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Introduction

Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver; it 

ranks fifth among the most diagnosed cancers and represents the third most common cause 

of cancer-related deaths worldwide.[1]

The prevalence of HCC differs greatly by geographical locations reflecting variations in the 

main risk factors. Most cases of hepatocellular carcinoma (80%) arise in Eastern countries, 

such as those of the Asia-Pacific region, and sub-Saharan African regions where the 

dominant risk factor is chronic infection with hepatitis B virus (HBV), together with 

exposure to Aflatoxin B1.[2] By contrast, in Western countries the incidence has been rising 

rapidly in recent decades due to infection with hepatitis C virus (HCV) and alcohol use.[3] 

Other factors associated with HCC are diabetes and non-alcoholic fatty liver disease 

(NAFLD) and the more severe non-alcoholic steatohepatitis (NASH). NASH is 

characterized by fatty liver inflammation and is believed to cause fibrosis and cirrhosis, a 

known liver cancer risk factor.[4] Some population-based studies conducted in Western 

countries and Taiwan have shown up to two times increase in risk of HCC in obese 

individuals compared with non-obese individuals who lack history of diabetes.[5],[6] 

Furthermore, case-control studies and a few cohort studies suggest that patients with type II 

diabetes have an increased risk of developing HCC, as high as twice that of individuals with 

no history of diabetes.[7],[8] Hematochromatosis, alpha1-antitrypsin deficiency, 

autoimmune hepatitis, porphyrias and Wilson’s disease have also been associated with an 

increased incidence of HCC.

Numerous signaling pathways such as Ras/Raf/MAPK, WNT-β-catenin, EGFR, insulin-like 

growth factor receptor, AKT-mTOR, Notch, and Hedgehog have been implicated in hepatic 

carcinogenesis. Because of that, some of their components could represent important 
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molecular targets for therapy in HCC. The Ras/Raf/MAPK pathway is typically activated in 

HCC as a result of increased signaling induced from upstream growth factors and due to 

inactivation of tumor suppressor genes.

In recent years, a clinical trial published in the New England Journal of Medicine suggests 

that sorafenib, a multikinase inhibitor which significantly inhibits the Ras/Raf/MAPK 

pathway, can slow down tumor progression and improve survival in patients with advanced 

HCC.[9]

The aim of this study is to review the literature on molecular directed therapies in HCC with 

special emphasis on the role of targeting the Ras/Raf/MAPK signaling pathway. Due to the 

number of ongoing studies and reagents being tested, it is important to stay abreast of the 

wide spectrum of possible treatment options.

Because of the heterogeneity of these cancers and the complex process involved in HCC 

carcinogenesis, some previously published data from preclinical studies suggest that 

combination therapy could be essential in HCC treatment. There are at least 35 combination 

therapy studies for advanced stage HCC ongoing in phases 1–3, and numerous reagents are 

being tested targeting novel signaling cascades (WNT-β-catenin and Notch).

Recently, there is an increasing interest in the cancer stem cell (CSC) theory. According to 

this hypothesis, cancer initiation, progression, recurrence, metastasis, and therapy resistance 

are unique properties implicit on CSC subsets. Focusing on targeting CSCs should bring 

important and revolutionary advances in cancer therapeutics. Our group and others have 

focused on ways of inducing inhibition of liver CSCs and differences in resistance patterns 

with non-liver CSC lines in vitro and in vivo.

Treatment strategies in HCC

HCC treatment selection is guided by the stage of the disease and the expertise of the 

medical team.[10] The Barcelona clinic liver cancer (BCLC) staging system (Fig. 1) 

classifies HCC into 5 stages based on tumor burden (number and size of the nodules), health 

status, and liver function as defined by the Child-Pugh classification system.[11] This 

system not only addresses prognosis but also confers therapeutic strategies to each stage. 

