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Abstract
Similar to other cancers, a multistep process of carcinogenesis is observed in hepatocellular carcinoma (HCC). Although the mechanisms underlying the development of HCC have been investigated in terms of oncology, virology, and stem cell biology, the whole picture of hepatocarcinogenesis remains to be elucidated. Recent progress in molecular biology has provided clues to the underlying cause of various diseases. In particular, sequencing technologies, such as whole genome and exome sequencing analyses, have made an impact on genomic research on a variety of cancers including HCC. Comprehensive genomic analyses have detected numerous abnormal genetic alterations, such as mutations and copy number alterations. Based on these findings, signaling pathways and cancer-related genes involved in hepatocarcinogenesis could be analyzed in detail. Simultaneously, a number of novel biomarkers, both from tissue and blood samples, have been recently reported. These biomarkers have been successfully applied to early diagnosis and prognostic prediction of patients with HCC. In this review, we focus on the recent developments in molecular cancer research on HCC and explain the biological features and novel biomarkers.
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Core tip: Recent progress in molecular biology enabled understanding of the mechanisms underlying hepatocarcinogenesis and identification of useful biomarkers. According to these findings, further efforts would be needed to improve understanding of these molecular mechanisms and to establish novel therapeutic approaches.
Chiba T, Suzuki E, Saito T, Ogasawara S, Ooka Y, Tawada A, Iwama A, Yokosuka O. Biological features and biomarkers in hepatocellular carcinoma. World J Hepatol 2015; In press
INTRODUCTION
Hepatocellular carcinoma (HCC) is a major cause of cancer-related deaths, accounting for approximately 600000 deaths annually worldwide and more than 30000 deaths annually in Japan[1,2]. It is well-known that hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol abuse, and nonalcoholic fatty liver disease are the major risk factors for hepatocarcinogenesis[3]. Majority of patients with HCC are HBV or HCV carriers[4,5]. In HBV X protein (HBx) transgenic mice, HCC developed within one year after birth[6]. Similarly, HCV core transgenic mice exhibited hepatic steatosis several months after birth and eventually developed HCC[7]. These findings implicate that chronic infection with HBV and HCV have a direct action on hepatocarcinogenesis. Moreover, the incidence of HCC in patients with metabolic syndrome or nonalcoholic steatohepatitis has been increasing[8]. 

It is now widely considered that accumulation of genetic and/or epigenetic alterations transforms normal cells into cancer cells through a neoplastic state. This clinically well recognized process is called “stepwise carcinogenesis”[9]. The transformed cells usually acquire unique properties, such as sustained proliferative signaling, evasion growth suppressors, resistance to cell death, ability for replicative immortality, induction of angiogenesis, and activation of invasion and metastasis[10,11]. Recent progress in molecular biology and translational science enabled characterization of cancer cells and establishment of therapeutic approaches in a wide range of cancers. Sorafenib, an oral multikinase inhibitor, has been recognized as a new molecular-targeted therapy for HCC. The agent suppresses tumor growth and angiogenesis by inhibiting the RAS/RAF/MAPK signaling pathway and tyrosine kinase receptors including vascular endothelial growth factor receptor (VEGFR)[12]. However, the prognosis of patients with HCC treated with sorafenib has not been essentially satisfactory[13,14]. Therefore, further understanding of the molecular mechanisms underlying hepatocarcinogenesis and establishment of novel therapeutic approaches remain the most important challenges. 
In this review, we will summarize the recent progress in molecular cancer research on HCC and explain the molecular mechanisms underlying hepatocarcinogenesis. We will also highlight the serological and pathological biomarkers of HCC for diagnosis and prognostication.

BIOLOGICAL FEATURES OF HCC
Signaling pathways and genetic alteration in HCC

It has been documented that dysregulation of several signaling pathways including p53/RB, Wnt/β-catenin, PI3K/PTEN/Akt/mTOR pathways plays an important role in the development and progression of HCC[15,16]. It is considered that the aberrant activation or inactivation of these pathways is attributable to somatic alterations, such as mutations, changes of copy numbers, and chromosomal rearrangements[17]. These results could be applied to the classification and prognostication of HCC[18]. Among them, mutation of p53 and β-catenin has long been recognized as a common genetic alteration in HCC[19,20], and it is observed in approximately 30% and 20% of HCC samples, respectively. 

