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Abstract

:

Insulin-like Growth Factor (IGF)/IGF-1 Receptor (IGF-1R) signaling is known to regulate stem cell pluripotency and differentiation to trigger cell proliferation, organ development, and tissue regeneration during embryonic development. Unbalanced IGF/IGF-1R signaling can promote cancer cell proliferation and activate cancer reprogramming in tumor tissues, especially in the liver. Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death, with a high incidence and mortality rate in Asia. Most patients with advanced HCC develop tyrosine kinase inhibitor (TKI)-refractoriness after receiving TKI treatment. Dysregulation of IGF/IGF-1R signaling in HCC may activate expression of cancer stemness that leads to TKI refractoriness and tumor recurrence. In this review, we summarize the evidence for dysregulated IGF/IGF-1R signaling especially in hepatitis B virus (HBV)-associated HCC. The regulation of cancer stemness expression and drug resistance will be highlighted. Current clinical treatments and potential therapies targeting IGF/IGF-1R signaling for the treatment of HCC will be discussed.
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1. Introduction


Hepatocellular carcinoma (HCC) accounts for about 75–85% of all primary liver cancer [1,2], which is one of the top five causes of cancer deaths worldwide [2]. HCC can develop from loss of cell cycle control in adult hepatocytes or progenitor cells. Several risk factors for developing HCC have been identified, including hepatitis virus infection, abnormal fatty acid metabolism, alcoholic liver disease, and toxins [1,3,4]. The dominant cause varies across different geographical areas [5].



In five main types of hepatitis virus (type A, B, C, D, and E), types B and C cause the most public health burden, as they are responsible for more than half number of HCC [6]. Moreover, according to an investigation on the global burden of viral hepatitis from 1990 to 2013, about 96% of the viral hepatitis-related mortality are caused by hepatitis B and C [7]. In 2015, around 257 million people had chronic hepatitis B virus (HBV) infection, and 71 million had hepatitis C virus (HCV) infection [8]. A goal of the World Health Organization’s Global Strategy for Viral Hepatitis Elimination in 2016 was to reduce hepatitis-related deaths by 65% by 2030 (from 1.34 million deaths annually to less than 0.5 million) [9].



Therapeutic strategies available for HCC, such as resection, transplantation, ablation, radiotherapy, chemotherapy, and molecular targeting therapy, are highly dependent on the stage of liver cirrhosis and on the offerings of the medical center, which varies among different countries [1,3,4,10]. Targeted therapies (sorafenib and lenvatinib) have been approved for patients with advanced HCC who are not eligible for local treatments. However, the median overall survival (OS) with either sorafenib or lenvatinib is only about 13 months [11,12,13]. Therefore, an improvement for targeted therapies is needed.



Recently, Insulin-like Growth Factor (IGF)/IGF-1R signaling has become a potential target for HCC treatment [14,15]. Elevation in the activation of IGF/IGF-1R signaling in patients with liver cancer caused by hepatitis B infection has been widely reported. In this article, we summarize the abnormal activity of IGF/IGF-1R signaling in HCC, the limitations of current targeted therapies for advanced HCC, and drugs that target IGF/IGF-1R signaling for the treatment of specific HCC.




2. The Etiology of HCC


2.1. Virus Infections Initiate HCC


HCC is often associated with HBV and HCV. According to a 2016 report by the U.S. Centers for Disease Control and Prevention, approximately 65% of liver cancers are associated with the hepatitis B or C virus. In a study of 3843 patients in Taiwan, hepatitis viruses were associated with more than 80% of HCC [6].



HBV is a small DNA virus with a partially double-stranded DNA of 3200 bp [16]. HBV infection is responsible for 66% of virus-caused HCC deaths worldwide [8]. The highest prevalence of HBV infection is reported in the African (6.1%) and Western Pacific (6.2%) regions [8]. Most cases of HBV are transmitted through bodily fluids, such as via blood transfusion, sexual contact, or from mother to child. The HBV virus can amplify independently inside hepatocytes; integration of HBV into the hepatocyte genome can increase carcinogenic opportunities in HBV-infected patients.



The HBx gene is mainly responsible for HBV-associated HCC development. The HBV DNA contains four open reading frames (ORFs), which code for surface antigen (S) protein, precore (C) protein, polymerase (P) protein, and X proteins [17,18]. The ORF-X is the smallest ORF with 462 bp, and it acts as a viral production promotor within the cell [19,20]. Silencing the X gene results in the suppression of HBeAg production and viral production [21,22]. HBx exerts its effects on cell cycle progression and the normal physiology of hepatocytes by upregulating levels of G1 proteins [23]. In addition, HBx initiates HCC development by upregulating Ras/Raf/MAPK signaling, PI-3K/Akt signaling, Jak/STAT signaling, and NFκB signaling [18,24].



HBV perinatal transmission is more effective because the immune systems have not fully matured yet in fetus [25]. Acquisition of HBV in the early life causes chronic infection in most cases while infection in adults is usually recovered with subsequent acquired immunity [26,27,28]. A study of 1280 seronegative patients from 12 Yupik Eskimo villages in America demonstrated that the rate of chronic hepatitis B in HBV infected patients declined with increasing age. Percentages for the ≤4 years group, 5–9 years group, and adults (>30 years) group were 28%, 16.4%, and 7.7%, respectively [27]. Fortunately, there is a vaccine to prevent HBV infection that is effective for all ages including infants, children, and adults [8].



The HCV pandemic affects all regions worldwide; the highest prevalence occurred in Central Asia, East Europe, and central and Western Saharan of Africa [8,29]. Globally, there were 1.75 million new HCV infections and 57 million people living with chronic HCV in 2015 [8]. Approximately, 75% of patients with acute HCV infection progress to develop chronic HCV, and the risk of developing cirrhosis/HCC from chronic HCV is approximately 10–20% [30,31].



Unlike HBV, HCV is an RNA virus, which makes it difficult to insert into the hepatocyte genome. Therefore, its carcinogenic activity is linked to indirect mechanisms. The HCV relies on endoplasmic reticulum (ER) in the hepatocyte to produce viral proteins, thus causing the ER stress. The ER is an important organelle that helps to maintain normal functions of hepatocytes, such as the transportation of proteins and lipids and the synthesis of proteins [32,33,34]. As a result, injuring hepatocytes by HCV could lead to cirrhosis.



There is no effective HCV vaccine; however, effective HCV therapies are available and work well. Direct-acting antivirus (DAA) therapy was introduced in 2013 and became recommended first line treatment for HCV by WHO guidelines in 2014 [8]. DAA therapy can cure 95% of HCV infections [31].



Coinfection with both virus types raises the risk for cirrhosis progression [35,36], and cirrhosis progression is highly possible to lead to HCC initiation. Coinfected patients show a higher rate of cirrhosis than HBV mono-infected patients (44% vs. 21%) [37]. In addition, the percentage of cirrhosis and HCC in dual-infected patients is higher than in HCV mono-infected patients (95% vs. 48.5 and 63% vs. 15%, respectively) [38]. Coinfected patients were more often immigrants from Africa and Asia than HCV- or HBV-mono-infected patients (52% vs. 20% and 22%, respectively, p = 0.01) [36]. In addition, 2.7 million patients are coinfected with HBV-HIV and 2.3 million patients are coinfected with HCV-HIV [8]. Coinfection with HBV/HCV and HIV raises the risk of liver cirrhosis and HCC development [39,40,41]. The liver-related mortality rate of patients with HBV-HIV (14.2/1000) is higher than that of patients with only HIV (1.7/1000) or only HBV (0.8/1000) [39].




2.2. Obesity and NAFLD Cause HCC


Obesity is rapidly becoming a health problem all over the world, especially in Western countries. It is established that more than 2 billion people are overweight or obese worldwide. By the year 2030, it is projected that 38% of adults will be overweight and 20% will be obese if this trend is not changed [42]. It is well known that obesity is highly associated with other health problems such as cardiovascular disease, stroke, hypertension, and cancer. A meta-analysis of data from 1,779,471 individuals from articles published from 1996 to 2011 found a positive correlation between body mass index (BMI) and risk of liver cancer. Persons with a BMI of 25, 30, or 35 kg/m2 had a 1.02, 1.35, or 2.22 fold relative risk of liver cancer, respectively [43]. In a retrospective analysis of 714 patients with HCC who underwent curative hepatectomy, the 5-year OS rate of HBV-HCC patients with BMI ≥ 25 kg/m2 (65%) was lower than that of HBV-HCC patients with BMI < 25 kg/m2 (85%). However, among patients with HCV-HCC, those with BMI ≥ 25 kg/m2 had a better 5-year OS rate than those with BMI < 25 kg/m2 (75% vs. 65%) [44].



Recently, nonalcoholic steatohepatitis (NAFLD), which is caused by obesity and some hepatic histological damage, became the major cause of chronic liver disease in Western countries [45]. The risk of HCC developing in nonalcoholic steatohepatitis (NASH)-associated cirrhosis was 2.4–12.8% while that of HCC developing in NASH without cirrhosis was low (0–3%) [46]. Besides, a study, which compared 296,707 patients with NAFLD with 296,707 matched control, showed that the HCC incidence was significantly higher among NAFLD patients versus control (0.02/1000 person-years; hazard ratio, 7.62, 95% confidence interval = 5.76–10.09) [47]. Similarly, a data analysis from four databases which included 18,782,281 eligible individuals from United Kingdom, Netherlands, Italy, and Spain showed that patients with NAFLD/NASH had cirrhosis risk and HCC risk significantly higher than controls with pooled hazard ratios 4.73 (95% CI 2.43–9.19) and 3.51 (95% CI 1.72–7.16), respectively [48]. The data of 25,947 subjects in Korea from September 1, 2004, to December 31, 2005, indicated the NAFLD was associated with the development of HCC. The cancer incidence rate of patients with NAFLD was significantly higher than that of control (782.9 version 592.8/100,000 person-years; hazard ratio 1.32; 95%CI 2.09–133.85; p < 0.001) [49].



