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Abstract

:

Simple Summary


Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer mortality. Treatment of HCC remains challenging, especially for those with advanced stages or those with postoperative recurrence. Molecular research of signaling pathways to afford new options of treatments is urgent. Moreover, among the various signaling pathways, the Sonic hedgehog (SHH) signaling pathway is implicated in multiple aspects of HCC, including cancer development, growth, invasiveness, recurrence, metastasis, the tumor microenvironment, and the maintenance of its cancer stem cells. The SHH signaling pathway also contributes to the resistance of HCC to chemotherapy, target therapy, and radiation therapy. This narrative review of the update studies reappraises the roles of SHH signaling in HCC. A deeper understanding of the SHH signaling pathway is crucial. It may provide more insights into the regulatory processes to establish novel treatments for HCC.




Abstract


HCC remains one of the leading causes of cancer-related death globally. The main challenges in treatments of hepatocellular carcinoma (HCC) primarily arise from high rates of postoperative recurrence and the limited efficacy in treating advanced-stage patients. Various signaling pathways involved in HCC have been reported. Among them, the Sonic hedgehog (SHH) signaling pathway is crucial. The presence of SHH ligands is identified in approximately 60% of HCC tumor tissues, including tumor nests. PTCH-1 and GLI-1 are detected in more than half of HCC tissues, while GLI-2 is found in over 84% of HCC tissues. The SHH signaling pathway (including canonical and non-canonical) is involved in different aspects of HCC, including hepatocarcinogenesis, tumor growth, tumor invasiveness, progression, and migration. The SHH signaling pathway also contributes to recurrence, metastasis, modulation of the cancer microenvironment, and sustaining cancer stem cells. It also affects the resistance of HCC cells to chemotherapy, target therapy, and radiotherapy. Reappraisal of the roles of the SHH signaling pathway in HCC may trigger some novel therapies for HCC.
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1. Introduction


HCC remains one of the leading causes of cancer-related death globally [1,2,3,4,5,6,7,8,9,10,11]. Recent epidemiological studies have observed a shift in the burden of HCC from regions with low to moderate sociodemographic indexes to those with high sociodemographic indexes [1]. This relocation indicates a transition from viral etiologies to non-viral causes. The prevalence of hepatitis B virus (HBV) and hepatitis C virus (HCV) infections surpasses 50% in Asian and African countries [8]. Asian countries such as China, Korea, India, Japan, and Thailand exhibit a higher incidence of HBV-related HCC cases. On the other hand, China, Japan, and the United States show a greater prevalence of HCV-related HCC cases. The United States also demonstrates a higher proportion of alcohol-related HCC patients [9]. Nonalcoholic fatty liver disease (NAFLD) contributes to 1% to 38% of HCC burden in different countries [10]. Nonalcoholic steatohepatitis-related HCC patients are more prevalent in India, the United States, and Thailand [9]. Rumgay, H. et al. have projected an increase in the number of new HCC cases until the year 2040 [11].



A collaborative approach involving surgeons, oncologists, and radiologists is recommended for optimal management of HCC [12]. However, current treatment modalities, such as surgical resection, liver transplantation, radiofrequency ablation (RFA), transcatheter hepatic arterial chemoembolization (TACE), ethanol injection, targeted therapy, and immune therapies face various challenges. These challenges primarily arise from high rates of recurrence and limited efficacy in treating advanced-stage patients [3,4,5,6,7]. Therefore, there is an urgent need to extensively explore novel signaling pathways to identify potential therapeutic targets for HCC.



The Sonic hedgehog (SHH) signaling pathway has been recognized as a crucial factor in HCC among various signaling pathways [13,14,15]. The molecules involved in the SHH signaling pathway are believed to contribute to the process of carcinogenesis in patients with chronic liver injury. This pathway contributes to the progression of pre-cancerous lesions to malignant behavior [15,16,17,18,19,20,21]. Furthermore, the SHH signaling pathway has been implicated in various aspects of HCC, including cancer development, progression, invasiveness, recurrence, metastasis, tumor microenvironment, drug resistance (such as chemotherapy and targeted therapy), radiotherapy resistance, and maintenance of cancer stem cells. This article aims to provide an updated review of recent studies that explore the complex and pivotal roles attributed to the SHH signaling pathway in HCC.




2. Sonic Hedgehog (SHH) Signaling Pathway


The hedgehog (HH) signaling pathway plays a significant role in various cellular processes, including cell growth, cell differentiation, tissue patterning, embryonic development, organ homeostasis, tissue repair, and stem cell activities [13,14,15,16,17]. In normal tissues, this pathway remains inactive [13,14,15,16,17]. However, in cancerous organs, including the liver, aberrant activation of the HH signaling pathway has been observed [13,18,19,20,21].



The canonical HH signaling pathway involves several molecular components, including HH ligands (such as Sonic hedgehog (SHH), Indian hedgehog (IHH), and Desert hedgehog (DHH)), patched (PTCH-1 and PTCH-2) receptors, Smoothened (SMO) receptors, and glioma-associated oncogene (GLI) transcription factors (including GLI-1, GLI-2, and GLI-3) [13,14,15,16,17,18,19]. The HH signaling pathway orchestrates various cellular processes by initiating a series of events triggered by the binding of HH ligands to their receptor PTCH-1 [13,14,15,16,17,18,19,20,21,22,23]. This binding event relieves PTCH-1 inhibition on the G-protein-coupled receptor (GPCR)-like signal transducer SMO. Consequently, activated SMO prevents the separation of GLI-2/3 transcription factors [13,14,15,16,17,18,19,20,21,22,23]. Subsequently, GLI proteins translocate to the nucleus and bind to specific gene promoters, activating the transcription of target genes such as B-cell lymphoma-2 (Bcl-2) (antiapoptotic), cyclins (cell proliferation), and SNAIL (inducing epithelial–mesenchymal transition—EMT) [13,14,15,16,17,18,19,20,21,22,23,24]. Additionally, the SHH signaling pathway is negatively modulated by the suppressor of fused protein (SUFU). However, mutations in SUFU can lead to aberrant activation of the SHH pathway [18]. Activation of SMO occurs after SHH ligands bind to PTCH, relieving the suppression on SMO [13,14,15,16,17,18,19,20,21,22,23,24,25]. Activated SMO translocates to the plasma membrane, transmitting signals to the nucleus through GLI proteins to activate target genes [13,14,15,16,17,18,19,20,21,22,23,24,25]. This ultimately influences cell invasion, cell growth, and stem cell activity in cancer (Figure 1).



