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Hepatocellular carcinoma (HCC) is a complex and heterogeneous tumor most commonly

associated with underlying chronic liver disease, especially hepatitis. It is a growing prob-

lem in the United States and worldwide. There are two potential ways to prevent HCC.

Primary prevention which is based on vaccination or secondary prevention involving

agents that slow down carcinogenesis. Several pathways have been thought to play a

role in the development of HCC; specifically, those involving vascular endothelial growth

factor (VEGF)-mediated angiogenesis, WNT, phosphatidylinositol 3-kinase (PI3K)/AKT/

mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and

c-MET. Currently, there are only a limited number of drugs which have been proven as

effective treatment options for HCC and several clinical trials are testing drugs which

target aberrations in the pathways mentioned above. In this review, we discuss currently

approved therapies, monotherapies and combination therapy for the treatment of HCC.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction prognosis, with a 5-year overall survival rate of less than
Hepatocellular carcinoma (HCC) is a complex and heteroge-

neous tumor most commonly associated with underlying

chronic liver disease, especially hepatitis. It is a growing prob-

lem in the United States and worldwide. Globally, HCC is the

third leading cause of cancer death and it is themost common

cause of death among patients with cirrhosis inwestern coun-

tries (Villanueva et al., 2008; Goyal et al., 2013). The prevalence

of HCC is increasing by 1.75% in the US per year (Buitrago-

Molina and Vogel, 2012), and advanced HCC has a poor
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10% (Goyal et al., 2013). Typically, hepatitis B and C infections,

exposure to alphatoxins, and alcoholic and non-alcoholic

steatohepatitis (NASH) are risk factors for HCC (Buitrago-

Molina and Vogel, 2012). It is estimated that about 20e30% of

patients diagnosed with HCC are eligible for curative treat-

ments such as resection, ablation, or liver transplantation

(Llovet and Bruix, 2008). The prognosis for patients with

advanced disease is rather bleak (Buitrago-Molina and Vogel,

2012). No standard systemic therapywas available for patients

with advanced disease until 2007,when themolecular therapy
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sorafenib was approved for unresectable HCC (Llovet and

Bruix, 2008).

There are two potential ways to prevent HCC. Primary pre-

vention is based on vaccination, for example, the hepatitis B

vaccine (Buitrago-Molina and Vogel, 2012). Secondary preven-

tion involves the use of agents that slow down carcinogenesis

in patients with potential cancer precursors (Buitrago-Molina

and Vogel, 2012). For both prevention and treatment, in recent

years, the practice of oncology has undergone a paradigm

shift from broader disease-based treatments to therapies

that target specific aberrant cellular pathways and subcellular

structures. In keeping with this shift, an explosive number of

“targeted agents” have been developed to address a broad

range of tumor types. In this article, we describe themolecular

pathways that have been identified in HCC and efforts to

target them, both established and investigational.
2. Molecular pathways in HCC

Several molecular alterations have been observed in HCC

(Figure 1). Accumulation of these genetic alterations and aber-

rant activation of several signaling pathways have been

thought to play a role in the development of HCC (Llovet and

Bruix, 2008); specifically, those involving vascular endothelial

growth factor (VEGF)-mediated angiogenesis, WNT, phospha-

tidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapa-

mycin (mTOR), AMP-activated protein kinase (AMPK), and c-

MET.

2.1. VEGF-mediated angiogenesis pathway

Genetically unstable cancer cells and mutations that have

accumulated within these cells are therapeutic targets of

most novel agents. However, anti-angiogenic therapy targets

endothelial cells because they do not have any genetic
Figure 1 e Key molecular alterations in HCC as documented in the

Catalogue of Somatic Mutations in Cancer (COSMIC) database.

This is a diagram illustrating the top 20 genes with highest prevalence

of molecular alterations in patients with HCC. The most common

among them are mutations in the TP53, ARID1A, CTNNB1,

CDKN2A and ARID2 gene (http://cancer.sanger.ac.uk/

cancergenome/projects/cosmic/) at the time of this manuscript

(March 24, 2014).
mutations. The genetic stability of endothelial cells may

render them less susceptible to acquired drug resistance.

