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Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer. The molecular pathogenesis of HCC varies due to the different etiologies and genotoxic insults. The development of HCC is characterized by complex interactions between several etiological factors that result in genetic and epigenetic changes in proto-onco and/or tumor suppressor genes. MicroRNAs (miRNAs) are short non-coding RNAs that also can act as oncomiRs or tumor suppressors regulating the expression of cancer-associated genes post-transcriptionally. Studies revealed that several microRNAs are directly or indirectly involved in cellular signaling, and dysregulation of those miRNAs in the body fluids or tissues potentially affects key signaling pathways resulting in carcinogenesis. Therefore, in this mini-review, we discussed recent progress in microRNA-mediated regulation of crucial signaling networks during HCC development, concentrating on the most relevant ones such as PI3K/Akt/mTOR, Hippo-YAP/TAZ, and Wnt/β-catenin, which might open new avenues in HCC management.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most frequent primary hepatic neoplasm with variable incidence throughout the geographical locations and represents the world’s fourth most common cause of cancer-related mortality (Kim and Viatour, 2020; Llovet et al., 2021). By 2025, the global burden of HCC-associated mortality is expected to approach 1 million per year (Siegel et al., 2017; Llovet et al., 2021). In general, HCC has a negative prognosis, given the limited therapy options, including hepatic resection and liver transplantation (Siegel et al., 2017; Singh et al., 2020; Llovet et al., 2021).
The molecular pathogenesis of HCC depends on the etiologies and genotoxic insults involved (Fardi et al., 2018; Llovet et al., 2021). Typically, activating oncogenes or inhibiting tumor suppressor genes lead to aberrations in cell signaling pathways that control cancer hallmark characteristics such as increased cell proliferation, cell fate and differentiation alterations, and resistance to programmed cell death (Juliano, 2020). Although the knowledge about the pathophysiology of HCC has recently been improved, it has yet to be implemented in advanced clinical practice (Alqahtani et al., 2019).
MicroRNAs (miRNAs) are small single-stranded RNA molecules (20–24 nucleotides) that mediate post-transcriptional gene regulation either by translational repression or mRNA degradation (Vishnoi and Rani, 2017). According to MirBase (http://www.mirbase.org) database, a total of 2,654 mature miRNAs have been reported in the Homo sapiens so far. Studies have shown that miRNAs are key regulators of a variety of biological activities, including cell differentiation, apoptosis, proliferation, and tumorigenesis (Paul et al., 2021; Vázquez et al., 2021; Paul et al., 2022), and their dysregulation is associated with different cancers, including HCC (Vasuri et al., 2018; Ruiz-Manriquez et al., 2021). Moreover, miRNAs are highly stable and can be quantified in several biological fluids such as blood, saliva, and urine, representing an excellent cancer biomarker (Ruiz-Manriquez et al., 2022). Intriguingly, alteration in miRNA expression profile due to certain external and internal factors potentially affects numerous signaling pathways resulting in odd changes that might lead to carcinogenesis (Leichter et al., 2017; Juliano, 2020). Hence, this review presents the current research regarding the molecular crosstalk between miRNAs and critical signal transduction networks during HCC development, focusing on the most relevant ones such as PI3K/Akt/mTOR, Hippo-YAP/TAZ, and Wnt/β-catenin.
PI3K/AKT/MTOR PATHWAY
The phosphatidylinositide 3-kinase (PI3K)/Akt pathway has been linked to cancer pathogenesis since its enzymatic activity was shown to be allied with viral oncoproteins (Fruman et al., 2017). It comprises several serine/threonine kinases that mediate numerous biological functions, including cell cycle progression, cell survival, migration, and protein synthesis (Alzahrani, 2019). PI3Ks are part of a family of lipid kinases that phosphorylate the 3′hydroxyl group of phosphoinositides and consist of several classes, among which the class IA PI3Ks are the most studied one and implicated in human cancers (Rahmani et al., 2020). Class IA PI3Ks are heterodimers activated downstream of receptor tyrosine kinases or RAS oncogene and contain a regulatory (p85) and a catalytic subunit (p110). Subsequently, activated PI3K triggers the production of Phosphatidylinositol-3,4,5-trisphosphate (PIP3), a crucial second messenger that in turn induces AKT (a protein kinase with pleckstrin homology domain). Afterward, AKT endorses proliferation, cellular metabolism, differentiation, angiogenesis, and apoptosis by eliciting downstream effector proteins such as the mammalian target of rapamycin (mTOR), which is key to maintaining the balance between cell proliferation and autophagy in response to cellular stress (Jiang et al., 2018; Rahmani et al., 2020).