In addition, there is an alternative non-canonical pathway that operates when the canonical HH pathway fails to activate [13,15,18]. The non-canonical SHH signaling pathway involves the activation of SMO or GLI through alternative pathways, such as the mammalian target of rapamycin-protein kinase B (mTOR-Akt), guanosine triphosphate hydrolases (GTPase), phosphoinositide 3-kinase (PI3K)/mTOR, protein kinase A (PKA), or Ras homology (Rho) pathways [13,14,15,16,17,18,19,20,21,22,23,24,25] (Figure 2). Indeed, the SHH signaling pathway actively interacts with multiple other signaling pathways, resulting in intricate crosstalk [15,18,24,25,26].




3. Sonic Hedgehog (SHH) Signaling Pathway in Hepatocellular Carcinoma (HCC)


The presence of SHH ligands has indeed been identified in approximately 60% of HCC tumor tissues, including tumor nests [27,28]. Moreover, PTCH-1 and GLI-1 have been detected in more than half of HCC tissues [24,29], while GLI-2 is found in over 84% of HCC tissues [30]. The SHH signaling pathway has been emphasized and extensively studied in recent years due to its involvement in different aspects of HCC. It would be informative to review the specific roles of the SHH signaling pathway in HCC across various aspects, as mentioned in Table 1 and Figure 3.



3.1. The Role of the SHH Signaling Pathway in the Development and Growth of HCC


Among the various causes of HCC, chronic infection with HBV or HCV and NAFLD have been found to correlate with activation of the SHH signaling pathway [31,32,33,34]. One potential mechanism involves the transformed HBx protein (a product of the HBV gene), which can induce activation of the SHH signaling pathway [31,32]. In the context of HBV or HCV infection, the presence of these viruses can enhance the expression of HH ligands in hepatocytes, thereby expanding the population of cells responsive to HH signaling. HH ligands can bind to PTCH receptors on liver stellate cells and liver sinusoidal endothelial cells, triggering processes such as liver fibrosis, angiogenesis, and ultimately liver carcinogenesis [32,33].



In-depth research utilizing an HBx transgenic mouse model has provided further support for the involvement of the activated SHH pathway in the development of liver pathologies and hepatocarcinogenesis. Specifically, the activated SHH pathway has been shown to trigger steatosis, liver fibrosis, dysplastic nodules, and induce hepatocarcinogenesis in this mouse model [31]. In the context of NAFLD, hepatocytes that have been damaged by lipotoxicity can produce HH ligands, which in turn contribute to the activation of HH-responsive cells expressing GLI-2. This activation of the SHH pathway can then lead to liver fibrosis [31]. Notably, the SMO inhibitor Vismodegib has demonstrated efficacy in inhibiting the growth of HCC in HBx transgenic mice, effectively suppressing HBx-positive human HCC xenograft tumors [31]. Other SMO inhibitors, such as GDC-0449 or LED 225, have shown potential in ameliorating liver inflammation in mice with NAFLD [34]. It has been reported by Cai et al. that during hepatocarcinogenesis, the activated SHH signaling pathway and increased SMO levels may enhance cell proliferation by facilitating the G2/M transition. This phenomenon is believed to occur through the overexpression of cyclin-dependent kinase 1 (CDK1) and cyclin B1 [35]. Moreover, SMO has been implicated in the repair of adult liver tissue and may be upregulated in primary hepatocytes after Fas-induced injury [18,34]. Additionally, SMO may play a role in promoting epithelial–mesenchymal transition (EMT) during early hepatocarcinogenesis [15,34,35,36].



It has been proposed that overexpression of SMO-mediated c-Myc could contribute to the development of hepatocarcinogenesis [20,33]. Moreover, mutations in SMO, such as the C-terminal lysine mutation (K575M), have been implicated in allowing SMO to evade PTCH suppression and activate downstream signaling [18].



Numerous studies provide additional support for the crucial role of the SHH signaling pathway and SMO activation. Philips et al. demonstrated a link between the SHH signaling pathway and the development of pre-cancerous lesions with liver fibrosis and hepatocarcinogenesis. They utilized GDC-0449, an SMO inhibitor, and observed a decrease in GLI-1 and GLI-2 levels along with an improvement in liver fibrosis [37]. Similarly, Pinter et al. found that GDC-0449, when used in an orthotopic HCC model, led to a reduction in angiogenesis [38]. Jeng et al. utilized cyclopamine, another SMO inhibitor, in a mouse hepatoma xenograft model and observed a reduction in tumor size, SHH mRNA, and GLI-1 mRNA levels [39].



