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Abstract

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide. Only 30%-40% of the patients with HCC are eligible for curative treatments, which include surgical resection as the first option, liver transplantation and percutaneous ablation. Unfortunately, there is a high frequency of tumor recurrence after surgical resection and most HCC seem resistant to conventional chemotherapy and radiotherapy. Sorafenib, a multi-tyrosine kinase inhibitor, is the only chemotherapeutic option for patients with advanced hepatocellular carcinoma. Patients treated with Sorafenib have a significant increase in overall survival of about three months. Therefore, there is an urgent need to develop alternative treatments. Due to its role in cell growth and development, the insulin-like growth factor system is commonly deregulated in many cancers. Indeed, the insulin-like growth factor (IGF) axis has recently emerged as a potential target for hepatocellular carcinoma treatment. To this aim, several inhibitors of the pathway have been developed such as monoclonal antibodies, small molecules, antisense oligonucleotides or small interfering RNAs. However recent studies suggest that, unlike most tumors, HCC development requires increased signaling through insulin growth factor Ⅱ rather than insulin growth factor Ⅰ. This may have great implications in the future treatment of HCC. This review summarizes the role of the IGF axis in liver carcinogenesis and the current status of the strategies designed to target the IGF-Ⅰ signaling pathway for hepatocellular carcinoma treatment. 
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INSULIN GROWTH FACTOR SYSTEM

The insulin-like growth factor system is formed by three ligands, three receptors and at least six high affinity binding proteins that work cooperatively to regulate cellular metabolism, proliferation, differentiation and apoptosis in most cells[1]. The three ligands are insulin, insulin growth factor (IGF)-Ⅰ and -Ⅱ. Each has the highest affinity for a specific receptor named after itself: insulin receptor (IR), IGF-Ⅰ receptor (IGF-IR) and IGF-Ⅱ receptor (IGF-ⅡR). Furthermore, the IGF axis is composed of IGF high affinity binding proteins (IGFBPs) and IGFBP proteases[2].

IGF-Ⅰ and IGF-Ⅱ are single chain polypeptides, approximately 7 kDa in size, that share 62% of the amino acid sequence[3]. They were first named somatomedins, because they mediate the activity of growth hormone (GH), also named somatotropin[4]. Later, they were renamed to highlight their similarity with insulin[5]. Insulin is a small hormone secreted by pancreatic beta-cells that maintains normal glucose levels in blood by regulating carbohydrate, protein and fat metabolism. Several excellent reviews on insulin and the insulin pathway have been published recently and therefore, this ligand will not be dealt with great detail in this article[6-8]. IGF ligands are bound with high affinity to IGFBPs. IGFBPs regulate the half-life and bioavailability of IGF-Ⅰ and IGF-Ⅱ and modulate their accessibility to the receptor[9]. IGFBP activities are closely regulated by post-translational modifications and IGFBP proteases. Most IGFBPs also have functions unrelated to the IGF system[10]. 

Most of the intracellular activity of IGF-Ⅰ and IGF-Ⅱ is mediated by the tyrosine kinase IGF-IR whereas insulin exerts its biologic functions mainly through IR[11]. These receptors are homologous because they derive from a common ancestor gene[12]. Despite the fact that IR and IGF-IR share most of their downstream mediators, it has been commonly accepted that IGF-IR activation promotes proliferation and differentiation and IR activation promotes metabolic signaling[11]. Surprisingly, the IGF-ⅡR differs largely from IR and IGF-IR, and sequesters IGF-Ⅱ to internalize it for degradation[13]. 

IGF-I
IGF-Ⅰ is the main mediator of GH function in normal embryonic development and postnatal growth[14]. GH is produced and secreted by the pituitary gland to induce body growth[15]. GH binds to the GH receptor in the liver and activates a signaling pathway that leads to transcription of several genes, including IGF-Ⅰ[16]. Human IGF-I gene can be transcribed from two alternative promoters[17-19]. Furthermore, different mature IGF-Ⅰ transcripts are produced by alternative splicing and polyadenylation[17,19-22]. These transcripts encode for different pre-proteins that undergo post-translational modifications and mature by proteolytic cleavage at both ends[23], resulting in a single polypeptide of 70 amino acids (7.5 kDa) cross-linked by 3 disulfide bonds[24,25]. Currently, the impact on IGF-Ⅰ functionality of such a complex mRNA and protein processing is unclear.

IGF-Ⅰ is produced by several tissues, including the liver, bone, muscle and brain[26]. The IGF-Ⅰ produced in these organs acts locally, with the exception of the liver, which produces most of the secreted hormone[27]. Hepatocytes are the main producers of IGF-Ⅰ in the liver while non-parenchymal cells make a minimal contribution[28]. Liver secretion is possible because IGF-Ⅰ is not sequestered by liver IGF-IR, which is almost undetectable in healthy hepatocytes[29], and it is only expressed in the liver in non-abundant non-parenchymal cells such as Kupffer cells, hepatic stellate cells (HSCs) and myofibroblasts[28]. Circulating IGF-Ⅰ levels increase from birth to puberty when they reach their maximum value and then decline with age thereafter[30]. When circulating IGF-Ⅰ increases, it inhibits the synthesis of GH and IGF-Ⅰ  production is then controlled by negative feedback[31]. 

IGF-Ⅰ has similar functions to insulin, since both regulate glucose uptake and their production is affected by nutritional status. IGF-Ⅰ exerts its function by binding with high affinity to its principal receptor, IGF-IR (Figure 1). However, it can also bind to IR with 100-fold less affinity[32]. IGF-Ⅰ binding to IGF-IR promotes anabolic processes such as DNA, RNA, protein and glycogen synthesis and results in proliferative and differentiating effects[33].

IGF-II
Unlike IGF-Ⅰ, IGF-Ⅱ expression is not regulated by GH[34]. In fact, the main regulator of IGF-Ⅱ transcription is still unknown. The IGF-Ⅱ gene is generally an imprinted gene expressed only from the paternal allele[35,36]. However, in the liver this control is only maintained at the fetal stage, as IGF-Ⅱ expression becomes biallelic in the adult liver[37]. This is not due to a real loss of imprinting but to the activation of a biallelic adult liver specific promoter responsible for producing 50% of liver IGF-Ⅱ[38]. The standard imprinted IGF-Ⅱ promoters are still active in the adult liver and account for the remaining expression of IGF-Ⅱ from the paternal allele[37,39]. The IGF-Ⅱ gene encodes a pre-pro-IGF-Ⅱ protein of 180 amino acids that transforms to a 156 amino acid-long pro-IGF-Ⅱ upon peptide signal loss[40]. Most of the pro-IGF-Ⅱ is cleaved and glycosylated to yield the 67 amino acid-long mature IGF-Ⅱ[41]. 

IGF-Ⅱ can be produced by several tissues, but most comes from both parenchymal and non-parenchymal liver cells[28]. IGF-Ⅱ expression reaches maximal values during the fetal stage, as IGF-Ⅱ plays a crucial role in fetal development[42]. After birth, IGF-Ⅱ levels decrease to 400-600 ng/mL (about 4-fold higher than IGF-Ⅰ) and remain constant for the rest of life[43]. Despite the higher amount of IGF-Ⅱ than IGF-Ⅰ, the function of IGF-Ⅱ is gradually replaced by IGFⅠ after birth[2]. Similar to IGF-Ⅰ, IGF-Ⅱ is able to bind with high affinity to IGF-IR, to regulate cell proliferation and differentiation (see below)[34]. Furthermore, IGF-Ⅱ can bind to IGF-ⅡR, which induces IGF-Ⅱ internalization and degradation[44]. Finally, IGF-Ⅱ can also bind to insulin receptor subtype A (IR-A) to display mainly mitogenic effects[45,46]. Interestingly, both IR-A and IGF-Ⅱ are upregulated in several tumors[47].

Insulin

Synthesis and secretion of insulin is mainly regulated by glucose levels, but other stimuli can also influence these processes[6]. Upon binding to the IR, insulin plays a key role in maintaining normal glucose levels in blood by regulating carbohydrate, protein and fat metabolism[48]. While IR activation after insulin binding promotes mainly metabolic events, recent evidence supports the hypothesis that IR can also mediate mitogenic effects[49,50].