To date, it has been well established that miRNA dysregulation is crucial in HCC development and progression. In this context, Sun et al. (2019) revealed that being a tumor suppressor, miR-1914 (poorly expressed in HCC cell lines) might hinder tumor growth and colony formation, leading to cell cycle arrest and increased apoptosis. Notably, the main target of miR-1914 is GPR39, a zinc-activated G protein-coupled receptor, which regulates HCC cell proliferation and differentiation, leading to PI3K/AKT/mTOR repression.
Likewise, Wu et al. (2020) reported that tumor sizes, tumor numbers, TNM stage, and histological grade are strongly linked with miR-660-5p expression. Furthermore, in vitro and in vivo experiments revealed that miR-660-5p could dramatically increase HCC cell proliferation, clone formation, migration, invasion, and tumorigenic potential, whereas its downregulation suppresses malignant growth. It has been proposed that epithelial cancer cells undergo an epithelial-mesenchymal transition (EMT), which is characterized by cell adhesion loss, E-cadherin suppression, acquisition of mesenchymal markers (such as N-cadherin, Vimentin, and Fibronectin), and enhanced cell motility and invasiveness (Roche, 2018). Interestingly, Wu et al. (2020) also found that miR-660-5p directly targets YWHAH, a 14-3-3 family protein that binds to phosphoserine-containing proteins to facilitate signal transduction and activates PI3K/AKT signaling pathway resulting in EMT promotion.
Yu et al. (2019) noticed that HCC tissues had considerably greater levels of miR-106b-5p than normal liver tissues. Moreover, induced miR-106b-5p could diminish the expression of FOG2, a novel inhibitor of PI3K/Akt signaling to promote the proliferation and invasion of HCC cells. In another analogous study, Yao et al. (2015) observed Metastasis-associated with Colon Cancer 1 (MACC1) gene as a novel prognostic HCC indicator that inhibited apoptosis of HCC cells by targeting the PI3K/AKT pathway. Intriguingly, Zhang Y. M. et al. (2020) established that miR-34a and miR-125a-5p refrained proliferation and metastasis while inducing apoptosis by suppressing the MACC1-mediated PI3K/AKT/mTOR pathway in HCC both in vitro and in vivo.
In various cancers, the oncogenic tripartite motif-containing 27 (TRIM27) protein enhances cell survival, proliferation, migration, and invasion (Zhang et al., 2018). In this context, Gao et al. (2019) demonstrated that miR-30b-3p might prevent HCC cells from proliferating, migrating, and invading by downregulating TRIM27 and subsequently inactivating the PI3K/Akt pathway. Contrastingly, Du et al. (2019) noticed a significant overexpression of miR-3691-5p in HCC tissues and cell lines substantially linked to clinicopathological characteristics such as TNM stage and vascular invasion through activating PI3K/Akt signaling by targeting PTEN, and they considered this miRNA as an HCC oncomiR. Likewise, Wang et al. (2021) demonstrated that when miR-92a-3p is overexpressed, N-cadherin and Vimentin protein (two crucial markers in the transition of malignant cells from normal cells) expression levels increase, and HCC cell proliferation, migration, and invasion were stimulated, suggesting that miR-92a-3p plays a vital role in HCC cell EMT as an oncomiR. Remarkably, they also found that the PI3K/AKT/mTOR signaling pathway is activated by miR-92a-3p and induces EMT, promoting the HCC’s malignant development.
