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Abstract The liver displays an outstanding wound heal-

ing and regenerative capacity unmatched by any other

organ. This reparative response is governed by a complex

network of inflammatory mediators, growth factors and

metabolites that are set in motion in response to hepato-

cellular injury. However, when liver injury is chronic, these

regenerative mechanisms become dysregulated, facilitating

the accumulation of genetic alterations leading to unre-

strained cell proliferation and the development of hepato-

cellular carcinoma (HCC). The epidermal growth factor

receptor (EGFR or ErbB1) signaling system has been

identified as a key player in all stages of the liver response

to injury, from early inflammation and hepatocellular

proliferation to fibrogenesis and neoplastic transformation.

The EGFR system engages in extensive crosstalk with

other signaling pathways, acting as a true signaling hub for

other growth factors, cytokines and inflammatory media-

tors. Here, we briefly review essential aspects of the biol-

ogy of the EGFR, the other ErbB receptors, and their

ligands in liver injury, regeneration and HCC development.

Some aspects of the preclinical and clinical experience

with EGFR therapeutic targeting in HCC are also

discussed.
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Abbreviations

ADAM A disintegrin and metalloproteinases

AR Amphiregulin

BTC Betacellulin

CIP2A Cancerous inhibitor of protein phosphatase 2A

CTGF Connective tissue growth factor

ECM Extracellular matrix

EGFR Epidermal growth factor receptor

EPG Epigen

EREG Epiregulin

ERK Extracellular signal-regulated kinase

FGF19 Fibroblast growth factor 19

GAP GTPase-activating protein

GPCR G protein-coupled receptors

HB-EGF Heparin binding epidermal growth factor like

HCC Hepatocellular carcinoma

HGF Hepatocyte growth factor

HNSCC Head and neck squamous cell carcinoma

IGF1-R Insulin like growth factor 1 receptor

IGF2 Insulin like growth factor 2

ILK Integrin linked kinase

MIG-6 Mitogen-inducible gene-6

MUC15 Mucin 15

MVP Major vault protein

NRG Neuregulin

NSCLC Non-small-cell lung carcinoma

PDGFR Platelet derived growth factor receptor

PI3 K Phosphatidylinositol-4,5-bisphosphate 3-kinase

PTPN13 Protein tyrosine phosphatase non-receptor 13

STAT Signal-transducer and activator of transcription

TACE TNF-alpha converting enzyme
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TGFa Transforming growth factor-a
TGFb Transforming growth factor-b
TKI Tyrosine kinase inhibitor

TLR3 Toll like receptor 3

TRAIL TNF-related apoptosis inducing ligand

Introduction: overview of the EGFR signaling system

The epidermal growth factor receptor (EGFR), also known

as ErbB1 or HER-1, is a transmembrane protein receptor

endowed with tyrosine kinase activity [1]. While in lower

organisms such as C. elegans and D. melanogaster only a

single receptor type equivalent to EGFR has been descri-

bed, in mammals there are three other related peptides

called ErbB2/HER-2, ErbB3/HER-3 and ErbB4/HER-4

that jointly with ErbB1 constitute the known EGFR family

[1–3]. This diversity parallels the complexity of systemic

regulation in vertebrate organisms, and together with the

broad variety of EGFR family of ligands discussed below;

it is an indicator of the important role played by this sig-

naling system in cell control. In general, all these EGFR

related proteins share common structural features, which

include an extracellular ligand-binding domain, a single-

pass transmembrane domain and an intracellular domain

that harbors the tyrosine kinase activity (Fig. 1) [4]. Fol-

lowing the tyrosine kinase domain there is a carboxy-ter-

minal tail where tyrosine autophosphorylation sites are

found [2, 4]. The intracellular domain of these receptors is

highly conserved with the exception of ErbB3, in which

amino acids important for the tyrosine kinase activity have

been substituted [5]. This feature renders ErbB3 a tyrosine

kinase-devoid receptor, although more recent studies could

identify residual autophosphorylating capacity in ErbB3,

which may be important for signaling [6]. Regarding the

extracellular ligand-binding domain, two common cys-

teine-rich regions have been described, together with the

presence of N-linked oligosaccharides in at least nine

positions, which are essential for receptor function [7, 8].

Overall, the extracellular domain is less well conserved

among the ErbB proteins, consistent with their differential

specificity for ligand binding. ErbB2 has no known ligand;

however, the rest of the ErbB receptors can be bound and

activated by a family of growth factors encompassing 11

members [2, 5, 9]. Structurally these ligands are charac-

terized by the presence of an EGF-like domain, which

determines receptor-binding specificity, and additional

motifs such as immunoglobulin domain, glycosylation sites

and heparin-binding sites [5]. According to their receptor

binding specificities, ErbB ligands can be classified in three

different groups. EGF, transforming growth factor-a

EGFR/
ErbB1

ErbB2ErbB3ErbB4

EGF
TGFαα

AR
EPG

BTC
HB-EGF

EREG NRGs

EGFRvIII

I I I

Fig. 1 General structure of the EGFR family of receptors and their

cognate ligands, indicating their binding specificities. The constitu-

tively active EGFRvIII mutant is also shown. Extracellular domains I

and III participate in ligand binding, while domains II and IV are

involved in homodimerization and heterodimerization upon ligand

binding. TK tyrosine kinase domain, EGF epidermal growth factor,

TGFa transforming growth factor a, AR amphiregulin, EPG epigen,

BTC betacellulin, HB-EGF heparin-binding EGF, EREG epiregulin,

NRGs neuregulins
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(TGFa), amphiregulin (AR) and epigen (EPG) bind spe-