The BCLC has been endorsed by the American Association for the Study of Liver Diseases 

and the European Association for the Study of the Liver[12] to guide decision making in the 

clinical setting. The American Liver Tumor Study Group modified the TNM classification 

and created a staging system that is currently used in the US and supported by the United 

Network of Organ Sharing (UNOS) (Fig. 2).[13]

According to the BCLC algorithm, patients with early stage disease (BCLC0-A) are 

candidates for radical and curative therapies such as surgical resection, liver transplantation, 

and percutaneous ablation. Patients with single nodules (solitary lesion less than 2 cm in 

diameter and no vascular or distant metastases) without clinically significant portal 

hypertension undergo resection. Patients with a single nodule less than 5 cm or 3 nodules 

less than 3 cm (Milan Criteria) and portal hypertension or liver dysfunction are candidates 

Galuppo et al. Page 2

Dig Dis Sci. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



for orthotopic liver transplantation. Patients with small tumor burden who are not candidates 

for resection or transplantation are usually treated with ablative procedures.

Patients with intermediate-stage disease (BCLC-B) are considered for transarterial 

chemoembolization (TACE),[14] which provides locoregional control of HCC and increases 

median survival times by 20–25 months.[15] TACE has been associated with systemic 

toxicity manifested with fever and abdominal pain due to hepatic ischemia, but recent 

progress in embolization devices, such as drug eluting beads have reduced the systemic side 

effects and have achieved an increase in local tumor response. Transarterial 

radioembolization with microspheres of yttrium-90 is under evaluation and based on cohort 

studies is a promising alternative to treat HCC.[16] A phase II study combining TACE and 

sorafenib therapy is currently ongoing.

Patients with advanced-stage HCC (BCLC-C) are considered for sorafenib, an oral 

multikinase inhibitor of BRAF, the VEGF receptor (VEGFR), and PDGF receptor 

(PDGFR). Two large randomized studies support sorafenib as the standard of care for 

patients with advanced HCC.[17],[18] Patients in terminal-stage HCC (BCLC-D) should 

receive palliative care only. These individuals have a median survival time of around 3 

months.

Tumor recurrence is a major concern after resection, occurring in up to 70% of patients at 5 

years after surgery.[19] Unfortunately, no agent has shown robust efficacy in preventing or 

delaying tumor recurrence. The tolerance of adjuvant therapy is sometimes a limiting factor 

in patients with cirrhosis and liver dysfunction. With no second-line treatment available for 

these patients with intolerance or failure to sorafenib, best supportive care or the inclusion in 

clinical trials is recommended.[20]

Signaling pathways in HCC proliferation and activation

Cytotoxic chemotherapy has not been found to be effective in the treatment of most patients 

with advanced HCC. In the last few years, the development of sorafenib has significantly 

stimulated the understanding of the different cell signaling pathways involved in the 

carcinogenesis.

Hepatocarcinogenesis is a complex multistep process in which several signaling cascades 

are altered, leading to a heterogeneous molecular profile.[21] Several studies have reported 

the different alterations that occur in the setting of a chronically injured liver after hepatitis 

B and hepatitis C virus infection and alcohol or aflatoxin exposure. Alterations in gene 

expression, chromosomal amplification, mutations, deletions, and copy number alterations 

(gain/loss), CpG hypermethylation, and DNA hypomethylation, as well as molecular 

abnormalities have been proposed. These changes lead to oncogene activation and tumor 

suppressor gene inactivation, progressing from a dysplastic nodule to HCC. [21]–[22]

Signal transduction pathways transmit extracellular signals to the cell nucleus where they 

regulate cell processes and gene expression patterns in order to induce context-specific 

cellular responses. Some pathways share a common structure (e.g., EGF receptor, insulin-

like growth factor receptor, MET), in which a receptor with tyrosine kinase activity is 
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phosphorylated upon binding to a specific extracellular ligand. On ligand binding, the 

activated receptor signals through second messengers (e.g,, RAS, AKT, etc) in a cascade 

fashion to regulate gene expression and cell responses. It comprises an extracellular, N-

terminal region that binds ligands and a conserved C-terminal region that 

autophosphorylates to create binding sites for SH2 and other phosphotyrosine-binding 

proteins, such as Src. Tyrosine kinases inhibitors (TKIs) by either competitive binding with 

adenosine triphosphate or allosteric inhibition prevent the autophosphorylation of receptor 

tyrosine kinase.[23]

Numerous signaling pathways (Ras/Raf/MAPK, WNT-β-catenin, EGFR, insulin-like growth 

factor receptor, AKT-mTOR, Notch, Hedgehog) have been implicated in hepatic 

carcinogenesis, cell activation, and proliferation associated with tumor growth (Fig. 3). [24]

Ras/Raf/MAPK signaling pathway

Recent publications indicate that HCC cell activation and proliferation is known to involve 

several different signaling pathways as previously mentioned.[22] Among them, the 

Ras/Raf/MAPK, and PI3K/AKT/mTOR are the most critical pathways in development and 

proliferation of HCC and have been extensively investigated.