Dysregulation of the hedgehog-Forkhead box M-targeting protein for the xenopus kinase-loke protein 2 (Hh-FOXM1-TPX2) signaling pathway, as observed by Wang et al., has been found to contribute to the cellular proliferation of HCC [40]. Antagonists of the SHH pathway signaling, such as cyclopamine and GANT 61, have shown the ability to downregulate TPX2, suggesting that SHH signaling enhances cellular proliferation in HCC through the regulation of the FOXM1-TPX2 signaling pathway [40].



In a study by Tripathy et al., the expression levels of SHH were examined at different stages of HCC using a N-nitrosodiethylamine (DEN) plus carbon tetrachloride (CCl4) model in male Wistar rats [96]. They observed an increase in liver lipidosis and fibrosis associated with an increase in SHH expression [96]. The activated SHH pathway has been recognized for its role in promoting fibrosis and lipogenesis in various malignancies [97,98]. Additionally, a high level of adiponectin has been implicated in exacerbating the clinicopathology of HCC [99,100].



Recently, Ding et al. elucidated the role of non-canonical hedgehog activation via transforming growth factor β 1/SMAD 3 (TGF-β-1/SMAD 3/GLI-2) in the progression of HCC [41]. Zhu et al. reported that high expression of TGF-β existed in chronic liver injury as a precarcinogenic niche to activate hepatic stellate cells to trigger liver fibrosis [101].



To summarize, SMO, GLI, Hh-FOXM1-TPX2, and non-canonical hedgehog activation via TGF-β-1/SMAD 3 are involved in hepatocarcinogenesis and tumor growth.




3.2. The Role of the SHH Signaling Pathway in the Invasiveness, Progression, and Migration of HCC


There is strong support for the significance of the SHH signaling pathway in determining the development of HCC beyond its initial formation. The invasiveness of HCC cells is likely facilitated by the activation of the non-canonical SHH signaling pathway and the induction of oxidative stress EMT due to hypoxia [42]. Tian suggests that the SHH signaling pathway contributes to the invasiveness of hepatoma cells, while Fan’s findings indicate that abnormal SHH signaling has an impact on the invasiveness of HCC cells [36,43]. Che’s research reveals that activation of the SHH signaling pathway is positively correlated with tumor size, capsular invasion, and vascular permeation in HCC [44,45]. Jeng et al. conducted a study demonstrating higher expressions of SHH, PTCH-1, and GLI-1 in HCC tissues compared to adjacent non-cancerous liver tissue. Additionally, they found that high expression of SMO, along with a higher ratio of SMO mRNA to PTCH mRNA, significantly correlated with tumor size [29]. Ding’s findings indicated that aberrant activation of the SHH signaling pathway is associated with poor differentiation of HCC cells [46]. Jeng also found that overexpression of PTCH-1 mRNA correlates with the invasive characteristics of HCC, such as higher AFP value, larger size, vascular invasion, and tumor-node-metastasis stage (TNM stage) [29]. Tumor size has been consistently associated with portal venous invasion in HCC [29]. Chen’s research suggests that SHH is linked to capsular integrity, portal vein invasion, and distant metastasis [47]. Furthermore, GLI-1 has been found to correlate with tumor size, cellular differentiation, capsular integrity, and portal vein invasion [47]. Additional evidence supporting these findings is provided by Li Hy, who reported that elevated levels of SHH indicate portal vein invasion in HCC [48].



Aberrant activation of the SHH pathway leads to the nuclear entry of the transcription factor GLI-1, where it binds to the promoter site of target genes, thereby enhancing the biological behaviors of cancer cells [15,18,40]. Chen’s research indicates that the activated SHH pathway can trigger the focal adhesion kinase (FAK)/PI3K/AKT signaling pathway, leading to the upregulation of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9), thereby enhancing the invasion and migration of HCC cells [49]. Wang et al. propose that SHH signaling affects MMP-2 and MMP-9, contributing to the invasion and migration of HCC cells. They further suggest that bromodomain-containing protein 4 (BRD4) enhances this process, as inhibiting BRD4 reduces the activity of MMP-2 and MMP-9, thereby suppressing the progression and invasiveness of HCC cells [50].



Sicklick’s emphasis on the association between Rab 23 and the size of HCC is noteworthy [21]. Liu S.J.’s research suggests that downregulation of the Rab 23 gene may enhance apoptosis, decrease tumor size, reduce the proliferation rate, and decrease the levels of SHH-related proteins (SMO and GLI-1) in Hep 3B cells [51]. Moreover, Rab 23 actively promotes the migration of HCC cells and plays a crucial regulatory role in the SHH signaling pathway of HCC [51,52]. Some studies have highlighted the potential of the nuclear factor (erythroid-derived 2)-like 2 (NRF2) gene to bind to the SHH promoter, potentially activating the pathway and enhancing tumorigenicity [53,54,60,102,103,104]. Liu’s report suggests that chondroitin sulfate synthase 1 (CHSY1) can facilitate the growth, migration, invasiveness, EMT, and metastasis of HCC cells through the activation of the SHH signaling pathway [55]. Furthermore, their findings indicate that the use of Vismodegib can effectively suppress tumor invasion, migration, and metastasis to the lung in animal models [56].



Ding et al. reported that poor differentiation, poor prognosis, and higher recurrence are found in HCC with non-canonical GLI-2 activation [41]. They found a higher expression of TGF-β 1 and SMAD 3 in HCC specimens with GLI-2 positivity. The GLI-2 and pSMAD 3 may become cobound to the promoter sites of the genes contributing to carcinogenesis and progression [41]. In addition, from the poorly differentiated HCC, GLI-2 isoforms 6 and 7 were identified [41].



