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Abstract

The major type of human liver cancer is hepatocellular carcinoma (HCC), and there are currently many risk factors that contribute to this deadly disease. The majority of HCC occurrences are associated with chronic hepatitis viral infection, and hepatitis B viral (HBV) infection is currently a major health problem in Eastern Asia. Elucidating the genetic mechanisms associated with HBV-induced HCC has been difficult due to the heterogeneity and genetic complexity associated with this disease. A repertoire of animal models has been broadly used to study the pathophysiology and to develop potential treatment regimens for HBV-associated HCC. The use of these animal models has provided valuable genetic information and has been an important contributor to uncovering the factors involved in liver malignant transformation, invasion and metastasis. Recently, transposon-based mouse models are becoming more widely used in liver cancer research to interrogate the genome by forward genetics and also used to validate genes rapidly in a reverse genetic manner. Importantly, these transposon-based rapid reverse genetic mouse models could become crucial in testing potential therapeutic agents before proceeding to clinical trials in human. Therefore, this review will cover the use of transposon-based mouse models to address the problems of liver cancer, especially HBV-associated HCC occurrences in Asia.
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Core tip: Hepatocellular carcinoma (HCC) is the major type of primary liver cancer and the risk factors that contribute to its formation are hepatitis viral infection, alcohol consumption, aflatoxin exposure, hemochromatosis, and tyrosinemia. In vivo forward and reverse genetic transposon models have been used to study the genetic mechanisms of HCC, including hepatitis B viral-induced HCC. These animal models provide valuable genetic information and are important contributors to uncovering the factors involved in liver malignant transformation, invasion and metastasis. They could also be used to test potential therapeutic agents before proceeding to clinical trials in humans.

EPIDEMIOLOGY OF LIVER CANCER 

Liver cancer is the second most common cause of cancer related death worldwide, accounting for about 700000 deaths annually. Liver cancer has a poor prognosis, with less than 20% of advanced staged patients surviving for more than one year after initial detection[1]. The major type of primary liver cancer is hepatocellular carcinoma (HCC), which accounts for 85% to 90% of total liver cancer cases[2-4]. In 2012, 83% of 782000 new liver cancer cases worldwide occurred in Eastern Asian countries like Korea, China, Japan, as well as sub-Saharan, middle and Eastern Africa, with a high incidence rate of more than 20 per 100000 individuals. The incidence rate is particularly high in China, with 50% of the total new liver cancer cases diagnosed there[2-6]. Middle Africa, Central America, North America, and Southern Europe have a moderately high incidence rate of about 10 to 20 per 100000 individuals, while a low incidence rate has been reported in South-Central Asia and Northern Europe with less than 5 liver cancer cases per 100000 individuals[2-4,6].

HCC most often is diagnosed between the ages of 55 to 59 years old in China, and between 63 to 65 years old in Europe and North America[3,4]. HCC is a gender-biased disease more commonly found in males than in females with the ratio of about 3:1 in high incidence rate countries. According to long historic studies, hormonal differences between males and females are one of the reasons for this gender bias phenomenon. Researchers have suggested the androgen receptor (AR), which can bind to testosterone and other male hormones and is more highly expressed in males than in females, can promote hepatitis B virus (HBV)-related HCC, while estrogen receptor 1 (ESR1) may work antagonistically[7-10]. The activation of Esr1 has been shown to dampen hepatitis B viral replication[7], and estrogen can also protect female mice by repressing the expression of interleukin 6 (Il6) in Kupffer cells and resident macrophages in liver to prevent liver inflammation[7,8].

HBV INFECTION

HBV infection is a major global health problem and, according to the World Health Organization, more than 300 million people suffer from chronic HBV infection and about 780000 people die every year due to acute or chronic consequences of the disease[4,11]. Since 1970, chronic HBV infection has been shown to be closely related to the development of liver cirrhosis and HCC[12]. The median survival rate for HBV-associated HCC is less than 16 mo, and the five year survival rate is only 15% to 26%[4].

In developing countries, chronic HBV infection accounts for most HCC cases with HBV mostly being transmitted from mother to infant and approximately 90% of infants born to chronic HBV-infected mothers eventually developing the disease[4]. In contrast, HCV infection-associated cirrhosis and alcoholic cirrhosis account for the majority of HCC cases in developed countries that have access to HBV vaccination programs[4]. In countries with these vaccination programs, HBV is usually transmitted sexually between adults and 90% of the virus can be spontaneously cleared by the infected host’s immune system[4]. Although vaccines for HBV have been introduced to reduce the prevalence of HCC, HCC occurrence has not declined in the last two decades due to high chronic HBV infection prevalence and prolonged HCC development latency[4].