Furthermore, the risk of NAFLD-related HCC increased quickly in the last two decades. A study that included 323 HCC patients from 1995–1999 to 2010–2014, indicated that the prevalence of NAFLD-HCC increased from 2.6% to 19.5%, respectively, p = 0.003 [50]. In addition, among 158,347 adult liver transplant candidates in United State, the proportion of patients with HCC increased from 6.4% (2002) to 23% (2016) (trend p < 0.001) [51].



Together, these data suggest that the risk of HCC due to NAFLD is going more serious while that of HCC due to HCV/HBV infection is going better of control. However, until recently, there is no consensus on optimal HCC screening measures for patients with NAFLD/NASH.




2.3. Other Factors That Cause HCC


Aflatoxins, a group of mycotoxins produced by the fungi Aspergillus flavus and Aspergillus parasiticus, account for a large part of toxin-related HCC. People in tropical countries may ingest aflatoxin through fungal-contaminated food that was improperly stored in high humidity and temperature. Aflatoxin causes an arginine–to-serine mutation at codon 249 of the p53 gene, leading to cancellation of the tumor suppression functions of this gene. A study using HCC samples from high and low risk areas of aflatoxin showed that the third nucleotide guanine to thymine transversion mutation at codon 249 was present in 57% and 10% of samples, respectively [52]. Similarly, liver cancer cell lines that were induced to express high levels of CYP450 were more sensitive to the cytotoxic effect of aflatoxin than parental cells. The third nucleotide guanine to thymine transversions in the codon number 249 and the first nucleotide cytosine to adenine transversions at codon number 250 of p53 gene were found at a high frequency [53]. A high incidence of HCC is found in areas where aflatoxin and HBV infection are common, raising speculation regarding a synergic carcinogenic interaction between aflatoxin and HBV infection [54]. A study on HCC samples from Guangxi, China, confirmed the positive correlation between HCC and aflatoxin but evidence for an HBV-aflatoxin interaction modulating the p53 mutation [55] or for a hepatitis B surface antigen (HBsAg) and aflatoxin synergistic effect in HCC [56] was not clear.



Alcohol consumption, another risk factor for HCC, induces liver cancer development through steatosis, steatohepatitis, and cirrhosis. The acetaldehyde and lipid peroxidation from ethanol metabolism in the liver creates protein adducts and DNA adducts, which can trigger liver injury and fibrogenesis [57,58,59]. In addition, alcohol metabolism-derived ROS can destroy large organelles and alter the structure and function of DNA [60]. Oxidative stress in the liver promotes the secretion of cytokines and chemokines (IL-6, IL10, IL1β, and TNFα) [61,62,63,64] and activates several signaling pathways (Jak/STAT; NF-kB, and MAPK cascade) which are implicated in the initiation of HCC. Findings from a systematic review and meta-analysis indicate that the relative risks of liver cancer for moderate drinking (<3 drinks/day) and heavy drinking (≥3 drinks/day) are 0.91 and 1.16, in comparison to non-drinking. The study also found an estimated excess risk of 46% or 66% in drinkers who consumed 50 g or 100 g alcohol per day [65]. A projected prevalence study has predicted that, if current trends continue, deaths due to alcohol-related liver disease will increase from 8.23 deaths/100,000 person-years in 2019 to 15.20 deaths/100,000 person-years in 2040 [66].





3. IGF/IGF-1 Signaling in HCC


3.1. Abnormal IGF/IGF-1 Signaling in HCC


3.1.1. Increases in IGF-1/IGF-2 Secretion


While it is still unclear whether IGF-1/IGF-2 secretion increases or decreases in HCC, studies of HBV-HCC have shown an increase in IGF-1/IGF-2 secretion [67,68,69,70]. IGF-1 and IGF-2 secretion is mediated by growth hormone (GH), which is released from anterior pituitary cells and was found to directly stimulate the transcription of IGFs in hepatocytes, the major source of IGF-1 and IGF-2, in mice and rats [71,72]. After receiving the stimulating signal from GH, hepatocytes first synthesize the precursor of IGF-1, which is later cleaved to produce mature IGF-1 peptide [73]. Several studies have reported an increase in IGF-1 levels in the serum of prostate, breast, and colon cancers [74]. Moreover, in patients with acromegaly, a high level of GH is believed to increase the level of circulating IGF-1 [75].



In contrast, in patients with liver cirrhosis, the low-affinity of the GH receptor in the liver could induce the resistance of GH stimulation and decrease IGF-1 secretion [76]. It has been reported that the level of IGF-1 in the plasma of healthy 61 to 75 year old individuals ranges from 61 to 210 μg/mL [77], while it ranges from 27.7 to 68.6 μg/mL in patients with HCC [78]. Thereafter, the low levels of IGF-1 would lead to an increase in GH production by positive feedback [74]. Interestingly, Cao et al. measured IGF mRNA and protein levels in patients with HCC after partial hepatectomy, and found that both levels were significantly increased in patients who received treatment with recombinant human (rhGH) compared with patients who did not receive rhGH treatment, suggesting that rhGH has the capability to improve the GH/IGF-1 axis after partial hepatectomy in HCC patients [79]. IGF-2 secretion appears to be less dependent on the stimulation of GH, compared to IGF-1 [80,81].



The upregulation of IGF-2 expression in HCC may be regulated by epigenetic mechanisms. An integrative oncogenomic analysis to elucidate the mechanisms of IGF-2 overexpression and its oncogenic activities in HCC found that a pro-proliferative receptor with a high affinity for IGF-2, INSR-A isoform, was upregulated in HCC samples. Several microRNAs (miRNAs) were also upregulated, including miR-483-5p, which has been found to increase IGF-2 levels [82]. Furthermore, an aberrant methylation pattern on the IGF-2 promotor was identified in the samples with high IGF-2 expression. The IGF-2-high expressing samples showed demethylation on the fetal promotor but increased methylation on the adult promotor [83].



An activated IGF/IGF-1R signaling pathway is associated with activation of the Ras–MAPK pathway and PI 3-Kinase pathway. These pathways activate variable bioactivities, such as cell growth, cell differentiation, cell survival, and protein synthesis [84]. An increased level of IGF-2 is observed in patients with HCC. IGF-2 also binds to IGF-1R and may lead to cancer cell proliferation in HCC patients. A study by Martinez-Quetglas et al. evaluated levels of IGF-2 mRNA and protein in patients with HCC and found that 15% of human HCC tissues had IGF-2 levels 20 times greater than levels in non-tumor liver tissues, and activation of the IGF-2 signaling pathway increased the expressions of AKT1 and MYC [83]. In diethylnitrosamine (DENA)-induced hepatocellular carcinoma rat models, IGF-2 levels were higher in rat liver tumors than in normal rat liver. Moreover, IGF-2 might promote proliferation through a paracrine mechanism in the early stage of carcinogenesis. After transformation, the malignant cells were able to secrete IGF-2 and induce proliferation by an autocrine mechanism [85].



Notably, levels of IGFs are not the only factor that contributes to IGF activity. Although research regarding the effects of abnormal posttranslational modifications of IGF-1 peptide precursor in HCC are scarce, posttranslational modification of IGF-1 peptide precursor has been reported to contribute to the activity of IGF-1 [86].



Interestingly, while the liver is the predominant IGF-1 producing organ under normal conditions, it lacks IGF receptors. However, IGF receptors have been found in damaged liver, suggesting that damaged livers may serve as targets for IGF-1 in order to maintain liver homeostasis and architecture. In a partial IGF-1 deficiency murine model, the liver was induced to express IGF-1 receptors along with elevated acute phase and inflammatory proteins, which resulted in liver oxidative damage. The IGF-1 partial deficiency was also associated with altered expression of genes involved in the cytoskeleton, extracellular matrix, cell junctions, and hepatocyte polarization [87].




3.1.2. Increases in IGF-1R Expression


IGF-1R is the receptor for both IGF-1 and IGF-2, and several oncogenes targeting IGF-1R transcription have been reported to cause the overexpression of IGF-1R in cancers. For example, Reiss and co-workers observed that when the proto-oncogene c-myb is constitutively expressed in mouse fibroblasts, the requirement for adding extra IGF-1 in the culture medium while culturing wildtype fibroblasts is no longer necessary, implying that an increase of IGF-1 secretion occurred in the cells expressing c-myb. In addition, IGF-1R mRNA levels were upregulated in the cells expressing c-myb compared with the control cells, suggesting that the presence of c-myb can positively regulate IGF-1 secretion [88].



Likewise, the loss-of-function of certain tumor suppressors can also increase IGF-1R expression. The tumor suppressor p53 is able to suppress transcription of IGF-1R, thereby decreasing the expression of IGF-1R. Results of co-transfecting wildtype or mutant p53 together with the IGF-1R promotor in an osteosarcoma cell line lacking endogenous p53 suggest that wildtype p53 suppresses the IGF-1R promotor while mutant p53 does not [89]. Thus, oncogenes and mutated tumor suppressors that target IGF-1R transcription appear to cause dysregulation of IGF-1R expression.