Recent whole genome and exome sequencing analyses enabled the surveillance of the signature of genomic alteration and identification of somatically mutated genes (Figure 1). In a study on exome sequencing of 24 HCC samples, Guichard et al[21] demonstrated that major pathways including Wnt/β-catenin signaling, p53/cell cycle signaling, PI3K/RAS signaling, chromatin regulation, and oxidative and endoplasmic reticulum stress signaling were commonly altered by somatic mutations or homozygous gene deletions. They found recurrent alterations in four genes (ARID1A, RPS6KA3, NFE2L2 and IRF2), which were not previously reported in HCC. Particularly, ARID1A, a chromatin remodeling gene, was shown to be frequently mutated in alcohol-related HCC. Whole-genome sequencing (WGS) of HCC samples has also revealed recurrent somatic mutations in several genes associated with chromatin regulation, such as ARID1A, ARID1B, ARID2, MLL, MLL3, BAZ2B, BRD8, BPTF, BRE and HIST1H4B[22]. Mutations in at least one of these chromatin regulator genes were detected in more than 50% of HCC tissues. Taken together, dysregulated chromatin remodeling plays a critical role in HCC development.
Heterogenity of HCC 

Genetic and functional heterogeneity in tumor-constituent cells has been observed in a wide range of cancers[23]. To explain this, a hierarchical model or cancer stem cell (CSC) model has been proposed and debated on[24]. This model postulates that a small population generates a hierarchical structure containing descendant tumor cells. However, clonal evolution model suggests that a series of clonal expansions accompanied by accumulated genetic alterations contribute to intratumor heterogeneity[25]. Recent sequencing technologies have successfully demonstrated that most tumors exhibit extensive intratumoral heterogeneity characterized by individual tumor cells showing different somatic mutation pattern[26]. Gerlinger et al[27] conducted exome sequencing analysis of resected renal cell carcinoma samples and demonstrated not only intratumoral heterogenity but also genetic alternations between primary tumor and metastatic lesions.
Multicentric tumor development is one of the most vital aspects of hepatocarcinogeneis[28]. Fujimoto et al[22] performed WGS on two pairs of multicentric HCV-associated HCCs and unexpectedly found out that neither common somatic mutations in coding region nor common structural alterations were observed in these tumors. These results may indicate that multicentric HCCs were derived from cells with different genetic alterations. On the other hand, Huang et al[29] employed exome sequencing of nine pairs of matched primary HBV-associated HCCs and portal vein tumor thrombus (PVTT) and demonstrated that more than 90% of nonsynonymous somatic mutations were shared between primary HCC and PVTT. Furthermore, 65 genes with mutations either in primary HCC or PVTT were identified. Among them, mutations in KDM6A, CUL9, FGD6, AKAP3 and RNF139 were detected in PVTT, but not in primary tumors. 
HBV integration

It is well known that HBx, a multifunctional protein encoded by the HBV genome, has the ability of the transcriptional transactivation[30]. Moreover, HBx could activate the JAK/STAT signaling pathway but impair the p53 function[31,32]. Thus, HBx is deeply involved in hepatocarcinogenesis. 
The integration of HBV DNA into the host genome is one of the important factors in hepatocarcinongenesis in patients with chronic HBV infection[33]. This appears to contribute to oncogene activation and/or tumor-suppressor gene inactivation. HBV integration at the Cyclin A and retinoic acid receptor β gene has been reported approximately 20 years ago[34,35]. Recently, a novel sequencing technology was successfully applied to the analyses of HBV genome integration. HBV genome integration in the telomerase reverse transcriptase (TERT) locus was observed in 4 of 11 HBV-related HCC samples examined[22]. Because activation of telomerase, encoded by the TERT, is associated with cellular immortalization, the dysregulation of TERT expression may play a crucial role in hepatocarcinogenesis. Sung et al[36] conducted WGS of 88 Chinese patients with HCC and noted that nearly 40% of HBV breakpoints were located around the X and core gene. Further, they revealed that in some HCC samples, five genes (TERT, MLL4, CCNE1, SENP5, and ROCK1) were recurrently affected by HBV integration. They reported that the number of HBV integration sites per tumor significantly correlates with serum levels of HBsAg and alfa-fetoprotein (AFP). In addition, patients with HCC with several HBV integration sites exhibited shorter survival time than those with few integration sites. 

