenterology 2003, 125, 1470–1475. [Google Scholar] [CrossRef]

	



Bluteau, O.; Jeannot, E.; Bioulac-Sage, P.; Marqués, J.M.; Blanc, J.-F.; Bui, H.; Beaudoin, J.-C.; Franco, D.; Balabaud, C.; Laurent-Puig, P.; et al. Bi-Allelic Inactivation of TCF1 in Hepatic Adenomas. Nat. Genet. 2002, 32, 312–315. [Google Scholar] [CrossRef]

	



Hechtman, J.F.; Abou-Alfa, G.K.; Stadler, Z.K.; Mandelker, D.L.; Roehrl, M.H.A.; Zehir, A.; Vakiani, E.; Middha, S.; Klimstra, D.S.; Shia, J. Somatic HNF1A Mutations in the Malignant Transformation of Hepatocellular Adenomas: A Retrospective Analysis of Data from MSK-IMPACT and TCGA. Hum. Pathol. 2019, 83, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.-H.; Deng, L.-F.; Chen, F.; Ding, K.; Chen, W.-S.; Xie, W.-F.; Zhang, X.P. Q511L Mutation of HNF1α in Hepatocellular Carcinoma Suppresses the Transcriptional Activity and the Anti-Tumor Effect of HNF1α. Biochem. Biophys. Res. Commun. 2018, 495, 86–91. [Google Scholar] [CrossRef] [PubMed]

	



Rebouissou, S.; Vasiliu, V.; Thomas, C.; Bellanné-Chantelot, C.; Bui, H.; Chrétien, Y.; Timsit, J.; Rosty, C.; Laurent-Puig, P.; Chauveau, D.; et al. Germline Hepatocyte Nuclear Factor 1alpha and 1beta Mutations in Renal Cell Carcinomas. Hum. Mol. Genet. 2005, 14, 603–614. [Google Scholar] [CrossRef]

	



Laurent-Puig, P.; Plomteux, O.; Bluteau, O.; Zinzindohoué, F.; Jeannot, E.; Dahan, K.; Kartheuser, A.; Chapusot, C.; Cugnenc, P.-H.; Zucman-Rossi, J. Frequent Mutations of Hepatocyte Nuclear Factor 1 in Colorectal Cancer with Microsatellite Instability. Gastroenterology 2003, 124, 1311–1314. [Google Scholar] [CrossRef]

	



Raft, M.B.; Jørgensen, E.N.; Vainer, B. Gene Mutations in Hepatocellular Adenomas. Histopathology 2015, 66, 910–921. [Google Scholar] [CrossRef] [PubMed]

	



Nault, J.-C.; Bioulac-Sage, P.; Zucman-Rossi, J. Hepatocellular Benign Tumors-from Molecular Classification to Personalized Clinical Care. Gastroenterology 2013, 144, 888–902. [Google Scholar] [CrossRef] [PubMed]

	



Tward, A.D.; Jones, K.D.; Yant, S.; Cheung, S.T.; Fan, S.T.; Chen, X.; Kay, M.A.; Wang, R.; Bishop, J.M. Distinct Pathways of Genomic Progression to Benign and Malignant Tumors of the Liver. Proc. Natl. Acad. Sci. USA 2007, 104, 14771–14776. [Google Scholar] [CrossRef]

	



Ng, N.H.J.; Jasmen, J.B.; Lim, C.S.; Lau, H.H.; Krishnan, V.G.; Kadiwala, J.; Kulkarni, R.N.; Ræder, H.; Vallier, L.; Hoon, S.; et al. HNF4A Haploinsufficiency in MODY1 Abrogates Liver and Pancreas Differentiation from Patient-Derived Induced Pluripotent Stem Cells. iScience 2019, 16, 192–205. [Google Scholar] [CrossRef] [PubMed]

	



Thymiakou, E.; Othman, A.; Hornemann, T.; Kardassis, D. Defects in High Density Lipoprotein Metabolism and Hepatic Steatosis in Mice with Liver-Specific Ablation of Hepatocyte Nuclear Factor 4A. Metabolism 2020, 110, 154307. [Google Scholar] [CrossRef]

	



Huck, I.; Gunewardena, S.; Espanol-Suner, R.; Willenbring, H.; Apte, U. Hepatocyte Nuclear Factor 4 Alpha Activation is Essential for Termination of Liver Regeneration in Mice. Hepatology 2019, 70, 666–681. [Google Scholar] [CrossRef]

	



Dubois, V.; Gheeraert, C.; Vankrunkelsven, W.; Dubois-Chevalier, J.; Dehondt, H.; Bobowski-Gerard, M.; Vinod, M.; Zummo, F.P.; Güiza, F.; Ploton, M.; et al. Endoplasmic Reticulum Stress Actively Suppresses Hepatic Molecular Identity in Damaged Liver. Mol. Syst. Biol. 2020, 16, e9156. [Google Scholar] [CrossRef]

	



Joo, M.S.; Koo, J.H.; Kim, T.H.; Kim, Y.S.; Kim, S.G. LRH1-Driven Transcription Factor Circuitry for Hepatocyte Identity: Super-Enhancer Cistromic Analysis. EBioMedicine 2019, 40, 488–503. [Google Scholar] [CrossRef]

	



Aydin, Y.; Kurt, R.; Song, K.; Lin, D.; Osman, H.; Youngquist, B.; Scott, J.W.; Shores, N.J.; Thevenot, P.; Cohen, A.; et al. Hepatic Stress Response in HCV Infection Promotes STAT3-Mediated Inhibition of HNF4A-MiR-122 Feedback Loop in Liver Fibrosis and Cancer Progression. Cancers 2019, 11, 1407. [Google Scholar] [CrossRef] [PubMed]

