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1. Liver physiology and pathology 

1.1.  Liver anatomy and physiology 

The liver is the largest organ, accounting for approximately 2% to 3% of the average body 

weight. It exhibits both endocrine and exocrine properties to carry out numerous functions that 

are involved in maintaining homeostasis within the organism. 

The major exocrine secretion is in form of bile while endocrine functions include the 

secretion of several hormones such as Insuline-like growth factors (IGF), Angiotensinogen or 

Thrombopoietin. The liver also holds other essential functions such as glycogen storage; drug 

detoxification; removal and breakdown of serum proteins, red blood cells and microbes; 

secretion of an extensive array of plasma proteins including Albumin, Transferrin and 

Apolipoproteins; control of metabolism: production or removal of glucose during periods of 

fasting or eating, respectively, processing of fatty acids and triglycerides, regulation of 

cholesterol synthesis and transport, synthesis and inter-conversion of non-essential amino 

acids,… (Malarkey et al., 2005; Spear et al., 2006; Si-Tayeb et al., 2010). 

Liver structure is of important relevance in order to be able to carry out all these functions. 

The liver is macro-structurally divided in 4 lobes: right, left, quadrate and caudate. Mice and 

humans have a gall bladder, but not rats. The liver receives blood from two different sources, 

the portal vein (supplies about 70% of the blood flow and 40% of the oxygen) and the hepatic 

artery (supplies 30% of the blood flow and 60% of the oxygen). The hepatic architecture 

facilitates the exchange of materials between the blood and hepatocytes. In addition, the 

hepatic biliary system enables the liver to transport bile into intestines (Malarkey et al., 2005; 

Spear et al., 2006). 

The basic architectural unit of the liver is the liver lobule (Figure I). The lobule is a structure 

that consists of plates of hepatocytes lined by sinusoidal capillaries that radiate toward a 

central efferent vein. Liver lobules are roughly hexagonal with each of six corners demarcated 

by the presence of a portal triad of vessels, consisting of a portal vein, bile duct, and hepatic 

artery, in a connective tissue matrix comprised mainly by type 1 collagen. As mentioned before, 

both the portal vein and the hepatic artery supply blood to the lobule, which flows through a 

network of sinusoidal capillaries. Sinusoidal blood flow is finally collected by terminal hepatic 

venules prior to emptying into larger hepatic veins and eventually to the vena cava. Endothelial 

cells that line the sinusoids form the barrier between the blood and hepatocytes; the narrow 

region between these two cell types is termed the space of Disse. In the liver, the plates of 

hepatocytes are one to two cells thick. The sinusoidal side of these hepatocytes interfaces the 
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space of Disse, whereas the opposite (apical) side forms the canalicular membrane. The bile 

canaliculi, small channels that are between adjacent hepatocytes, transport bile to the 

intrahepatic bile duct. The transition region between the canaliculi and intrahepatic bile ducts is 

called the canal of Hering, narrow channels that are lined by hepatocytes and bile duct epithelial 

cells (BEC, also called cholangiocytes). These intrahepatic bile ducts converge into larger 

extrahepatic ducts, which ultimately join the common bile duct that transports bile either to the 

gall bladder (for storage) or directly to the small intestine (Fausto and Campbell, 2003; Malarkey 

et al., 2005; Spear et al., 2006; Si-Tayeb et al., 2010). 

 

Figure I. Schematic hepatic lobule structure (Iwakiri et al., 2014). 

Although hepatocytes are the major parenchymal cell type of the liver, other biologically 

important cell types are present: a) biliary epithelial cells (BEC) or cholangiocytes line the bile 

ducts. b) Sinusoidal endothelial cells (SEC) are the primary barrier between blood and 

hepatocytes and act as a filter of fluids, solutes and particles between the blood and the space 

of Disse. They have fenestrae, lack of basal lamina and can transfer molecules and particles by 

endocytosis. c) Kupffer cells (resident liver macrophages) are phagocytic cells, are the major 

producers of cytokines as mediators of inflammation and provide crosstalk with other cells. d) 

Pit cells (natural killer cells) are important in immune function. e) And hepatic stellate cells 

(HSC) are the major player in regeneration and hepatic fibrogenesis and cirrhosis. HSC are 

located in the space of Disse and normally produce extracellular matrix (ECM), control 

microvascular tone, store and metabolize vitamin A and lipids, and when activated transform to 

myofibroblast (MFB) (Malarkey et al., 2005; Spear et al., 2006; Si-Tayeb et al., 2010). 

The lobular organization of the liver has functional significance. While some liver functions 

can be carried out by all hepatocytes, other functions are limited to a subset of hepatocytes. 

This compartmentalization of function is determined by the position of hepatocytes within the 

liver lobule, a phenomenon called positional (or zonal) heterogeneity of metabolic zonation. 

This zonation allows opposing metabolic pathways to be carried out within distinct, non-

overlapping regions of the liver. For example, periportal hepatocytes specialize in 
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glycogenolysis and gluconeogenesis, while centrolobular hepatocytes are active in glycolysis 

and glycogen synthesis. In addition, not only the hepatocytes have gradients of gene and 

protein activity, but gradients also exist for SEC, Kupffer cells, HSC, and the matrix in the space 

of Disse (Fausto and Campbell, 2003; Malarkey et al., 2005; Spear et al., 2006). 

1.2.  Liver pathology: Hepatocellular carcinoma (HCC) 

Hepatocellular carcinoma (HCC) is a major health problem, being the second cause of 

cancer-related deaths globally (Bruix et al., 2015). It is a heterogeneous tumour that commonly 

develops within an established background of chronic liver disease, being hepatitis B Virus 

(HBV) chronic infection the dominant risk factor in eastern Asia and sub-Saharan Africa, 

together with exposure to aflatoxin B1. Hepatitis C Virus (HCV) chronic infections together with 

alcohol are the main risk factors in North America, Europe and Japan. Non-alcoholic fatty liver 

disease (NAFLD) and non-alcoholic steatohepatitis (NASH) are other clear risk factors for HCC 

development. Progressive hepatic fibrosis, which is a common pathway for all forms of chronic 

liver disease, evolves to cirrhosis, which is the largest risk factor for developing liver cancer. Up 

to 90% of cases of HCC arise in the setting of advanced fibrosis or cirrhosis regardless of 

aetiology (Bruix et al., 2014; Wallace and Friedman, 2014). 

Since HCC develops within an established chronic liver disease, avoiding the exposure to 

risk factors for these chronic liver diseases is the best option to prevent HCC. HBV infection 

accounts for more than 50% of all HCC cases. Thus, HCC related to HBV can be prevented by 

vaccination. When there is already a HBV chronic infection, viral replication can be controlled by 

means of antiviral drugs, which would prevent progression of liver disease and, perhaps, HCC 

in the long term. The same strategy can be applied to HCV chronic infection to prevent 

development of HCC. However, if cirrhosis is already established, risk of HCC is not modified 

despite antiviral treatment. In the case of HCV, 3-5% of the cases of established cirrhosis 

evolve to HCC. HCV infection prevention relies on avoidance of viral transmission through 

contaminated blood. Alcohol consumption constitutes also an important risk factor for HCC and 

it provokes a synergistic effect when there is an infection with HBV, HCV or both. Individuals co-

infected with HIV also have an increased risk of HCC development (Forner et al., 2012). 
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2. Apoptosis 

Traditionally, cell death was considered to occur only by two different sorts: necrosis or 

apoptosis. Apoptosis is a tightly regulated and conserved process throughout evolution that 

involves the activation of intracellular machinery and is energy dependent (Vermeulen et al., 

2005). In contrast, necrosis results in an early disruption of the cell membrane and the 

progressive breakdown of ordered cell structures in response to some sudden environmental 

perturbations such as severe hypoxia/ischemia, extreme temperatures and mechanical trauma. 

It is then, an uncontrolled lost of viability. Nowadays, the notion of apoptosis has evolved to a 

more complex concept, the programmed cell death, which includes alternative pathways of 

regulated cell death: caspase-independent cell death, autophagy, lysosomal membrane 

permeabilization (LMP) or the unfolded protein response (UPR) among others. 

Classical apoptosis is essential for the development and maintenance of tissue 

homeostasis, as it allows the system to eliminate those cells that are not required any longer. 

Indeed, an adult human produces and eliminates 60 billion cells daily, new cells are produced 

by division and old cells are eradicated by apoptosis. Apoptosis is also used to eliminate cells 

when these become a potential harm to the organism as when, for example, they are virally 

infected or accumulate unrepairable DNA damage. As a consequence, alterations in the 

regulation mechanisms of apoptosis might contribute to numerous pathological conditions, 

including cancer, autoimmune and degenerative diseases (Giam et al., 2008; Dewson and 

Kluck, 2009). 

As it is a programmed and conserved process, when apoptosis occurs there are some 

morphological features that facilitate the identification of the process. These changes 

associated with apoptosis have been thoroughly reviewed, and are characterized by nuclear 

condensation, cell shrinkage, and loss of plasma membrane lipid asymmetry. Although more 

subtle, the Golgi, endoplasmic reticulum (ER) and mitochondrial networks also suffer a 

pronounced fragmentation during apoptosis. Finally, plasma membrane blebbing occurs, 

followed by the formation of several apoptotic bodies that will be rapidly engulfed by 

neighbouring cells or macrophages, preventing that way an inflammatory response like the one 

observed after necrotic cell death (Schattenberg et al., 2006; Taylor et al., 2008). In cell 

cultures, with no immune system to remove apoptotic bodies, these will lose the integrity of the 

plasma membrane during the late stages of apoptosis and disintegrate. This process is known 

as secondary necrosis (Vermeulen et al., 2005). 

Apoptosis can be triggered through different pathways, mainly the extrinsic pathway which 

relies on death receptor-mediated signals or the intrinsic pathway that involves the mitochondria 

and release of cytochrome c (Guicciardi and Gores, 2005). In both cases, signals converge in 
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the activation of Caspase-3, -6, -7, which are the final effectors of apoptosis that dismantle the 

cell by degrading essential proteins. 

In liver, apoptosis is a physiological process that allows the maintenance of the organ 

volume and cell number, being relevant during liver development and regeneration (Guicciardi 

and Gores, 2005). A lack of apoptosis has been associated with development and progression 

of tumours of the liver and the biliary tree (Guicciardi and Gores, 2005; Fabregat et al., 2007). In 

addition, the deregulation of the ratio proliferation/apoptosis has also been found in pre-

neoplastic cells, where cell proliferation is higher than apoptosis, giving a hind of its important 

role in hepatocarcinogenesis (Makino et al., 2000; Park et al., 2001b). These features may be 

useful in the detection and treatment of precancerous lesions (Makino et al., 2000; Hytiroglou et 

al., 2007). 

2.1.  The extrinsic or death receptor-mediated pathway 

The extrinsic pathway starts when certain extracellular ligand molecules bind to their 

corresponding receptors present in the cell membrane. These extracellular ligands are 

members of the TNF ligand superfamily (CD95L, TNF and TRAIL) that trigger the extrinsic 

apoptosis pathway when bound to their trimeric associated receptors: CD95 receptor 

(Apo1/Fas receptor), tumour necrosis factor receptor type 1 (TNF-R1, p55/65, CD120a) and 

type 2 (TNF-R2, p75/80, CD120b), and TNF-related apoptosis-inducing ligand (TRAIL) receptor 

type 1 and type 2 (Schattenberg et al., 2011) (Figure II). The intracellular domains of death 

receptors do not present an intrinsic kinase activity and depend on homophilic protein–protein 

interactions for cell signal initiation. Thus, after ligand and receptor are bound, the receptor 

changes its conformation and initiates the assembly and recruitment of the molecules that will 

actually trigger their intracellular signalling. 

Extrinsic apoptosis is enabled inside the cell after the recruitment of a Fas-associated death 

domain (FADD/MORT1), thanks to the so-called death domain (DD), which is able to interact 

with the DDs present in the Fas receptor. When assembled, the death receptor-induced 

signalling complex (DISC) is formed. Besides a DD, FADD also contains a death effector 

domain (DED), which works as a landing strip for pro-caspase-8 into the DISC, where cleavage 

will activate it. When active, caspase-8 is able to cleave and activate the final effector caspase: 

caspase-3. Activated caspase-3 carries out the cleavage of many other substrates, being the 

final effector of the apoptotic process (Vermeulen et al., 2005; Schattenberg et al., 2006; Riedl 

and Salvesen, 2007).  

When extrinsic apoptosis occurs via TNF receptor the process increases its complexity. In 

that case, the adaptor protein is given the name of TNF-R1-associated DEATH domain 

(TRADD) and, apart from inducing apoptosis it is also able to induce survival signalling. To do 
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so, TRADD recruits the adaptor molecule TNF receptor-associated factor-2 (TRAF2), which in 

turn recruits cellular inhibitor of apoptosis proteins 1 and 2 (c-IAP1 and c-IAP2). The binding of 

the receptor interaction protein (RIP) leads to activation of the transcription factor nuclear factor-

kappa B (NF-κB), resulting in transcription of anti-apoptotic genes and promoting cell survival 

(Vermeulen et al., 2005). Moreover, other mechanisms also prevent extrinsic apoptosis, such as 

FADD-like IL-1beta-converting enzyme (FLICE)-inhibitory protein, FLIP (Casper/I-

FLICE/FLAME-1/CASH/CLARP/MRIT), a protein that binds FADD and caspase-8 and, by doing 

so, inhibits the death receptor-mediated apoptosis (Kataoka et al., 1998). 

 

Figure II. Scheme of the extrinsic and intrinsic pathways of apoptosis, with special emphasis on the key 

regulators in hepatocytes (Adapted from Moreno-Càceres and Fabregat, 2015). 

Usually, the extrinsic apoptotic pathway activates caspases without any participation of the 

mitochondria. However, in certain cell types, including hepatocytes (Yin, 2000), the extrinsic 

pathway can also induce mitochondrial damage by cleaving the pro-apoptotic BCL-2 family 

protein BH3 interacting-domain death agonist (BID). When this protein is activated, its truncated 

form (tBID) is able to activate BCL-2 homologous antagonist/killer (BAK) and BCL-2–associated 

X protein (BAX) proteins, also from the BCL-2 family of proteins, and thereby enhancing the 

apoptotic induction by activating the intrinsic pathway (Korsmeyer et al., 2000; Dewson and 

Kluck, 2009). 
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2.2.  The intrinsic or mitochondrial pathway 

The intrinsic pathway is called like this because it is initiated as a response produced from 

inside the cell to a variety of stress signals in response to external or internal agressions, such 

as: growth-factor deprivation, cytokine-withdrawal, Ca2+ flux or DNA-damage caused by UV or 

gamma-irradiation (Willis and Adams, 2005). The progression of this pathway requires a 

complex interplay between the BCL-2 proteins, which will lead to mitochondrial permeabilization 

(Figure II). BAK or BAX are the proteins finally responsible for mediating the mitochondrial 

outer membrane permeabilization (MOMP) (Wei et al., 2001; Kuwana et al., 2005). BAX 

protein can be found as a monomer in the cytosol or loosely associated with the outer 

mitochondrial membrane when not activated. When activated, BAX translocates to the 

mitochondrial outer membrane and is able to get inserted on it (Billen et al., 2008). BAK is 

inserted into the outer mitochondrial membrane even when not activated (Wei et al., 2000). BAX 

and BAK oligomers form pores on the outer mitochondrial membrane promoting its 

permeabilization. MOMP releases numerous pro-apoptotic proteins into the cytosol which 

participate both in caspase activation, like the cytochrome c, and in neutralizing endogenous 

inhibitors of caspases, as for example, second mitochondria-derived activator of caspases 

(SMAC) (Galluzzi et al., 2008; Yip and Reed, 2008). 

The key step to complete the mitochondria-dependent apoptosis is the release of 

cytochrome c, which, when released to the cytosol, binds and activates a protein called 

apoptotic protease activating factor 1 (APAF-1) in an ATP-dependent manner. APAF-1 has a 

caspase activation and recruitment domain (CARD), which is able to bind to other CARD 

domains, present in procaspase-9. Once cytochrome c, APAF-1 and caspase-9 are assembled, 

they form a structure called apoptosome that will end up activating pro-caspase-9. When 

active, caspase-9 is known to activate downstream caspases like caspase-3, -6 and -7 (Riedl 

and Salvesen, 2007) and this leads to the cleaving of several substrates. Notably, as these 

caspases are acting downstream the MOMP, blocking their activation delays cell death but does 

not actually prevent cell death (Ekert et al., 2004). 

The responsibility for both restraining and triggering the intrinsic mitochondrial apoptotic 

pathway belongs to the BCL-2 family proteins. However, they are also known to have a role 

during death receptors-mediated cell death (Frenzel et al., 2009). The most important structural 

feature about these proteins is that they contain one or more BCL-2 homology (BH) domains, 

which share sequence homology and are the key for the diverse heterodimeric interactions that 

occur among the members of the BCL-2 family (Yin et al., 1994; Chittenden et al., 1995). As not 

all the family members have the same role regarding apoptosis prevention or induction, they are 

divided in three main groups based on their BH domains and their function. 



2. Apoptosis                                                                                                    I. INTRODUCTION 

11 

 

The first group is formed by the anti-apoptotic proteins, which contain up to four BH 

domains. The BH1, 2 and 3 domains are critically involved in the creation of a hydrophobic 

groove where the α-helix formed by the BH3-domain of the pro-apoptotic proteins binds (Giam 

et al., 2008). Although it is known to be required for the anti-apoptotic function, BH4 domain 

molecular function is still unresolved (Huang et al., 1998; Giam et al., 2008). Interestingly, it has 

been recently associated with autophagy inhibition (Trisciuoglio et al., 2013). The more 

renowned members of the anti-apoptotic group are: BCL-2, BCL-XL, BCL-w and myeloid 

leukemia cell differentiation protein (MCL-1). 

The other two groups are pro-apoptotic. The members of the first group, formed by BAX, 

BAK and BCL-2 related ovarian killer (BOK), own three BH (BH1-3) domains. The components 

of the second group only hold a single BH3-domain so they are referred to as BH3-only 

proteins. Some of the most representative members of this group of BCl-2 proteins are BIM, 

BMF, BID, PUMA or NOXA (Certo et al., 2006; Lomonosova and Chinnadurai, 2008). 

BH3-only proteins are purely pro-apoptotic and function as initial sensors of apoptotic signals 

that emanate from various cellular processes. Therefore, in the cellular context, the balance 

between the pro-apoptotic and anti-apoptotic proteins is regulated through their presence or 

absence. Various cell death stimuli can activate, transcriptionally or post-transcriptionally, 

one or more of the BH3-only effectors that integrate and transmit the death signal through the 

multi-domain BH1–3 pro-apoptotic proteins, BAX and BAK (Lomonosova and Chinnadurai, 

2008) leading to MOMP, after their activation. 

2.3.  Alterations of apoptosis found in HCC 

Apoptosis is a common process found in liver physiological processes such as liver 

regeneration. However its deregulation is also a common feature of liver carcinomas and in this 

section we will describe the alterations in the main pathways responsible for apoptosis 

regulation in liver cells found in HCC. 

The death receptor pathways 

The majority of the HCCs show alterations in Fas pathway molecules, such as soluble Fas 

(sFas) and Fas-associated phosphatase-1 (FAP-1), which confer insensitivity to Fas-mediated 

apoptosis (Lee et al., 2001). Fas targeting by HBV up-regulated miRNAs has also been 

described (Zou et al., 2015). The status of Fas and Fas ligand (FasL) expression can predict 

HCC recurrence (Ito et al., 2000). Loss of response to Fas in HCC cells may be produced either 

by down-regulation of Fas expression (Shin et al., 1998; Lee et al., 2001), concomitant with 

decreased expression of downstream molecules, such as FADD or FLICE/Caspase-8 (Shin et 

al., 1998), or by up-regulation or over-activation of molecules that counteract its pro-apoptotic 
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effect, including NF-κB, BCL-2 or BCL-XL (Takahashi et al., 1999; Lian et al., 2001; Otsuka et 

al., 2002). Recent investigations have evidenced cellular targets that could sensitize cells to 

Fas-mediated apoptosis in HCC. Indeed, Fas mRNA has been found to interact with the 

ribonucleoprotein Human Antigen R (HuR) which blocks mRNA translation and is over-

expressed in human HCC tumour tissues compared with normal liver tissues (Zhu et al., 2015). 

Moreover, the oxysterol-binding protein-related protein 8 (ORP8), which is down-regulated in 

HCC tissues compared to liver tissue from healthy subjects, has a role in Fas translocation to 

the plasma membrane and FasL up-regulation in liver tumour cells (Zhong et al., 2015). FLIP, 

an intracellular inhibitor of caspase-8 activation, is constituvely expressed in human HCC cell 

lines and displays higher levels in HCC tissues than in non-tumoural liver tissues (Okano et al., 

2003). Over-expression of the brain and reproductive organ-expressed protein (BRE) has been 

described in HCC tissues, it is an anti-apoptotic protein that binds to the cytoplasmic domains of 

TNF-R1 and Fas, attenuating death-receptor initiated apoptosis (Chan et al., 2008) and 

promoting HCC growth (Chui et al., 2010). Moreover, it has been suggested that extracellular 

factors might counteract Fas-induced apoptosis in HCC cells. Indeed, hepatocyte growth factor 

(HGF), through activation of the phosphatidylinositol-3-kinase (PI3K)/AKT pathway, suppresses 

Fas-mediated cell death in human HCC cell lines, by inhibiting DISC formation (Suzuki et al., 

2000) and inducing BCL-XL (Suzuki et al., 2009). 

TRAIL selectively induces apoptosis in various transformed cell lines but not in normal 

tissues (Johnstone et al., 2008). Certain evidence indicates that most HCC cells are insensitive 

towards TRAIL-mediated apoptosis, suggesting that the presence of mediators can inhibit the 

TRAIL cell-death-inducing pathway in HCC (Chen et al., 2003; Herr et al., 2007). It has been 

reported that HBV core protein inhibits TRAIL-induced apoptosis by blocking the expression of 

the TRAIL receptor 2 (TRAIL-R2/DR5) (Du et al., 2009). Over-activation of NF-κB and BCL-XL 

in HCC cells restrain the TRAIL-mediated apoptosis (Zender et al., 2005). Further studies trying 

to determine the causes of TRAIL-induced apoptosis resistance have identified the interferon 

stimulated gene 12a (ISG12a), which regulates sensitivity to TRAIL, to be decreased in TRAIL-

resistant cancer cells. It has also been described that the miRNA miR-942 is controlling ISG12a 

expression, hence offering a novel drug response marker in HCC therapy (Liu et al., 2014). 