In summary, SHH signaling (SHH, PTCH-1, SMO, GLI-1), the FAK/PI3K/AKT signaling pathway, MMP-, MMP-9, Rab 23, CHSY 1, and activated GLI-2 by TGF-β 1/SMAD 3 participate in the invasiveness and progression of HCC.




3.3. The Role of SHH in the Recurrence and Metastasis of HCC


The recurrence of HCC (after resection, transplantation, RFA, or TACE) is a complex and multi-step process [57]. Various factors contribute to recurrence, including the invasiveness of cancer cells, their detachment from the primary HCC site and entry into circulation, pre-existing microvascular invasion, the susceptibility of cancer cells to the liver remnant microenvironment, and the activation of the SHH signaling pathway. The metastatic process involves several sequential steps, such as disruption of the basement membrane, intravasation, migration, extravasation, and colonization in distant sites [22,48,52,55,56,57,58,59]. According to Ding et al., SHH signaling may play a role in each of these steps in the metastasis process [46].



There is compelling evidence showing that the gene expression of the SHH signaling pathway plays a significant role in the recurrence of HCC in patients [29]. High expression of molecules involved in the SHH signaling pathway, such as PTCH-1 and GLI-1, is strongly associated with an increased risk of recurrence after surgical resection [29]. Jeng et al., in their study, discovered that individuals with a higher ratio of GLI-1 mRNA in HCC tissue compared to non-cancerous tissue had a greater likelihood of recurrence and shorter survival durations [29]. Lin et al. emphasized that the presence of nuclear GLI-2 staining is significantly correlated with poorer differentiation of HCC tissues and tumor thrombosis of the portal vein [30]. Additionally, Wang et al. reported that SMO polymorphisms in liver transplant recipients are associated with a higher risk of HCC recurrence after liver transplantation [57].



Fan et al. reported that enhanced SHH activity and the aberrant emergence of a truncated GLI-1 (tGLI-1) variant lead to increased invasiveness and metastatic potential in cancer cells [43]. They also discovered that the SMO inhibitor (LDE225) curtailed the expression of matrix metalloproteinases (MMPs) and GLI-1/2, consequently reducing the invasiveness and metastatic propensity of hepatocellular carcinoma (HCC) cells [43]. Della Corte’s in vitro and in vivo inhibition studies indicated that the SHH signaling pathway plays a critical role [58]. Both GLI-1 and truncated GLI-1 are implicated in the metastasis of HCC cells [58]. Additionally, Dugum identified a link between the recurrence of HCC post-liver transplantation and elevated expression levels of SHH, PTCH, and GLI-1 proteins in both HCC and surrounding liver tissues [28].



Ding et al. found that a higher expression of SMAD protein was present in 87.5% of recurrent HCC with GLI-2 positivity [41]. This means that the non-canonical GLI-2 activation increased the tumor aggressiveness and the risk of HCC recurrence. From a transgenic HBV-related HCC mouse model, lung metastasis could be reduced after the inhibition of TGF-beta 1/SMAD 3 signaling [41].



In summary, the SHH signaling pathway (including SHH, PTCH-1, SMO, and GLI-1) and GLI-2 (driven by TGF-β 1/SMASD 3 signaling) affect the recurrence and metastasis of HCC.




3.4. The Role of SHH in the Pathway of the HCC Microenvironment


Neophytou et al. emphasized the significant impact the tumor microenvironment (TME) has on the survival and progression of tumors [59]. The TME comprises various components including tumor-associated macrophages (TAMs) of the M2 type, cancer-associated fibroblasts (CAFs), the tumor extracellular matrix, lymphocytes, endothelial cells, various immune cells, and an array of cytokines [59].



Chung demonstrated that the hepatic expression of SHH might prompt the activation of hepatic stellate cells and induce the upregulation of certain fibrogenesis genes, thereby contributing to liver fibrosis and the onset of hepatocarcinogenesis [20]. Kwon observed that the activation of GLI, a key component of the SHH signaling pathway, could exacerbate liver inflammation through osteopontin-mediated macrophage activation. This process could accelerate the progression of NAFLD and increase the risk of developing HCC [34]. Liu et al. highlighted the role of a hypoxic microenvironment, commonly present in HCC, in enhancing intracellular reactive oxygen species (ROS)-mediated GLI-1-dependent EMT, which increases the invasiveness of HCC cells [42]. They employed N-acetylcysteine, an ROS inhibitor, to diminish ROS levels under hypoxia, thereby reducing GLI-1 expression, EMT progression, and the invasiveness of HCC cells [42].



Zhao J. discovered that the single peptide, CUB domain and EGF domain-containing 1 (SCUBE 1), was markedly abundant in the cancer-associated fibroblasts (CAFs) of HCC cells [61]. SCUBE 1 appears to augment the stemness features of HCC cells through the Sonic hedgehog (SHH)/GLI-1 pathway and further encourages malignant behaviors in tumors [61]. Additionally, Petty A.J. reported that SHH signaling could potentially promote TAMs, leading to an immunosuppressive environment [62].



We emphasized that GLI-1, ROS-mediated GLI-1-dependent EMT, and SCUBE 1 attend the microenvironment of HCC.




3.5. The Role of the SHH Signaling Pathway in Chemoresistance, Resistance to Target Therapy, and Radioresistance


For patients with HCC who are ineligible for surgical resection or transplantation, alternative treatments such as RFA, TACE, or ethanol injection become essential. Additionally, for those who experience recurrence post-treatment, pharmacotherapy plays a critical role. This includes chemotherapy, which can be administered parenterally or through the TACE route, and targeted therapy. Radiotherapy may also be a viable option for certain patients.