cifically ErbB1, while betacellulin (BTC), heparin-binding

EGF-like growth factor (HB-EGF) and epiregulin (EREG)

bind ErbB1 and ErbB4. Neuregulins (NRG), which can be

found in different alternatively spliced isoforms, bind

ErbB3 and ErbB4 (Fig. 1) [3]. The complexity of this

signaling system is further increased by the fact that after

ligand binding ErbB receptors can homodimerize or hete-

rodimerize, resulting in cross-phosphorylation reactions

among these proteins. These interactions involve also the

ErbB2 and ErbB3 receptors, even though they lack a

known ligand and are almost devoid of kinase activity,

respectively. In spite of these limitations, perhaps the most

potent heterodimer in terms of triggering survival and

proliferative signals is the ErbB2/ErbB3 complex [2, 5].

Upon ligand binding, ErbB proteins are auto-phosphory-

lated and cross-phosphorylated in specific tyrosine residues

(Fig. 2), thus generating docking sites for a variety of

signaling proteins like Shc, Grb2, Grb7, Crk, phospholi-

pase Cc, the kinases Src and phosphatidylinositol-4,5-bis-

phosphate 3-kinase (PI3 K), the protein phosphatases

SHP1 and SHP2, as well as the Cbl E3 ubiquitin ligase [2,

4, 5]. There are other proteins that do not directly bind the

ErbB receptors but also participate in signaling, such as

phospholipase D and the signal-transducer and activator of

transcription (STAT) 1, 3 and 5 proteins [4, 10]. Down-

stream of activated ErbB receptors, we find several major

intracellular signaling cascades such as the ras/raf/MEK/

MAPK pathway (comprising the activation of extracellular

signal-regulated kinase (ERK) and JUN N-terminal

kinase), p38-MAPK, phospholipase C/protein kinase C

pathway, the PI3 K/Akt–mTOR pathway (being PI3 K/Akt

linked to NF-jB activation) and the STAT pathway [2, 4,

5, 9–11]. There is a considerable degree of crosstalk among

Fig. 2 Principal intracellular pathways triggered by ErbB receptor

activation. Ligand binding induces a conformational change that

allows receptor homodimerization or heterodimerization and func-

tional activation. The intracellular tyrosine kinase (TK) domain and

phosphorylation sites mediating interaction with adaptor proteins are

schematically shown. Downstream signaling cascades and represen-

tative transcription factors engaged upon ErbB activation are

indicated
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these pathways, and they can lead to the activation of

important transcriptional programs in the cell nucleus,

governing the expression of genes involved in cell prolif-

eration, survival, differentiation, adhesion, migration and

metabolism [12]. Given the key effects of EGFR signaling

on cellular homeostasis, important control mechanisms of

the signal output are concomitantly activated upon receptor

activation. These mechanisms include the immediate acti-

vation of parallel signals triggered also by EGFR involving

methyl-transfer reactions impacting on the ras/raf/MEK/

MAPK pathway [13], the de novo expression of EGFR

inhibitory proteins, and the fine-tuning of EGFR endocytic

degradation, among others [14–16].

The ErbB ligands are synthesized as membrane-

anchored precursors. They are type I transmembrane pro-

teins with an N-terminal extension, the EGF module and a

short juxtamembrane stalk followed by a hydrophobic

transmembrane domain and a carboxy-terminal or cyto-

plasmic tail [3]. These ligands display a low overall protein

sequence identity (about 25 %), differing also in their

glycosylation patterns and in the presence or absence of a

heparin-binding domain [3, 17]. Release of the active

factors from the cell surface is mediated by transmembrane

proteases of the ‘‘a disintegrin and metalloproteinases’’

(ADAM) type, and ADAM17 also known as TNFa con-

verting enzyme or TACE, together with ADAM10, are

known to have an important effect on the shedding of ErbB

ligands [18, 19]. Nevertheless, other types of enzymes may

be involved in the shedding of ErbB ligands, as illustrated

by the recent identification of rhomboid RHBDL2 intra-

membrane protease as a functional EGF sheddase in

mammalian cells [20]. The soluble growth factors may

bind their cognate receptors in an autocrine or paracrine

manner, although membrane anchored ErbB ligands can

also signal to adjacent cells in a juxtacrine fashion [3].

Ectodomain shedding also implies the generation of a

carboxy-terminal cell-associated remnant of these growth

factors, for which different regulatory functions are

increasingly being recognized [3, 21, 22].

