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Abstract:

 Hepatocellular carcinoma (HCC) is an aggressive disease with poor prognosis due to its high rate of recurrence after the initial curative treatment. Therefore, development of effective therapeutic strategies that can prevent recurrence and secondary tumor formation is required to improve the clinical outcomes of HCC patients. Malfunctioning of the retinoid X receptor-s (RXRs) of HCC patient by activation of the Ras- mitogen-activated protein kinase (MAPK) signaling pathway is strongly associated with hepatocarcinogenesis. Acyclic retinoid (ACR), a synthetic retinoid, prevents HCC recurrence by inhibiting Ras-MAPK activation and the subsequent RXRα phosphorylation, thereby improving patient prognosis. Here, we have reviewed the detailed effects of ACR on the prevention of HCC development, with particular references to the results of our previous basic and clinical research.
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1. Introduction

Liver cancer is the sixth most common neoplasm and the third leading cause of cancer-related deaths in the world. Hepatocellular carcinoma (HCC) accounts for more than 90% of primary liver cancers and is therefore a major health problem worldwide. HCC primarily develops from chronic liver inflammation and subsequent cirrhosis. In Western countries, HCC occurs in a cirrhotic background in up to 90% of the cases [1]. In addition, cirrhosis has been well-established as a major risk factor for HCC, independent of any underlying liver disease [2].

Currently, the surveillance for patients at high risk of HCC has increased the possibility of early diagnosis [1]; however, the overall patient survival rate continues to remain poor (7%, 5-year survival) [3]. Potentially curative therapies, including surgical resection and percutaneous ablation, can provide long-term control in patients with early stage HCC [4,5,6]. However, the 5-year recurrence rates of HCC following these curative treatments exceed 70%, due to intrahepatic metastases (true recurrence) or the development of de novo tumors [2]. In addition, systemic therapies such as those using standard chemotherapeutic agents hvae not had significant effects on HCC in previous randomized trials [7]. Thus, the lack of effective treatments is also one of the main reasons for the poor prognosis of HCC patients, especially with advanced-stage HCC. Therefore, the development of preventative strategies is essential to improve the clinical outcomes for HCC patients.

Several effective strategies for the prevention of development of primary HCC have been presented in clinical trials [8,9,10,11,12,13,14,15,16,17]. It is widely known that chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV) causes liver cirrhosis, with both infections together accounting for 75%–80% of the global HCC cases [8]. Primary prevention in the form of HBV vaccination has led to a significant decrease in the number of HBV-related HCC cases [9,10], and antiviral treatment for chronic HBV and HCV infections has reduced the risk of HBV- and HCV-related HCC [11,12,13,14]. Thus, antiviral treatment is a promising approach for the prevention of HCC.

In addition to the studies on antiviral therapies, other important trials using specific agents have been conducted to explore the methods of preventing HCC development. One clinical trial demonstrated that long-term oral supplementation with branched-chain amino acids (BCAA) reduced the frequency of HCC in obese cirrhotic patients [14]. In our randomized controlled study, we found that oral intake of acyclic retinoid (ACR) significantly prevented the development of second primary liver cancer after the initial treatment [15], thereby improving the patient survival [16]. Moreover, a long-term follow-up of the study subjects revealed that 1-year administration of ACR was effective in suppressing secondary liver cancer for up to 3 years [17]. Thus, chemoprevention is one of the key strategies for preventing liver carcinogenesis.

Cancer chemoprevention is defined as an approach in which a natural or synthetic chemical compound regulates premalignant cells via physiological pathways [18]. ACR is a synthetic retinoid developed for the purpose of chemoprevention of HCC [19]. Several experimental studies have reported pleiotropic effects of ACR on either the prevention of HCC development or on the growth suppression of cancer cells [20,21,22]. In this review, we have summarized the important roles of ACR in preventing the development of HCC based on previous basic and clinical studies and the relevant recent literature. We have also discussed the possibility of “combination chemoprevention” using ACR as the key drug, which may be a potential preventive treatment against HCC.