As discussed, the PI3K pathway might represent an attractive candidate for tumor therapeutic targeting. In this sense, multiple kinases in the PI3K/AKT/mTOR pathway were chosen for inhibitory activity, and the development of kinase inhibitors with improved specificity and pharmacokinetics has recently facilitated research on the PI3K pathway inhibition clinical trials. Moreover, since numerous miRNAs modulate PI3K/Akt/mTOR pathway during carcinogenesis, they could also be a promising tool for HCC management.
HIPPO-YAP/TAZ PATHWAY
In a highly conserved manner, the Hippo-YAP/TAZ pathway modulates tissue homeostasis, organ size, cell regeneration, and growth (Samji et al., 2021), and its dysregulation has been allied with a variety of malignancies, including HCC (Xin Y. et al., 2020). A kinase cascade containing serine/threonine-protein kinase 4/3 (MST1/2), large tumor suppressor kinases (LATS) 1/2, the transcription coactivators yes-associated protein (YAP), and its paralog WW domain-containing transcription regulator protein 1 [WWTR1 or transcriptional coactivator with PDZ-binding motif (TAZ)] are critical components of this signaling pathway in mammalian cells. MST1/2 is activated by phosphorylation or trans-autophosphorylation; later, it binds to the Salvador family WW domain-containing protein 1 (SAV1) in a heterotetramer to mediate MST1/2 activation and localization to the plasma membrane. MOB 1 (monopolar spindle one-binder) aids in the recruitment of LATS1/2 to MST1/2, allowing MST1/2 to phosphorylate LATS, causing LATS autophosphorylation and activation. The linker phosphorylation sites of MST1/2 also use the striatin-interacting phosphatase and kinase complex to dephosphorylate and inactivate MST1/2, providing negative responses that limit MST activity. Upstream regulators KIBRA and Mer/NF2 soothed the Hippo kinase cascade by recruiting LATS to the plasma membrane, where Hippo/MST will activate it. Activated LATS1/2 then phosphorylate and inactivate YAP/TAZ, which leads to proteasomal decay. YAP and TAZ are not phosphorylated and hence stable when the Hippo kinase cascade is inactivated; therefore, they translocate into the nucleus and bind to transcription factors to modulate target gene expression (Liu et al., 2020). Unphosphorylated YAP penetrates the nucleus and activates oncogenes such as CYR61, AREG, AKD1, and CTGF (Zhang and Zhou, 2019).
Intriguingly, YAP and TAZ directly control miRNA biogenesis (Mori et al., 2014); while several miRNAs have been shown to target and modulate the Hippo-YAP/TAZ signaling pathway’s main components. For example, Xin Y. et al. (2020) noticed that being a transcriptional target of the Hippo-YAP/TAZ pathway miR-135b silences MST1 expression as an oncomiR, and consequently, the MST1-YAP-miR-135b axis generates a positive feedback loop in HCC advancement. Moreover, the level of miR-135b was shown to be favorably connected with HCC stages and negatively associated with HCC patient survival. These findings provide a clue by which miR-135b promotes HCC tumorigenesis through Hippo signaling pathway modulation. Guan et al. (2019) revealed that the expression of MEIS2C/D (a critical transcription factor linked to the development of human cancer) is significantly upregulated in HCC and correlated with poor prognosis. Furthermore, employing both in vitro and in vivo approaches, they demonstrated that MEIS2D enhances hepatoma cell proliferation and metastasis via the Hippo-YAP/TAZ signaling pathway. Interestingly, MiR-1307-3p is a key component of the MEIS2D route because MEIS2D and its synergistic molecule, PBX1, co-activated its expression. They also discovered that LATS1 is a functional target of miR-1307-3p, whose inhibition reduces YAP phosphorylation. These data imply that MEIS2D promotes HCC development via the miR-1307-3p/LATS1/YAP circuit. Following the same line, Wu et al. (2019) reported that miR-29c-3p expression was considerably reduced in HCC cell lines and tissues. Since this miRNA regulates the methylation of LATS1 by targeting DNMT3B, and aberrant methylation of LATS1 inactivates the Hippo-YAP/TAZ signaling pathway, its poor expression induces tumor growth, multiple pathologic characteristics, and shorter overall survival. However, overexpression of miR-29c-3p has also been shown to suppress HCC cell proliferation, apoptosis, migration, and tumor growth in vivo by negatively regulating the DNA methyltransferases 3B (DNMT3B). These findings suggest that this miRNA potentially functions as a tumor suppressor in HCC by inhibiting DNMT3B and the LATS1-associated Hippo-YAP/TAZ signaling pathway, representing a novel potential therapeutic target for HCC.