IGFBPs and IGFBP proteases

Six high affinity IGFBPs (IGFBP1-6) have been described which share 36% homology[51,52]. There are other IGFBP-related proteins (designated IGFBP-rP1-10) which bind IGF-Ⅰ and IGF-Ⅱ with lower affinity than classical IGFBPs[52]. IGFBP structure is composed of three domains. The N-terminal and the cysteine rich C-terminal domains are involved in IGF ligand binding and are common to all IGFBPs. The intermediate domain is different for each IGFBP and is probably involved in IGF-independent functions[10]. IGFBPs transcription is cell specific and is tightly regulated by hormones and by growth factors[2]. IGFBP levels are also controlled post-transcriptionally by proteolysis. There are three types of IGFBP proteases: serine proteinases, matrix-metalloproteinases (MMPs) and aspartyl proteinases[30]. IGFBP proteases are relatively specific for each IGFBP because the site of cleavage is inside the hyper-variable domain of the IGFBPs. 

IGFBPs are widely expressed, but each tissue preferentially produces one or two classes[10]. The principal source of IGFBPs is the liver. There, hepatocytes express IGFBP1, 2 and 4 while non-parenchymal cells express IGFBP3[28]. After tissue secretion, IGFBPs circulate in blood and extravascular fluids and all of them bind IGF-Ⅰ and IGF-Ⅱ ligands with high affinity (10-10 M)[10]. IGFBP2, 5 and 6 have a special preference for IGF-Ⅱ[53]. Interestingly, IGFBPs do not bind insulin because the specific amino acids that confer IGF binding affinity are not conserved in the insulin sequence[25,54]. Ninety-nine percent of circulating IGF-Ⅰ is bound by IGFBPs[2]. This high efficiency of IGF-Ⅰ binding is due to the excess of IGFBPs (50 times higher than IGF-Ⅰ) and to the high binding affinity[55]. Note that the affinity of IGFBPs for IGF ligands is similar or even higher than the affinity of IGF ligands for their receptors[52].

IGF binding to IGFBPs increases ligand half-life but decreases IGF availability for signaling through IGF receptors. Both IGF-Ⅰ and IGF-Ⅱ are able to form binary complexes of approximately 50 kDa with IGFBPs or ternary complexes of approximately 150 kDa with IGFBP3 (or IGFBP5 to a lesser extend) and the acid-labile subunit (ALS) protein[9]. Almost 75% of the bound IGF forms ternary complexes[56]. When bound to IGFBP3, IGF-Ⅰ half-life increases from 8 to 30 min and when bound to IGFBP3 and ALS, IGF-Ⅰ half-life increases from 30 min to 15 h[57]. However, the IGF-I-IGFBP3-ALS ternary complex is too large to pass through the vascular endothelium to reach the IGF-IR[58]. Therefore, plasmatic proteases are required to break tertiary into binary complexes, able to cross the vasculature. Subsequent proteolysis of IGFBPs by plasmatic or tissue specific proteases releases IGFs and allows IGF signaling[55]. 

In general, it can be considered that IGFBP1, 3 and 5 activate IGF signaling while IGFBP2, 4 and 6 are inhibitory. However, the same IGFBP can potentiate or inhibit IGF signaling depending on post-translational modifications or binding to other factors[10,59-61].

IGF-IR

IGF-IR is a transmembrane tyrosine kinase receptor expressed ubiquitously. The mature receptor is composed of 2 homodimers, i.e., two  and two  subunits, cross-linked by disulfide bridges (Figure 1). The  subunit (130-135 kDa) is located extracellularly and contains the IGF binding domain, while the  subunit (90-97 kDa) crosses the membrane and reaches the cytoplasm where the tyrosine kinase domain is located[62]. 

IGF-1R is mainly activated by IGF-Ⅰ. However, it can also bind IGF-Ⅱ and insulin with 2-5 fold and 100-1000 fold less affinity, respectively[63] (Figure 1). Following ligand binding, IGF-IR suffers a conformational change that activates the tyrosine kinase domain, leading to autophosphorylation of specific tyrosines and recruitment of specific docking proteins, including insulin-receptor substrate proteins (IRS-1 to -4) and Shc[64]. Thus, different signaling cascades are activated (Figure 2): (1) IRS-1 phosphorylation activates the phosphatidylinositol-3 kinase (PI3K)-AKT-mTOR pathway that leads to increased glucose uptake and protein synthesis, cell survival and apoptosis inhibition[65]. Following IRS-1 phosphorylation, PI3K is activated by phosphorylation, leading to activation of AKT/PKB[66]. AKT/PKB inhibits apoptosis by activating by phosphorylation anti-apoptotic proteins such as Bcl2, Bclx and NF, and by inhibiting by phosphorylation pro-apoptotic proteins such as the Bcl-2 family member Bad, members of the fork head transcription factor (FOXO) family, Fas ligand (FasL) and caspase 9[62,67]. Furthermore, AKT/PKB induces glucose uptake and glycogen synthesis through inhibition of glycogen synthase kinase-3 (GSK-3) activity[68] by phosphorylation of the serine 9 residue[69,70]. Finally, AKT/PKB phosphorylates the DNA repair protein p21. Phosphorylated p21 does not bind PCNA leading to cell cycle progression[71]; and (2) Phosphorylation of the Shc protein activates the RAS-RAF-ERK pathway, related to cell differentiation, proliferation and migration[72]. Phosphorylated Shc complexed with Grb2 and SOS proteins leads to the activation of RAS[73]. RAS induces ERKs, which in turn inhibit apoptosis in a similar way to AKT and induces cell proliferation and migration[74].

Besides these major pathways, IGF-IR may also: (1) activate p38 mitogen-activated protein kinase (p38MAPK), leading to cellular growth and differentiation[75]; (2) bind apoptotic signal-regulated kinase 1 (ASK1), which impedes c-Jun N-terminal kinase (JNK) activation, that in turn, inhibits the apoptosis mediated by death-inducing receptors[76]; (3) lead to the 14-3-3-dependent mitochondrial translocation of Raf, maintaining the mitochondrial integrity, and thus protecting cells from apoptosis[77]; phosphorylate IRS-2 which influences integrin expression, that, together with the IRS-1-dependent decreased cell-cell contact, potentiates cell motility and anchorage independent growth[78]; and (4) affect JAK/STAT-3-mediated inhibition of apoptosis[79]. Thus, in summary, IGF-IR activation leads to differentiation or to increased cell proliferation and migration.

IGF-ⅡR

The human IGF-ⅡR gene is imprinted in rodents, where it shows maternal expression[80,81]. Surprisingly, expression in humans is polymorphic: most humans are biallelic but some show imprinted expression[82,83]. IGF-ⅡR gene expression results in a transmembrane protein of 2491 amino acids located in the Golgi apparatus (approximately 90%) and in the cell surface (approximately 10%)[84]. The extracellular domain consists of 15 homologous tandem repeats, able to bind with different affinities to mannose 6-phosphate (M6P)-containing proteins or M6P free factors[85]. M6P factors that bind IGF-ⅡR include leukemia inhibitory factor, cathepsin D and latent TGF. M6P free proteins bound by the receptor are urokinase-type plasminogen activator receptor (uPAR), retinoic acid and IGF-Ⅱ[86]. It has been shown that IGF-Ⅰ can also bind to IGF-ⅡR but with very low affinity, while insulin does not bind at all[87] (Figure 1).

The main function of IGF-ⅡR is to transport extracellular and Golgi derived-acid hydrolases and other ligands to lysosomes[86]. Upon IGF-Ⅱ binding, the entire complex is internalized in clathrin-coated vesicles that travel to the endosomal compartment, where the ligand is degraded and the receptor is recycled to the cell membrane[88]. Therefore, in the IGF axis, IGF-ⅡR acts as a scavenger receptor lacking intrinsic signaling. Thus, several studies have demonstrated that IGF-ⅡR may act as a tumor suppressor gene[80,89,90].

Interestingly, some authors have described that IGF-ⅡR may be cleaved from the cell membrane to act as a truncated soluble form of 270-280 kDa[91]. This soluble receptor is detected at very low concentrations (0.1 nmol/L) in the serum and other fluids of several mammalian species[86]. However, it efficiently sequesters circulating IGF-Ⅱ[92].