	



Vallianou, I.; Dafou, D.; Vassilaki, N.; Mavromara, P.; Hadzopoulou-Cladaras, M. Hepatitis C Virus Suppresses Hepatocyte Nuclear Factor 4 Alpha, a Key Regulator of Hepatocellular Carcinoma. Int. J. Biochem. Cell Biol. 2016, 78, 315–326. [Google Scholar] [CrossRef]

	



Coulouarn, C.; Factor, V.M.; Andersen, J.B.; Durkin, M.E.; Thorgeirsson, S.S. Loss of MiR-122 Expression in Liver Cancer Correlates with Suppression of the Hepatic Phenotype and Gain of Metastatic Properties. Oncogene 2009, 28, 3526–3536. [Google Scholar] [CrossRef]

	



Piccolo, P.; Annunziata, P.; Soria, L.R.; Attanasio, S.; Barbato, A.; Castello, R.; Carissimo, A.; Quagliata, L.; Terracciano, L.M.; Brunetti-Pierri, N. Down-Regulation of Hepatocyte Nuclear Factor-4α and Defective Zonation in Livers Expressing Mutant Z A1-Antitrypsin. Hepatology 2017, 66, 124–135. [Google Scholar] [CrossRef] [PubMed]

	



Ning, B.-F.; Ding, J.; Yin, C.; Zhong, W.; Wu, K.; Zeng, X.; Yang, W.; Chen, Y.-X.; Zhang, J.-P.; Zhang, X.; et al. Hepatocyte Nuclear Factor 4 Alpha Suppresses the Development of Hepatocellular Carcinoma. Cancer Res. 2010, 70, 7640–7651. [Google Scholar] [CrossRef] [PubMed]

	



Huang, K.-W.; Reebye, V.; Czysz, K.; Ciriello, S.; Dorman, S.; Reccia, I.; Lai, H.-S.; Peng, L.; Kostomitsopoulos, N.; Nicholls, J.; et al. Liver Activation of Hepatocellular Nuclear Factor-4α by Small Activating RNA Rescues Dyslipidemia and Improves Metabolic Profile. Mol. Ther. Nucleic Acids 2020, 19, 361–370. [Google Scholar] [CrossRef]

	



Tung, J.Y.-L.; Boodhansingh, K.; Stanley, C.A.; de León, D.D. Clinical Heterogeneity of Hyperinsulinism Due to HNF1A and HNF4A Mutations. Pediatr. Diabetes 2018, 19, 910–916. [Google Scholar] [CrossRef] [PubMed]

	



Kanwal, R.; Gupta, K.; Gupta, S. Cancer Epigenetics: An Introduction. Methods Mol. Biol. 2015, 1238, 3–25. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Adams, A.; Roberts, B.; O’Neil, M.; Vittal, A.; Schmitt, T.; Kumer, S.; Cox, J.; Li, Z.; Weinman, S.A.; et al. Protein Arginine Methyl Transferase 1- and Jumonji C Domain-Containing Protein 6-Dependent Arginine Methylation Regulate Hepatocyte Nuclear Factor 4 Alpha Expression and Hepatocyte Proliferation in Mice. Hepatology 2018, 67, 1109–1126. [Google Scholar] [CrossRef]

	



Zheng, B.-N.; Ding, C.-H.; Chen, S.-J.; Zhu, K.; Shao, J.; Feng, J.; Xu, W.-P.; Cai, L.-Y.; Zhu, C.-P.; Duan, W.; et al. Targeting PRMT5 Activity Inhibits the Malignancy of Hepatocellular Carcinoma by Promoting the Transcription of HNF4α. Theranostics 2019, 9, 2606–2617. [Google Scholar] [CrossRef] [PubMed]

	



Ruoß, M.; Damm, G.; Vosough, M.; Ehret, L.; Grom-Baumgarten, C.; Petkov, M.; Naddalin, S.; Ladurner, R.; Seehofer, D.; Nussler, A.; et al. Epigenetic Modifications of the Liver Tumor Cell Line HepG2 Increase Their Drug Metabolic Capacity. Int. J. Mol. Sci. 2019, 20, 347. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, A.; Wong, J.C.H.; Wang, E.Y.; Lotto, J.; Kim, D.; Cheng, J.-C.; Mingay, M.; Cullum, R.; Moudgil, V.; Ahmed, N.; et al. Hepatocyte Nuclear Factor 4-Alpha is Essential for the Active Epigenetic State at Enhancers in Mouse Liver. Hepatology 2019, 70, 1360–1376. [Google Scholar] [CrossRef]

	



Li, Z.-Y.; Xi, Y.; Zhu, W.-N.; Zeng, C.; Zhang, Z.-Q.; Guo, Z.-C.; Hao, D.-L.; Liu, G.; Feng, L.; Chen, H.-Z.; et al. Positive Regulation of Hepatic MiR-122 Expression by HNF4α. J. Hepatol. 2011, 55, 602–611. [Google Scholar] [CrossRef]

	



Yang, G.; Zhang, M.; Zhao, Y.; Pan, Y.; Kan, M.; Li, J.; He, K.; Zhang, X. HNF-4α Inhibits Hepatocellular Carcinoma Cell Proliferation through Mir-122-Adam17 Pathway. PLoS ONE 2020, 15, e0230450. [Google Scholar] [CrossRef]

	