HBV GENOTYPES

As of 2011, 10 HBV genotypes (A to J) have been identified and classified by their infectious geographical distribution. Genotype A is widely distributed in South and West Africa and in Western and Northern Europe. Genotypes B and C are commonly found in East and Southeast Asia, including China, while genotype D is distributed mainly in the Mediterranean area[4]. Any genomic variations of HBV, such as genotypes, sub-genotypes, and HBV gene mutations can further contribute to the development of liver cirrhosis and HCC in patients with different HBV replication and hepatitis B surface antigen (HBsAg) status[4,5]. Prolonged expression of HBV correlates with the development of HCC, likely due to the presence of its viral proteins such as the X gene (HBx) and/or large envelope proteins. These viral proteins can activate cellular cancer-related genes, induce oxidative stress, and promote genetic instability that further contributes to hepatocyte transformation[13]. HCC tumorigenesis is also influenced by the patient’s viral status such as the HBV genotype, hepatitis B e antigen (HBeAg) serostatus and mutational status of the HBV genome[4]. There is a higher occurrence of HBV genotypes B and C, and an increasing prevalence of HBsAg serostatus in China. Genotype C seems to have a stronger causative effect than genotype B on HCC development[4,14]. Therefore, it is hypothesized that pathogenicity may be associated with the HBV genotype. 

HBV GENOME

HBV belongs to the hepadnaviridae family of enveloped viruses and has an incomplete double-stranded DNA genome of 3.2 kb (Figure 1). The double-stranded HBV genome consists of four open reading frames (ORFs): PreS1/PreS2/S ORF encodes the three large-, middle-, and small HBsAg proteins; C ORF encodes the hepatitis core protein (HBcAg) and HBeAg, a soluble small molecular weight protein produced by the viral core protein gene (PreC/C region) with an alternative start codon and post-translational modification[15]; P ORF encodes the four viral polymerases that consists of the RNase H, viral DNA polymerase/reverse transcriptase, spacer, and terminal protein; X ORF encodes the multi-functional non-structural hepatitis X protein, which can function as a transcriptional transactivator and promote HBV replication (Figure 1)[4,16,17]. The effects of HBV surface proteins and HBx protein on tumorigenesis have been widely studied but their molecular mechanisms remain elusive. 

HBV PreS1/S2/S ORF

Three main HBsAg proteins are synthesized by three individual promoters and start sites. The PreS1 promoter drives the transcription of PreS1/S2/S ORF to form the large protein (L); the PreS2/S promoter drives the transcription of PreS2/S ORF to form the middle protein (M); while transcription of S ORF only forms the small protein (S) (Figure 1). All these HBsAg proteins have the same carboxyl (C)-terminus but different amino (N)-terminal extensions: the S protein forms the HBsAg with only 226 amino acids (aa), the M protein has an additional 55 aa N-terminal extension, while the L protein has a further N-terminal extension of 108, 118, or 119 aa, depending on the HBV genotype[5,18,19]. A central major hydrophilic region formed by residues 103-173 is exposed to the surface of the viral particles[5]. HBsAg is the main target for viral neutralization by either natural or vaccine-induced anti-HBs antibodies[5,18]. The PreS1 ORF plays a key role in HBV infectivity through its role in nucleocapsid binding during virus envelopment and in receptor binding during hepatocyte infection[18,20,21]. 
The PreS1 and PreS2 ORFs of HBV can initiate host immune responses as both contain several epitopes for B cell and T cell recognition. Therefore, mutations in these two ORFs can lead to a host immune response defect, resulting in chronic HBV infection[4,22]. Numerous clinical studies have shown deletions in the PreS1 3’-end and PreS2 5’-end are frequently found in chronic HBV infected patients[22-25]. Additional types of mutations that can occur in the PreS ORFs include deletions, insertions and substitutions. Importantly, presence of these mutations has been found to correlate closely with HCC tumorigenesis[4,22]. Deletion mutations that commonly occur can be classified into four categories: PreS1 start codon deletion, internal deletion of PreS1, PreS2 start codon deletion, and internal deletion of PreS2[23]. Generally, the PreS deletion sites are commonly located at the PreS1 and PreS2 region of the HBV genome (Figure 2)[23,25]. In addition, insertions and substitutions have also been reported in chronic HBV infected patient samples[25]. Most neutralizing antibodies target the immunodominant “a” determinant region that is formed by residues 124-147, whereas glycine to arginine substitution at position 145 (G145R) in the “a” determinant region of the S ORF occurs commonly in immune evasive mutant variants[5,18,26]. Other mutations occurring outside the “a” determinant region but within the S ORF, such as the P120S/T mutation, can also exhibit immune evasive effects. These mutant variants are associated with the clinical detection of HBV DNA in patient serum despite the absence of detectable HBsAg[5]. Substitution mutations can result in premature termination during gene transcription, resulting in the production of truncated HBsAg. These truncated HBsAgs can accumulate in the hepatic endoplasmic reticulum (ER), increase oxidative stress of the cell and eventually accelerate liver cell damage[23,25].

PreS deletion mutants can induce liver tumor formation by (1) altering the PreS1 mRNA to PreS2/S mRNA ratio; (2) inducing ER oxidative stress; and (3) allowing escape from host immune system surveillance, whereas the 3’-end deletion in the PreS2 domain and removal of the CCAAT element in the S promoter domain is also thought to reduce transcription of the 2.1 kb PreS2/S mRNA[23]. The CCAAT element increases the transcription of PreS2/S ORF and decrease transcription of PreS1 ORF, thus the deletion of this CCAAT element would alter the PreS1 mRNA to PreS2/S mRNA ratio. This decrease in transcription of PreS2/S ORF therefore reduces synthesis of S protein and eliminates synthesis of M protein. Normally, L protein can only be secreted as sub-viral particles or mature virions by forming a complex with the M and S proteins. Insufficient amounts of both M and S proteins would therefore result in the accumulation of L protein in hepatic ER that induces oxidative stress by generating high levels of reactive oxygen species (ROSs) that can cause oxidative DNA damage, induce genetic mutations, and ultimately lead to HCC development[23,27]. 