Single nucleotide polymorphisms associated with HCC development
Genome-wide association studies are microarray-oriented technologies that have been utilized to identify single nucleotide polymorphisms (SNPs) associated with many traits and diseases. Intronic SNPs in KIF1B and STAT4 have been shown to be highly associated with HCC occurrence in Chinese chronic HBV carriers[37,38]. Similarly, it has been recently reported that SNPs in MICA and DEPDC5 are associated with HCC development in Japanese patients with chronic HCV infection[39,40]. To confirm the utility of these SNPs as risk markers for HCC, further analyses of different populations would be needed.
Stemness features in HCC

It has been reported that signaling pathways and molecular mechanisms operating in stem cells are similar to those in cancer[41]. For example, BMI1, a polycomb gene product, is a general regulator in normal stem cell systems[42]. On the other hand, high expression levels of BMI1 were observed in various cancers. We have previously reported that fetal hepatic stem/progenitor cells transduced with Bmi1 acquired enhanced self-renewal capability and tumorigenicity to generate combined HCC in a mouse transplant model[43]. Glinsky et al[44] analyzed gene expression profiles in wild type and Bmi1-/- neurospheres. By comparing those to the data obtained from primary and metastatic prostate cancer, they successfully selected 11 BMI1-associated genes. This 11-gene death-from-cancer signature was validated in both epithelial and hematological malignancies. The gene set has been shown to predict unfavorable outcomes in patients with these malignancies, which indicates that BMI1-driven pathways are closely associated with an aggressive cancer phenotype. 

In a microarray-based gene expression analyses, HCC with similar expression patterns as that of hepatic stem/progenitor cells was associated with poor prognosis[45]. c-MET is a tyrosine kinase receptor for hepatocyte growth factor (HGF). HGF/c-MET signaling plays a crucial role in the development and regeneration of the liver[46]. Kaposi-Novak et al[36] conducted global gene expression profiling of wild type and Met-deficient mouse hepatocytes and showed that Met-regulated gene expression signature is associated with aggressive phenotypes in HCC, such as vascular invasion[47]. Similarly, it has been reported that epithelial cell adhesion molecule (EpCAM) served as a surface marker in both hepatic stem cell and CSCs[48]. Furthermore, HCC is subclassified into four groups on the basis of the expression of EpCAM and AFP. These subtypes displayed distinct gene expression patterns with features resembling certain stages of hepatic lineages. EpCAM+AFP+ HCCs exhibit hepatocytic progenitor-like expression patterns and have poor prognoses. In contrast, EpCAM-AFP- HCCs exhibit mature hepatocyte-like expression patterns and have favorable prognoses. 

Taken together, prognostic stratification based on the expression of surface markers and molecules in hepatic stem/progenitor cells revealed that stemness features are closely associated with unfavorable prognosis in patients with HCC (Figure 2).

BIOLOGICAL MARKERS FOR HCC
Serological markers for HCC

AFP, a plasma protein produced by the yolk sac and fetal liver cells[49], has been the most widely used biomarker for the detection of HCC[50]. However, AFP is not a necessarily specific marker for HCC, considering that its levels of may also be observed in patients with chronic hepatitis and cirrhosis. In contrast, lens culinaris agglutinin-reactive fraction of AFP (AFP-L3) is specific for HCC and has been available in clinical settings[51]. In addition, AFP-L3+ HCC frequently exhibits biologically malignant characteristics, such as portal vein invasion and undifferentiated pathology[52]. Protein induced by vitamin K absence or antagonist-II (PIVKA-II), also called des-gamma-carboxy prothrombin (DCP), is an abnormal prothrombin induced by vitamin K shortage. Hepatocytes with malignant transformation impair the vitamin K-dependent γ-glutamyl carboxylation and produce PIVKA-II[53]. The serum levels of PIVKA-II as well as AFP in patients with HCC were significantly higher than those in patients with chronic hepatitis and cirrhosis. A marked increase in serum PIVKA-II level is also observed in patients receiving anticoagulation therapy with warfarin. Serum PIVKA-II level is shown to be closely associated with large tumor diameters and vascular invasion compared with that of AFP and AFP-L3[54]. However, these markers have been shown to be insufficient for the detection of small HCC. Simultaneous measurement of these markers, such as AFP and PIVKA-II[55] and AFP-L3 and PIVKA-II[56], contributes to the improved diagnostic value for HCC detection.