IR

IR and IGF-IR share almost the same signaling pathway. Insulin binding to the IR induces a conformational change that results in the autophosphorylation of the IR and the recruitment of IRS proteins or Shc, leading, respectively, to the activation of PI3K-AKT-mTOR and metabolic effects or to the activation of RAS-RAF-ERK and mitogenic effects[6]. In fact there are two isoforms of the IR. The standard receptor is IR-B, expressed in adult liver, muscle and adipose tissue and involved in binding to insulin to regulate glucose homeostasis[62]. Alternative splicing regulation leads to a mature transcript that encodes for IR-A, which lacks 12 amino acids from exon 11 and is expressed by fetal tissues and some tumors[47]. IR-A can bind to insulin, IGF-Ⅱ and proinsulin with different affinities to promote mainly proliferation, migration and inhibition of apoptosis, but also possess some metabolic activating capacity[62,93] (Figure 1). Insulin binding to IR-A seems to induce more metabolic effects than IGF-Ⅱ binding[94,95]. IR-A binds insulin with 1.5 fold higher affinity than IR-B and possesses a higher dissociation and internalization rate[95]. Therefore, in cells with increased IR-A:IR-B ratios, most insulin signals through IR-A[7]. This is in line with the higher risk of HCC when insulin serum levels increase[96]. Proliferation can also result from IR-A binding to IGF-Ⅱ, which interacts with 3-10 fold lower affinity than insulin, or to proinsulin[97]. 

IR-A and IR-B can form IR-A/IR-B heterodimers that behave similarly to IR-A[7]. It seems that insulin and IGF-Ⅱ can bind IR-A/IR-B hybrids with the same affinity as IR-A homodimers (Figure 1). IGF-Ⅰ also binds IR-A/IR-B hybrids with lower affinity[98]. When IR-A is overexpressed, most IR-B forms IR-A/IR-B hybrids, leading to decreased metabolic signaling and increased proliferation[7]. 

IGF-IR/IR hybrid receptors

Due to the high homology between IGF-IR and IR, IR can also form heterodimers or hybrid receptors (HR) with IGF-IR[99,100]. The cellular content of HR depends only on the molar concentrations of each receptor because IGF-IR/IR heterodimers and homodimers are formed with similar efficiency[101]. Depending on the IR isoform, HR can be IGF-IR/IR-A (HR-A) or IGF-IR/IR-B (HR-B)[7]. HR-A is activated by IGF-Ⅰ, IGF-Ⅱ and, to a lesser extent, by insulin, while HR-B is activated mainly by IGF-Ⅰ but also by IGF-Ⅱ with lower affinity[102] (Figure 1). Functionally, HRs behave more like IGF-ⅠR than like IR[48].

It is still unclear how the activation of the different IR isoforms, IGF-IR and HR by insulin, IGF-Ⅰ and IGF-Ⅱ leads to different biological effects despite the fact that they share most downstream mediators. Differences in ligand binding, internalization or dissociation rates, protein structure and the presence of cell or tissue specific factors could explain this phenomenon[7,11].

HEPATOCELLULAR CARCINOMA

Given its role in cell proliferation, the IGF system is one of the pathways deregulated in cancer. As IGF-Ⅰ protein is highly expressed in the liver, hepatocellular carcinoma (HCC) has been traditionally linked with increased IGF activity. HCC is the third cause of cancer-related deaths worldwide[103]. The most relevant risk factors in the development of HCC are those that induce liver cirrhosis, as 90% of HCC develops in a cirrhotic liver[104]. Liver cirrhosis is the result of chronic liver disease, due mainly to prolonged alcohol abuse, genetic predisposition, obesity and viral infections with HBV and HCV[105]. These agents induce chronic inflammation that leads to the death of hepatocytes and the activation of hepatic stellate cells (HSCs)[106]. Activated HSCs secrete collagen leading to liver fibrosis and ultimately, the breakdown of liver architecture and functionality. Hepatocyte death and proliferation results in the formation of regeneration nodules, characteristic of the cirrhosis stage[107]. The inflammation coupled with the high proliferation level of cirrhotic hepatocytes leads to the accumulation of mutations and to the loss of epigenetic control that may result in HCC initiation and progression[108]. The genetic and epigenetic events that lead to HCC include somatic mutations, telomere shortening, changes in gene expression profiles and RNA editing and genomic alterations[109,110]. These alterations result in a deregulation of several signaling pathways including PI3K/AKT/mTOR, RAS/RAF/MAPK, WNT, HGF/c-MET, EGFR, IGF-IR and PDGF, leading to hepatocarcinogenesis[103,111]. In the next section, the involvement of the IGF system in the development of HCC will be dealt with in detail. The contribution of other signaling pathways or the IGFI-R activated factors PI3K/AKT/mTOR and RAS/RAF/MAPK has been extensively reviewed by other authors and will not be described in this review[111-116].
Once an HCC is diagnosed, surgical resection is the primary curative treatment followed by liver transplantation and percutaneous ablation[117]. However, only 30%-40% of patients are eligible for these treatments. Moreover, there is a high frequency of tumor recurrence after surgical resection[118]. Unfortunately, most HCC seem resistant to conventional chemotherapy and radiotherapy[119]. The poor efficacy of antitumor agents is also due, at least in part, to the inefficient drug delivery and metabolism exerted by the cirrhotic liver that host the tumor[109]. In the clinical trials searching for alternative therapies for HCC, patients may suffer from unbearable drug toxicity and the treatment must be withdrawn leading to the therapeutic failure of compounds that are promising for the treatment of other tumors.

Thus, the development of novel therapies against HCC is urgently required. To this aim, the identification of oncogenic addiction loops or primary “gatekeeper” and “driver” mutations that would allow for HCC initiation and progression, respectively, is mandatory[109,111]. Furthermore, better therapeutic responses could be obtained after a correct patient stratification. Under the name of HCC there are tumors with different etiologies and tumors generated in response to a broad spectrum of deregulated pathways. Therefore, different HCC may respond differently to different therapies. There is a great need for establishing accurate HCC classifications not only for prognostic purposes but also to select the best therapeutic option for each HCC subtype.

To date, Sorafenib is the only drug approved by the FDA available for patients with advanced HCC. Sorafenib is a multikinase inhibitor that blocks PDGFR, VEGFR and RAF phosphorylation[120] resulting in decreased cell proliferation, activation of apoptosis and inhibition of angiogenesis[121]. In patients with advanced HCC, Sorafenib administration produces a statistically significant increase in the overall survival and a decrease in the time to progression of the disease[122]. Many other agents for HCC treatment are under development. Some drugs such as Sunitinib and Brivanib, showed negative results in phase III trials, as first-line or second-line therapies, respectively[109]. Other agents such as Tivantinib, a c-Met inhibitor against the HGF pathway, have shown promising results in patients with HCC[123]. Tivantinib, is particularly efficient in those HCC with high c-Met expression levels[124], highlighting the need for performing personalized medicine with proper HCC molecular analysis to aid in the choice of successful therapies. The combination of different therapies can also increase success. In fact, Sorafenib used in combination with other techniques or other molecules had synergistic effects in preclinical and clinical models of HCC[121,125]. In this review we will focus on therapies related to the IGF system, as other authors have recently reviewed therapies that affect different signaling pathways[114,125-127].

IGF SYSTEM ALTERATIONS IN HEPATOCARCINOGENESIS

The IGF axis is one of the most commonly deregulated signaling pathways that contribute to cancer development. Alterations have been found in almost all members of the pathway. Here, we review the most important alterations that have been associated with hepatocarcinogenesis.

IGF-Ⅰ
IGF-Ⅰ is a mayor ligand of the IGF pathway, highly expressed in the liver and highly protumorigenic for several cancers. Surprisingly, several experiments suggest that IGF-Ⅰ expression may be antitumorigenic in the case of HCC. Several results support this hypothesis: (1) In situations of chronic liver damage and functional insufficiency, such as liver cirrhosis, the secretion of liver derived molecules including IGF-Ⅰ is reduced or even totally suppressed in the most severe cases[128]. As the cirrhotic liver is the substrate for HCC development, decreased IGF-Ⅰ levels could contribute to hepatocarcinogenesis. In fact, in patients with chronic hepatitis, decreased levels of IGF-Ⅰ are associated with HCC incidence[129]; (2) Patients with HCC also display lower levels of circulating IGF-Ⅰ when compared with healthy controls[130]. In fact, the development of HCC is preceded by a significant reduction in IGF-Ⅰ levels, independently of the degree of impairment of liver function. Thus, a precocious diagnosis of HCC could be performed based on a decrease in serum IGF-Ⅰ levels[129]. Furthermore, transcriptome analysis reveals that IGF-Ⅰ mRNA levels are decreased in HCC human samples compared to matching adjacent tissue[131]. This can also be observed when liver tumors develop in mouse models after a single exposure to DEN hepatotoxic. In this case, mouse HCC is induced in a non-cirrhotic liver; and (3) decreased levels of IGF-Ⅰ are associated with higher tumor invasiveness and poor prognosis[132]. The combination of low IGF-Ⅰ and high VEGF predicts median overall survival of 2.7 mo compared with 19 mo for patients with higher IGF-Ⅰ and lower VEGF. Serum IGF1 levels also predict tumour progression and overall survival in patients with HCC who undergo transarterial chemoembolization[133]. Also, the lack of liver IGF-Ⅰ mRNA increases the risk of HCC recurrence after curative resection[134,135]. 