Thus, angiogenesis inhibitors are emerging as single agent

therapies as well as in novel combinations.

Angiogenesis role in the initial progression from pre-

malignant tumor to cancer prompted investigators to study

the role of VEGF in the natural history of HCC (Hanahan and

Folkman, 1996). In 1999, a group of researchers suggested

that the degree of tissue VEGF expression increased in accord

with the stepwise development of HCC (Park et al., 2000). In

addition, studies showed that VEGF was frequently expressed

in HCC. A quantitative study reported VEGF tissue expression

in 89% (32/36) of HCCs (Huang et al., 2005). Notably, studies

have suggested a correlation between the degree of tissue

VEGF expression and the intensity of both the magnetic reso-

nance signal and the computed tomographic enhancement of

the hepatic artery, which represent radiological vascular sig-

nals (Kanematsu et al., 2004, 2005; Wang et al., 2005). Hence,

the hypervascular nature of HCC has led to increasing interest

in exploring the potential of anti-angiogenic therapy in this

disease.

In HCC, hypoxia is believed to increase the expression of

VEGF through the expression of hypoxia inducible factor-1a

(Torimura et al., 2004). VEGF is also known as the vascular

permeability factor and stimulates proliferation of endothelial

cells specifically through tyrosine kinase receptors (Ferrara

and Davis-Smyth, 1997). Angiopoietin 1 and 2 are ligands for

the tyrosine kinase receptor Tie2. VEGF and angiopoietin-2

(Ang-2) are expressed on cancer cells, whereas angiopoietin-

1 (Ang-1) is predominantly in supportive cells of large blood

cells, stromal cells, endothelial cells, and tumor cells. Ang-2

is a partial agonist and antagonist of Ang-1 and is expressed

for vascular remodeling preventing vascular stability thus

allowingVEGF to stimulate endothelial cells (Moonet al., 2003).

2.2. WNT pathway

The WNT pathway has a crucial role in the regulation of

diverse disease processes, which include cell proliferation,

survival, migration, and cell fate. This pathway is involved

in multiple normal physiological processes and embryonic

development. In this pathway, when normally active, WNT

ligand binds to a receptor leading to cytosolic accumulation

of b-catenin; thereafter, b-catenin can translocate to the nu-

cleus to initiate transcription (Klaus and Birchmeier, 2008).

WNT can be activated if there is a mutation in the b-catenin

gene (CTNNB1), which is the third most frequent mutation

seen in HCC after p53 mutation (Boyault et al., 2007).

2.3. PI3K/AKT/mTOR pathway

The PI3K/AKT/mTOR pathway plays an important role in cell

regulation. This pathway is involved in many cellular pro-

cesses, such as cell division, cell growth, and programmed

cell death (Yothaisong et al., 2013), and can be activated by

many different stimuli, such as activated tyrosine kinase

growth factor receptors, G-protein-coupled receptors, and on-

cogenes such as RAS (Hassan et al., 2013). Furthermore, the

mTOR complex is an important therapeutic target, as it is a

key intracellular node for a number of cellular signaling
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pathways. Inhibiting mTOR can prevent abnormal cell prolif-

eration, tumor angiogenesis, and abnormal cellular meta-

bolism, thus providing the rationale for mTOR inhibitors as

potential targetable agents (Naing et al., 2012). Several studies

have shown that selective mTOR inhibition can lead to AKT

activation, which is mediated by the insulin growth factor 1

receptor pathway (Naing, 2013). Activation of AKT can limit

anti-tumor activity of mTOR inhibitors thus leading to resis-

tance. This pathway is activated in a subset of patients with

HCC, and the use of rapalogs has been shown to inhibit growth

in HCC cell lines and experimental models (Llovet and Bruix,

2008).

2.4. AMPK pathway

AMPK is a conserved heterotrimeric serine/threonine kinase

that has a central role in linkingmetabolism and cancer devel-

opment. AMPK is activated when there is increased activity of

AMP/ATP under a stressful condition such as low glucose

level, hypoxia, ischemia, or heat shock. Once activated,

AMPK suppresses cell proliferation in tumor and non-tumor

cells, through regulation of the cell cycle, apoptosis, auto-

phagy, and inhibition of protein synthesis. There is growing

evidence to suggest that the levels of AMPK are altered in

various cancers, specifically HCC (Zheng et al., 2013).