Research into chemosensitivity, which influences the effectiveness of chemotherapy in treating cancer, has been relatively limited in the context of HCC [63,64,65,66,67,68]. Zhang et al. have shown that hypoxia, a prevalent feature of HCC, can heighten chemotherapy resistance by activating the SHH pathway [63].



Wang et al. reported that the downregulation of SHH signaling pathway activity can influence the apoptosis of Hep3B cells induced by 5-fluorouracil (5-FU) [68]. Their findings suggest that while activation of SHH can inhibit the motility of HCC cells, the overexpression of GLI-1 can counteract this effect, restoring cell viability, mobility, proliferation, and the capacity for migration in HCC cells [68].



Saikosaponin-d (Ssd) has been identified as capable of suppressing the malignant attributes of HCC cells while enhancing their chemosensitivity. It achieves this by increasing the expression of small ubiquitin-like modifier (SUMO) specific peptidase 5 (SENP5), which leads to the inhibition of GLI-1 SUMOylation. However, the exact mechanisms by which Ssd exerts its effects on HCC cells are not fully understood [63]. Furthermore, Chen has found that activation of epithelial–mesenchymal transition (EMT) and the SHH pathways contributes to chemoresistance in HCC. Adding to this, some have observed that the SHH signaling pathway can alter drug sensitivity in HCC through the ATP binding cassette subfamily C member 1 (ABCC1) transporter [65]. Ding also highlighted that the activation of certain target genes by GLI, namely ABCC1 and transporter associated with antigen processing 1 (TAP 1), are implicated in the drug resistance seen in HCC [66].



Additional research by Zhou revealed that the TAP 1 gene is among the targeted genes of GLI-1/2 and that both GLI-1 and TAP 1 play roles in determining the sensitivity of HCC cells to therapeutics such as sorafenib, doxorubicin, and cisplatin [67]. Additionally, Leung reported that resistance to sorafenib in HCC could be influenced by nuclear factor (erythroid-derived 2)-like 2 (NRF2), which is known to bind to the promoter of the SHH gene [54].



Wang’s studies utilizing patient-derived organoid (PDO) models of HCC demonstrated that CD44-positive HCC PDOs exhibited resistance to sorafenib [68]. However, the simultaneous application of sorafenib and GANT 61, an inhibitor of SHH signaling, was found to decrease cell viability and the malignant characteristics of HCC in both in vitro and in vivo settings. This suggests that GANT 61 may counteract the upregulation of CD44 and SHH signaling, hinting at its potential to reverse drug resistance [68].



Several investigators have highlighted the significant role of the NRF2 gene in chemotherapy resistance. For instance, the effectiveness of chemopreventive agents was reportedly compromised in NRF2-null mice, indicating the gene’s importance in withstanding chemotherapeutic insult [53]. Further reports have identified activation mutations of the NRF2 gene in approximately 6.4% of HCC samples, underscoring its role in liver cancer pathogenesis [53,54,60]. Leung et al. proposed that the upregulation of NRF2, induced by reactive oxygen species (ROS), may engender resistance to the anti-cancer drug sorafenib [54]. Moreover, NRF2 is believed to possibly interact with the promoter of the SHH gene, potentially amplifying the activation of the SHH signaling pathway and influencing drug sensitivity.



Ding et al. emphasized that SMAD 3-induced GLI-2 activation may transactivate downstream target genes affecting chemoresistance [41].



Another avenue of research suggests that the SHH protein, secreted by HCC cells, might negatively impact the sensitivity of these cells to radiation [69]. Activation of the SHH signaling cascade could lead to enhanced expression of SHH itself, as well as PTCH-1 and GLI-1. When soluble SHH peptides are introduced into a conditioned medium containing cultured human HCC cells, such as HA22T or Sk-Hep1 cells, the cells exhibit increased resistance to radiotherapy. In such a medium, counteracting SHH with specific antibodies, or disrupting GLI-1 through RNA interference (RNAi) or knockdown, can partially mitigate this radioresistant effect, hinting at the crucial role of SHH signaling in radiotherapy resistance. This is supported by evidence showing that SHH ligands inhibit the phosphorylation of checkpoint kinase 1 (Chk1) induced by radiation therapy [70]. Therefore, the mechanism behind SHH-induced radioresistance could involve the suppression of DNA damage repair. In their investigation using irradiated non-tumor cells, Leonard J.M. found that SHH signaling, when improperly activated, could exacerbate the effects of radiation on genomic instability and subsequent tumor progression [70]. This exacerbation is attributed to the disrupted interaction between Chk1 and Claspin, an adaptor protein critical for Chk1 activation. Thus, the aberrant activation of the SHH signaling pathway can lead to the impairment of Chk1 activation. The presence of SHH peptides may further influence the repair processes of radiation-induced DNA double-strand breaks. This suggests that targeting the SHH pathway could potentially enhance the effectiveness of radiotherapy by reducing radiation-induced DNA repair and tumor cell survival.



In related research, Tsai conducted studies using cyclopamine, a SHH pathway inhibitor, in combination with irradiation on human HCC cells (Huh7 and PLC/PRF/5) [71]. It was found that irradiation decreased GLI-1 expression and increased DNA double-strand breaks. In vivo experiments demonstrated that combining cyclopamine with radiotherapy, as opposed to radiotherapy alone, led to a significant decrease in orthotopic tumor size by about 67% (p < 0.05), indicating that the co-application of an SHH inhibitor with radiotherapy can boost the radiosensitivity of HCC cells [71]. Conversely, the researchers observed that the addition of an exogenous SHH ligand in vitro might diminish radiosensitivity and enhance radioresistance by primarily upregulating nuclear GLI-1 [71]. Hence, the inhibition of the SHH pathway with cyclopamine appears to augment radiosensitivity in both in vivo and in vitro settings. These findings underscore the potential of targeting the SHH signaling pathway as a strategy to improve the efficacy of radiation therapy in treating HCC.