Alterations in the expression or function of apoptosis regulatory proteins 

Many of the genetic alterations observed in HCC lead to an imbalance in the pro- and anti-

apoptotic members of the BCL-2 family (Mott and Gores, 2007) (Figure II). BCL-XL is over-

expressed in a great percentage of human HCC tissues (Takehara et al., 2001), and so is MCL-

1 (Sieghart et al., 2006). In contrast, pro-apoptotic members of the family, such as BAX or BCL-

XS are down-regulated in HCC tumour tissues with dysfunction in the p53 pathway (Beerheide 

et al., 2000). Moreover, some pro-apoptotic members of the BH-3-only family, such as BID, 

show decreased expression in HCC related to HBV or HCV infection (Chen et al., 2001). 
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It has been revealed that a high percentage of clinical tumours from advanced HCC patients 

express high levels of X-linked IAP protein (XIAP), an inhibitor of caspases. Studies in 

established HCC cell lines indicated a correlation of metastasis with resistance to apoptosis and 

increased expression of XIAP (Shi et al., 2008). XIAP might also function as a cofactor in TGF-β 

signalling (Birkey Reffey et al., 2001), thus, over-expression of XIAP might confer resistance to 

the apoptotic effects of TGF-β, allowing HCC cells to respond to this cytokine in terms of 

migration and invasion. Alterations in other IAP family proteins, including SURVIVIN and 

LIVIN/ML-IAP, are frequent in HCC. It has been demonstrated that they are significantly over-

expressed in HCC tissues (Wang and Lin, 2013). In addition, a significant relation has been 

found between higher Survivin mRNA level and tumour stage, tumour grade and vascular 

invasion (Augello et al., 2009). 

Recent investigations have identified nucleophosmin (NPM) as a key factor that counteracts 

death stimuli in human HCC cells. NPM is bound to BAX and in response to cell stress, NPM 

translocates from the nucleolus to cytosol where it binds to BAX, and blocks mitochondrial 

translocation, oligomerization, and activation of BAX, triggering resistance to death induction. 

Silencing NPM sensitizes HCC cells, especially those with inactivated p53, to chemotherapy 

and targeted therapies, fact that points out NPM/BAX axis as possible new target (Lo et al., 

2013). Additionally, BCL-2 expression in HCCs has also been associated with miR-34a, a direct 

target of p53, which is down-regulated in some HCC tissues. Restoration of miR-34a expression 

promotes cell apoptosis and potentiates sorafenib-induced apoptosis in HCC cells by inhibiting 

BCL-2 expression (Yang et al., 2014).  

Over-activation of survival signals 

Autocrine activation of intracellular survival signals in liver tumour cells protects them from 

apoptosis induced by stress, physiological factors or drugs that trigger apoptosis (Fabregat, 

2009; Muntane et al., 2013) (Figure III). Deregulation of growth factor signalling, including 

Epidermal growth factor (EGF) and IGF-1 pathways, has been well established in human HCCs 

(Breuhahn et al., 2006; Llovet and Bruix, 2008). An increased expression of EGF receptor 

(EGFR) ligands in tumours suggests a relevant role in HCC (Muntane et al., 2013). Over-

activation of the EGFR pathway in liver tumour cells induces basal growth (in the absence of 

serum) and protection from pro-apoptotic agents, such as doxorubicin, generating drug 

resistance (Ortiz et al., 2008). Interestingly, blockade of EGFR or cytosolic Sarcoma protein (c-

Src) in primary untransformed hepatocytes only marginally increases cell death (De Toni et al., 

2007; Ortiz et al., 2008), which indicates that both tyrosine kinases are critical effectors that 

specifically protect liver tumour cells from death-triggering stimuli. Another tyrosine-kinase 

receptor which has been related to hepatocarcinogensis is c-Met, whose direct ligand is the 

HGF (Gao et al., 2011). c-Met signalling has a role in different cellular processes such as 

mitogenesis, motogenesis, or morphogenesis depending on cell type (Gao et al., 2011). The 
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alteration of c-Met might result in aberrant growth and differentiation, hence promoting 

malignant transformation (Trusolino et al., 2010). In HCC, c-Met has been found to be over-

expressed both at mRNA and protein levels when compared to non-tumoural tissues (Gao et 

al., 2011). Furthermore, the HBV X protein (HBX) is an inducible factor for c-Met expression in 

the HCC cell line HepG2 (Xie et al., 2009). The use of a selective c-Met tyrosine kinase inhibitor 

(PHA665752) inhibited cell proliferation and induced apoptosis in c-Met positive HCC cell lines 

(You et al., 2011). In terms of c-Met activation in HCC, it has been described a cross-talk 

between c-Met and EGFR (Jo et al., 2000). A reciprocal activating cross-talk between c-Met and 

Caveolin-1 (CAV1) has also been associated with initiation and progression of HCC, according 

to HCC tissue samples (Korhan et al., 2014).  

Signal transducer and activator of transcription (STAT) proteins are activated by tyrosine 

kinases in response to cytokines and growth factors (Figure III). The suppressor of cytokine 

signalling (SOCS)-1 and (SOCS)-3, negative regulators of the JAK2-STAT signalling pathway, 

are silenced by methylation in human hepatoma cell lines and HCC tissues, which leads to 

constitutive activation of STAT3 in these cells (Yoshikawa et al., 2001; Niwa et al., 2005). 

Deletion of SOCS-3 in hepatocytes promotes activation of STAT3, resistance to apoptosis and 

increased proliferation, resulting in enhanced hepatitis-induced hepatocarcinogenesis (Ogata et 

al., 2006). Differential anti-proliferative effects of STAT3 inhibition have been observed 

regarding HBV-related HCC cells, which are more resistant than non-HBV-related ones, caused 

by an enhanced extracellular-signal-regulated kinase (ERK) activation after STAT3 blockade in 

HBV-related HCC cells (Hong et al., 2015). Abrogation of constitutive JAK/STAT3 pathway 

through restoration of SOCS-3 by an oncolytic adenovirus can antagonize therapeutic 

resistance to TRAIL and induce cell cycle arrest in HCC cell lines through down-regulation of 

cyclin D1 and anti-apoptotic proteins such as XIAP, Survivin, BCL-XL, and MCL-1 (Wei et al., 

2011). Regarding SOCS-1 and SOCS-3 regulation, they have been identified as targets of the 

miR-221, which is up-regulated and plays a role in tumourigenesis of HCV-associated HCC (Xu 

et al., 2014). 

The PI3K/AKT pathway is also altered in HCC. The expression of the phosphatase and 

tensin homolog (PTEN) gene is reduced or absent in almost half of HCCs and hepatocyte-

specific abrogation of PTEN expression in mice results in the development of HCC (Horie et al., 

2004). PTEN over-expression decreases mitogen-activated protein kinase (MAPK)/ERK kinase 

(MEK) phosphorylation, levels of cyclin D1, BCL-2, and vascular endothelial growth factor 

(VEGF) (Ruan et al., 2012). The expression of a negative regulator of PI3K 

(phosphatidylinositol-3-kinase interacting protein I: PI3KIP1) is reduced in most cases of human 

HCC, pointing to a tumour suppressor-like function of this protein (He et al., 2008). New 

therapeutic targets in the PI3K/AKT/mTOR pathway are being discovered using targeted next 

generation sequencing, which will lead to a better design of targeted therapies (Janku et al., 

2014). 
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Figure III. Over-activation of survival signals in HCC cells. Growth factors bind to tyrosine kinase receptors 

triggering different signalling pathways that mediate survival. Among them it is important to remark the 

PI3K/AKT axis, the Ras/ERKs and the JAK/STAT pathways. All of them are regulated by inhibitory 

proteins (marked in lighter color in the figure) (Adapted from Moreno-Càceres and Fabregat, 2015). 

The Ras/MAPK pathway is a fundamental regulator of major cellular processes, such as 

cellular survival and proliferation (Figure III). Its alterations have been found in malignant 

transformation processes such as liver cancer (Min et al., 2011). Over-activation of Ras proteins 

(Calvisi et al., 2006) and increased expression and activation of the MAPKs MEK1/2 and 

ERK1/2 are frequently observed in HCC (Delire and Starkel, 2015). In fact, the over-activation 

of the MEK/ERK pathway in liver tumour cells is responsible for their refractory status to the pro-

apoptotic effects of transforming growth factor-β (TGF-β), and its inhibition sensitizes them to 

cell death through a mitochondrial-dependent mechanism, coincident with increased levels of 

BIM and BMF, decreased levels of BCL-XL and MCL-1, and BAX/BAK activation (Caja et al., 

2009). Furthermore, up-regulation of the Ras pathway is mainly associated with disruption of 

upstream signals or down-regulation of Ras/MAPK inhibitors in human HCCs (Delire and 

Starkel, 2015). For instance, Ras GTPase-activating proteins (GAPs) inactivation has been 

described in several human HCC cell lines (Qiu et al., 2007). The Ras inhibitors Ras association 



2. Apoptosis                                                                                                    I. INTRODUCTION 

16 

 

domain-containing protein 1 (RASSF1A) and NORE1A regulate Ras function by inducing 

caspase-related and caspase-independent cell apoptosis once bound to Ras (Delire and 

Starkel, 2015), therefore their deregulation may lead to carcinogenesis. Some evidence 

suggests that RASSF1A inactivation, mainly due to promoter methylation, is a necessary event 

in HCC (Schagdarsurengin et al., 2003; Di Gioia et al., 2006; Hu et al., 2010). The Sprouty-

related protein EVH1 domain-containing protein (SPRED), a physiological negative regulator of 

the Ras/Raf-1/ERK pathway, might function as a tumour suppressor in human HCC, as low 

SPRED expression levels correlate with more aggressive hepatocellular tumours (Yoshida et 

al., 2006). Another ERK regulator, dual-specificity phosphatase 1 (DUSP1), has also been 

found deregulated in HCC tissues (Calvisi et al., 2008). 

The p53 pathway 

One of the most common alterations found in HCC are mutations in the p53 tumour 

suppressor gene (TP53) (Hussain et al., 2007). In response to different types of cellular stress, 

p53 is stabilized and turned into an active transcription factor that regulates the expression of 

specific target genes that mediate cell cycle, senescence, DNA repair and apoptosis (Marcel et 

al., 2015). An important point in the regulation of p53 is through its interaction with MDM2, an 

E3 ubiquitin ligase which binds p53 at its transactivation domain and blocks p53-mediated 

transcriptional regulation and promotes its proteasome-dependent degradation (Meng et al., 

2014). Mutations of TP53 in HCC occur mainly in the DNA-binding domain of p53, which results 

in a lower affinity to bind the sequence-specific response elements of its target genes (Meng et 

al., 2014). A non-mutant p53 is required by diverse chemotherapeutic agents in order to induce 

apoptosis, for this reason the disruption of this pathway accounts for drug resistance. The 

presence of specific mutational hotspots in TP53 in different types of human cancer implicates 

environmental carcinogens and endogenous processes. In this sense, somatic mutations at the 

third base in codon 249 of TP53 in HCC have been related to exposure to aflatoxin B1 (AFB1), 

in association with HBV infection (Hussain et al., 2007). Moreover, both chronic infection with 

HBV and HCV viruses, and exposure to oxidative stress induce DNA damage and mutations in 

cancer-related genes such as TP53. A recent exome sequencing analysis of 243 liver tumours 

has identified TP53 alterations to appear at more advanced stages in aggressive tumours 

(Schulze et al., 2015). In the same study, mutations of the telomerase reverse transcriptase 

(TERT) promoter were identified as an early event in HCC progression (Schulze et al., 2015). 

These findings correlate with previous results that hypothesized that a decreased p53 function 

could contribute to hepatocyte survival in the presence of telomere-induced chromosomal 

instability (Farazi et al., 2006). 
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3. Transforming growth factor-beta (TGF-β)  

Transforming growth factor-β (TGF-β) signalling pathway is altered in several human 

diseases including cardiovascular, fibrosis, wound healing and immune disorders, as well as in 

cancer. Regarding its role in tumourigenesis, TGF-β typically exerts tumour-suppressing 

activities in normal cells and in early-stage carcinomas through its ability to induce cell cycle 

arrest and apoptotis. However, as carcinomas continue to evolve and finally acquire metastatic 

phenotypes, the tumour suppressing functions of TGF-β are overpowered by the TGF-β 

oncogenic properties, which promote carcinoma growth, invasion, and metastasis. Our group 

has been focused on the study of the role of TGF-β in the liver. More precisely, we have been 

studying the relevance of this signalling pathway on cell death, proliferation, differentiation and 

migration in liver physiology and pathology, focusing on the mechanisms that regulate the dual 

role of TGF-β, and determine its final effects. 

3.1.  TGF-β signalling pathway 

In humans, the TGF-β superfamily represents a diverse set of growth factors, including 

bone morphogenic proteins (BMPs), growth and differentiation factors (GDFs), activins, TGF-

β’s, nodal and anti-mullerian hormone (AMH), that mediate such diverse processes as cell 

proliferation, differentiation, motility, adhesion, organization and programmed cell death. Most 

members of this family exist in variant forms, with the TGF-β cytokine consisting of three 

isoforms: TGF-β1, TGF-β2 and TGF-β3. The TGF-β ligands are synthesized within the cell as 

pro-peptide precursors containing a pro-domain, LAP, and the mature domain, and are secreted 

into the ECM. They need to be cleaved to form active signalling molecules (Heldin et al., 2012). 

When TGF-β binds to its receptors triggers the formation of a heterotetrameric complex of 

type I and type II serine/threonine kinase receptors in which the constitutively active type II 

receptor phosphorylates and activates the type I receptor. There are several types of both type I 

and type II receptors but TGF-β preferentially signals through activin receptor-like kinase 5 

(ALK5) type I receptor (TβRI) and the TGF-β type II receptor (TβRII). In addition, endoglin and 

betaglican, also called accessory receptors, bind TGF-β with low affinity and present it to the 

TβRI and TβRII. Activated receptor complexes mediate canonical TGF-β signalling through 

phosphorylation of the receptor-associated SMADs (R-SMADs). Humans express eight SMAD 

proteins that can be classified into three groups: Receptor-associated SMADs (R-SMADs), Co-

operating SMADs (Co-SMADs) and Inhibitory SMADs (I-SMADs). Among the R-SMADs, 

SMAD2 and 3 mediate the TGF-β branch of signalling, whereas the BMP branch exclusively 

utilizes SMAD1, 5 and 8. Upon TGF-β stimulation, the R-SMADs SMAD2 and 3 are 

phosphorylated and associate with the Co-SMAD SMAD4, forming a complex that translocates 

to the nucleus where, in collaboration with other transcription factors, it binds and regulates 
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promoters of different target genes (Figure IV). Among these genes we find the I-SMADs 

SMAD6 and SMAD7, producing a negative feedback regulation of the TGF-β signalling. The co-

activators and repressors recruited by the SMAD complex are cell- and context-specific, 

therefore determining the specific genes induced within particular cells, explaining the diverse 

set of biological responses exerted by TGF-β signalling (Padua and Massague, 2009; Drabsch 

and ten Dijke, 2012; Morrison et al., 2013). 

 

Figure IV. TGF-β signalling is transduced through SMAD and non-SMAD pathways (Ikushima and 

Miyazono, 2010). 

In addition to the canonical SMAD pathway, TGF-β is capable of utilising non-SMAD 

effectors to mediate some of its biological responses, including non-receptor protein tyrosine 

kinases such as Src and focal adhesion kinase (FAK), mediators of cell survival (e.g., NF-kB, 

PI3K/AKT pathways), MAPK (ERK1/2, p38 MAPK, and JNK among others), and Rho GTPases 

like Ras, Rho and Rac1 (Figure IV). Interestingly, these pathways can also regulate the 

canonical SMAD pathway (Drabsch and ten Dijke, 2012; Heldin et al., 2012; Morrison et al., 

2013). 
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3.2.  TGF-β biological functions 

As mentioned above, TGF-β is secreted by several cell types and it regulates a diverse array 

of cellular processes including cell proliferation, morphogenesis, migration, extracellular matrix 

production, cytokine secretion and apoptosis. To better contextualize the work presented here, 

this section will summarize the main functions exerted by TGF- β, especially in liver, on which 

our group has focused its effort during the last decades. 

3.2.1. TGF-β and growth inhibition 

In epithelial, endothelial, neuronal and hematopoietic cells TGF-β induces cell cycle arrest 
in early G1 phase of the cell cycle via SMAD-mediated transcriptional induction of the cyclin-

dependent kinase (CDK) inhibitors p15INK4b and p21CIP1 and the transcriptional repression of 

Myc, Id1, Id2 and Id3, all four transcription factors involved in proliferation and inhibition of 

differentiation (Seoane, 2006; Padua and Massague, 2009; Drabsch and ten Dijke, 2012). In 

addition, TGF-β also represses the expression of the Cdc25A tyrosine phosphatase, 

responsible for de-phosphorylating and activating G1 phase CDKs (Iavarone and Massague, 

1997; Nagahara et al., 1999). Apart from the canonical SMAD-dependent responses, Smad-

independent pathways induced by TGF-β also contribute to its effects on growth inhibition as it 

can induce the activation of JNK and p38 to stabilize p21Cip1 (Kim et al., 2002) and increase 

PP2A activity to mediate cell cycle arrest in G1 phase through inhibition of p70 S6 kinase 

(Petritsch et al., 2000). In hepatocytes, TGF-β is known to induce cell cycle arrest at low doses 

(Sanchez et al., 1996), and to counteract proliferative signals induced by EGF or Insulin (Carr et 

al., 1986; Sanchez et al., 1998).	  

3.2.2. TGF-β and apoptosis 

TGF-β is a well-known inducer of apoptosis, as it modulates several genes related to the 

apoptotic machinery in a SMAD-dependent manner and also regulates apoptosis through the 

activation of stress-activated kinases (Pardali and Moustakas, 2007). To completely understand 

the association between this cytokine and apoptosis, it is important to learn that TGF-β is known 

to simultaneously induce both pro- and anti-apoptotic signals in the same cell. For instance, it 

induces apoptosis, through a Fas ligand-independent activation of death receptors and a 

caspase-8-mediated BID cleavage (Kim et al., 2004), and at the same time, increases FLIP 

expression, a protein that inhibits the death receptor-mediated apoptosis (Kataoka et al., 1998); 

(Schlapbach et al., 2000; Maedler et al., 2002). In addition, TGF-β induces apoptosis by 

activating JNK and p38 (Sorrentino et al., 2008) and, simultaneously, activates the inhibitor of 

kappa B kinase (IKK) (Arsura et al., 2003), known to up-regulate BCL-XL to restrain apoptosis. 

However, p38 seems not to be necessary for a TGF-β induced apoptosis in hepatocytes 
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(Herrera et al., 2001c), as well as the role of JNK in this matter also seems controversial 

(Carmona-Cuenca et al., 2006). 

In epithelial cells, such as foetal rat hepatocytes, TGF-β-induced apoptosis is coincident with 

reactive oxygen species (ROS) production (Sanchez et al., 1996; Sanchez et al., 1997) 

involving two different mechanisms: induction of a nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase (NOX) system to increase extramitochondrial ROS (Herrera et al., 2004) or 

depletion of antioxidant proteins that increase mitochondrial ROS (Coyle et al., 2003; Franklin et 

al., 2003; Herrera et al., 2004). TGF-β-induced ROS production is necessary for the apoptotic 

process in hepatocytes (Sanchez et al., 1996) and it is required for an efficient mitochondrial-

dependent execution of apoptosis (Herrera et al., 2001a; Herrera et al., 2001b). 

In addition, TGF-β modulates the expression of different members of the BCL-2 family. 

Some reports show that TGF-β induces the down-regulation of BCL-2 (Francis et al., 2000) and 

BCL-XL (Herrera et al., 2001b; Spender et al., 2009). However, other reports have shown that 

TGF-β can also enhance the expression of BLC-XL (Prehn et al., 1996; Valdes et al., 2004) and 

MCL-1 (Gingery et al., 2008). In addition, TGF-β also induces the expression of pro-apoptotic 

proteins, like BMF, BIM, BAX and BIK (Teramoto et al., 1998; Ramjaun et al., 2007; Yu et al., 

2008; Spender et al., 2009) and can down-regulate the expression of some IAP members such 

as BIRC5/SURVIVIN (Yang et al., 2008), BIRC3/cIAP2/HIAP1 (Yu et al., 2008) and XIAP 

(Wang et al., 2008a). 

3.2.3. TGF-β-mediated anti-apoptotic signals 

As mentioned before, TGF-β plays a dual role (Figure V), acting either as a pro- or anti-

apoptotic cytokine. The anti-apoptotic signals are in great extent due to the activation of the 

EGFR pathway (Murillo et al., 2005; Caja et al., 2007; Sancho et al., 2009; Caja et al., 2011). 

The autocrine loop of EGFR activated by TGF-β in liver cells requires the activity of the 

metalloprotease responsible for the shedding of the pro-tumour necrosis factor-alpha (proTNF-

α) TACE/ADAM17 (Murillo et al., 2005; Caja et al., 2007), which is also responsible for the 

shedding of the EGF family of growth factors (Borrell-Pages et al., 2003). 

In Hepatocytes, after escaping from TGF-β-induced apoptosis they undergo a process of 

epithelial-to-mesenchymal transition (EMT). EMT is a complex cellular procedure, involved both 

in physiological processes such as embryonic development and in pathological ones such as 

neoplasia and fibrosis (Thiery, 2003). Briefly, it concurs with lose of E-cadherin and other 

epithelial cell markers expression and the acquisition of mesenchymal cell properties (Thiery, 

2003). Liver cells that undergo EMT are resistant to TGF-β-mediated apoptosis (Valdes et al., 

2002; Nitta et al., 2008), due to up-regulation of SNAI-1, the gene that codifies for Snail, a 

repressor of E-cadherin expression (Franco et al., 2010). Interestingly, foetal hepatocytes and 

hepatoma cells that have undergone a TGF-β-mediated EMT express high levels of 
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transforming growth factor-alpha (TGF-α) and heparin-binding EGF-like growth factor (HB-EGF) 

which confer survival through the activation of the EGFR pathway (Del Castillo et al., 2006; Caja 

et al., 2007). 

 

Figure V. Dual role of TGF-β: inducing both pro- and anti-apoptotic signals in hepatocytes and liver tumour 

cells (Adapted from Moreno-Càceres and Fabregat, 2015). 

3.2.3.1. The EGFR is a mediator of TGF-β-induced survival signals 

In foetal hepatocytes, the treatment with TGF-β promotes activation of the EGFR pathway, 

leading to phosphorylation of AKT; this process is concomitant with Src activation. Interestingly, 

inhibition of the EGFR increases the apoptotic response to TGF-β (Murillo et al., 2005). 

Furthermore, EGF is an important survival signal counteracting TGF-β-induced apoptosis in 

hepatocytes (Fabregat et al., 2000), a process that requires activation of the PI3K/AKT axis to 

counteract TGF-β-induced up-regulation of the NADPH-oxidase (NOX) 4, oxidative stress and 

mitochondrial-dependent apoptosis (Carmona-Cuenca et al., 2006; Carmona-Cuenca et al., 

2008). This crosstalk requires the shedding of the EGFR ligands (HB-EGF and TGF-α mainly) 

present al the cell membrane in the form of pro-ligands by metallopreoteases such as TNF-α 
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converting enzyme (TACE)/ADAM17 (which will be further reviewed in the next section). It is 

worth mentioning that EGFR activation is dispensable for the TGF-β-triggered EMT, thus it is 

only required for the impairment of apoptosis (Murillo et al., 2005). Furthermore, TGF-β also 

triggers the up-regulation of EGFR-ligands in a mechanism that depends on NOXs and 

activation of the NF-κB pathway (Murillo et al., 2007). 