PreS deletion mutants have also been implicated in the prevention of apoptosis in hepatocytes by activating the nuclear factor of kappa light polypeptide gene enhancer in B-cell 1 (NFKB1) and v-akt murine thymoma viral oncogene homolog 1 (AKT1)/mechanistic target of rapamycin (serine/threonine kinase) (MTOR) signaling pathways by upregulating the prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase) (PTGS2) and vascular endothelial growth factor (VEGF) protein production, respectively[23,27]. In addition, hepatocytes transfected with the PreS2 deletion mutant can also evade the host immune system surveillance due to altered epitopes sites (b10, t5, t6) for B-cell and T-cell recognition and/or reduction in binding affinity of the viral proteins to major histocompatibility complex Ⅰ molecule[23,27,28].

X ORF

The X ORF encodes the multifunctional HBx protein consisting of 154 aa[16,29]. The genetic mechanism(s) by which HBx induces and/or contributes to HCC development is still not well understood. However, it has been shown that HBx protein plays a critical role in hepatocyte transformation in three ways: (1) changing the epigenetic status; (2) inducing genomic instability; and (3) modulating signaling pathways[13,30].

HBx can change the epigenetic status of hepatocytes, leading to the inactivation of host tumor suppressor genes and/or activation of host oncogenes through induction of various DNA methyl​transferases[30,31]. HBx is able to bind to histone acetyltransferase complex and CREB binding protein, promoting transactivation reactions and leading to histone hyperacetylation[13,29-31]. In addition, HBx can promote the production of H3-K4-specific methyltransferase by upregulating SET and MYND domain containing 3 (SMYD3) gene expression that increases H3 lysine K4 methylation[31]. HBx can recruit the binding of DNA (cytosine-5-)-methyl​transferase 1 and 3A (DNMT1 and DNMT3A) onto tumor suppressor genes and alter their methylation status and expression level. Conversely, HBx can also inhibit the binding of DNMT3A to promoters, releasing the hypomethylated status of tumor-promoting genes and inducing their expression[31]. DNMT3A has been shown to be associated with hepatocarcinogenesis, as a higher expression level of DNMT3A has been reported in HCC patients[30]. The transcriptional transactivation activity of HBx includes the upregulation of DNMT1 and DNMT3A, which induces cytosine-guanine dinucleotide (CpG) island methylation at the carbon-5 position of cytosine. This DNMT1 and DNMT3A upregulation prevents binding of transcription factors and RNA polymerase Ⅱ complexes to tumor suppressor genes, such as cyclin-dependent kinase inhibitor 2A (CDKN2A) and cadherin 1, type 1, E-cadherin (epithelial) (CDH1), resulting in their inactivation[30,31]. In addition, HBx can also promote binding of histone deacetylases to tumor suppressor genes to suppress their transcription[31].

In addition to inducing epigenetic changes, HBx is also believed to enhance genomic instability. HBx has been associated with the inactivation of various tumor suppressor genes such as tumor protein p53 (TP53), retinoblastoma 1 (RB1), and axin 1 (AXIN1). HBx inhibits major DNA repair pathways by the interaction with tumor suppressor proteins in these pathways, leading to enhanced genomic instability from the accumulation of mutations and deletions[32-35]. HBx can also increase angiogenesis by upregulating VEGF transcription and stabilizing hypoxia inducible factor 1, alpha subunit [basic helix-loop-helix transcription factor (HIF1A)][29]. Recently, several in vivo research studies have demonstrated HBx overexpression upregulates catenin (cadherin-associated protein), beta 1, 88kDa (CTNNB1) in the important canonical wingless-type MMTV integration site family (WNT)/CTNNB1 signaling pathway implicated in hepatocarcinogenesis[29,36,37].

Four common mutation sites have been identified in the HBx ORF: nucleotide position T1753C (I127T amino acid substitution), A1762T (K130M amino acid substitution), G1764A (V131I amino acid substitution) and T1768A (F132Y amino acid substitution)[38] (Figure 3). The combinatory effects of these mutations have been studied in vitro using the human liver cell line (CCL13) where both K130M and V131I mutations had the potential to induce cell proliferation[38,39].

Another form of HBx mutation is the C-terminal truncation (Figure 3). The role of HBx in HBV replication has been carefully studied in HepG2 and Huh7 cell lines[16,40,41]. HBx contains two active domains: a negative regulatory domain in the N-terminus and a transactivation or co-activation domain in the C-terminus that can transactivate viral and cellular promoters[16]. In vitro experiments have shown 52 to 65 aa and 88 to 154 aa in the C-terminus of HBx are necessary for its transactivation activity, cell cycle regulation, and HBx stability[16,40,41]. Upon integration of the HBV genome into the host genome, the 3’-end of HBx is often deleted and produces the C-terminal truncated form of HBx[42,43]. Clinically, C-terminal truncated HBx has been commonly detected in tumors of HCC patients[42,44,45]. Importantly, this C-terminal truncated HBx has been shown to promote tumor cell proliferation and metastasis compared to full-length HBx[42,44,46]. Further​more, C-terminal truncated HBx has shown to abrogate the growth suppression and apoptotic effect of full-length HBx in cell lines[42-44,46]. However, the genetic mechanism(s) of how this C-terminal truncated HBx affects the tumorigenicity of HBV still remains unclear.

