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Abstract
Sorafenib is the only and standard systematic chemotherapy drug for treatment of advanced hepatocellular carcinoma (HCC) at the current stage. Although sorafenib showed survival benefits in large randomized phase III studies, its clinical benefits remain modest and most often consist of temporary tumor stabilization, indicating that more effective first-line treatment regimens or second-line salvage therapies are required. The molecular pathogenesis of HCC is very complex, involving hyperactivated signal transduction pathways such as RAS/RAF/MEK/ERK and PI3K/AKT/mTOR and aberrant expression of molecules such as receptor tyrosine kinases and histone deacetylases. Simultaneous or sequential abrogation of these critical pathways or the functions of these key molecules involved in angiogenesis, proliferation, and apoptosis may yield major improvements in the management of HCC. In this review, we summarized the emerging sorafenib-based combined molecule targeting for HCC treatment and analyzed the rationales of these combinations. 
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Core tip: Cancer is regarded as a heterogeneous disease, with no exception of hepatocellular carcinoma (HCC), which requires combined chemotherapy. HCC is not sensitive to most currently used conventional cytotoxic drugs. The approval of sorafenib, a molecule target drug that inhibits RAF kinase and several other angiogenesis-related receptor tyrosine kinases, opens a door for systematic treatment of HCC. The pathogenesis of HCC involves hyperactivation of several signal pathways and aberrant expression of some key molecules, suggesting combination treatment may yield major improvements in the management of this disease. The emerging sorafenib-based combination treatments are reviewed in the present article.
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INTRODUCTION 
Liver cancer is the second most common cause of death from cancer worldwide, estimated to be responsible for nearly 746000 deaths in 2012 according to the statistics published by World Health Organization[1]. Among the diverse, histologically distinct primary hepatic neoplasms, hepatocellular carcinoma (HCC) is the most common type of liver cancer, accounting for 83% of all cases[2-4]. The prevalence of HCC is especially severe in China and Japan due to high rates of hepatitis B virus (HBV) and hepatitis C virus (HCV) infection in the population[5-8]. Curative treatments including liver transplantation and hepatic resection are only suitable for fewer than 20% of HCC patients because most cases have progressed to an advanced stage with intra- or extra-hepatic metastasis when the disease is diagnosed[9-13]. As a palliative treatment, chemotherapy is a highly needed means for the patients with unresectable or metastatic HCC[14-17].
HCC is generally recognized as a chemo-resistant tumor that is not sensitive to most currently used cytotoxic drugs[18-20]. Recent discoveries in the molecular mechanisms of HCC pathogenesis have created many opportunities for developing targeted therapies[21-24]. Sorafenib, which targets RAF kinase (c-RAF and b-RAF) and several other angiogenesis-related receptor tyrosine kinases (RTKs) including vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR), is the first approved molecule-targeting agent that has been applied to systemic chemotherapy in HCC patients with metastatic disease or transcatheter arterial chemoembolization (TACE)-refractory disease[25,26]. Although clinical studies demonstrated some benefits of sorafenib on the time-to-progression (TTP) and overall survival (OS), its efficacy against HCC remains moderate[25]. The median TTP was demonstrated to be 5.5 mo for sorafenib and 2.8 mo for placebo, and the median OS was 10.7 mo for sorafenib and 7.9 mo for placebo[25]. Results of subsequent clinical trials on single agents including linifanib, brivanib, and sunitinib are disappointing since they are not superior to sorafenib or placebo in terms of efficacy or safety[27]. At this stage, there have not yet been any verified drugs except for sorafenib in systematic treatment of HCC.
    Combination of sorafenib and other molecule targeted drugs for treatment of HCC has drawn wide attention in recent years based on the following understanding: (1) HCC is a highly heterogeneous disease in terms of etiology and clinical behavior, which signifies that cancer-driven genes may be varied in tumors of different patients[28]; (2) Cell clones in one tumor are heterogeneous with respect to both morphology and function, which means that the tumor is made up of diverse cell populations that show different drug sensitivity[29,30]. The drug-resistant clones may survive under the evolutionary selection pressure and then drive the cancer progression; and (3) Hepatocarcinogenesis is a stepwise process during which multiple genes are altered[31]. Genetic changes and their biological consequences in cancerous cells may include tumor suppressor genes, oncogenes, reactivation of developmental pathways, growth factors and their receptors, and angiogenesis[32]. The complexity of pathogenesis of HCC suggests that combination of drugs that target multiple key molecules implicated in tumor initiation and progression is a promising strategy to conquer this pressing disease. In this review, we summarizes recent advance of sorafenib-based combined treatments for HCC (Figure 1 and Table 1).