Transactivation of the EGFR by TGF-β is also seen in other cellular models such as in 

airway epithelial cells where the TGF-β/EGFR crosstalk helps in the maintenance of tissue 

homestasis (Ito et al., 2011). This process has also been widely regarded as a pro-tumourigenic 

mechanism apart from its physiological role. For instance, TGF-β induces shedding of the pro-

HB-EGF and transactivation of the EGFR through a mechanism dependent on ADAMs activity 

in gastric cancer cells. Indeed, both ADAMs inhibition and an ADAM17 knockout suppressed 

EGFR-mediated TGF-β survival effects (Ebi et al., 2010). This can also be seen in breast 

cancer cells (Wang et al., 2008b). Finally, TGF-β-mediated H2O2 production has also been 

considered to transactivate EGFR in SCC13 and A431 human carcinoma cells, in this case no 

metalloproteases were described but neither denied (Lee et al., 2010). 

 

3.2.3.2. TACE/ADAM17 in the crossroad between TGF-β and the EGFR 

TACE was first characterised in the 1997 by two independent groups as the enzyme 

responsible for shedding of TNF-α present in the cell membrane as a precursor protein (Black et 

al., 1997; Moss et al., 1997). It was described as a metalloprotease that was inhibited by EDTA 

and whose activity was restored with Zn2+. Another inhibitor of TACE is TAPI, a hydroxamic 

acid-based broad-spectrum inhibitor of Zn-based metalloproteases. TACE was also given the 

name of ‘a disintegrin and metalloprotease’ 17 (ADAM17) due to its amino acid homology with 

the ADAM gene family (Black et al., 1997; Moss et al., 1997) (Figure VI). Since then several 

works have focused its efforts on trying to determine other targets that are also cleaved by 

TACE/ADAM17 and its specific regulation, which remains somehow still unclear. 

Among the membrane-bound proteins in addition to TNF-α, which are substrates of 

TACE/ADAM17, we find the family of EGFR ligands (Borrell-Pages et al., 2003; Horiuchi, 

2013). Hence, TACE is a key piece in the regulation of the EGFR signalling pathway. Although 

its importance in both physiological and pathological conditions has been thoroughly studied 

due to its potential role as a targetable protein in disease, several questions remain 

unanswered. As a matter of fact, there is no existing knowledge on the amino acid sequence of 

the cleavage site of its targets (Horiuchi, 2013). Furthermore, and more important in the topic of 

this thesis, the regulatory mechanisms of its activity are still poorly understood. It has been 

observed that the shedding activity of TACE/ADAM17 can be up-regulated by several stimuli 

such as PKC activators, ultraviolet light, osmotic pressure, and MAP Kinases; without 
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increasing the amount of protein present in the cell surface (Fischer et al., 2004; Hart et al., 

2004; Horiuchi et al., 2007). Therefore, changes in protein conformation are believed to regulate 

its activity. 

 

Figure VI. Scheme of ADAM gene family and structure (Horiuchi, 2013) 

TGF-β has been showed to activate TACE/ADAM17 shedding activity, resulting in release of 

EGFR ligands to the extracellular media and promotion of EGFR pathway-mediated survival 

(Murillo et al., 2005; Wang et al., 2008b). Wang et al (Wang et al., 2008b) described a 

regulatory mechanism via phosphorylation of Ser/Thr residues in the cytoplasmatic domain of 

TACE by the kinase activity of the TβRI (ALK5) in breast cancer cells. This phosphorylation 

would cause an increased translocation to the cell membrane of TACE/ADAM17. These results 

oppose previous observations (Fischer et al., 2004; Hart et al., 2004; Horiuchi et al., 2007). The 

idea that the cytoplasmic region of TACE/ADAM17 is required for its activation has also raised 

some controversy. On the one hand, some investigations conclude it is actually needed (Wang 

et al., 2008b; Killock and Ivetic, 2010). On the other hand, other results state that only the 

transmembrane domain of TACE is required (Le Gall et al., 2010). Nevertheless, in 

hepatocytes little is known, thus these thesis work will provide further knowledge on the matter. 

Other regulatory mechanisms of activation of TACE/ADAM17 that have been described, 

involve redox signalling and activation of Src (Brill et al., 2009; Maretzky et al., 2011; Sham et 

al., 2013). Interestingly, TACE/ADAM17 activation by TGF-β in hepatocytes occurs 

concomitantly with Src phosphorylation (Murillo et al., 2005) and Src kinase contributes to the 

resistance against the apoptotic properties of TGF-β1 in HCC cells (Park et al., 2004b). TGF-β 

also regulates the redox balance in hepatocytes, through modulation of the NADPH oxidase 

(NOX) family of proteins (Carmona-Cuenca et al., 2008; Sancho et al., 2009), which are an 
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important source of ROS in signal transduction (Brown and Griendling, 2009). Different 

members of the family play differential functions: NOX1 is involved in the anti-apoptotic and 

proliferative response to TGF-β, whereas NOX4 mediates cell death (Sancho et al., 2009). 

NOX1 activation also regulates EGFR-ligands expression which in turn transactivate the EGFR 

in a Src dependent fashion in hepatoma cells (Sancho and Fabregat, 2010). 

As NOX1 has a special importance in this work we will focus on it in larger extent. NOX1 is 

most highly expressed in colon epithelia, but it is also expressed at lower levels in vascular 

smooth muscle cells (VSMC), endothelial cells, uterus, placenta, prostate, osteoclasts, 

hepatocytes, retinal pericytes, neurons, astrocytes and microglia (Brown and Griendling, 2009). 

NOX1 requires NOXO1 and NOXA1 proteins (p47phox and p67phox homologues, respectively) for 

its activation (Figure VII). As NOXO1 does not contain the autoinhibitory region found in its 

homologue p47phox, it is considered to be constitutively active (Hordijk, 2006). NOXA1 contains 

a Rac1/Rac2 binding region on its N-terminal region; therefore it is believed that Rac proteins 

activate NOX1 through NOXA1. NOXA1 is phosphorylated on serine 282 by MAPKs, and on 

serine 172 by PKC and PKA, thus resulting in a decreased binding and activation to/of NOX1 

and Rac1 (Kroviarski et al., 2010). However, a study by Park et al. evidenced that activated 

Rac1 binds to the C-terminal domain of NOX1, hence giving a NOXA1-independent pathway of 

activating NOX1 (Park et al., 2004a).  

 

Figure VII. Structure and molecular organization of NADPH oxidases (NOX) (Block and Gorin, 2012). 
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The NOX1-mediated superoxide (O-2) production is thought to regulate the signalling 

induced by the angiotensin II-receptor AT1R when it it bound to its ligand angiotensin II (AngII). 

In aortic primary smooth muscle cells from NOX1-deficient mice AngII-induced ROS production 

is blunted, accompanied by defects in AT1R targeting to the plasma membrane and decreased 

phosphorylation of CAV1. Thus indicating that NOX1 plays a crucial role in AT1R membrane 

localization and activation upon stimulation (Basset et al., 2009). Further evidences of an 

interaction between NOXs and CAV1/caveolar complexes are found in the literature (Zhang et 

al., 2006; Callera et al., 2007; Ushio-Fukai, 2009). 

 In liver, our group has described that NOX1 plays an anti-apoptotic role. In fact, TGF-β-

mediated early activation of NOXs mediates up-regulation of EGFR ligands through a NF-κB-

dependent mechanism (Murillo et al., 2007). Moreover, as mentioned before, NOX1 promotes 

autocrine growth of liver tumour cells through the up-regulation of the EGFR pathway in a Src 

dependent manner via up-regulation of EGFR ligands expression (Sancho and Fabregat, 2010). 

This proliferation can be impaired by the addition of the NOX inhibitor VAS2870 (Sancho and 

Fabregat, 2011). 

3.3.  TGF-β in HCC 

The miss-regulation of the TGF-β signalling pathway can result in tumourigenesis 

(Massague, 2008). As explained before, TGF-β1 is an important suppressor factor in non-

transformed hepatocytes, inhibiting proliferation (Carr et al., 1986) and inducing cell death 

(Oberhammer et al., 1992; Sanchez et al., 1996). However, TGF-β also has a pro-

tumourigenic role, modulating processes such as cell migration and invasion, immune 

regulation or microenvironment modification (Massague, 2008; Giannelli et al., 2014) (Figure 

VIII). Furthermore, TGF-β1 mediates liver fibrogenesis (Fabregat and Sancho, 2013)  which 

leads to cirrhosis, a condition that frequently develops HCC.  

A classification of liver tumours has been established according to the TGF-β-responsive 

genes they express; HCCs with a late TGF-β-signature (anti-apoptotic and metastatic genes) 

display a higher invasive phenotype and increased tumour recurrence when compared to the 

tumours that show an early TGF-β-signature (suppressor genes) (Coulouarn et al., 2008). 

Therefore, escaping from the anti-proliferative and pro-apoptotic role of TGF-β may be a pre-

requisite for hepatocarcinoma progression (Yang et al., 2006). The SMAD-dependent 

suppressor arm could be altered in some HCC cells. TGF-β dependent cytostasis is blunted in a 

group of HCC cell lines expressing high amounts of TGF-β and SMAD7 and showing 

significantly reduced SMAD3 signalling (Dzieran et al., 2013). In this line of evidence, over-

expression of SMAD3 has been shown to reduce the susceptibility to develop HCC, as it 

sensitizes hepatocytes to apoptosis through down-regulation of BCL-2 (Yang et al., 2006). Viral 
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infections, such as HBV, can abrogate TGF-β signalling via up-regulation of SMAD7, hence 

inhibiting TGF-β-induced apoptosis (Liu et al., 2015). It has been also proposed that HCC onset 

would depend on the loss of the TGF-β signalling adaptor protein embryonic liver foldrin (ELF), 

an important SMAD3/4 adaptor (Kitisin et al., 2007; Baek et al., 2008). In addition, reduced 

TβRII expression has been associated with more aggressive features of HCC (Mamiya et al., 

2010). Nevertheless, alterations at TGF-β receptors or SMADs levels are not as frequent in 

HCC as they appear to be in colon or pancreatic cancer (Dooley et al., 2009), moreover, 

expression of TGF-β is up-regulated in a great percentage of HCC patients (Ito et al., 1991; 

Coulouarn et al., 2008). Hence, other ways to disrupt TGF-β signalling may exist, probably 

altering just downstream signals in the tumour-suppressive branch, which would promote, or 

facilitate, the tumourigenic arm. 

 

Figure VIII. TGF-β signalling exerts both anti-oncogenic and pro-oncogenic activities in carcinogenesis 
(Achyut and Yang, 2011). 

HCC cells over-express a specific set of microRNAs (miRNAs) that would allow the escape 

from TGF-β-induced apoptosis (Huang et al., 2008; Petrocca et al., 2008; Li et al., 2010). As an 

example, miR-183, which has been shown to be up-regulated in HCC samples, can inhibit 

apoptosis by repressing the expression of the pro-apoptotic molecule involved in TGF-β1-

induced apoptosis, Programmed cell death 4 (PDCD4), in human HCC cells (Li et al., 2010). 

Most importantly, over-activation of survival signals in HCC cells may be also associated with 

the impairment of the TGF-β suppressor arm observed in these tumour cells. It is worthy to 

mention, that during hepatocarcinogenesis an increase in the activity of the metalloprotease 

TACE/ADAM17 may promote the anti-apoptotic arm of the TGF-β signalling (Caja et al., 2007). 

Whereas in fetal hepatocytes and hepatoma cells, TGF-β induces both EGFR ligands (TGF-α 

and HB-EGF) expression and TACE/ADAM17 activity, in adult hepatocytes the induction in 
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TGF-α and HB-EGF has no impact on cell survival because these cells express very low levels 

of TACE/ADAM17 (Caja et al., 2007). Furthermore, the crosstalk between EMT and apoptosis 

would explain the resistance to TGF-β-induced suppressor effects observed in HCC cells. 

Indeed, the autocrine stimulation of TGF-β in human liver tumour cells has been shown to 

correlate with a mesenchymal-like phenotype and resistance to TGF-β-induced suppressor 

effects (Bertran et al., 2013) and drug therapy (Fernando et al., 2015). Blocking TGF-β up-

regulates E-cadherin and reduces migration and invasion of HCC cell lines (Fransvea et al., 

2008; Bertran et al., 2013). 

Additionally to the EGFR pathway, crosstalk between the TGF-β and other growth factors 

and chemokine pathways has been found, which may contribute to its pro-tumourigenic actions 

in liver tumourigenesis. TGF-β activates the β-catenin pathway, through induction of the 

platelet-derived growth factor (PDGF) signalling (Fischer et al., 2007), which mediates EMT, 

migration and survival in HCC cells (Figure V). Indeed, Mikulits’s lab (van Zijl et al., 2009) has 

described the importance of the TGF-β/PDGF axis during hepatic tumour-stroma crosstalk, 

being crucial in the regulation of both tumour growth and cancer progression. Interestingly, a 

crosstalk between TGF-β and chemokine signalling has been recently reported. Indeed, TGF-β 

induces the expression of the chemokine receptor CXCR4 in HCC cells, which is required for 

TGF-β-induced cell migration and cell survival (Bertran et al., 2013). TGF-β also regulates the 

connective tissue growth factor (CTGF) expression in HCC invasive cells, which is responsible 

for the tumour/stroma cross-talk (Mazzocca et al., 2010). 
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4. Caveolin-1 (CAV1) 

Caveolins are a family of highly conserved plasma membrane proteins formed by three 

members: Caveolin-1 (CAV1), -2 (CAV2), and -3 (CAV3). They differ in their patterns of 

expression in different cell types (Williams and Lisanti, 2004). CAV1 and CAV2 are present in 

many cell types and often co-expressed. It has been described that CAV2 can form hetero-

oligomeric complexes with CAV1 in vivo (Scherer et al., 1997) but it is dispensable for caveolae 

formation (Lahtinen et al., 2003), in fact CAV2 requires the presence of CAV1 for its stability, 

since CAV1-knockout mice do not express CAV2 (Razani et al., 2001a). CAV3 is specific of 

muscular tissues and glial cells, and it is important for caveolae biogenesis in those tissues 

where it is expressed (Goetz et al., 2008b). 

4.1.  CAV1 structure and caveolae formation 

CAV1 is an integral membrane protein and a key structural component of caveolae, in fact its 

expression is essential for caveolae biogenesis as CAV1-deficient mice lack distinguishable 

caveolae (Goetz et al., 2008b; Shatz and Liscovitch, 2008). It is a 178-amino acid protein (21-22 

kDa), encoded by the CAV1 gene, which is located on the chromosome 7 in region q31.1 at the 

D7S522 locus in humans (Engelman et al., 1998b) (Figure IX) and on the chromosome 6 at the 

locus AB029931 in mouse (Engelman et al., 1998a). It contains a phosphorylation site on its 

tyrosine 14 residue (Shatz and Liscovitch, 2008). In vivo, two isoforms of CAV1 have been 

described: α- and β-caveolin. α-caveolin contains residues from 1 to 178 whereas β-caveolin 

only contains residues from 32 to 178, meaning that this isoform lacks the phosphorylation site 

Y14 (Li et al., 1996). Due to its phosphorylation site, CAV1 is susceptible of modification by 

tyrosine kinases such as Src, c-Abl and Fyn (Goetz et al., 2008b). Moreover, serine 80 (Ser80) 

has also been described as a phosphorylation site responsible of converting CAV1 into a 

soluble secreted protein (Schlegel et al., 2001). Other post-translational modifications that 

mediate CAV1 oligomerization are palmitoylation of cysteine residues 133, 143 and 156 

(Dietzen et al., 1995). The ability of CAV1 to bind partner proteins including signalling 

molecules, growth factor receptors, endothelial nitric oxide synthase (eNOS), G proteins and G-

proteins-coupled receptors (GPCRs) lays on the “caveolin-scaffolding domain” (CSD), which 

contains 20 amino acids (residues between Asp82 to Asp101) (Couet et al., 1997a) (Figure IX). 

This domain can recognize a set of binding motifs with the consensus sequences ωxωxxxxω, 

ωxxxxωxx, or ωxωxxxxωxxω, where ω represents and aromatic residue and x any other (Couet 

et al., 1997a). A polypeptide derived from the CSD region has shown the existing link between 

CAV1 and numerous proteins such as H-Ras, eNOS or EGFR (Goetz et al., 2008b), hence the 

ability of CAV1 to bind cellular signalling effectors is what makes it so important in regulation of 

physiologic and pathologic processes. 
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Figure IX. Structure of caveolin-1 gene (A) and protein (B) (Shatz and Liscovitch, 2008). 

Caveolae are omega-shaped invaginations of the plasma membrane (10-200 nm) rich in 

cholesterol and sphingolipids which differ from the structure of clathrin-coated pits (Goetz et al., 

2008b), also called lipid rafts. They are relatively immobile at the plasma membrane and form a 

highly stable compartment. These lipid-rich plasma membrane domains or lipid rafts are mostly 

insoluble to the non-ionic detergent Triton X-100 at 4ºC, forming the so called detergent-

resistant membranes (DRMs). DRMs show a light density on sucrose gradients (the protocol 

to obtain DRMs will be explained in more detail in Material and Methods section 10.) and are 

enriched in cholesterol and glycosylphosphatidyl inositol (GPI)-anchored proteins (Brown, 

1994). However, whether lipid rafts and DRMs are equivalent is a controversial topic (Munro, 

2003). CAV1 oligomerizes at the plasma membrane as a heptameric subunit forming the 

filamentous coating of the caveolae (Goetz et al., 2008b). Although CAV1 is required to form 

caveolae at the plasma membrane it is important to point out that CAV1 can also form functional 

microdomains at the plasma membrane independent of caveolae, which can regulate signalling 

pathways such as the EGFR signalling (Lajoie et al., 2007). Furthermore, CAV1 is not the only 

protein required for caveolae formation, in the absence of another family of proteins called 

cavins, formation of caveolae is also impaired (Liu and Pilch, 2008). 
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4.2.  CAV1 functions 

Apart from caveolae formation, caveolins have many other relevant roles in cells. Among 

them: vesicle trafficking, endocytosis, cholesterol homeostasis, regulation of signal transduction 

and gene expression, and protein turnover (Quest et al., 2013). In the next pages we will try to 

explain in more details those functions that are relevant for the understanding of this thesis 

work. 

4.2.1. CAV1-mediated trafficking 

CAV1 is involved in the non-classic, clathrin independent endocytosis pathway. Briefly, 

endocytosis consists in the internalization of molecules from the cell surface into internal 

membrane compartments through trafficking of vesicles. Endocytic trafficking can be mainly 

divided in two pathways: the classic, clathrin-dependent, and the caveolin-dependent (Le Roy 

and Wrana, 2005). Other clathrin-independent pathways different from caveolae also exist, such 

as macropinocytosis or uptake in CLIC/GEEC (clathrin-independent carriers/GPI-enriched early 

endosomal compartments) structures. However, here we will just focus on both clathrin- and 

caveolin-dependent endocytosis. 

The Clathrin-dependent pathway mediates the internalization of nutrients, pathogens, 

antigens, growth factors and receptors. It depends on adaptor proteins that bind to clathrin and 

other regulatory proteins. Among the adaptors, Adaptor protein-2 (AP2) is responsible for the 

constitutive endocytosis of cargo proteins containing tyrosine or di-leucine-based motifs 

(Marmor and Yarden, 2004). Another adaptor is epsin, which together with its partner proteins 

EGFR-pathway substrate-15 (EPS15) and EPS15-related protein (EPS15R) mediates EGFR 

internalization (Marmor and Yarden, 2004). Once formed and after endocytosis, the clathrin-

coated vesicules are uncoated and fuse with the early endosome (EE). The EE is highly 

enriched in phosphatydilinositol-3-phosphate (PI3P) and proteins that contain the PI3P-binding 

domain FYVE such as EE antigen-1 (EEA1). EEs are key regulators of receptor sorting into the 

membranous compartments of the cell: receptors can either be directed to Rab11-positive 

recycling endosomes and back to the cell surface, or targeted to late endosomes and 

lysosomes for degradation (Le Roy and Wrana, 2005). 

The Caveolin-dependent pathway is the internalization through caveolae. The observation 

that dynamin, a protein involved in vesicle budding (which also interacts with clathrin-coated 

vesicules), was recruited in caveolae as well, was a great advance in the research of this 

endcocytic pathway in the late 1990’s (Henley et al., 1998). Caveolar internalization is a well 

regulated process which requires Src-family kinases, dynamin and local actin polymerization 

(Hansen and Nichols, 2009). Previous research suggests that caveolins would not always be 

required for vesicle budding but actually mediate the stabilization of certain ligands and 
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membrane components at the plasma membrane (Lajoie and Nabi, 2007). Furthermore, some 

evidences suggest that caveolae formation and trafficking is not exclusively regulated by CAV1. 

Careful examination of endothelial cells from Cav1-/- mice show that despite there is a loss of 

morphological defined caveolae, there are residual caveolar structures that present a slightly 

increased size (Zhao et al., 2002). Therefore, a caveolin-independent mechanism of caveole 

formation might exist. This hypothesis has been partially confirmed by the over-expression of 

flotillin 1 and 2 (which are similar to CAV1) in HeLa cells, which resulted in the formation of 

caveolae-like structures (Glebov et al., 2006; Frick et al., 2007). However, expression of flotillin 

1 and 2 in Cav1-/- mice embryonic fibroblasts did not increase the number of caveolar structures 

(Kirkham et al., 2008). Interestingly, flotillin-mediated endocytosis seems to be also regulated by 

Src-family kinases as CAV1-positive vesicles budding (Hansen and Nichols, 2009). 

Both internalization pathways are used in TGFβRs endocytosis (Figure X). On the one 

hand, TGFβRs are internalized from the plasma membrane through clathrin-mediated 

endocytosis. This is evidenced by Leof and colleagues that developed artificial receptor 

constructs by fusing the extracellular domains of the granulocyte/macrophage colony-

stimulating factor (GM-CSF) α and β receptors to the transmembrane and cytoplasmic domains 

of TβRI and TβRII and followed internalization of the GM-CSF ligand (Anders et al., 1997).  

Using these constructs they observed that TGFβRs internalization is decreased after potassium 

depletion, hypertonic medium and cytosol acidification (Anders et al., 1997; Yao et al., 2002). 

Moreover, the dominant-negative mutant form of dynamin K44A also blocks TβRII 

internalization (Di Guglielmo et al., 2003) and both TβRI and TβRII can associate with the β2 

subunit of AP2 (Yao et al., 2002). Once internalized, TβRs are found in EEA1-positive early 

endosomes for extended periods (Hayes et al., 2002; Di Guglielmo et al., 2003), and have been 

found in Rab11-positive recycling endosomes (Di Guglielmo et al., 2003; Mitchell et al., 2004). 

Clathrin-mediated internalization of TGFβRs is important for the TGF-β-induced SMAD2 

activation and signalling. In fact, PI3P-containing EEA1-positive early endosomes where TβRs 

are found are also enriched for the SMAD anchor for receptor activation (SARA), which contains 

a FYVE domain, hence indicating that this type of endosomes are a key compartment for SMAD 

activation. Interestingly, inhibition of PI3K or over-expression of a mutant form of SARA that 

lacks the FYVE domain inhibit TGF-β signalling (Itoh et al., 2002; Panopoulou et al., 2002). 