MECHANISMS OF HBV-INDUCED HCC

Increasing evidence has shown HBV infection plays an important role in the development of HCC. Two major mechanisms involved in HBV-associated HCC pathogenesis are: (1) integration of the viral genome into the host chromosome; and (2) the expression of the trans-activating factors derived from the HBV genome[13,15,29,47]. Although, during the normal lifecycle of HBV, the viral genome present in the host nucleus is a covalently closed circular DNA (cccDNA) (Figure 4), about 80% of HBV-related HCC are found to have the HBV genome integrated into the host chromosomes[13]. The integration of the viral genome into the host DNA can disrupt and/or promote cellular gene expression involved with cell growth and differentiation[47]. In addition, the expression of trans-activating factors derived from the expression of viral DNA may influence intracellular signaling pathways and affect host gene expression[47]. Elevated levels of truncated PreS2/S, HBx, and hepatitis B spliced protein have been found in infected tumor tissue[47]. HBx has been shown to play a role in pleiotropic functions and to be involved in the malignant transformation of chronically-infected liver cells[47]. HBx can induce cell proliferation, oxidative stress, and host DNA damage and ultimately contribute to HCC tumorigenesis[13,15]. Recent studies have found HBx can activate CTNNB1 expression and inactivate TP53[15,37]. The activation of the WNT/CTNNB1 signaling pathway is vital in the genetic evolution of HCC[48]. Elevated levels of truncated surface proteins have also been found in HCC patients chronically infected with HBV. 

MOST FREQUENTLY MUTATED GENES IN HBV-ASSOCIATED HCC

The relationship of somatic mutation of telomerase reverse transcriptase (TERT) to different types of cancer has been highly reported. Recently, the relationship between TERT and HCC is becoming more obvious: the TERT promoter was shown to be mutated in 54% of 469 HCC cases and in 37% of HBV-positive cases, where the mutation site was most commonly located 124 bp upstream the TERT start codon[49]. Moreover, there was a 22% focal amplification rate of TERT in HBV-positive samples[49]. The combined TERT promoter mutation and focal amplification causes higher TERT expression in HCC[49]. Apart from TERT, recent exome sequencing of HCC tumors has identified at least 30 significant putative HCC driver genes involved in 11 signaling pathways: WNT/CTNNB1, mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/AKT/MTOR, TERT, TP53/cell cycle, hepatic differentiation, epigenetic regulation, chromatin remodeling, oxidative stress, IL6/Janus kinase (JAK)-STAT3 and TGFB[49,50]. Amongst these putative driver genes, somatic mutations and copy number changes in CTNNB1, TP53, AT rich interactive domain 1A (SWI-like) (ARID1A) and AXIN1 were significantly altered in 10% of HCC patient samples[49,50]. TP53 mutations are common in most cancer types, so it is not surprising that similar TP53 mutation frequencies in HBV-related HCC have been widely reported by numerous studies[37,49-51]. Furthermore, 16% of the TP53 mutations identified in genotype B HBV-related HCC were found at the R249S site, usually associated with aflatoxin-induced HCC[51-53]. 
THE NEED FOR MOUSE MODELS OF HBV-INDUCED HCC

Although a few mechanisms by which HBV may promote HCC have been identified, they need to be better characterized in order for the understanding of the genetic mechanisms of HBV-induced HCC to be complete. While it is promising that several common mutations driving HCC in context of HBV infection have been identified, there are many more mutations present in HBV-associated liver tumors that may be important in driving tumor phenotypes[54,55]. Of the many mutations found in HBV-associated liver tumors, the drivers need to be identified and characterized. Mouse models may provide an effective tool for this.

FORWARD GENETIC SCREENS FOR DRIVERS OF HCC USING TRANSPOSON INSERTIONAL MUTAGENESIS

The discovery of inducing lymphoma and mammary cancer formation in mouse models through retroviral insertional mutagenesis by murine leukemia virus or mouse mammary tumor virus has accelerated the speed of identifying driver mutations within these tumor types[56]. However, the application of retroviral insertional mutagenesis has been limited to these specific cancers. Therefore, it may be more valuable to apply an insertional mutagenesis method that is applicable in oncogenomic studies for more human cancer types.

Transposons are such genetic tools that can be used for insertional mutagenesis in multiple tissues in most mammalian species. One transposon that has been successfully used for both forward and reverse genetic interogation of the oncogenome is Sleeping Beauty (SB)[57]. The synthetic SB transposon belongs to the Tc1/mariner family of class Ⅱ transposable elements[57]. The SB transposon system consists of two components: a transposon and transposase. The transposon can be any DNA sequence flanked by inverted repeat/direct terminal repeat (IR/DR) sequences. The transposase binds to the IR/DR sequences and mediates the excision and reintegration of the transposon from one locus to another in a “cut-and-paste” manner[57]. The target integration site for SB is a TA-dinucleotide pair and, with approximately 300 million sites in the mouse genome, allows for ample sites for insertional mutagenesis[58,59]. The process of transposition or mobilization is relatively random, although “local hopping” may occur[60-62]. 