COMBINING SORAFENIB AND ANTIANGIOGENIC AGENTS
HCC is a hypervascular tumor and angiogenesis plays an important role in the progression of the disease[33]. Studies revealed that CD34, a sensitive angiogenesis-related endothelial marker, was not detected in healthy liver and cirrhotic liver, but was obviously expressed in HCC, suggesting that angiogenesis is probably a driving force in HCC development[34,35]. Regarding the molecular mechanisms of angiogenesis, VEGF is the best known angiogenic factor that promotes endothelial cell (EC) proliferation and migration[36-38]. Besides, various VEGF-independent drivers have also been recognized, including multiple interactions among diverse growth factors and receptors involving EC, NOTCH/d-like ligand 4 (DLL4), angiopoietin (Ang)-Tie, placental growth factor (PIGF), tumoral cells (SDF1/CXCR4), pericytes [platelet-derived growth factor (PDGF) and transforming growth factor β (TGF-β)], extracellular matrix (ECM) components (integrins and cadherins), inflammatory cells (tumor-associated macrophages and Tie-2-expressing monocytes), and bone-marrow-derived cells[39,40]. The antiangiogenic effect of sorafenib is mainly ascribed to its ability of inhibiting VEGFR-2, PDGFR, and these RTKs-mediated RAF/MEK/ERK pathway[41]. Although sorafenib exhibits reliable antiangiogenic effects, the complexity of angiogenesis suggests that it hardly blocks the formation of tumor microvessels completely[42]. The redundancy of angiogenic mechanisms may contribute to drug resistance through activation of alternative proangiogenic pathways. In this sense, combination of sorafenib and other antiangiogenic agents with different targets may improve the efficacy of sorafenib monotherapy and minimize the arising of drug resistance.
    Activin receptor-like kinase-1 (ALK1) is a type I, endothelial cell-specific member of the TGF-β superfamily of receptors with high affinity for bone morphogenetic protein-9 (BMP9) and BMP10. Multiple lines of evidence demonstrated that BMP9/BMP10/ALK1 pathway is implicated in blood vessel formation and organization[43,44]. Dalantercept, a soluble form of ALK1 that prevents activation of endogenous ALK1 by BMP9 or BMP10, inhibits maturation of vascular endothelial cells, disrupts vascular development, and displays potent antitumor activity in preclinical models[45,46]. Distinguished with sorafenib, dalantercept targets this alternative angiogenic pathway and blocks common downstream events in the angiogenic process like the later vascular maturation stage. Thus combining dalantercept and sorafenib may achieve enhanced inhibition of tumor angiogenesis. It is worth noting that the side-effects of dalantercept mainly include lower extremity peripheral edema (grades 1-2) and congestive cardiac failure (grades 1-3), which do not appear to overlap with the toxicity profile of sorafenib[47]. Currently, an open-label, multi-center phase 1b study (NCT02024087) is ongoing to evaluate the safety, tolerability, pharmacokinetics, pharmacodynamics, preliminary activity, and the recommended phase 2 dose of dalantercept and sorafenib when used in combination in advanced HCC. This clinical study will also examine the biomarkers associated with tumor response including BMP9/10 and ALK1 in tumor biopsies and serum. 
Paralleled with the endeavors exploring the efficacy of simultaneous combination of sorafenib and antiangiogenic agents, studies have also been performed to investigate whether antiangiogenic drugs are available as the second-line therapy to control disease progression when sorafenib treatment fails. Axitinib is a multiple tyrosine kinases inhibitor targeting VEGFR1, VEGFR2, VEGFR3, PDGFR, and c-Kit[48]. It has been approved by the United States Food and Drug Administration (FDA) for treatment of advanced kidney cancer. Preclinical studies demonstrated that the drug also exhibited potent activity against liver cancer[49]. A phase II trial (NCT01334112) of second-line axitinib following prior antiangiogenic therapy (sorafenib or bevacizumab) in advanced HCC showed that axitinib induced partial response in 1 of 26 patients and stable disease in 10 of 26 patients with a 16-wk cutoff, equivalent to a response rate of 3.8% and tumor control of 42.3%, which met the primary end point of the study[50]. The common adverse events in the axitinib group were hypertension, fatigue, dysphonia, and hypothyroidism[50]. Overall, axitinib showed encouraging clinical activity in patients pretreated with antiangiogenic agents in this study. Currently, there is also an ongoing multi-center, second-line study (EUCTR2011-002029-24-IT) of axitinib in patients with advanced HCC progressed with sorafenib. The primary endpoint of the study is to assess the rate of patients without progression in an evaluation period of 4 months and the results are still awaited. 
    Another antiangiogenic agent that is currently being evaluated as the second-line option for advanced HCC that acquires resistance to sorafenib is apatinib, which is a tyrosine kinase inhibitor selectively targeting VEGFR2[51]. In-vitro studies demonstrated that it effectively inhibited proliferation, migration, and tube formation of human umbilical vein endothelial cells as well as blocked the budding of rat aortic ring[52]. In-vivo studies showed that apatinib was capable of inhibiting the growth of several established human tumor xenografts[52]. A phase I study of apatinib showed encouraging antitumor activity and a manageable toxicity profile[53]. An interesting feature of this compound is that it can circumvent the multidrug resistance of cancer cells to certain conventional drugs by inhibiting the functions of multidrug resistance-associated proteins such as ABCB1 and ABCG2[54,55]. This characteristic of apatinib indicates that it might be useful in combining other drugs for cancer treatment. Thus far, a phase II trial (NCT01192971) of apatinib in patients with advanced HCC has been completed but the results has not been published. That said, A phase III trial (NCT02329860) sponsored by the same company, i.e. Jiangsu HengRui Medicine Co., Ltd. (Jiangsu, China), was started on December 2014, aiming to evaluate the efficacy and safety of apatinib in patients with advanced HCC who have progressed on targeted therapy such as sorafenib and/or chemotherapy. 