The Ras/Raf/MAPK pathway is possibly the best-characterized signal transduction pathway 

in cell biology. Signals from the extracellular milieu are transduced to the cell nucleus 

through this pathway in order to regulate multiple cellular functions including proliferation, 

growth, and differentiation.[25] Dysregulation of this pathway leads to inappropriate cellular 

activities including enhanced cell growth, differentiation and survival, and ultimately to 

cancer.[26]

Oncogenic Ras genes in human cells include H-ras, N-ras and K-ras. The 21-kd 

transforming proteins H- and K- ras genes were first identified by Harvey and Kirsten as the 

counterparts of the oncogenes of rat sarcoma viruses, whereas the N-ras oncogene was 

isolated from a neuroblastoma.[27]

The Ras superfamily of genes encodes small GTP-binding proteins that function as binary 

molecular switches that control multiple downstream effectors in a cascade fashion. Ras 

binding to the cytoplasmic side of the plasma membrane and its subsequent activation 

requires farnesylation.[28],[29] Activation of the pathway begins when a signal binds to a 

protein tyrosine kinase receptor. EGF, PDGF, and the VEGF receptors are the best-known 

receptors in this pathway. However, multiple upstream receptors including other receptor 

tyrosine kinases, integrins, serpentine receptors, heterotrimeric G-proteins, and cytokine 

receptors are able to activate K-ras.[30] In normal quiescent cells, Ras is bound to GDP and 

is inactive (“off state”), while upon binding of a ligand, Ras binds to GTP (“on state”), 

which has an extra phosphate group than GDP. This extra phosphate induces dimerization of 

the receptor, a process that results in juxtaposition of the cytoplasmic, catalytic domains in a 

manner that allows activation of the kinase activity and transphosphorylation.[31] Following 

Ras activation, Raf is recruited to the cell membrane through binding to the switch I domain 

of Ras and also by lipid binding.[32]
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Raf is a Ras effector member of a family of serine/threonine kinases that consists of three 

isoforms - A-Raf, B-Raf and C-Raf/Raf-1. In its GTP-bound conformation, Ras combines 

with Raf and mobilizes the inactive protein from the cytoplasm recruiting the Raf kinases 

(A-Raf, B-Raf and C-Raf/Raf-1) to the plasma membrane.[33],[34] The Ras-Raf complex is 

translocated to the cell membrane and Ras activates the serine/threonine kinase function of 

Raf isoforms.

Raf activation stimulates a signaling cascade by phosphorylation of MAPK, also known as 

MEK, a serine/threonine kinase, to activate MEK1 and MEK2 which successively activate 

downstream proteins such as ERK1 and ERK2 kinases, which phosphorylate and activate a 

variety of nuclear transcription factors and kinases (including Elk-1, c-Ets1, c-Ets2, 

p90RSK1, MNK1, MNK2, as well as other proteins) involved in diverse cellular responses 

such as cell proliferation, survival, differentiation, motility, and angiogenesis. [35],[36]

Point mutations of the Ras family genes (H-RAS, K-RAS, and N-RAS) are not uncommon 

and comprise up to 30% of all human cancers.[37] Bos (et al) reported that 30% of HCC 

bear Ras mutations.[38] The most prevalent mutations in Ras genes are due to a substitution 

that renders the GTPase domain of Ras insensitive to inactivation by GDP and capable of 

autonomous activation (“on state”). [39],[40]

Proangiogenic pathways and other important signaling pathways in HCC 

activation and proliferation

Angiogenesis is a crucial event for a wide variety of physiological and pathological 

processes, from embryonic development and wound healing to cancer growth and 

metastasis. Angiogenesis is the consequence of a complex balancing process that is 

delicately regulated by promoting factors such as vascular endothelial growth factor 

(VEGF), angiopoietin, and fibroblast growth factor, and inhibitory factors like 

thrombospondin (TSP) and angiostatin.[41] The hypoxic condition in tumors induces 

increased expression and secretion of VEGFA by tumor cells.[42] Secreted VEGFA acts on 

endothelial cells (ECs) to induce EC proliferation, migration and survival, and finally 

angiogenesis that leads to tumor growth.[43]

The VEGF family consists of VEGF-A, B, C, D and E, and placental growth factor (PIGF). 