A study by Zheng et al. (2013) showed that AMPK was

down-regulated in a majority of HCC patients, which corre-

lated with a worse prognosis. Another study, by Lee et al.

(2012), showed that AMPK is a tumor suppressor in HCC and

that its inactivation can lead to hepatocarcinogenesis by

destabilizing p53. These studies indicate that AMPK plays a

role in HCC and its loss can contribute to the progression of

HCC.

Many agents, such as metformin, a commonly used drug

for diabetes mellitus, act by stimulating the AMPK pathway

(Hajjar et al., 2013). Downstream of AMPK, the tumor suppres-

sor proteins tuberous sclerosis 1 and 2 are activated, which

leads to apoptosis. Activation of this pathway has been shown

to inhibit or delay the onset of various tumors (Zheng et al.,

2013).

2.5. c-MET pathway

Hepatocyte growth factor (HGF)/mesenchymaleepithelial

transition factor (MET), which is a receptor tyrosine kinase,

is frequently dysregulated in many malignancies and has a

pivotal role in HCC (Santoro et al., 2013a). When c-MET is acti-

vated, it promotes tumor cell growth, survival, migration, in-

vasion, angiogenesis, and metastasis (Trojan and Zeuzem,

2013). Therefore, activation of this pathway can lead to a

more aggressive form of HCC and a poor outcome (Santoro

et al., 2013a). Aberrant c-MET signaling is seen in HCC and in

patients who have received sorafenib, and overexpression of

MET has been associated with a poor prognosis (Trojan and

Zeuzem, 2013).

The c-MET proto-oncogene encodes the receptor for the

ligand HGF. Binding of a ligand to the HGF receptor leads to

homodimerization, subsequent autophosphorylation of

downstream residues, and downstream activation of the

MAPK and PI3K pathways. c-MET phosphorylation can occur
in the absence of HGF through interaction with the epidermal

growth factor receptor (EGFR), cell attachment, or binding of

the alternative ligand des-gamma carboxyprothrombin. Irre-

spective of how HGF is activated, it leads to c-MET dimeriza-

tion, autophosphorylation, and kinase activity, which are

necessary for malignant transformation (Goyal et al., 2013).

In addition to the pathways which were discussed above,

other pathways such as NRAS, are involved in HCC. Further-

more, the figure illustrates many other pathways which are

involved such as RAS/RAF/MEK. Similar to other targeted

agents, inhibitors of BRAF/KRAS/NRAS have been shown to

modulate growth factors and chemokine receptors in HCC

cells but that has not been noticed in healthy liver tissues

(Breunig et al., 2014).
3. Current targeted agents in HCC

Currently only a limited number of drugs have been proven

effective for treatment of HCC. Several early-phase clinical tri-

als in patients are testing drugs that target aberrations in the

pathways described above.

3.1. Sorafenib

Currently, sorafenib is the only FDA-approved treatment for

unresectable HCC. Sorafenib is an oral multityrosine kinase

and angiogenesis inhibitor that has activity against the

VEGF, platelet-derived growth factor receptor (PDGFR), c-KIT

receptor, BRAF, and p38 signaling pathways (Trojan and

Zeuzem, 2013). Themedian time to disease progression for pa-

tients with advanced HCC taking sorafenib is 5.5 months, and

the median overall survival (OS) time is 10.7 months (Llovet

et al., 2008). In a phase II study (Abou-Alfa et al., 2006), 137 pa-

tients with inoperable HCC in Belgium, France, Italy, Israel,

and the United States received sorafenib 400 mg twice daily.