COMBINING SORAFENIB AND MEK/ERK INHIBITOR
Except for the antiangiogenic effect, sorafenib can directly suppress the proliferation of HCC cells, which is ascribed to its ability of inhibiting RAF kinase and thus blocking RAF/MEK/ERK signal pathway[56]. It is known that the RAS/RAF/MEK/ERK represents a dominant signaling pathway promoting cell proliferation and survival[56,57]. The binding of different growth factors such as epidermal growth factor (EGF), hepatocyte growth factor (HGF), and insulin-like growth factor (IGF) to their receptors induces activation of RAS which in turn activates RAF, MEK, and ERK[58]. The activated ERK translocates into the nucleus and then activates transcription factors that regulate the expression of genes involved in cell proliferation and survival[58]. The RAS/RAF/MEK/ERK pathway is in an activated status in the majority of advanced HCC due to increased signaling induced by upstream growth factors such as EGF, HGF, and IGF[58,59]. Thus, inhibiting this signal pathway may significantly suppress the growth of HCC, which has been evidenced by many studies thus far. Although sorafenib is capable of interfering the signal transduction of this pathway via inhibiting the functions of RAF, its efficiency may be compromised by the complementary and/or feed-back mechanisms, which may partially restore the levels of phosphorylated ERK[60,61]. In order to overcome this issue, studies were performed to assess the efficacy and safety of combining sorafenib and MEK/ERK inhibitor in treatment of HCC. Thus far, some favorable results have been achieved in preclinical and clinical studies.
    Huynh et al[60] reported that sorafenib significantly inhibited the growth of HCC xenografts but also caused elevation of insulin-like growth factor receptor 1 (IGF-1R) and phospho-c-RAF Ser 338 (activated form of c-RAF). The underlying mechanisms were revealed to be related with inhibition of c-RAF Ser 259 by sorafenib. It was reported that the phosphorylation of c-RAF at Ser259 prevented c-RAF activation, and that the dephosphorylation of c-RAF at Ser259 was an essential part of the c-RAF activation process[62]. It is possible that inhibition of phospho-c-RAF Ser 259 by sorafenib facilitates the phosphorylation of c-Raf at Ser338 which in turn promotes the phosphorylation of MEK and ERK. This finding warrants evaluation of the efficacy of combining sorafenib and MEK inhibitor in HCC treatment. As expected, inhibition of MEK by a small molecular compound AZD6244 (also named ARRY-142886) obviously enhanced the antitumor effect of sorafenib in both orthotopic and ectopic models of HCC[60]. A phase II trial (NCT01029418) was started in December 2009 to evaluate the efficacy of combination of AZD6244 and sorafenib in treatment of advanced HCC. Unfortunately, this trial was terminated without any definite conclusions due to funding issue in April 2015. Further studies are needed to verify the strategy of combining sorafenib and AZD6244 in treatment of HCC. 
    Another feed-back model involved in RAF/MEK/ERK pathway also demonstrated the rationale of simultaneous inhibition of RAF and MEK in treatment of HCC. It has been described that the activated ERK could inhibit RAF, which is a negative feed-back regulation of RAF/MEK/ERK signal transduction[63]. Inhibition of MEK/ERK signaling by MEK inhibitors relieves ERK-dependent feedback inhibition of RAF and then compensatorily induces MEK phosphorylation[63,64]. Thus, MEK inhibitors combining sorafenib that inhibits RAF may block the feed-back loop and efficiently inhibit the RAF/MEK/ERK signal transduction. Interestingly, this model of action for MEK feed-back regulation is true for refametinib (BAY 86-9766)[61], an orally available small molecule that binds to an allosteric region adjacent to the ATP-binding pocket of MEK and inhibits both MEK 1 and MEK 2 with high potency and selectivity. In preclinical studies, refametinib exhibited potent antiproliferative activity in HCC cell lines and was strongly synergistic with sorafenib in suppressing the growth of HCC xenografts[61]. On the signaling pathway level, the combination of refametinib and sorafenib led to inhibition of the upregulatory feedback loop toward MEK phosphorylation observed after refametinib monotreatment[61]. In a completed single-arm phase II trial (NCT01204177), disease control rate (DCR), TTP, and OS were higher compared with previous sorafenib monotherapy studies (44.8% vs 35.3% for DCR; 4.1 vs 2.8 mo for TTP; 9.7 vs 6.5 mo for OS), especially in relation to Asian patients[65]. With regard to the toxicity, both refametinib and sorafenib were tolerated; however, most patients required dose modifications, mainly due to frequent grade 3 adverse events. Overall, combining refametinib and sorafenib provides a potential option for patients with unresectable HCC, which warrants a phase III trial for further evaluation. 