Importantly, the proteolytic activity of ADAMs is sub-

ject to regulation by multiple signals with consequences for

downstream EGFR signaling. In particular, several G

protein-coupled receptors (GPCRs) have been shown to

activate EGFR/ErbB signal transduction even though

GPCRs ligands do not directly interact with the EGFR [23–

25]. This process, known as EGFR transactivation, places

the EGFR signaling system at the center of converging

signals with relevant biological consequences, including

proliferative, survival, migratory and inflammatory cues

[26]. This intricate, and not completely known network of

direct and indirect EGFR activators, make this receptor

family a remarkable signaling hub, with special signifi-

cance in tumor development and cancer cell biology, and

adds a significant degree of complexity to this signaling

system [26–28]. It is important to highlight that the

expression, maturation, trafficking to the cell surface, cat-

alytic activity and substrate targeting of ADAMs are also

subject to regulation, contributing additional regulatory

points to the whole system [29, 30]. Moreover, in addition

to EGFR transactivation by ADAM-mediated ligand

release, this tyrosine kinase receptor can be engaged in

other signaling pathways at different levels [31]. For

instance, ErbB1 can heterodimerize with other tyrosine

kinase receptors such as the platelet derived growth factor

receptor (PDGFR), insulin like growth factor 1 receptor

(IGF1-R) and hepatocyte growth factor (HGF) receptor

c-MET, which play major roles in liver responses to injury

and carcinogenesis [31]. More recently, ErbB1 has been

shown to contribute to toll like receptor 3 (TLR3) signaling

through its ability to phosphorylate, in cooperation with

Src, specific tyrosine residues in TLR3 needed for the

binding of TRIF adaptor protein [32], further illustrating

the multifarious nature of EGFR family interactions in

cellular signaling.

A key aspect not completely resolved is how signaling

specificity is gained in this apparently redundant EGFR

signaling system. One obvious level of specificity may be

defined by the tissue and time-specific expression of the

different ErbB receptors and ligands. There appears to be

also different downstream inputs depending on the het-

erodimerization partners assembled. It is known that the

recruitment of ErbB3 to heterodimers involves potent

PI3 K activation, while no involvement of phospholipase C

or the Ras-specific GTPase-activating protein (GAP) is

observed, being these signal transducers actively impli-

cated in ErbB1 signaling [2]. Another feature that may

impart specificity within the system is the biological

activity of the carboxy-terminal tails of the individual

EGFR ligands, which are generated after ADAM-mediated

shedding of growth factor ectodomains, an important

aspect that certainly merits further studies [21, 22]. The

mode of interaction of different ligands with the ErbB

receptors, including ligand affinity, potency and intrinsic

activity has been studied, and the observed differences may

explain some of the diverse biological outcomes [33]. Also,

it is clear that different ErbB ligands induce distinct

phosphorylation patterns of the tyrosine residues within the

receptors, leading to the activation of different intracellular

signaling pathways [34, 35]. The kinetics of receptor

phosphorylation, trafficking and degradation, or the dif-

ferential temporal activation of downstream ERK phos-

phorylation elicited by different ErbB ligands has been also

invoked as mechanisms able to impart specificity [36, 37].

The relevance of ErbB ligand-specific cellular effects, and,

thus, the importance of further investigation on this topic,

is evident in the field of cancer cell biology. For instance, it
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has been shown that in non-small-cell lung carcinoma

(NSCLC) patients TGFa and AR serum concentrations

positively correlate with tumor aggressiveness, while,

conversely, EGF levels were higher in healthy individuals

[38]. Similar observations have been made in breast cancer

tissues, in which high EGF levels are associated with more

favorable prognosis, while TGFa expression is linked to

more aggressive tumors [39]. Conversely, and as will be

discussed later, high circulating EGF levels are associated

with increased risk of hepatocellular carcinoma (HCC)

development in patients with liver cirrhosis [40, 41].

Although we have drawn here a far from comprehensive

picture of the EGFR signaling system, this may suffice to

appreciate the complexity and biological relevance of this

family of growth factors and receptors and its potential

impact in disease development.

The EGFR system in liver injury and repair

The liver possesses an extraordinary regenerative capacity

upon parenchymal resection or necrotic tissue loss, and this

response is tightly coordinated by an increasing list of

cytokines, growth factors and metabolites [42–46].

Important evidence has accumulated on the central role of

the EGFR signaling system in this reparative and regen-

erative response of the liver upon injury and inflammation,

including the inhibition of intrahepatic lipid accumulation

[47]. Hepatocytes display very high levels of ErbB1 [48],

and the expression of most ErbB ligands is increased

during liver tissue injury and regeneration, as observed for

HB-EGF, TGFa, EREG and AR in rodent models of partial

hepatectomy and experimental liver injury [49–53]. Inter-

estingly, the expression of ADAM17 is also up-regulated in

the liver after partial hepatectomy [54]. In vitro studies

have demonstrated that ErbB ligands can convey strong

proliferative and survival signals to hepatocytes, and these

effects have been also confirmed in vivo upon intraperi-

toneal injection of these growth factors or through their

transgenic overexpression [55–58]. Genetically modified

mice lacking different members of the EGFR family of

receptors and ligands have been generated over the past

two decades. Different phenotypes were observed, mice

lacking ErbB2, ErbB3 and ErbB4 were embryonic lethal,

while ErbB1 deficient mice died during fetal development

or survived a few days after birth depending on their

genetic background [12]. Indeed these lethal phenotypes

attested to the importance of this signaling system for

embryonic development, but precluded further analysis of

the implication of these receptors in hepatic responses.

