Name of journal: World Journal of Hepatology
ESPS Manuscript NO: 13312
Columns: Topic Highlight

WJH 6th Anniversary Special Issues (1): Management of hepatocellular carcinoma

[bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK258][bookmark: OLE_LINK194][bookmark: OLE_LINK195]Role of anti-angiogenesis therapy in the management of hepatocellular carcinoma: The jury is still out

Sun H et al. Anti-angiogenesis therapy in HCC

Hong Sun, Man-Sheng Zhu, Wen-Rui Wu, Xiang-De Shi, Lei-Bo Xu

[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Hong Sun, Man-Sheng Zhu, Wen-Rui Wu, Xiang-De Shi, Lei-Bo Xu, Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Medical Research Center, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University, Guangzhou 510120, Guangdong Province, China

Hong Sun, Man-Sheng Zhu, Wen-Rui Wu, Xiang-De Shi, Lei-Bo Xu, Department of Hepato-pancreato-biliary Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou 510120, Guangdong Province, China

Hong Sun, Department of Transplant Medicine, University Hospital Münster, 48149 Münster, Germany

[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK230]Author contributions: Sun H and Zhu MS wrote the draft of the manuscript and contributed equally to this work; Wu WR and Shi XD collected the related references; Xu LB read through this paper and brought out several important opinions for revision.

Supported by The Special Research Foundation of the National Nature Science Foundation of China, No. 81302143; and by the Natural Science Foundation of Guangdong Province, China, No. S2013040015045

[bookmark: OLE_LINK251][bookmark: OLE_LINK252]Correspondence to: Dr. Lei-Bo Xu, Department of Hepato-pancreato-biliary Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, 107 Yan Jiang Xi Lu, Guangzhou 510120, Guangdong Province, China. mdxuleibo@hotmail.com

Telephone: +86-20-34071163 Fax: +86-20-34071091 

Received: August 26, 2014 Revised: September 29, 2014   
Accepted: October 28, 2014

Published online: 