IGF-Ⅱ
Excessive IGF-IR signaling is a characteristic feature of liver tumors. Since IGF-Ⅰ levels are reduced in most HCC, the ligand of the pathway should be insulin or IGF-Ⅱ. In fact, overexpression of IGF-Ⅱ has been estimated to occur in 16%-40% of human HCC[136]. Furthermore, in both in vivo and in vitro models of HCC, IGF-Ⅱ overexpression correlates with higher cell proliferation[137,138] while IGF-Ⅱ inhibition promotes apoptosis and decreases cellular proliferation[139,140]. Accordingly, miR-615-5p, a miRNA that targets IGF-Ⅱ expression directly, induces a decrease in proliferation and migration of HuH7 and HepG2 human hepatoma cell lines[141]. In patients with HCC, increased intratumoral IGF-Ⅱ mRNA levels are associated with higher metastatic potential whereas increased serum IGF-Ⅱ levels correlate with the presence of extrahepatic metastasis[142,143]. 

Overexpression of IGF-Ⅱ has been shown to be the result of increased transcription[143]. As IGF-Ⅱ is required for fetal growth, it is expressed mainly during development by the potent paternally imprinted P3 promoter[144]. After birth, transcription of liver IGF-Ⅱ is gradually shifted from initiation at the imprinted promoter to initiation at a biallelic less active P1 promoter. This maintains low levels of liver IGF-Ⅱ throughout adulthood[144]. However, alteration in IGF-Ⅱ imprinting has been described in many tumors[36,145-147]. In HCC, 50%-90% of human biopsies analyzed show a gain of IGF-Ⅱ imprinting[37,148]. This imprinted phenotype results in increased transcription of IGF-Ⅱ from the P3 promoter and decreased transcription from the P1 promoter by hypermethylation resulting in IGF-Ⅱ overexpression[144,149,150]. Furthermore, IGF-Ⅱ hypomethylation at exon 8-9 is found in 90% of HCV-cirrhotic patients analyzed and correlates with higher risk of developing HCC[151].

Other factors may also lead to IGF-Ⅱ overexpression, such as Aflatoxin B1 (AFB1), a potent hepatocarcinogen present in food in developing countries[152]. The tumorigenic effect of AFB1 seems mediated by tumor suppressor genes such as p53 and by an overactive IGF signaling due to overexpression of IGF-IR and IGF-Ⅱ[153,154]. Interestingly, p53mt249, a p53 mutant produced after AFB1 administration, can increase IGF-Ⅱ transcription[154]. Also, the IGF-Ⅱ polymorphism +3580AA, has been associated with higher serum levels of IGF-Ⅱ and has been recently linked to higher risk of HCC in humans[51,155].

Insulin

Little is known about the role of insulin in HCC development. It has been reported that increased insulin serum levels are associated with higher risk of cirrhosis[156] and HCC[96]. 

IGFBPs and IGFBP proteases

In general, IGFBPs limit bioavailability of IGF ligands, attenuating IGF-IR signaling. Thus, some IGFBPs exert antiproliferative effects in human hepatocarcinoma cell lines. The addition of IGFBP3 to the HepG2 hepatoma cell line is able to counteract the mitogenic effect induced by administration of exogenous IGF-Ⅰ[157]. Similarly, the administration of IGFBP1-4 results in decreased PLC cell proliferation[158]. Accordingly, the expression of antiproliferative IGFBPs such as IGFBP1, 3 and 4, is downregulated in human HCC[159].

The levels of IGFBP3 are also reduced in cirrhotic patients, but not as much as in HCC samples. Unfortunately, IGFBP3 levels are unable to distinguish between different HCC stages[160]. ALS, which forms a trimeric complex with IGF-Ⅰ and IGFBP3 incapable of passing through the vasculature and activating IGF-IR[161], has been recently found to be downregulated in human HCC due to genomic loss and hypermethylation[162]. Downregulation of IGFBP3 in human HCC samples has also been linked to promoter hypermethylation[163]. On the other hand, p53, a potent antiproliferative protein, increases the secretion of IGFBP3[164].

IGFBP-rP1, also known as IGFBP7, is a low affinity IGFBP that has been recently identified as a tumor suppressor gene in HCC[13]. Expression of IGFBP-rP1 is dramatically downregulated by astrocyte elevated gene-1 (AEG-1), a novel oncogene that is overexpressed in 90% of the HCC analyzed[165]. In some patients, there is a complete deletion of the IGFBP-rP1 gene[166]. In others, silencing of IGFBP-rP1 may result from promoter methylation, which might be used as a biomarker for HCC diagnosis[167]. When IGFBP-rP1 is overexpressed in human HCC cells or tumors, cell growth is inhibited. Interestingly, an inverse correlation between IGFBP-rP1 expression and HCC stage has been found[166].   

However, not all IGFBPs display antitumor effects in HCC. Some IGFBPs, such as IGFBP2 and 5, are associated with IGF activation. Accordingly, elevated levels of IGFBP2 have been reported in HCC patients[168]. There are no data on IGFBP5 levels in patients with HCC but inhibition of IGFBP-5 expression exerts antiproliferative effects in the Huh-7 hepatoma cell line[169]. Similarly, as IGFBP proteases release IGF ligands from IGF-IGFBP complexes leading to overactivation of the IGF pathway, they contribute to HCC development. Therefore, increased plasma levels of Cathepsin D, an acidic protease that degrades IGFBP3, have been found in cirrhotic and HCC patients[170]. Moreover, TIMP-1, an inhibitor of MMPs, displays antitumor effects by inhibiting IGFBP3 degradation and IGF-Ⅱ bioavailability[171].

IGF-IR

Signaling through IGF-IR plays an important role in tumorigenesis because of its ability to promote proliferation, protect from apoptosis and potentiate cell migration[29]. IGF-IR overactivation is one of the hallmarks of HCC and can be mediated by increased levels of IGF-IR protein and/or excess of IGF ligands[172]. Healthy mature hepatocytes do not express IGF-IR. In liver cirrhosis the situation is unclear as some authors report that IGF-IR is upregulated while others claim it is downregulated[173]. Most hepatoma cell lines express detectable levels of IGF-IR mRNA and protein[28]. In HCC samples, upregulation of IGF-IR is one of the most common alterations occurring in 30% of the patients[174].

Expression of several downstream components of IGF-IR has been found altered in some HCC samples. IRS-1, the main substrate of IGF-IR activation, is implicated in hepatocarcinogenesis. In fact, 90% of HCC overexpress IRS-1 and IRS-1 overexpression correlates with tumor growth[175]. IRS-2 is also deregulated in HCC. Upregulation of IRS-2 has been found in early and late stages of hepatocarcinogenesis. IRS-2 and IRS-1 have overlapping and specific functions[176]. They are co-overexpressed in 76% of HCC samples and overexpressed independently in 24%[177]. Some studies suggest that a high IRS2/IRS1 ratio may correlate with tumor aggressiveness. In fact, it has been shown that AFB1 increases the levels of IRS-2 but decreases the levels of IRS-1, leading to increased cell migration[178].

IGF-ⅡR

Overactivation of IGF-IR signaling by excessive IGF-Ⅱ molecules can be counteracted by IGF-ⅡR, which decreases IGF-Ⅱ levels through lysosomal degradation[13]. In fact, increased levels of IGF-Ⅱ may result from decreased expression of IGF-ⅡR. Indeed, tumor suppressor characteristics have been attributed to IGF-ⅡR in several tumor types. This has been the subject of a recent review[179]. Thus, inhibition of IGF-ⅡR expression increases cellular proliferation both in vitro and in vivo[180,181]. Conversely, overexpression of full length IGF-ⅡR into IGF-ⅡR deficient cells decreases cell growth and increases apoptosis in vitro[182,183] and decreases tumor growth in vivo[183,184]. However, overexpression of IGF-ⅡR has also been associated with an increase in cell number[185]. This is not surprising. It should be taken into consideration that IGF-Ⅱ is not the only ligand for IGF-ⅡR. Overexpression of IGF-ⅡR may affect the signaling of other relevant molecules, such as TGF, resulting in proliferative effects[179]. Antiproliferative effects of overexpressed IGF-ⅡR may only occur in cell lines or tumors whose increased proliferation depends on increased IGF-Ⅱ levels.