Disease control was reported in 42% of the patients. The me-

dian time to progression (TTP) was 5.5months and themedian

OS was 9.2 months (Abou-Alfa et al., 2006). In two large phase

III randomized trials done by Llovet et al. (2008) and Cheng

et al. (2012), sorafenib significantly improved overall survival

compared to placebo. Study done by Cheng et al. (2012), was

conducted in the Asian population, which showed improve-

ment in median OS (5.9 vs 4.1 months) and median TTP (2.7

vs 1.4 months). In the SHARP study by Llovet et al. (2008), ma-

jority of the patients had hepatitis C and alcohol compared to

few patients with hepatitis B. In contrast, in the study done by

Cheng et al. (2012), 71% and 78% of the patients in the sorafe-

nib and placebo group were positive for hepatitis B. Though

both trials had similar design, the higher rate of hepatitis C

in the SHARP compared to hepatitis B in Asian population in-

dicates that these two populations are distinct from each

other (Llovet et al., 2008; Cheng et al., 2012). Furthermore, sor-

afenib has a category 1 recommendation for patients with a

Child-Pugh class A and category 2A for those with Child-

Pugh class B with a special caution in the latter group specif-

ically the bilirubin level. Presently there is no additional ther-

apy for individuals whose disease progresses on sorafenib or

who have poor tolerance for this drug (NCCN Clinical

Practice Guidelines in Oncology Hepatobiliary Cancers

http://dx.doi.org/10.1016/j.molonc.2015.06.005
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Version 2.2015). Some common side effects seen with the use

of sorafenib are skin rash, handefoot syndrome, diarrhea, and

hypertension (Alexandrescu et al., 2008).

3.2. Tivantinib

Initially tivantinib was considered a selective oral MET recep-

tor tyrosine kinase inhibitor that interrupts downstreamMET-

dependent signaling. Early pre-clinical data show that tivanti-

nib inhibits MET autophosphorylation, thereby leading to in-

hibition of downstream MET effectors (Munshi et al., 2010).

However recent data from Katayama et al. (2013) suggests

that tivantinib causes microtubule disruption, instability

similar to vincristine, in addition to inhibiting c-MET. In a

phase I study done by Rosen et al. (2011), 79 patients, all

with advanced solid tumors, were treated with tivantinib.

The most common drug-related dose-limiting toxicities of

grade 3 or more were leucopenia, neutropenia, thrombocyto-

penia, vomiting and dehydration. These side effects were

observed in two patients being treated at 360 mg two times

daily. There was no dose-limiting toxicity observed at any

dose less than 360 mg taken orally twice a day. In this study,

three patients (3.8%) had achieved a partial response (PR)

and 40 patients (50.6%) had stable disease (SD) for 19.9 weeks.

Based on this dose, the phase II recommended dose was

360 mg twice daily (Rosen et al., 2011). In this phase I study,

none of the patients had HCC. In a phase Ib multicenter study

conducted by Santoro et al. (2013a), 21 patients who did not

respond to or had relapses after prior treatment were treated

with tivantinib 360 mg taken orally twice daily. The median

age of patients was 69 years; ECOG performance status was

0e1, patients had preserved liver function at the start of the

study, and they had received at least one prior systemic ther-

apy. The most common side effects were neutropenia (52%),

anemia (48%), asthenia (48%), leucopenia (38%), anorexia

(38%), diarrhea (29%) and fatigue (29%). The most common

serious drug-related side effects (grades 3e4) observed were

neutropenia (52%), anemia (24%), and leucopenia (19%). In

this study, the mean time to progression was 3.3 months.

The above-described data led to a phase I study with tivan-

tinib in combination with sorafenib (Puzanov et al., 2015). In

this study, there were a total of 87 patients whowere enrolled.

At the maximum tolerated dose (MTD) there was an expan-

sion cohort in five tumor types that included 20 patients

with HCC. The most common adverse effects were rash

(40%), diarrhea (38%), and anorexia (33%). The overall

response rate in all patients was 12% and 10% in patients

with HCC. Themedian progression free survival (PFS) in all pa-

tients was 3.6 months and 3.5 months in patients with HCC.

Furthermore, patients with Child-Pugh A status had similar

PFS compared to those with Child-Pugh B, and those with

prior anti-VEGF (n ¼ 8) had a longer median PFS (15.9 months)

compared to those without any prior anti-VEGF (n ¼ 12, 3.5

months). The combination treatment could not be adminis-

tered at MTD for patient with HCC due to toxicity, thus tivan-

tinib had to be dose reduced (Puzanov et al., 2015).