Overexpression of IGF-1R is frequently observed in tumors and is a marker for poor prognosis in HCC patients [90]. IGF/IGF-1R signaling mediates cell proliferation, cell survival, migration, and protein synthesis and can block apoptosis by expressing Myc and Akt1 in the liver, thereby causing invasion and metastasis of tumor cells [91]. Thus, IGF-1R and the molecules that participate in the IGF/IGF-1R signaling pathway have become targets for HCC therapies. Xentuzumab is a monoclonal antibody against IGF-1 and IGF-2. In 2016, Martinez-Quetglas et al. studied the efficacy of xentuzumab on inhibiting the IGF signaling pathway and the drug’s effects on HCC and found that xentuzumab, with or without sorafenib, inhibited IGF-1R phosphorylation as well as AKT signaling in the liver of mice with xenograft HCC tumors. Xentuzumab also exhibited efficacy in suppressing tumor growth and improving the survival rate of the mice. Moreover, decreases in cell proliferation and colony formation were identified in liver cancer cells treated with xentuzumab [83].




3.1.3. Reduction in IGFBP Secretion


Insulin-like growth factor binding proteins (IGFBPs) are secreted proteins that modulate IGF/IGF-1R signaling. They bind to IGF-1 or IGF-2 and prevent activation of IGF/IGF-1R signaling. The affinity of IGFBP to IGF-1/IGF-2 is higher than that of IGF-1/IGF-2 to IGF receptors therefore, once IGFBP-IGF-1/IGF-2 is formed, the IGF/IGF-1R signal is blocked [92,93]. Studies of IGF and IGFBP levels in blood circulation show that most circulating IGF remains as a complex with IGFBPs and only 1% of total IGF-1 in blood circulation exists as free IGFs [94]. The level of circulating IGFBPs in the plasma of patients with HCC was different than that from the plasma of healthy donors; however, studies agree that reduction of IGFBP3 and IGFBP7 promotes HCC [95,96,97,98,99].



IGFBP3 is the most common of the IGFBPs, accounting for 90% of the total IGFBPs in serum [95,100]. Studies have found that IGFBP3 is downregulated in HCC [92,96], and this is associated with a poor prognosis [101]. IGFBP3 is also downregulated in the majority of hepatoblastoma primary tumors [97] and is implicated in HCC drug resistance [102]. IGFBP3 regulates cell growth though the TGF-β or Rb pathways [96], promotes DNA methylation [97], and modulates apoptosis and the cell cycle [103]. Compared with either IGF-1 or IGF-2, IGFBP3 has been found to be a more effective predictor of HCC development in patients with chronic HCV infection [104].



IGFBP3 secretion is decreased in HCC patients, and this is associated with changes in IGFBP3 transcription. It was found that IGFBP3 is expressed at low levels in a hepatoblastoma (HB) cell line and in HB primary tumors while it is expressed at high levels in normal liver tissues. In addition, a methylation analysis of CpG sites revealed that hypermethylation occurs on the promotor region of IGFBP3 in metastatic HB cells [97]. Another study found that miR-155, an oncogene-associated miR that is frequently upregulated in HCC, may be responsible for decreasing IGFBP3 expression. An increase of miR-155, which is seen in liver tissues of patients with HCV-derived HCC and in HCC cell lines, can cause IGFBP3 expression to decrease, while transfection of miR-155 inhibitor into HCC cells can rescue IGFBP3 expression [105]. Moreover, the downregulation of IGFBP3 can be mediated by the binding of T-cell-restricted intracellular antigen-1 (TIA-1) to its AT-rich element in the 3′-untranslated region [106].



The downregulation of IGFBP7 has also been correlated with poor prognosis in HCC. Reduced expression of IGFBP7 was observed in a quarter of HCC patients and in HCC cell lines and may be due to increased methylation of the IGFBP7 promotor [107], as IGFBP7 has a high-affinity to bind IGF-1, blocking IGF/IGF-1R signaling. Overexpression of IGFBP7 suppressed cell growth, tube formation, tumor development, and neovascularization in a chicken embryo [107]. Additionally, deleting IGFBP7 promoted HCC development in a mouse model [99]. Taken together these results suggest that IGFBP7 may have potential to predict progression in HCC.




3.1.4. Increases in IGFBP Protease Secretion


HCC contain high levels of IGFBP proteases, which may lead to activation of IGF/IGF-1R signaling. While no IGFBP protease activity was detected in the conditioned medium from normal rat livers [108], an increase in IGFBP protease activity was observed in HCC cells [109]. IGFBP proteases are known to cleave IGFBPs specifically into small fragments, thereby releasing IGFs due to the reduced affinity of the IGFBP-IGF complex and activating IGF-mediated signaling that leads to cell proliferation, cell migration, tumor growth, and angiogenesis in several cancers, including HCC. [110,111,112].



IGFBP proteases can be separated into three groups: kallikrein-like serine proteases (such as prostate-specific antigen (PSA), and γ-nerve growth factor (γ-NGF)), cathepsins (such as Cathepsin D), and matrix metalloproteinases (MMPs) [110,113,114]. Kallikrein has been proposed to be a useful biomarker in cancer [115]. According to RNA sequencing gene expression data from The Cancer Genome Atlas (TCGA), genes for several types of kallikrein were significantly associated with HCC [116]. Moreover, compared with healthy controls, the concentration of plasma Cathepsin D was as much as 10 times higher in patients with various liver diseases such as cirrhosis, primary hepatoma, hepatitis infection, or hepatocarcinoma [117]. Another study evaluating the potential value of cathepsins (cathepsin D, B, and L) as markers for malignant progression in patients found that the serum levels of all cathepsins (D, B, and L) were increased in patients with HCC and elevated levels of two cathepsins (cathepsin D and B) were seen in patients with cirrhosis [109]. Furthermore, Yeh et al. evaluated the utility of MMP-9/MMP-2 ratios as a biomarker in HCC. The ratio was found to be significantly different in patients with different stages of HCC, with higher MMP-9/MMP-2 ratios seen in patients with advanced HCC as compared to those in early-stage HCC. The authors propose that the ratio not only serves as a marker distinguishing healthy individuals from HCC patients but also helps to discriminate advanced from early-stage HCC [118]. Together, these studies support the use of IGFBP proteases as potential biomarkers for detecting precancerous liver disease [109,117].




3.1.5. Virus Infection Promotes Dysregulation of IGF/IGF-1R Signaling in HCC


Hepatitis virus infection can stimulate IGF signaling, increasing the likelihood of HCC progression. HBV is highly associated with HCC formation and has been reported to involve IGF/IGF-1R signaling in HCC. A study on the human HBV transactivator X-gene product (HBV-X) demonstrated that protein X expressed by human HBV can promote IGF-1 binding and increase the expression of IGF-1 receptors [119]. HBV-X was also shown to upregulate endogenous IGF-2 transcription via Sp1 binding sites on IGF-2 promotor 4 [120]. These results suggest that that HBV-X induces IGF-2 expression and signaling, hence contributing to the development of HCC.



The correlation between virus infection and IGF signaling was also identified in HCC patients with HCV infection. In 2008, Sohda et al. reported immunohistochemical evidence of IGF-2 in human small HCC tissues with HCV infection, while no IGF-2 signal was found in normal hepatocytes. Moreover, the more changes in fatty acids metabolism in HCC tissues, the more IGF-2 immunoreaction was detected. It was suggested that since insulin can regulate the metabolism of fatty acids, changes in IGF-2 levels may be associated with both HCC proliferation and fat metabolism [121].




3.1.6. Microenvironment Regulates IGF/IGF-1R Signaling in HCC


The tumor microenvironment contains numerous factors, such as cytokines, cancer-associated fibroblasts (CAFs), pericytes in the liver, tumor cells, macrophages, and endo/epithelial cells that can influence IGFs signaling in HCC (Figure 1). Since the IGF/IGF-1R signaling pathway is a target of cancer therapies, investigation into the associations between the tumor microenvironment and IGF/IGF-1R signaling may aid in the development of therapeutic strategies [122].



Studies of the correlations between HIF1α, HBx protein, and IGF/IGF-1R signaling have indicated that hypoxia is involved in IGF/IGF-1R activation in HCC. HBV-HCC patients expressed a higher level of IGF/IGF-1R signaling activity than non-HBV HCC patients [69]. Similarly, overexpressed HBx has been observed to upregulate HIF1α protein expression in vitro, and hypoxia can induce the accumulation of IGF-1R [123]. Together these results suggest that HIF1α may be useful as a prognostic factor in patients with HBV-HCC [124].



Mesenchymal stem cells (MSCs) can be recruited into the tumor microenvironment to regulate IGF signaling during the HCC development. Although the role of MSCs in the tumor microenvironment is still unclear, it has been shown that MSC secretions can downregulate IGF/IGF-1R signaling and inhibit HCC cell proliferation. In 2015, Yulyana et al. showed that conditioned media (CM) derived from human fetal MSCs (hfMSCs) expressed high levels of IGFBPs, which can bind free IGFs thereby decreasing their binding with IGF receptors. Moreover, studies with patient-derived orthotopic HCC mouse xenograft models showed that tumors from mice injected with CM derived from hfMSCs were significantly reduced compared with tumors injected with control medium or CM derived from MRC5 fibroblasts [125]. This suggests that CM derived from MSCs may be an alternative strategy for the treatment of HCC.



CAFs in the tumor microenvironment can regulate IGFs secretion and support the progression of cancer cells. For example, CAFs have been shown to express IGF-2 and to upregulate IGF/IGF-1R signaling in non-small cell lung cancers. This remodulation of IGF/IGF-1R signaling can induce Nanog expression and contribute to cancer stemness [126]. Notably, another finding has suggested that there are complex interactions between CAFs, tumor cells, and IGF/IGF-1R signaling. In colon cancers, TGFβ activation is induced in CAFs, which can contribute to the upregulation of IGFBP7, a TGFβ-induced gene product secreted by tumor cells. The IGFBP7 secreted by tumor cells can promote anchorage-independent growth and colony formation in malignant mesenchymal cells and in epithelial cells with an EMT phenotype. These findings suggest that the function of IGFBP7 can be completely different when it is secreted by tumor cells or by non-tumor cells [127].