Further regulation of SMAD binding to SARA has been described. As a matter of fact it is 

promoted by a cytoplasmic form of promyelocytic leukaemia (cPML) that has a key role on TGF-

β signalling by stimulating the recruitment of TGFβRs and SARA at early endosomes (Lin et al., 

2004). On the other hand, TGFβRs are also internalized through CAV1-positive vesicles. These 

vesicles are also positive for the SMAD7-SMURF2-ubiquitin ligase complex that has been found 

to preferably associate with raft-bound receptors (Di Guglielmo et al., 2003). So in this model, 

CAV1-dependent endocytosis is associated with receptor degradation through SMAD7-

SMURF2- induced TβRI turnover, and dampening of TGF-β-mediated signalling. Hence, 
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internalization pathways are key regulators of cell signalling, receptor turnover and duration and 

nature of signalling events. 

 

Figure X. TGF-β receptor internalization by clathrin- and lipid raft-mediated endocytosis (Le Roy and 

Wrana, 2005). 

Although, as explained above, the classic endocytosis model for TGFβRs has been through 

either clathrin- or caveolae-mediated endocytosis independently one from the other, recent 

discoveries show that both internalization pathways can converge during TGFβRs 

trafficking. He et al. have found that following TβRI internalization, some clathrin-coated and 

caveolar vesicles are fused underneath the plasma membrane; thus forming Clathrin- and 

CAV1-double positive vesicles (He et al., 2015). These double-positive vesicles are then 

targeted to early endosomes under the regulation of Rab5, hence delivering the TβRI to CAV1- 

EEA1-double positive early endosomes. These endosomes are both positive for SMAD3/SARA, 

Rab11 and SMAD7/SMURF2, indicating that they can act as a multifunctional platform that has 

the ability to regulate TGF-β signalling in terms of activation, receptor recycling and degradation 

(He et al., 2015) (Figure XI). 
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These results demonstrate that receptors’ trafficking is a complex mechanism and that the 

pathways already described in the past decades can converge in an even more elaborated net 

of interactions ending up in the tight regulation of signalling responses. 

 

 

Figure XI. Schematic representation of the convergence of clathrin- and caveolae-mediated endocytic 

pathways during TβRI endocytic trafficking (He et al., 2015). 

The trafficking of receptors seems to be cell-type dependent and hence the models 

described above, which are the established ones so far, might not strictly apply to all cellular 

contexts. In fact, the group of Prof. Dooley described that in hepatocytes activation of the 

canonical SMAD-dependent pathways is accomplished independently of clathrin coated pit 

formation or an endocytic step in the cellular surface, being only dependent on the AP2 

complex. In fact, the expression of the dynamin mutant form K44A in mouse hepatocytes did 

not alter neither SMAD heteromerization nor its nuclear translocation. In this same study, CAV1-

dependent endocytosis was found to be associated with the activation of non-canonical 

signalling pathways in hepatocytes (AKT), as hepatocytes silenced for CAV1 showed 

decreased phosphorylation of AKT after TGF-β treatment (Meyer et al., 2011) (Figure XII). 
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Figure XII. Scheme of TGF-β induced signalling in hepatocytes in the context of endocytic regulation 

(Meyer et al., 2011). 

 

4.2.2. CAV1 in focal adhesions and cell migration 

Apart from the relevant role on regulation of trafficking of receptors and controlling its 

mediated signalling pathways, CAV1 has also been associated with the establishment of cell 

polarity and migration (Grande-Garcia et al., 2007), as well as regulation of focal adhesions 

(Goetz et al., 2008b). Several studies suggest that CAV1 and caveolae are associated with the 

actin cytoskeleton (Stahlhut and van Deurs, 2000; Richter et al., 2008). As a matter of fact, 

fibroblasts from CAV1-knockout mice show defects on cell polarity, wound healing, and have 

decreased Rho activity. This phenotype was due to the role of CAV1 in regulating GTP loading 

of Rho GTPases, which are the main regulators of stress fibres and focal adhesion formation, 

through inactivation of the Src-p190RhoGAP pathway (Grande-Garcia et al., 2007). The other 

way round, stress fibres and adhesion to the extracellular matrix also control the caveolar 

domain organization, hence affecting caveolae trafficking as well (Echarri et al., 2012).  
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Additionally, CAV1 has been described as an adaptor protein that links integrins with 

tyrosine kinase signalling (Wary et al., 1998; Wei et al., 1999). Intregrins regulate cell binding to 

extracellular proteins thus being a key factor in cell adhesion. CAV1 stimulates the expression 

of α5-integrin by interacting with Rho-GTPases (Arpaia et al., 2012). In addition, adhesion 

maturation and stabilization of FAK within focal adhesions has also been associated with the 

phosphorylated form of CAV1 on Tyr14 (Goetz et al., 2008a). All these functions are of special 

relevance in a tumoural scenario, where CAV1 might control metastatic features of cancer cells 

through regulation of both integrin expression and association with regulatory kinases such as 

Src (Senetta et al., 2013). 

Extracellular matrix (ECM) remodelling is known to play an important part in cell 

migration; in fact, the ability to respond to changes in the ECM is an important feature of 

mestatic cancer cells. CAV1 is known to participate in the remodelling of the ECM by promoting 

interactions with matrix metalloproteases (MMPs). MMPs are a family of zinc-containing 

proteolytic enzymes that favour the degradation of different ECM proteins. Interestingly, CAV1 

seems to regulate invadopodia-mediated extracellular matrix degradation through modulation of 

membrane cholesterol levels (Caldieri et al., 2009). 

4.2.3. CAV1-mediated regulation of proliferation and apoptosis 

As a known regulator of signalling pathways, mainly through the interaction of several 

proteins (as examples: EGFR, Src-family kinases, Ras/Raf/MAPK pathway, PKCs or eNOS) via 

the CSD (Quest et al., 2013); CAV1 has an important and controversial role in the regulation of 

survival and cell death processes. The part played by CAV1 in these cellular processes has 

been regarded as being highly cell-type dependent, since it might inhibit a certain kinase in one 

cellular model and do the opposite in another cell type. 

As mentioned before, the scaffolding properties of CAV1 confer regulation properties on the 

molecules found in caveolae. CAV1 has been considered as a negative regulator of growth 

signalling pathways, as it has been associated with down-regulation of downstream signalling of 

EGFR (Couet et al., 1997b), PDGFR (Yamamoto et al., 1999) and TGFβR (Razani et al., 

2001b) among others. In fact, localization of EGFR and PDGFR in cholesterol-rich and CAV1-

containing membrane domains causes desensitization to their respective ligands (Park et al., 

2001a; Matveev and Smart, 2002). This has been associated with the previously reviewed role 

of CAV1 in receptor turnover through caveolae-mediated endocytosis (Di Guglielmo et al., 

2003). 

The IGF receptor (IGFR) signalling pathway has also been described to be under the control 

of CAV1. In fact, insuline induces phosphorylation of the Tyr residue in CAV1 through activation 

either of Fyn kinase or the IGFR itself, and this might cause enhanced insulin-triggered 

signalling (Mastick et al., 1995; Mastick and Saltiel, 1997; Kimura et al., 2002). Moreover, in 
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vivo observations of CAV1-knockout mice showed that about 90% of insuline receptors are lost 

in the adipose tissue, suggesting that CAV1 could be required for the stabilization of insulin 

receptor expression (Cohen et al., 2003). In agreement with this finding, in in vitro models, the 

lack of insulin receptors expression in Cav1-/- mouse embryonic fibroblasts (MEFs) is recued by 

re-expression of CAV1. Accordingly, dissociation of insulin receptors and CAV1 complex by 

ganglioside GM3 provokes insulin resistance (Kabayama et al., 2007). Interestingly, the 

regulation of signalling pathways by CAV1 and lipid rafts can be independent of caveolae 

(Goetz et al., 2008b). 

However, in the liver, the role of CAV1 regarding proliferation is quite controversial. A study 

by Fernández et al. found that Cav1-/- mice exhibit impaired liver regeneration and low survival 

after partial hepatectomy. This was associated with reduction of lipid droplet accumulation and 

was significantly rescued by glucose treatment, indicating that CAV1 has a crucial role in the 

proliferation of liver cells through coordination of lipid metabolism (Fernández et al., 2006). The 

continuation of this research evidenced that CAV1 orchestrates the energy metabolism of the 

liver both in physiological and pathological conditions (Fernández-Rojo et al., 2012). The lack of 

CAV1 can be compensated by the development of a carbohydrate-dependent anabolic 

adaptation, hence allowing liver regeneration through activation of the pentose phosphate 

pathway (Mayoral et al., 2007; Fernández-Rojo et al., 2012). 

Regarding cell cycle control, CAV1 promotes cell cycle arrest in the G0/G1 phase via a 

p53/p21CIP1/WAF1-dependent pathway (Galbiati et al., 2001). In addition, in an in vivo system, 

CAV1 expression was sufficient to promote and maintain a senescent phenotype, and it also 

enhanced premature senescence in primary murine fibroblasts (Volonte et al., 2002; Cho et al., 

2003). In agreement with these results, combined loss of CAV1 and INK4a expression 

synergically enhance cell proliferation by decreased expression of p21 and cyclin D1 over-

expression (Williams et al., 2004). Interestingly, CAV1-deficient fibroblasts show a faster exit 

from quiescence and progression through the cell cycle, and they have the ability to proliferate 

in the absence of substrate anchorage via a Rac1-dependent mechanism (Cerezo et al., 2009). 

Taking into account the amount of signalling pathways that are regulated by CAV1, it is not 

surprising that the ratio of cell death/survival is also strongly affected by our protein of interest. 

Results on that matter are again quite controversial, given the fact that CAV1 has been 

associated with cell death promotion and inhibition, a fact that will be discussed again when 

dealing with the implications of CAV1 in cancer. On the one hand, CAV1 interacts directly with 

PI3K, and its over-expression sensitizes fibroblasts to ceramide-induced death (Zundel et al., 

2000). Other studies have described CAV1 as a pro-apoptotic protein. For instance, CAV1 

expression sensitizes NIH-3T3 fibroblasts, T24 bladder carcinoma cells, MEFs, human HEK or 

HeLa cells to chemically induced apoptosis (Goetz et al., 2008b). CAV1 has been also 

associated with the extrinsic pathway of apoptosis through interaction with Fas and formation of 

the DISC (Zhang et al., 2011). In terms of TGF-β-induced cell death, at the beginning of this 
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work there was a complete lack of knowledge on the matter. However, later on, Meyer et al. 

described that in hepatocytes the absence of CAV1 is associated with an impairment of the 

TGF-β-mediated AKT phosphorylation and this correlates with an increased sensitivity to the 

cytokine in terms of apoptosis (Meyer et al., 2013b). These results were in agreement with ours, 

which will be discussed in the results and discussion sections of this thesis. 

4.3.  CAV1 and cancer 

CAV1 has been classically regarded as a tumour suppressor, since, as mentioned before, 

several agree in its association with inhibition of signalling pathways that promote cell survival 

and viability. In addition, its over-expression was found to impair cell transformation and inhibit 

tumour growth. However, at later stages of tumour progression, CAV1 has been regarded as an 

oncogenic protein as it promotes cell migration, multi-drug resistance and consequently, its 

presence correlates with poor prognosis in patients (Goetz et al., 2008b; Quest et al., 2013; 

Senetta et al., 2013). 

Several mechanisms that contribute to CAV1 loss in tumours have been described, but the 

majority of them are based on epigenetic mechanisms such as DNA methylation rather than 

mutations in the gene, thus allowing its re-expression in later stages of the tumour development 

(Quest et al., 2008; Quest et al., 2013). The belief that CAV1 acts as a tumour suppressor 

started in the 1995, when it was observed that transformation of NIH-3T3 cells by the 

oncogenes Abl and Ras led to decreased levels of CAV1 and caveolae (Koleske et al., 1995). 

Tumour suppressor activities of CAV1 have also been described in other cancer models such 

as breast cancer or squamous cell carcinoma (Razani et al., 2000; Fiucci et al., 2002). 

However, it is also clear that in prostate, renal cell, esophageal carcinomas, and in Ewing’s 

sarcoma (EWS) cells as well as in HCC, CAV1 expression correlates with higher tumourigenic 

and metastaic potential, and poor cancer prognosis (Li et al., 2001; Tahir et al., 2001; Kato et 

al., 2002; Joo et al., 2004; Tirado et al., 2006; Zhou et al., 2006; Sáinz-Jaspeado et al., 2010; 

Tse et al., 2012). Therefore, it is clear that CAV1 role in tumourigenesis is highly cell-type 

dependent. Furthermore, it also depends on tumour-stage, meaning that although in early 

tumoural stages CAV1 should be preferably low given its negative regulation of survival 

pathways; conversely, at later stages high levels of CAV1 expression confer metastatic and 

migratory properties as well as resistance to apoptosis and chemotherapeutic drugs (Goetz et 

al., 2008b; Senetta et al., 2013). CAV1 expression has been positively associated with GLI1 

expression in HCC tissues and required for the GLI1-driven EMT phenotype in HCC cells (Gai 

et al., 2014). Furthermore, CAV1 has also been found to induce an EMT process trough Wnt/β-

catenin pathway (Yu et al., 2014). CAV1 expression in HCC cells also promotes an invasive 

phenotype through activation of c-Met signalling, thus establishing an oncogenic signalling 

crosstalk that might contribute to the initiation and progression of HCC (Korhan et al., 2014). 
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These evidences would explain why CAV1 over-expression is found in more invasive and 

metastatic HCCs. 

Finally, it is also important to remark the role given to stromal expression of CAV1. As an 

example, the expression of CAV1 in carcinoma-associated fibroblasts facilitates in vitro 

directional migration and invasiveness of carcinoma cells. In vivo, stromal CAV1 remodels peri- 

and intra-tumoural microenvironment to facilitate tumour invasion (Goetz et al., 2011). However, 

other studies lead to opposed conclusions, as absence of CAV1 expression in stroma has been 

associated with poor outcome and tumour progression to metastatic disease in breast and 

prostate cancers (Di Vizio et al., 2009; Qian et al., 2011; Ayala et al., 2013; Martins et al., 2013). 

Recently, this fact has also been observed in colorectal cancer, where loss of stromal CAV1 

expression correlates with poor survival (Zhao et al., 2015). 
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Due to the role of CAV1 in the trafficking of TβRs and modulation of diverse signalling 

pathways in several cellular models, when we started this work we hypothesized that levels of 

CAV1 could condition the response to TGF-β in hepatocytes and liver tumour cells. CAV1 had 

been previously associated with TGF-β signalling down-regulation, given its role in the 

internalization of receptors on SMAD7-SMURF2-positive vesicles. Therefore, we could expect 

that lack of CAV1 would exacerbate TGF-β signalling. However, non-canonical TGF-β pathways 

associated with cell survival had been also associated with CAV1, giving a hint of its possible 

role in the regulation of the equilibrium among pro- and anti-apoptotic signals triggered by TGF-

β in liver cells. 
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The main objective of my thesis project is to study the role of CAV1 in the TGF-β  

signalling in hepatocytes, aiming to analyse its role in physiological and pathological 

processes of the liver. 

Specific objectives: 

1. To study the TGF-β  response in liver cells from CAV1 knock-out mice (Cav1-/-) 

1.1. In terms of tumour suppressor effects: inhibition of cell proliferation and induction of 

cell death. 

1.2. In terms of pro-tumourigenic actions: anti-apoptotic effects. 

1.3. In terms of TGF-β-mediated downstream signalling (SMAD-dependent and 

independent). 

2. To study the relevance of CAV1 in the crosstalk between the TGF-β  and the EGFR 

signalling pathways 

2.1. To determine the relevance of CAV1 in the response of hepatocytes to EGFR ligands. 

2.2. To analyse if the TGF-β-mediated transactivation of the EGFR pathway is altered in 

Cav1-/- hepatocytes. 

3. To analyse the alterations of these processes during hepatocarcinogenesis 

3.1. To determine the role of CAV1 expression on TGF-β response in HCC cells. 

3.2. To study the alterations of the CAV1-dependent TGF-β signalling in HCC cells. 

4. To study the molecular mechanisms involved in CAV1 effects on TGF-β signalling 

4.1. To study the effect of CAV1 on TGF-β-activated downstream kinases. 

 

4.2. To analyse the possible implication of CAV1 on redox signalling regulation.  
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1. Cell culture 

1.1.  Cell models 

Immortalized neonatal hepatocytes from wild-type (Cav1+/+) and CAV-1 knock-out (Cav1-/-) 

mice were kindly provided by Paloma Martín-Sanz (IIBM Alberto Sols, Madrid, Spain). Isolation 

and immortalization of neonatal hepatocytes from Cav1+/+ and Cav1-/- mice has been previously 

described (Martin-Sanz et al., 1998; Valverde et al., 2003; Mayoral et al., 2010). Immortalization 

was carried out using a puromycin-resistance retroviral vector pBabe encoding Simian virus 40 

large T antigen (LTAg), as described in González-Rodriguez et al., 2007. In order to validate our 

experimental model we confirmed that CAV1-knockout cell line does not express CAV1 (Figure 

XIII A, D). We also tested that both cell lines showed no differences in the expression of the 

TGF-β receptors type 1 and 2 (Figure XIII B-D). Reconstitution of Cav1-/- hepatocytes (Cav1-/- 

+IRES-GFP and Cav1-/- +Cav1) was kindly performed in Miguel A. del Pozo’s lab (CNIC, 

Madrid, Spain) as described in Material and Methods 2.2. 

Huh7 (parental) and HLE (parental) cells were from the Japanese Collection of Research 

Bioresources (JCRB Cell Bank) and were kindly provided by Prof. Dr. Steven Dooley 

(Heidelberg University, Mannheim, Germany). The molecular characteristics of human HCC cell 

lines are shown in Table I. Huh7 +pControl/+pCav1 and HLE shControl/shCav1 were generated 

in Prof. Dr. Steven Dooley’s lab (Heidelberg University, Mannheim, Germany) as described in 

Material and Methods 2.3. 

Table I. Molecular characteristics of human HCC cell lines used 

 

 

Cell line Tumour type Morphology / differentiation grade P53 status 

Huh7 Human liver 
hepatocarcinoma 

Epithelial / 

Well differentiated 

Mutated 

pY220S 

HLE Human hepatoma 
(non-differentiated) 

Diffusely spreading cells / 

Poorly differentiated 

Mutated 

pS249R 
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Figure XIII. Experimental cell model.  A and C: Western blot of total protein extracts from Cav1+/+ and 

Cav1-/- hepatocytes. B: TβRI (Tgfbr1) and TβRII (Tgfbr2) relative expression measured by Real Time-PCR 

(N=3). D: TβRI, TβRII and CAV1 detected by immunocytochemistry; the images of TβRI and TβRII were 

taken using a 60X amplification in an Olympus BX-60 microscope; the images of CAV1 were taken using a 

63X amplification in a Leica TCS-NT confocal microscope. Results expressed as mean ± SEM. 

1.2.  Culture conditions 

For cell culture, cells (Cav1+/+, Cav1-/-, Huh7 and HLE) were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) from Lonza (Basel, Switzerland), supplemented with 10% fetal bovine 

serum (FBS), penicillin (120µg/mL), streptomycin (100µg/mL) and amfoterycin B (2.5µg/mL) 

and maintained in a humidified atmosphere of 37ºC, 5% CO2. In the case of mouse hepatocytes 

the FBS used was from Gibco® (Thermo Ficher Scientific, Waltham, MA, USA), for the HCC 
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cell lines it was from Sera Laboratories International (Cinder Hill, UK). Cells were never used in 

the laboratory for longer than 4 months after receipt or resuscitation. 

1.3.  Treatments used 

For experiments, cells at 60% confluence were serum-starved for 16 hours and treated with 

different factors: TGF-β1 (2ng/ml-Calbiochem, in most experiments or 5ng/ml-Peprotech, in 

experiments with HCC cell lines), EGF (20ng/ml), HB-EGF (20ng/ml), TGF-α (20ng/ml) and 

FBS (10%). For HCC cell lines, TGF-β was added to medium with 2% FBS, and FBS depletion 

(from 10% to 2%) was only performed for 4 hours before TGF-β treatment. Different 

pharmacological inhibitors and antioxidant compounds (Table II) were added to cell culture 30 

minutes before adding the other factors (TGF-β1 or HB-EGF) and maintained along the 

experiment. For reversion of the Methyl-β-cyclodextrin (MβC) effect by treatment of cells with 

extracellular cholesterol (1mM), this lipid was added after 30 minutes treatment with MβC, 

waiting for an additional one hour before adding TGF-β1, and maintained along the experiment. 

Human recombinant TGF-β1 was from Calbiochem (La Jolla, CA, USA) or Peprotech 

(Hamburg, Germany). EGF was kindly gifted by Serono Lab (Madrid, Spain). Human 

recombinant HB-EGF, human recombinant TGF-α, MβC, filipin III from Streptomyces 

filipinensis, nystatin and water-soluble cholesterol were from Sigma-Aldrich (St. Louis, MO, 

USA). PP2 and AG1478 were from Calbiochem (La Jolla, CA, USA). STK301831 was from 

Vitas-M Laboratory (Moscow, Russia). 

Compound / Inhibitor Dose 

AG1478 20µM 

Methyl-β-cyclodextrin (MβC) 2.5µM 

Filipin III 0.5µM 

Nystatin 25µM 

PP2 10µM 

STK301831 20µM 

Table II. Inhibitors added to cell culture before TGF-β	  
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2. Knockdown and over-expression assays 

2.1.  Transient silencing 

For transient siRNA transfection, cells at 50% confluence were transfected using TransIT-

siQuest (Mirus, Madison, WI, USA) at 1:300 dilution in complete medium (medium with 10% 

FBS), according to the manufacturer’s recommendation, with a final siRNA concentration of 

50nM. After 8 hours with the transfecting solution, plates were washed and left in fresh medium 

with 10% FBS overnight before starting experiments. 

Oligos were obtained from Sigma-Genosys (Suffolk, UK). Oligo sequences are shown in 

Table III (the unsilencing siRNA used was selected from previous works (Sancho et al., 2009): 

siRNA (gene) Sequence (5’-3’) 

Mouse Cav1 #1 ACGUAGACUCCGAGGGACA 

Mouse Cav1 #2 GCAAAUACGUAGACUCCGA 

Mouse Egfr GCGAUAAGUCGUGUCUUAC 

Unsilencing GUAAGACACGACUUAUCGC 

Table III. siRNA sequences 

2.2.  CAV1 over-expression in Cav1-/- hepatocytes 

Reconstitution of Cav1-/- hepatocytes (Cav1-/- +IRES-GFP and Cav1-/- +Cav1) was kindly 

performed in Miguel A. del Pozo Lab (CNIC, Madrid, Spain) as previously described (Grande-

Garcia et al., 2007). Briefly, to generate the GFP+CAV1 over-expression construct C-terminal 

Flag-tagged mouse CAV1 was cut with BamH1-EcoRI, blunt-ended, and ligated to blunt-ended 

MIGR1 EcoRI, a bicistronic, GFP-expressing retroviral vector (Pear et al., 1998). Then, 

generation of the stable line by retroviral infection was carried out as follows. NIH 3T3 or 

293T/17 cells were transfected (using Lipofectamine 2000 or calcium phosphate method) with 

MIGR1 or MIGR1-CAV1 and packaging plasmid pSVψ2. 48 hours later, supernatants were 

filtered and added to Cav1−/− hepatocytes in DME plus 10% FBS containing 4µg/ml polybrene. 