The VEGF-receptor family comprises VEGFR-1, VEGFR-2 and VEGFR-3. VEGF-A binds 

to VEGFR-1 and VEGFR-2 and is involved in angiogenesis and the maintenance of mature 

blood vessels, whereas VEGF-C and VEGF-D mainly bind to VEGFR-3 and are involved in 

lymphangiogenesis.[44]

HCC typically exhibits active angiogenesis. During the progression to differentiated HCC, 

angiogenesis and disruption of the vascular architecture occurs and contributes to increased 

vascular resistance, portal hypertension, and decreased hepatocyte perfusion.[45] In 

addition, during this process cancer cells develop the ability to invade vessels and 

metastasize.
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Pro-angiogenic factors such as VEGF, angiopoietin, EGF, PDGF, FGF induce angiogenic 

signaling via RAS/RAF/MEK /ERK, mTOR, and Wnt signal transduction pathways. 

Moreover, recent studies demonstrated that VEGF expression is a prognostic factor in HCC. 

High VEGF expression has been associated with decreased survival.[46],[47]

The inhibition of proangiogenic pathways is a potential target for antitumor therapeutics, 

Bevacizumab, which directly targets VEGF, is currently being tested in multiple trials in 

combination with chemotherapy agents such as gemcitabine/oxaliplatin, capecitabine, with 

tyrosine kinase inhibitors such as sorafenib and erlotinib, and with transarterial 

chemoembolization. Ramucirumab, a monoclonal antibody against VEGFR2, is in an 

ongoing phase 3 trial in HCC patients.

Wnt-betacatenin pathway has been involved in tumor formation, in most cases through the 

dual function of β-catenin in cell adhesion and transcriptional activation of target genes.[48] 

This pathway regulates specific target genes such as c-myc, cyclin D, and surviving.[21] 

The Wnt pathway has been studied extensively in colon cancer, in which 90% of tumors 

contain a mutation of the APC gene.[49] In HCC, nuclear and/or cellular β-catenin 

accumulation, a hallmark of the activated canonical Wnt/FZ signaling has been observed in 

33–67% of tumors. Mutations of APC are rare, only found in about 20–30%, suggesting that 

the predominant mechanism(s) activating Wnt/beta-catenin signaling pathway may be 

different from that found in colorectal cancers.[50] Mutations of β-catenin described in HCC 

are located in exon 3 of the CTNNB1 gene, the phosphorylation site for GSK3.[51]

The PI3K/AKT/mTOR signaling pathway plays an important role in HCC and is activated in 

30–50% of HCC. The ribosomal protein S6 (RPS6), a target of p70S6K, is aberrantly 

activated in 50% of HCC.[52] The PI3K/Akt/mTOR pathway also plays a significant 

function in cell growth, survival regulation, metabolism, and anti-apoptosis. The PI3K/Akt/

mTOR pathway is initiated by signaling inputs transduced to the inner cell after growth 

factor binding to a tyrosine kinase receptor (TKR) such as EGFR or IGFR.

The Hedgehog signaling pathway is a complex network of signaling molecules including 

both positive and negative regulatory proteins, fundamental to cell differentiation, 

regeneration, and stem cell biology, which has also been implicated in HCC proliferation. 

Similarly to β-catenin, after ligand stimuli, Gli accumulates inside the nucleus and induces 

transcription of genes related to cell cycle and growth, such as fibroblast and E, Bcl 2, N 

myc, β-catenin, and negative regulators ptch and Hh binding protein.[53]

The Notch pathway is an evolutionally conserved signaling pathway that has been 

implicated in a wide variety of processes, including cell-fate determination, tissue patterning 

and morphogenesis, cell differentiation, proliferation, and death.[54] Dysregulation of the 

Notch pathway has been involved in a growing number of highly aggressive hematopoietic 

and solid tumors.[54]–[55]

Another important regulator of organ size and tumorigenesis is the Hippo pathway. 