3.2. IGF/IGF-1R Signaling Induces Expressions of Stemness-Related Proteins in HCC


3.2.1. IGF/IGF-1R Signaling Induces Expression of Cancer Stemness-Related Transcription Factors


IGF/IGF-1R signaling has been reported to induce the expression of cancer stemness-related transcription factors, including IGF-1R, NANOG, OCT4, NFκB, STATs, SOX2, and YAP.



IGF-1R is well known not only as a location membrane protein but also as a nuclear translocation protein. IGF-1R directly binds to DNA or binds to other transcription factors to induce gene transcription [128,129]. The activation of the Wnt/β-catenin signaling pathway is associated with promoting self-renewal of liver cancer stem cells [130]. A study in HepG2 cells showed that overexpression of IGF-1R upregulates the transcriptional activity of β-catenin and cyclin D1 3.5-fold and 2.3-fold, respectively [131]. Bodzin et al. demonstrated that IGF-1R nuclear translocation increased in CD133-HCC Mahlavu cells treated with the cancer drug getifinib, in a dose-dependent manner [132].



NANOG and OCT4 are highly activated in a variety of stem cells including cancer stem cells. An association between high expression levels of NANOG/OCT4 and poor prognosis in HCC patients has been shown [133,134]. Shan et al. isolated NANOG-positive cancer cells and identified the co-expression of OCT4 and SOX2 genes with the presence of stemness characteristics (sphere formation, self-renewal, differentiation, and malignancy) in these cells. Noticeably, IGF/IGF-1R signaling was identified as the molecular mechanism involved in regulating the cancer stemness characteristics of these cells. Blocking IGF/IGF-1R signaling by picropodophyllin (PPP), an IGF-1R inhibitor, also inhibited the expression of NANOG and sphere formation ability in these cells [133]. The regulation of NANOG and OCT4 in HCC cancer stem cells by IGF/IGF-1R signaling was elucidated in HCC cell lines. IGF-1 treatment induced the expression of NANOG and OCT4 and sphere formation in HepG2.2.15, Hep3B, and PLC5 cell lines, and inhibition of IGF-1R by shIGF-1R suppressed cancer stemness properties in these cell lines [134].



NFκB is a well-known transcription factor that induces cell proliferation and self-renewal properties of cancer stem cells. IGFBP acts as a modulator of IGF-1-activity. The conditioned media of hfMSCs, which contains a high level of IGFBP, was found to suppress HCC cell proliferation and patient-derived cancer stem cell growth. These findings indicate that the tumor inhibiting activity of this medium was through disruption of IGF-1R-Akt-NFκB signaling [125].



The signal transducer and activator of transcription (STAT) protein family has seven members, STAT1-5, STAT5B, and STAT6 [135,136]. STAT3 has been found to be involved in promoting HCC development and malignant and cancer stemness characteristics [134,135,137,138,139]. When IGF/IGF-1R signaling was deactivated by miR-486-5p or siRNA-IGF-1R, the levels of STAT3, mTOR, and cMyc were reduced, and colony formation was suppressed [140]. IGF-1 treatment increased epithelial-mesenchymal transition (EMT) markers of migration and metastatic properties through STAT5 in HepG2 and Hep3B cells [141].



SOX2 is a transcription factor that regulates cancer stemness in a variety of cancers (liver cancer [142,143], colorectal cancer [144], breast cancer [145], gastrointestinal cancer [146], and pancreatic cancer [147]). Bu et al. have illustrated that in a subpopulation of HCC cells with cancer stemness properties and high levels of SOX2, IGF-1 production was upregulated [148]. Additionally, when IGF-1 function was blocked by miR-28-5p, the expressions of cancer stemness-related genes SOX2, OCT4, and NANOG were repressed [149]. Furthermore, high levels of SOX2 expression were found to be due to elevated levels of the IGF/IGF-1R signaling downstream proteins Akt and mTOR, which subsequently elevated HCC cancer stemness characteristics [143,150].



YAP is a key component in the Hippo signaling pathway, which responds to organ growth and development [151,152]. YAP acts as a co-transcription factor. In complexes with TAZ, YAP/TAZ bind to transcription factors such as TEADs (TEA domain family members) [153,154,155,156,157], RUNXs (runt-related transcription factor) [158,159], and TBX5 (T-box transcription factor 5, TBX5) [160] and induce gene transcription activity. The crosstalk between IGF/IGF-1R signaling and Hippo signaling was first demonstrated in HCC by Strassburger et al. in 2012. Samples from HCC patients indicated that the expression of YAP positively correlated with Akt phosphorylation, a downstream result of IGF/IGF-1R signaling [161]. Inhibition/induction of IGFs activation in both of mammalian and drosophila cell lines resulted in increasing/decreasing the level of the YAP active form, cell proliferation activity, and organ size [161,162]. IGF-1 or insulin treatment activated IGF/IGF-1R signaling then increased the YAP active form in HCC cell lines [163]. The role of YAP in promoting cancer stemness in liver cancer was demonstrated in several studies [164,165,166,167,168]. Nevertheless, direct evidence for IGF/IGF-1R signaling regulating liver cancer stemness through YAP activity has not yet been reported.




3.2.2. IGF/IGF-1R Signaling Induces Expressions of Stemness-Related Cell Surface Markers


Cell markers that identify liver cancer stem cell populations include prominin-1 (CD133+), CD44+, CD13+, epithelial cell adhesion molecule (EpCAM+), CD90+, oval cell marker antibody 6 (OV6+), and aldehyde dehydrogenase (ALDH+) [169,170,171]. Liver cancer cells that express at least two markers are considered to be liver cancer stem cells (liver-CSCs).



It has been shown that upregulation of IGF/IGF-1R signaling results in an increase of cancer stemness properties in HCC. Autocrine IGF-1 signaling is responsible for regulating cancer stem cell (CSC) related markers (e.g., CD44+, ALDH+, and EpCAM+) in MHCC97H cells. When IGF-1 receptor was blocked by an IGF-1R specific inhibitor, the CSC-related markers in these cells were suppressed as well [148]. In addition, knockdown of IGF-1 by IGF-1-siRNA caused a decrease in the proportion of EpCAM+ cells and self-renewal ability [149]. On the other hand, high expression levels of IGF-2 were observed in both NANOG+-liver cancer stem cells, which were isolated from patient-derived primary HCC cells and in HCC cell lines [133]. Benabou et al. showed that overexpression of the Huh7-insulin receptor isoform A (IRA) caused an increase in the expression levels of IGF-2 and stemness markers CK19, CD133, CD44, EpCAM, and PROM1. Knocking down IGF-2 expression by siRNA repressed phosphorylation of IR [172]. Downstream of growth signaling (IGF-1R, EGFR), long noncoding RNA (lncRNA) H19 regulates cancer stemness and EMT markers in HepG2 and Hep3B2.1-7 cell lines. Overexpression/suppression of lncRNA H19 induced/reduced, respectively, the expression of stemness markers including Lin28 and Notch1 [173]. Pre-treatment with IGF-2 for 48 h upregulated mRNA and protein expression of CD133 and Bmi-1 as well as sphere formation in Huh7 cells [174]. In addition, studies have demonstrated that the expression of IGF-1R positively correlates with expression of both OCT4 and NANOG [133,134,138] and CD133 [132] in human HCC tissues and HCC cell lines. These findings suggest that liver-CSCs produce IGF, which then maintains stemness properties and CSC populations in liver cancer.




3.2.3. IGF/IGF-1R Signaling Supports the Stem Cell Niche in HCC


The cancer stem cell niche is a special microenvironment where cancer stem cells reside and are maintained. It is made up of a variety of cell types, including cancer cells, cancer stem cells, immune cells, tumor-associated macrophages, mesenchymal stem cells, cancer-associated fibroblasts, and stroma cells [175,176,177]; thus, the regulatory signals in the niche are a combination of secreted factors from these cells including cytokines, chemokines, growth factors, hormones, microvesicles, and MMPs [177,178,179]. A direct role for IGF/IGF-1R signaling in regulating the stem cell niche [180,181] and cancer stem cell niche [126,182,183] has been reported.




3.2.4. HBV Replication Promotes IGF/IGF-1R Signaling-Mediated Cancer Stemness Properties in HCC


It is well known that HBV infection is a major initiating factor for HCC [184,185,186] and acts via activation of cell proliferation-related signaling pathways [186]. Upregulated expression of HBx—a regulatory protein for viral life cycle, has been linked to elevated levels of IGF-2 in patients with HBV-cirrhotic or noncirrhotic chronic liver disease [187] and in cell lines [69,120,188]. Studies on HBV-HCC sections found upregulation of IGF-2 mRNA in 50% of sections from HCC patients with HBV [187]. IGF-2 expression is regulated by HBx through the IGF-2 promotors p3 and p4 [69,120]. In addition, Nielson et al. reported that HBV suppresses the secretion of IGFBP1, activating IGF/IGF-1R signaling in HepG2 cells [189]. It was recently found that the replication of HBV is positively correlated to the expression of cancer stemness markers (EpCAM, CD44, CD133, NANOG, OCT4, and Sox2) [185,190,191], tumorigenesis, and self-renewal [191]. It was also demonstrated that patients with HBV-HCC have higher recurrence rates and higher expression levels of IGF-1R and cancer stemness markers. The activation of IGF/IGF-1R signaling by IGF-1 treatment leads to increased expression of NANOG and OCT4 in HBV positive-HCC cell lines, but not in HBV negative-HCC cell lines [134]. Taken together, these findings suggest that HBV induces cancer stemness properties through the activation of IGF/IGF-1R signaling (Figure 2).