Abstract
[bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK349][bookmark: OLE_LINK350][bookmark: OLE_LINK351][bookmark: OLE_LINK352][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK260][bookmark: OLE_LINK261][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK359][bookmark: OLE_LINK360][bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK99][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK222][bookmark: OLE_LINK225][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK55][bookmark: OLE_LINK56]As the leading cause of disease-related deaths, cancer is a major public health threat worldwide. Surgical resection is still the first-line therapy for patients with early-stage cancers. However, postoperative relapse and metastasis remain the cause of 90% of deaths of patients with solid organ malignancies, including hepatocellular carcinoma (HCC). With the rapid development of molecular biology techniques in recent years, molecularly targeted therapies using monoclonal antibodies, small molecules, and vaccines have become a milestone in cancer therapeutic by significantly improving the survival of cancer patients, and have opened a window of hope for patients with advanced cancer. Hypervascularization is a major characteristic of HCC. It has been reported that anti-angiogenic treatments, which inhibit blood vessel formation, are highly effective for treating HCC. However, the efficacy and safety of anti-angiogenesis therapies remain controversial. Sorafenib is an oral multikinase inhibitor with anti-proliferative and anti-angiogenic effects and is the first molecular target drug approved for the treatment of advanced HCC. While sorafenib has shown promising therapeutic effects, substantial evidence of primary and acquired resistance to sorafenib has been reported. Numerous clinical trials have been conducted to evaluate a large number of molecularly targeted drugs for treating HCC, but most drugs exhibited less efficacy and/or higher toxicity compared to sorafenib. Therefore, understanding the mechanism(s) underlying sorafenib resistance of cancer cells is highlighted for efficiently treating HCC. This concise review aims to provide an overview of anti-angiogenesis therapy in the management of HCC and to discuss the common mechanisms of resistance to anti-angiogenesis therapies.
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[bookmark: OLE_LINK110][bookmark: OLE_LINK114][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK361][bookmark: OLE_LINK362][bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK231][bookmark: OLE_LINK272][bookmark: OLE_LINK273][bookmark: OLE_LINK369][bookmark: OLE_LINK370]Core tip: Hepatocellular carcinoma is a devastating disease with a high mortality rate. For a long period of time, no effective treatment options are available for patients with advanced hepatocellular carcinoma. During the last decade, molecularly targeted therapies have been introduced into the treatment of advanced hepatocellular carcinoma. However, the efficacy and safety of molecularly targeted therapies remain controversial. In addition, primary or acquired drug resistance limits the activity of molecularly targeted agents, but the underlying mechanisms have not been fully understood. This concise review aims to provide an overview of anti-angiogenesis therapy in the treatment of hepatocellular carcinoma.
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INTRODUCTION
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK375][bookmark: OLE_LINK376][bookmark: OLE_LINK377][bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK59][bookmark: OLE_LINK60]Primary liver cancer (PLC) is one of the most common malignancies and the second leading cause of cancer-related deaths around the world. Hepatocellular carcinoma (HCC), the most common type of PLC, accounts for approximate 90% of PLC cases in most countries. In addition, HCC is the 5th and 7th most common cancer in males and females, respectively. The worldwide incidence of HCC is increasing partially due to the rising number of infections caused by hepatitis B virus or hepatitis C virus[1-3]. Recently, while the diagnosis of HCC has been remarkably improved with the use of noninvasive imaging tests, a large number of patients were still diagnosed at the advanced stage due to the lack of symptoms during early stages and the rapid progression of cancer cells[4,5].
[bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK381][bookmark: OLE_LINK382][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK386][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK154][bookmark: OLE_LINK163][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK67][bookmark: OLE_LINK68]The management of HCC depends mainly on tumor stage and liver function reserve. Currently, curative treatments such as surgical resection, liver transplantation, and local ablation can significantly improve the survival of HCC patients at the early stage[2,6]. However for a long period of time, no effective treatment options are available for patients with advanced HCC or who progressed into an advanced stage after other treatments failed. In recent years, molecularly targeted therapies using monoclonal antibodies, small molecules, and vaccines have been widely studied in cancer managements. Given that HCC is a highly vascularized tumor, anti-angiogenic treatments might be highly efficient for the treatment of HCC by inhibiting the formation of blood vessels in cancer tissues through small molecules[7-9].
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[bookmark: OLE_LINK387][bookmark: OLE_LINK388][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK3][bookmark: OLE_LINK77][bookmark: OLE_LINK363][bookmark: OLE_LINK364][bookmark: OLE_LINK365][bookmark: OLE_LINK366][bookmark: OLE_LINK357][bookmark: OLE_LINK358][bookmark: OLE_LINK389][bookmark: OLE_LINK390][bookmark: OLE_LINK395][bookmark: OLE_LINK396][bookmark: OLE_LINK393][bookmark: OLE_LINK394][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK142][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK399][bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK402][bookmark: OLE_LINK71][bookmark: OLE_LINK72]As an oral multikinase inhibitor, sorafenib has both anti-proliferative and anti-angiogenic effects on tumors through blocking Raf and vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) receptor tyrosine kinase signaling. Sorafenib is the first molecular target drug approved for the treatment of advanced HCC. A phase 3, randomized, double-blind, placebo-controlled, multicenter