In summary, GLI-1, SUMOylation, NRF2, TAP 1, and GLI-2 (induced by SMAD 3) participate in the resistance to chemotherapy and target therapy, whereas SHH, PTCH-1, GLI-1, Chk 1 are involved in radioresistance.




3.6. The Role of the SHH Signaling Pathway in Cancer Stem Cells of HCC


Hepatic progenitor cells (HPCs) are located within the canals of Hering in an adult liver [72,73,74]. Their activation is often observed following liver injury [72,73]. HPCs are characterized by the co-expression of several stem cell surface markers such as EpCAM, CD133+, CD44+, NCAM, SOX9, SOX17, and CK18, as well as the presence of ligands for hedgehog (HH) signaling pathways like SHH and IHH [74]. When the liver is extensively injured, the prolonged activation of HH signaling can potentially lead to carcinogenesis and contribute to the maintenance of a stemness subpopulation within the liver. SHH signaling is crucial for sustaining the HPC population and for the maturation and differentiation of hepatic lineage cells [75,76].



Cancer stem cells (CSCs) bear a striking resemblance to normal stem cells and have the capacity to produce a diverse array of daughter cells with heightened levels of invasiveness and resistance to drugs [77,78,79,80,81,82,83,84,85,86]. These cells often exhibit traits consistent with the EMT phenotype, as evidenced by the expression of SNAIL, vimentin, TGF-beta, and components of the SHH pathway [77,78]. Notably, CSCs may be situated at the invasive edges of HCC nodules [58,59]. Additionally, HCC has been associated with a range of CSC markers [74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,105]. Sukowati has highlighted the marked heterogeneity of HCC’s CSCs, a trait that likely complicates efforts to effectively inhibit these cells [84]. Wang S. has indicated that HH signaling is active in organoids or cells that are CD133+ and CD44+, both of which are derived from patients [68].



Among the diverse CSC populations in HCC, subpopulations marked by CD133+, CD44+, and CD90+ are particularly noteworthy for their resistance to sorafenib treatment, a common therapeutic agent used in managing HCC [68,83,84,85,86]. Wang S. has reported that Hh signaling is critical in sustaining the sorafenib-resistant phenotype seen in CD44+ cell populations [68]. This underscores the complexity of treating HCC due to the adaptability and resilience of these cancer stem cells.



Jeng reported that CD 133+ cells isolated from a mouse Hepa1-6-derived tumor showed a high expression of the components of the SHH signaling pathway [105]. They found that an activated SHH signaling pathway exists in CD133+ Hepa1-6 HCC cells in mice, with a downregulation of SHH mRNA and an upregulation of SMO mRNA [105]. CD133+ Hepa1-6 cells possess stem cell characteristics, including significantly higher colony proliferation and clonogenicity.



CD 90+ is another well-known CSC marker in HCC [95]. Multiple liver cancer cell lines and human HCC tissues have shown a strong correlation between CD90 expression and increased expression of GLI-1 and GLI-3. Analysis of cancer genome atlas (TCGA) data has revealed that individuals with CD90+ expression, along with GLI-1 and GLI-3, tend to have a relatively shortened overall survival rate [95]. Knocking down GLI-1/3 with siRNA can inhibit CD90+ CSCs in HCC, while SHH treatment can enhance their presence [95]. Additionally, Zhang et al. discovered that the stem cell properties of CD90+ liver cancer cells are regulated by the downstream signaling pathways of SHH/GLI and IL6/JAK2/STAT3, which can be modulated using the JAK2 inhibitor AZD1480 and interleukin-6 (IL6) neutralizing antibody [95].



Sari et al. also highlighted the significance of aberrant activation of the SHH signaling pathway in maintaining CSCs in various organs, including the liver [106]. Consequently, building upon the aforementioned research, they have suggested that targeting the SHH signaling pathway may lead to the eradication of CSCs.



Leung H.W. discovered that NRF2 may bind to the promoter region of SHH, potentially activating the SHH signaling pathway [54]. Furthermore, NRF2 might mediate the function of tumor-initiating cells (T-ICs) by upregulating SHH expression [54]. The canonical SHH pathway operates through the NRF2/SHH/GLI signaling axis to regulate T-IC phenotypes.



The main pathway and genes involved in cancer stem cells include the SHH/GLI-1 signaling pathway, IL6/JAK2/STAT 3 signaling pathway, GLI-1, GLI-3. NRF2, etc.




3.7. Effects of the Inhibitiors of the SHH Signaling Pathway on HCC


Given the involvement of the SHH signaling pathway in the development of HCC, inhibiting this pathway shows promise in positively impacting disease progression. Results from in vitro studies suggest that blocking the SHH signaling pathway can inhibit the growth and motility of HCC cells [39,107,108]. In a mouse model of fibrosis-associated HCC, treatment with an SHH inhibitor has shown potential in causing regression of advanced HCC [37]. Additionally, the administration of the SMO antagonist GDC-0449 appears to inhibit hepatocarcinogenesis in HBx transgenic mice [31].



Using a mouse model, Jeng found that both cyclopamine, an SMO inhibitor, and GDC-0449 can effectively inhibit SHH gene expression and inhibit the growth of HCC cells [38,108]. In particular, GDC-0449 has shown potential in suppressing cell migration, invasion, and distant metastasis to the lungs in CHSY1-induced HCC cells [55]. Cyclopamine, on the other hand, has demonstrated inhibitory effects on DNA synthesis, invasiveness, and migration of HCC cells [39]. Additionally, this drug downregulates Bcl-2, leading to the suppression of cell viability and induction of apoptosis in HCC cells [24]. Similarly, Cheng utilized KAAD-cyclopamine to inhibit the SHH signaling pathway, resulting in the inhibition of DNA synthesis, cell growth, invasiveness, and cell motility in HCC cells [36].