Dysregulation of the Hippo pathway contributes to the loss of contact inhibition observed in 

cancer cells, suggesting that YAP/TAZ plays a key role in the control of cell proliferation in 
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response to cell contact. Interestingly, YAP protein is elevated and nuclear localized in some 

human liver and prostate cancers.[56]

The IGF/IGFR pathway is believed to play a key role in the pathogenesis of several tumors, 

including HCC. Most HCCs express insulin-like growth factors and their receptors (IGF-R). 

The ligands IGF-I and –II bind to their receptors IGF-1R and IGF-2R and are involved in 

DNA synthesis and cell proliferation. As genetic alterations in the IGF mediated signaling 

promotes survival, oncogenic transformation, and tumor growth and spread, it represents a 

potential target for innovative treatment strategies of HCC.[57],[58]

IGF targeting drugs are mainly anti-IGF-1R antibodies and are currently under development. 

Ongoing trials are testing cixutumumab (IMC-A12) in combination with sorafenib and 

MEDI-573 in combination with sorafenib, but the monoclonal antibody AVE1642 phase 1/2 

trial was terminated by the sponsor.

Targeting Ras/Raf/MAPK and the role of combination therapy

Cancer cells usually have more than one signaling pathway activated, and there is a distinct 

genetic susceptibility that somehow defines their response to therapy. As mentioned 

previously, sorafenib is the only drug that has been found to decrease tumor progression and 

improve outcomes in patients with advanced HCC. There is no doubt that among different 

pathways being targeted, Ras/Raf/MAPK and PI3K/AKT/mTOR are perhaps the most 

critical in development and proliferation of HCC and therefore have been extensively 

investigated. These pathways are both activated by upstream receptor ligands and frequently 

co-regulate many downstream targets in parallel.

In 2008, the Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol 

(SHARP) study, a double-blind randomized controlled trial using overall survival as primary 

end point, showed that sorafenib significantly increased survival in patients with HCC, from 

7.9 to 10.7 months, with a manageable profile of side effects.[17] Sorafenib is a multikinase 

inhibitor of more than a dozen kinases, which has been shown to inhibit tumor cell 

proliferation by inhibiting the Ras/Raf/MAPK pathway and to suppress angiogenesis by 

blocking VEGFR and PDGFR signaling. Despite the approval of sorafenib, based on a phase 

III clinical trial demonstrating overall survival benefits and its extensive application in 

clinical practice during the past few years, it is increasingly clear that the benefits of 

sorafenib remain modest.[59]

The SHARP study prompted interest in developing new therapies against the multiple 

pathways involved in HCC carcinogenesis. Numerous targeted therapies are currently under 

evaluation in different phases; these are summarized in Table 1. Effective inhibitors of 

specific key components of the Ras/Raf/MAPK and PI3K/AKT/mTOR pathways, have been 

developed and in many cases have been examined in clinical trials.[60] Nonetheless, 

improving the effectiveness of treating liver cancer patients with small molecule signal 

transduction inhibitors has proven to be difficult, and initial results have been negative with 

several different compounds. The Sunitinib trial, a global cooperative phase III study 

comparing sunitinib, a multikinase inhibitor that targets VEGFR-1, -2, -3, PDGFR and c-kit, 

was halted because of high toxicity and lack of superiority in terms of efficacy compared 
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with sorafenib. Bivranib, an oral, selective, dual inhibitor of FGF-1,-2,-3, and VEGF-1,-2, 

and -3, failed to demonstrate survival benefit with placebo as a second-line therapy. The 

phase III trial testing the multikinase inhibitor targeting VEGFR and PDGFR families, 

linifanib, has therefore been terminated. The combination of sorafenib and erlotinib, an 

EGFR inhibitor, failed in comparison to sorafenib alone as a first line therapy.

Recently, our group demonstrated that although monotherapy is effective in vitro, the 

patterns of response to drugs are different between different stem and non-stem cell HCC 

lines using different molecules to block Ras/Raf/MAPK and PI3K/akt/mTOR pathways. 