3.2.5. IGF/IGF-1R Signaling Induces Cancer Stemness Properties through Crosstalk with Cytokine Signaling


It has been reported that inflammatory cytokines work together with IGF/IGF-1R signaling in regulating cancer stem cell populations [192,193]. IL-6 is a cytokine involved in inflammatory mechanisms. Activation of IL-6/STAT3 signaling induces HCC cancer stemness [194] and promotes HCC cancer stem cell expansion [194]. The serum level of IL-6 is elevated in liver cancer patients who express high levels of NANOG and OCT4 [134,139,194]. IL-6 treatment induced the expression of OCT4, NANOG, SOX2 CD44, and HIF2α in both in vitro and in vivo models [139,194]. In addition, IL-6 treatment induced IGF-1 secretion and IGF-1R expression in NANOG/OCT4-HCC cell lines in a dose-dependent manner [134], suggesting crosstalk between IL-6/STAT3 signaling and IGF/IGF-1R signaling in HCC cancer stem cells (Figure 2).



The initiation of cancer stemness characteristics by inflammatory cytokines was demonstrated in HCC recently [138,195]. In an attempt to understand the role inflammation plays in stimulating the expression of stemness markers in HCC, Chang el al treated HepG2.2.15 and Hep3B cell lines with inflammation-conditioned medium (LPS-stimulated U937 condition medium) for 7 days and found increased levels of NANOG/OCT4/SOX2 mRNA and increased expression of NANOG/OCT4 in these cells. Moreover, inflamed-conditioned medium treatment not only increased IGF-1 and IGF-1R mRNA and protein levels but also increased IGF/IGF-1R signaling activity [138]. Results suggest a role for inflammation in promoting cancer stemness in HCC through IGF/IGF-1R signaling.



Daintain/Allograft Inflammatory factor-1 (AIF-1) is a macrophage-derived inflammatory cytokine. Daintain/AIF-1 is known to promote cell proliferation and migration in breast cancer [196,197] and to induce differentiation of hematopoietic stem cells [198]. An association between daintain/AIF-1 and HCC has also been observed recently. The expression of daintain/AIF-1 was found to be higher in HCC tissue and HCC cell lines than in adjacent normal liver tissue and normal hepatocytes. Suppression of daintain/AIF-1 expression by siRNA reduces cell proliferation and migration in HCC cell lines [193,199]. It was also found that daintain/AIF-1upregulates the secretion of IGF-1/IGF-2 and downregulates secretion of IGFBP3 in HepG2 cells [199]. Whether daintain/AIF-1 regulates cancer stemness in HCC through IGF/IGF-1R signaling is still unknown. Together, these findings demonstrate the role cytokines play in promoting liver cancer stemness through IGF/IGF-1R signaling.





3.3. IGF/IGF-1R Signaling Induces the EMT in HCC


Activation of IGF/IGF-1R signaling can promote an epithelial-mesenchymal transition (EMT), which is positively related to stemness, by interacting with other pathways or factors. High expression of IGFBP2 was observed in several highly metastatic HCC cell lines, such as HCCML3 and MHCC97H. IGFBP2 can contribute to activation of nuclear factor kappa B (NF-κB) and zinc finger E-Box binding homeobox 1 (ZEB1) transcription, increasing the level of mesenchymal markers [200]. In addition, IGF-1 can activate survivin (as well as N-cadherin, Vimentin, Snail1, Snail2, and Twist1) via the MEK/ERK and PI3K/AKT pathways and thereby induce EMT in HCC [141,201]. These results suggest that IGF/IGF-1R signaling may contribute to an increase in mesenchymal characteristics and HCC metastasis.



Another study has demonstrated that IGF/IGF-1R signaling in HBV-HCC promotes EMT by reducing epithelial cell markers. IGF-2 upregulation was observed in liver tissue from HBx homozygous (+/+) mice and in HepG2 cells transfected with HBV x gene (HepG2-HBx cells). In HepG2-HBx, downregulation of E-cadherin was also observed, and treatment with HepG2-HBx-conditioned medium reduced the level of E-cadherin in HepG2-Mock cells. Together, the research suggests that HBx-induced IGF-2 is essential to trigger EMT through the loss of E-cadherin [70].





4. The Stemness of HCC Contributes to the Limitation of Targeted Therapies


4.1. Current Targeted Treatments for HCC


Sorafenib (Nexavar®, Bayer HealthCare Pharmaceuticals, Leverkusen, Germany; Onyx Pharmaceuticals, CA, USA) is the first oral multitargeted tyrosine kinase inhibitor FDA-approved for the treatment of advanced HCC. Sorafenib, approved in 2008, inhibits multiple growth tyrosine kinase receptors (PDGFRs, VEGFRs, c-KIT, and RET) and their downstream tyrosine kinase cascades (Ras, Raf, Mek, and Erk) in both tumor cells and endothelial cells [202,203,204]. The median OS of patients treated with sorafenib was significantly longer than that of patients treated with placebo in both the SHARP trial and the Asia-Pacific trial (10.7 months vs. 7.9 months (p < 0.001) and 6.5 months vs. 4.2 months (p = 0.014), respectively) [11,12]. The recommended dose of sorafenib is 400 mg taken twice daily; however, due to a high percentage of adverse events in the sorafenib treatment group vs. the control group (SHARP trial: 26% vs. 7% and Asia-Pacific trial: 82% vs. 39%), the dose of sorafenib may be reduced to 400 mg once daily if necessary [11,12,203]. The biggest challenge of sorafenib treatment is that some patients acquire resistance to sorafenib, which limits the efficacy of therapy.



Lenvatinib (Lenvima®, Eisai Inc., Tokyo, Japan), the second drug approved for unresectable HCC as first-line treatment, was approved in 2018 after the success of a phase III trial on 1492 patients from 20 countries. The median OS of patients treated with lenvatinib (13.6 months) was similar to that of patients treated with sorafenib (12.4 months) [13]. Lenvatinib inhibits tumor growth by blocking several targets, including VEGFRs, PDGFRs, FGFs, SCF, PDGFR, c-KIT, and RET [205,206]. Depending on body weight, patients received either 12 mg daily (>60 kg) or 8 mg daily (<60 kg) [13]. Similar to sorafenib, patients may become resistant to lenvatinib treatment [207].



Regorafenib (Stivarga®, Bayer, Leverkusen, Germany) was approved as a second-line treatment for advanced liver cancer in 2017 [208]. Regorafenib was previously referred to as fluoro-sorafenib because its structure is similar to sorafenib; the only difference between the two molecules is a fluorine atom in the center phenyl ring [209]. Regorafenib was shown to target more tyrosine kinases than sorafenib, hence, it is expected to have better efficacy in patients with HCC. In addition to targeting the same growth receptor tyrosine kinases as sorafenib, regorafenib also inhibits SHP-1 (a negative regulator of STAT3 signaling), B-RafV600E (a mutated isoform of B-Raf), TIE2 (angiopoietin 1 receptor), and p38-MARK [209,210,211]. In a phase III trial of patients who did not respond to sorafenib, treatment with regorafenib prolonged the median OS from 7.8 months in the placebo arm to 10.6 months in the regorafenib arm. In addition, the risk of death was reduced by 37% [208]. The combination of regorafenib and immunotherapy agents has been suggested as third-line treatment for patients with HCC [212].



Cabozantinib (Cabometyx® Exelixis, CA, USA) was approved for patients with HCC progressing after treatment with sorafenib, as a second-line treatment by the European Commission and the FDA in 2018 and 2019, respectively. Cabozantinib is an inhibitor of several tyrosine kinases involved in angiogenesis (VEGFR and TIE2), tumorigenesis (MET, AXL, FLT3, RET, and KIT), and metastasis (MER, AXL, TYRO3, and ROS1) [213,214]. Results from the cabozantinib phase III clinical trial demonstrated that cabozantinib prolongs the median OS of patients with HCC from 8.0 months with placebo to 10.2 months with cabozantinib. The median progression-free survival was also greater in patients treated with cabozantinib compared with patients treated with placebo (5.2 months vs. 1.9 months) [215].



Ramucirumab (Cyramza®, Eli Lily and Company, MA, USA) is a human recombinant immunoglobulin G1 monoclonal antibody that specifically binds to the VEGF-binding domain of VEGFR-2. The first phase 3 REACH trial recruited patients with HCC who were previously treated with sorafenib. However, it was determined that ramucirumab was only active in patients with high alpha-fetoprotein (AFP) levels. Therefore, the second trial (REACH-2) recruited 292 patients with HCC from 20 countries who were previously treated with sorafenib and had AFP ≥ 400 ng/mL [216]. In REACH-2, the median OS of patients in the ramucirumab group was significantly prolonged compared with the placebo group (8.5 months vs. 7.3 months). The progression-free survival was 1.6 months in the placebo group vs. 2.8 months in the ramucirumab group [217]. A meta-analysis of individual patient data from the REACH and REACH-2 clinical trials evaluated the median OS and progression-free survival of a pool of 291 Asian patients and a pool of 251 non-Asian patients. In both pools, the median OS of patients treated with ramucirumab was significantly longer than that of patients treated with placebo (Asian patients: 8.08 months vs. 4.76 months; non-Asian patients: 7.98 months vs. 5.22 months) [218]. In May 2019, the FDA approved ramucirumab for HCC patients who were previously treated with sorafenib and have an AFP ≥ 400 ng/mL. Ramucirumab has also shown efficacy in patients after lenvatinib failure. In a study of 12 patients who had failed lenvatinib treatment and had AFP levels ≥ 400 ng/mL (10 patients in ramucirumab group and 2 patients in the placebo group), after 6 weeks, 8/10 patients had stable disease and 3 patients showed reduced levels of AFP [219].