Insights into the involvement of ErbB1 in hepatocellular

proliferation were gained by targeted deletion of this gene

in the adult mouse liver. Hepatocyte-specific ErbB1 null

mice showed delayed liver regeneration with a defective

G1–S phase entry, liver injury and increased mortality after

partial hepatectomy [59]. These observations were subse-

quently validated by ErbB1 knockdown using RNA inter-

ference in rats that were subjected to partial hepatectomy

[60]. Furthermore, the profound alterations in liver regen-

eration found in growth hormone receptor deficient mice

have been attributed to their lack of hepatocellular EGFR

expression [61], and reduced EGFR levels are also found in

hepatocyte-specific beta-catenin knockout mice, which also

display suboptimal liver regeneration [62]. In the context of

acute liver injury, a recent study has clearly established that

ADAM17 and ErbB1 expression individually provide

protection against hepatocellular apoptosis induced by Fas

ligand. The defensive role of ADAM17 was attributed in

part to its involvement in the generation of the soluble

ErbB ligands AR, TGFa and HB-EGF [63].

Liver regeneration studies have been also performed in

mice with genetic invalidation of different ErbB ligands.

Before describing the phenotypes of these mice, it is worth

mentioning that, in addition to their intra-hepatic autocrine

or paracrine mode of action, early studies identified an

important endocrine role for EGF in this process. Indeed,

elimination of salivary glands, a major site for EGF pro-

duction, markedly impaired liver regeneration [58], which

attests to the importance of systemic mechanisms in this

complex response [64]. Regarding specific ErbB ligands

knockout mice, absence of TGFa or EREG did not sig-

nificantly affect the course of liver regeneration after par-

tial hepatectomy [52, 65], while lack of HB-EGF or AR

resulted in a delayed hepatocyte progression through the

cell cycle [53, 66]. AR seems to play a complex and

important role in liver regeneration, in addition to serving

as a mitogenic factor for hepatocytes it also seems

important in the modulation of the liver acute phase

response, a prerequisite for the normal progression through

the cell cycle in hepatocytes [67, 68]. Importantly, a recent

study demonstrated that AR neutralizing antibodies mark-

edly inhibited regeneration in a clinically relevant model of

small-for-size liver transplantation, while AR administra-

tion rescued liver grafts of 30 % the original size, high-

lighting both the biological relevance of this ErbB1 ligand

and its potential therapeutic use [69]. In view of the dif-

ferent phenotypes of the respective knockout mice, it

appears that not all ErbB ligands are functionally redundant

during liver regeneration, and; therefore, the subtle differ-

ences in their signaling mechanisms mentioned before can

be of biological relevance. In addition, differential

expression and interaction of these growth factors in other

liver cells types, including macrophages and stellate cells

could also be important [26, 70].
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The EGFR system in hepatocarcinogenesis

Persistent liver injury due to chronic alcohol consumption,

bad dietary habits leading to intrahepatic fat accumulation

as well as hepatotropic viral infections resulting in chronic

liver injury and cirrhosis, are strongly linked to the

development of liver tumors [71–73]. The intrahepatic

microenvironment rich in inflammatory mediators and

growth factors is part of the natural regenerative and

reparative response of the liver [56]. However, when this

response becomes chronic and injury and inflammation

persist, important alterations occur. These include changes

in the architecture of the organ due to excessive deposition

of extracellular matrix (ECM) or fibrosis, uncontrolled cell

proliferation allowing the fixation of genetic mutations, and

the development of preneoplastic nodules, events com-

monly accompanied by loss of hepatic function [74–79].

These alterations pave the way for the development of

HCC, being liver fibrosis a strong determinant for the

appearance of liver tumors [80]. The EGFR system has

been implicated in hepatocarcinogenesis from the early

stages of the disease. Various ErbB ligands are overex-

pressed in chronic liver injury, as demonstrated both in

experimental models and in liver tissue samples from cir-

rhotic patients, and their expression can be induced also by

the predominant inflammatory signals found in acute and

chronic liver injury [26, 53, 81, 82]. EGFR ligands are

known to contribute to the phenotypic activation of ECM-

producing cells, including stellate cells and liver myofi-

broblasts which express significant amounts of ErbB1 [26],

eliciting migratory and proliferative responses in these

cells [83–86]. Persistent activation of the EGFR signaling

system is known to participate in the pathogenesis of

fibrosis in other organs such as the kidney and lung [87–

91]. However, further to the demonstration of the expres-

sion of EGFR ligands during chronic liver injury and the

above-mentioned observations in cultured fibrogenic cells,

the involvement of the EGFR system in the development of

liver fibrosis is not completely known. One study has

demonstrated that AR deficient mice develop less fibrosis

in an experimental model of chronic CCl4 administration

[86]. These mice showed less accumulation of collagen

than wild type mice, and reduced expression of profibro-

genic mediators such as transforming growth factor-b
(TGFb) and connective tissue growth factor (CTGF).