PKI-587, a dual inhibitor of PI3K and mTOR in combination with sorafenib is superior to 

monotherapy in stem (CD133+, CD44+ and CD24+) cells and non- liver cancer stem HCC 

lines in vitro. Interestingly, we demonstrated that blockage/inhibition of only one of the 

main pathways PI3K/mTOR or Ras/Raf/MAPK, separately, could result in activation of the 

other pathway which could result in cell survival, thus highlighting the importance of drug 

combination in HCC therapy.[61] We also evaluated PI-103, another dual inhibitor of the 

PI3K/mTOR pathway, in combination with sorafenib and demonstrated excellent results in 

vitro and in vivo.[62] Other inhibitors of the PI3K/akt/mTOR pathway have been used alone 

and in combination on different HCC cell lines in vitro and in vivo, such as AZD-8055 

(mTOR inhibitor), BKM-120 (PI3K inhibitor), BEZ-235, and GDC-0980 (dual PI3K/mTOR 

inhibitor).

There are at least 35 combination therapy studies for advanced stage HCC treatment 

ongoing in phases 1–3 (Table 2). Numerous reagents are being tested targeting novel 

signaling cascades (WNT-β-catenin, Notch, etc).[63]

Refametinib (BAY86-9766) and selumetinib (AZD6244) are MEK inhibitors that induce 

apoptosis and cease cellular proliferation of HCC cellular lines. They are currently being 

tested in combination with sorafenib in a phase 2 trial.

The PI3K/Akt/mTOR inhibitors currently used in combination with sorafenib include agents 

in early stages of development, like the Akt inhibitor perifosine in a phase 1 trial, but also 

everolimus (RAD001), sirolimus (Rapamune), and temsirolimus are being tested in phase 1 

and 2 clinical trials.

Bevacizumab, a recombinant, humanized monoclonal antibody directed against VEGF, has 

emerged as an important therapeutic agent in several malignancies and has been approved in 

the treatment of colorectal cancer, non-small-cell lung cancer and breast carcinoma. 

Bevacizumab has been evaluated as a single agent in HCC with no encouraging results, but 

its combination with sorafenib is being tested in a phase 1/2 clinical trial.

Bavituximab, an anti-phosphatidylserine monoclonal antibody, is also being tested in 

combination with sorafenib in a phase 1/2 clinical trial. Llovet (et al) reported the use of 

panobinostat, a pan-HDAC-inhibitor, alone and in combination with sorafenib in an in vitro 

and in vivo model with promising results.[64] Now panobinostat and resminostat are being 

tested in combination with sorafenib in a phase 1 and phase 2 clinical trials, respectively.

Galuppo et al. Page 8

Dig Dis Sci. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The IGF/IGFR system plays an important role in cell proliferation and resistance to 

chemotherapy. IGF-targeting drugs are at this time under development and mainly include 

anti-IGF antibodies. BIIB022, MEDI-573, and IMC-A12 (cixutumumab) are in phase 1 and 

2 clinical trials in combination with sorafenib.

Dysregulation of the c-MET receptor and its ligand HGF, critical for hepatocyte 

regeneration after liver injury, is a common event in HCC. Tivantinib, a c-Met inhibitor, and 

E7050, a dual c-MET and VEGFR-2 tyrosine kinase inhibitor, are presently being tested in 

combination with sorafenib in a phase 1/2 trial.

A lot of effort has been made to identify small molecules capable of disrupting aberrant 

Wnt/β-Catenin pathway to treat HCC. Recently, our group has studied inhibition of the 

WNT-β-catenin pathway with FH535 on HCC cell lines Huh7, Hep3B and PLC, and on 

liver CSCs with very promising results in vitro (manuscript in press, Anticancer Research). 

The small molecular agent FH535 is a dual inhibitor of peroxisome proliferator-activated 

receptor (PPAR) and β-catenin/TCF/LEF.

Additional targeted therapies are being studied at the present time, such as the extrinsic/

intrinsic apoptotic pathway, Hedgehog signaling, JAK/STAT signaling, TGF-β signaling, 

Notch pathway, ubiquitin-proteasome pathway, nuclear factor-κB signaling, and cell cycle 

control.