48 hours later, GFP-positive cells were sorted using a cell sorter (DakoCytomation). 
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2.3.  Stable silencing and over-expression of CAV1 in HCC cell lines 

Lentiviral constructs of GFP+ CAV1 over-expression (pHR’SIN-CAV1) and knockdown 

(shCAV1) with their respective non-targeting controls, were kind gifts from Dr. Carsten Herskind 

(Universitätsklinikum, Mannheim, Germany) and their generation has been described previously 

(Barzan et al., 2010). To generate stable cells, Huh7 (low CAV1 expressing) were transduced 

with a CAV1 over-expression vector, while knockdown was achieved in HLE cells, which 

constitutively express high levels of CAV1. For transduction, sub-confluent cells were seeded in 

complete growth media (12 well/plates) and cultured overnight. The next day, the culture media 

was aspirated off and replaced with a fresh one containing polybrene to a final concentration of 

8µg/ml. Lentiviral particles were then added to the respective wells at a multiplicity of infection 

(MOI) of 10. After overnight culture, we remove the media, replaced with normal culture media 

and further incubated the cells for another 24 hours before expansion. Positive cells were 

selected by fluorescent activated cell sorting (FACS) using BD FACSAria I (BD Bioscience, 

Germany) in the FlowCore Facility Mannheim (Heidelberg University). 

 

3. Analysis of cell death 

3.1.  Analysis of cell viability by Trypan blue 

Cell viability was analyzed using Trypan blue. At the desired times of treatment cells were 

trypsinized collecting the media (where dead cells were present). After 5 minutes centrifugation 

at 1,200rpm, cells were resuspended in 50µL PBS + 1:10 v/v Trypan blue. Viable and non-

viable (blue dyed) cells were counted in a Neubauer chamber, counting 8 squares for condition, 

with duplicates. Results are expressed as percentage of viable and non-viable cells. 

3.2.  Analysis of cell viability by Propidium iodide (PI) 

Propidium iodide (PI) staining was also used to analyze cell viability. After the desired times 

of treatment 1µg/ml (final concentration) PI from Sigma-Aldrich (St. Louis, MO, USA) was added 

to each well (from a 12-well multiwell plate). Afterwards, PI positive cells were counted in a 

phase contrast microscope Olympus IX70. Results were expressed as percentage of PI-positive 

cells. 
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3.3.  Analysis of Caspase-3 activity 

For the analysis of Caspase-3 activity, after incubation of cells with the desired stimuli, in our 

case cells were treated with TGF-β for different times, media was preserved and cells were 

scrapped. Cells and media were collected together in a 15mL tube, which was then centrifuged 

at 2500rpm for 5 minutes. Indeed, this pellet contained those cells that were attached to the 

tissue culture dish and those that were dead and floating in the media. The pellet was 

resuspended in 30 to 100µL of lysis buffer, Table IV. The solution was then transferred to an 

Eppendorf tube, which was incubated for 20 minutes on ice and vortexed every 5 minutes. After 

this time was elapsed, Eppendorf tubes were centrifuged at 13000rpm during 10 minutes at 

4°C. The supernatant was stored at -20 or -80°C until it was used. 

To determine Caspase-3 activity, first we determined the protein concentration by using a 

Bio-Rad method (Material and Methods 7.2). Then a mix containing 20µg of protein (in a final 

volume of 25µL), 125µL of Buffer Reaction 2X (Table V) and 2µL of fluorigenic substrate for 

Caspase-3, Ac-DEVD-AMC from BD Pharmingen (Franklin Lakes, NJ, USA), was prepared. 

This substrate, once it was cleaved by caspase-3, released the AMC fragment that was 

fluorigenic and could be quantified spectrofluorimetrically. After 2 hours of incubation at 37°C 

and protected from light, fluorescence was measured in a Microplate Fluorescence Reader 

Fluostar Optima using an exciting wavelength of 360nm and an emission wavelength of 440nm. 

Tris-HCl pH 8 5mM 

EDTA 20mM 

Triton-X-100 0.5% 

   Table IV. Caspase-3 lysis buffer                                    

 

 

 

   Table V. Caspase-3 reaction buffer 2x 

A unit of Caspase-3 activity is the amount of active enzyme necessary to produce an 

increase in 1 fluorescence unit in the spectrofluorimeter. Results were represented as arbitrary 

units/h/µg protein or as percentage of increase versus untreated control. 

Glycerol 20% 

Hepes pH 7.5 40mM 

DTT 4mM 
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In HCC cell lines, fluorimetric analysis of caspase-3 activity was determined using the 

Caspase-3 fluorogenic substrate AC-DEVD-AFC from Biomol (Hamburg, Germany). Briefly, 

after TGF-β treatment, media was collected and dead cells on it were centrifuged at 2000rpm 

for 5 minutes at 4ºC. Then cells on the plate were washed with HBSS and scrapped in 100µl of 

lysis buffer (Table VI, pH 7.4). Cells from both media and plate were assembled in the same 

tube. Afterwards 20µl of protein lysate were mixed with 70µl of reaction buffer (Table VII, pH 

7.4) and finally 10µl of substrate were added (previously diluted 1:20 in reaction buffer) and 

plated into a Greiner 96-well flat bottom transparent plate that was incubated at 37ºC for 60 and 

120 minutes, at these times fluorescence was measured at excitation 400nm and emission 

505nm in a Infinite® 200 PRO microplate reader (Tecan, Männedorf, Switzerland). Protein 

concentration was measured by using a Bio-Rad method (Material and Methods 7.2). Results 

were calculated as fluorescence units per µg of protein and then expressed as fold induction 

versus untreated control. 

 

 

 

 

 

 
Table VI. Caspase-3 lysis buffer  

 

HEPES 50mM 

NaCl 100mM 

CHAPS 0.1% 

DTT 10mM 

EDTA 100µM 

Glycerol 10% 

 

TableVII. Caspase-3 reaction buffer  

HEPES 50mM 

NaCl 100mM 

CHAPS 0.1% 

DTT 1mM 

EDTA 100µM 
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4. Analysis of cell proliferation  

4.1.  Analysis of the percentage of Ki67 positive nuclei 

In order to determine the growth fraction of a given cell population Ki67 is considered an 

excellent marker because it is a protein that can be detected during all active phases of the cell 

cycle (G1, S, G2 and mitosis) and it is absent in resting cells (G0) (Scholzen and Gerdes, 2000). 

Cell immunofluorescence using rabbit anti-Ki67 antibody as a primary antibody and DAPI 

(Molecular Probes, Eugene, OR, USA) staining for nuclei detection was done as explained in 

Material and Methods 8. Cells were visualized in a Nikon eclipse 80i microscope with the 

appropriate filters and at least ten 40x images were taken with a Nikon DS-Ri1 digital camera. 

Finally, the percentage of Ki67 positive cells versus the total number of cells was quantified 

from the images. 

4.2.  Analysis of clonal growth 

Low amount of cells (500 for HLE and 1000 for Huh7 cells/well) were plated in 12 well-

multiwell plates (22.1mm diameter wells). TGF-β was added in complete media (10% FBS), and 

it was maintained during 1-2 weeks (changing media every third day). After the time of culture 

required the cell media was removed, cells were washed twice with HBSS and the remaining 

viable adherent cells were stained with crystal violet solution (0.2% (w/v) in 2% ethanol) for 1 

hour. Crystal violet staining allows quantifying the amount of cells that survive after a toxic 

process, being useful when working with adherent cells that detached after undergoing a toxic 

process. It is useful as well for quantifying the changes in the cell number along time when cells 

are cultured under certain conditions (Drysdale et al., 1983). Following this, the staining solution 

was removed, and the wells were washed several times with HBSS or distilled water until the 

excess staining not incorporated into the cells was eliminated. The plate was air-dried and 

scanned before the stained cells were lysed in 10% SDS. By spectrophotometric analysis, the 

absorbance was measured at 595nm. Results were expressed as percentage of viable cells 

versus its untreated control in each condition. 

4.3.  Analysis of DNA content by flow cytometry 

After incubation with TGF-β, cell media was recovered, so detached cells were taken, and 

the remaining cells on the plate were washed twice with PBS. Then, cells were detached using 

Trypsin-EDTA (0.05%) and added to the recovered media for centrifugation (5 minutes at 

1500rpm). The pellet was resuspended in 300µL of PBS 1X and was added drop by drop into 
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700µL of cold (stored at -20ºC) 100% ethanol, in constant motion (gently applied with a vortex), 

in order to fix cells. At this point, samples were stored at -20°C. Then, samples were centrifuged 

at 1500rpm during 5 minutes at 4°C. The pellet was washed twice in HBSS and finally air-dried 

and resuspended in 250µL PBS containing 10µg/mL of RNAse. After incubation during 20 

minutes at 37°C, propidium iodide (PI) was added at a final concentration of 0.01mg/ml. 

Following this process, PI incorporation was directly proportional to the amount of DNA 

contained by each cell. Finally, this suspension was analyzed in a flow cytometer BD FACS 

Canto II from Becton-Dickinson (BD Bioscience, Germany) in the FlowCore Facility Mannheim 

(Heidelberg University). Cell cycle analysis was carried out using the software BD FACSDIVATM 

from BD Biosciences (Franklin Lakes, NJ, USA). DNA content: 2C: G0/G1 phases; 4C: G2/M 

phases; >2C and <4C: S phase. 

5. Measurement of redox state (Intracellular ROS) 

In order to measure the intracellular content of ROS, a fluorimetric method was used. Each 

condition was analysed in triplicate. Twenty-four hours after seeding the cells in 12-well plates, 

they were washed with PBS and incubated with 2.5µM 2′,7′-dichlorodihydrofluorescein diacetate 

(H2DCF-DA, from Invitrogen, Carlsbad, CA, USA) in HBSS without red phenol during 30 

minutes at 37°C in the dark. This compound is incorporated into the cells, and converted into 

2’,7’-diclorodihydrofluorescein (DCFH2) by intracellular sterases, that in turn is converted into 

2’,7’-diclorofluorescein (DCF) when oxidized. Then cells were lysed with 250µl of the lysis buffer 

described in Table VIII during 10 minutes at 4°C in motion, and transferred in duplicate into a 

96-well plate, each with 100µL. The resting 50µL were used for protein quantification using Bio-

Rad method (Material and Methods 7.2). Fluorescence was measured in a Microplate 

Fluorescence Reader Fluostar Optima using an exciting wavelength of 485nm and an emission 

wavelength of 520nm. Cell auto-fluorescence (produced by cells incubated with HBSS without 

probe) was subtracted. Results were calculated as fluorescence units per µg of protein and then 

expressed as percentage of control. 

Hepes pH 7.5 25mM 

NaCl 60mM 

MgCl2 1.5mM 

EDTA 0.2mM 

Triton-X-100 1% 

Table VIII. Lysis buffer 
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6. Analysis of gene expression  

6.1.  Reverse transcription (RT)-PCR 

RNeasy Mini Kit (Qiagen, Valencia, CA, USA) or E.Z.N.A. Total RNA Kit II (Omega bio-tek, 

Norcross, GA, USA) were used following Manufacturer’s protocol for total RNA isolation. When 

RNA was isolated from cells, culture plates were washed with PBS and cells were scrapped in a 

solution containing RLT (from the Kit) previously adding 10µl/mL of β-Mercaptoethanol. Reverse 

transcription (RT) was carried out with random primers using 500ng of total RNA from each 

sample for complementary DNA synthesis using High Capacity RNA to cDNA Master Mix Kit 

(Applied Biosystems, Foster City, CA, USA) following Manufacturer’s instructions. 

6.2.  Quantitative Real Time PCR 

For quantitative Real Time PCR, RNA was obtained as explained in the above section. 

Expression levels were determined in duplicate in an ABIPrism7700 System, using the SYBR® 

Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) in a 96-well plate, for the 

mouse primers in bold (Table IX). In that case, reaction was prepared using 25µL of SYBR® 

Green PCR Master Mix, 2.5µL specific primers (10µM) (Table IX) and 50ng of cDNA plus 

RNAse free water up to 50µL per duplicate. For the other primers, expression was determined 

in a LightCycler® 480 Real Time PCR System, using the LightCycler® 480 SYBR Green I 

Master Mix (Roche Applied Science, Basel, Switzerland), in a 384-well plate. In this case, 

reaction was prepared using 10µL of LightCycler® 480 SYBR Green I Master Mix, 2µL specific 

primers (5µM) (Table IX and X) and 40ng of cDNA in a final volume of 20µL per duplicate. The 

levels of mRNA for each gene were determined following Manufacturers’ protocols and were 

normalized with a housekeeping gene. 
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Gene (mouse) Forward (5’-3’) Reverse (5’-3’) 

Rn18s CGAGACTCTGGCATGCTAA CGCCACTTGTCCCTCTAAG 

Rpl32 ACAATGTCAAGGAGCTGGAG TTGGGATTGGTGACTCTGATG 

Adam17 GGGTTTTGCGACATGAATGG GAAAACCAGAACAGACCCAAC 

Egfr CTCCATGCTTTCGAGAACCTAG ATGATCACATCCCCATCACTG 

Tgfbr1                 CCAAACCACAGAGTAGGCAC ACCAATAGAACAGCGTCGAG 

Tgfbr2 GGAGAAGTGAAGGATTACGAGC CACACGATCTGGATGCCC 

Hbegf CCCCTATACACATATGACCACAC CAACTTCACTTTCTCTTCACTTTCC 

Tgfa CTGGGTATCCTGTTAGCTGTG GTACTGAGTGTGGGAATCTGG 

Areg AGATACATCGAGAACCTGGAGG AGAGACAAAGATAGTGACAGCTAC 

Table IX. Primers sequences used in an ABIPrism7700 SYBR Green System (bold) or in a LightCycler 

480 SYBR Green System quantitative PCR 

 

Gene (human) Forward (5’-3’) Reverse (5’-3’) 

RPL32 AACGTCAAGGAGCTGGAAG GGGTTGGTGACTCTGATGG 

BMF CCCTCCTTCCCAATCGAGTC CAGCTCCTCCACACACTGAG 

BCL2L11 (BIM) TTGATTCTTGCAGCCACCCT  GAACGCAGCGAACCGAATAC 

NOX4 GCAGGAGAACCAGGAGATTG CACTGAGAAGTTGAGGGCATT 

Table X. Primers sequences used in LightCycler 480 SYBR Green System quantitative PCR 
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7. Protein expression analysis 

7.1.  Cell lysis 

After incubation with different factors or after cell culture under basal conditions, the cell 

culture dishes were placed on ice. The media was collected into tubes, 2mL of cold PBS was 

added to each dish, and cells were scrapped and collected into the tube. To make sure that 

most of the cells were collected, other 2mL of cold PBS were added to the dish and collected 

into the tube. Cells were then pelleted at 2500rpm during 10 minutes at 4°C. The pellet was 

resuspended with RIPA lysis buffer (Table XI) and transferred to an Eppendorf tube, being the 

lysis performed during 1 hour with rotation at 4°C. Then, tubes were centrifuged at 13000rpm 

during 10 minutes at 4°C, and the supernatants were collected and stored at -20°C or -80°C 

until they were processed. 

Sodium Deoxycholate 0.5% 

TRIS-HCl pH 7.5 30mM 

SDS 0.1% 

Triton-X-100 1% 

NaCl 150mM 

EDTA 5mM 

Glycerol 10% 

PMSF 1mM 

Leupeptin 5µg/mL 

Na3VO4 0.1mM 

DTT 0.5mM 

β-Glycerolphosphate 20mM 

Table XI. RIPA lysis buffer 
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When phosphorylation of Src was analysed (and total Src), the lysis buffer used had less 

amount of detergent (Table XII). Cells were lysed during 20 minutes at 4ºC performing a vortex 

spin every 5 minutes. Then, lysates were treated as explained before. 

HEPES pH 7.5 25mM 

NaCl 60mM 

MgCl2 1.5mM 

Triton-X-100 0.12% 

EDTA 2mM 

PMSF 1mM 

Leupeptin 5µg/mL 

Na3VO4 0.1mM 

DTT 0.5mM 

β-Glycerolphosphate 20mM 

Table XII. Phospho-proteins lysis buffer 

7.2.  Protein quantification by Bio-Rad commercial kit 

For protein quantification we used the commercial kit by Bio-Rad (Munich, Germany) – Bio-

Rad protein assay dye reagent concentrate. For each measurement a standard curve of protein 

concentration was prepared with Bovine Serum Albumin (BSA) in a range from 0 to 0.2µg/mL. 

The reaction was prepared by mixing the Concentrate Solution and distilled water in a ratio of 

1:4. Then, 200µL of this mix were added to 10µL of 1:10 diluted sample, into a 96-well plate. 

Absorbance was measured at 595 nm. 

7.3.  Protein immunodetection by Western blot 

Protein separation by their molecular weight was done by denaturalizing polyacrylamide 

gels. The protein samples were prepared by mixing 30 to 100µg of protein with Laemmli loading 

buffer, and were denaturalized by heating them at 95°C. Once the samples were boiled, they 

were spun and saved at 4°C. Acrylamide gels consist of two different parts: the stacking and the 
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separating gel, the latter being prepared at different concentrations of acrylamide depending on 

the size of the proteins to be studied. When CAV1 was analysed, a gel of 15% acrylamide was 

used. For the other proteins, a gel of 8% to 12% acrylamide was used. Once the gel was ready 

it was assembled into the gel holder and immersed into the tank, which was filled with an 

electrophoresis buffer (25mM Tris-HCl; 0.1%SDS; 0.2M glycine; pH 8,3). Then the samples 

were carefully loaded to the gel together with a molecular weight standard in order to know the 

molecular weight of the proteins studied. Finally, they were submitted to electrophoresis at a 

constant voltage of 110V. 

Once finished the electrophoresis, the proteins were transferred to a PVDF membrane 

through the passage of electrical current using semi-dry equipment. The PVDF membrane was 

first immersed into methanol for 1 minute following the manufacturer’s instructions. Then the 

PVDF membrane and the Wattman paper were soaked in transfer buffer (48mM Tris-HCl; 

Glycine 39mM; SDS 0.4%; Methanol 20%; pH 8.3) for 5 minutes, and the equipment was 

assembled as follows from bottom to top: 3 Wattman papers - PVDF membrane - Acrylamide 

gel - 3 Wattman papers. An electrical current of 0.3mA was applied during 0.45-1.15 hour. After 

this time, the membrane was stained into a solution of 0.5% red Ponceau in 1% acetic acid to 

confirm that proteins had uniformly been transferred into the membrane. Then, membrane was 

washed several times in PBS-Tween 0.05% (PBS-T). 

For blotting the desired protein, the membrane was incubated in 5% non-fat dry milk or 5% 

BSA (depending on the primary antibody to be used) in PBS-T for 1 hour at room temperature 

(RT). After this time, it was incubated with the primary antibody (see antibodies and conditions 

in Table XIII) in 0.5 % milk/5% BSA in PBS-T during 16 hours at 4°C in motion. After that, the 

membrane was washed 3 times during 10 minutes with PBS-T, and subsequently incubated 

with the secondary antibody (conjugated with peroxidase) at a dilution of 1:5000 in 0.5% milk-

PBS-T during 1 hour at RT in motion. Again the membrane was washed 3 times in PBS-T. To 

visualize the antibody hybridized to the protein of study, the membrane was incubated with a 

chemiluminescent solution, ECL (Amersham Biosciences) and exposed to an Amersham 

Hyperfilm TM ECL. Secondary antibodies used were obtained from GE-Healthcare 

(Buckinghamshire, UK): anti-Mouse (NA931V), and anti-Rabbit (NA934V), conjugated with 

peroxidise (HRP-Linked). Ganglioside GM1 was detected with horseradish peroxidase-tagged 

cholera toxin B subunit from Sigma-Aldrich (St. Louis, MO, USA). 
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Primary antibody Working conditions Purchased from Catalogue nº 

Mouse anti-β-ACTIN 1:5000 (0.5% non-fat milk) SIGMA A5441 

Rabbit anti-AKT 1:1000 (0.5% non-fat milk) Cell signalling 9272 

Rabbit anti-BIM 1:1000 (0.5% non-fat milk) BD Pharmingen 559685 

Mouse anti-CAV1 1:1000 (0.5% non-fat milk) BD Pharmingen 610406 

Rabbit anti-EGFR 1:1000 (0.5% non-fat milk) Cell signalling 2232 

Rabbit anti-MCL-1 1:1000 (0.5% non-fat milk) Santa Cruz sc-819 

Rabbit anti-NOX4* 1:1000 (0.5% non-fat milk) Merck Millipore ABC459 

Rabbit anti-p44/42 MAPK 1:1000 (0.5% non-fat milk) Cell signalling 4695S 

Rabbit anti-phospho-AKT (Ser473) 
(D9E) XPTM 1:1000 (0.5% non-fat milk) Cell signalling 4060 

Rabbit anti-phospho-EGFR 
(Tyr1068) (D7A5) XPTM 1:1000 (0.5% non-fat milk) Cell signalling 3777 

Rabbit anti-phospho-p44/42 MAPK 
(Thr202/Tyr204) 1:1000 (0.5% non-fat milk) Cell signalling 9101 

Rabbit anti-phospho-SMAD2 
(Ser465/467) 1:1000 (0.5% non-fat milk) Cell signalling 3101 

Rabbit anti-phospho-SMAD3 
(Ser423/425) (C25A9) 1:1000 (0.5% non-fat milk) Cell signalling 9520 

Rabbit anti-phospho-Src (Tyr416) 1:1000 (5% BSA) Cell signalling 2101 

Rabbit anti-Src (36D10) 1:1000 (5% BSA) Cell signalling 2109 

Rabbit anti-TACE/ADAM17 (807-
823) 1:1000 (0.5% non-fat milk) Calbiochem PC491 

Rabbit anti-TGF-β RI (R-20) 1:1000 (0.5% non-fat milk) Santa Cruz sc-399 

Mouse anti-α-TUBULIN (4G1I) 1:5000 (0.5% non-fat milk) AbCam ab28439 

Table XIII. Primary antibodies used for Western blot 

* Anti-NOX4 rabbit polyclonal antiserum was raised by Sigma–Genosys (Suffolk, UK) against a peptide 

corresponding to the C-terminal loop region (amino acids 499–511). Specificity tested by ELISA using the 

purified peptide (Caja et al., 2009). 
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In both cases, hybridized antibody could be removed with the stripping process consisting in 

soaking the membrane during 20 minutes at 50°C with stripping solution (62.5nM TRIS-HCl pH 

6.8; SDS 0.05%; β-Mercaptoethanol 20%), in motion. 

Densitometric analysis of protein bands’ intensity was performed using ImageJ software 

(NIH). 

7.4.  Protein immunodetection by dot blot 

Immunodetection by dot blot was performed as following: a 2µL drop of protein extract is 

applied onto nitrocellulose membrane and let to dry during 6-8 hours. The following procedure is 

the same as for Western blot analysis (Material and methods 7.3.) 