Wang, S.-C.; Lin, X.-L.; Li, J.; Zhang, T.-T.; Wang, H.-Y.; Shi, J.-W.; Yang, S.; Zhao, W.-T.; Xie, R.-Y.; Wei, F.; et al. MicroRNA-122 Triggers Mesenchymal-Epithelial Transition and Suppresses Hepatocellular Carcinoma Cell Motility and Invasion by Targeting RhoA. PLoS ONE 2014, 9, e101330. [Google Scholar] [CrossRef]

	



Wu, Q.; Liu, H.-O.; Liu, Y.-D.; Liu, W.-S.; Pan, D.; Zhang, W.-J.; Yang, L.; Fu, Q.; Xu, J.-J.; Gu, J.-X. Decreased Expression of Hepatocyte Nuclear Factor 4α (Hnf4α)/MicroRNA-122 (MiR-122) Axis in Hepatitis B Virus-Associated Hepatocellular Carcinoma Enhances Potential Oncogenic GALNT10 Protein Activity. J. Biol. Chem. 2015, 290, 1170–1185. [Google Scholar] [CrossRef]

	



Yang, Y.M.; Lee, C.G.; Koo, J.H.; Kim, T.H.; Lee, J.M.; An, J.; Kim, K.M.; Kim, S.G. Gα12 Overexpressed in Hepatocellular Carcinoma Reduces MicroRNA-122 Expression via HNF4α Inactivation, Which Causes c-Met Induction. Oncotarget 2015, 6, 19055–19069. [Google Scholar] [CrossRef]

	



Yin, C.; Wang, P.-Q.; Xu, W.-P.; Yang, Y.; Zhang, Q.; Ning, B.-F.; Zhang, P.-P.; Zhou, W.-P.; Xie, W.-F.; Chen, W.-S.; et al. Hepatocyte Nuclear Factor-4α Reverses Malignancy of Hepatocellular Carcinoma through Regulating MiR-134 in the DLK1-DIO3 Region. Hepatology 2013, 58, 1964–1976. [Google Scholar] [CrossRef]

	



Ning, B.-F.; Ding, J.; Liu, J.; Yin, C.; Xu, W.-P.; Cong, W.-M.; Zhang, Q.; Chen, F.; Han, T.; Deng, X.; et al. Hepatocyte Nuclear Factor 4α-Nuclear Factor-ΚB Feedback Circuit Modulates Liver Cancer Progression. Hepatology 2014, 60, 1607–1619. [Google Scholar] [CrossRef]

	



Gougelet, A.; Sartor, C.; Bachelot, L.; Godard, C.; Marchiol, C.; Renault, G.; Tores, F.; Nitschke, P.; Cavard, C.; Terris, B.; et al. Antitumour Activity of an Inhibitor of MiR-34a in Liver Cancer with β-Catenin-Mutations. Gut 2016, 65, 1024–1034. [Google Scholar] [CrossRef]

	



Li, Z.; Chen, H. MiR-34a Inhibits Proliferation, Migration and Invasion of Paediatric Neuroblastoma Cells via Targeting HNF4α. Artif. Cells Nanomed. Biotechnol. 2019, 47, 3072–3078. [Google Scholar] [CrossRef]

	



Deng, D.; Yang, S.; Wang, X. Long Non-Coding RNA SNHG16 Regulates Cell Behaviors through MiR-542-3p/HNF4α Axis via RAS/RAF/MEK/ERK Signaling Pathway in Pediatric Neuroblastoma Cells. Biosci. Rep. 2020, 40, BSR20200723. [Google Scholar] [CrossRef] [PubMed]

	



Shi, J.; Dai, R.; Chen, Y.; Guo, H.; Han, Y.; Zhang, Y. LncRNA LINP1 Regulates Acute Myeloid Leukemia Progression via HNF4α/AMPK/WNT5A Signaling Pathway. Hematol. Oncol. 2019, 37, 474–482. [Google Scholar] [CrossRef]

	



Cicchini, C.; de Nonno, V.; Battistelli, C.; Cozzolino, A.M.; de Santis Puzzonia, M.; Ciafrè, S.A.; Brocker, C.; Gonzalez, F.J.; Amicone, L.; Tripodi, M. Epigenetic Control of EMT/MET Dynamics: HNF4α Impacts DNMT3s through MiRs-29. Biochim. Biophys. Acta 2015, 1849, 919–929. [Google Scholar] [CrossRef]

	



Battistelli, C.; Sabarese, G.; Santangelo, L.; Montaldo, C.; Gonzalez, F.J.; Tripodi, M.; Cicchini, C. The LncRNA HOTAIR Transcription is Controlled by HNF4α-Induced Chromatin Topology Modulation. Cell Death Differ. 2019, 26, 890–901. [Google Scholar] [CrossRef] [PubMed]

	



Battistelli, C.; Garbo, S.; Riccioni, V.; Montaldo, C.; Santangelo, L.; Vandelli, A.; Strippoli, R.; Tartaglia, G.G.; Tripodi, M.; Cicchini, C. Design and Functional Validation of a Mutant Variant of the LncRNA HOTAIR to Counteract Snail Function in Epithelial-to-Mesenchymal Transition. Cancer Res. 2021, 81, 103–113. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.-H.; Yin, C.; Chen, S.-J.; Wen, L.-Z.; Ding, K.; Lei, S.-J.; Liu, J.-P.; Wang, J.; Chen, K.-X.; Jiang, H.-L.; et al. The HNF1α-Regulated LncRNA HNF1A-AS1 Reverses the Malignancy of Hepatocellular Carcinoma by Enhancing the Phosphatase Activity of SHP-1. Mol. Cancer 2018, 17, 63. [Google Scholar] [CrossRef]