2. Literature Review


2.1. Retinoids and Their Receptors

Retinoids, which are derivatives of vitamin A, are physiological signaling molecules involved in the regulation of cell growth, tissue differentiation, and development of an organism [23,24]. Retinoic acids (RAs) are active metabolites of natural retinoids; they exert their biological functions by regulating the transcription of target genes through two distinct nuclear receptors—RA receptors (RARs) and retinoid X receptors (RXRs). Two isomers of RA, all-trans-RA and 9-cis-RA, have similar binding affinities for RARs, whereas only 9-cis-RA binds to the other RXR nuclear receptors. Both types of nuclear receptors consist of three subtypes (α, β, and γ), characterized by a modular domain structure [23,25]. Different RXRs demonstrate different expression patterns: RXRα is predominantly expressed in the liver, kidney, epidermis, and intestine [26,27,28], RXRβ is ubiquitously distributed and can be detected in almost every tissue [26,28,29,30], while RXRγ is primarily limited to the muscle, certain parts of the brain, and to the pituitary gland [26,28,31,32].

Similar to other members of the nuclear receptor superfamily, the nuclear retinoid receptors regulate target gene transcription in a ligand-dependent manner. After binding with the ligand, RXRs form homodimers or heterodimers with other RARs and then interact with their respective DNA-response elements (RXRE or RARE) located in the promoter region of the target genes to modulate gene expression [23,25,33]. In addition, RXRs are cofactors required for transcriptional activation by several members of the steroid/thyroid hormone nuclear receptor superfamily such as thyroid hormone receptors (TRs), vitamin D receptors (VDRs), and peroxisome proliferator-activated receptors (PPARs) [24,34]. Moreover, interactions with RXRs enhances the DNA-binding efficiency of the partner molecule [33]. Thus, RXRs function as master regulators of nuclear receptors.



2.2. RXRα and Lipid Metabolism in the Liver

Several of the nuclear receptors that form heterodimers with RXRs are implicated as important regulators of genes involved in the liver metabolism [35]. RXRα is the most abundant subtype of RXR in the adult liver [28]. Therefore, it is believed that RXRα plays a prominent role in the regulation of hepatic metabolism. Indeed, RXRα is an obligate heterodimeric partner for nuclear receptors involved in lipid physiology, such as PPARs, liver X receptors (LXRs), and farnesoid X receptors (FXRs) [36,37]. In addition, studies using liver-specific RXRα-deficient mice have revealed that the absence of RXRα reduces the activation of its dimeric partners and results in the impairment of fatty acid and cholesterol metabolism in the liver [35,38,39]. Thus, RXRα and its dimeric receptors are involved in the mediation of normal hepatic lipid metabolism.



2.3. RXRα Phosphorylation and Hepatocellular Carcinoma

Retinoids and their receptors play important roles in the regulation of normal cell proliferation, differentiation, and apoptosis [40]; therefore, impaired expression or function of these molecules is strongly associated with the development of various human malignancies such as HCC. Indeed, surgically resected HCC tissues contain low levels of vitamin A [41,42]. In a rodent model, 3'-methyl-4-dimethylaminoazobenzene (3'-MeDAB)-induced liver tumors had lower levels of retinol than the surrounding noncancerous liver tissues [19]. Notably, a marked reduction in the levels of both retinol and retinyl ester were observed even at the precancerous, hyperplastic liver nodule stage [42]. In addition, the expression levels of RXRα, which is the most abundant retinoid in normal liver tissues, were also reduced, not only in HCC specimens but also in some precancerous lesions obtained from a 3'-MeDAB-induced rat liver carcinogenesis model [43]. In contrast, increased retinoid signaling of lecithin:retinol acyltransferase-deficient mice suppressed diethylnitrosamine (DEN)-induced hepatocarcinogenesis [44]. Thus, these findings indicate that the expression levels of retinoids or their nuclear receptors, especially RXRα, are closely related to the development of HCC.

Dysfunction of nuclear retinoid receptors is also associated with hepatocarcinogenesis. Our studies showed that the malfunction of RXRα due to post-translational modification by phosphorylation is associated with HCC development [45,46]. It has also been reported that phospho-modification of the nuclear receptors enhances or reduces their transcriptional activity in a context-dependent manner [47]. For instance, phosphorylation of RXRα that occurs in its N-terminal A region induces the expression of several RA-responsive genes and results in RA-induced endodermal differentiation [48]. In contrast, a mitogen-activated protein kinase (MAPK)-mediated phosphorylation of RXRα within its ligand-binding domain impairs the transcriptional activity of RAR-RXR [49] and VDR-RXR heterodimers [50]. Notably, correlation of impaired receptor functions due to phospho-modification and therapy-resistant phenotypes has been reported in several human malignancies [47].