Recently, Dickkopf-1 (DKK1) has been shown to be a promising serum marker for the detection of HCC[57]. DKK1 is a secreted protein with two cysteine-rich regions and functions as a negative modulator of the Wnt/β-catenin pathway by interacting with the co-receptor[58]. It has been shown that serum DKK1 levels were significantly higher in patients with HBV-related HCC than those in the controls[59]. In addition, simultaneous measurement of DKK1 and AFP was shown to improve diagnostic accuracy. Further analyses would be necessary to determine whether DKK1 contributes to the diagnosis of HCV-related HCC.
Molecular markers for HCC 
Polycomb group gene products: Polycomb group (PcG) complexes regulate epigenetic cellular memory and establish and maintain cellular identities during embryogenesis, development, and tumorigenesis[60,61]. PcG complexes can be functionally divided into at least two distinct complexes: a maintenance complex, polycomb repressive complex (PRC) 1 and an initiation complex, PRC2. Bmi1, one of the components of PRC1, is essential for maintaining the self-renewal capability of somatic stem cells including hepatic stem cells[62,63]. We have previously shown that BMI1 regulates CSCs in HCC cell lines[64]. These findings suggest that BMI1 regulates self-renewal of both normal stem cells and CSCs by repressing the transcription of negative regulator genes for stem cell maintenance, such as Ink4a and Arf[65]. Furthermore, BMI1 expression levels in HCC tumor tissues are well correlated with the progression and prognosis of the disease[66]. 
Ezh2, one of the components of PRC2, shows catalytic activity specific for the trimethylation of histone H3 at lysine 27 (H3K27). We have previously reported that Ezh2 tightly regulates the self-renewal and differentiation of murine hepatic stem/progenitor cells[67]. Similar to BMI1, EZH2 is also overexpressed in tumor-initiating HCC cells and HCC tumor tissues[66]. In addition, EZH2-knockdown using short-hairpin RNA and the pharmacological inhibition of EZH2 by an S-adenosylhomocysteine hydrolase inhibitor, 3-deazaneplanocin A (DZNep) markedly impaired the growth and tumorigenic ability of HCC cells[68].

Taken together, PcG proteins such as BMI1 and EZH2 may be encouraging therapeutic targets for HCC. Considering that highly selective PcG protein inhibitors have been developed, clinical trials would be of importance[69,70].
Glypican-3: Glypican-3 (GPC3), a member of the family of glypican heparan sulfate proteoglycans (HSPGs), is an oncofetal protein expressed in fetal liver and HCC[71]. Abnormal expression of GPC3 was observed in approximately 70% of HCC tumor samples and in approximately 50% of serum samples of patients with HCC[72]. Additionally, increased GPC3 expression detected by immunohistochemical analyses correlated with poor prognosis among patients with HC[73]. Considering that a clinical trial using a GPC3 peptide vaccine in patients with advanced HCC has also been carried out[74], this appears to serve not only as a tumor marker but also as a therapeutic target.
Heat shock protein 70: Heat shock proteins (HSPs) are highly conserved protein serve as multifunctional molecular chaperones[75]. Their expression is usually upregulated in response to stressful stimuli such as heat stress. Increased expression of HSP70 has been reported in a wide range of cancers including HCC[76]. Chuma et al[77] conducted oligonucleotide array analyses to compare expression profiles among seven pairs of early components and progressed components of nodule- in-nodule type HCCs. They successfully demonstrated that HSP70 expression was upregulated according to the differentiation grade. It is possible that HSP70 could be a sensitive marker for the differential diagnosis of early HCC from precancerous lesions. In addition, combination of markers, such as HSP70, GPC3, and glutamine synthetase[78] and HSP70, GPC3, and EZH2[79] may contribute to the accurate diagnosis of HCC by immunohistochemical analyses.
Sal-like protein 4: Sal-like protein 4 (Sall4), a member of the zinc finger transcription factor family, is highly expressed in murine hepatic stem/progenitor cells and functions as a regulator of cell fate decisions. Overexpression of Sall4 in these cells significantly inhibits hepatocyte-lineage maturation and adversely accelerates cholangiocyte-lineage terminal differentiation[80]. Overexpression of SALL4 in HCC cell lines suppresses hepatocytic differentiation and leads to the acquisition of stem cell-like phenotypes, such as chemo-resistance[81]. Together, SALL4 is closely associated with the properties of both normal stem cells and CSCs in liver. Recently, Yong et al[82] performed clinicopathological and gene-expression microarray analyses in terms of SALL4 expression and revealed that increased expression of SALL4 was closely associated with aggressive phenotypes of HCC and unfavorable survival. Gene set enrichment analysis showed that SALL4-high HCC were significantly enriched with genes involved in embryonic stem cell signature, metastasis, hepatoblastoma, and progressive HCC compared with SALL4-low HCC. In addition, SALL4 peptide, consisting of 12 amino acids, has been shown to block the oncogenic role of SALL4 in part by modulating PTEN/PI3K/AKT signaling in HCC cells.
Predictive markers for response to sorafenib treatment in HCC