Interestingly, AR behaved as a mitogen and pro-survival

factor for cultured ECM-producing cells, where it also up-

regulated CTGF expression [86]. As previously discussed,

AR plays an important role in liver regeneration and is a

potent hepatoprotectant; therefore, its involvement in liver

fibrogenesis could be interpreted as a wound healing

activity gone awry in chronic liver injury. The pro-fibro-

genic role of AR has been also cogently demonstrated in a

recent study on pulmonary fibrogenesis [87], suggesting

that this ErbB1 ligand could be a potential therapeutic

target in solid organ fibrosis. At variance with AR, a recent

report demonstrated increased hepatic fibrosis in liver-

specific HB-EGF deficient mice upon bile duct ligation,

and showed that HB-EGF was able to antagonize the

profibrogenic activity of TGFb on ECM-producing cells

[92]. These mice displayed increased liver injury, which

may be an important determinant in their enhanced fibro-

genic response. Moreover, this study also emphasized the

remarkable hepatoprotective actions of HB-EGF [50, 93],

as well as the diversity of actions of the different EGFR

ligands.

Various studies evaluated ErbB1 status in HCC and

found this receptor frequently overexpressed in tumoral

tissues [94, 95]. ErbB1 expression correlated with high

proliferating activity, intrahepatic metastasis, poor carci-

noma differentiation and bad prognosis [94, 96, 97].

Overexpression of ErbB1 has been recently detected in a

molecular subclass of HCC with chromosome 7 polysomy

which is more frequent in male individuals [98]. In view of

the above, this genetic alteration may contribute to explain

the higher prevalence of HCC in the male population.

EGFRvIII is a naturally occurring EGFR mutant lacking

801 base pairs (exons 2–7) that exhibits ligand-independent

constitutive activity (Fig. 1). This variant is not present in

normal tissues, and pending further confirmation it has

been found in up to 60 % of HCC tissues examined

according to one study [99]. EGFRvIII is also detected in

serum from patients with HCC, and its expression in HCC

cells lines confers them enhanced growth and drug resis-

tance properties [100, 101]. Regarding other members of

the EGFR family, ErbB2 expression is not commonly

found, and it is not related to any clinicopathological fea-

tures, and similar observations have been made for ErbB4

[94]. The situation is different for ERbB3, which is fre-

quently overexpressed and activated in cancerous lesions

and is significantly related to important markers of disease

progression [94, 102]. Interestingly, secreted isoforms of

ErbB3 can be found in serum from HCC patients at early

stages of the disease, correlating with portal vein invasion

and metastasis [103].

Increased expression of ErbB ligands has also been

observed in human HCC. In agreement with the role of the

EGFR signaling system in tissue repair, the expression of

most ligands is elevated in the chronically injured and

cirrhotic liver, along with that of ADAM17 [31, 104–107].

Importantly, the mRNA levels EGF and TGFa in HCC

tissues have been related to the prognosis of patients with

liver cancer [108]. Most interestingly, increased EGF gene

expression in cirrhotic non-tumoral liver tissues has been

linked to reduced survival time after surgery [109].

Numerous experimental studies have demonstrated the

14 J Gastroenterol (2014) 49:9–23
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functional significance of EGFR ligand expression in liver

cancer cells. For instance, AR overexpression and ErbB1

define an autocrine loop capable of promoting cell prolif-

eration, survival and resistance to cytotoxic drugs and

TGFb mediated apoptosis in human HCC cells [81, 106,

110–112]. Moreover, AR/ErbB1 signaling can in turn

activate the expression of other growth factors such as

CTGF, which has also been involved in hepatocarcino-

genesis and has profound effects on the biology of HCC

cells, including their proliferation and resistance to TNF-

related apoptosis inducing ligand (TRAIL)-mediated

apoptosis [113, 114]. Additionally, the AR/ErbB1 system

may be also positioned downstream of other growth factors

signaling systems, and serve to mediate and amplify their

effects in HCC cells as described recently for fibroblast

growth factor 19 (FGF19) [115]. Another recent report has

also identified the overexpression of the ErbB3 ligands

NRG in HCC tissues, and has demonstrated their ability to

increase HCC cells’ migratory and invasive properties

[102].

Two recent reports have identified additional mecha-

nisms for the dysregulation of EGFR activity in HCC.

These involve the impaired expression in tumor cells of

genes that behave as negative regulators of EGFR signal-

ing. Mitogen-inducible gene-6 (MIG-6) is an adaptor pro-

tein and a regulator of receptor tyrosine kinase signaling.