Conclusion

HCC has proven to be a very heterogeneous tumor. Regardless of the recent advances in the 

understanding of the pathophysiology, HCC carcinogenesis remains uncertain. Numerous 

signaling pathways (Ras/Raf/MAPK, WNT-β-catenin, EGFR, insulin-like growth factor 

receptor, AKT-mTOR, Notch, Hedgehog) have been studied in hepatic carcinogenesis and 

their components represent molecular targets for therapy in HCC. Most patients with HCC 

have underlying cirrhosis, which has an adverse impact on the overall survival and makes 

them vulnerable to toxicity. The management of HCC has changed substantially in recent 

times, and the development of sorafenib represented a significant breakthrough that has 

prompted further expansion on molecular targeted therapies that potentially inhibit different 

pathways in hepatocarcinogenesis. Numerous agents are under various phases of clinical 

development, and combination therapy is gaining importance with multiple trials currently 

ongoing. Recently, significant interest in the CSC theory is increasing; and according to the 

CSC hypothesis, cancer initiation, progression, recurrence, metastasis, and therapy 

resistance are unique properties implicit on CSC subsets. Focusing on targeting CSCs could 

probably bring important and revolutionary advances in cancer therapeutics.
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Figure 1. 
Updated BCLC staging system and treatment strategy, 2011. [20] (with permission from 

EASL-EORTC clinical practice guidelines: management of hepatocellular carcinoma 

Journal of Hepatology)

Galuppo et al. Page 14

Dig Dis Sci. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
American Liver Tumor Study Group Modified TNM Classification and Staging System[13].
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Figure 3. 
Signaling pathways in HCC
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Table 1

Molecular Therapies (Including TKIs, mAbs, and Oligonucleotide Antisense) Currently Under Evaluation in 

HCC

Molecular Therapies Currently Under Evaluation in HCC (modified with permission from Villanueva and 

Llovet) [23]

Drugs Phase Trials, n Targets

1 Sorafenib 1, 1–2, 2, 3, 4 65 BRAF, VEGFR, PDGFR

2 Erlotinib 1, 1–2, 2, 3 13 EGFR

3 Everolimus 1, 1–2, 2, 3 7 MTORC1

4 Brivanib 1, 2, 3 6 FGFR, VEGFR, PDGFR

5 Sunitinib 2, 3 6 VEGFR, PDGFR, KIT

6 Linifanib 2 1 VEGF, PDGFR

7 PI-88 2, 3 2 Endo-β-D-glucuronidase heparinase

8 Ramucirumab 2, 3 2 VEGFR2

9 Bevacizumab 1, 1–2, 2 20 VEGF

10 AZD6244 1–2, 2 4 MEK

11 Bortezomib 1, 2 4 Proteasome

12 Cediranib 1, 2 3 VEGFR

13 Cetuximab 1, 2 3 EGFR

14 Cixutumumab 1, 2 4 IGF-1R

15 Temsirolimus 1, 2 12 MTORC1

16 ARQ197 1, 2, 3 6 MET

17 BIBF1120 1,2 3 VEGFR, PDGFR, FGFR

18 Dasatinib 2 2 BCR-ABL

19 GC33 1,2 3 GPC3

20 Gefitinib 2 2 EGFR

21 Lapatinib 2 3 EGFR, HER2/neu

22 Licartin 2, 4 2 HAb18G/CD147

23 Pazopanib 2 2 VEGFR, PDGFR, KIT

24 Alvocidib 1, 2 2 Cyclin-dependent kinase

25 AEG35156 1–2 1 XIAP

26 AMG386 2 1 Angiopoietin

27 AZD8055 1–2 1 MTORC1, MTORC2

28 Regorafenib 2,3 2 VEGFR, TIE-2

29 BIIB022 1–2 1 IGF-1R

30 Belinostat 1–2 1 Histone deacetylase

31 CS-1008 2 1 TRAIL

32 E7080 1,2,3 2 VEGFR, FGFR, SCFR

33 Foretinib 1 1 MET

34 IDN-6556 2 1 Caspase

35 IMC-1121B 2 1 VEGFR2

36 Ispinesib 2 1 Kinesin spindel protein

Dig Dis Sci. Author manuscript; available in PMC 2015 April 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Galuppo et al. Page 18