Given its role as a tumor suppressor protein, IGF-ⅡR is usually found downregulated in cancers, including HCC[186]. Low levels of IGF-ⅡR in HCC result from different alterations such as imprinting, loss of heterozygosity (LOH) and/or mutations[179,180,187-189]. There is a small subset of individuals carrying a paternally imprinted IGF-ⅡR allele[82]. Thus, they only have maternal expression of IGF-ⅡR, as happens with rodents. These individuals, together with rodents, should be more susceptible to developing HCC, as they only require mutations or decrease of gene expression from the active allele to suppress IGF-ⅡR functionality or production[190]. LOH caused by allelic deletion at the 6q26 locus, where the IGF-ⅡR gene locates, has been found in 54.5% of human HCC samples and in a smaller proportion of dysplastic liver lesions[179]. This LOH has also been observed in cirrhotic nodules suggesting that loss of the IGF-ⅡR gene could be an early event in hepatocarcinogenesis[187]. Furthermore, 55% of HCC with IGF-ⅡR LOH present mutations in the remaining allele[189]. Interestingly, while some mutations occur at the IGF-Ⅱ binding site of IGF-ⅡR, most occur in repeats 9 or 10, which are important for M6P-binding[179]. This finding indicates that the binding of M6P-containing proteins to IGF-ⅡR may have antitumoral effects. In fact, the M6P-bearing protein CREG can inhibit cell proliferation by stimulation of lysosomal IGF-Ⅱ degradation[191]. Generally, mutations in IGF-ⅡR lead to the formation of truncated proteins. Interestingly, using a truncated form of IGF-ⅡR derived from a reported splicing mutation[89], it has been demonstrated that truncated proteins can bind IGF-Ⅱ and M6P-containing proteins and are able to form heterodimers with the full length IGF-ⅡR[188]. Surprisingly, these heterodimers are rapidly cleaved and liberated from the cell membrane by MMPs, leading to a great decrease in the amount IGF-ⅡR bound to the cell membrane[188]. These data indicate that truncated proteins can act as dominant negative regulators of IGF-ⅡR contributing to cancer development.

IR

It has recently been published that the IR-A/IR-B expression ratio markedly increases in intratumoral HCC sections but not in adjacent tissues[7]. The relative abundance of IR-A, the fetal IR isoform, vs total IR mRNAs in normal liver is 5% while in hepatoma cell lines it reaches 50%-75%[192]. The increase of the aberrant splicing that leads to the IR-A isoform is a consequence of the activation of the EGF pathway, one of the most relevant dysregulated pathways in HCC[193]. Interestingly, production of IR-A after EGFR activation only occurs in transformed but not in healthy hepatocytes. High affinity binding of IR-A by IGF-Ⅱ induces mitogenic and anti-apoptotic effects leading to HCC development. Tumors overexpressing both IR-A and IGF-Ⅱ should be resistant to conventional therapies that target IGF-IR. 

IGF-IR/IR hybrid receptors and IR-A/IR-B heterodimers

As many HCC overexpress IGF-IR and IR-A and HR formation depends on the concentration of each receptor, these HCC should display an increase in HR-A. Concomitantly, an increase in HR-B and in IR-A/IR-B, which promote proliferation through IGF ligands could also occur together with a decrease in IR-B/IR-B homodimers, responsible for insulin mediated metabolic activity[7]. Interestingly, some cancers have shown an increased fraction of hybrid receptors unrelated with their relative concentrations, suggesting that other factors may be implicated in hybrid receptor formation[194]. 

In summary, increased proliferation in HCC is generally characterized by an increase in the bioavailability of IGF-Ⅱ, which signals through increased IGF-IR, IR-A homodimers and HR-A leading to increased proliferation and decreased apoptosis (Figure 3). The increase in available IGF-Ⅱ may result from increased IGF-Ⅱ gene expression but also from a decrease of IGF-Ⅱ degradation by IGF-ⅡR or IGF-Ⅱ sequestration by IGFBPs.

TARGETING THE IGF AXIS IN HCC TREATMENT

Compelling evidence exists to involve the IGF system in hepatocarcinogenesis. Therefore, several strategies that target different IGF components are being studied with the aim of developing new therapeutic drugs for HCC (Table 1)[28]. The most promising strategies include the inhibition of IGF-IR signaling using monoclonal antibodies against IGF-IR, IGF-Ⅱ and/or IGF-Ⅰ and small molecule tyrosine kinase inhibitors (TKIs) that inhibit IGF-IR activation and signaling (Figure 4). Other approaches such as the inhibition of IGF-IR or IGF-Ⅱ expression using siRNAs or antisense oligonucleotides (ASO) and the modulation of the IGFBP activity are under preclinical investigation. Some strategies that target the IGF system may be effective as monotherapies but others may be more effective in combination with chemotherapy and can be used as chemosensitizing agents.

These different strategies should be tested exclusively in HCC cells with an altered IGF-Ⅰ axis. Furthermore, the expression and functionality of the different members of the pathway should be evaluated prior to treatment. This should ensure that the therapy is targeting an IGF pathway molecule relevant for the growth of the particular HCC to be treated. Such personalized medicine is essential to obtain therapeutic effects. To help in this analysis, an antibody array has been recently developed that detects ten members of the IGF system (IGF-Ⅰ, IGF-IR, IGF-Ⅱ, IGF-ⅡR, IGFBP1, IGFBP2, IGFBP3, IGFBP4, IGFBP6 and insulin)[195]. Unfortunately, antibodies for IR-A and IR-B isoforms are not included in the array, despite their importance in HCC development. 

Targeting IGF-Ⅰ 
Despite the capability of IGF-Ⅰ to activate IGF-IR signaling, IGF-Ⅰ is decreased in liver tumors and in the serum of patients with HCC[130,131]. Furthermore, high circulating levels of IGF-Ⅰ are associated with less aggressive HCC, with a better prognosis[132] and with a better outcome in patients with advanced HCC receiving Sorafenib[196]. The reason for this is unclear. 

Alternatively, IGF-Ⅰ could lead to increased differentiation in hepatocytes and decreased proliferation. In fact, IGF-Ⅰ has a therapeutic role in human liver cirrhosis, the substrate of HCC development. In a pilot study, the intravenous administration of recombinant IGF-Ⅰ in patients with advanced liver cirrhosis improved liver functionality[197]. Moreover, we have demonstrated that the administration of IGF-Ⅰ from viral vectors before the induction of liver cirrhosis prevents the development of the disease in rat models[198]. Furthermore, administration of viral vectors expressing IGF-Ⅰ into rat cirrhotic livers leads to the complete reversion of liver cirrhosis[198,199]. This therapeutic effect correlates with IGF-Ⅰ mediated activation of an anti-inflammatory and anti-fibrogenic program. Furthermore, IGF-Ⅰ expression increases differentiation of cirrhotic hepatocytes and liver functionality. Using our model, overexpression of IGF-Ⅰ in healthy or cirrhotic livers for more than a year did not lead to detectable liver tumors. Given that IGF-Ⅰ displays anti-inflammatory and hepatoprotective effects, IGF-Ⅰ deficiency caused by liver cirrhosis may create an intrahepatic microenvironment that allows for hepatocyte dedifferentiation and facilitates HCC emergence. Alternatively, high IGF-Ⅰ levels could mark for functional hepatocytes, which are more difficult to transform and easier to cure. Finally, it cannot be ruled out that IGF-Ⅰ could have an unexpected antitumoral effect on its own. If this is the case, IGF-Ⅰ and IGF-Ⅱ signalling through IGF-IR should lead to different responses in HCC. This has never been shown experimentally. Therefore, even if IGF-Ⅰ could exert some antitumoral effect, it would be risky to overexpress IGF-Ⅰ once a HCC with altered IGF axis has developed.