MIG-6 expression is up-regulated during liver regenera-

tion, and hepatocytes lacking MIG-6 display enhanced cell

proliferation after partial liver resection, coinciding with

increased PI3K/Akt signaling [116]. Importantly, MIG-6

gene expression was found markedly reduced in a majority

of tumors (64 %) inversely correlating with EGFR

expression [116]. Another negative regulator of EGFR

signaling lost in HCC is mucin-15 (MUC15). MUC15 is a

transmembrane protein highly glycosylated that is nor-

mally expressed in epithelial cells. It was observed that

MUC15 expression was aberrantly decreased in HCC tis-

sues, correlating with a poor prognosis. MUC15 was found

to interact physically with EGFR, enhancing EGF-induced

endocytosis and degradation of the EGFR, and attenuating

downstream PI3K–Akt signaling [117]. This work identi-

fied a tumor suppressor role for MUC15 in HCC through its

ability to regulate EGFR signaling.

Finally, as further evidence of the implication of the

EGFR system in the pathogenesis of HCC, we can mention

two recent and very interesting studies identifying the

association of a functional polymorphism in the 50

untranslated region of the EGF gene with increased risk for

development of HCC in liver cirrhotic patients [40, 41].

This polymorphism conferred an extended half-life to EGF

mRNA transcripts and increased EGF expression, which

correlated with increased phosphorylation of ErbB1 in

cirrhotic liver tissue samples [40]. These findings, together

with other observations summarized elsewhere [28, 110],

have contributed to identify the EGFR signaling system as

an ideal candidate for the targeted therapy of HCC.

Targeting the EGFR system in HCC: experimental

success and clinical failure

Two types of molecules with different mechanisms of

action have been so far used to target and inhibit the EGFR

in HCC. These include small molecules able to compete

with ATP and inhibit the tyrosine kinase activity of this

receptor [small tyrosine kinase inhibitors (TKIs): gefitinib,

erlotinib and lapatinib], and EGFR-targeted antibodies that

prevent ligand binding, receptor activation and dimeriza-

tion, ultimately inducing receptor downregulation (cetux-

imab or erbitux and panitumumab) [118–120]. Over the

past decade, several studies performed both in cultured

HCC cell lines and in vivo experimental models demon-

strated a potent antitumoral activity for both types of

molecules. Cell cycle arrest, apoptosis, enhanced sensitiv-

ity towards cytostatics and reduced in vivo HCC cell

growth and metastasis formation were reported in response

to these agents, either alone or in combination [121–127].

A noteworthy study demonstrated that the administration

of the small molecule EGFR inhibitor gefitinib to rats

undergoing chemical carcinogenesis had a clear inhibitory

effect on the development of HCC nodules. Importantly,

this investigation was performed in rats that developed

HCC on a cirrhotic background, which is relevant to the

clinical situation, and the antitumoral effects occurred in

the absence of liver toxicity [128]. These encouraging

studies, combined with the biological observations sum-

marized in the previous section, paved the way for the

development of several clinical trials. Unfortunately, no

responses were found to cetuximab in two phase II studies

in patients with advanced HCC (reviewed in [129]), while

some activity was observed in a preliminary study com-

bining cetuximab with gemcitabine plus oxaliplatin in poor

prognosis patients [130]. Similar trials have tested the

efficacy of small TKIs. Gefitinib showed no activity in a

single-arm phase II study [129], while lapatinib, a dual

inhibitor of ErbB1 and ErbB2, also demonstrated poor

activity [131]. Erlotinib is the only agent that so far has

shown a modest activity as a single agent in advanced HCC

providing disease stabilization [132, 133]. Erlotinib has

been also tested in combination with bevacizumab, an

antibody that binds and neutralizes the pro-angiogenic

factor vascular endothelial growth factor (VEGF). While

two studies reported modest but clinically meaningful

antitumor activity [134, 135], another indicated a minimal

activity based on objective response and progression-free

survival [136]. Similarly, a recent study concluded that the
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combination of erlotinib with sorafenib, a multikinase

inhibitor and the only small molecule that has shown

clinical benefit in advanced HCC so far [119], did not

improve overall survival in comparison to sorafenib alone

in patients with advanced HCC (reviewed in [137], [138]).

These discouraging observations attest to the molecular

complexity of HCC in humans, and the ability of liver

cancer cells to develop mechanisms of resistance to these

and other targeted therapies. Identification of these resis-

tance mechanisms, and the development of molecular tools

to counteract them, could open new avenues to improve the

efficacy of EGFR inhibitors for HCC treatment.

Mechanisms of resistance to EGFR targeted therapies

in HCC: identification of strategies to increase

the efficacy of EGFR inhibitors

Targeted drug resistance has emerged as a major issue in

HCC treatment. Even considering the efficacy of sorafenib,

the overall clinical benefit of these new drugs is still far

from satisfactory. This limited therapeutic success calls for

a better understanding of the underlying mechanisms of

resistance, and also for the identification of biomarkers that

can select potentially responsive patients and monitor the

response to treatment. The resistance mechanisms to

EGFR-targeted drugs may operate at various cellular and

molecular levels, and many of them have been already

characterized in other types of solid tumors [139–142]