Hypoxia is a key component of the microenvironment of solid tumors, and it promotes cancer growth. Zhang B. et al. (2020) noticed that hypoxia triggers the miR-512-3p expression in HCC, and its upregulation is linked with adverse clinicopathological features, including tumor size, vascular invasion, and advanced tumor-node-metastasis phases. Moreover, LATS2 was found to be a direct functional target of miR-512-3p, and therefore, in HCC tissues, the level of miR-512-3p was negatively correlated with LATS2 expression and Hippo-YAP/TAZ signaling. Altogether, the results suggested that hypoxia-induced miR-512-3p expression inhibits the Hippo-YAP/TAZ pathway, which leads to HCC cell proliferation, migration, and invasion.
It is well established that miR-21 is strongly connected with the Hippo-YAP/TAZ signaling pathway (An et al., 2018). Recently, Hong et al. (2021) showed that miR-21-3p levels are substantially increased in HCC tissues compared to the adjacent healthy liver tissues, and the targets of this miRNA exhibited a significant association with the TGF-β transduction and Hippo-YAP/TAZ signaling pathway. Moreover, they demonstrated that one of the most significant targets of miR-21-3p, intranuclear SMAD7, promotes YAP1 translocation to the cytoplasm and hinders YAP1 transcription. Interestingly, YAP1 promotes SMAD7 to activate TbRI and inhibits the TGF-β/SMAD signal transduction; therefore, the counterbalance between SMAD7 and YAP1 significantly impacts the TGF-β signal transduction. This result highlighted the oncogenic role of miR-21-3p in HCC by promoting malignant phenotype progression via the Hippo-YAP/TAZ pathway.
Even though a number of studies have been conducted recently to identify miRNAs and their regulatory role in HCC via modulating Hippo-YAP/TAZ pathway, it is only the tip of the iceberg, and further research is needed to deeply understand the mechanism to develop novel therapeutics strategies against HCC.
WNT/Β-CATENIN PATHWAY
The Wnt/β-catenin is a conserved signaling axis involved in a variety of physiological settings, including differentiation, proliferation, apoptosis, migration, invasion, and tissue homeostasis (He and Tang, 2020; Zhang and Wang, 2020). Over the past years, onco or tumor suppressor miRNAs have been demonstrated to regulate HCC cell proliferation, invasion, metastasis, and drug sensitivity through modulating the key regulatory factors in the canonical Wnt/β-catenin signaling pathway.
In this milieu, Huang et al. (2020) highlighted miR-1246 as a potential factor that promotes HCC tumor formation by suppressing the expression of its target RORα. Notably, they confirmed that artificial induction of miR-1246 expression or RORα knockdown substantially augments the metastatic capacity of HCC both in vitro and in vivo through the activation of the Wnt/β-catenin pathway and epithelial-mesenchymal transition (EMT) promotion. Likewise, Xin R. Q. et al. (2020) showed that USP22, a histone-modifying enzyme principally regulated by miR-329-3p (normally downregulated in HCC), is linked to distant metastasis, poor prognosis, and high recurrence rates in HCC since it critically modulates the proliferation, metastasis, DNA repair, and stemness of tumor cells via modulating Wnt/β-catenin pathway.