In a phase II randomized multicenter study, tivantinib was

used as monotherapy in patients with locally advanced or

metastatic HCC after failure of prior therapy (Santoro et al.,

2013b). Patients were randomized to receive either tivantinib
or placebo and continued on the treatment until there was

suspicion of disease progression. Patients being treated on

the placebo arm were allowed to cross over to the treatment

arm in this study. Overall survival in the tivantinib group

was 6.6 months, and median time to progression was 1.6

months, versus 6.2 and 1.4 months, respectively, in the pla-

cebo group (p ¼ 0.04 and p ¼ 0.63 respectively). However,

dose reductions were done in 24% of patients in the tivantinib

group due to toxicity. In this study, 77 patients had adequate

tissue to be tested by immunohistochemistryMET expression,

of which 37 (48%) patient had MET-high tumors. High MET

expression by IHC was noted to be a poor prognostic factor;

overall survival was 9 months in patients with low MET

expression and 3.8 months in those with highMET expression

(p ¼ 0.02). For patients with high MET expressionmedian time

to progressionwas longerwith tivantinib compared to placebo

(2.7 months vs 1.4 months respectively p ¼ 0.03). The median

overall survival was 7.2months for patients with MET high tu-

mors who received tivantinib compared to 3.8 months in pa-

tients who received placebo (p ¼ 0.01). In contrast, there was

no difference noted in the efficacy between tivantinib and pla-

cebo in patients with low MET expression. This study demon-

strated that tivantinib has promising anti-tumor activity in

MET-amplified tumors (Santoro et al., 2013b).
3.3. Other investigational therapies
3.3.1. Cancer stem cells
Patients often respond initially to targeted therapies. Howev-

er, a significant percentage of these patients relapse withmet-

astatic disease. An increasing body of evidence supports the

‘cancer stem cell hypothesis’ which suggests that the poten-

tial for tumor growth and metastatic spread is dependent on

a small subset of cells within the tumor e cancer stem cells,

which have the ability to self-renew and proliferate exten-

sively (Lobo et al., 2007). Novel therapies targeting stem cells

are being investigated in different tumor types including

HCC. WNT signaling pathway has been implicated in the

development of HCC and regulation of cancer stem cells (Pez

et al., 2013). A phase I trial with OMP-54F28 targeting the

WNT pathway is ongoing (Table 1).

3.3.2. Immunotherapies
Spontaneous regression of HCC has been reported in about 70

cases in the literature (Arora and Madhusudhana, 2011). Be-

sides ischemia, anti-tumor immunity has been proposed as

one of the possible mechanisms by which this phenomenon

occurs. Moreover, chemotherapeutic agents may compromise

the liver function as most of them are hepatotoxic. In this

context, immunotherapymay represent an attractive alterna-

tive to traditional therapies (Pardee and Butterfield, 2012).

However, the development of effective immune-based thera-

pies is challenging due to the inherent tolerogenic nature of

the liver favoring immunosuppression (Pardee and

Butterfield, 2012). Consequent to promising pre-clinical activ-

ity, 35 patients with advanced HCC were administered intra-

venous vaccination with mature autologous dendritic cells

(DCs) pulsed ex vivo with a liver tumor cell line lysate

(HepG2). Disease control rate was 28% and serum alpha-feto

http://dx.doi.org/10.1016/j.molonc.2015.06.005
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Table 1 e Summay of clinical trials in HCC that were ongoing at the time of this writing (March 2, 2015) (ClinicalTrials.gov, 2013).