Tissue-specific mutagenesis with the SB transposon system has been made possible with the use of a conditional system, which has allowed for transposon insertional mutagenesis in mice to recapitulate several important human cancers for genetic analyses, including liver, gastrointestinal tract, skin, blood, bone, prostate and nervous system[63-75]. In this review we focus on the use of the conditional SB insertional mutagenesis system in several forward genetic screens for HCC candidate genes[63-67,75]. Briefly, mice carrying the following transgenes were generated for each of these forward genetic screens for liver cancer genes: conditional SB transposase transgene, mutagenic transposon, hepatocyte-specific Cre recombinase and predisposed genetic background[63,66]. The SB transposase (SB11) carrying a floxed-stop (lsl) cassette knocked into the mouse endogenous Rosa26 locus can only be activated by a tissue-specific Cre recombinase, allowing for expression and mobilization of transposons exclusively in hepatocytes[64]. The mutagenic transposon, T2/Onc, consists of splice acceptor/polyadenylation (SA/pA) sequences in both orientations and a murine stem cell virus (MSCV) long terminal repeat (LTR) containing promoter/enhancer elements followed by a splice donor that can facilitate splicing of transcripts initiated in the MSCV into downstream endogenous exons[68,74]. The mutagenic transposon was designed to allow for both gain-of-function and loss-of-function mutational activity when integrated into the host genome. When the mutagenic transposon is inserted in a tumor suppressor gene, normal splicing event will be disrupted by the SA/pA elements. Alternatively, misexpression of a proto-oncogene by the MSCV LTR element will occur if the mutagenic transposon is inserted within or near these genes[68,74]. 

Since TP53 is commonly mutated in HBV-related HCC[51-53], and HBx has been found to inactivate TP53[76-78], studying the genetic drivers of HCC in context of transformation related protein 53 (Trp53) mutation in a mouse model may shed light on the genetic alterations required for HBV-induced HCC development. Using the conditional transposon system together with a conditional dominant negative Trp53 transgene as a predisposed genetic background, 19 highly significant common insertional sites (CISs) for HCC-associated genes were identified[66]. The three most significant signaling/disease functional annotations were identified through analyzing CIS genes by Ingenuity Pathway Analysis (IPA): post-translational modification, cancer, and tumor morphology. Epidermal growth factor receptor (EGFR), HIF1A, mitogen-activated protein kinase kinase 4 (MAP2K4), MET proto-oncogene, receptor tyrosine kinase (MET), p21 protein (Cdc42/Rac)-activated kinase 4 (PAK4), vaccinia related kinase 2 (VRK2), transient receptor potential cation channel, subfamily M, member 7 (TRPM7) and TAO kinase 3 (TAOK3) have been shown to be involved in tumor formation and apoptsis[66]. Nuclear factor I/B (NFIB) and HIF1A network pathways were also identified by IPA and have been implicated in the transduction of phosphorylation-signaling cascades from EGFR[66]. PAK4, NFIB, TAOK3, EGFR, MET, MAP2K4, HIF1A, ubiquitin-conjugating enzyme E2H (UBE2H), and QKI, KH domain containing, RNA binding (QKI) were found to potentially interact with tumor necrosis factor (TNF), inducing tyrosine phosphorylation and internalization of EGFR that might activate the nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKB1) pathway that regulates apoptosis during liver tumor formation (Table 1)[66]. In addition, a high frequency of mutagenic transposon insertions were found in intron 24 of the Egfr gene. This insertion results in the production of C-terminal truncated Egfr protein, which transphosphorylates the tyrosine sites of v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene homolog (avian) (Erbb2) and activates other signaling pathways that contribute to HCC tumorigenesis[66]. In addition, this study also revealed 3 strong candidate genes (UBE2H, QKI, MAP2K4) associated with HCC. QKI and MAP2K4 have a significant decrease in DNA copy number and mRNA level and a high proportion of deletion mutations in human HCC samples, suggesting that both are putative HCC tumor-suppressor genes[66,79,80]. The significant increase in DNA copy number, mRNA level, and high mRNA up-regulation rate of UBE2H indicate that it is a putative HCC tumor-promoting gene[66,79,80].

Incorporating the SB transposon system with a commonly dysregulated human malignancy gene, v-myc avian myelocytomatosis viral oncogene homolog (MYC), 18 CISs in early-developing liver tumors were identified[67]. It was shown that zinc finger protein, X-linked (Zfx) plays a tumor suppressor role in liver tumorigenesis, while nuclear receptor coactivator 2 (Ncoa2) and dystrobrevin, beta (Dtnb) function as putative tumor-suppressors[67]. In addition, expression of NCOA2 and its target gene glucose-6-phosphatase, catalytic subunit (G6PC) were significantly reduced in human tumor samples, and this reduction was strongly associated with the low survival rates of HCC patients[67]. 