C-x-C motif chemokine ligand 12 (CXCL12) is a crucial cancer immunity and angiogenesis regulator that triggers HCC progression through Wnt/β-catenin pathway regulation. Lu et al. (2019) revealed that upregulated miR-342 (which is usually poorly expressed in HCC cells) could significantly suppress the proliferation of HCC cells and increase apoptosis by targeting CXCL12 expression and subsequent inhibition of Wnt/β-catenin signaling activity. Correspondingly, the SOX family of transcription factors has emerged as modulators of canonical Wnt/β-catenin signaling (Ashrafizadeh et al., 2020). Specifically, SOX6 (downregulated in cancerous tissue, including HCC) is an anti-tumor gene that prevents cancer cells from proliferating and becoming tumorigenic (Jiang et al., 2018). Recently, Cao et al. (2021) showed that miR-19a-3p and miR-376c-3p might stimulate the Wnt/β-catenin pathway in HCC cells by targeting the SOX6. Moreover, they observed that SOX6 might bind to β-catenin and prevent it from dissociating from the transcriptional complex, preventing it from being translocated to the nucleus. Overall, this finding suggested that both miR-19a-3p and miR-376c-3p are highly expressed in HCC cells and might play a role in HCC formation by targeting SOX6 and altering the Wnt/β-catenin signaling pathway.
The protein regulator of cytokinesis 1 (PRC1) has been shown to exert an oncogenic function by promoting tumor formation, transfer, stemness, and progression of early HCC through the Wnt/β-catenin signaling pathway modulation, and its overexpression has been linked to poor HCC patient survival (Chen et al., 2016; Wang et al., 2017). Remarkably, Tang et al. (2019) demonstrated that the upregulation of miR-194 in HCC diminishes the expression of PRC1 and β-catenin accompanied by increased E-cadherin expression leading to EMT inhibition and Wnt/β-catenin signaling pathway inactivation. While in another study, WW domain-binding protein 2 (WBP2) was reported to interrelate with various WW domain-containing proteins, including WW domain-containing transcription regulator protein 1 (TAZ) and WW domain-containing oxidoreductase (WWOX), and favorably linked with the Wnt/β-catenin signaling pathway to promote downstream gene transcription, resulting in HCC progression (Chen et al., 2017). In this regard, Gao et al. (2020) proved that upregulation of miR-485-5p in HCC cells suppresses WBP2 expression and prevents Wnt/β-catenin signaling, leading to the inhibition of proliferation, migration, and invasion, as well as most significantly, suppression of tumor development in vivo. The authors transfected HCC cells with miR-485-5p mimic to better understand the role of miR485-5p in HCC, and they discovered that E-cadherin expression was upregulated while MMP-9, c-myc, cyclin D, and MMP-7 expression was considerably reduced. E-cadherin, also known as CDH1, is an important cancer suppressor, and its poor expression is allied with EMT, which is known to accelerate cancer cell migration and invasion.
Wilms’ tumor 1 gene (WT1) is an essential nuclear factor for organ development and cell growth. Overexpression of WT1 has been shown to be oncogenic in several types of cancers (Qi et al., 2015). Notably, it was also stated that miR-361-5p directly targets WT1 and negatively regulates its expression in HCC; moreover, its downregulation is associated with lymph node metastasis and advanced TNM stage, resulting in a poor prognosis for HCC patients. Furthermore, the effect of miR-361-5p on EMT and the WNT/β-catenin pathway was explored, and it was revealed that the overexpression of miR-361-5p hinders the N-cadherin and Vimentin expressions and promotes E-cadherin expression, inhibiting cell metastasis via blocking EMT as well as inactivating WNT/β-catenin pathway (Cheng et al., 2019).
In the past few years, it has been noticed that the Wnt/β-catenin pathway is abnormally activated in several types of cancer, and hence Wnt-targeted therapy has received much attention, and recently Wnt signaling has been translated to preclinical research since effective small-molecule drugs have been developed to modulate the pathway. Nevertheless, an in-depth investigation regarding the microRNA-mediated modulation of this pathway in HCC is necessary to develop advanced disease management strategies.