COMBINING SORAFENIB AND AGENTS INHIBITING PI3K/AKT/MTOR SIGNAL PATHWAY
Similar with RAF/MEK/ERK pathway, PI3K/AKT/mTOR is also a major intracellular signaling pathway that regulates multiple cellular functions, including cell growth and proliferation, motility, survival, apoptosis, autophagy, and angiogenesis[66-68]. It has been described that the PI3K/AKT/mTOR signaling pathway plays a pivotal role in HCC and is activated in 30%-50% of HCC cases[69]. Many inhibitors targeting this pathway is currently being evaluated for HCC treatment in preclinical and clinical studies. That said, studies demonstrated that RAF/MEK/ERK pathway could be activated as a consequence of mTOR inhibition, which might attenuate the antitumor effects of mTOR inhibitors[70,71]. On the other hand, inhibition of RAF/MEK/ERK signaling by sorafenib could induce increased mTOR phosphorylation, especially in sorafenib-resistant HCC cell lines[71,72]. The fact that blockage of RAF/MEK/ERK or PI3K/AKT/mTOR, separately, can result in activation of the other pathway underscores the potential of a combined therapeutic approach with agents targeting these two pathways. Another favorable factor of this combination strategy is that some mTOR inhibitors such as sirolimus and everolimus can be used as immunosuppressant to prevent organ rejection response after liver transplantation[73]. Thus, combination of mTOR inhibitors and sorafenib confers both anticancer and immunosuppressive properties, which might be suitable for treatment of recurrent HCC after liver transplantation.
Consistent with the theoretical assumption, addition of mTOR inhibitors such as sirolimus, everolimus, and temsirolimus to sorafenib augments antitumor effects in HCC preclinical studies in vitro and in vivo[74-76]. That said, the issue of this combination strategy is that patients with advanced HCC showed lower tolerance to mTOR inhibitor or sorafenib compared to monotherapy. In a phase I study of the combination of everolimus and standard dose of sorafenib (400 mg twice daily) in advanced HCC, the maximum-tolerated dose (MTD) of everolimus was recommended to be 2.5 mg daily which is one third or fourth of the MTD established in everolimus monotherapy for advanced HCC[77]. Everolimus escalation beyond 5 mg daily in the combination settings was showed to be accompanied by dose limited toxicities such as grade 3 aspartate aminotransferase (AST) elevation, hyperbilirubinemia, and grade 3/4 thrombocytopenia. However, based on the effective dose of everolimus, a phase II trial (NCT01005199) is currently ongoing to assess the efficacy of sorafenib (400 mg twice daily) plus everolimus (5 mg daily) in treating patients with localized, unresectable, or metastatic liver cancer. Similar with everolimus, temsirolimus combined with sorafenib also results in reduced MTD of both drugs. A phase I dose-finding trial demonstrated that the MTD and recommended phase 2 dose of the combination strategy are temsirolimus 10 mg weekly plus sorafenib 200 mg twice daily[78], which are both lower than each single-agent MTD as well as the combination MTD identified in melanoma patients without hepatic dysfunction, which is temsirolimus 25 mg weekly plus sorafenib 400 mg in the mornings and 200 mg in the evenings[79]. A phase II trial (NCT01687673) is currently ongoing to evaluate the efficacy of temsirolimus (10 mg weekly) plus sorafenib (200 mg twice daily) in treatment of advanced HCC.
    The efficacy of combination therapy with mTOR inhibitors and sorafenib for recurrent HCC after liver transplantation were initially described in several case reports, implying the usefulness of this combination regimen[80,81]. Due to concerns of the toxicity of mTOR inhibitors and sorafenib when used in combination, two clinical retrospective analyses were performed to assess the efficacy and safety of this combination modality for recurrent HCC after liver transplantation[82,83]. A single-center retrospective study analyzed the data of 7 patients receiving everolimus and sorafenib treatment and showed that the regimen is challenging regarding side effects and requires close patient monitoring to adapt everolimus dosage to sorafenib exposure and toxicity[83]. The other clinical study analyzed the data of 31 patient who concomitantly administered everolimus or sirolimus plus sorafenib and confirmed the effectiveness of this combination strategy described in previous case reports[82]. Significant but manageable toxicity profile of mTOR inhibitor plus sorafenib was also observed in this study, which cautions that a careful assessment of potential vascular or hemorrhagic complications should be performed for all patients. The study suggests that combined treatment with mTOR inhibitor and sorafenib might be a therapeutic option for post-transplant HCC recurrence not amenable to curative treatments, which warrants further randomized and controlled clinical studies in the future.
    The above mentioned mTOR inhibitors including sirolimus, everolimus, and temsirolimus specifically target mTORC1 (mechanistic target of rapamycin complex 1), which is one of the two components of mTOR[84]. Because they do not directly inhibit the other component of mTOR, i.e., mTORC2 that is also vital to tumor maintenance and progression, the action mode of these drugs does not fully exploit the antitumor potential of mTOR targeting in cancer[85]. Additionally, mTORC1 can also negatively regulate PI3K, implicating potential feedback activation of PI3K by sirolimus, everolimus, or temsirolimus[86]. An agent that is able to inhibit both mTORC1 and mTORC2, and also block upstream of mTOR, will result in a stronger inhibition of the PI3K/AKT/mTOR pathway. PI-103 and PKI-587 are representatives of this class of drugs, which showed potent inhibitory effects on various human cancers including HCC in pre-clinical studies[87,88]. Evers et al demonstrated that PI-103 plus sorafenib or PKI-587 plus sorafenib could synergistically inhibit EGF-stimulated HCC cells proliferation compared with monotherapy[71,88]. Further studies revealed that activation of PI3K/AKT/mTOR by EGF was blocked by PI-103 or PKI-587 which, however, stimulated MEK and ERK phosphorylation; activation of RAS/RAF/MEK/ERK by EGF was suppressed by sorafenib which, on the other hand, induced AKT and mTOR phosphorylation[71,88]. Either PI-103 or PKI-587 combining with sorafenib could inhibit all the tested kinases in the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways, which accounts for the superior effects of combination regimen to single drug in suppressing the proliferation of HCC cells. These studies reinforce the rationale of simultaneous inhibition of HCC pivotal pathways Ras/Raf/MEK/ERK and PI3K/AKT/mTOR.