study was performed in 2008 in 21 western countries to evaluate the effects of sorafenib on the treatment of HCC. This study showed that sorafenib prolonged the median survival and the time to radiologic progression by approximately 3 months in advanced HCC patients[10,11]. Cheng et al[12] also reported that sorafenib was effective for advanced HCC and was well tolerated in HCC patients from the Asia-Pacific region. In addition, high safety and well-tolerance of sorafenib have been reported in a large phase 4 study including over 1500 patients with unresectable HCC[13,14]. Therefore, sorafenib has been established as the standard first-line monotherapy for patients with advanced HCC[9,15-17]. However, the efficacies of current anti-angiogenesis therapies are still far from satisfactory (Table 1). Currently, the median survival time of HCC patients who received sorafenib treatment is not longer than 1 year even after many years of research[18].
[bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK234][bookmark: OLE_LINK247][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK403][bookmark: OLE_LINK404][bookmark: OLE_LINK409][bookmark: OLE_LINK410][bookmark: OLE_LINK411][bookmark: OLE_LINK412][bookmark: OLE_LINK417][bookmark: OLE_LINK418][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK397][bookmark: OLE_LINK398][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK97]Resistance to molecularly targeted agents including sorafenib is a major reason causing the failure of anti-cancer therapies (Table 2)[17,19,20]. Primary resistance is observed in some HCC patients who are initially not susceptible to sorafenib therapy due to intrinsic indifference. After long-term exposure, tumor cells may gradually become resistant and/or less susceptible to sorafenib, leading to acquired resistance[17]. Both primary and acquired resistance to sorafenib has been commonly reported in HCC patients[21]. Ezzoukhry et al[22] found that HCC cells exhibited different susceptibilities to sorafenib. For example, some HCC cell lines such as Hep3B and SNU-449 were inherently resistant to sorafenib. The authors also showed that activation of the epidermal growth factor receptor (EGFR) was a possible determinant of inherent resistance of HCC cells to sorafenib. In an in vitro study, Zhang et al[23] showed that phosphorylated extracellular signal-regulated kinase (pERK) was a potential predictor of sorafenib sensitivity in HCC. Similarly, Blivet-Van Eggelpoël et al[21] demonstrated that EGFR and human epidermal growth factor receptor-3 (HER-3) reduced the susceptibility of HCC cells to sorafenib.
[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK419][bookmark: OLE_LINK420][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK111][bookmark: OLE_LINK119][bookmark: OLE_LINK421][bookmark: OLE_LINK422][bookmark: OLE_LINK423][bookmark: OLE_LINK424][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK120][bookmark: OLE_LINK127][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK137][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK98]The exact molecular mechanisms underlying the acquired resistance to sorafenib are largely unknown[17]. In 2011, Chen et al[24] reported that activation of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway mediates acquired resistance to sorafenib in HCC cells. Xia et al[25] also showed that activation of the transforming growth factor beta (TGF-β)- and PI3K/Akt-signaling pathways led to acquired resistance to sorafenib in HCC cells. Recently, a number of studies provided evidence showing that many mechanisms such as cancer stem cells (CSCs)[26-29], epithelial-mesenchymal transition (EMT)[25,26,28-30], autophagy[31-34], and microenvironment (hypoxic, inflammation, and cytokines)[35-38] were involved in the acquired resistance to anti-angiogenesis therapies of HCC[17,39]. In addition, Zhai et al[17] suggested in a review article that sorafenib could simultaneously or sequentially activate the addiction switches and compensatory pathways when its targets were silenced, leading to acquired resistance. Taken together, the exact mechanisms of sorafenib resistance have not been fully elucidated. Therefore, further studies should be conducted to clarify the biological mechanisms, which may further improve the therapeutic effects of sorafenib.
[bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK151][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK253][bookmark: OLE_LINK254]The discovery and development of sorafenib have paved the way to the development of new anti-angiogenesis drugs for advanced HCC or for whom sorafenib failed. More recently, many clinical trials are conducted all over the world, but the problem still exists. Due to good results from preclinical and early-phase studies, some other molecularly targeted drugs have been applied as the second-line treatment for advanced HCC when sorafenib treatment fails. In a number of large-scale randomized phase 3 trials, unfortunately, none of them have shown survival benefits in the first-line (brivanib, sunitinib, erlotinib, and linifanib[40-42]) or second-line (brivanib[43], everolimus[44]) setting after sorafenib progression[18,45]. 
[bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK427][bookmark: OLE_LINK428][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK429][bookmark: OLE_LINK430][bookmark: OLE_LINK431][bookmark: OLE_LINK432][bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK435][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK438][bookmark: OLE_LINK413][bookmark: OLE_LINK414][bookmark: OLE_LINK415][bookmark: OLE_LINK416][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK264][bookmark: OLE_LINK265]Furthermore, it was proposed that anti-angiogenic therapies may cause tumor progression and metastasis. Ebos et al[46] reported that sunitinib (a VEGFR/PDGFR kinase inhibitor) promoted tumor growth and metastasis after a short-term application. Similarly, Pàez-Ribes et al[47] demonstrated that application of angiogenic inhibitors targeting the VEGF signaling pathway elicit malignant progression of tumors to increased local invasion, lymphatic and distant metastasis. Recently, Chow et al[28] reported that advanced HCC patients with acquired resistance to sorafenib might have enhanced tumor growth properties or metastatic potentials. Therefore, understanding the molecular mechanisms underlying anti-angiogenesis therapy resistance may allow us to identify key molecular targets for efficient anti-angiogenesis therapy.