In HCC, Ras-extracellular signal-regulated kinase 1/2 (ERK 1/2) is highly activated, and the phosphorylation of RXRα occurs at both serine 260 and threonine 82, which are recognized as the consensus sites for phosphorylation via the Ras/MAPK/ERK signaling pathways [46]. We found that phosphorylated RXRα is highly accumulated in HCC tissues as well as in HCC cell lines, which prevents its normal degradation through the ubiquitin-proteasome pathway [51]. The accumulated phosphorylated RXRα (non-functional RXRα) abrogates the function of the remaining normal RXRα in a dominant-negative manner, thereby inhibiting the formation of heterodimers with the partner molecules such as RARβ [52]. RARβ has been suggested to be a tumor suppressor gene [53,54,55]. Therefore, impaired RARβ function due to the accumulation of non-functional RXRα may promote the development of HCC. In addition, we have reported in our previous study that phosphorylated RXRα is refractory to its potent ligand, 9cRA, and evades 9cRA-induced apoptosis [56]. These observations suggest that not only the depletion of retinoids but also the dysfunction of retinoid receptors, especially phospho-modification of RXRα, plays a critical role in the development of HCC (Figure 1).

Figure 1. The role of phosphorylated retinoid X receptor (RXR)α in hepatocellular carcinoma (HCC) development. In normal hepatocytes, while all-trans-RA binds only to retinoic acids receptors (RARs), 9-cis-RA binds to both RARs and RXRs as a ligand (a). After activation by their specific ligands, the nuclear receptors bind to their specific response elements and regulate cell proliferation, differentiation, and apoptosis through induction of their target gene expressions (b). Nuclear receptors (RARs and RXRs) cease functioning owing to their degradation through the ubiquitin-proteasome pathway (c). In HCC cells, RXRα is phosphorylated by the Ras/ mitogen-activated protein kinase (MAPK)/Erk pathways, which are constitutively activated in HCC (d), and accumulates in the nucleus, preventing degradation through the ubiquitin-proteasome pathway (e). The phosphorylated RXRα inhibits normal RXRα function in a dominant-negative manner (f) and shows refractoriness to 9-cis-RA (g), thus impairing normal RXRα function (h). The impaired receptor function results in the down-regulation of its target gene expression and leads to hepatocarcinogenesis.
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2.4. Molecular Mechanism of ACR in Chemoprevention of Hepatocellular Carcinoma

ACR (equivalent to NIK-333 and Peretinoin; Kowa Pharmaceutical Co., Tokyo, Japan) is a synthetic retinoid developed for chemoprevention of HCC [19]. The chemopreventive effects of ACR have been reported in our previous studies [19,57,58,59,60]. In human HCC cell lines, ACR induces apoptosis and inhibits cell proliferation by inducing cell differentiation or by regulating cell-cycle progression [56,61,62,63,64]. We have found that ACR functions as an agonist for both RAR and RXR and activates RARE and RXRE in hepatoma cells [61,65]. Indeed, increased expression levels of RA-target genes such as RARβ and p21 were observed in ACR-treated HCC cell lines [56,62,63,64,66,67,68,69,70,71]. Thus, ACR inhibits the development of HCC by acting as an effective ligand for nuclear retinoid receptors.



In addition to its role as a ligand for nuclear retinoid receptors, ACR restores the impaired receptor functions of RXRα by inhibiting RXRα phosphorylation. In HCC, the Ras/MAPK/ERK signaling pathways are highly activated and involved in inducing constitutive phosphorylation within the consensus sites of RXRα [46]. We have reported that ACR inhibits the activated Ras-Erk 1/2 pathways independent of RXRα and consequently prevents phospho-modification of RXRα, thereby restoring the function of RXRα in HCC cells [66]. Moreover, our recent study has revealed that ACR inhibits not only Ras-Erk 1/2 pathways but also several types of growth factors and their corresponding receptor tyrosine kinases (RTKs) in several malignancies, including HCC [58,59,62,72,73,74]. RTKs transmit signals that regulate cell proliferation, differentiation, and survival. The MAPK cascade comprised of Ras-Erk kinases is an essential effector cascade required for most RTK functions [75]. Therefore, the inhibitory effect of ACR on RTKs suppresses the development of HCC via inhibition of the downstream Ras-Erk 1/2 pathways and the subsequent RXRα phosphorylation, in addition to its direct effect on the Ras-Erk 1/2 pathways. Thus, ACR functions not only as a ligand for RXRα but also as a suppressor of the RTK-Ras-MAPK signaling pathways, thereby restoring the function of RXRα and activating the transcriptional activity of its response element.