Agent Molecular targets Company/Sponsor Phase

Sorafenib þ BIIB022 N/A Biogen I

Cetuximab EGFR inhibitor Massachusetts General Hospital II

Lenvatiniba VEGFR, FGFR, PDGFR, RET, SCFR Eisai Limited III

Regorafeniba VEGFR, FGFR, PDGFR, KIT, BRAF, RET Bayer III

Cabozantiniba c-MET, VEGFR, RET Exelixis III

Tremelimumab with Chemoembolization

or Ablation

anti CTLA-4 National Cancer Institute I

Nivolumaba (BMS-936559) anti PD-1 Bristol-Myers Squibb I

Fluorouracil implants (regional chemotherapy) N/A Simcere Pharmaceutical Group II

AZD9150 ISIS-STAT3 AstraZeneca I

Axitiniba VEGFR, PDGFR, c-KIT University Health Network, Toronto II

SOM230 Somatostatin peptidomimetic University of Miami II

ADI-PEG 20 vs placebo N/A Polaris Group III

BYL719 PIK3CA Novartis I

AZD5363 AstraZeneca I

BGJ398/BYL719 Novartis I

MEK162 þ BYL719 Novartis I/II

MK2206 AKT NCI II

Vaccine therapy þ/� sirolimus with NY-ESO-1 mTOR Roswell Park Cancer Institute I

Temsirolimus þ sorafeniba Philipps University Marburg Medical Center I/II

CC-223 Dual mTOR Celgene I/II

MSC2156119J cMET Germany I

OMP-54F28 WNT Norris Comprehensive Cancer Center

University of Colorado

IU Health University Hospital

Massachusetts General Hospital

Mount Sinai Medical Center

Fox Chase Cancer Center

I

TRC105 Endoglin NIH I/II

a Indicates clinical trials which are being conducted internationally.
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protein (AFP) dropped to less than 10% of baseline levels in 4 of

the 17 patients with baseline AFP �1000 ng/mL (Palmer et al.,

2009). In another phase II clinical trial, tremelimumab was

administered to 20 patients with advanced HCC (Sangro

et al., 2013). Tremelimumab (a fully human IgG2 monoclonal

antibody) enhances T cell activation and proliferation by cyto-

toxic T-lymphocyte-associated antigen 4 (CTLA-4) blockade.

Disease control rate was 76.4%. Three patients (17.6%) had

confirmed PR and 10 patients (58.8%) achieved SD. AFP drop-

ped by >50% of baseline levels in 36% of the 11 patients with

elevated AFP at baseline. The median TTP was 6.48 months

(95% CI 3.95e9.14) and median OS was 8.2 months (95% CI

4.64e21.34), which is comparable to the anti-tumor activity

seen with sorafenib (Sangro et al., 2013). The results of

immune-based therapies in HCC are promising and warrant

further investigation. A phase I trial of tremelimumab with

chemoembolization or ablation and a phase I trial of nivolu-

mab (BMS-936559; anti-programmed death-1) in HCC is

ongoing (Table 1) (ClinicalTrials.gov, 2013).
4. Combination therapeutic strategies for
overcoming resistant disease

As described above, HCC has limited treatment options and

there are many pathways by which it can progress. Although

many investigational targeted agents have held early promise,
the reality is that the success of single-agent targeted therapy

is often disappointing owing to the rapid development of

resistance or alternative signaling. Each of the cellular path-

ways described above interact with each other; thus, blocking

one pathway can lead to signaling via another. For example,

when using the current rapalogs to inhibit mTOR1, signaling

can still occur via mTOR and the negative feedback loop of

S6K, thus leading to tumor progression. Furthermore, activa-

tion of a pathway leads to many cellular activities and not

just cell proliferation. Combination of drugs affecting different

pathways is one way to overcome resistance.
4.1. VEGF and Ang-2 inhibition

Elevated expression levels of angiopoietin-2 (Ang-2) have been

shown to be associated with resistance to anti-angiogenesis

and poor overall survival in HCC (Llovet et al., 2012; Reig

et al., 2010). Ang-2 is a ligand of the Tie2 tyrosine-kinase re-

ceptor, which was reported to promote angiogenesis and tu-

mor growth (Maisonpierre et al., 1997; Yu and Stamenkovic,

2001). Recent studies showed elevated plasma expression of

Ang-2 (Scholz et al., 2007) and upregulation of Ang-2 mRNA

(Torimura et al., 2004; Moon et al., 2003) in tissues from HCC

patients. Overexpression of Ang-2 in HCC tissueswas reported

to be associated with advanced histopathologic features and

poor outcome in HCC. Additionally, recent studies of HCC pa-

tients treatedwith sorafenib found that patientswith elevated

http://dx.doi.org/10.1016/j.molonc.2015.06.005
http://dx.doi.org/10.1016/j.molonc.2015.06.005
http://dx.doi.org/10.1016/j.molonc.2015.06.005
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baseline plasma Ang-2 levels had shorter overall survival and