Nivolumab (Opdivo®, Bristol-Meyer Squibb, NY, USA), a recombinant human immunoglobulin monoclonal antibody, functions as an inhibitor of programmed cell death protein 1 (PD1). Nivolumab was approved by the FDA in 2017 as a second-line treatment for HCC patients previously treated with sorafenib, based on results of the CheckMate-040 phase I/II clinical trial. Of 262 patients enrolled, 202 patients (77%) completed treatment [220]. A total of 743 patients with HCC (nivolumab: n = 371 vs. sorafenib: n = 372) were recruited in the phase III CheckMate 459 trial to assess the safety and efficacy of nivolumab compared with sorafenib as first-line treatment of HCC. The median OS of patients in the nivolumab group was 16.4 months vs. 14.7 months for those in the sorafenib group (p = 0.0752) [221].



Pembrolizumab (Keytruda®, Merck Sharp & Dohme Corp., NJ, USA) is an immunoglobulin monoclonal anti-PD1 antibody. In 2019, based on results of an open-label, phase II clinical trial (KEYNOTE-224 trial), pembrolizumab was FDA-approved for patients with HCC who have been previously treated with sorafenib. The median OS in the KEYNOTE-224 trial was 12.9 months [222]. In the phase III KEYNOTE-240 trial, which included 413 patients from 27 countries, the median OS in the pembrolizumab group was 13.9 months vs. 10.6 months in the placebo group [223]. Similar to nivolumab, pembrolizumab failed to show a significant improvement in median OS in comparison with sorafenib as first-line therapy for HCC.




4.2. Treatment Limitations and Acquired Drug Resistance in HCC


The efficacy of targeted therapy for advanced HCC is limited, and acquired drug resistance is common in advanced HCC patients. The first-line treatment for patients with early stage HCC, surgical resection, confers a 5-year survival rate of 70%, but more than 50% of patients have advanced stage HCC at diagnosis [224]. Sorafenib has been the standard approved targeted therapy for advanced HCC in the previous one decade [225]. HCC patients treated with sorafenib had a significantly longer OS (10.7 months vs. 7.9 months) and time to progression (TTP; 5.5 months vs. 2.8 months), compared with patients treated with placebo, in the SHARP trial [226]. Although many patients with advanced HCC have a positive response to sorafenib at the beginning of therapy, patients commonly develop acquired drug resistance, which leads to disease progression [12].



Two kinds of drug resistance have been observed in previous studies. Some HCC patients have primary sorafenib resistance, meaning they do not respond to sorafenib from the beginning doses. Primary resistance is due to genetic heterogeneity, although the exact mechanisms responsible remain unclear. Most drug resistance of HCC patients is acquired sorafenib resistance, which means that patients initially respond to sorafenib but become resistant after a couple of weeks of treatment. Sorafenib is a multiple-target tyrosine kinase inhibitor (TKI) and can inhibit Raf-1, B-Raf, and kinase activity in the Ras/Raf/MEK/ERK signaling pathways, to further suppress tumor cell proliferation. The mechanism of drug resistance development may be related to changes in epigenetics in drug targets, upregulated transport processes, regulated cell death, or the tumor microenvironment [227]. The patient response rate of sorafenib is poor (0.7–3.0%); however, it is the recommend standard treatment for advanced HCC [228]. Hence, it is clear that alternative therapeutic strategies are needed.



Sorafenib combination treatment with adjuvant therapy for certain types of HCC has been proposed. It has been suggested that non-muscle myosin heavy chain IIA (MYH9) contributes to HBV-HCC. X protein expressed by HBV has been found to interact with MYH9 and induce its expression, leading to increased stemness. A recent study reported that targeting MYH9 increased survival in a HCC mouse model and promoted sorafenib sensitivity in HBx-silenced HCC cells [229]. Similarly, Witt-Kehati et al. showed that hepatoma cells with replicating HBV are less sensitive to sorafenib than those without. In addition, they studied the relationship between HBV and sorafenib resistance by investigating the activation state of the Raf-Mek-Erk pathway, one of the major targets of sorafenib, in the presence of HBV and in response to sorafenib. While blocking pErk in the pathway did not significantly reduce sorafenib resistance, knocking down phosphorylated mitogen-activated protein kinase 14 (pMAPK14) was found to rescue the efficacy of sorafenib in HBV-expressing hepatoma cells [230].



Targeting the IGF/IGFR signaling pathway is another possible therapeutic strategy. A 2015 study from Taiwan [231] examined the utility of targeting IL-6-IGF/IGFR-mediated signaling in HBV-HCC patients. They found that IGF/IGFR signaling was significantly increased in HBV-HCC tumor samples compared with NBNC, HCV, and BC-HCC tumor samples. In vitro experiments also showed that after treatment with IGF-1, the HBV-HCC cell line expressed significantly higher NANOG and OCT4, while the non-HBV-HCC cell line had no obvious response. Moreover, in the mouse models with xenografts of an HBV-HCC cell line, treatment with IL-6 increased expression of IGF-1, OCT4, and NANOG in liver tissues. The results suggest that increasing IGF/IGF-1R signaling further induces the stemness of HCC, particularly in HBV-HCC [134].





5. IGF/IGF-1R Signaling Responses for Targeted-Drugs Resistance in HCC


5.1. IGF/IGF-1 Signaling in Sorafenib Resistance


Increased IGF/IGF-1R signaling promotes sorafenib resistance through increasing the cancer stemness of cancer cells, upregulating the microRNAs, which regulate IGF/IGF1R signaling, or inducing in IGFBPs production.



Sorafenib (Nexavar), the first oral multiple targeting tyrosine kinase approved for the treatment of advanced liver cancer treatment in 2008, unfortunately has a low rate of disease control (43% and 35.3% in the SHARP and Asian-Pacific trials, respectively) [11,12]. One of the main causes of sorafenib resistance in HCC is increased growth factor signaling, including IGF/IGF-1R signaling. Although sorafenib inhibits several tyrosine kinases, it does not suppress IGF-1R phosphorylation in HCC cells [232,233]. Sorafenib treatment of Hep3B, HepG2, or Huh7 cells showed no change in levels of IGF-1R phosphorylation. Meanwhile, knocking down IGF-1R by shRNA or preventing IGF-1R phosphorylation by ceritinib enhanced the efficacy of sorafenib, reducing cell proliferation rate and tumor development [232]. Suppression of IGF/IGF-1R signaling induced sorafenib sensitivity in HCC cells. Co-treatment with sorafenib and PPP, an IGF-1R inhibitor, reduced cell proliferation and motility of HLF and PLC/PRL/5 cells compared with PPP alone [234].



In a study of sorafenib resistance, Tovar et al. demonstrated that the tumor initiation ability of cells derived from sorafenib-resistant tumors was higher than that of sorafenib sensitive tumor cells and non-treated tumor cells. Microarray analysis of sorafenib-resistant cells indicated an enrichment of IGF and FGF signaling cascades. In addition, inhibition of IGF and/or FGF signaling reduced cell survival in HCC cell lines and delayed tumor growth [235]. Other groups have illustrated that the expression of cancer stemness genes (OCT4, NANOG) induced by elevation of IGF-1/IGF-1R, correlates with high tumor recurrence in HCC patients [134] and sorafenib resistance. In addition, it was found that OCT4 can be upregulated by stimulating STAT3/DNA methyltransferases (DNMTs), and inhibiting DNMTs can increase sensitivity to sorafenib in HCC cell lines and in animal models [139].



Triggering sorafenib resistance through the regulation of IGF-1R by miRNA was reported in several studies. miRNAs are non-coding RNAs that play critical roles in post-transcriptional regulation of gene expression. MiRNAs bind to the target mRNA via base-pairing and then silence the gene [236]. Dysregulated miRNA expression has been identified in a variety of solid cancers [237]. MiR-122 is the most common miRNA in liver, and downregulation of MiR-122 has been correlated with hepatocarcinogenesis [238]. The level of miR-122 was found to be negatively correlated with IGF-1R mRNA in both sorafenib sensitive and sorafenib resistant patients. The functional target of miR-122 is IGF-1R, which is highly expressed in sorafenib resistant cells. Moreover, the level of miR-122 is significantly reduced in HCC sorafenib-resistant cells, while overexpression of this miRNA induces HCC cell sensitization to sorafenib by reducing IGF-1R [239]. Another study showed that elevated expression of the enhancer of zeste-2-polycomb repressive complex-2 (EZH2) subunit causes declining levels of miR-101, miR-122, miR-125b, and miR-139 in sorafenib resistant HCC cell lines. Treatments with miR-122, miR-125b, and miR-139 reduced the expression of IGF-1R and re-sensitized sorafenib-resistant cells to sorafenib. [240]. Another miRNA, miR-378a-3p, that regulates sorafenib-resistant property in HCC by silencing IGF-1R, was recently identified. The low level of miR-378a-3p is demonstrated in sorafenib-resistant cells. While, overexpression of this miRNA reversed sorafenib sensitivity in HCC sorafenib-resistant cells [241]. Taken together, the results suggest that downregulation of miRNA leads to overexpression of the IGF-1R gene and triggers sorafenib resistance in HCC cells.