	



Ladeiro, Y.; Couchy, G.; Balabaud, C.; Bioulac-Sage, P.; Pelletier, L.; Rebouissou, S.; Zucman-Rossi, J. MicroRNA Profiling in Hepatocellular Tumors is Associated with Clinical Features and Oncogene/Tumor Suppressor Gene Mutations. Hepatology 2008, 47, 1955–1963. [Google Scholar] [CrossRef]

	



Zeng, X.; Lin, Y.; Yin, C.; Zhang, X.; Ning, B.-F.; Zhang, Q.; Zhang, J.-P.; Qiu, L.; Qin, X.-R.; Chen, Y.-X.; et al. Recombinant Adenovirus Carrying the Hepatocyte Nuclear Factor-1alpha Gene Inhibits Hepatocellular Carcinoma Xenograft Growth in Mice. Hepatology 2011, 54, 2036–2047. [Google Scholar] [CrossRef]

	



Krützfeldt, J.; Rösch, N.; Hausser, J.; Manoharan, M.; Zavolan, M.; Stoffel, M. MicroRNA-194 is a Target of Transcription Factor 1 (Tcf1, HNF1α) in Adult Liver and Controls Expression of Frizzled-6. Hepatology 2012, 55, 98–107. [Google Scholar] [CrossRef]

	



Petruzziello, A. Epidemiology of Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) Related Hepatocellular Carcinoma. Open Virol. J. 2018, 12, 26–32. [Google Scholar] [CrossRef]

	



Honda, M.; Shirasaki, T.; Terashima, T.; Kawaguchi, K.; Nakamura, M.; Oishi, N.; Wang, X.; Shimakami, T.; Okada, H.; Arai, K.; et al. Hepatitis B Virus (HBV) Core-Related Antigen During Nucleos(t)Ide Analog Therapy is Related to Intra-Hepatic HBV Replication and Development of Hepatocellular Carcinoma. J. Infect. Dis. 2016, 213, 1096–1106. [Google Scholar] [CrossRef] [PubMed]

	



Yasumoto, J.; Kasai, H.; Yoshimura, K.; Otoguro, T.; Watashi, K.; Wakita, T.; Yamashita, A.; Tanaka, T.; Takeda, S.; Moriishi, K. Hepatitis B Virus Prevents Excessive Viral Production via Reduction of Cell Death-Inducing DFF45-like Effectors. J. Gen. Virol. 2017, 98, 1762–1773. [Google Scholar] [CrossRef]

	



Park, S.; Ha, Y.N.; Dezhbord, M.; Lee, A.R.; Park, E.-S.; Park, Y.K.; Won, J.; Kim, N.Y.; Choo, S.Y.; Shin, J.J.; et al. Suppression of Hepatocyte Nuclear Factor 4 α by Long-Term Infection of Hepatitis B Virus Contributes to Tumor Cell Proliferation. Int. J. Mol. Sci. 2020, 21, 948. [Google Scholar] [CrossRef]

	



Yu, X.; Mertz, J.E. Distinct Modes of Regulation of Transcription of Hepatitis B Virus by the Nuclear Receptors HNF4alpha and COUP-TF1. J. Virol. 2003, 77, 2489–2499. [Google Scholar] [CrossRef]

	



Zheng, Y.; Li, J.; Ou, J. Regulation of Hepatitis B Virus Core Promoter by Transcription Factors HNF1 and HNF4 and the Viral X Protein. J. Virol. 2004, 78, 6908–6914. [Google Scholar] [CrossRef] [PubMed]

	



Long, Y.; Chen, E.; Liu, C.; Huang, F.; Zhou, T.; He, F.; Liu, L.; Liu, F.; Tang, H. The Correlation of Hepatocyte Nuclear Factor 4 Alpha and 3 Beta with Hepatitis B Virus Replication in the Liver of Chronic Hepatitis B Patients. J. Viral Hepat. 2009, 16, 537–546. [Google Scholar] [CrossRef] [PubMed]

	



He, F.; Chen, E.-Q.; Liu, L.; Zhou, T.-Y.; Liu, C.; Cheng, X.; Liu, F.-J.; Tang, H. Inhibition of Hepatitis B Virus Replication by Hepatocyte Nuclear Factor 4-Alpha Specific Short Hairpin RNA. Liver Int. 2012, 32, 742–751. [Google Scholar] [CrossRef]

	



Wang, S.-H.; Yeh, S.-H.; Lin, W.-H.; Yeh, K.-H.; Yuan, Q.; Xia, N.-S.; Chen, D.-S.; Chen, P.-J. Estrogen Receptor α Represses Transcription of HBV Genes via Interaction with Hepatocyte Nuclear Factor 4α. Gastroenterology 2012, 142, 989–998. [Google Scholar] [CrossRef] [PubMed]

	



Chen, E.-Q.; Sun, H.; Feng, P.; Gong, D.-Y.; Liu, C.; Bai, L.; Yang, W.-B.; Lei, X.-Z.; Chen, L.-Y.; Huang, F.-J.; et al. Study of the Expression Levels of Hepatocyte Nuclear Factor 4 Alpha and 3 Beta in Patients with Different Outcome of HBV Infection. Virol. J. 2012, 9, 23. [Google Scholar] [CrossRef] [PubMed]

	