NEW MECHANISMS OF RESISTANCE TO ANTI-ANGIOGENIC DRUGS
[bookmark: OLE_LINK170][bookmark: OLE_LINK171][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK341][bookmark: OLE_LINK342][bookmark: OLE_LINK440][bookmark: OLE_LINK441][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK442][bookmark: OLE_LINK443][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK201][bookmark: OLE_LINK202][bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK191][bookmark: OLE_LINK192][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK206][bookmark: OLE_LINK450][bookmark: OLE_LINK451][bookmark: OLE_LINK448][bookmark: OLE_LINK449][bookmark: OLE_LINK207][bookmark: OLE_LINK208][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK223][bookmark: OLE_LINK224][bookmark: OLE_LINK452][bookmark: OLE_LINK453][bookmark: OLE_LINK454][bookmark: OLE_LINK455][bookmark: OLE_LINK213][bookmark: OLE_LINK214]During the last five years, increasing evidence suggested that tumor-derived endothelial cells (TECs), which exhibit distinct histologic appearance compared to normal endothelial cells (NECs), may contribute to the resistance of anti-angiogenic therapies[48,49]. In 2009, Xiong et al[50] reported that TECs in human HCC tissues had higher angiogenic capacity and sorafenib resistance than NECs. Some researchers have concluded that TECs can acquire molecular cytogenetic abnormalities in tumor microenvironment; however, the molecular mechanisms underlying the resistance of TECs to anti-angiogenic therapies remain largely unknown. Attempts to resolve this dilemma have resulted in the discovery of transdifferentiation of tumor cells to vascular endothelial cells. In 2010, Wang et al[51] and Ricci-Vitiani et al[52] provided strong evidence showing that a number of TECs that contribute to blood vessels in glioblastoma were transdifferentiated from tumor stem-like cells. Wang et al[51] also showed that blocking the VEGF/VEGFR2 signaling pathway inhibited the maturation of tumor endothelial progenitors into endothelia but not the differentiation of tumor stem-like cells into endothelial progenitors, while the initial differentiation of tumor stem-like cells to endothelial progenitor cells was regulated by Notch1. Consistently, Li et al[53] reported that Delta-like ligand 4 (Dll4; a novel Notch ligand)-Notch signaling mediated the resistance to VEGF inhibitor bevacizumab and Dll4-expressing tumors were resistant to a VEGFR targeting multikinase inhibitor in vivo. Furthermore, it has also been shown that Dll4-mediated Notch signaling played a central role in active vascularization[54] and blockade of Dll4 resulted in tumor growth inhibition even for tumors resistant to anti-VEGF treatments[55]. 