Using the SB transposon insertional mutagenesis mouse model incorporating the HBsAg transgene in a forward genetic screen, over 2000 candidate drivers of HBV-associated HCC were identified[63]. In this study, 21 genes with highly significant sequencing read counts and frequencies of occurrence were identified to be candidate HCC genes[63]. Of these candidate genes, 4 genes were identified as putative tumor suppressor genes: adenosine kinase (Adk), dihydropyrimidine dehydrogenase (Dpyd), lysine (K)-specific methyltransferase 2E (Kmt2e) and nuclear factor I/A (Nfia); 6 genes were found to have tumor suppressing effects in HCC: Arid1a, Gsk3b, IG motif containing GTPase activating protein 2 (Iqgap2), membrane associated guanylate kinase, WW and PDZ domain containing 1 (Magi1), phosphatase and tensin homolog (Pten) and salvador homolog 1 (Sav1); 2 genes were found to be involved in hepatocyte differentiation and maturation: zinc finger and BTB domain containing 20 (Zbtb20) and ankyrin repeat domain 17 (Ankrd17); 6 genes were found to regulate hepatic metabolism: Pten, glycogen synthase kinase 3 beta (Gsk3b), growth hormone receptor (Ghr), Adk, Zbtb20, and Dpyd; and 7 genes were found to be associated with HCC transcription modulation: Kmt2e, SET domain containing 2 (Setd2), WW domain containing adaptor with coiled-coil (Wac), Arid1a, Nfia, staphylococcal nuclease and tudor domain containing 1 (Snd1), and Zbtb20[63]. Through CIS gene annotation enrichment analysis, it was found that HBsAg CIS genes drive HCC through conserved cancer signaling pathways, including Wnt/Ctnnb1, Trp53, Pi3k-Akt-Mtor, Mapk, Hippo, transforming growth factor beta (Tgfb)-bone morphogenic protein (Bmp) and Il6-signal transducer and activator of transcription 3 (Stat3) (Table 1)[63]. Moreover, it was revealed that the majority of the HCC CIS genes were involved in cellular metabolic processes[63]. It was suggested that disruption of glycolytic and glutaminolytic pathways provided bioenergetics, biosynthesis and redox regulation benefits for tumor cell division, thus inhibiting glycolysis and/or glutaminolysis might impede liver tumor formation or progression[63]. Genetic alterations, copy number changes, and expression levels of the human orthologs of CIS genes from three separate SB transposon forward genetic screens with different genetic backgrounds were analyzed in TCGA database and presented as a word cloud (Wordle) to view the degree of genetic alteration reported in clinical samples (Figure 5)[63,65,67].

REVERSE GENETIC VALIDATION USING RAPID TRANSPOSON-BASED MOUSE MODELS

The SB transposon system can also be used in a reverse genetic manner to introduce tumorigenic genes into mouse hepatocytes for stable expression when delivered on transposon plasmids to the mouse liver by hydrodynamic tail vein injection[37,59,65,66,75,81]. Hydrodynamic injection is a rapid and high-volume infusion of naked plasmid DNA into the tail vein. It is an effective method for in vivo gene delivery, in which about 40% of the hepatocytes in a test animal take up the transgene and express > 95% of the transgene after hydrodynamic injection[59]. The mechanism of DNA uptake is still poorly understood, but it is suggested that the injected high-volume of DNA solution enters the inferior vena cava and causes over-stretching of myocardial fibers, induces cardiac congestion, resulting in delivery of injected solution into liver[82]. In addition to its use in mice, this method can also be used to transfer naked plasmid DNA into porcine and rabbit livers and into muscles of larger animals[59,82]. The sporadic expression of target genes mimics a more realistic situation in human liver cancer than other conventional conditional transgenic models. 

A powerful method to test genes’ oncogenic roles in the liver employs this gene delivery system to deliver tumorigenic genes to the livers of fumarylacetoacetate hydrolase (Fah)-deficient/Rosa26-SB11 (Fah-/-/SB+/-) transgenic mice[37,59,65,66,75,81,83]. This is a selective model allowing for rapid generation of mice in which nearly all hepatocytes express the delivered transgenes. Fah-deficient mice have a defect in the last step of the tyrosine catabolic pathway in which fumarylacetoacetate is hydrolyzed to acetoacetate and fumarate, similar to the human hereditary tyrosinemia type Ⅰ disease[84]. These mice must be maintained on nitisinone in the drinking water, which blocks this pathway upstream of fumarylacetoacetate production[84]. Oncogenes to be tested are co-delivered on transposon plasmids with a Fah rescue cDNA, and nitisinone is removed after gene delivery. Nitisinone removal causes Fah-deficient hepatocytes to die, and the liver is regenerated by hepatocytes that stably express the delivered transgenes[37,59,65,66,75,81]. This system has been used in a reverse genetic manner to introduce tumorigenic genes into the livers of Fah-/-/SB+/- transgenic mice by hydrodynamic tail vein injection for validation in several studies[37,59,65,66,75,81]. 

SB-mediated gene delivery to Fah-/-/SB+/- transgenic mice by hydrodynamic tail vein injection has been used to study the role of HBx in promoting liver cancer[37]. In this study, a transposon vector containing the HBx gene and Fah cDNA was delivered with and without a transposon vector containing a short hairpin RNA directed against Trp53 (shp53). HBx expression activated Ctnnb1 expression, and HBx cooperated with shp53 to induce the formation of hyperplastic nodules. This study showed this method could be used to model liver cancer driven by HBV gene components and elucidate mechanisms by which they may promote cancer.