Bai, L.; Nong, Y.; Shi, Y.; Liu, M.; Yan, L.; Shang, J.; Huang, F.; Lin, Y.; Tang, H. Luteolin Inhibits Hepatitis B Virus Replication through Extracellular Signal-Regulated Kinase-Mediated Down-Regulation of Hepatocyte Nuclear Factor 4α Expression. Mol. Pharm. 2016, 13, 568–577. [Google Scholar] [CrossRef]

	



Park, Y.K.; Park, E.-S.; Kim, D.H.; Ahn, S.H.; Park, S.H.; Lee, A.R.; Park, S.; Kang, H.S.; Lee, J.-H.; Kim, J.M.; et al. Cleaved C-FLIP Mediates the Antiviral Effect of TNF-α against Hepatitis B Virus by Dysregulating Hepatocyte Nuclear Factors. J. Hepatol. 2016, 64, 268–277. [Google Scholar] [CrossRef] [PubMed]

	



Dai, X.-Q.; Cai, W.-T.; Wu, X.; Chen, Y.; Han, F.-M. Protocatechuic Acid Inhibits Hepatitis B Virus Replication by Activating ERK1/2 Pathway and down-Regulating HNF4α and HNF1α in Vitro. Life Sci. 2017, 180, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.-Y.; Li, Y.-Q.; Guo, Z.-W.; Zhou, X.-H.; Lu, M.-D.; Xue, T.-C.; Gao, B. ERK1/2-HNF4α Axis is Involved in Epigallocatechin-3-Gallate Inhibition of HBV Replication. Acta Pharmacol. Sin. 2020, 41, 278–285. [Google Scholar] [CrossRef]

	



Li, J.; Liu, F.-W.; Wu, D.-B.; Chen, E.-Q.; Chen, X.-J.; Chen, S.-C.; Liu, C.; Zhao, L.-S.; Tang, H.; Zhou, T.-Y. TRAIL Inhibits HBV Replication and Expression by Down-Regulating Liver-Enriched Transcription Factors. Arab. J. Gastroenterol. 2020, 21, 169–173. [Google Scholar] [CrossRef]

	



Lin, J.; Gu, C.; Shen, Z.; Liu, Y.; Wang, W.; Tao, S.; Cui, X.; Liu, J.; Xie, Y. Hepatocyte Nuclear Factor 1α Downregulates HBV Gene Expression and Replication by Activating the NF-ΚB Signaling Pathway. PLoS ONE 2017, 12, e0174017. [Google Scholar] [CrossRef]

	



Zhou, D.X.; Yen, T.S. The Ubiquitous Transcription Factor Oct-1 and the Liver-Specific Factor HNF-1 are Both Required to Activate Transcription of a Hepatitis B Virus Promoter. Mol. Cell. Biol. 1991, 11, 1353–1359. [Google Scholar] [CrossRef]

	



Pan, Y.; Ke, Z.; Ye, H.; Sun, L.; Ding, X.; Shen, Y.; Zhang, R.; Yuan, J. Saikosaponin C Exerts Anti-HBV Effects by Attenuating HNF1α and HNF4α Expression to Suppress HBV PgRNA Synthesis. Inflamm. Res. 2019, 68, 1025–1034. [Google Scholar] [CrossRef]

	



Xia, C.; Tang, W.; Geng, P.; Zhu, H.; Zhou, W.; Huang, H.; Zhou, P.; Shi, X. Baicalin Down-Regulating Hepatitis B Virus Transcription Depends on the Liver-Specific HNF4α-HNF1α Axis. Toxicol. Appl. Pharmacol. 2020, 403, 115131. [Google Scholar] [CrossRef]

	



Wang, Z.; Ceniccola, K.; Florea, L.; Wang, B.-D.; Lee, N.H.; Kumar, A. Viral Non-Coding RNA Inhibits HNF4α Expression in HCV Associated Hepatocellular Carcinoma. Infect. Agent Cancer 2015, 10, 19. [Google Scholar] [CrossRef]

	



Levy, G.; Habib, N.; Guzzardi, M.A.; Kitsberg, D.; Bomze, D.; Ezra, E.; Uygun, B.E.; Uygun, K.; Trippler, M.; Schlaak, J.F.; et al. Nuclear Receptors Control Pro-Viral and Antiviral Metabolic Responses to Hepatitis C Virus Infection. Nat. Chem. Biol. 2016, 12, 1037–1045. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Jiang, H.; Qu, L.; Yao, W.; Cai, H.; Chen, L.; Peng, T. Hepatocyte Nuclear Factor 4α and Downstream Secreted Phospholipase A2 GXIIB Regulate Production of Infectious Hepatitis C Virus. J. Virol. 2014, 88, 612–627. [Google Scholar] [CrossRef] [PubMed]

	



Foka, P.; Karamichali, E.; Dalagiorgou, G.; Serti, E.; Doumba, P.P.; Pissas, G.; Kakkanas, A.; Kazazi, D.; Kochlios, E.; Gaitanou, M.; et al. Hepatitis C Virus Modulates Lipid Regulatory Factor Angiopoietin-like 3 Gene Expression by Repressing HNF-1α Activity. J. Hepatol. 2014, 60, 30–38. [Google Scholar] [CrossRef]

	



Matsui, C.; Shoji, I.; Kaneda, S.; Sianipar, I.R.; Deng, L.; Hotta, H. Hepatitis C Virus Infection Suppresses GLUT2 Gene Expression via Downregulation of Hepatocyte Nuclear Factor 1α. J. Virol. 2012, 86, 12903–12911. [Google Scholar] [CrossRef]

	