8. Immunocytochemistry 

Epifluorescence microscopy studies were performed on cells seeded on gelatin-coated glass 

coverslips. For NFκB-p65 and Ki67 stainings, after treatment, cells were washed with PBS and 

fixed with 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature, then 

washed 3 to 5 times with PBS. Then, cells were permeabilized with 0.2% Triton-X-100 during 2 

minutes. When cells were permeabilized, prior to the incubation with the primary antibody they 

were incubated with a blocking solution (BSA 1%; FBS 10%; in PBS) during 1 hour at room 

temperature. Coverslips were then incubated with primary antibody diluted in 1% BSA for 2 

hours at room temperature (RT). To detect phospho-EGFR, TβRI, TβRII and CAV1 cells were 

fixed with cold methanol (stored at -20ºC) during 2 minutes, washed 3 to 5 times with PBS, and 

then incubated with the primary antibody overnight at 4ºC. Primary antibodies and working 

dilutions are detailed in Table XIV. Then, after several washes with PBS, samples were 

incubated with fluorescent-conjugated secondary antibodies (anti-mouse Alexa Fluor® 488 or 

anti-rabbit Alexa Fluor® 488 from Molecular Probes (Eugene, OR, USA)) 1:200 dilution in PBS-

BSA 1% during 1 hour at room temperature. Finally, cells were washed 3 to 5 times for 5 

minutes each with PBS, adding DAPI (Sigma-Aldrich, St. Louis, MO, USA) in the second last 

wash for nuclear DNA staining, when necessary. At the end, samples were embedded using 

MOWIOL® 4-88 reagent (Calbiochem, La Jolla, CA, USA). Cells were visualized in a Nikon 

eclipse 80i microscope with the appropriate filters. Representative images were taken with a 

Nikon DS-Ri1 digital camera. For TβRI and TβRII staining an Olympus BX-60 microscope was 

used and a Leica TCS-NT confocal microscope for CAV1 staining. In the case of confocal 

images, acquisition software was LEICA application suite advanced fluorescence (LAS AF). 

Representative images were edited in Adobe Photoshop software. 
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Primary antibody Dilution Purchased from Reference 

Mouse anti-CAV1 1:200 BD Pharmingen 610406 

Rabbit anti-Ki67 1:100 Abcam ab16667 

Rabbit anti-NFκB p65 1:50 Santa Cruz sc-109 

Rabbit anti-phospho-EGFR (Tyr1068) 
(D7A5) XPTM 1:200 Cell signalling 3777 

Mouse anti-SMAD2 (L16D3) 1:200 Cell signalling 3103 

Rabbit anti-SMAD3 1:200 Upstate 06-920 

Rabbit anti-TGF-β RI (H-100) 1:200 Santa Cruz sc-9048 

Rabbit anti-TGF-β RII (C-16) 1:200 Santa Cruz sc-220 

Table XIV. Primary antibodies used for immunofluorescence 

 

9. Analysis of TACE/ADAM17 activity  

For the analysis of TACE/ADAM17 activity, after incubation of cells with TGF-β (for 5, 10, 15 

or 20, 30 and 60 minutes), media was preserved and cells were scrapped. Cells and media 

were collected together in a 15mL tube, which was then centrifuged at 2500rpm for 5 min. The 

pellet was resuspended in 30 to 100µL of lysis buffer (as in section 4.3 - Table IV). The solution 

was then transferred to an Eppendorf tube, which was incubated for 20 minutes on ice and 

vortexed every 5 minutes. After this time was elapsed, Eppendorf tubes were centrifuged at 

13000rpm during 10 minutes at 4°C. The supernatant was stored at -20 or -80°C until it was 

used. 

Then, fluorimetric measurement of TACE/ADAM17 activity was determined using 10µM of 

TACE Substrate IV from Calbiochem (La Jolla, CA, USA), with 10µg of protein extract. 

Fluorescence was measured in a Microplate Fluorescence Reader Fluostar Optima every 5 

minutes during 1 hour at 37ºC (excitation: 320nm; emission: 420nm). Protein concentration of 

cell lysates was determined using a Bio-Rad commercial kit as explained before (Section 7.2.). 

Results were expressed as percentage of activity compared with the untreated control (100%). 
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10. Preparation of detergent-resistant membrane (DRM) 

fractions 

Detergent-resistant membrane (DRM) fractions were purified as described in Navarro-Lerida 

et al. (Navarro-Lerida et al., 2002), adapting the protocol to six fractions instead of twelve. Two 

confluent p100 plates were scraped from each cell line and resuspended in 335µL (final 

volume) MES-buffered saline (MBS, Table XIV) at 4°C. Cells were homogenized by a minimum 

of 10 strokes through a syringe (0.5x16 mm) on ice. The homogenate was brought up to 670µL 

by adding 335µL 80% sucrose in MBS, and placed at the bottom of a Beckman TLS-55 2.2 ml 

Ultraclear tube. The discontinuous sucrose gradient (40-30-5%) was formed by sequentially 

loading 670µL 30% sucrose and 670µL 5% sucrose in MBS. Separation was performed by 

centrifuging at 50,000rpm for 3 hours in a TLS-55 rotor (Beckman Coulter, Brea, CA, USA) at 

4°C (using an Optima MAX-TL ultracentrifuge, Beckman Coulter, Brea, CA, USA). A light, 

scattered band confined to the 5-30% sucrose interface was observed that contained most 

caveolin-1 protein and excluded most other proteins. Six 335µL fractions were collected, 

starting from the bottom of the tube (Figure XIV). An equal volume of cold acetone was added 

to each fraction and the proteins precipitated overnight at 4°C. Protein pellets were collected by 

centrifugation at 13,000rpm and air dried for 2 hours to eliminate acetone traces. The protein 

precipitates were then analyzed by SDS-PAGE and western blot (as described in section 7.3.), 

or dot blot in the case of GM1 (as described in section 7.4.). 

 

MES pH 6.5 25mM 

NaCl 150mM 

Triton-X-100 1% 

PMSF 1mM 

Table XIV. MES-buffered saline (MBS) 
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Figure XIV. Scheme of DRM fractions’ obtention. A: Scheme of DRM fraction protocol. B: Western blot 
of subcellular fractions from Cav1+/+ hepatocytes obtained using a sucrose gradient. Ganglioside M1 
(GM1) and CAV1 are used as DRM fraction markers. DRM fraction is marked in bold. DB/Dot blot. 

 

11. Statistical analyses 

Statistical analyses were performed as an estimation of the associated probability to a 

student’s t-test (95% confidence interval) or as a one-way ANOVA by Fisher’s Least Significant 

Difference (LSD) method, depending on the involved conditions. All data represents at least 

three experiments and is represented as mean ± standard error of the mean (SEM). Differences 

between groups were compared using Student’s t test (when comparing two groups), one-way 

ANOVA with Tukey’s multiple comparison test (when comparing more than two groups and 

considering one independent variable), or two-way ANOVA with Bonferroni/Sidak post-hoc test 

(when comparing differences between groups considering two independent variables). All 

statistical tests were conducted using GraphPad Prism software (GraphPad, San Diego). 

Differences were considered statistically significant at p<0.05 (*), p<0.01 (**) and p<0.001 (***). 
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1. Role of CAV1 in TGF-β-induced signalling in hepatocytes 

1.1.  CAV1 deficiency alters the balance between the pro- and anti-

apoptotic signals induced by TGF-β in hepatocytes 

In order to analyse the specific relevance of CAV1 in the response to TGF-β we have used 

immortalized neonatal hepatocytes obtained from 3 days old Cav1-/- animals (Mayoral et al., 

2010) (see Material and Methods section 1.1. and Figure XIII). Cav1-/- hepatocytes showed an 

increased sensitivity to TGF-β in terms of cell death, exhibiting a significant higher percentage of 

non-viable cells when compared to Cav1+/+ cells after 72 hours of treatment (Figure 1A-C). 

Activation of caspase-3, as a hallmark of apoptosis, showed similar dynamics, being increased 

in CAV1-deficient hepatocytes when compared to control cells and remained high after 72 hours 

of TGF-β treatment (Figure 1D). Since TGF-β-induced apoptosis in hepatocytes requires ROS 

production mediated by a NADPH oxidase system (NOX4) (Carmona-Cuenca et al., 2008), we 

next analyzed intracellular ROS content. Results indicated that the increase in intracellular ROS 

content was a transient process in Cav1+/+ hepatocytes showing a maximum increase after 6 

hours treatment, decreasing at later times up to levels even lower than those found in the 

untreated cells. However, in knockout cells (Cav1-/-), increase in ROS levels was constantly high 

through all the time (Figure 1E). All these results indicate that apoptotic features induced by 

TGF-β in immortalized neonatal hepatocytes are increased in the absence of CAV1 expression.  
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Figure 1. CAV1 deficient hepatocytes are more sensitive to TGF-β  in terms of apoptosis. Cav1+/+ 
and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) for different times, after previous FBS starvation 
(16 h).  A: Cell viability was measured using Trypan blue staining, expressed as percentage of viable and 
non-viable cells (N=3). B: Cell viability was analysed by internalization of Propidium iodide (PI), expressed 
as percentage of PI-positive cells (N=3). C: Representative PI-staining images taken at 72 hours of 
treatment. D: Caspase-3 activity, expressed as arbitrary units per hour and per microgram of protein 
(N=3). E: Intracellular ROS production expressed as relative percentage versus untreated cells (N=3).  
Results expressed as mean ± SEM. Statistical comparison using Student’s t test to compare control vs. 72 
hours TGF-β treatment in each cell line (B) or two-way ANOVA with Bonferroni post-hoc test to compare 
Cav1+/+ and Cav1-/- hepatocytes (A, B, D and E): * p<0.05; **p<0.01, ***p<0.001. 
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TGF-β induces apoptosis mainly through SMAD-dependent signalling. In order to study the 

role of CAV1 on it we treated both WT and CAV1-knockout hepatocytes with TGF-β at different 

time points (short and long times) and collected total protein extracts for western blot analysis 

and fixed cells on coverslips for immunofluorescence. At short times after TGF-β treatment (30 

minutes and 3 hours), phosphorylation of both SMAD2 and SMAD3 in Western blot analysis 

appeared to be increased in Cav1-/- hepatocytes, although statistically significant only in the 

case of p-SMAD3 (Figure 2A-B). Nuclear localization of SMAD2 and -3 by 

immunocytochemistry after 30 minutes of TGF-β treatment revealed higher differences in 

nuclear SMAD3 content in Cav1-/- cells after treatment with TGF-β when compared with the 

observed effects in Cav1+/+ hepatocytes (Figure 2C). 

 

Figure 2. Phosphorylation of SMAD3 and its translocation to the nuclei are increased in CAV1 
deficient hepatocytes at short times after TGF-β treatment. Cav1+/+ and Cav1-/- hepatocytes were 
treated with TGF-β (2ng/ml) at different times, after previous FBS starvation (16 h). A: Western blot of 
protein extracts; β-ACTIN as loading control. A representative experiment is shown. B: Densitometric 
analysis of the ratio phospho-protein/β-ACTIN of the Western blots; results are mean ± SEM of six 
independent experiments and expressed as fold induction versus the TGF-β 0.5h condition. C: 
Representative SMAD2 and SMAD3 immunocytochemistry images. Statistical comparison using two-way 
ANOVA with Bonferroni post-hoc test as shown in the figure: * p<0.05. 
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When moving to longer times (24 and 72 hours) the differences were magnified, and a 

higher percentage of only-nuclear SMAD2 and 3 cells at 24 and 72 hours was observed (Figure 

3). The differences were especially remarkable after 72 hours of TGF-β treatment when in  

Cav1-/- hepatocytes there was still a ~20% of SMADs-positive nuclei in comparison with the 

~5% found in WT hepatocytes. Given the fact that SMAD-dependent pathway has been 

associated with pro-apoptotic signals mediated by TGF-β, these results are clearly in agreement 

with the phenotype observed. 

 

Figure 3. Nuclear translocation of SMADs is increased in CAV1 deficient hepatocytes after long-
term treatment with TGF-β. Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at different 
times, after previous FBS starvation (16 h). A and B: Representative SMAD2 and SMAD3 
immunocytochemistry images. C and D: Percentage of only-nuclear SMAD2 and 3 cells at 24 and 72 
hours in at least 10 different fields for experiment (N=3). Results expressed as mean ± SEM. Statistical 
comparison using Student’s t test as shown in the figure: **p<0.01, ***p<0.001. 
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In foetal and neonatal hepatocytes, TGF-β simultaneously induces both pro- and anti-

apoptotic signals, whose final balance determines the cell fate (Valdes et al., 2004; Murillo et 

al., 2005). Anti-apoptotic signals include the PI3K/AKT pathway, MAPK/ERKs and NFκB 

pathways. Thus, we next examined whether the increased apoptosis observed in CAV1-

deficient hepatocytes is caused by impairment in activation of survival signals, triggered by 

TGF-β. Western blot analysis showed a significant inhibition of AKT activation and decreased 

phosphorylation of MAP kinases ERK1/2 in TGF-β-treated Cav1-/- cells (Figure 4A, B). In 

addition, TGF-β-induced activation of pro-survival NFκ-B signalling was also attenuated in  

Cav1-/- cells, which showed lower translocation of cytosolic p65 to the nucleus after treatment 

with the cytokine (Figure 4C, D). Therefore, in the absence of CAV1, the unbalance between 

pro- and anti-apoptotic regulatory signals finally pushes cells to die. 

 

Figure 4. CAV1 is required for TGF-β-mediated survival signals. Cav1+/+ and Cav1-/- hepatocytes were 
treated with TGF-β (2ng/ml) or HB-EGF (20ng/ml) at different times, after previous FBS starvation (16 h). 
A: Western blot of protein extracts; β-ACTIN as loading control. A representative experiment is shown. B: 
Densitometric analysis of the ratio phospho-protein/total-protein of the Western blots; results are mean ± 
SEM of seven independent experiments and expressed as fold induction versus each corresponding 
control (untreated cells). C: Representative p65 immunocytochemistry images. D: Percentage of p65-
positive nuclei in at least 10 different fields for experiment (N=3). Statistical comparison using two-way 
ANOVA with Bonferroni post-hoc test as shown in the figure: * p<0.05, ***p<0.001. 
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1.2.  CAV1 deficiency prevents transactivation of the EGFR pathway by 
TGF-β in hepatocytes 

TGF-β-induced survival signals in hepatocytes and liver tumour cells require transactivation 

of the EGFR pathway (Murillo et al., 2005; Caja et al., 2011). We hypothesized that EGFR 

transactivation by TGF-β could be perturbed in the absence of Cav1. In Cav1+/+ cells, TGF-β 

induced phosphorylation of EGFR, examined both by Western blot (Figure 5A) and 

immunocytochemistry (Figure 5B). 

 

Figure 5. CAV1 deficiency prevents the TGF-β-mediated EGF receptor transactivation. Cav1+/+ and 
Cav1-/- hepatocytes were treated as shown in Fig. 4. A: (left panel) Western blot of protein extracts; β-
ACTIN as loading control. A representative experiment is shown; (right panel) densitometric analysis of the 
ratio phospho-EGFR/total EGFR in the western blot; results expressed as fold induction versus each 
corresponding control (untreated cells), mean ± SEM of five independent experiments. Statistical 
comparison using two-way ANOVA with Bonferroni post-hoc test: **p<0.01. B: p-EGFR 
immunocytochemistry, HB-EGF used as a positive control of phosphorylation. 

 

 Inhibition of the EGFR catalytic activity by the tyrphostin AG1478 showed that EGFR-

mediated signalling is necessary to rescue Cav1+/+ hepatocytes from the expected TGF-β-

induced apoptotic fate (Figure 6). However, Cav1-/- cells did not show EGFR phosphorylation in 

response to TGF-β (Figure 5A, B), and treatment with AG1478 did not alter cell viability (Figure 

6). Lack of response was not due to differences in EGFR expression, which was similar in 

Cav1+/+ and Cav-/- cells (Figure 7). 
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Figure 6. Inhibition of the EGFR with AG1478 in Cav1+/+ hepatocytes recapitulates Cav1-/- 
phenotype in terms of cell death. Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at 
the times shown, after previous FBS starvation (16 h). Cells were treated with the EGFR tyrosine kinase 
inhibitor AG1478 (20mM) 30 min prior to the TGF-β treatment. Cell viability was measured using Trypan 
blue staining; expressed as percentage of non-viable cells (N=2). Results expressed as mean ± SEM. 
Statistical comparison using one-way ANOVA with Tukey’s multiple comparison test for comparisons 
within each cell line or two-way ANOVA with Bonferroni post-hoc test to compare Cav1+/+ and Cav1-/- 
hepatocytes: * p<0.05. 

 

 

Figure 7. EGFR expression is not altered in Cav1-/- hepatocytes. A: EGFR (Egfr) relative expression 
measured by Real Time-PCR (N=3). Results expressed as mean ± SEM. B: Western blot of total protein 
extracts from Cav1+/+ and Cav1-/- hepatocytes. 

 

To exclude that the absence of EGFR transactivation by TGF-β could be due to a defect 

acquired during development of the CAV1 knock-out mice and not to the mere absence of 

CAV1, in collaboration of MA del Pozo’s laboratory we reconstituted the expression of CAV1 in 

Cav1-/- cells. Ectopic expression of CAV1 in the immortalized Cav1-/- cell line led to a recovery of 

the wild-type phenotype, with a decreased sensitivity in terms of cell death (Figure 8A) and 

lower activation of caspase-3 (Figure 8B). It is important to point out that the control cell line 

(+IRES-GFP, a control plasmid expressing only GFP) behaved as the parental cell line.  
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Figure 8. CAV1 reconstitution in Cav1-/- hepatocytes recapitulates Cav1+/+ phenotype in terms of cell 
death. Cav1+/+, Cav1-/-, Cav1-/- +IRES-GFP and Cav1-/- +Cav1 hepatocytes were treated with TGF-β 
(2ng/ml) or HB-EGF (20ng/ml) at the times shown, after previous FBS starvation (16 h).  A: Cell viability 
was measured using Trypan blue staining, expressed as percentage of non-viable cells (N=3). B: 
Caspase-3 activity measurement expressed as arbitrary units per hour and per microgram of protein 
(N=5). Results in A and B expressed as mean ± SEM. Statistical comparison using two-way ANOVA with 
Bonferroni post-hoc test as shown in the figure: * p<0.05; **p<0.01. 

 

Then, activation of AKT and ERK1/2 were examined, evidencing a recovery of AKT 

phosphorylation and an increase in ERK1/2 phosphorylation in TGF-β-treated Cav1-/- when 

expression of CAV1 was restored (Figure 9A). Interestingly, restitution of CAV1 rescued the 

transactivation of EGFR by TGF-β in Cav1-/- hepatocytes (Figure 9B).  

 

Figure 9. CAV1 reconstitution in Cav1-/- hepatocytes recapitulates Cav1+/+ phenotype in terms of 
TGF-β-mediated EGF receptor transactivation. Cav1+/+, Cav1-/-, Cav1-/- +IRES-GFP and Cav1-/- +Cav1 
hepatocytes were treated with TGF-β (2ng/ml) or HB-EGF (20ng/ml) at the times shown, after previous 
FBS starvation (16 h).  A and B: Western blot of protein extracts from Cav1-/- + IRES-GFP and Cav1-/- + 
Cav1 cell lines; β-ACTIN as loading control. A representative experiment is shown. 
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In order to confirm the results observed in Cav1-/- hepatocytes we knocked-down CAV1 in 

Cav1+/+ hepatocytes using a specific siRNA approach. Down-regulation of CAV1 was efficient 

using two siRNAs (Figure 10) and the EGFR phosphorylation after stimulation with TGF-β was 

severely reduced in CAV1-silenced Cav1+/+ cells (Figure 10). Therefore, we conclude that 

CAV1 is determinant for the capacity of TGF-β to transactivate the EGFR pathway in 

hepatocytes. 

 

Figure 10. Effect of targeting knock-down CAV1 with specific siRNAs on TGF-β-mediated EGF 
receptor transactivation in hepatocytes. Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β 
(2ng/ml) at the times shown, after previous FBS starvation (16 h). Cells (50% confluence) were transiently 
transfected with 50nM siRNA during 8 hours, by using TransIT-siQuest (Mirus, Madison, USA) at 1:300 
dilution in complete medium, according to the manufacturer’s recommendation. The protein extracts were 
obtained 27 hours post-transfection. Western blot of protein extracts from Cav1+/+ and Cav1-/- cells; β-
ACTIN as loading control. A representative experiment is shown (N=2). 

 

As we observed that the EGFR transactivation was impaired in Cav1-/- hepatocytes, a 

possibility was that CAV1 is required for cell responses to extracellular EGFR ligands. Although 

we realized that the use of HB-EGF, as a positive control of EGFR phophorylation, did not show 

differences between Cav1+/+ and Cav1-/- cells (Figure 5), to fully assess this result, we 

examined the response to other EGFR ligands such as EGF or TGF-α. CAV1 deficiency did not 

prevent the response to any of them in terms of receptor phosphorylation or activation of 

downstream signals (Figure 11A, B). Furthermore, CAV1 deficiency did not perturb either other 

cellular responses to EGF receptor ligands, such as cell proliferation (Figure 11C), despite 

Cav1-/- cells showed higher proliferative ratio in response to FBS, as it had been previously 

described (Mayoral et al., 2010). 
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Figure 11. CAV1 deficient hepatocytes do not show alterations in the response to EGFR ligands. 
Cav1+/+ and Cav1-/- hepatocytes were treated with EGF (20ng/ml), HB-EGF (20ng/ml), TGF-α (20ng/ml) or 
FBS (10%) at the times shown after previous FBS starvation (16 h).  A: Western blot of protein extracts; β-
ACTIN as loading control. A representative experiment is shown (N=3). B: p-EGFR immunocytochemistry; 
treatment with the EGFR tyrosine kinase inhibitor AG1478 (20µM) was used as specificity control. C: 
Proliferation expressed as percentage of Ki67-positive nuclei in at least 10 different fields for experiment 
(N=3). Results expressed as mean ± SEM. Statistical comparison using two-way ANOVA with Bonferroni 
post-hoc test: ***p<0.001. 

 

1.3.  CAV1 deficiency impairs TGF-β-mediated TACE/ADAM17 activity 

Hepatocytes express different EGFR ligands, such as HB-EGF, TGF-α or Amphiregulin 

(Figure 12). In order to know whether CAV1 may influence the expression of these ligands, we 

analyzed their transcript levels by Real-time PCR. Results indicated that Cav1-/- cells do not 

show decreased expression of EGFR ligands, even in the case of TGF-α the levels were higher 

(Figure 12). Indeed, we focused on the shedding of these EGFR ligands, which is required for 

binding to the EGFR and activation of this pathway.  
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Figure 12. EGFR ligands expression in Cav1+/+ and Cav1-/- hepatocytes at basal conditions. HB-
EGF, TGF-α and AREG (Amphiregulin) relative expression measured by Real Time-PCR (N=3). Results 
expressed as mean ± SEM. Statistical comparison using Student’s t test: ***p<0.001. 