Insulin-like growth factor binding proteins (IGFBPs) are modulators of IGF/IGF-1R signaling. IGFBPs bind to IGF ligands with high affinity and prevent IGF-mediated IG1R activation [242,243]. Downregulation of IGFBPs induces cell growth, migration, and invasion and promotes HCC development [99,104,244,245,246]. An interesting study has demonstrated the tumor suppressing capacity of conditioned media derived from human fetal MSCs (CM-hfMSC) containing high levels of IGFBPs. This medium enhanced the antitumor efficacy of sorafenib on HCC cells. In addition, CM-hfMSC depressed the growth of patient-derived cancer stem cells [125]. These findings suggest that recombinant IGFBPs might be a potential therapy for the treatment of liver cancer.



Interestingly, HBV replication also activates IGF/IGF-1R signaling and induces sorafenib resistance. We previously reviewed the correlation between HBV replication and activation of IGF/IGF-1R signaling in HBV-related HCC. Because upregulation of HBx in HBV-replicating HCC cells promotes cancer stemness properties, which confer sorafenib resistance in liver cancer, the mechanism of sorafenib resistance in HBV-replicating cells was examined. Findings demonstrated that HBx-ΔC1 upregulation in HCC-HBV cell lines (Bel-7402 and SMMC-7721) suppressed the apoptosis cascade proteins (Bax and Bcl2) and cleaved proteins (cleaved caspase 3, cleaved caspase 9 and cleaved PARP), hence preventing cell death programs under sorafenib treatment. In parallel, upregulation of HBx-ΔC1 led to upregulation of IGF-2 production, which induced cell proliferation [191]. Furthermore, a decline in IGFBP1 production was found in HBV-replicating cells. Inhibition of HBx in HBV-HCC cells by doxycycline resulted in reduced IGFBP production and expression [189]. This finding suggests that when HBV integrates into the cell genome, it leads to dysregulation of IGF/IGF-1R signaling in liver cancer. In addition, the presence of HBV DNA in the HCC genome was found in cases of sorafenib resistance mediated via activation of other signaling pathways including MAPK14 [230], NF-κB [247], and Wnt [229], which crosstalk with IGF/IGF-1R signaling [235,248,249].




5.2. IGF/IGF-1 Signaling in Other Targeted-Drug Resistances


Similar to sorafenib, regorafenib is a small-molecule tyrosine kinase inhibitor, which was FDA-approved for advanced liver cancer treatment in 2017 as a second-line treatment. However, resistance to regorafenib via IGF/IGF-1R signaling was reported in 2015. Lippoliss et al. demonstrated that regorafenib inhibits cell growth, metastasis, and invasion by increasing expression of pro-apoptotic proteins (Bim, Bad) and reducing levels of activated growth signaling proteins (p-Erk, p-c-Myc, p-STAT3, and p-p38). IGF-1 treatment antagonized the inhibitory effects of regorafenib in HCC cell lines [250]. The understanding of regorafenib resistance in HCC has continued to evolve. Suemura et al. used a CRISPR/Cas9-based loss-of-function genetic screen to identify molecules involved in regorafenib resistance in HCC and found that the Hippo pathway is involved in regorafenib resistance in HCC cells. Blocking the Hippo signaling mediator YAP using a specific inhibitor (Verteporfin) reversed the insensitivity of HCC regorafenib-resistant cells to become regorafenib-sensitive [251]. Meanwhile, the Hippo and IGF/IGF-1R signaling pathways were demonstrated to be linked in conferring sorafenib resistance in HCC cells [163]. Additional investigations into mechanisms behind regorafenib resistance in HCC found that resistance is mediated via proteins controlling the cell cycle and proliferation—NF-κB, STAT3, Akt, cMyc [252,253,254,255]. Thus, the IGF/IGF-1R signaling may be a potential target for combination treatment with regorafenib.



Gefitinib (Iressa®, AstraZeneca Pharmaceuticals, Cambridge, England) is a tyrosine kinase inhibitor that targets epidermal growth factor receptor (EGFR). Gefitinib treatment of HCC Mahlavu cells raised the phosphorylation level of IGF-1R and downstream p-Akt. It was also demonstrated that nuclear translocation of IGF-1R triggered gefitinib resistance in these cells [132]. Moreover, inhibiting IGF-1R caused HCC cells to become sensitive to gefitinib. Mouthon et al. demonstrated that activation of both EGFR and IGF-1R by EGF and IGF, respectively, resulted in increased phosphorylation levels of Erk and Akt in Hep3B and HepG2 cell lines. Gefitinib co-treatment with EGF or IGF-2 suppressed phosphorylation of Erk, but not of Akt. Blocking IGF-1R with the selective inhibitor AG1024 sensitized HCC cells to gefitinib by increasing the level of cleaved PARP [256]. In addition, combination treatment with gefitinib and sorafenib controlled HCC cell growth better than sorafenib alone [257]. These findings suggest that suppressing IGF/IGF-1R signaling increases the efficacy of gefitinib in HCC cells.



Evidence for IGF/IGF-1R signaling conferring lenvatinib resistance in HCC still has not been investigated; however, some IGF/IGF-1R-crosstalked signaling have been found to be involved in lenvatinib resistance. The hepatocyte growth factor (HGF), which plays a central role in inducing cell proliferation, angiogenesis and tumorigenesis, has been determined to promote lenvatinib resistance through the downstream targets Akt and Erk. Inactivation of this signal can reverse the sensitivity of HCC cells to lenvatinib [258].





6. IGF/IGF-1 Signaling as a Potential Target for the Treatment of Advanced HCC


The concept of targeting IGF/IGF-1 signaling has been studied in multiple clinical trials, several of which failed. Reasons these clinical trials failed include issues with patient recruitment, patient time investment, drug toxicity, and lack of efficacy. In Table 1, we review past clinical trials that targeted IGF/IGF-1 signaling. Moreover, we provide a novel perspective on the reasons for failure.



6.1. Former Trials Targeting IGF/IGF-1R Signaling in HCC


The efficacy and safety of cixutumumab (IMC-A12), a monoclonal IGF-1R targeting antibody [263], were evaluated in a phase II clinical trial [259]. A total of 24 patients with advanced HCC, Child-Pugh A-B8, and KPS ≥ 60% were recruited into the trial and received 6 mg/kg of cixutumumab weekly [264]. Progression free survival (PFS), OS, and tumor size were analyzed. Unfortunately, the 4-month PFS was inferior to that of placebo, there was no evidence of tumor shrinkage, and no patients had an objective response. In addition, IGF-1R was not significantly correlated with the outcome of patients. Cixutumumab alone did not show enough clinically meaningful activity in these unselected patients with HCC to continue the trial.



A phase I clinical trial assessed the combination of cixutumumab and sorafenib in HCC patients. The investigators recruited 21 unselected patients with advanced HCC and Child-Pugh A to B7. Patients received sorafenib 400 mg twice a day and escalating doses of cixutumumab (2, 4, or 6 mg/kg weekly), and PFS and OS were recorded [260]. Although the toxicity profile was similar to that of sorafenib monotherapy, the clinical efficacy of the combination of cixutumumab and sorafenib remained limited.



BIIB022 is an anti-IGF-1R monoclonal antibody that blocks the binding of both IGF-1 and IGF-2 to IGF-1R. Since it does not contain Fc effector function, it may minimize toxicities in healthy tissues expressing IGF-1R [261]. A phase Ib trial was conducted to evaluate the safety and tolerability of BIIB022 in combination with sorafenib in advanced HCC patients. However, results have not yet been published.




6.2. Reasons for Failing Trials and Potential Improvement of IGF/IGF-1R Targeted Therapies in HBV-HCC


To optimize the trial design in the future, we strongly propose that two factors should be considered.



The etiology of HCC should be considered in the inclusive criteria of clinical trials. Lack of etiological stratification in patient recruitment may be a reason for the failure of all of the clinical trials mentioned above. IGF/IGF-1R signaling is now known to be significantly increased in HBV-HCC, especially, compared with other types of HCC [134,139]. Therefore, while the therapies targeting IGF/IGF-1R signaling showed limited clinical activity on HCC with unspecific etiology, we strongly suggested that they would be efficacious in HBV-HCC. We believe that the etiology of HCC should be considered an important factor when recruiting patients for enrollment in clinical trials. Specifically, selecting patients with HBV-HCC for the clinical trials assessing IGF-1R-targeting monoclonal antibodies and sorafenib combination therapies may make these trials more likely to be successful.



In addition, administrating the IGF/IGF-1R signaling-targeted drugs via the hepatic artery, the artery that carries blood directly to the liver tumors, can provide a liver-specific therapeutic strategy for HCC patients. Transarterial chemoembolization (TACE) is a kind of transarterial infusion method and is widely used in liver cancer patients who cannot undergo resection surgery or have tumor recurrence. During the process, chemical agents are infused into the artery that feed tumors. After infusion, the embolization in the following step block the artery and improve the retention of the drugs in the artery that supply tumors [265]. IGF/IGF-1R signaling manipulates cell proliferation, organ development, and regeneration throughout the body, making it hard to become a therapeutic target without hurting its physiological function, and since IGF/IGF-1R signaling occurs not only in the liver but also in other organs, delivering drugs targeting IGF/IGF-1R signaling via oral or intravenous routes might cause harmful effects to the other organs [266]. We highly recommend that transarterial infusion, such as TACE, would be the best way to minimize the risks of side effects triggered by drugs that target IGF/IGF-1R signaling and improve the efficacy of the drugs.