COMBINING SORAFENIB AND HISTONE DEACETYLASES INHIBITORS
Histone deacetylases (HDACs), along with histone acetyltransferases, reciprocally regulate the acetylation status of the positively charged NH2-terminal histone tails of nucleosomes[89]. Acetylation of histones by HDACs reduces the affinity of histones for DNA, resulting in an open DNA structure that facilitates gene expression[89,90]. HDAC inhibitors are currently considered to be among the most promising anticancer agents in drug development and some of them such as panobinostat and vorinostat has been approved for marketing in treatment of multiple myeloma and cutaneous T cell lymphoma[91,92]. It has been demonstrated that over-expression of HDACs is associated with poor prognosis and survival rates of HCC patients[93]. The efficacy and safety of HDAC inhibitors including resminostat and belinostat in treatment of advanced HCC have been validated in the phase II clinical trials[94,95], indicating the potential value of HDAC inhibitors for HCC therapy.
    The strategy of combining HDAC inhibitors and sorafenib for enhanced antitumor efficacy has been tested in HCC. Preclinical studies showed that addition of HDAC inhibitors including panobinostat, vorinostat, and MPT0E028 to sorafenib achieved additive or synergistic effects against HCC both in vitro and in vivo, providing the rationale for clinical studies with this combination regimen[96-98]. Panobinostat, a non-selective HDAC inhibitor (pan-HDAC inhibitor), was once sporadically reported to enhance the antitumor effect of sorafenib in patients with advanced HCC[99,100]. However, the subsequent phase I trial (NCT00873002) was terminated due to dose limiting toxicity, which precluded phase II study of this combination in treatment of advanced HCC. Vorinostat, an inhibitor of HDAC 1 and 3, is currently under phase I evaluation (NCT01075113) when combination of sorafenib in the setting of HCC, which is now suspended for interim analysis of dose limiting toxicity. Among HDAC inhibitors that are evaluated as combined drugs with sorafenib, resminostat that inhibits the activities of HDAC 1, 2, and 3 was testified to be a promising option. A recent multi-center, phase II Shelter study (NCT00943449) carried out in 8 German and 6 Italian centers validated the efficacy and safety of resminostat plus sorafenib for advanced HCC patients. Results demonstrated that combination of resminostat and sorafenib yielded a striking 70% progression free survival (PFS) at 12 wk[101]. Moreover, the treatment improved the OS of patients from 3 mo to 8 mo. Encouraged by these findings, a phase I/II study (NCT02400788) was implemented in Japan and South Korea in March 2015 to assess the availability of resminostat plus sorafenib in Asian patients with advanced HCC. While much work remains to be done, the currently achieved results open a door to better treatment prospects for this devastating disease.
    The mechanisms underlying the synergistic effects of combination of HDAC inhibitors and sorafenib against HCC have been revealed from the following several aspects. First, sorafenib inhibits RAF/MEK/ERK pathway and causes an increased expression of Wnt-pathway regulator CDH1, a pivotal player of hepatocarcinogenesis known to be implicated in growth arrest[102]. Because HDACs can directly suppress CDH1 expression, combination of HDACs inhibitors and sorafenib results in a further rise of CDH1 expression, which might partially explain the observed potent antitumor effects of the combined therapy[96]. Second, HDAC inhibitors such as MPT0E028 is capable of activating ERK and its downstream molecules via induction of FGFR3-mediated signaling, suggesting that HDAC inhibitors may render HCC cells more dependent on ERK signaling[98]. Abrogation of RAF/MEK/ERK signaling by sorafenib may sensitize tumor cells to HDAC inhibitor-induced cell apoptosis[98]. Third, HDAC inhibitors can upregulate signal transduction pathways related to angiogenesis by modulating the expression of growth factors like VEGF or of downstream kinases like mitogen activated protein kinases (MAPKs), which are also the targets of sorafenib[103,104]. The dual blockade of tumor cell proliferation and tumor angiogenesis could thus represent a molecule basis for the synergistic effects of the combination therapy.