Even if downregulation of IGF-Ⅰ together with upregulation of IGF-IR, IR-A and IGF-Ⅱ are common events in HCC, suggesting that IGF-Ⅰ has a limiting role in hepatocarcinogenesis, there are ligand-based therapies that specifically target IGF-Ⅰ without affecting IGF-Ⅱ. Theoretically, blocking IGF-Ⅰ could favor binding of IGF-Ⅱ to IGF-IR and increase cell proliferation. This has not been observed with Octreotide, a cyclic octapeptide used as GH analogue in the treatment of several types of cancers. Octreotide competes with GH for binding to its receptor and inhibits GH-GHR interaction and signaling leading to a decrease in IGF-Ⅰ synthesis by the liver, but also affecting the expression of many other molecules[200]. Furthermore, decreased IGF-Ⅰ should result in increased GH levels. Octreotide treatment showed good results in prostate cancer, but not in HCC. In a recent meta-analysis of all randomized controlled clinical trials using Octreotide for HCC patients, there was an improvement in the overall survival of the treated patients compared with non-treated controls, which was not statistically significant when compared with placebo controls[201].

Targeting IGF-Ⅱ 

IGF-Ⅱ is overexpressed in human HCC and it activates proliferation and migration through IGF-IR and IR-A receptors. IGF-Ⅱ based therapies must be designed to decrease or normalize IGF-Ⅱ levels and/or to inhibit its interaction with both receptors without altering insulin signaling. To this aim, blocking antibodies and strategies to decrease IGF-Ⅱ expression are under development. 

Human antibody DX-2647 binds to IGF-Ⅱ and pro-IGF-Ⅱ with high affinity impeding their interaction either with IGF-IR and IR-A and suppressing proliferation in several HCC cell lines. Moreover, DX-2647 administration delays tumor growth and inhibits angiogenesis in xenograft models of HCC. DX-2647 also reacts with IGF-Ⅰ but with a 200-fold lower affinity[202]. This antibody remains in a preclinical status. Similarly, human monoclonal antibody MEDI-573 binds IGF-Ⅱ and IGF-Ⅰ (with 150-fold lower affinity than IGF-Ⅱ) without interacting with insulin[203]. MEDI-573 impedes IGF binding to IGF-IR, IR-A, and IGFBP3[192]. MEDI-573 administration reduces proliferation in cells expressing either IGF-IR or IR-A receptors but also in mixed populations of cells expressing both receptors in which an IGF-IR-specific antibody was totally ineffective. These results were obtained in several mouse embryonic fibroblast cell lines overexpressing specific human proteins and were then validated in xenograft tumors[203]. Two phase Ⅰ clinical trials designed to determine the effect of MEDI-573 administration on patients with solid tumors have recently finished but the results have not been yet published. Interestingly, a new clinical trial will test MEDI-573 administration in combination with Sorafenib in unresectable or metastatic HCC. 

Strategies to decrease IGF-Ⅱ expression, such as antisense (ASO) or methylated (MONs) oligonucleotides, are under preclinical investigation. ASOs are short single-stranded DNA molecules complementary to a chosen mRNA sequence. ASO binding to the target mRNA results in mRNA expression inhibition as a result of RNase H-mediated mRNA degradation and translation blockage[204]. Downregulation of IGF-Ⅱ expression using ASOs that target IGF-Ⅱ mRNA inhibits cellular growth in hepatoma cell lines, but only in those that overexpress IGF-Ⅱ[205]. MONs that bind to the IGF-Ⅱ P4 promoter results in target DNA methylation and in turn, downregulation of fetal IGF-Ⅱ expression in the Hep3B human hepatoma cell line and in Hep3B derived tumors leading to enhanced survival[140]. Further development will be required to deliver these agents to most tumor cells.

Decreased IGF-Ⅱ availability can also be achieved by increased IGF-ⅡR expression. The administration of the soluble form of IGF-ⅡR (sIGF-ⅡR) to myeloid cell lines leads to a decrease in proliferation and survival[206]. Moreover, IGF-Ⅱ-induced DNA synthesis can be counteracted in hepatocytes and fibroblast using sIGF-ⅡR[92]. However, this soluble receptor can also bind other proteins and may have undesirable side effects. Therefore, therapeutic effects should be evaluated using a soluble form of IGF-ⅡR that only contains the IGF-Ⅱ binding domain.

Targeting IGFBP

IGFBPs modulate IGF signaling by regulation of IGF bioavailability. Most IGFBPs inhibit IGF signaling by limiting ligand access to IGF receptors, with the exception of IGFBP2 and IGFBP5. Therapies based on the administration of inhibitory IGFBPs or the inhibition of activating IGFBPs could be developed. In fact, the effect of increased levels of IGFBP3 and IGFBP-rP1 has already been evaluated.

As IGFBP3 represents 90% of serum IGFBPs[53], IGFBP3 downregulation in cancer significantly increases IGF ligand bioavailability. It has already been shown that the administration of exogenous IGFBP3 inhibits cell proliferation in hepatoma cell lines[157,158]. Interestingly, IGFBP3 expression can be re-induced in liver cancer cells by histone deacetylase inhibitors such as Trichostatin A[207,208]. An ongoing phase Ⅰ clinical trial combines Vorinostat, the first histone deacetylase inhibitor approved by the FDA, with different chemotherapy agents in patients with upper gastrointestinal cancers including liver cancer. Finally, as overexpression of IGFBP-rP1 (IGFBP7) decreases the tumorigenic potential of HCC cell lines[166], the antitumoral properties of an adenovirus expressing IGFBP7 have been recently demonstrated in both in vitro and in vivo models of HCC[209]. 

Targeting IGF-IR and IR/IGF-IR hybrids 

Different strategies have been described to block IGF-IR signaling including blocking antibodies, siRNAs, antisense oligonucleotides, small molecule inhibitors and tyrosine kinase inhibitors.
Monoclonal antibodies: The administration of monoclonal antibodies against IGF-IR induces apoptosis and decreases proliferation in HCC[210]. Some of the monoclonal antibodies that have demonstrated promising results in preclinical models are: cixutumumab or IMC-A12 is a human IgG1 monoclonal antibody that selectively binds to IGF-IR, preventing the binding of its natural ligands[211]. The antibody also activates internalization and degradation of IGF-IR, leading to decreased levels of this receptor. Thus, IMC-A12 treatment inhibits downstream signaling in several tumors without altering insulin signaling[212-214]. In vitro and in vivo studies using different HCC models showed that blockage of IGF-IR by IMC-A12 decreases cell proliferation and increases apoptosis, resulting in prolonged survival and delayed tumor growth[215]. On the basis of these results, a phase Ⅰ clinical trial was performed in patients with advanced solid tumors. However, only partial responses were obtained[53]. In a subsequent phase Ⅱ study, administration of IMC-A12 as monotherapy in patients with advanced HCC displayed no antitumoral activity[216]. Instead, half of the patients developed hyperglycemia and 62% of the patients required initiation or increase in active therapy for diabetes. Besides, several patients showed reduced liver function indicated by elevated transaminases and bilirubin and decreased albumin, suggesting that by blocking IGF-IR a protective effect of IGF-Ⅰ on liver function had been lost. The mayor outcome of the study is that increased levels of IGFBP-1 correlated with progression free survival and with overall survival. The lack of therapeutic effect of IMC-A12 could be explained by the lack of IGF-IR in most of the patients, as IGF-IR expression could only be demonstrated in HCC samples obtained from 21% of the patients. However, the patients whose tumors were positive for IGF-IR did not show correlation with survival when compared with the IGF-IR-negative patients[216]. It needs to be determined whether IMC-A12 is more effective as a chemosensitizing molecule. Therefore, two clinical trials using combination of IMC-A12 and Sorafenib are ongoing. 
AVE1642 is a humanized monoclonal antibody against IGF-IR that inhibits growth and metastasis in different human xenograft tumor models when used alone and/or in combination with chemotherapy[217-221]. AVE1642 was first tested in humans with advanced multiple myeloma yielding good tolerability but insufficient activity[222]. A posterior phase Ⅰ/Ⅱ clinical trial testing AVE1642 alone or in combination with Sorafenib or Erlotinib in patients with advanced or metastatic liver carcinoma supported the safety of AVE1642 in combination with active doses of Sorafenib[125]. 