Recently, a new target of ACR was elucidated in an in vitro study by using Huh-7.5 cells infected with HCV-RNA [76]. This study revealed that ACR inhibits HCV-RNA replication and infectious virus release by modulating several aspects of lipid metabolism, such as triglyceride abundance and the expression of mature sterol regulatory element-binding protein 1c (SREBP1c). Considering that HCV infection is a major cause of HCC development, the inhibitory effect of ACR on HCV infection may be beneficial in addition to its potential for HCC chemoprevention in HCV-positive patients (Figure 2).

Figure 2. The role of acyclic retinoid in the prevention of HCC. Acyclic retinoid (ACR) itself functions as a ligand for RXRα and regulates expression of its downstream genes such as p21, RARβ, and Cyclin D1, thus preventing HCC development through induction of cell proliferation, differentiation, and apoptosis in HCC cells (a). ACR inhibits the activated Ras/MAPK/Erk pathway independent of RXRα (b). ACR also inhibits several types of growth factors and their corresponding receptor tyrosine kinases (RTKs) (c). Thus, ACR restores the impaired RXRα function. Recently, new possible targets of ACR have been reported in either in vivo or in vitro studies [76,77,78] (d). Thus, the pleiotropic responses of ACR target molecules, including phosphorylated RXRα, may play a role in preventing hepatocarcinogenesis.
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2.5. Chemoprevention of Hepatocellular Carcinoma Using ACR

A major concern in HCC patients is the high rate of recurrence and de novo tumors following the initial curative treatments [2], which results in poor prognosis of the malignancy [79]. We have discussed the inhibitory effects of ACR in the development of HCC in our basic studies [19,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74]. In order to further investigate the chemopreventive effects of ACR on the recurrent and secondary HCC clinically, a double-blind and placebo-controlled clinical study was performed on patients who had received anticancer treatment for initial HCC [15,16,17]. Oral administration of ACR (n = 44 patients; dose = 600 mg/day) for 12 months significantly reduced the incidence of post-therapeutic recurrence or new HCC development compared to administration of placebo (n = 45 patients) (median follow-up time = 38 months; P = 0.04) [15]. After a median follow-up time of 62 months, ACR administration improved both the recurrence-free survival (P = 0.002) and overall survival (P = 0.04) rates [16]. Moreover, the preventive effects of ACR lasted for up to 3 years following the completion of ACR administration [17]. Thus, a short-term administration of ACR for only 12 months yielded a long-term effect on the prevention of secondary HCC, without causing any severe adverse effects.

A safety-evaluation study was conducted in a Phase I pharmacokinetics clinical trial to determine the dose-limiting toxicities and pharmacokinetics of ACR [80]. In this trial, no adverse effects or dose-limiting toxicities were observed in either of the groups administered with doses of 300 or 600 mg/day, although a dose-limiting toxicity of Grade 3 hypertension was observed in the group receiving a dose of 900 mg/day [80].

Based on the Phase I clinical study of ACR [80], a Phase II/III clinical multicenter, large-scale, randomized, placebo-controlled study (n = 401) was conducted to evaluate the effectiveness of ACR on the prevention of secondary HCC in HCV patients who had received curative treatment for initial HCC [81]. In this study, oral administration of ACR (n = 124 patients, dose = 600 mg/day) showed a reducing trend of incidence of secondary HCC as compared with placebo administration (n = 127 patients), although no significant differences were observed between the two groups at a median follow-up time of 2.5 years. However, at 3 years after treatment, the cumulative recurrence-free survival rate of the ACR-treated group (43.7%) was higher than that of the placebo group (29.3%). Notably, subgroup analysis of this data showed that ACR (n = 100 patients; dose = 600 mg/day) reduced the risk of HCC recurrence or death by approximately 40% as compared to placebo (n = 106 patients), especially in patients with Child-Pugh A and small tumors (size < 20 mm) (p = 0.0347). On the other hand, a 300 mg/day dose of ACR was insufficient for tumor control, showing no substantial difference as compared to placebo. Thus, these studies show that ACR administration to cirrhotic patients effectively inhibits the development of secondary HCC and thereby improves the clinical outcome of the patients. Especially, the inhibitory effects of ACR on secondary HCC were observed in patients with well-preserved liver function (Child-Pugh A) [81]. To this effect, currently, a confirmatory large-scale ACR study focused on Child-Pugh A patients is ongoing.