Drugs Phase Trials, n Targets

37 LBH589 1 1 Histone deacetylase

38 MLN8237 2 1 Aurora kinase

39 Mapatumumab 1–2 1 TRAIL

40 Oblimersen 2 1 BCL2

41 Panobinostat 1 1 Histone deacetylase

42 Resminostat 2 1 Histone deacetylase

43 TSU-68 1–2 1 VEGFR, FGFR, PDGFR

44 Talabostat 1 1 Dipeptidyl peptidases

45 Tremelimumab 2 1 B7-CD28

46 Vandetanib 2 1 EGFR, VEGFR, RET

47 Vorinostat 1 1 Histone deacetylase

48 Z-208 1–2 1 RAR

49 E7050 1–2 1 c-MET, VEGFR

50 TRC105 1–2 2 Anti CD-105 antibody

51 Bavituximab 1–2 1 Phosphatidylserine monoclonal antibody

52 RO5323441 1 1 Anti-PIGF

53 BAY86-9766 2 1 MEK

54 Perifosine 1 1 Akt, PI3K

55 MEDI-573 1 1 IGF-1,-2
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Table 2

Combination therapy as first line treatment of advanced HCC.

ID Study Phase

NCT00956436 BIIB022 + Sorafenib Phase I

NCT01029418 AZD6244 + Sorafenib Phase 1 / Phase 2

NCT01008917 Temsirolimus + Sorafenib Phase I

NCT00943449 4SC-201 (Resminostat) + Sorafenib (Shelter) Phase 2

NCT01271504 E7050 + Sorafenib Phase 1 / Phase 2

NCT01306058 TRC105 + Sorafenib Phase 1 / Phase 2

NCT00882869 AEG35156 + Sorafenib Phase 1 / Phase 2

NCT01687673 Temsirolimus + Sorafenib Phase 2

NCT00712855 Mapatumumab + Sorafenib Phase 1

NCT01258608 Mapatumumab + Sorafenib Phase 2

NCT00872014 AMG 386 + Sorafenib Phase 2

NCT01335074 Temsirolimus + Sorafenib Phase 1 / Phase 2

NCT00976170 GC33 + Sorafenib Phase 1

NCT01033240 CS1008 + Sorafenib Phase 2

NCT01264705 Bavituximab + Sorafenib Phase 1 / Phase 2

NCT01308723 RO5323441 + Sorafenib Phase 1

NCT00906373 IMC-A12 + Sorafenib Phase 2

NCT01004003 BIBF 1120 + Sorafenib Phase 2

NCT01498952 MEDI-573 + Sorafenib Phase 1

NCT00823290 LBH589 + Sorafenib Phase 1

NCT00901901 Erlotinib + sorafenib (SEARCH) Phase 3

NCT01204177 BAY86-9766 + Sorafenib (BASIL) Phase 2

NCT01013519 Temsirolimus + Sorafenib Tosylate Phase 1

NCT00867321 Bevacizumab + Sorafenib Phase 1 / Phase 2

NCT01008566 Cixutumumab + Sorafenib Tosylate Phase 1

NCT01005199 Sorafenib + Everolimus Phase 2

NCT00881751 Bevacizumab + Erlotinib or Sorafenib Phase 2

NCT01035229 Everolimus + Sorafenib Phase 3

NCT00827177 ARQ 197 (Tivantinib) + Sorafenib Phase 1

NCT00398814 Perifosine + Sorafenib Phase 1

NCT00775073 Bevacizumab + Everolimus Phase 2

NCT00287222 Bevacizumab + Erlotinib Phase 2

NCT01010126 Temsirolimus + Bevacizumab Phase 2

NCT00467194 Sirolimus + Bevacizumab Phase 1

BIIB022 (anti-IGF-1R antibody); AZD6244 (Selumetinib MEK inhibitor); 4SC-201 (Resminostat HDAC inhibitor); E7050 (c-Met and VEGFR 
inhibitor); TRC105 (IgG1 anti-CD105 monoclonal antibody); AEG35156 (inhibitor of apoptosis protein - antisense oligonucleotide); AMG 386 
(Selective Angiopoietin ½ Neutralizing Peptibody); GC33 (monoclonal antibody against GPC3); CS1008 (IgG1 monoclonal antibody against 
human death receptor 5 (DR5)); RO5323441 (monoclonal antibody against PlGF-induced VEGFR-1 phosphorylation); IMC-A12 (anti-IGF-1R 
antibody); BIBF 1120 (Nintedanib TKI of VEGF, PDGF and FGF); MEDI-573 (anti-IGF-1R antibody); LBH589 (Panobinostat HADC inhibitor); 
BAY86-9766 (Refametinib MEK inhibitor); ARQ 197 (Tivantinib c-Met inhibitor)
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