BIIB022 is a human non-glycosylated IgG4.P antibody that blocks IGF-Ⅰ and IGF-Ⅱ binding to IGF-IR[223]. Preclinical data suggest that BIIB022 administration inhibits the growth of HepG2-derived tumors without induction of hyperglycemia. As BIIB022 lacks an Fc effector function, it displays less toxicity in normal IGF-IR expressing tissues[53]. A phase Ⅰ study to evaluate the tolerability and safety of combinatorial therapy with Sorafenib has been completed but the results have not yet been published. 

CP-751,871, also known as Figitumumab, is a human IgG2 antibody that inhibits IGF-Ⅰ and IGF-Ⅱ mediated autophosphorylation of IGF-IR but not IR, resulting in the internalization of the receptor[224]. It has been tested in 8 HCC cell lines, 2 of which, HepG2 and SNU368, were sensitive to the treatment in a dose-dependent manner. Administration of Figitumumab to HepG2 xenograft tumors leads to substantial growth inhibition[225]. Interestingly, in contrast to the other blocking antibodies, Figitumumab is able to inhibit hybrid receptor signaling. In fact, Figitumumab sensitivity has been associated with the levels of N-linked glycosylated IGF-IR/IR hybrids[225]. This compound has reach a phase III trial in multiple myeloma and non-small cell lung cancer, but it has not yet been tested for liver cancers.
Tyrosine kinase inhibitors: OSI-906 is a dual IGF-1R and IR Tyrosine kinase inhibitors (TKI) that displays antitumoral activity in several human cell lines and xenograft tumor models[226]. The mechanisms that mediate sensitivity to OSI-906 have been tested in a panel of 21 human HCC cell lines. In this study, higher responsiveness to OSI-906 was obtained in cell lines expressing high levels of IGF-Ⅱ and IR[227]. Thus IGF-Ⅱ and IR could be used as predictive markers for sensitivity to OSI-906 in HCC patients. OSI-906 evaluation in phase I dose escalation studies, alone or in combination with anti-cancer agents, resulted in good disease control rates and limited toxicity, including hyperglycemia, nauseas, vomiting and fatigue[8]. Two phase Ⅱ clinical trials testing OSI-906 in patients with HCC have been carried out but were terminated due to the safety issues observed in the phase Ⅰ study or to company policies. The partial results of the trials have not yet been published.

AG1024 (Tyrphostin) is a selective IGF-IR and IR TKI that is currently in preclinical development. Blockage of IGF-IR with AG1024 exerts antiproliferative and pro-apoptotic effects in several cancer cell lines[228-230]. Recently, AG1024 has been tested in two IGF-IR-expressing HCC, resulting in a significant decrease in cell invasiveness and a slight caspase-3 dependent proapoptotic effect[231].

NVP-AEW541 is a novel small molecule inhibitor of the IGF-IR tyrosine kinase activity. NVP-AEW541 has a 26-fold higher affinity for IGF-IR than for IR[232] and induces cell cycle arrest and apoptosis in HCC cell lines without cytotoxicity. When NVP-AEW541 was combined with chemotherapy, an additive antiproliferative effect was observed[233]. The effect of NVP-AEW541 remains to be tested in in vivo models of HCC.

BMS-536924 is a novel orally active, ATP-competitive, tyrosine kinase inhibitor of IGF-IR and IR. BMS-536924 antiproliferative activity has recently been described in HCC cell lines[234]. 

GSK1904529A is a tyrosine kinase inhibitor that blocks IGF-IR and IR phosphorylation. GSK1904529A has been tested in a wide range of cell lines and human xenograft tumor models resulting in low toxicity and strong antiproliferative and antitumoral effects. Although no HCC samples were included, the authors demonstrated that GSK1904529A inhibits the activity of the IR in liver tissues suggesting that it could be also effective in HCC[235]. 

The design of TKIs that target specifically IGF-IR signaling without altering IR signaling is difficult because of the high homology between these two receptors[62]. On one hand, targeting of both receptors can be advantageous since specific inhibition of IGF-IR was associated with higher IR signaling. On the other hand, targeting IR could lead to altered insulin signaling and unwanted secondary effects.
Antisense oligonucleotides: Phosphorothioate ASOs, which are more resistant to nuclease degradation than unmodified DNA, have been designed to target IGF-IR and have been evaluated in a model of HCC. In this study, inhibition of IGF-IR expression by ASOs results in a significant reduction of HepG2 proliferation. Systemic administration of IGF-IR ASOs in nude mice with orthotopic human HCC xenografts results in reduced tumor growth, recurrence and lung metastasis[236].
CONCLUSION

Deregulation of the IGF system is a common feature in HCC. Recent studies suggest that downregulation of IGF-Ⅰ together with upregulation of IGF-Ⅱ and overactivation of IGF-IR and IR-A are important events in HCC development. Thus, increased IGF-Ⅱ bioavailability, caused by increased IGF-Ⅱ expression or decreased regulation by IGF-ⅡR or IGFBPs, could be responsible for IGF-IR and IR-A overactivation. Furthermore, mutations in factors located downstream IGF receptors, such as Ras, PI3K or PTEN, could induce cell proliferation in tissues with normal IGF ligands or receptors. This has not been the subject of this review. Insulin and IR-B, by coupling to IGF-IR and IR-A, could also play a role in IGF pathway activation that leads to HCC. Little is known about the role of insulin in HCC development. Increased insulin serum levels have been associated with higher risk of HCC. This is probably caused by insulin binding to IR-A homo or heterodimeric receptors.

The role played by IGF-Ⅰ in HCC should be studied in detail. It is unclear why IGF-Ⅰ deregulation seems relevant for hepatocarcinogenesis. Experiments that address the effect of IGF-Ⅰ overexpression or downregulation in HCC development should be performed in animal models. The results may be relevant for the management of HCC in humans. Also, efforts should be devoted to understand why the binding of IGF-Ⅰ, IGF-Ⅱ, or insulin to a specific receptor of the IGF pathway, such as IGF-IR or IR-A/IR-B derived receptors, results in the activation of different signals. It should be interesting to identify liver-specific factors that modify IGF-IR signaling according to the ligand that has been sensed by the receptor, either IGF-Ⅰ or IGF-Ⅱ.

Given the particular features of IGF deregulation in HCC, the most promising therapies to date for HCC are antibodies that block IGF-Ⅱ or IGF-IR and tyrosine kinase inhibitors. The success of the treatment may depend on following personalized medicine protocols that first ensure that the IGF system is deregulated in the HCC to be treated. Furthermore, these protocols should evaluate the serum levels of IGF-Ⅰ, IGF-Ⅱ and insulin and the levels within the tumor of all the IGF ligands, receptors, binding proteins and signaling pathway factors. Such a detailed study of each tumor is essential to decide on a successful therapy. Thus, IGF-IR blocking antibodies are expected to be effective in tumors with increased IGF-IR and poor IR-A activation (Table 1). If this analysis is not performed, functional drugs may show no therapeutic effects. This may be the reason why IGF-IR antibodies display antitumoral effects in preclinical models but only partial responses in clinical trials. In the case of TKIs, as they are able to block IGF-IR and IR-A signaling, they are expected to be effective in all HCC with altered IGF ligands and receptors. However, TKI can also inhibit other tyrosine kinase receptors causing unwanted effects. TKI interaction with IR-B should lead to altered insulin metabolism. 