The inhibitory effects of ACR on the development of secondary HCC have been reported by several clinical studies [15,16,17,81]; however, not much information is available on the mechanisms by which ACR inhibits the secondary HCC in humans in vivo. In response, Honda et al. [77] conducted a gene expression profile analysis under the same study conditions as in previous clinical studies and found that ACR treatment down-regulated the expression of platelet-derived growth factor C (PDGFC), other angiogenesis genes, and cancer stem cell marker genes, thereby successfully preventing HCC recurrence in humans in vivo [77]. This result not only supports the previous clinical data but also suggests the possibility of new targets for ACR for the prevention of HCC recurrence (Figure 2).



2.6. “Clonal Deletion” in Chemoprevention of Hepatocellular Carcinoma

“Clonal deletion” is a concept in which latent malignant or premalignant cells that are undetected by diagnostic images are removed from the organ in a hyper-carcinogenic state. A typical example of this can be seen in a cirrhosis-HCC sequence. The cirrhotic liver is recognized as a major risk factor for HCC due to a high incidence of tumors in the pathological background [2]. In particular, chronic hepatitis or cirrhosis induced by either HBV or HCV frequently results in the accumulation of DNA mutations across the liver by repeated necrosis and hepatocyte regeneration, and leads to a hyper-carcinogenic state. In cirrhotic patients with HCC, a high incidence of recurrence or de novo tumors is observed after the initial curative treatment [2], which may be explained by the characteristic clinical mode of liver carcinogenesis — “multicentric carcinogenesis” (or “field cancerization”) [82]. Thus, once the liver is exposed to continuous carcinogenic insults such as hepatitis virus infection, the whole liver is regarded as a precancerous field possessing multiple, independent, and premalignant or latent malignant clones.

As reported by some previous studies [15,16,17], ACR effectively inhibits secondary HCC development after initial curative treatment and significantly improves the clinical outcome of HCC patients. These findings suggest that ACR may delete and/or inhibit the “clones of secondary HCC” from the hyper-carcinogenic liver. Indeed, ACR significantly reduced the serum levels of lectin-reactive alpha-fetoprotein factor 3 (AFP-L3) and protein induced by vitamin K absence/antagonist-II (PIVKA-II), both of which indicate the presence of latent HCC cells in the remnant liver [17,83]. This finding suggests that ACR eliminates malignant clones producing AFP-L3 or PIVKA-II before the clones expand to become clinically detectable tumors. Once such latent clones are eliminated from the remnant liver, it takes several years for the secondary HCC to be recognized clinically [17]. In fact, the inhibitory effects of ACR on the development of secondary HCC lasted for about 3 years after termination of its administration [17]. In addition, Zheng et al. [84] recently reported that ACR treatment decreased the emergence of precancerous cells and their progeny in a rat liver carcinogenesis model, consequently leading to suppression of HCC development. This experimental data sufficiently supports the previous clinical reports and the concept of “clonal deletion” [15,16,17]. Thus, we hereby suggest the concept of “clonal deletion” as a new concept in the chemoprevention of HCC using ACR, and that this chemopreventive approach may become a viable cancer therapy for eliminating malignant clones (Figure 3).

Figure 3. The concept of “clonal deletion” and the therapeutic application of ACR on the basis of “clonal deletion.” Continuous exposure to genetic insults such as chronic- hepatitis B virus (HBV) and - hepatitis C virus (HCV) infections induce DNA mutation across the whole liver (a). The multiple premalignant and latent malignant clones occur on the background of this “precancerous field.” Primary HCCs arise from these latent clones in cirrhotic patients (b). After curative treatments, while secondary/de novo HCC development is observed at early time points during the natural history (multicentric carcinogenesis) (c), ACR deletes these latent premalignant clones from the remnant liver by restoring impaired RXRα function and inducing cell differentiation and apoptosis (d). This is the concept of “clonal deletion.” Since lectin-reactive alpha-fetoprotein factor 3 (AFP-L3) and protein induced by vitamin K absence/antagonist-II (PIVKA-II) indicate the presence of latent HCC cells in the remnant liver, reduced levels of these markers observed in ACR treatment sufficiently support this concept.
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2.7. Combination Chemoprevention of Hepatocellular Carcinoma Using ACR