Sicklick’s research demonstrated that 3-keto-N-aminoethylcaproldihydrocinnamoyl cyclopamine (KAAD-cyclopamine) can suppress the SHH signaling pathway and inhibit the growth of Hep3B cells [21]. However, it is worth noting that Kim’s findings indicated that KAAD-cyclopamine was not effective in HCC cells with SMO mutations [109].



Combining bufalin, a topoisomerase II inhibitor, with other treatments has shown efficacy. Sheng’s study revealed that bufalin can suppress the invasion and metastasis of HCC cells through the SHH pathway [108]. They conducted a co-culture experiment with human hepatoma cells (HCC-LM3), bufalin, and SHH signaling pathway inhibitors (GANT61, cyclopamine) for 72 h. Bufalin appears to inhibit the epithelial–mesenchymal transition, angiogenesis, and extracellular matrix degradation in HCC cells through the SHH signaling pathway [108]. By inhibiting GLI-1 and GLI-3 in HCC cells, bufalin downregulates downstream target molecules (MMP-2, MMP-9, β-catenin, and VEGF) and upregulates E-cadherin expression, affecting GLI-3 expression. These findings suggest that combining bufalin with SHH signaling inhibitors may effectively suppress the invasiveness of HCC cells.



Sun et al. emphasized the role of the SHH gene in the metastatic potential of HCC [110]. They discovered that reducing the activity of the PI3K/Akt pathway could suppress HCC’s migration ability by inhibiting SHH-GLI-1 signaling. Furthermore, another recent study demonstrated that knockdown of the SHH gene impairs the function of the PI3K/Akt pathway, indicating the existence of a regulatory loop between SHH and PI3K/Akt. This suggests that inhibiting the SHH signaling pathway may reduce oncogenesis in HCC cells in vitro by suppressing the P13K/Akt pathway.



In liver specimens of patients with alcoholic hepatitis, upregulated SHH and GLI-2 proteins were detected [111]. Kumar et al. also found upregulation of miR-96 and SHH in ethanol-fed mice. Their study revealed that MDB5, an analog of GDC-0449 (an inhibitor of SHH), could reduce the activation of hepatic stellate cells and the expression of the GLI-1 gene. They proposed that MDB5, which suppresses the SHH signaling pathway, may attenuate the pathogenesis of alcohol-related liver disease in mice [111].



The Par-3 family cell polarity regulator (PARD3) is a cellular protein crucial for asymmetric cell division and polarized growth [112]. Wu et al. found that overexpression of PARD3 is associated with advanced tumor stage and a worse outcome [113]. Furthermore, overexpression of PARD3 enhanced tumorigenicity, tumor progression, and sustained the self-renewal ability of the CD133+ tumor-initiating cell population in HCC cells. In PARD3-overexpressing CD133+ tumor-initiating cells, activation of SHH signaling was observed. Inhibition of SHH signaling may reduce the tumorigenicity of PARD3-overexpressing CD133+ tumor-initiating cells both in vivo and in vitro. Wu et al. used berberine, a natural compound, to effectively suppress PARD3 expression in animal studies [113]. As mentioned earlier, the SHH/SMO signaling pathway plays a crucial role in the regulation of CSCs in HCC. Therefore, targeting the SHH/SMO signaling pathway could hold great promise for developing effective therapies against CSCs. By inhibiting this pathway, it may be possible to disrupt the self-renewal and tumorigenic properties of CSCs in HCC. Further research and exploration in this area of study could lead to the development of novel CSC-targeted therapies for HCC treatment.



Harada et al. studied the effect of GANT 61, which is a selective inhibitor of GLI-1 and GLI-2-mediated gene transactivation [114]. They used two undifferentiated hepatoma cell lines, HLE and HLF. They found that GANT 61 may inhibit cell viability and cell proliferation after treatment with 5-FU and mitomycin C. GANT 61 may target the non-canonical GLI signaling pathway.



In summary, the inhibitors of the SHH signaling pathway include GDC-0449, cyclopamine, KADD-cyclopamine, GANT 61, suppression of the PI3K/Akt pathway, suppression of the PARD 3 signaling pathway, suppression of the TGF-beta 1/SMAD 3/GLI-2 signaling pathway, etc., whereas they are still limited in clinical applications.




3.8. The Expressions of the SHH Signaling Pathway in Hepatocellular Carcinoma and Hepatocellular Adenoma (HCA)


As of now, there has been limited research regarding the differential expression of the SHH signaling pathway among the various histological types of HCC. The World Health Organization (WHO) classification categorizes HCC into different subtypes with distinct prognoses, including fibrolamellar, scirrhous, clear cell type, steatohepatitis, macrotrabecular mass (MTM), chromophobe, neutrophil-rich, and lymphocyte-rich [115,116]. It is worth noting that hepatocellular adenoma (HCA) has the potential to undergo malignant transformation into HCC. Different subtypes of HCA, such as hepatocyte-nuclear-factor-1 alpha mutated adenoma (H-HCA), inflammatory HCA (I-HCA), beta-catenin-mutated HCA (b-HCA), mixed inflammatory and beta-HCA (b-IHCA), HCA with Sonic hedgehog pathway activation (sh-HCA), and unclassified HCA (U-HCA), have been identified [117,118]. The presence of sh-HCA can be defined through magnetic resonance imaging (MRI), which reveals intralesional fluid-filled cavities [118]. Individuals with sh-HCA are often associated with obesity and have a higher incidence of hemorrhage [119]. Approximately 6% of patients belonging to this subgroup have been found to develop HCC [120].