Future therapies that target the IGF system should be developed for the treatment of HCC and other tumors. Novel specific antibodies or small molecules that affect the stability of IGF-Ⅱ or impede IGF-Ⅱ being sensed by IGF-IR and IRs should be developed. Similarly, design of functional TKI inhibitors or other molecules that affect IGF-IR and IR-A, but not IR-B is mandatory. Moreover, expression of key activators of the IGF pathway could be affected by antisense inhibitors or genome editing strategies. This will require the improvement of delivery techniques that allow the efficient delivery of the drugs to most tumor cells. Furthermore, present and future therapies need to take into consideration the altered drug metabolism of cirrhotic livers. As most HCC develop in a cirrhotic liver, it may be useful to stratify the patients according to liver functionality and liver fibrosis status before analyzing the therapeutic effects of a particular drug. Finally, even if the IGF system is altered in many HCC, it is not a unique tumor driver. It will be interesting to analyze the results of successful but also of non-successful trials to address if the blockade of IGF pathway was effective and whether other signaling pathways have been induced for tumor survival upon IGF system blockage. This may lead to rationalized combination therapies that may be essential for the successful treatment of HCC.
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Figure 1  Insulin-like growth factor receptors and their ligands. The insulin-like growth factor (IGF) system is composed of three receptors: IGF-IR, IGF-ⅡR and insulin receptor (IR). IGF-IR is the main receptor of the IGF system. It can bind IGF-Ⅰ and IGF-Ⅱ with high affinity. IGF-ⅡR is a negative regulator of the pathway that binds IGF-Ⅱ and promotes IGF-Ⅱ degradation. Finally, IR mediates insulin signaling. Two IR isoforms exist: the adult IR-B isoform that binds insulin and the fetal IR-A isoform, that can bind IGF-Ⅱ in addition to insulin promoting mitogenic signaling. The IR-A isoform is commonly overexpressed in hepatocellular carcinoma (HCC). IR isoforms can form IR-A/IR-B hybrids which behave as IR-A receptors. Moreover, HR-A or HR-B hybrid receptors can be formed between IGF-IR and IR-A or IR-B respectively. These hybrid receptors lack high affinity binding to insulin and act, similar to the IGF-IR receptor, promoting proliferation and survival.
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Figure 2  Insulin-like growth factor-I receptor signaling pathway. Insulin-like growth factor-Ⅰ (IGF-Ⅰ), IGF-Ⅱ and to a lesser extent, insulin, can bind to IGF-IR and promote a conformational change that leads to the autophosphorylation and activation of the IGF-IR. Phosphorylated receptor recruits specific docking proteins including IRS1-4, Shc and 14-3-3 which trigger mainly the PI3K/AKT/mTOR and the RAF/MEK/ERK signaling pathways. Activation of the IGF-IR induces protein and glycogen synthesis, glucose uptake, cell proliferation, migration and survival and cell differentiation depending on the cell type. See text for more details. GSK-3: Glycogen synthase kinase-3; mTOR: Mammalian target of rapamycin; PTEN: Phosphatase and tensin homolog; PI3K: Phosphatidylinositide 3-kinase;  AKT/PKB: Protein kinase B; NFKB: Nuclear factor kappa-light-chain-enhancer of activated B cells;  Bcl-2: B-cell lymphoma 2; IRS-2: Insulin receptor substrate 2;  FOXO: Forkhead box protein O1; PCNA: Proliferating cell nuclear antigen; RAF: Rapidly Accelerated Fibrosarcoma; MEK: Mitogen-Activated Protein Kinase; ERK: Extracellular-signal-regulated kinase; ELK1: ETS-Like kinase; ELK1: ETS-Like kinase.
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Figure 3  Insulin growth factor system alterations in hepatocellular carcinoma. Healthy hepatocytes secrete high amounts of insulin growth factor (IGF)-Ⅰ and express IGF-ⅡR and IR-B, but do not express IGF-IR. Many HCC are characterized by increased IGF signaling. Such IGF system overactivation is mediated by higher levels of ligands and/or receptors. Levels of functional IGF-Ⅱ increase in many hepatocellular carcinoma (HCC): (1) by reactivation of the fetal promoter of IGF-Ⅱ that leads to IGF-Ⅱ overexpression; (2) by a decrease in circulating IGFBPs that chelate IGF-Ⅱ; or (3) by decreased degradation through IGF-IIR, which is expressed at lower levels due to aberrant imprinting, loss of heterozygosity or gene deletions. Furthermore, IGF-IR and/or IR-A may be overexpressed in HCC. Overexpression of IGF-IR and IR-A leads to an increase in the formation of homodimeric HR-A or heterodimeric IR-A/IR-B receptors that bind IGF-Ⅱ with high affinity resulting in decreased metabolic signaling and increased proliferation. 
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Figure 4  Insulin growth factor targeting strategies in hepatocellular carcinoma treatment. Different strategies can be used to inhibit insulin growth factor (IGF) signaling. They can be ligand based or receptor based therapies. Ligand based therapies affect signaling through all IGF receptors, but these strategies should not be therapeutic in tumors with activating mutations in IGF-IR receptor or downstream proteins. Growth hormone (GH) analogues reduce IGF-Ⅰ expression by blocking GH-GHR interaction. Specific ASOs and miR-615-5p decrease IGF-Ⅱ expression. Soluble forms of IGF-ⅡR and IGFBPs can decrease IGF-Ⅱ bioavailability. Ligand directed neutralizing antibodies impede binding to receptors. Receptor based therapies focus mainly on the inhibition of IGF-IR signaling. Antisense oligonucleotides (ASOs) and siRNAs decrease IGF-IR expression and IGF-IR blocking antibodies impede ligand mediated activation. These strategies do not affect IR-A and IR-A/IR-B, which could be crucial in the progression of some hepatocellular carcinoma. Tyrosine kinase inhibitors inhibit insulin receptor (IR)-A, IGF-IR and hybrid receptor autophosphorylation and subsequent activation but commonly they also inhibit IR-B receptor which is essential for the metabolism of normal cells. IGFBPs: IGF high affinity binding proteins.
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Table 1  Agents targeting insulin-like growth factor system


  Compound


�
Company


�
Description


�
Target


�
Treatment


�
Status


�
Ref./Clinical trial


�
Unaffected mitogenic IGF proteins/metabolic signaling status


�
�
  Octreotide


�
Novartis Farmaceuticals


�
Somatostatin homologue


�
IGF-I 


�
Monotherapy


�
Preclinical


�
[200,201]


�
IGF-II and insulin interaction with IGF-IR, IR-A, IR-B/IR-A and HRs/not affected


�
�
  DX-2647


�
�
Neutralizing antibody


�
IGF-II and proIGF-II


�
Monotherapy


�
Preclinical


�
 [202]


�
Insulin interaction with IR-A, IR-B/IR-A and HR-A/not affected


�
�
  MEDI-573 


�
AstraZeneca (MedInmune)


�
Neutralizing antibody


�
IGF-II and IGF-I


�
MEDI-573 + Sorafenib


�
Phase I


�
NCT01498952; [192,203]


�
�
�
  Cixutumumab 


  (IMC-A12)�
ImClone Systems Inc


�
Blocking antibody


�
IGF-1R


�
Monotherapy


�
Phase II


�
NCT00639509; [53,215,216]


�
IGF-I, IGF-II and insulin interaction with IR-A, IR-B/IR-A and HRs/not affected


�
�
�
�
�
�
Cixutumumab + Sorafenib


�
Phase I


�
NCT01008566; NCT00906373


�
�
�
  AVE1642


�
Sanofi-Aventis


�
Blocking antibody


�
IGF-1R


�
Monotherapy


�
Phase I


�
NCT00791544; [125]


�
�
�
�
�
�
�
AVE-1642 + Sorafenib


�
Phase II


�
NCT00791544


�
�
�
�
�
�
�
AVE-1642 + Erlotinib


�
Phase II


�
NCT00791544


�
�
�
  BIIB022


�
Biogen-Idec


�
Blocking antibody


�
IGF-1R


�
BIIB022 + Sorafenib


�
Phase I


�
NCT00956436; [53,223]


�
�
�
  Figitumumab 


  (CP-751,871)�
Pfizer


�
Blocking antibody


�
IGF-1R, HRs


�
Monotherapy


�
Preclinical 


�
[224,225]


�
IGF-II and insulin interaction with IR-A, IR-B/IR-A/not affected


�
�
  Linsitinib (OSI-906)


�
OSI Pharmaceuticals


�
TKI


�
IGF-1R, IR


�
Monotherapy


�
Phase II


�
NCT01101906; [226,227]


�
/impaired.


�
�
�
�
�
�
OSI-906 + Sorafenib


�
Phase II


�
NCT01334710


�
�
�
  AG1024 (Tyrphostin)


�
�
TKI


�
IGF-1R, IR


�
Monotherapy


�
Preclinical 


�
 [231]


�
�
�
  NVP-AEW541 


�
Novartis Farmaceuticals


�
TKI


�
IGF-1R, IR


�
Monotherapy


�
Preclinical 


�
[232,233]


�
�
�
  BMS-536924 


�
Bristol-Myers Squibb


�
TKI


�
IGF-1R, IR


�
Monotherapy


�
Preclinical 


�
 [234]


�
�
�
  GSK1904529A


�
GlaxoSmithKline


�
TKI


�
IGF-1R, IR


�
Monotherapy


�
Preclinical 


�
[235]


�
�
�
IGF: Insulin-like growth factor; IGF-IR: IGF-I receptor; IR: Insulin receptor; TKI: Tyrosine kinase inhibitor.