COMBINING SORAFENIB AND AGENTS TARGETING EGFR OR C-MET
The EGFR pathway was demonstrated to be implicated in the pathogenesis of several cancers including HCC[58]. As an orally active inhibitor of EGFR tyrosine kinase, erlotinib has been approved to treat patients with advanced non-small-cell lung and pancreatic cancers. In terms of HCC, two single-arm phase II trials showed that erlotinib exhibits modest antitumor activity but promising OS benefit[105,106]. It was reported that EGFR activation may interfere with HCC response to sorafenib, indicating that EGFR inhibition may enhance the antitumor effects of sorafenib[107]. Although preclinical studies showed no improvements of sorafenib efficacy upon combination with erlotinib in an orthotopic rat model of HCC[108], the combination showed promising antitumor efficacy including HCC in a phase I trial[109]. Encouraged by the results of this clinical trial, phase II trials were skipped and a phase III study (NCT0901901) was directly performed to compare the efficacy and safety of first-line sorafenib/erlotinib with sorafenib/placebo in patients with advanced HCC. Recently published results of this study demonstrated that median OS and median TTP were similar in the sorafenib plus erlotinib and sorafenib plus placebo groups[110]. With regard to the safety profile, the rates of treatment-emergent serious adverse events (AEs) and drug-related serous AEs were comparable in the two arms. The lack of synergistic or additive effect of the combination of erlotinib and sorafenib suggests that EGFR signaling may not be pivotal in advanced HCC. Thus, application of EGFR inhibitors plus sorafenib is not recommended to treat advanced HCC.
    Like EGFR, the mesenchymal-epithelial transition factor (c-Met) is also a typical member of RTKs. HGF and des-γ-carboxy prothrombin (DCP) are revealed to be high-affinity ligands for c-Met[10,111,112]. Aberrant activation of c-Met signaling pathway plays a critical role in cancer progression and metastasis by promoting cell proliferation, survival, and motility, suggesting c-Met is a promising target for cancer therapy[113]. Overexpression of c-Met alone has also been demonstrated to be sufficient for developing HCC in c-Met-transgenic mice[114]. In addition, c-Met overexpression is observed in 20%-66% of human HCC samples and is closely related with patients’ prognosis[10]. It is worth noting that c-Met expression in HCC cells was upregulated after sorafenib treatment, which might be related with tumor response to the drug[115]. Studies by the current authors and other researchers showed that inhibition of c-Met kinase led to an obvious antitumor effect in HCC, indicating targeting c-Met is also a promising strategy for HCC treatment[26,59]. Indeed, a randomized, placebo-controlled phase II trial showed that tivantinib, a selective inhibitor of c-Met, almost doubled median TTP and median OS in patients with high c-Met-expressing HCC who failed sorafenib treatment[116]. A confirmatory phase III, randomized, placebo-controlled trial (NCT02029157) is currently ongoing to evaluate the efficacy and safety of tivantinib in HCC patients who had high c-Met expression in their tumors and developed progressive disease under sorafenib therapy. Besides of tivantinib, MSC2156119J, another c-Met inhibitor that shows potent inhibitory effects on the proliferation and metastasis of HCC cells in vivo[117], is currently under phase I/II study (NCT02115373) to assess its efficacy, safety, and pharmacokinetics in subject with c-Met positive advanced HCC who have failed sorafenib treatment. Except for a second-line treatment option, c-Met inhibitors have also been tested for its efficacy upon combination with sorafenib. A recent report shows that sorafenib and DE605, a novel c-Met inhibitor, synergistically suppress the growth of HCC both in vitro and in vivo[118]. A phase I study of tivantinib in combination with sorafenib in patients with advanced solid tumors including HCC showed that the combination of tivantinib (360 mg, bid) plus sorafenib (240 mg, bid) was well tolerated and might have therapeutic potential in this setting[119]. Further studies are warranted to evaluate the efficacy and safety of this combination in the future. The above studies suggested that c-Met inhibitor may be combined as one of the options in sorafenib-based combination therapy. 