Matsui, C.; Rosalyn Sianipar, I.; Minami, N.; Deng, L.; Hotta, H.; Shoji, I. A Single-Amino-Acid Mutation in Hepatitis C Virus NS5A Disrupts Physical and Functional Interaction with the Transcription Factor HNF-1α. J. Gen. Virol. 2015, 96, 2200–2205. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, C.; Deng, L.; Minami, N.; Abe, T.; Koike, K.; Shoji, I. Hepatitis C Virus NS5A Protein Promotes the Lysosomal Degradation of Hepatocyte Nuclear Factor 1α via Chaperone-Mediated Autophagy. J. Virol. 2018, 92, e00639-18. [Google Scholar] [CrossRef]

	



Tanaka, T.; Jiang, S.; Hotta, H.; Takano, K.; Iwanari, H.; Sumi, K.; Daigo, K.; Ohashi, R.; Sugai, M.; Ikegame, C.; et al. Dysregulated Expression of P1 and P2 Promoter-Driven Hepatocyte Nuclear Factor-4alpha in the Pathogenesis of Human Cancer. J. Pathol. 2006, 208, 662–672. [Google Scholar] [CrossRef] [PubMed]

	



Kojima, K.; Kishimoto, T.; Nagai, Y.; Tanizawa, T.; Nakatani, Y.; Miyazaki, M.; Ishikura, H. The Expression of Hepatocyte Nuclear Factor-4alpha, a Developmental Regulator of Visceral Endoderm, Correlates with the Intestinal Phenotype of Gastric Adenocarcinomas. Pathology 2006, 38, 548–554. [Google Scholar] [CrossRef] [PubMed]

	



Oshima, T.; Kawasaki, T.; Ohashi, R.; Hasegawa, G.; Jiang, S.; Umezu, H.; Aoyagi, Y.; Iwanari, H.; Tanaka, T.; Hamakubo, T.; et al. Downregulated P1 Promoter-Driven Hepatocyte Nuclear Factor-4alpha Expression in Human Colorectal Carcinoma is a New Prognostic Factor against Liver Metastasis. Pathol. Int. 2007, 57, 82–90. [Google Scholar] [CrossRef] [PubMed]

	



Chellappa, K.; Jankova, L.; Schnabl, J.M.; Pan, S.; Brelivet, Y.; Fung, C.L.-S.; Chan, C.; Dent, O.F.; Clarke, S.J.; Robertson, G.R.; et al. Src Tyrosine Kinase Phosphorylation of Nuclear Receptor HNF4α Correlates with Isoform-Specific Loss of HNF4α in Human Colon Cancer. Proc. Natl. Acad. Sci. USA 2012, 109, 2302–2307. [Google Scholar] [CrossRef] [PubMed]

	



Qinyu, L.; Long, C.; Zhen-dong, D.; Min-min, S.; Wei-ze, W.; Wei-ping, Y.; Cheng-hong, P. FOXO6 Promotes Gastric Cancer Cell Tumorigenicity via Upregulation of C-Myc. FEBS Lett. 2013, 587, 2105–2111. [Google Scholar] [CrossRef]

	



Chang, H.R.; Nam, S.; Kook, M.-C.; Kim, K.-T.; Liu, X.; Yao, H.; Jung, H.R.; Lemos, R.; Seo, H.H.; Park, H.S.; et al. HNF4α is a Therapeutic Target That Links AMPK to WNT Signalling in Early-Stage Gastric Cancer. Gut 2016, 65, 19–32. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Wei, X.; Wu, Z. HNF-4α Promotes Multidrug Resistance of Gastric Cancer Cells through the Modulation of Cell Apoptosis. Oncol. Lett. 2017, 14, 6477–6484. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.; Xu, W.; Ji, S.; Qin, Y.; Liu, W.; Hu, Q.; Zhang, Z.; Liu, M.; Yu, X.; Xu, X. Role of Hepatocyte Nuclear Factor 4 Alpha in Cell Proliferation and Gemcitabine Resistance in Pancreatic Adenocarcinoma. Cancer Cell Int. 2019, 19, 49. [Google Scholar] [CrossRef]

	



Cattin, A.-L.; Le Beyec, J.; Barreau, F.; Saint-Just, S.; Houllier, A.; Gonzalez, F.J.; Robine, S.; Pinçon-Raymond, M.; Cardot, P.; Lacasa, M.; et al. Hepatocyte Nuclear Factor 4alpha, a Key Factor for Homeostasis, Cell Architecture, and Barrier Function of the Adult Intestinal Epithelium. Mol. Cell. Biol. 2009, 29, 6294–6308. [Google Scholar] [CrossRef]

	



Yao, H.S.; Wang, J.; Zhang, X.P.; Wang, L.Z.; Wang, Y.; Li, X.X.; Jin, K.Z.; Hu, Z.Q.; Wang, W.J. Hepatocyte Nuclear Factor 4α Suppresses the Aggravation of Colon Carcinoma. Mol. Carcinog. 2016, 55, 458–472. [Google Scholar] [CrossRef]

	



Jin, L.; Pan, Y.-L.; Zhang, J.; Cao, P.-G. LncRNA HOTAIR Recruits SNAIL to Inhibit the Transcription of HNF4α and Promote the Viability, Migration, Invasion and EMT of Colorectal Cancer. Transl. Oncol. 2021, 14, 101036. [Google Scholar] [CrossRef]

	