DISCUSSION
It is well established that miRNAs are significantly involved in hepatic tumorigenicity and progression, and investigators have observed that dysregulated miRNAs promote tumorigenesis post-transcriptionally by influencing oncogenes and tumor suppressors, impacting associated canonical pathways (Figure 1). In this background, due to its crucial involvement in tumor development, metastasis, angiogenesis, stemness, and chemoresistance, PTEN/PI3K/Akt was thoroughly investigated. Indisputably, the PTEN/PI3K/Akt -signaling pathway was found to be highly dysregulated in HCC, and different miRNAs control several associated dysregulated genes. However, further investigations about miRNAs and PTEN/PI3K/Akt signaling and their molecular interactions are necessary to improve the clinical management of patients with HCC. Likewise, the hepatocyte appears to be an important cell type that is influenced by the Hippo-YAP/TAZ signaling pathway in a variety of ways. However, the explicit molecular mechanisms by which Hippo-YAP/TAZ signaling regulates multiple aspects of hepatocyte physiology and pathology remain elusive. Although a number of studies have been performed to identify miRNAs and their contribution to the Hippo-YAP/TAZ regulatory pathway during HCC development, there is still a long way to go to thoroughly understand its underlying molecular mechanism. Similarly, oncogenic or tumor suppressor miRNAs have been shown to influence HCC cell proliferation, invasion, metastasis, and drug response by targeting regulatory factors in the canonical Wnt/β-catenin signaling pathway. Notably, feedback regulation of miRNAs via the canonical Wnt/β-catenin signaling pathway might have a role in HCC progression; however, specific upstream regulators of miRNAs targeting this pathway must be thoroughly investigated before it reaches the clinics. Nevertheless, a greater understanding of the interaction between miRNAs and the canonical Wnt/β-catenin signaling pathway would disclose the underlying cause of HCC and aid in the development of innovative therapeutic approaches.
[image: Figure 1]FIGURE 1 | Dysregulated miRNAs in HCC involved in PI3K/Akt/mTOR, Hippo-YAP/TAZ and Wnt/β-catenin pathways. Association of a number of miRNAs in those crucial signaling pathways during HCC development, their corresponding mRNAs targets and the biological mechanism implicated are shown. Red and green arrows indicate the differential expression of each miRNA (↑ = upregulation, ↓ = downregulation).
Additionally, significant risk factors for HCC include non-alcoholic fatty liver disease (NAFLD), chronic alcohol consumption, aflatoxin B1 exposure, hepatitis B (HBV) and C virus (HCV) infection (Fujiwara et al., 2018); and strong evidence has drawn attention to the notion that miRNAs could be critical determinants in setting these risk factors and, therefore, might play essential roles in the pathogenesis of HCC (Morishita et al., 2021). For example, some essential miRNAs are related to NAFLD pathogenesis since they perform pivotal regulatory functions of hepatic lipid metabolism (López-Sánchez et al., 2021). At the same time, the role of miRNAs in alcohol-related liver disease (ARLD) and the modulatory effects of alcohol consumption on miRNA expression have been reviewed in the past years since miRNAs can regulate the complex interplay between heavy alcohol consumption along with susceptibility to the disease (Torres et al., 2018). Moreover, in HCC pathogenesis, the alteration of miRNAs’ expression in response to xenobiotic exposure (including aflatoxin B1 exposure Balasubramanian et al., 2020); as well as their regulatory role in early HBV and HCV infection, has also been explicitly studied (Lee et al., 2017; Sartorius et al., 2019).
In recent years, significant progress has been made demonstrating miRNA regulation in various cancer, including HCC, and since several signaling pathways are substantially associated with it (Table 1), we believe it is worth writing this review describing miRNA-mediated modulation of the most relevant signaling pathways in HCC development. Undoubtedly, the interaction between miRNAs and signaling pathways in hepatic pathophysiology is complex, but new relevant information is rapidly growing, which might help to develop advanced HCC therapy.
TABLE 1 | Differentially expressed miRNA profile in crucial signaling pathways of HCC.
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