CONCLUSION
Sorafenib remains the standard care for first-line treatment of advanced HCC. Unfortunately, the benefits of sorafenib may not be sustained, which requires alternative effective treatment regimens. The molecular pathogenesis of HCC is very complex, involving different pathways and molecular aberrations such as RAS/RAF/MEK/ERK, PI3K/AKT/mTOR, VEGF, c-Met, and HDACs, which warrants multiple-targeted therapeutic approaches. Simultaneous or sequential abrogation of these critical pathways or the functions of key molecules may yield major improvements in the management of HCC. 
That said, several issues revealed in the past studies require attention when the combination regimen is translated from bench to bedside. First, the failure of combination of sorafenib and erlotinib in the phase III trial may be ascribed to the absence of phase II trials that assess the efficacy and safety of this combination in advanced HCC although promising results of phase II trials of erlotinib monotherapy are available. Future phase III trials should select agents and regimens with proven favorable safety profiles in HCC-specific phase I trials and documented efficacy based on well-designed and preferably randomized phase II trials. Second, clinical evidence suggests that combination regimen may be more often associated with dose-limiting effects, whereas single drug can be used at maximal dosing level without causing intolerable toxic effects. Concerns over the toxicity of amplified drug toxicity in combination treatment trials have been the current bottleneck to translating positive preclinical experiments into clinical trials in HCC. This has been the case with the combination of sorafenib and mTOR inhibitors. Thus, combination of drugs that have none or less overlapped toxicity profiles and drug-drug interactions may minimize the risk of amplified adverse effects. Third, achievement of favorable therapeutic effects with combination regimen may also require patients screening to identify a responsive subset, which is critical for successful development of molecule targeted drugs and helpful for the subsequent individualized treatment. Identification of biomarkers that can predict or monitor tumor response to the treatment can facilitate this process and should be highlighted in the future. The heterogeneity of HCC determines the diversity of treatment. The emerging various kinds of tested sorafenib-based combination regimens may meet this requirement and help better manage this pressing disease. 
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Table 1 Landscape of sorafenib-based combined molecule targeting in treatment of hepatocellular carcinoma
	Combined drugs
	Treatment modality
	Current stage
	Outcome
	Ref.