Sorafenib, an oral multi-kinase inhibitor, is available as a new molecular-targeted therapy against HCC. Global guidelines currently recommend sorafenib as first-line therapy for Child–Pugh A patients with advanced HCC[83-86]. Sorafenib demonstrates its anti-HCC effect by suppressing tumor growth factors and angiogenesis through the inhibition of the RAF/MAPK/ERK signaling pathway and tyrosine kinase receptors, such as VEGFR[87]. The safety and efficacy of sorafenib on patients with advanced HCC has been demonstrated in phase III studies[88,89]. 

Some investigators have tried to determine the predictive markers for the response to sorafenib, which also serve as predictive indicators of prognosis in patients with HCC. Physical findings, such as hand-foot-skin reaction (HFSR) and hypertension have shown to predict favorable outcomes in patients treated with sorafenib[90,91]. Alternatively, the presence of lung metastasis could predict poor response to sorafenib[92]. It has been also reported that early decrease in AFP level and increase in PIVKA-II level determine the therapeutic efficacy of sorafenib[93,94]. Concordant with these findings, our analyses demonstrated that increase in AST or AFP levels, existence of MVI, and lack of HFSR serves as independent predictors of poor prognosis[95]. Recently, it has been reported that genetic amplification of FGF3/4 and VEGF-A was frequently observed in responders to sorafenib in HCC[96,97]. Rudalska et al[98] conducted in vivo RNAi screening to identify sorafenib-response genes and reported that both shRNA-mediated and pharmacological silencing of MAPK14 (p38α) sensitize HCC cells to sorafenib therapy. They also highlighted the importance of inhibiting MAPK14-dependent activation of MEK/ERK and ATF2 signaling to overcome sorafenib-resistance.

Taken together, these findings may be useful as prognostic biomarkers and are breakthroughs for understanding of the molecular mechanisms underlying the development and progression of HCC.

CONCLUSION
Progress in molecular biology, such as next-generation sequencing, unveils the biological features of HCC. These analyses were conducted on tissue and blood samples. Recently, the use of “liquid biopsy” to analyze circulating tumor DNA in peripheral blood has been documented[99,100]. This approach is minimally invasive and enables the detection of the sequence and mutations of target genes. Combined use of novel approaches and biomarkers contributes to early diagnosis and the selection of the appropriate treatment for patients with HCC. Further efforts would be needed to improve the prognosis of patients with advanced HCC.
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Figure 1 The major pathways responsible for the development of hepatocellular carcinoma. HCC: Hepatocellular carcinoma.
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Figure 2 Cancer stem cells in hepatocellular carcinoma. Acquisition of stemness feature is closely associated with therapeutic resistance and unfavorable prognosis in HCC. CSCs: Cancer stem cells; HCC: Hepatocellular carcinoma.