We are currently attempting to use this method to test the roles of other HBV genes in driving liver cancer. Using the Gateway cloning system (Life Technologies), we have constructed transposon plasmids with various individual HBV gene components for tumorigenic analyses in livers of Fah-/-/SB+/- transgenic mice. Hepatocytes that are transgenic for both the Fah cDNA and HBV gene-of-interest will repopulate the Fah-deficient liver, mimicking disease progression. Preliminary unpublished studies have yielded promising development of tumors in certain HBV gene-injected mice compared with empty vector controls (Figure 6). These tumors will be further interrogated for their genetic information such as gene expression profiles and/or pathway analyses. It is envisaged that genetic information from such in vivo studies will provide insight into underlying genetic mechanisms of HBV-induced HCC.

SB-mediated gene delivery for reverse genetic studies in mice, in addition to its use in studying the oncogenic roles of viral genes, could be used to rapidly validate candidate genetic drivers of HBV-associated HCC discovered in forward genetic screens as described above or genes found to be commonly altered in human HBV-associated HCC. Candidate drivers could be tested in context of expression of HBV viral genes using this system. In addition, hydrodynamic delivery of plasmid DNA expressing HBV genome components has been used to model HBV infection in mice[85-87]. Candidate HBV-associated HCC drivers could be added on separate plasmids to test their roles in HCC in context of a model of HBV infection in vivo.

DISCUSSION

Based on the limited existing treatments and the poor prognosis of HCC, continuous efforts should be put into uncovering the mechanisms of drug resistance and tumor progression and on the development of biomarkers for more sensitive diagnosis and as molecular targets for new therapies. HBV infection is a major risk factor for HCC development; understanding its interactions with cancer-driving signaling pathways and its contributions to tumor initiation, promotion and progression will be critical for developing biomarkers for diagnosis and therapy. 
In addition, recent exome sequencing of HCC patient samples have identified multiple cellular signaling pathways, including WNT/CTNNB1, MAPK, PI3K/AKT/MTOR, TERT, TP53/cell cycle, hepatic differentiation, epigenetic regulation, chromatin remodeling, oxidative stress, IL6/JAK-STAT3 and TGFB[49,50]. In addition, numerous significant HCC driver genes, such as TERT, TP53, CTNNB1, AXIN1 and ARID1A have also been identified[49,50]. Additionally, TP53 mutation was frequently found in HBV-related HCC patient samples[50]. A large number of components are involved in each of these pathways, many of which may pose effects on the tumor initiation, promotion and progression, which challenges the screening of potential therapeutic drugs for treatment. Insertional mutagenesis by the SB transposon system is a powerful tool for studying HBV-induced HCC through forward genetic screens, and SB-mediated gene delivery is a powerful tool for reverse genetic studies. Snd1, an oncogene that promotes HCC angiogenesis, was a recurrent CIS gene in liver tumor samples from various studies using the SB transposon system forward genetic approach including a study done in the context of transgenic HBsAg expression[63,65-67]. Many other candidate genes likely to play a role in promoting HBV-associated HCC have been identified in these studies. There is also ample data on genes commonly mutated in HBV-associated liver tumors, and genes whose expression or function may be altered by HBV proteins. We have developed a unique rapid in vivo model to validate candidate liver cancer genes that can be used to study potential drivers of HBV-associated HCC. It relies on the use of the Fah-deficient mouse that is transgenic for the SB transposase gene (Fah-/-/SB+/-)[81,84]. As described earlier, candidate genes can be easily cloned into transposon-based delivery gene vectors and introduced specifically into the livers of these mice using hydrodynamic tail vein injection[59]. This system can be used to study both cellular and viral genes. Importantly, these models could be used in pre-clinical trials to test novel therapeutic drugs. Therefore, we propose to use this rapid system to generate many genetic mouse models of HBV-induced HCC to further investigate the tumorigenic mechanisms. Currently, we have generated mouse models that recapitulate several molecular subclasses of human HCC: neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS), CTNNB1, Poly7, and HBV-induced[37,65,81]. The heterogeneity and complexity of HBV-induced HCC has thus far precluded the full understanding of the genetic mechanisms associated with this deadly disease needed to develop effective treatments and preclinical models. We believe the SB transposon system may allow the discovery of drug targets and development of preclinical models desperately needed to advance this field.
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FIGURE LEGENDS