time to progression (Llovet et al., 2012; Reig et al., 2010; Kaseb

et al., 2012). Finally, pre-clinical studies have shown that Ang-

2 synergistically augments VEGF-mediated angiogenesis in

HCC (Yoshiji et al., 2005; Lobov et al., 2002). Thus, combined in-

hibition of VEGF and Ang-2 may have complementary effects

on inhibiting HCC angiogenesis (Lobov et al., 2002; Coxon and

Sun, 2008).

4.2. VEGF and EGF inhibition

In HCC, the vascular endothelial growth factor receptor

(VEGFR) pathway has been recognized as the driving force

for HCC initiation and progression, as outlined in a recent re-

view (Pang et al., 2008). Furthermore, EGFR is frequently

expressed in human hepatoma cells, and EGF may be one of

the mitogens needed for the growth of hepatoma cells

(Fausto, 1991; Hisaka et al., 1999). Erlotinib is an orally active

and selective inhibitor of the EGFR/HER1 (human epidermal

receptor)-related tyrosine kinase enzyme. In two phase II

studies of erlotinib in HCC (Philip et al., 2005; Thomas et al.,

2007), the response rates were 0% and 9%, but the disease con-

trol rates were 43% and 50%, and median survival times were

10.75 and 13 months, respectively. EGFR/HER1 expression was

detected in 71% and 88% of evaluable patients in the two

studies, respectively, but there was no significant difference

in terms of overall survival between the high-EGFR and low-

EGFR groups. It should be noted that this assay detects simply

the presence of EGFR and does not determine the receptors’

functional status (e.g., phosphorylation status).

Notably, the VEGF and EGF pathways share common

downstream signals, and several pre-clinical studies have

shown indications of either direct or indirect pro-angiogenic

effects of EGFR signaling (Hirata et al., 2002; Tamesa et al.,

2009; Giannelli et al., 2008). Furthermore, up-regulation of

VEGF has been implicated in poor prognosis, high recurrence

rate, and resistance to EGFR inhibition (Moller and Becker,

1992). Therefore, our group initiated combination systemic

therapy trials targeting VEGF and EGFR in untreated HCC;

the results were published recently (Kaseb et al., 2012;

Thomas et al., 2009). Interestingly, our study (Kaseb et al.,

2012) showed that elevated plasma expression levels of EGFR

weremarginally associated with shorter progression-free sur-

vival times. However, this observation has not been reported

to date in HCC patients treatedwith erlotinib, which is a selec-

tive inhibitor of the EGFR/HER1-related tyrosine kinase

enzyme. Although two phase II studies of erlotinib found

elevated EGFR/HER1 expression in HCC specimens (Philip

et al., 2005; Thomas et al., 2007), neither of these studies

showed that overexpression of EGFR was related to efficacy

of the treatment. Thus, the potential utility of circulating

EGFR as a surrogate marker of resistance to anti-EGFR sys-

temic therapy in HCC patients is inconclusive and needs

further study.

Notably, our exploratory biomarker study (Kaseb et al.,

2012) showed that patients with elevated (above the median)

levels of endothelin-1 (ET-1) had shorter progression-free sur-

vival times than did patientswhose ET-1 levelswere below the

median. If validated, this finding, which has not been reported

previously, may have implications for the design of future
HCC clinical trials. ET-1 receptors have been found on liver

endothelial cells and are thought to mediate vasoregulation,

and elevated circulating ET-1 has been found to be associated

with cirrhosis and HCC (Jorgensen et al., 1993, 1994; Moller

et al., 1993). Because elevated ET-1 levels have been shown

to play a role in HCC progression (Moller et al., 1993) and to

be associated with advanced tumors (Moller et al., 1991,

1993), strategies to target this pathway in the treatment of

HCC patients are worth investigating.