(Fig. 3). For instance, it is becoming clear that the con-

comitant activation of other signaling systems also gov-

erned by growth factors may cause resistance to EGFR-

targeted drugs. This has been demonstrated for the insulin-

like growth factor 2 (IGF2) and IGF1-R pathway, which

inhibition potentiated the antitumoral effect of gefitinib in

HCC through the attenuation of IGF-1R-stimulated AR

release [143]. Interestingly, this IGF-1R-mediated mecha-

nism of resistance to EGFR targeted therapies also operates

in a reciprocal fashion. It was subsequently shown that

HCC cells overcame IGF-1R inhibition through ErbB3
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MEK

ERK

Raf

Ras

Rac

SEK

JNK

EGFRvIIIcMet ILK

EMT

ECM
Laminin 5

HGF

1 2 3
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phosphate
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Fig. 3 Overview of mechanisms implicated in the resistance to

EGFR-targeted therapies. 1 Involvement of the c-MET/HGF system:

c-MET amplification and/or c-MET/EGFR interaction, 2 IGF1-R

activation and EGFR transactivation, 3 ADAM17 activation and

EGFR ligand release (for instance Pro-AR: membrane anchored

amphiregulin precursor), 4 increased expression of ErbB ligands, 5

crosstalk with other ErbB receptors, 6 expression of the EGFRvIII

mutant, 7 overexpression of ILK and interaction with laminin 5 in the

extracellular matrix (ECM), and induction of epithelial mesenchymal

transition (EMT), 8 EGFR association with EphrinB1, 9 activation of

Ras pathway, 10 overexpression of the phosphatase inhibitor CIP2A,

11 overexpression of the major vault protein (MVP), 12 nuclear

activity of EGFR
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activation in an EGFR-dependent manner, and that ErbB3

represented a critical mediator in acquired resistance to

anti-IGF-1R therapy [144]. The HGF/c-MET pathway has

emerged as another driver system in hepatocarcinogenesis

[145]. Functional crosstalks between the EGFR and HGF/

c-MET systems have been established for different cancers,

providing a rationale for their combinatorial blockade

[146]. As previously mentioned, physical interaction

between EGFR and c-MET has been observed in tumoral

cells, including HCC cells, leading to the activation of

c-MET signaling [147]. In addition, a recent interesting

study in which HCC cells were also included demonstrated

that HGF induced profound changes in EGFR tyrosine

kinase activity and EGFR protein interactions in the cell

membrane [148]. HGF treatment induced EGFR tyrosine

kinase inhibition, and forced this receptor to interact with

and stabilize several cancer-related proteins, including the

receptor tyrosine kinases EphA2 and Axl, which endow the

cells with increased survival capacity even in the presence

of anti-EGFR drugs. Importantly, gefitinib sensitivity was

restored upon c-MET inhibition [148].

Another recent study has identified the interaction of the

EGFR with the complex system defined by the ephrin

ligands and the Eph tyrosine kinase receptors [149]. This

work was performed in head and neck squamous cell car-

cinoma (HNSCC) cells, and demonstrated that in the

absence of the cellular protein tyrosine phosphatase

PTPN13, EphrinB1, a target of PTPN13, can associate with

EGFR promoting ERK1/2 signaling. Most importantly this

association was favored in the presence of cetuximab

[150]. Although this new EGFR/EphrinB1 crosstalk has not

been evaluated in HCC cells, PTPN13 down-regulation and

EphrinB1 overexpression are frequently found in HCC

tissues [151, 152], suggesting the existence of this pro-

tumorigenic and drug resistance mechanism in liver cancer,

which may be worth exploring.

One increasingly recognized mechanism of drug resis-

tance, including EGFR-targeted drug resistance, operating

in a variety of cancers is the nuclear localization of the

EGFR. In the nucleus this receptor has been reported to

function not only as tyrosine kinase but also as a tran-

scription factor, and to display pro-tumorigenic effects

even in a kinase-independent fashion [153, 154]. Nuclear

translocation of the EGFR has been observed in various

carcinomas in association with the up-regulation of ErbB

ligands and resistance to small TKIs and therapeutic anti-

bodies, which can also promote EGFR nuclear traffic [154].

Interestingly, one of the earliest evidence of the nuclear

localization of the EGFR was obtained in the regenerating

liver [155, 156], and the nuclear presence of EGFR was

associated with DNA synthesis [157]. In view of this, it

would be interesting to examine thoroughly the subcellular

distribution of EGFR in HCC cells and tissues, particularly

in biopsies from patients that were treated with EGFR-

inhibitory agents. New strategies are being developed to

restore the therapeutic response of cancer cells to EGFR-

directed drugs by targeting the nuclear receptor, and HCC

treatment could also benefit from these approaches [153,

154].