	Antiangiogenic agents
	
	
	
	
	

	
	Dalantercept
	Simultaneous combination with sorafenib
	Phase Ib (ongoing)
	Awaited
	NCT02024087

	
	Axitinib
	Sequential treatment after sorafenib failing
	Phase II (finished)
	Warranting further clinical study
	[49]

	
	
	Sequential treatment after sorafenib failing
	Phase II (ongoing)
	Awaited
	EUCTR2011-002029-24-IT

	
	Apatinib
	Sequential treatment after sorafenib failing
	Phase III (ongoing)
	Awaited
	NCT02329860

	MEK/ERK inhibitors
	
	
	
	
	

	
	AZD6244
	Simultaneous combination with sorafenib
	Phase II (terminated)
	Unknown
	NCT01029418

	
	Refametinib
	Simultaneous combination with sorafenib
	Phase II (finished)
	Warranting further clinical study
	[64]

	mTOR inhibitors
	
	
	
	
	

	
	Sirolimus
	Simultaneous combination with sorafenib
	Preclinical study
	Synergistic effect
	[73]

	
	Everolimus
	Simultaneous combination with sorafenib
	Phase II (ongoing)
	Awaited
	NCT01005199

	
	Temsirolimus
	Simultaneous combination with sorafenib
	Phase II (ongoing)
	Awaited
	NCT01687673

	
	PI-103
	Simultaneous combination with sorafenib
	Preclinical study
	Synergistic effect
	[86]

	
	PKI-587
	Simultaneous combination with sorafenib
	Preclinical study
	Synergistic effect
	[87]

	HDACs inhibitors
	
	
	
	
	

	
	Panobinostat
	Simultaneous combination with sorafenib
	Phase I (terminated)
	Precluding phase II studies
	NCT00873002

	
	Vorinostat
	Simultaneous combination with sorafenib
	Phase I (suspended)
	Unknown
	NCT01075113

	
	Resminostat
	Simultaneous combination with sorafenib
	Phase II (finished)
	Warranting further clinical study
	[100]

	
	
	Simultaneous combination with sorafenib
	Phase I/II (ongoing)
	Awaited
	NCT02400788

	
	MPT0E028
	Simultaneous combination with sorafenib
	Preclinical study
	Synergistic effects
	[97]

	EGFR inhibitors
	
	
	
	
	

	
	Erlotinib
	Simultaneous combination with sorafenib
	Phase III (finished)
	Not recommended
	[109]

	c-Met inhibitors
	
	
	
	
	

	
	MSC2156119J
	Sequential treatment after sorafenib failing
	Phase I/II (ongoing)
	Awaited
	NCT02115373

	
	Tivantinib
	Sequential treatment after sorafenib failing
	Phase III (ongoing)
	Awaited
	NCT02029157

	
	
	Simultaneous combination with sorafenib
	Phase I (finished)
	Warranting further clinical study
	[118]

	
	DE605
	Simultaneous combination with sorafenib
	Preclinical study
	Synergistic effects
	[117]
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Figure 1 Overview of sorafenib-based combined targeting therapy for hepatocellular carcinoma. MEK: Mammalian target of rapamycin; ERK: Extracellular-signal regulated kinase; EGFR: Endothelial growth factor receptor; EGF: Epidermal growth factor; HGF: Hepatocyte growth factor.
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