 

We previously described that short-term activation of the metalloprotease TACE/ADAM17 by 

TGF-β is required for activation of the EGFR and pro-survival signals in hepatocytes (Murillo et 

al., 2005). Taking this into consideration, here we wondered whether this pathway could be 

impaired in Cav1-/- hepatocytes. Analysis of TACE/ADAM17 enzymatic activity using a 

fluorimetric method, demonstrated that Cav1+/+, but not Cav1-/-, hepatocytes responded to TGF-

β increasing its activity (Figure 13A). Afterwards, we studied whether this increase had 

functional consequences such as a decrease in the shedding of EGFR ligands into the cell 

media in TGF-β-treated Cav1-/- cells. To this aim, we collected conditioned media from FBS-

starved Cav1+/+ and Cav1-/- hepatocytes, either untreated or treated with TGF-β to analyse their 

capacity to phosphorylate the EGFR in control Cav1+/+ cells. Conditioned media from Cav1+/+ 

cells treated with TGF-β induced the phosphorylation of the EGFR, in contrast to conditioned 

media from TGF-β-treated Cav1-/- cells (Figure 13B). Interestingly, CAV1 restitution in Cav1-/- 

hepatocytes led to a full recovery of TACE/ADAM17 activation after TGF-β treatment (Figure 

13C), which reinforced and confirmed the importance of CAV1 in TACE/ADAM17 activity 

regulation. 

Furthermore, long-term treatment of Cav1+/+ hepatocytes with TGF-β increased Adam17 

mRNA levels (Figure 14A), which was dependent on the EGFR pathway, since knock-down of 

EGFR levels with a specific siRNA attenuated this response (Figure 14B-C). Up-regulation of 

TACE by TGF-β was not observed in Cav1-/- hepatocytes (Figure 14A). 
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Figure 13. CAV1 deficiency prevents TGF-β-mediated TACE/ADAM17 activity in hepatocytes. A-B: 
Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at the times shown, after previous FBS 
starvation (16 h). A: Metalloprotease TACE/ADAM17 activity expressed as percentage of activity of treated 
versus untreated cells (N=3). B: Western blot of protein extracts from Cav1+/+ cells; β-ACTIN as loading 
control. HB-EGF (20ng/ml) is used as a positive control of EGFR phosphorylation. Conditioned media 
(cond. media) from either Cav1+/+ or Cav1-/- hepatocytes were collected after FBS starvation during 72 
hours in control (C) or TGF-β-treated cells (Tβ). C: Cav1-/- +IRES-GFP and Cav1-/- +Cav1 hepatocytes 
were used to analyze TACE/ADAM17 activity (expressed as percentage of treated versus untreated cells, 
N=3) in response to TGF-β, under the treatment conditions described above. Results expressed as mean 
± SEM. Statistical comparison using two-way ANOVA with Bonferroni post-hoc test to compare Cav1+/+ 
and Cav1-/- hepatocytes (A and D): *p<0.05; **p<0.01; ***p<0.001. 

 

 

Figure 14. TACE/ADAM17 up-regulation after TGF-β treatment is dependent on the EGFR pathway. 
Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at the times shown, after previous FBS 
starvation (16 h). A: TACE/ADAM17 relative expression measured by quantitative PCR (N=3). B and C: 
Cav1+/+ hepatocytes (50% confluence) were transiently transfected with a specific EGFR siRNA (50nM) 
during 8 hours, by using TransIT-siQuest (Mirus, Madison, USA) at 1:300 dilution in complete medium, 
according to the manufacturer’s recommendation. Cells were then treated with TGF-β (2ng/ml) for 24 
hours, after previous FBS starvation (16 h). B: TACE/ADAM17 relative expression measured by Real 
Time-PCR (N=3). C: EGFR relative expression measured by Real Time-PCR (N=3). Results expressed as 
mean ± SEM. Statistical comparison using Student’s t test to compare control vs. 24 hours TGF-β 
treatment in each cell type/siRNA or two-way ANOVA with Bonferroni post-hoc test to compare siControl 
and siEGFR: * p<0.05, **p<0.01; ***p<0.001. 
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1.4.  TACE/ADAM17 in lipid rafts is necessary for its TGF-β-mediated 

activation 

In search for a mechanism that explains how CAV1 may regulate TACE/ADAM17, we 

postulated co-localization of both proteins in lipid rafts of hepatocytes, as recently reported for 

vascular smooth muscle cells and endothelial cells (Takaguri et al., 2011; D'Alessio et al., 

2012). Using a sucrose gradient technique to obtain DRM fractions, we observed that a pool of 

TACE/ADAM17 is localized in DRMs (identified by the presence of ganglioside GM1) in Cav1+/+ 

hepatocytes (Figure 15). This was not the case in Cav1-/- cells, where the amount of 

TACE/ADAM17 in DRMs is highly reduced (Figure 15). This result demonstrates that CAV1 is 

necessary for TACE/ADAM17 localization in lipid rafts in hepatocytes. We also evaluated 

whether CAV1 dependent DRMs localization of TACE is regulated by TGF-β, particularly in 

stages when the metalloprotease is more active. We obtained DRMs from cells treated with 

TGF-β and observed an increase of TACE in DRMs in Cav1+/+ hepatocytes, but not in Cav1-/- 

cells (Figure 15). 

 

 

Figure 15. CAV1 controls TACE/ADAM17 localization in lipid rafts. Cav1+/+ and Cav1-/- hepatocytes 
were treated with TGF-β (2ng/ml) at different times after previous FBS starvation (16 h). Western blot of 
subcellular fractions from Cav1+/+ and Cav1-/- cells obtained using a sucrose gradient, ganglioside M1 
(GM1) used as a DRM fraction marker. DRMs are marked in bold numbers. DB=Dot blot. A representative 
experiment is shown (N=3). 

 

Finally, as we found that TACE/ADAM17 localization in lipid rafts was increased after TGF-

β treatment, we examined the effect of lipid raft disruption by cholesterol removal with MβC. 

MβC dramatically decreased TGF-β-induced TACE/ADAM17 activation in Cav1+/+ hepatocytes 

(Figure 16A), an effect that was reversed by treatment of cells with extracellular cholesterol 

(Figure 16B). Furthermore, other milder cholesterol-binding agents, such as filipin III or nystatin, 

also inhibited TACE/ADAM17 activation by TGF-β (Figure 17). We conclude that CAV1 is 

required for TACE/ADAM17 activation upon localization to lipid rafts. 
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Figure 16. TACE/ADAM17 localization in lipid rafts is necessary for its TGF-β-mediated activation. 
Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at different times after previous FBS 
starvation (16 h). A: Metalloprotease TACE/ADAM17 activity expressed as percentage of activity/untreated 
control (N=3). Cells were treated with MβC 30 minutes prior to TGF-β treatment in order to disrupt lipid 
rafts by removing cholesterol from membranes. B: Cells were treated in the absence (Cav1+/+) or presence 
(Cav1+/+ + MβC) of MβC for 30 minutes. After this time, in half of the cells in each treatment group, medium 
was removed and fresh medium with cholesterol (1mM) was added (Cav1+/+ + Chol; Cav1+/+ + MβC + 
Chol). After 1 hour, cells were treated with TGF-β and collected for TACE/ADAM17 activity analysis at the 
times indicated in the figure (N=3). Results expressed as mean ± SEM. Statistical comparison using two-
way ANOVA with Bonferroni post-hoc test: *p<0.05; **p<0.01; ***p<0.001 (B: (*) Cav1+/+ + MβC + Col vs. 
Cav1+/+ + MβC). 

 

 

 

 

Figure 17. Lipid raft integrity is necessary for TGF-β-mediated activation of TACE/ADAM17. Cav1+/+ 
hepatocytes treated with TGF-β (2ng/ml) at different times after previous FBS starvation (16 h). 
Metalloprotease TACE/ADAM17 activity expressed as percentage of activity/untreated control. Cells were 
treated with the cholesterol-binding agents nystatin (Nyst, 25mM) and filipin (0.5mM) added 30 minutes 
before TGF-β treatment (N=3). Results expressed as mean ± SEM. Statistical comparison using two-way 
ANOVA with Bonferroni post-hoc test: *p<0.05; ***p<0.001 [(*) Cav1+/+ vs. Cav1+/+ + Nyst and (#) Cav1+/+ 
vs. Cav1+/+ + Filipin). 
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2.  Role of CAV1 in TGF-β-induced signalling in HCC cells 

2.1.  CAV1 expression levels in HCC cell lines determine the response to 

TGF-β in terms of apoptosis 

HCC cell lines show differences in CAV1 expression according to their differentiation state; 

whereas well differentiated HCC cell lines do not express detectable levels of CAV1, poorly 

differentiated ones show high levels of CAV1 (Meyer et al., 2013a). Taking this into 

consideration and given the fact that CAV1 expression has been previously associated with 

higher migratory and invasive properties in HCC cells (Cokakli et al., 2009) we aimed to test 

whether CAV1 expression was also playing a role in the response to TGF-β, particularly in 

terms of the balance among pro- and anti-survival signals (as seen in mice hepatocytes). In 

collaboration with Prof. Dr. Dooley (Heidelberg University, Mannheim, Germany), we silenced 

CAV1 expression in HLE cells, a poorly differentiated HCC cell line with high CAV1 expression 

(Figure 18A). In parallel, we over-expressed CAV1 in Huh7 cells, a well differentiated HCC cell 

line with low basal CAV1 expression (Figure 18A). In both cases, controls with either an 

unspecific shRNA (HLE shControl) or an empty vector (Huh7 +pControl) were also generated. 

Once we had tested CAV1 expression in these cell lines we moved forward to study the TGF-β-

induced cell death. When analyzing the percentage of non-viable cells we saw that HLE shCav1 

presented higher apoptotic rates after 48 hours of TGF-β treatment when compared with 

controls (HLE parental and HLE shControl) (Figure 18B). In tune with these results, Huh7 cells 

expressing CAV1 (Huh7 +pCav1) showed a significant reduction in the percentage of non-viable 

cells after 48 hours-treatment with TGF-β when compared with both controls (Huh7 parental and 

Huh7 +pControl) (Figure 18C). Moreover, the analysis of Caspase-3 activity as the final 

executer of apoptosis corroborated these findings (Figure 18D and E): CAV1 increased 

expression levels were associated with lower caspase-3 activation after TGF-β treatment, hence 

resulting in a less sensitive phenotype to TGF-β in terms of apoptosis. 
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Figure 18. CAV1 expression levels in HCC cell lines determine the response to TGF-β  in terms of 
apoptosis. HLE parental, HLE shControl, HLE shCav1, Huh7 parental, Huh7 +pControl and Huh7 +pCav1 
were treated with TGF-β (5ng/mL) at the times shown after previous FBS starvation (2% FBS; 4 h). A: 
Western blot of total protein extracts; α-TUBULIN as loading control. A representative experiment is 
shown. B and C: Cell viability measured using Trypan blue staining, expressed as percentage of non-
viable cells (N=4 for B and N=3 for C). D and E: Caspase-3 activity expressed as fold induction versus an 
untreated control (N=6 for D and N=5 for E). Results expressed as mean ± SEM. Statistical comparison 
using two-way ANOVA with Sidak post-hoc test as shown in the figure: * p<0.05, ** p<0.01, *** p<0.001. 
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2.2.  CAV1 expression levels in HCC cell lines determine the response to 
TGF-β in terms of clonogenic growth 

Given the important role of CAV1 observed in the response to TGF-β, especially in the well 

differentiated HCC cell line, we next evaluated if CAV1 expression levels would condition the 

HCC cell response to this cytokine in terms of clonal growth after plating a low amount of cells 

(500 for HLE and 1000 for Huh7 cells/well) in 22.1 mm diameter wells (12 well-multiwell plate). 

Results showed that in cells expressing high levels of CAV1, such as HLE, TGF-β had no effect 

on their clonal proliferation (Figure 19A). However, cells with silenced expression of CAV1 

(shCav1) showed decreased clonogenic growth in presence of TGF-β (Figure 19A). In cells 

with low CAV1 expression, such as Huh7, TGF-β blocked clonal growth (Figure 19B). However, 

over-expression of CAV1 (+pCav1) increased clonogenic growth, almost doubling it when 

compared to control cell lines (Figure 19B). 

 

Figure 19. CAV1 expression levels in HCC cell lines determine the clonogenic ability in presence of 
TGF-β . HLE parental, HLE shControl, HLE shCav1, Huh7 parental, Huh7 +pControl and Huh7 +pCav1 
were treated with TGF-β (5ng/mL) for 1 week in complete medium (10% FBS). A and B: Crystal violet 
stained colonies, a representative experiment is shown (left) and quantification 3 independent experiments 
(right). Results expressed as mean ± SEM. Statistical comparison using two-way ANOVA with Sidak post-
hoc test as shown in the figure: * p<0.05, ** p<0.01. 
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 In order to know whether CAV1 levels were also determining the response to TGF-β in 

terms of cell cycle arrest, we next analyzed the effect of this cytokine on cell cycle progression 

of HCC cells by flow cytometric analysis. The results obtained made clear that CAV1 had no 

effect on TGF-β-induced cell cycle arrest: HLE cells did not show any response in that sense 

whatsoever (Figure 20A; Table 1A), and Huh7 exhibited the characteristic features of cell-cycle 

arrest (an increase in the percentage of cells in G0/G1 phase and decrease in S and G2/M 

phases) regardless of CAV1 expression levels (Figure 20B; Table 1B). The cell cycle arrest 

observed in Huh7 cells could explain that despite CAV1 confers them resistance to TGF-β-

induced apoptosis they still show some response in terms of decreased clonogenicity. Thus, 

CAV1 expression is conditioning the suppressor response to TGF-β in terms of apoptosis 

(Figure 18), but does not affect its effects on cell cycle arrest. 

 

 

Figure 20. CAV1 expression levels in HCC cell lines do not impact TGF-β-induced cell cycle arrest 
(cytometry histograms). HLE parental, HLE shControl, HLE shCav1, Huh7 parental, Huh7 +pControl and 
Huh7 +pCav1 were treated with TGF-β (5ng/mL) for 48 h after previous FBS starvation (2% FBS; 4 h). A 
and B: Cytometry histograms depicting the different phases of cell cycle (G0/G1 is P5, S is P6 and G2/M is 
P7). A representative experiment is shown (N=3). 
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Table 1. CAV1 expression levels in HCC cell lines do not impact TGF-β-induced cell cycle arrest. 
HLE parental, HLE shControl, HLE shCav1, Huh7 parental, Huh7 +pControl and Huh7 +pCav1 were 
treated with TGF-β (5ng/mL) for 48 h after previous FBS starvation (2% FBS; 4 h). A and B: Quantification 
of cell cycle phases (G0/G1, S and G2/M) expressed as mean ± SEM (N=3). Statistical comparison using 
Student’s t test to compare control vs. TGF-β treatment in each cell line: * p<0.05, ** p<0.01. 

 

2.3.  CAV1 levels affect TGF-β-induced regulation of BMF and BIM 

expression, at a transcriptional and post-transcriptional level, 
respectively 

TGF-β regulates the expression of different apoptosis regulatory proteins either 

transcriptionally or post-transcriptionally. It is known that it up-regulates the pro-apoptotic BCL-2 

family members BIM and BMF (Caja et al., 2009; Caja et al., 2011). Hence, we wanted to study 

if CAV1 expression levels were playing a role on that regulation. For this reason we performed 

analysis by Real-time quantitative PCR of the mRNA levels of these selected targets. TGF-β did 

not induce BMF in HCC cells that express high levels of CAV1, such as HLE (Figure 21A left 

panel). However, BMF expression was significantly induced by TGF-β in CAV1 knockdown HLE 

cells (Figure 21A left panel). In line with this result, induction of BMF expression was 

decreased in Huh7 cells that over-express CAV1 (Figure 21A right panel). Effects on BIM 

(BCL2L11) mRNA levels were not so clear. No differences were observed in response to TGF-β 

in HLE cells, regardless of the expression of CAV1 (Figure 21B left panel). In Huh7, prevention 

of BIM (BCL2L11) up-regulation was observed in CAV1 over-expressing cells only after short 

term TGF-β treatment (Figure 21B right panel). 



2. Role of CAV1 in TGF-β-induced signalling in HCC cells                                 V. RESULTS 

92 

 

 

 

Figure 21. TGF-β-induced up-regulation of the BCL-2 family gene BMF is altered by CAV1 levels in 
HCC cell lines. HLE shControl, HLE shCav1, Huh7 +pControl and Huh7 +pCav1 were treated with TGF-β 
(2ng/mL) at the times shown after previous FBS starvation (2% FBS; 4 h). A and B: Relative expression 
levels of BMF and BIM; RPL32 used as house-keeping gene (N=2). Results expressed as mean ± SEM. 
Statistical comparison using two-way ANOVA with Sidak post-hoc test as shown in the figure: * p<0.05, ** 
p<0.01, *** p<0.001. 

 

Nevertheless, as TGF-β also regulates BCL-2 gene family expression at a post-

transcriptional level (Caja et al., 2009), we analyzed protein levels by Western blot. Analysis of 

BIM revealed that CAV1 expression exerts an inhibitory effect on TGF-β-mediated BIM protein 

levels induction (Figure 22A-B). In CAV1 silenced HLE cells, BIM levels increased after 48 

hours of TGF-β treatment, an effect that was not observed in HLE shControl cells (Figure 22A). 

Furthermore, in Huh7 cells that over-express CAV1, TGF-β-mediated induction of BIM was 

decreased (Figure 22B). Protein analysis of the anti-apoptotic member MCL-1 was also 

performed, since it is regulated by TGF-β at the post-transcriptional level (Caja et al., 2011). 

Results indicated that in CAV1 knockdown HLE cells, the effect of TGF-β on increasing MCL-1 

levels (as part of its anti-apoptotic function) was much lower than in HLE shControl cells (Figure 

22A). In parallel, in Huh7 cells, over-expression of CAV1 increased MCL-1 levels in TGF-β 
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treated cells after 24 hours more than in +pControl cells, although the effect was not so 

pronounced as the one observed for BIM (Figure 22B). Considering these results, CAV1 levels 

might affect the regulation of apoptotic gene expression by TGF-β. 

 

 

Figure 22. TGF-β-induced up-regulation of the BCL-2 family proteins MCL-1 and BIM is altered by 
CAV1 levels in HCC. HLE shControl, HLE shCav1, Huh7 +pControl and Huh7 +pCav1 were treated with 
TGF-β (2ng/mL) at the times shown after previous FBS starvation (2% FBS; 4 h). A and B: Western blot of 
total protein extracts; β-ACTIN as loading control. 

 

2.4.  NOX4 induction by TGF-β depends on CAV1 levels in HCC cell lines 

Transcriptional regulation of BMF and post-transcriptional regulation of BIM by TGF-β 

requires the expression of the NADPH oxidase NOX4 (Caja et al., 2009), which is a target of 

TGF-β required for the pro-apoptotic effects of this cytokine in liver cells (Carmona-Cuenca et 

al., 2008). In HLE cells, NOX4 expression is only slightly induced by TGF-β, but silencing of 

CAV1 (shCav1 cells) resulted in a significant increase in NOX4 mRNA levels in response to 

TGF-β (Figure 23A). In the case of Huh7 cells, NOX4 induction was quite relevant and it was 

strongly impaired by CAV1 over-expression both at mRNA (Figure 23B) and protein (Figure 

23C) levels. NOX4 protein levels in HLE cells could not be detected due to its low expression 

(as seen in the relative values of mRNA) and the difficulty of finding good specific suitable 

antibodies for this protein. Considering these results, CAV1 levels are important in the signalling 

cascades that control NOX4 up-regulation triggered by TGF-β in HCC cells. 
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Figure 23. NOX4 up-regulation after TGF-β  treatment in HCC cell lines is decreased by high CAV1 
expression levels. HLE shControl, HLE shCav1, Huh7 +pControl and Huh7 +pCav1 were treated with 
TGF-β (2ng/mL) at the times shown after previous FBS starvation (2% FBS; 4 h). A and B: Relative 
expression levels of NOX4; RPL32 used as house-keeping gene (N=3). Results expressed as mean ± 
SEM. C: Western blot of total protein extracts; β-ACTIN as loading control. Statistical comparison using 
two-way ANOVA with Sidak post-hoc test as shown in the figure: * p<0.05, *** p<0.001. 

 

2.5.  CAV1 is required for the EGFR-mediated survival signals induced 

by TGF-β in HCC cell lines 

Previous studies in hepatocytes and liver tumour cells had revealed that up-regulation of 

NOX4 by TGF-β depends on both canonical and non-canonical pathways. Indeed, NOX4 is up-

regulated by TGF-β through a Smad-dependent mechanism, but transactivation of the EGFR by 

TGF-β impairs its effects on NOX4 in a PI3K-dependent mechanism (Carmona-Cuenca et al., 

2006). For this reason and considering the implication of CAV1 on the crosstalk between TGF-β 

and EGFR in mice hepatocytes, we decided to evaluate the role of CAV1 on TGF-β-induced 

EGFR activation in HCC cells. In HLE cells, we observed certain EGFR activation after TGF-β 

treatment, which resulted in activation of the PI3K/AKT pathway (Figure 24A). All these effects 

were inhibited in the HLE shCav1 cell line (Figure 24A), indicating that CAV1 expression is 
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required for EGFR transactivation by TGF-β in HLE cells. In the case of the more differentiated 

HCC cell line Huh7, control cells (+pControl) did not show any EGFR transactivation (Figure 

24B), in concordance with its highly TGF-β-sensitive phenotype in terms of cell death. However, 

over-expression of CAV1 (+pCav1) rescued the TGF-β-mediated EGFR phosphorylation 

(Figure 24B). In Huh7 +pControl cells, TGF-β decreased phospho-AKT levels; however, over-

expression of CAV1 counteracted this effect, coincident with the activation of the EGFR 

pathway. These results evidence that CAV1 expression inhibits TGF-β-induced apoptosis 

through its EGFR crosstalk in liver tumour cells, as we previously observed in non-transformed 

hepatocytes. 

 

 

Figure 24. CAV1 expression levels in HCC cell lines alter the TGF-β-induced survival signals. HLE 
shControl, HLE shCav1, Huh7 +pControl and Huh7 +pCav1 were treated with TGF-β (2ng/mL in A or 
5ng/mL in B) at the times shown after previous FBS starvation (2% FBS; 4 h). A and B: Western blot of 
total protein extracts; α-TUBULIN as loading control. 
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3. Mechanism for CAV1-dependent activation of the 

metalloprotease TACE/ADAM17 by TGF-β in hepatocytes 

3.1.  CAV1 is required for TGF-β-mediated Src phosphorylation, which is 

necessary for activation of the metalloprotease TACE/ADAM17 and 
the phosphorylation of the EGFR 

As we have previously shown, hepatocytes that lack CAV1 (Cav1-/-) show a highly reduced 

phosphorylation of the EGFR after TGF-β treatment, in comparison with wild-type (Cav1+/+) 

hepatocytes (Figure 5). This correlates with a higher sensitivity to TGF-β in terms of cell death, 

which is revealed by the observation that Cav1-/- hepatocytes show a significant higher 

percentage of non-viable cells after 72 hours of TGF-β treatment (Figure 1A-C). TGF-β 

activates the metalloprotease TACE/ADAM17, which mediates EGFR ligands shedding and 

activation (Murillo et al., 2005). This process requires CAV1, since Cav1-/- hepatocytes are 

unable to activate TACE/ADAM17 in response to TGF-β (Figure 13A). 

Looking for molecular mechanisms that link TGF-β signalling with CAV1 and could mediate 

TACE/ADAM17 activation, we focused on the Src pathway. This is because, on the one hand, 

we had previously reported that activation of TACE/ADAM17 by TGF-β in hepatocytes was 

coincident with Src phosphorylation (Murillo et al., 2005). On the other hand, because different 

evidences suggest that TACE/ADAM17 is regulated in a Src-dependent manner (Maretzky et 

al., 2011; Yamashita et al., 2014). We observed that after short times of TGF-β treatment, Src 

phosphorylation was attenuated in Cav1-/- hepatocytes (Figure 25).  