Another phenomenon associated with resistance to

EGFR-targeted agents is epithelial–mesenchymal transition

(EMT). It was found that, depending on their EMT status,

HCC cells were more or less susceptible to small TKIs and

cetuximab, being cells classified as ‘‘epithelial’’ and more

responsive to these agents [126]. The enhanced resistance

of the ‘‘mesenchymal’’ cell lines was attributed to their

ability to activate Akt signaling through alternative

mechanisms, independent from EGFR and EGFR/Erbb3

heterodimers. One of the identified mechanisms was gov-

erned by the serine/threonine protein kinase integrin-linked

kinase (ILK), and consistent inhibition of ILK reduced Akt

activation and increased sensitivity to EGFR-targeted

drugs [126]. Interestingly, and as pointed out by the

authors, ECM components that may drive ILK activation

such as laminin-5, have been reported to increase resistance

to gefitinib in HCC cells [158]. These studies are illustra-

tive of the role of intracellular signaling pathways activated

in HCC, such as ILK [159], and ECM components present

in the tumor microenvironment, like laminin-5 [160], in

generating resistance towards EGFR-directed agents.

Another recent study further confirmed the relevance of

AKT activation in gefitinib resistance in HCC cells. In this

case the authors identified the major vault protein (MVP), a

protein overexpressed in a significant number of HCCs and

previously involved in the regulation of intracellular sig-

naling, as a mediator of AKT activation through mecha-

nisms that may require further elucidation [161]. Also

within AKT signaling, overexpression of CIP2A (cancer-

ous inhibitor of protein phosphatase 2A) was found to up-

regulate phospho-AKT levels and, thus, mediate erlotinib

resistance in HCC cells [162]. The Ras and Jak/STAT are

other important intracellular pathways downstream of the

EGFR that are ubiquitously activated in HCC, providing

growth and survival cues to the cancer cells. The persistent

activation of these pathways can be mediated by the

tumoral microenvironment rich in cytokines and growth

factors, but has also been attributed to the epigenetic down-

regulation of genes involved in their negative regulation

[163]. This later mechanism of Ras and Jak/STAT acti-

vation can contribute to resistance towards EGFR inhibi-

tory drugs.

Although it has not been tested in HCC, preclinical and

clinical experience in other solid tumors has shown the

enhanced antitumoral activity of combining two anti-

EGFR agents (reviewed in [120]). Combination of a small

EGFR TKI with an EGFR-targeted antibody results in a
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better inhibition of kinase activity, and a more efficient and

broader blockade of downstream signaling pathways. The

different mechanisms of action of these two types of agents

contribute to explain this enhanced efficacy. This strategy

also reduces the crosstalk with other ErbB family members,

an important mechanism of resistance not only to ErbB-

directed agents [164] but also to other targeted drugs like

sorafenib [165].

As previously mentioned, EGFRvIII is a constitutively

active EGFR mutant that has been detected in different

solid tumors including HCC. Expression of EGFRvIII has

been shown to confer resistance to chemotherapeutic

agents and also to EGFR-targeted drugs in HNSCC cells

[166]. Recent preclinical observations indicate that the

EGFRvIII mutant could be a useful target in HCC. CH12, a

monoclonal antibody directed to EGFRvIII elicited strong

antibody-dependent cellular cytotoxicity and complement-

dependent cytotoxicity in EGFRvIII expressing HCC cells

and reduced the phosphorylation of EGFRvIII and down-

stream intracellular signaling, leading to cell growth inhi-

bition and apoptosis [167]. Interestingly, EGFRvIII

targeting with CH12 also potentiated the antitumoral

effects of conventional cytotoxic agents as well as those of

sorafenib, suggesting that combination therapies including

this antibody could be of clinical value for HCCs that

express this EGFR mutant, once this subgroup of patients is

clearly identified [168, 169].

Complementary to the multiple targeting of the EGFR

signaling system for cancer therapy would be the neu-

tralization of ErbB ligands. Abundant experimental evi-

dence indicates that interference with the shedding of

these growth factors using ADAM inhibitors, knockdown

of their gene expression or the use of neutralizing anti-

bodies have potent antitumoral effects. This has been

clearly demonstrated for ligands such as AR and HB-EGF

in different types of tumors [170, 171], and particularly

for AR in HCC [110]. Interestingly, interference with AR

gene expression overcomes resistance to gefitinib in

NSCLC cells [172]. The potential relevance of neutral-

izing AR in conjunction with EGFR may exceed the mere

blockade of a protumorigenic autocrine loop. A recent

report identified AR produced by mast cells as a critical

factor for the optimal functioning of regulatory T (Treg)

cells in vivo [173]. Both mast cells and Treg cells are

known to accumulate in the peritumoral region during

cancer development, and contribute to the immune-sup-

pressive environment that fosters tumor growth. The

finding that mast cells derived AR sustains the function-

ing of EGFR expressing Treg cells opens the possibility

of targeting the AR/EGFR axis to enhance antitumor T

cell responses, which could be interesting for tertiary

prevention and for the potentiation of HCC immune-

therapy [174, 175].

In spite of all these advancements, a key but as yet

unresolved issue in the targeted treatment of HCC is the

definition of useful biomarkers. These would allow the

identification of patient subpopulations that could benefit

from treatment, the prioritization of targeting strategies,

and the monitoring of treatment responses [176]. Further

work is definitively needed in this direction, particularly in

a molecularly heterogeneous type of tumor such as HCC.
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81. Castillo J, Goñi S, Latasa MU, Perugorrı́a MJ, Calvo A, Mun-
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