The combined use of two or more agents not only yields the synergistic effects of each agent but also decreases the overall toxicity by enabling treatments with lower clinical dosages [85,86]. Therefore, it is expected that combinatorial treatment of HCC, ACR, and other clinical agents may exert synergistic effects against HCC development. In order to explore this possibility, we conducted studies of “combination chemoprevention” using ACR as the key agent [87,88,89,90]. The combination of ACR and interferon-β (IFN-β) synergistically inhibited cell growth and induced apoptosis in HCC cell lines by inducing the expression of type 1 IFN receptor and STAT1, located downstream of RXRα [68]. In addition, the combinatorial treatment of HCC cells with ACR and OSI-461, a potent derivative of sulindac sulfone, elicited strong synergistic expression levels of RARβ and p21, which are associated with the transcriptional activation of RARE, thereby inducing apoptosis of HCC cells [69]. In addition, the combined use of ACR and vitamin K2 (VK2) synergistically induced apoptosis and inhibited the growth of HCC cells by preventing RXRα phosphorylation through inhibition of the Ras/MAPK/Erk signaling pathway [67]. Thus, the combination of agents with different target sites and action mechanisms enables exertion of the pleiotropic and synergistic inhibitory effects on HCC development and growth of HCC cells. Moreover, if these combination treatments facilitate reduction of the dosage of agents for effective chemoprevention of HCC, the risk of adverse effects and toxicity of the agent would also be reduced. Sorafenib, an oral multi-tyrosine kinase inhibitor, is the first and the only drug that has demonstrated survival benefits in patients with advanced HCC [1]. While improved overall survival has been reported in sorafenib-treated HCC patients, the associated toxicities such as hand-foot skin reaction significantly affect the patients’ quality of life and, occasionally, cause early termination of the treatment [91]. We reported earlier that the combined use of ACR and trastuzumab (the humanized anti-HER2 monoclonal antibody) synergistically inhibited the activation of HER2 and its downstream signaling pathways, including RXRα phosphorylation, and subsequently inhibited the growth of HCC cells [70]. This finding suggests that ACR may be a practical candidate in combination therapy with other RTK antagonists. Considering that sorafenib partially targets the Ras/MAPK/Erk signaling pathway also, the combination of ACR and sorafenib are expected to reduce the probability of adverse events, providing beneficial inhibitory effects against HCC development. Thus, ACR may become a potential candidate for use in a combination therapy with sorafenib against advanced HCC.




3. Discussion

Poor clinical outcomes of HCC patients primarily result from the high incidence of secondary HCC following the initial curative treatment, proving to be a major concern in the treatment of this malignancy. Therefore, the establishment of a new effective strategy to prevent the recurrence of HCC has been recognized as an urgent task worldwide. Accordingly, ACR was originally developed as a chemoprevention agent to accomplish this purpose [19,80] and was administered to patients who had achieved complete cure of HCC in clinical trials [15,16,17,77,80,81]. The preventative effects of ACR on the development of secondary HCC suggest that ACR may play a role beyond that of a “chemopreventive drug”, as a “cancer therapy drug” that actively eliminates latent malignant lesions from the cirrhotic, hyper-carcinogenic liver. This novel therapeutic concept of “clonal deletion” using ACR may be a promising approach in the prevention of HCC.

Our previous reports have shown that ACR exerts its chemopreventive effects by working as a ligand for retinoid receptors as well as by restoring impaired RXRα function through inhibition of Ras/MAPK/Erk activation [61,65,66]. Indeed, restored function of RXRα (unphosphorylated RXRα) regulates the expressions of its downstream genes such as p21, RARβ, and Cyclin D1 and inducts the apoptosis and cell-cycle arrest of HCC cells [64]. In contrast, cells transfected with phospho mimic-RXRα cDNA showed refractoriness to retinoid treatment and association with the acquisition of malignant phenotype [46,52]. These results suggest that phosphorylated RXRα plays an important role in hepatocarcinogenesis. Currently, no clinical agents that can directly target phosphorylated RXRα for the prevention of HCC are commercially available. However, considering its positive role in HCC development, the establishment of a new strategy directly targeting phosphorylated RXRα is highly intriguing.

Although previous evidence suggests that phosphorylated RXRα is a target of ACR, the molecular mechanism by which ACR prevents HCC development is not fully understood [78]. Indeed, recent studies have revealed several targets for ACR that can contribute to the chemoprevention of HCC either in vivo or in vitro [76,77,78] (Figure 2). These reports suggest that the preventative effects of ACR on HCC development may result from the pleiotropic response of ACR target molecules, including phosphorylated RXRα. Further detailed studies are required to fully explore the molecular mechanisms of ACR.

In conclusion, the accumulating evidence discussed in this review suggests that retinoid compounds, especially ACR, may be promising candidates for the chemoprevention of HCC. A Phase III, large-scale, randomized controlled trial on ACR is ongoing to this effect. In addition, ACR-based chemoprevention in combination with other agents may become a promising strategy for HCC chemoprevention.
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