Schwartz, B.; Algamas-Dimantov, A.; Hertz, R.; Nataf, J.; Kerman, A.; Peri, I.; Bar-Tana, J. Inhibition of Colorectal Cancer by Targeting Hepatocyte Nuclear Factor-4alpha. Int. J. Cancer 2009, 124, 1081–1089. [Google Scholar] [CrossRef]

	



Darsigny, M.; Babeu, J.-P.; Seidman, E.G.; Gendron, F.-P.; Levy, E.; Carrier, J.; Perreault, N.; Boudreau, F. Hepatocyte Nuclear Factor-4alpha Promotes Gut Neoplasia in Mice and Protects against the Production of Reactive Oxygen Species. Cancer Res. 2010, 70, 9423–9433. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Wang, J.; Wang, X.; Zhu, J.; Liu, Q.; Shi, Z.; Chambers, M.C.; Zimmerman, L.J.; Shaddox, K.F.; Kim, S.; et al. Proteogenomic Characterization of Human Colon and Rectal Cancer. Nature 2014, 513, 382–387. [Google Scholar] [CrossRef]

	



Hu, Q.; Li, L.; Zou, X.; Xu, L.; Yi, P. Berberine Attenuated Proliferation, Invasion and Migration by Targeting the AMPK/HNF4α/WNT5A Pathway in Gastric Carcinoma. Front. Pharmacol. 2018, 9, 1150. [Google Scholar] [CrossRef]

	



He, X.-X.; Luo, S.-S.; Qin, H.-Q.; Mo, X.-W. MicroRNA-766-3p-Mediated Downregulation of HNF4G Inhibits Proliferation in Colorectal Cancer Cells through the PI3K/AKT Pathway. Cancer Gene Ther. 2021. [Google Scholar] [CrossRef]

	



Guinney, J.; Dienstmann, R.; Wang, X.; de Reyniès, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.; Angelino, P.; et al. The Consensus Molecular Subtypes of Colorectal Cancer. Nat. Med. 2015, 21, 1350–1356. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, H.W.; Cowley, G.S.; Weir, B.A.; Boehm, J.S.; Rusin, S.; Scott, J.A.; East, A.; Ali, L.D.; Lizotte, P.H.; Wong, T.C.; et al. Systematic Investigation of Genetic Vulnerabilities across Cancer Cell Lines Reveals Lineage-Specific Dependencies in Ovarian Cancer. Proc. Natl. Acad. Sci. USA 2011, 108, 12372–12377. [Google Scholar] [CrossRef] [PubMed]

	



Cancer Genome Atlas Network Comprehensive Molecular Characterization of Human Colon and Rectal Cancer. Nature 2012, 487, 330–337. [CrossRef]

	



Lu, Y.; Yu, Y.; Liu, F.; Han, Y.; Xue, H.; Sun, X.; Jiang, Y.; Tian, Z. LINC00511-Dependent Inhibition of IL-24 Contributes to the Oncogenic Role of HNF4α in Colorectal Cancer. Am. J. Physiol. Gastrointest. Liver Physiol. 2021, 320, G338–G350. [Google Scholar] [CrossRef]

	



Brex, D.; Barbagallo, C.; Mirabella, F.; Caponnetto, A.; Battaglia, R.; Barbagallo, D.; Caltabiano, R.; Broggi, G.; Memeo, L.; Di Pietro, C.; et al. LINC00483 Has a Potential Tumor-Suppressor Role in Colorectal Cancer Through Multiple Molecular Axes. Front. Oncol. 2020, 10, 614455. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Wu, K.; Zhang, L.; Zheng, S.; Wang, X.; Zuo, H.; Wu, X.; Tao, G.; Jiang, B.; Zhang, L. Long Non-Coding RNA LINC00858 Exerts a Tumor-Promoting Role in Colon Cancer via HNF4α and WNK2 Regulation. Cell. Oncol. 2020, 43, 297–310. [Google Scholar] [CrossRef]

	



Babeu, J.-P.; Wilson, S.D.; Lambert, É.; Lévesque, D.; Boisvert, F.-M.; Boudreau, F. Quantitative Proteomics Identifies DNA Repair as a Novel Biological Function for Hepatocyte Nuclear Factor 4α in Colorectal Cancer Cells. Cancers 2019, 11, 626. [Google Scholar] [CrossRef]

	



Vuong, L.M.; Chellappa, K.; Dhahbi, J.M.; Deans, J.R.; Fang, B.; Bolotin, E.; Titova, N.V.; Hoverter, N.P.; Spindler, S.R.; Waterman, M.L.; et al. Differential Effects of Hepatocyte Nuclear Factor 4α Isoforms on Tumor Growth and T-Cell Factor 4/AP-1 Interactions in Human Colorectal Cancer Cells. Mol. Cell. Biol. 2015, 35, 3471–3490. [Google Scholar] [CrossRef]

	



Babeu, J.-P.; Jones, C.; Geha, S.; Carrier, J.C.; Boudreau, F. P1 Promoter-Driven HNF4α Isoforms are Specifically Repressed by β-Catenin Signaling in Colorectal Cancer Cells. J. Cell Sci. 2018, 131, jcs.214734. [Google Scholar] [CrossRef] [PubMed]

	



Lv, D.-D.; Zhou, L.-Y.; Tang, H. Hepatocyte Nuclear Factor 4α and Cancer-Related Cell Signaling Pathways: A Promising Insight into Cancer Treatment. Exp. Mol. Med. 2021, 53, 8–18. [Google Scholar] [CrossRef]

	