Figure 1  Structure of the hepatitis B virus genome. The hepatitis B virus genome consists of an incomplete double stranded DNA with four open reading frames: surface proteins encoding gene (PreS1/S2/S), polymerase encoding gene (P), X protein encoding gene (X), and core protein encoding gene (C)[17].
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Figure 2  Diagrammatical representation of the PreS1/S2 deletion mutants. (Top) 3’-end PreS1 deletion mutant and (Bottom) 5’-end PreS2 deletion mutant are two common mutation forms found in HBV-induced HCC patients. Both mutants produce truncated large surface proteins (L’ and L”). M: Middle protein; S: Small protein. HBs gene nucleotide position 2848 to 835 as shown in Figure 1.
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Figure 3  Common mutations in the HBx gene. Substitution mutations at nucleotide positions T1753C, A1762T, G1764A and T1768A; and C-terminal truncations ranging from nucleotide position 1647 to 1790 observed in human HCC tumor samples[43]. HBx gene nucleotide position 1374 to 1834 as shown in Figure 1.
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Figure 4  Life cycle of the hepatitis B virus. HBV enters the hepatocyte and is uncoated in the cytoplasm. The relaxed-circular viral DNA (RC-DNA) is released from the nucleocapsid into the host nucleus and is converted into covalently closed circular DNA (cccDNA). The cccDNA acts as a template for transcription of pregenomic virion RNAs (Pg-RNA). Pg-RNA is then transferred into the cytoplasm, bound by viral polymerase and encapsidated. Inside the nucleocapsid, the Pg-RNA is reverse transcribed into RC-DNA, where either the RC-DNA can be released back into the host nucleus for amplification of viral DNA or the entire nucleocapsid can be transferred into the endoplasmic reticulum (ER) for viral surface protein coating and ultimately released from the cell[13]. S: Small surface protein; M: Middle surface protein; L: Large surface protein; HBV: Hepatitis B viral.
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Figure 5  Word cloud of frequent CIS genes from three separate studies using SB transposon forward genetic screening with different genetic backgrounds[63,65,67]. The roles of these frequent CIS gene human orthologs were analyzed using TCGA database. The font size indicates the frequency of genetic alteration reported in human HCC samples. Color of the font indicates the copy number change or expression profile of the gene: red, amplification; blue, deletion; tomato, tends to upregulation; purple, tends to downregulation; yellow, frequently found in all three studies.
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Figure 6  Reverse genetic screening of individual HBV gene components using the Fah-/-/SB+/- transgenic mouse model. A: Construction of gene delivery expression vectors that carry various individual HBV gene-of-interest (GOI) components by PCR amplification and insertion of GOI into an entry clone (pENTR) and followed by LR clonase reaction (Life Technologies); B: Hydrodynamic tail vein injection of gene delivery expression vector into Fah-/-/SB+/- transgenic mouse; C: Liver tumors indicated by white arrowheads observed in Fah-/-/SB+/- mouse injected with a HBV gene component (left) after 160-d post-hydrodynamic injection. Fah-/-/SB+/- transgenic mouse injected with an empty gene delivery expression vector displayed normal liver morphology (right). EGFP: Enhanced green fluorescent protein gene; Luc: Luciferase gene; IR/DR: Inverted repeat/direct repeat sequences for Sleeping Beauty transposase binding and mobilization; pA: Polyadenalytion signal; IRES: Internal ribosome entry site; PGK: Phosphoglycerate kinase 1 promoter; CAG: Cytomegalovirus enhancer fused to the chicken -actin promoter; attL/R/B sites: Recombination sites used by the Gateway cloning system (Life Technologies); ccdB: Topoisomerase poison from Escherichia coli. Scale bar: 0.5 cm.
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Table 1  Hepatocellular carcinoma signaling pathways identified by Sleeping Beauty transposon insertional mutagenesis system[63,66]


Pathways�
Wnt/Ctnnb1�
Trp53�
Pi3k-Akt-Mtor�
Mapk�
Hippo�
Tgfb-Bmp�
Il6-Stat3�
Tnf-Akt1�
�
Genes involved in corresponding pathways�
Lrp1�
Prkag2�
Insr�
Egfr�
Fat1�
Acvr1�
Il6st (gp130)�
Tnf�
�
�
Lrp5�
Ywhaz�
Igf1�
Met�
Wwc1�
Acvr2a�
Jak1�
Egfr�
�
�
Lrp6�
Crebbp�
Pten�
Grb2�
Taok1�
Bmp1�
Stat3�
Met�
�
�
Gsk3b�
Mdm2�
Pik3ca�
Sos1�
Taok2�
Bmpr1a�
�
Pak4�
�
�
Axin1�
Usp10�
Pik3r1�
Sos2�
Taok3�
Sar1a�
�
Nfib�
�
�
Apc�
Usp7�
Pik3c2a�
Kras�
Mobkl2b�
Tab2�
�
Taok3�
�
�
Ctnnb1�
Pias1�
Pik3ap1�
Raf1�
Mobkl1a�
Tab3�
�
Map2k4�
�
�
Tcf7l2�
Trp53inp1�
Akt2�
Map3k1�
Sav1�
Smad3�
�
Akt�
�
�
Csnk1a1�
Ppp2r1a�
Rps6kb1�
Map3k2�
Lats1�
Smad2�
�
Hif1a�
�
�
Csnk1d�
Ppp2r2a�
Foxo1�
Map2k1�
Yap1�
Smad1�
�
Ube2h�
�
�
Csnk1g1�
Ppp2r2d�
�
Mapk1�
Tead1�
Smad4�
�
Qk�
�
�
Csnk1g3�
Ppp2cb�
�
�
�
Smad5�
�
Pi3k�
�
�
Tnks�
Ppp2r5e�
�
�
�
�
�
Jnk�
�
�
Tnks2�
Trp53�
�
�
�
�
�
�
�
1Indicates a network.
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