4.3. VEGF and FGF inhibition

Aberrant FGF signaling has been associated with tumorigen-

esis and development of resistance to anti-VEGF inhibitors

in HCC (Siegel et al., 2010). Brivanib, a dual inhibitor of FGF

and VEGF receptor tyrosine kinases, demonstrated strong

pre-clinical activity and 45.7% disease control rate in a phase

II trial in patients with advanced HCC who had failed prior

anti-angiogenic therapy (Finn et al., 2012). A phase III

double-blinded, randomized, placebo-controlled trial was

conducted in 395 patients with advanced HCC who had pro-

gressed on or after receiving sorafenib (Llovet et al., 2013).

The ORR was 10% for brivanib versus 2% for placebo

(p ¼ 0.003). The median TTP was longer for patients on briva-

nib (4.2 months) compared to those on placebo (2.7 months;

p < 0.001). However, the primary endpoint of statistically sig-

nificant improvement in OS with brivanib was not met. The

median OS with brivanib was 9.4 months compared to 8.2

months on placebo (p ¼ 0.3307). Despite the promising pre-

clinical and phase II data, brivanib failed to demonstrate

improved OS in the large phase III trial (Llovet et al., 2013).

4.4. Metformin and mTOR inhibition

Both mTOR inhibitor and metformin individually have poten-

tial effect in HCC. The tolerability and efficacy of the combina-

tion thus merit investigation. mTOR inhibitor and metformin

inhibit the mTOR pathway by different mechanisms. Upregu-

lation of AKT through a positive feedback loop due to mTOR

inhibition is frequently noticed. Metformin inhibits the

mTOR pathway through several mechanisms, involving

AMPK, REED1, and IRS 1, thus enhancing mTOR-targeted

anti-cancer therapy (Hajjar et al., 2013; Zakikhani et al., 2010).

4.5. Sorafenib and other agents

Typically, oncologists stop sorafenibwhen disease progresses.

However, when sorafenib is stopped, HCC patients develop

accelerated portal hypertension. It is possible that HCC tissues

contain various clone types and that in response to sorafenib

controlling the growth of a sensitive clone, the growth of

another preexisting clone or newly acquired clone may be

facilitated (Naing and Kurzrock, 2010, 2013). If sorafenib is

stopped because of these clones’ growth, growth of the

sorafenib-sensitive clones may resume. One alternative to

future HCC second-line clinical trials would be to continue

treating with sorafenib and to add additional targeted agents

to block the resistance pathways. A phase I trial combining

sorafenib and everolimus was conducted in 30 patients with

advanced HCC of Child-Pugh class A liver function who were

http://dx.doi.org/10.1016/j.molonc.2015.06.005
http://dx.doi.org/10.1016/j.molonc.2015.06.005
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na€ıve to systemic therapy (Finn et al., 2013). Majority of these

patients were Asian. Sixteen of the 30 patients were adminis-

tered 2.5 mg once daily dose of everolimuswith standard dose

of sorafenib, and 14 of them received 5 mg once daily dose of

everolimus with standard dose of sorafenib. Adverse events

on this trial were consistent with known toxicities seen with

everolimus and sorafenib in patients with cancer. Twenty-

five of the 30 were evaluable for MTD determination. The

MTD for everolimus was 2.5 mg once daily in combination

with standard dose of sorafenib. Disease stabilization was re-

ported in 62.5%, the median TTP was 4.5 months, and the me-

dian OS was 7.4 months at this dose level. However, phase II

study of this combination was not done because of the failure

to achieve a biologically effective everolimus concentration at

the MTD (Finn et al., 2013).
5. Conclusion

Treatment of HCC remains challenging, and the efficacy of

current therapies such as sorafenib has been dismal. Better

understanding of molecular pathways involved in pathogen-

esis of HCC is needed. In the era of personalized therapy, base-

line biopsy and blood samples, in addition to serial blood

samples and biopsy at the time of progression, are becoming

essential to understanding resistance mechanisms in individ-

ual patients and hence tailoring treatment on an individual

basis. Additionally, advances in HCC molecular profiling and

noninvasive tools to assess the status of concomitant underly-

ing liver disease are critical to progress in this field given the

independent effect of chronic liver disease on patients’ toler-

ance of therapies and on overall survival.
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