Yuan, X.; Ta, T.C.; Lin, M.; Evans, J.R.; Dong, Y.; Bolotin, E.; Sherman, M.A.; Forman, B.M.; Sladek, F.M. Identification of an Endogenous Ligand Bound to a Native Orphan Nuclear Receptor. PLoS ONE 2009, 4, e5609. [Google Scholar] [CrossRef]

	



Zhang, Q.; Xiao, X.; Feng, K.; Wang, T.; Li, W.; Yuan, T.; Sun, X.; Sun, Q.; Xiang, H.; Wang, H. Berberine Moderates Glucose and Lipid Metabolism through Multipathway Mechanism. Evid. Based Complement. Altern. Med. 2011, 2011, 1–10. [Google Scholar] [CrossRef]

	



Azmi, A.S.; Bao, G.W.; Gao, J.; Mohammad, R.M.; Sarkar, F.H. Network Insights into the Genes Regulated by Hepatocyte Nuclear Factor 4 in Response to Drug Induced Perturbations: A Review. Curr. Drug Discov. Technol. 2013, 10, 147–154. [Google Scholar] [CrossRef]

	



Oggu, G.S.; Sasikumar, S.; Reddy, N.; Ella, K.K.R.; Rao, C.M.; Bokara, K.K. Gene Delivery Approaches for Mesenchymal Stem Cell Therapy: Strategies to Increase Efficiency and Specificity. Stem Cell Rev. 2017, 13, 725–740. [Google Scholar] [CrossRef]

	



Wu, N.; Zhang, Y.-L.; Wang, H.-T.; Li, D.-W.; Dai, H.-J.; Zhang, Q.-Q.; Zhang, J.; Ma, Y.; Xia, Q.; Bian, J.-M.; et al. Overexpression of Hepatocyte Nuclear Factor 4α in Human Mesenchymal Stem Cells Suppresses Hepatocellular Carcinoma Development through Wnt/β-Catenin Signaling Pathway Downregulation. Cancer Biol. Ther. 2016, 17, 558–565. [Google Scholar] [CrossRef]

	



Amer, M.H. Gene Therapy for Cancer: Present Status and Future Perspective. Mol. Cell. Ther. 2014, 2, 27. [Google Scholar] [CrossRef] [PubMed]

	



Takashima, Y.; Horisawa, K.; Udono, M.; Ohkawa, Y.; Suzuki, A. Prolonged Inhibition of Hepatocellular Carcinoma Cell Proliferation by Combinatorial Expression of Defined Transcription Factors. Cancer Sci. 2018, 109, 3543–3553. [Google Scholar] [CrossRef]

	



Ding, K.; Wu, S.; Ying, W.; Pan, Q.; Li, X.; Zhao, D.; Li, X.; Zhao, Q.; Zhu, Y.; Ren, H.; et al. Leveraging a Multi-Omics Strategy for Prioritizing Personalized Candidate Mutation-Driver Genes: A Proof-of-Concept Study. Sci. Rep. 2015, 5, 17564. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 05357 g001 550] 





Figure 1. Role of aberrant HNF4α-inflammatory signaling in cancer. A regulatory pathway involving microRNAs and HNF4α links inflammatory responses (TNFα, IL-6) to hepatocyte transformation and epithelial-mesenchymal transition (EMT). After induction by stimuli, NF-κB and IL-6 inhibit the expression of HNF4α by inducing the expression of miR-21, and miR-24, miR-629, respectively. High HNF4α expression inhibits the NF-κB and IL-6 pathways by upregulating the expression of miR-7, miR-124 microRNAs. Aberrant HNF4α-related NF-κB, STAT3 and IL-6 signaling pathway is involved in tumorigenesis and the EMT process. 
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Figure 2. Interactions among β-catenin, HNF4α, and T-cell factor 4 (Tcf4) in hepatocytes determines the progression of hepatocarcinogenesis. In high β-catenin state, β-catenin binds to Tcf4 and this complex binds to Wnt response elements (WREs) in promoters of target genes in hepatocytes (like constitutive androstane receptor, CAR, and aryl hydrocarbon receptor, AhR) and competitively inhibits the expression of HNF4α and HNF4α responsive genes, thus promoting EMT and tumorigenesis (Left panel). In high HNF4α state, HNF4α binds to HNF4α response elements (HREs) in promoters of target genes to induce their expression and inhibits epithelial–mesenchymal transition (EMT) and tumorigenesis. Furthermore, HNF4α inhibits β-catenin transcription and prevents β-catenin/TCF complex binding to target gene promoters (Right panel). 
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Figure 3. HNF1α and HNF4α mutations are found in their DNA-binding domain (DBD) in several cancers identified by the International Cancer Genome Consortium (ICGC). The amino acid positions of the identified mutations of HNF1α and HNF4α are shown, and the color coding indicates the type of cancer tissue in which the mutations were reported. 
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Figure 4. HNF1α/HNF1A-AS1/miR-194 pathway in epithelial–mesenchymal transition (EMT) and hepatocellular carcinoma (HCC) metastasis. HNF1α increases the activity of Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) in human HCC cells via upregulating HNF1α antisense RNA 1 (HNF1A-AS1) and inhibits hepatic carcinogenesis. HNF1α induces the expression of miR-194, which inhibits the TNFα/NF-kB pathway and its downstream targets (tripartite motif containing 23, TRIM23, and Chromosome 21 Open Reading Frame 91, C21ORF91), and thus inhibits HCC metastasis. TNFα reciprocally inhibits the abundance of miR-194 by suppressing the expression of HNF1α in HCC cells and induces the expression of TRIM23 and C21ORF91, which play a role in HCC metastasis. 
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