Among the subtypes of HCA, sh-HCA remains the most important one in the development of HCC.





4. Conclusions


The significance of the SHH signaling pathway in the context of HCC lies in its potential as a therapeutic target. This pathway plays a central role in various aspects of HCC, including hepatocarcinogenesis, tumor growth, invasiveness, recurrence, metastasis, modulation of the tumor microenvironment, and support of the maintenance of cancer stem cells. The non-canonical hedgehog activation via TGF-beta 1/SMAD 3 has to be emphasized. Furthermore, it has been implicated in HCC resistance to different treatment approaches. Targeting the SHH pathway for inhibition presents a promising new avenue to suppress the tumorigenic potential of HCC cells. Further research into the complex regulatory mechanisms of the SHH pathway holds the potential to unveil novel therapeutic strategies that can specifically target and suppress this pathway, ultimately leading to improved treatment options for HCC patients.
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Figure 1. Canonical hedgehog signaling pathway acts after the hedgehog (HH) ligands join the Patched-1 (PTCH-1) to release Smoothened (SMO) and enhance the translocation of glioma-associated oncogene (GLI) into the nucleus. The suppressor of fused protein (SUFU) is liberated from the binding of GLI. Then, GLI activator form (GLIa) manipulates the target gene expressions (B-cell lymphoma-2 (Bcl 2)) gene for cell survival; c-Myc gene for cell proliferation; matrix metalloproteinase (MMP) gene for migration and invasion; Forkhead Box-F 1 (FoxF 1) gene for angiogenesis; prominin (PROM) for cancer stem cells; homeobox D8 (HOXD8; Homo sapiens) for cell proliferation, migration and invasion; etc. 
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Figure 2. Non-canonical signaling pathway escapes Patched-1 (PTCH-1), Smoothened (SMO), and glioma-associated oncogene (GLI), which are activated via other signaling pathways such as guanosine triphosphate hydrolases (GTPase) or Rhodopsin (Rho), phosphoinositide 3-kinase mammalian target of rapamycin inhibitor (PI3K/mTOR), protein kinase (PKA), etc., to allow the target gene expressions. PKA phosphorylates the C-terminus of SMO at three sites (transcription factor mothers against decapentaplegic protein—SMAD). Phosphoinositide 3-kinase (PI3K) is activated via AKT (protein kinase B, PKB), mammalian target of rapamycin inhibitor (mTOR), etc. PI3K interacts with Rho A and Rac for the cytoskeleton, and the pleiotropic regular of extracellular virulence factor gene (PLCr) acts on sustained calcium 2+ (Ca 2+) flux. Thus, the pathway adjusts cytoskeleton, cell migration, angiogenesis, calcium oscillation, etc. 
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Figure 3. The illustration shows the roles of Sonic hedgehog signaling pathway in different stages of hepatocellular carcinoma. RFA: radiofrequency ablation; TACE: transhepatic artery chemoembolization; SHH: Sonic hedgehog; PTCH-1: Patched-1; SMO: Smoothened; GLI: glioma-associated oncogene; SUFU: the suppressor of fused protein; MMP: matrix metalloproteinase; FoxF 1: Forkhead Box-F 1; GTPase: guanosine triphosphate hydrolases; Rho: Rhodopsin; PI3K: phosphoinositide 3-kinase; mTOR: mammalian target of rapamycin inhibitor; PKA: protein kinase; AKT: protein kinase B, PKB; TGF: transforming growth factor. 
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Table 1. Summary of the roles of the Sonic hedgehog (SHH) signaling pathway in hepatocellular carcinoma (HCC).
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	M
	Contributing Factors or Related Mechanisms
	Biomarkers or Involved Factors
	References





	Development and growth
	HBV, HCV, NAFLD, alcohol, liver cirrhosis, dysplastic nodules, angiogenesis
	SHH, PTCH, SMO, CDK, cyclin β, Hh-FOXM1-TPX2, GLI-2(derived by TGF-beta 1/SMAN 3)
	[18,31,32,33,34,35,36,37,38,39,40,41]



	Invasiveness progression and migration
	Hypoxia, tumor size, capsule, vascular permeation, portal venous invasion, poor differentiation
	SHH, PTCH-1, GLI-1, FAK/P13K/AKT, MMP-2, MMP-9, CHSY 1, GLI-2 (derived by TGF-beta 1/SMAD 3)
	[29,36,41,42,43,44,45,46,47,48,49,50,51,52]



	Recurrence and metastasis
	Basement membrane disruption, detachment of cancer cells entering circulation, intravasation, extravasation
	SHH, PTCH-1, SMO, GLI-1, MMPs, GLI-2 (derived by TGF-β 1/SMAD 3)
	[28,29,30,41,43,46,53,54,55,56,57,58]



	Microenvironment of HCC
	Hepatic stellate cells, TAMs, extracellular matrix lymphocytes, endothelial cells, immune cells
	Fibrogenesis genes, ROS, EMT, SCUBE 1, cytokines
	[34,43,57,58,59]



	Resistance to chemotherapy, target therapy, and radiotherapy
	Hypoxia, CD 44 positive HCC cells
	SHH, PTCH-1, GLI-1, SUMO, ABCC 1, TAP 1, NRF 2, ChK 1, Claspin, GLI-2(derived by TGF-beta 1/SMAN 3)
	[41,49,60,61,62,63,64,65,66,67,68,69]



	Cancer stem cells maintenance
	Ep