7. Conclusions


In this review, we highlight the evidence for dysregulated IGF/IGF-1R signaling in HCC. In the pathophysiology of HCC, numerous factors can initiate carcinogenesis, including hepatitis virus infection, microenvironmental factors, and imbalance of IGF-1R modulators. As tumors grow, a portion of cancer cells acquire stemness properties due to induction of critical pluripotent transcription factors by IGF/IGF-1R signaling, followed by functional alterations in these cells. Cell stemness may make cells resistant to targeted therapies, including first-line sorafinib and lenvatinib treatments in HCC. Recently, IL-6–DNMT3b–mediated OCT4 expression was found to correlate with tumor early recurrence and poor prognosis of HCC patients [139]. Activation of IGF/IGF-1R signaling induces the stemness properties of HBV-HCC [134]. Based on these insights, diminishing cancer stemness can be further explored through targeting both IGF/IGF-1R signaling molecules and epigenetic modulators. Although some trials of IGF-1R targeting agents have shown safety issues or limited efficacy (Table 1), it is hoped that further investigation into this strategy of combining anti-cancer drugs with agents that inhibit IGF/IGF-1R signaling will yield effective treatment for HBV-associated HCC.
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	AFR
	Albumin-to-Fibrinogen Ratio



	AIF-1
	Allograft Inflammatory Factor-1



	Akt
	Ak Strain Transforming



	ALDH
	Aldehyde Dehydrogenase



	Bax
	BCL2 Associated X



	BC-HCC
	Hepatitis B and C-Hepatocellular Carcinoma



	Bcl2
	BCL2 Apoptosis Regulator



	CAF
	Cancer-Associated Fibroblasts



	c-KIT
	KIT Proto-Oncogene



	CM
	Conditioned Media



	CRISPR/Cas9
	Clustered Regularly Interspaced Short Palindromic Repeats Cas9



	CSC
	Cancer Stem Cell



	DAAs
	Direct-Acting Antivirus



	DENA
	Diethylnitrosamine



	DNA
	Deoxyribonucleic Acid



	DNMT
	DNA Methyltransferase



	EMT
	Epithelial-Mesenchymal Transition



	EZH2
	Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit



	FDA
	U.S. Food and Drug Administration



	FGF
	Fibroblast Growth Factor



	FLT3
	FMS-Like Tyrosine Kinase 3



	GH
	Growth Hormone



	HBeAg
	Hepatitis B E-Antigen



	HBV
	Hepatitis B Virus



	HBx
	Hepatitis B Virus X Protein



	HCC
	Hepatocellular Carcinoma



	HCV
	Hepatitis C Virus



	hfMSC
	Human Fetal Mesenchymal Stem Cell



	HIF
	Hypoxia-Inducible Factor



	HIV
	Human Immunodeficiency Virus



	IGF-1/2
	Insulin-Like Growth Factor 1/2



	IGF-1R
	Insulin-Like Growth Factor 1 Receptor



	IGFBP
	Insulin-Like Growth Factor Binding Protein



	IL-6
	Interleukin 6



	INSR-A
	Insulin Receptor-A



	Jak
	Janus Kinase



	KPS
	Karnofsky Performance Status Scale



	lncRNA
	Long Non-Coding RNA



	MAPK (Erk)
	Mitogen-Activated Protein Kinase



	MAPKK (Mek)
	Mitogen-Activated Protein Kinase Kinase



	MER
	Mer Receptor Tyrosine Kinase



	MET
	Receptor Tyrosine Kinase



	miRNA
	MicroRNA



	MMP
	Matrix Metalloproteinases



	mRNA
	Messenger RNA



	MSC
	Mesenchymal Stem Cell



	mTOR
	Mechanistic Target of Rapamycin



	NANOG
	Nanog Homeobox



	NBNC
	Non-B Non-C Hepatocellular Carcinoma



	NFκB
	Nuclear Factor Kappa Beta



	NGF
	Nerve Growth Factor



	OCT4
	Octamer-Binding Transcription Factor 4



	ORF
	Open Reading Frame



	OS
	Overall Survival



	OV6
	Oval Cell Marker Antibody 6



	PD1
	Programmed Cell Death Protein 1



	PDGFR
	Platelet Derived Growth Factor Receptor



	PFS
	Progression Free Survival



	PI-3K
	Phosphatidylinositol-3-Kinase



	PROM1 (CD133)
	Prominin-1



	PSA
	Prostate-Specific Antigen



	Raf
	Rapidly Accelerated Fibrosarcoma



	Rb pathway
	Retinoblastoma Pathway



	REACH
	Research to Assess Svs [Spiration® Valve System]



	RET
	Rearranged During Transfection



	rhGH
	Recombinant Human GH



	ROS1
	Ros Proto-Oncogene 1



	RUNX
	Runt-Related Transcription Factor



	SCF
	Stem Cell Factor



	SHARP
	Study of Heart and Renal Protection



	SiRNA
	Silent RNA



	SOX2
	Sex Determining Region Y-Box2



	STATs
	Signal Transducer and Activator of Transcription



	TAZ
	Tafazzin



	TBX5
	T-Box Transcription Factor 5



	TCGA
	The Cancer Genome Atlas



	TEAD
	Tea Domain Family Member



	TGF-β
	Transforming Growth Factor Beta-1



	TIA-1
	T-Cell-Restricted Intracellular Antigen-1



	TIE2
	Tek Receptor Tyrosine Kinase



	TYRO3
	Tyrosine-Protein Kinase Receptor 3



	VEGFR
	Vascular Endothelial Growth Factor Receptor



	WHO
	World Health Organization



	Wnt
	Wingless-Related Integration Site



	YAP
	Yes-Associated Protein



	ZEB1
	Zinc Finger E-Box Binding Homeobox 1
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Figure 1. The insulin-like growth factor (IGF)/IGF-1R signaling pathway in the development of liver disease. During the initiation of liver diseases caused by hepatitis virus infection, obesity, alcohol, or toxins, hepatocytes increase the release of inflammatory cytokines, such as IL -6. IL-6 can also be secreted by Kupffer cells after hepatitis B virus (HBV) infection, activating the IGF/IGF-1R signaling pathway. Released cytokines recruit TAMs and CAFs to the hepatocytes, leading to cirrhosis formation. IGF/IGF-1R signaling is activated following disease progression. Meanwhile, the levels of IGF-1, IGF-2, Insulin-like growth factor binding proteins (IGFBPs), and IGFBP proteases can change. Cirrhosis in the liver may develop into hepatocellular carcinoma (HCC). In HCC, more TAMs and CAFs are recruited to the cancer microenvironment and hypoxia occurs in the liver. Furthermore, the expression of IGF-1, IGF-2, IGF-1R, and IL-6 increase. 
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Figure 2. IGF/IGF-1R signaling induces cancer-related stemness in HCC. The formation of a hypoxic environment or the HBx protein can trigger and form a loop of IGF/IGF-1R signaling activation during HCC progression, leading to the activation of cancer stemness-related transcription factors and specific niches. Stimulation of these transcriptional pathways, such as Oct4, Nanog, and SOX2, and interactions in the niches increase cancer stemness and lead to the upregulation of stemness-associated cell surface markers, including EpCAM, CD133, CD44, and CD13. IGF-1, IGF-2, and IGF-1R targeting drugs and tyrosine kinase inhibitor (TKI) inhibit IGF/IGF-1R signaling, and thus discontinue the loop. 
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Table 1. Agents that target IGFs/IGF-1R in development for liver cancer treatments.
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Compound

	
Locations of Clinical Trial

	
Mechanism of Action

	
Phase

	
Combination Treatment

	
No. of Participants (n)

	
HCC Etiology of Participants

	
Conclusion

	
Clinical Trial No. or Ref.

	
Year of Clinical Trial






	
Monoclonal antibodies




	
MEDI-573

	
United States

	
Anti IGFI and IGFII

	
Phase 1b

	
Combination with sorafenib

	
6

	
Unspecific

	
Safety population included all participants who received any amount of study treatment.

	
NCT01498952

	
2012–2013




	
Cixutumumab (IMC-A12)

	
United States

	
Anti IGF-1R

	
Phase II

	
Single

	
24

	
Unspecific

	
Cixutumumab alone did not show the clinical meaningful activity in recruited patients with HCC.

	
NCT00639509

[259]

	
2008–2011




	
Cixutumumab (IMC-A12)

	
United States

	
Anti IGF-1R

	
Phase I

	
Combination with sorafenib

	
21

	
Unspecific

	
Combination of cixutumumab and sorafenib showed limited clinical efficacy in patients with HCC.

	
NCT01008566

[260]

	
2009–2016




	
BIIB022

	
United States

Singapore

Taiwan

United Kingdom

	
Anti IGF-1R

	
Phase Ib

	
Combination with sorafenib

	
40

	
Unspecific

	
The dose of BIIB022 was established for clinical trial phase II.

	
NCT00956436 [261]

	
2009–2011




	
AVE1642

	
France

	
Anti IGF-1R

	
Phase I

	
Single and Combination with sorafenib

	
13

	
Unspecific

	
AVE1642 can be safely combined with active doses of sorafenib.

	
NCT00791544 [262]

	
2008–2009




	
FPI-1434

	
United States

Australia

Canada

	
Anti IGF-1R

	
Phase I

	
Single

	
38

	
Unspecific

	
Recruiting.

	
NCT03746431

	
2019–2022




	
Inhibitors




	
Linsitinib (OSI-906)

	
United States

Belgium

France

Germany

Hong Kong

Italy

Korea

Singapore

Spain

Taiwan

	
IGF-1R phosphorylation inhibitor

	
Phase II

	
Single

	
23

	
Unspecific

	
Terminated due to safety issue observed.

	
NCT01101906

	
2011
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