CONCLUSION 
[bookmark: OLE_LINK456][bookmark: OLE_LINK457][bookmark: OLE_LINK193][bookmark: OLE_LINK196][bookmark: OLE_LINK209][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK210][bookmark: OLE_LINK221][bookmark: OLE_LINK245][bookmark: OLE_LINK246]In summary, sorafenib is still the only approved drug for the therapy of advanced HCC. However, the long-term survival benefit from sorafenib treatment is relatively limited. Some other anti-angiogenesis drugs have been evaluated preclinically and clinically for the treatment of HCC, but their effects were not satisfactory. Therefore, identification of novel anti-angiogenic drugs and improvement of the currently available anti-angiogenesis therapies are highlighted for the treatment of HCC.
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[bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK259]Table 1 Clinical studies on anti-angiogenesis therapy of hepatocellular carcinoma included in this review
	Ref.
	Year
	Phase
	Investigational drug
	Outcome

	Llovet et al[10]
	2008
	Phase 3
	Sorafenib
	Increased survival

	Cheng et al[12]
	2009
	Phase 3
	Sorafenib
	Increased survival

	Lencioni et al[13]
	2012
	Phase 4
	Sorafenib
	High safety

	Lencioni et al[14]
	2014
	Phase 4
	Sorafenib
	High safety

	[bookmark: _Hlk399012026]Johnson et al[40]
	2013
	Phase 3
	Brivanib
	[bookmark: OLE_LINK93][bookmark: OLE_LINK100][bookmark: OLE_LINK101]Less well-tolerated

	Cheng et al[41]
	2013
	Phase 3
	Sunitinib
	Significantly inferior than sorafenib

	Zhu et al[42]
	2012
	Phase 3
	Sorafenib plus erlotinib
	No survival benefit

	Llovet et al[43]
	2013
	Phase 3
	[bookmark: OLE_LINK327][bookmark: OLE_LINK328]Brivanib after sorafenib failed
	No survival benefit

	Zhu et al[44]
	2014
	Phase 3
	Everolimus after sorafenib failed
	No survival benefit





Table 2 Studies on the mechanisms of anti-angiogenesis therapy resistance in hepatocellular carcinoma
	Ref.
	Year
	Investigational
drug
	Pathways/genes involved
	Effects

	Blivet-Van Eggelpoel
et al[21]
	2012
	Sorafenib
	EGFR and HER-3
	Restrict cell response

	Ezzoukhry
et al[22]
	2012
	Sorafenib
	EGFR
	Potential determinant of primary resistance

	Zhang et al[23]
	2009
	Sorafenib
	pERK
	Potential biomarker for sensitivity prediction

	Chen et al[24]
	2011
	Sorafenib
	PI3K/Akt
	Mediates acquired resistance

	Xia et al[25]
	2013
	Sorafenib
	TGF-β- and PI3K/Akt
	Mediates acquired resistance

	Chen et al[26]
	2011
	Sorafenib
	EMT and Hedgehog signaling
	Drug resistance

	Xin et al[27]
	2013
	Sorafenib
	CSCs
	Drug resistance

	Chow et al[28]
	2013
	Sorafenib
	EMT
	Acquired resistance

	Fernando
et al[29]
	2014
	Sorafenib
	TGF-β pathway
	Prediction of low susceptibility

	Huang et al[30]
	2013
	Sorafenib
	EMT
	Drug resistance

	Shi et al[31]
	2011
	Sorafenib
	Autophagy
	Drug resistance

	Shimizu et al[32]
	2012
	Sorafenib
	Autophagy
	Impair antitumor effects

	Zhai et al[33]
	2014
	Sorafenib
	Autophagy
	Acquired resistance

	Liu et al[34]
	2013
	Sorafenib
	Autophagy
	Facilitates resistance

	Liang et al[36]
	2013
	Sorafenib
	Hypoxia
	Drug resistance

	Mao et al[38]
	2014
	Sorafenib
	microRNA-193b
	Enhances cell response

	Ebos et al[46]
	2009
	Sunitinib
	VEGFR/PDGFR
	Accelerate metastasis and decrease overall survival

	Pàez-Ribes
et al[47]
	2009
	Sunitinib
	VEGFR/PDGFR
	Increase local invasion and distant metastasis

	Xiong et al[50]
	2009
	Sorafenib
	TECs
	Drug resistance

	Li et al[53]
	2011
	Bevacizumab
	DLL4-Notch signaling
	Drug resistance



EGFR: Epidermal growth factor receptor; HER-3: Human epidermal growth factor receptor-3; pERK: Phosphorylated extracellular signal-regulated kinase; PI3K: Phosphatidylinositol 3-kinase; TGF-β: Transforming growth factor beta; EMT: Epithelial-mesenchymal transition; CSCs: Cancer stem cells; TECs: Tumor-derived endothelial cells.