 

Figure 25. Cav1-/- hepatocytes show a decreased phosphorylation of Src in response to TGF-β . 
Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at the times indicated, after previous 
FBS starvation (16 h). Western blot of total protein extracts from Cav1+/+ and Cav1-/- hepatocytes, β-ACTIN 
used as a loading control. A representative experiment is shown (left) and densitometric analysis of 4 
independent experiments expressed as fold induction versus untreated control (right). Results expressed 
as mean ± SEM. Statistical comparison using two-way ANOVA with Sidak post-hoc test to compare 
Cav1+/+ and Cav1-/- hepatocytes (A): *** p<0.001. 
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More interesting, there were decreased levels of phospho-Src in DRM fractions in TGF-β 

treated Cav1-/- cells when compared to Cav1+/+ cells (Figure 26). Levels of total Src in DRMs 

were not altered by CAV1. 

 

 

Figure 26. Cav1-/- hepatocytes show a decreased phosphorylation of Src in response to TGF-β  in 
the DRM fraction. Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) at the times 
indicated, after previous FBS starvation (16 h). Western blot of subcellular fractions from Cav1+/+ and 
Cav1-/- cells obtained using a sucrose gradient. Ganglioside M1 (GM1) was used as a DRM fraction 
marker. DRM fraction is marked in bold. DB/Dot blot. A representative experiment is shown (upper panel) 
and densitometric analysis (lower panel) (N=2). 

 

Src phosphorylation was important for TGF-β-induced anti-apoptotic signals since its specific 

inhibition by the well-known inhibitor of c-Src family PP2 (Murillo et al., 2005) (Figure 27A) 

caused impairment of TACE/ADAM17 activation (Figure 27B) and, consequently, inhibition of 

the EGFR phosphorylation by TGF-β (Figure 27C). We can conclude that the phosphorylation 

of Src by TGF-β in hepatocytes is required for activation of TACE/ADAM17 and the EGFR 

pathway. Src activation by TGF-β depends on CAV1 and lipid rafts. Hence, the establishment of 

a signalling platform in the lipid raft membrane domains (where phospho-Src is present) seems 

to be crucial for the TGF-β-mediated TACE/ADAM17 activation. 
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Figure 27. Src phosphorylation is required for the TGF-β-mediated EGFR transactivation in 
hepatocytes in a CAV1-dependent fashion. Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β 
(2ng/ml) and PP2 (10µM) at the times indicated, after previous FBS starvation (16 h). A: Western blot of 
total protein extracts from Cav1+/+ and Cav1-/- hepatocytes, β-ACTIN used as a loading control. A 
representative experiment is shown (N=3). B: TACE/ADAM17 activity expressed as percentage versus 
untreated control (N=3). C: Western blot of total protein extracts from Cav1+/+ and Cav1-/- hepatocytes, α-
Tubulin used as a loading control (N=2). Results expressed as mean ± SEM. Statistical comparison using 
two-way ANOVA with Sidak post-hoc test to compare Cav1+/+ and Cav1+/+ w/PP2 hepatocytes (B): * 
p<0.05, ** p<0.01. 

 

3.2.  CAV1 is required for the early TGF-β-induced ROS production, 

mediated by NOX1, which is necessary for TACE/ADAM17 activation 

Our group previously described that TGF-β early activates ROS production by a Rac1-

dependent NADPH oxidase system (NOX1) in hepatocytes (Carmona-Cuenca et al., 2008) and 

in liver tumour cells (Sancho et al., 2009). Interestingly, activation of NOX1 in hepatocellular 

carcinoma cells is associated to Src activation, resulting in transactivation of the EGFR pathway 

(Sancho and Fabregat, 2010). Knowing this, we studied NOX1 activation by TGF-β in 

hepatocytes and its potential crosstalk with CAV1. 

Cav1+/+ hepatocytes showed ROS production at short times after treatment with TGF-β, a 

fact that was not seen in Cav1-/- cells (Figure 28), being strongly significant at 30 minutes of 

TGF-β treatment. The increase in intracellular ROS levels was attenuated by using the specific 

NOX1 inhibitor STK301831 (Figure 28).  
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Figure 28. Cav1-/- hepatocytes show impaired early TGF-β-induced ROS production. Cav1+/+ and 
Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) and STK301831 (20µM) at the times shown in the 
figure, after previous FBS starvation (16 h). Intracellular ROS production measured by the fluorescent 
probe H2DCFDA, expressed as percentage of control (untreated cells) after correction with protein content 
(N=3). Results expressed as mean ± SEM. Statistical comparison using Student’s t test to compare control 
vs. TGF-β treatment in each cell line (*) and two-way ANOVA with Sidak post-hoc test to compare Cav1+/+ 
and Cav1-/-  (#): **p<0.01, *** or ### p<0.001. 

 

These results indicate that NOX1 is the NADPH oxidase responsible for this early induction 

of ROS. Interestingly, NOX1 inhibition also impaired TACE/ADAM17 activity (Figure 29A) and, 

consequently, EGFR transactivation (Figure 29B). These findings indicate that NOX1-mediated 

redox signalling is important in the transactivation of EGFR in hepatocytes. 

 

Figure 29. Early TGF-β-induced ROS production is required for both TACE/ADAM17 activation and 
EGFR transactivation. Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml) and 
STK301831 (20µM) at the times shown in the figure, after previous FBS starvation (16 h). A: 
TACE/ADAM17 activity expressed as percentage versus untreated control (N=3). B: Western blot of total 
protein extracts from Cav1+/+ hepatocytes, α-TUBULIN used as a loading control. A representative 
experiment is shown. Results expressed as mean ± SEM. Statistical comparison using two-way ANOVA 
with Sidak post-hoc test to compare Cav1+/+ and Cav1+/+ w/STK hepatocytes: * p<0.05. 
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3.3.  Src inhibition impairs NOX1 mediated ROS production 

To determine the course of action triggered by TGF-β that ends up in the activation of 

TACE/ADAM17 in a CAV1-dependent manner, we analyzed whether Src and NOX1 could be 

found in DRMs. As described in previous results, Src was found in DRMs in both Cav1+/+ and 

Cav1-/- hepatocytes, although TGF-β-induced Src phosphorylation in these DRM fractions was 

only observed in Cav1+/+ cells (Figure 26). However, we could not observe NOX1 in DRM 

fractions (Figure 30), either in Cav1+/+ or Cav1-/- cells.  

 

 

Figure 30. NOX1 is not present in DRM fractions. Cav1+/+ and Cav1-/- hepatocytes were treated with 
TGF-β (2ng/ml) at the times indicated, after previous FBS starvation (16 h). Western blot of subcellular 
fractions from Cav1+/+ and Cav1-/- cells obtained using a sucrose gradient. Ganglioside M1 (GM1) was 
used as a DRM fraction marker. DRM fraction is marked in bold. DB/Dot blot. A representative experiment 
is shown (N=2). 

 

By using specific NOX1 and Src inhibitors (STK301831 and PP2, respectively) we found that 

phosphorylation of Src by TGF-β is not decreased in the presence of STK301831 (Figure 31A). 

In contrast, Src inhibition with PP2 blocked TGF-β-induced ROS production (Figure 31B), 

indicating that phosphorylation of Src by TGF-β is required for NOX1 activation. 
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Figure 31. Src inhibition impairs NOX1-mediated ROS production. Cav1+/+ and Cav1-/- hepatocytes 
were treated with TGF-β (2ng/ml), STK301831 (20µM) and PP2 (10µM) at the times shown in the figure, 
after previous FBS starvation (16 h). A: Western blot of total protein extracts from Cav1+/+ and Cav1-/- 

hepatocytes, β-ACTIN used as a loading control. A representative experiment is shown (N=3). B: 
Intracellular ROS production in Cav1+/+ cells measured by the fluorescent probe H2DCFDA, expressed as 
percentage of control after correction with protein content (N=3). Results expressed as mean ± SEM. 
Statistical comparison using two-way ANOVA with Sidak post-hoc test to compare Cav1+/+ and Cav1+/+ 

w/PP2 (B): * p<0.05. 

 

3.4.  Src and NOX1 inhibitors compromise hepatocyte’s viability in 

response to TGF-β 

Given that both Src and NOX1 inhibitors impaired TACE/ADAM17 activation and EGFR 

transactivation, we finally decided to test the effect of these inhibitors on the cell viability. 

Analysis of non-viable cells using Trypan blue showed that Src or NOX1 inhibition equally 

increased the percentage of non-viable cells after TGF-β treatment in Cav1+/+ hepatocytes 

(Figure 32), levels of cell death being quite similar to those observed in the Cav1-/- cells when 

treated only with TGF-β. As expected, Cav1-/- cells did not show much change after Src or 

NOX1 inhibition, which indicates that these two pathways are not inhibiting TGF-β cell death in 

Cav1-/- cells. It is worthy to note that both Cav1+/+ and Cav1-/- cells showed a decrease in their 

basal viability after the treatment with inhibitors, indicating that the Src/NOX1 axis is a relevant 

survival pathway in hepatocytes. 
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Figure 32. Src or NOX1 inhibition sensitizes Cav1+/+ hepatocytes to TGF-β-induced apoptosis. 
Cav1+/+ and Cav1-/- hepatocytes were treated with TGF-β (2ng/ml), STK301831 (20µM) and PP2 (10µM) at 
the times shown in the figure, after previous FBS starvation (16 h). Cell viability was measured using 
Trypan blue staining after 72 h of treatment, expressed as percentage of non-viable cells (N=3). Results 
expressed as mean ± SEM. Statistical comparison using two-way ANOVA with Sidak post-hoc test to 
compare Cav1+/+ and Cav1-/- : ** p<0.01. 
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1. CAV1 is required for TGF-β-induced transactivation of the 

EGF receptor pathway in hepatocytes through the activation 

of the metalloprotease TACE/ADAM17 

The basic elements of the TGF-β pathway were detailed at the end of the last century. 

However, how the intracellular trafficking affects the TGF-β signal travelling from the cell 

membrane to the nucleus, how post-translational regulation of receptors and SMADs regulates 

signalling and/or how the context determines the cellular response to TGF-β are open questions 

yet (Chen, 2009; Massague, 2012; Xu et al., 2012; Vizan et al., 2013). In hepatocytes, TGF-β 

induces both pro- and anti-apoptotic signals, the latter mediated by the EGFR pathway, which is 

transactivated by TGF-β through a mechanism that involves up-regulation of the EGFR ligands 

and activation of the metalloprotease TACE/ADAM17 responsible for their shedding (Murillo et 

al., 2005; Murillo et al., 2007). CAV1, the major component of caveolae, had been also 

suggested to be necessary for TGF-β induction of anti-apoptotic signalling in hepatocytes, 

although the specific molecular mechanism is not well understood yet (Meyer et al., 2011; 

Meyer et al., 2013b). In this work, we have demonstrated that in immortalized neonatal mice 

hepatocytes, CAV1 increases the SMAD-dependent TGF-β canonical signalling, especially in 

terms of SMAD3 phosphorylation and SMADs nuclear localization. Furthermore, and more 

significant, CAV1 is required for TGF-β-mediated transactivation of the EGFR that initiates 

intracellular signal cascades, such as MAPKs/ERKs and PI3K/AKT pathways, which directly 

prevent TGF-β-induced up-regulation of the NADPH oxidase NOX4, which is required for its 

pro-apoptotic response (Carmona-Cuenca et al., 2006). Indeed, failure in transactivation of the 

EGFR pathway increases ROS production and cell death (Carmona-Cuenca et al., 2008). The 

molecular mechanism requires the participation of TACE/ADAM17, a metalloprotease 

responsible for the shedding of EGFR ligands (Sunnarborg et al., 2002). Our results indicate 

that CAV1 determines TACE/ADAM17 localization in lipid rafts in hepatocytes, which in turn is 

necessary for the TGF-β transactivation of the EGFR. Different lines of evidence support our 

conclusions: 1) in immortalized Cav1-/- hepatocytes, transactivation of the EGFR pathway by 

TGF-β is reduced, which correlates with the lack of activation of TACE/ADAM17; 2) the 

restitution of CAV1 in Cav1-/- hepatocytes recapitulates wild type phenotype features both in 

terms of EGFR transactivation and TACE/ADAM17 activation; 3) TACE/ADAM17 localizes into 

DRMs; 4) the localization of TACE/ADAM17 in DRMs increases in response to TGF-β only in 

the presence of CAV1. TGF-β-dependent ERK1/2 and AKT phosphorylation was decreased in 

Cav1-/- cells, although extracellular EGFR ligand-dependent ERK1/2 and AKT phosphorylation 

was even increased in Cav1-/- cells. Furthermore, basal expression of EGFR ligands is not lower 

in Cav1-/- cells. This corroborates and strengthens our conclusion that it is the TACE/ADAM17-

dependent EGFR ligand shedding what is highly sensitive to CAV1 expression. 
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In support of the hypothesis that CAV1 is required for TACE/ADAM17 activation, it was 

suggested that its activity could be regulated by cholesterol in the plasma membrane (Tellier et 

al., 2008). Our results after treatment with cholesterol scavengers (MβC, filipin III or nystatin) 

confirm this hypothesis and therefore demonstrate that the integrity of lipid rafts is indeed 

necessary for TACE/ADAM17 activity. However, lipid raft-independent functions for 

TACE/ADAM17 have been also proposed (Parr-Sturgess et al., 2010). The requirement of 

cholesterol-rich domains for TACE/ADAM17 function could be cell type-dependent and/or it 

could depend on the protein substrate. 

Another important indirect conclusion of this study is that CAV1 is not required for the 

mitogenic response of hepatocytes to EGFR ligands such as EGF, TGF-α or HB-EGF. Pioneer 

studies in the nineties suggested that a crosstalk between the EGFR and caveolins could 

govern EGFR signals. Activation of the EGFR was localized in non-caveolar membrane 

domains (Waugh et al., 1999). However, EGFRs are initially concentrated in caveolae and 

rapidly move out of this membrane domain in response to EGFR ligands (Mineo et al., 1999). 

Caveolin was proposed to be an inhibitor of the kinase domain of the EGFR, thus impairing its 

signalling (Couet et al., 1997b). Caveolae do not appear to be involved in the endocytosis of 

EGF, which is mostly clathrin-dependent (Kazazic et al., 2006), although recent works suggest 

that it could be also internalized by other pathways (Henriksen et al., 2013). Sustained evidence 

suggests that EGF stimulates the caveolae/raft-dependent endocytic pathway, which has been 

proposed to have relevant consequences on other cellular signals (Pol et al., 1998; Pol et al., 

2000). In human tumour cells, EGFR-mediated caveolae-dependent endocytosis disrupts cell-

cell adhesion and causes EMT due to E-cadherin endocytosis (Lu et al., 2003) and regulates 

integrin-mediated cell behaviour through internalization and segregation into different 

intracellular compartments of integrins (Ning et al., 2007). The results presented in this thesis 

suggest that cell responses to EGFR ligands in terms of receptor phosphorylation, cell 

proliferation and survival are CAV1-independent in hepatocytes. However, further work is 

required for a detailed analysis of the role of CAV1 on other cell responses related to the pro-

tumourigenic effects of the EGFR pathway. 

Although the role of CAV1 in cancer is controversial, its status has been proposed to be one 

of the causative factors for the invasion and poor prognosis of liver tumours, in particular HCC 

(Tang et al., 2012; Tse et al., 2012). Over-expression of CAV1 is observed along HCC 

progression and could contribute to promote tumour growth and metastatic potential, through 

increase in tumour cell motility and invasiveness (Tse et al., 2012). The results presented in this 

thesis show that expression of CAV1 in hepatocytes switches the response to TGF-β from a 

suppressor to an anti-apoptotic factor, thus in liver tumour cells CAV1 might control the 

tumourigenic properties of TGF-β, as will be discussed in the next section. Indeed, CAV1/lipid 

rafts are required for the activation of TACE/ADAM17 by TGF-β, which in turn activates the 

EGFR, whose signal transduction pathways compensate its anti-mitogenic and pro-apoptotic 
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signals, allowing cells to respond to its pro-tumourigenic effects (Murillo et al., 2005; Sancho et 

al., 2009; Caja et al., 2011). We previously reported that TACE/ADAM17 activation is a 

requirement for TGF-β-induced transactivation of the EGFR in hepatocytes. Although TGF-β 

induces TGF-α and HB-EGF in adult rat hepatocytes, they show a poor response to this 

cytokine in terms of EGFR transactivation because expression of TACE/ADAM17 is very low in 

these cells and the shedding/activation of the EGFR ligands is prevented. In contrast, liver 

tumour cells express high levels of TACE/ADAM17 and show higher capacity to transactivate 

the EGFR pathway in response to TGF-β (Caja et al., 2007). Due to this differential response, 

TGF-β is a suppressor factor for adult quiescent hepatocytes, but not for hepatoma cells, where 

it plays a dual role, both suppressing and promoting carcinogenesis. Importantly, inhibition of 

TACE/ADAM17 in fetal hepatocytes or in hepatoma cells switch the TGF-β function towards 

apoptosis and growth suppression (Murillo et al., 2005; Caja et al., 2007). Since TACE/ADAM17 

is also required for TGF-β-induced growth/survival signals in breast cancer (Wang et al., 2008b) 

or gastric cancer  cells (Ebi et al., 2010), as well as for promotion of motility and invasiveness by 

TGF-β in glioma cells (Lu et al., 2011), the mechanism described here could have 

transcendence in the pro-tumourigenic effects that TGF-β  exerts in many other tumours. 

In conclusion, CAV1 mediates the TGF-β-induced transactivation of the EGFR. Therefore, it 

plays a key role in the regulation of its anti-apoptotic functions, which could be of particular 

relevance favouring HCC and tumour progression. 
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2. The level of CAV1 expression in HCC cells determines 

their response to TGF-β  as a tumour suppressor 

HCC is an important health problem worldwide (Bruix et al., 2015). It is a heterogeneous 

tumour commonly associated with chronic liver diseases, which frequently culminate in 

cirrhosis. Given the lack of a fully efficient therapeutic approach, several investigations are 

focusing on the study of targets that can predict either clinical outcome or drug response. 

As previously mentioned, CAV1 has been described to function either as a tumour 

suppressor or as an oncogene depending on tumour type and cellular context (Sáinz-Jaspeado 

et al., 2011; Quest et al., 2013) and mechanisms underlying such pleiotropic, and sometimes 

antagonistic, effects in CAV1 function constitute a research line of great interest (Fridolfsson et 

al., 2014). Despite this controversy, in HCC several evidences propose CAV1 as an important 

factor determining higher invasive and metastatic phenotype as well as poor prognosis (Cokakli 

et al., 2009; Zhang et al., 2009; Tang et al., 2012; Tse et al., 2012). Anti-apoptotic functions of 

CAV1 have been reported in different models such as prostate cancer cells (Li et al., 2003) and 

primary cortical neurons (Head et al., 2008). Moreover, it has been described that CAV1 over-

expression in the human hepatoblastoma cell line HepG2 blocks apoptosis under stress 

conditions such as FBS starvation (Tang et al., 2012) and that CAV1 confers resistance to 

anoikis in hepatoma cells by activating the IGF-1 pathway (Tang et al., 2015). However, at the 

beginning of this work little was known about how CAV1 might regulate apoptosis in HCC, in 

particular regarding the role of TGF-β. 

Interestingly, CAV1 expression in HCC cell lines depends on their differentiation state. Well 

differentiated cell lines exhibit low and TGF-β-inducible CAV1 protein levels, whereas poorly 

differentiated and highly invasive ones show high CAV1 expression (Meyer et al., 2013a). 

Poorly differentiated HCC cells also show autocrine production of TGF-β, which is responsible 

for its migratory and invasive capacity (Bertran et al., 2013). Results presented here 

demonstrate that in a well differentiated HCC cell line that does not express CAV1 and shows a 

pro-apoptotic response to TGF-β, the over-expression of CAV1 confers resistance to this 

cytokine. On the contrary, in poorly differentiated HCC cell lines that highly express CAV1, the 

knockdown of this protein increases susceptibility to TGF-β in terms of cell death induction. It is 

worth to mention that CAV1 expression does not have any effect on the suppressor response to 

TGF-β in terms of cell cycle arrest. Non-responsive cells, such as HLE, do not respond to TGF-

β by inhibiting cell proliferation although CAV1 expression is attenuated. Responsive cells, such 

as Huh7, continue responding to TGF-β arresting cell cycle even when CAV1 is over-

expressed. Indeed, considering the remarkable results obtained on clonogenic growth, all 
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results together prove that the CAV1-mediated resistance to TGF-β-induced cell death in HCC 

cells has dramatic consequences in the lack of response to the suppressor effects of this 

cytokine. 

We also demonstrate that in the HCC cell line HLE, down-regulation of CAV1 promotes a 

higher induction of the expression of the pro-apoptotic proteins BMF and BIM (at transcriptional 

and post-transcriptional level, respectively) and attenuates the induction of the anti-apoptotic 

protein MCL-1 after TGF-β treatment. On the contrary, in Huh7 cells over-expression of CAV1 

reduces TGF-β induction of the pro-apoptotic proteins BMF and BIM and increases MCL-1 

levels. BMF regulation occurs mainly at transcriptional level, whereas BIM and MCL-1 protein 

levels appear to be regulated post-transcriptionally. These results correlate with previous 

findings which showed that CAV1 regulates the expression of BCL-2 family proteins in 

hepatocytes (Meyer et al., 2013b). Here we move forward, demonstrating that the induction of 

NOX4, a NADPH oxidase induced by TGF-β in hepatocytes and liver tumour cells, which 

mediates its effects on the expression of pro- and anti-apoptotic genes, depends on CAV1 

expression. Indeed, over-expression of CAV1 substantially blocks NOX4 induction and 

knockdown of CAV1 has the opposite effect.  

Transactivation of the EGFR pathway is a crucial mechanism by which TGF-β mediates cell 

survival in hepatocytes (Murillo et al., 2005). Here we show that CAV1 silenced HLE cells 

showed attenuation in TGF-β-induced EGFR transactivation and the parallel activation of the 

PI3K/AKT pathway. On the contrary, CAV1 over-expressing Huh7 cells, which do not activate 

the EGFR pathway, acquire the capacity to do so when CAV1 is over-expressed. These results 

indicate that the important role proposed for CAV1 in mediating the non-canonical signalling 

pathway triggered by TGF-β in hepatocytes (Meyer et al., 2013b; and results presented in this 

thesis) is also observed in liver tumour cells. PI3K/AKT activation would be responsible for 

NOX4-induction blockade (Carmona-Cuenca et al., 2006). Furthermore, differences in NOX4 

could also account for the changes observed in BCL-2 family members, as their regulation by 

NOX4-mediated ROS has been described previously (Caja et al., 2009).  

In conclusion, results here presented suggest that high expression of CAV1 in liver tumour 

cells triggers switching the response of TGF-β from a suppressor to a tumourigenic factor. 

Therefore, CAV1 could be considered as a possible new target in HCC therapy due to its 

versatile functions. 
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3. CAV1-dependent activation of the metalloprotease 

TACE/ADAM17 by TGF-β in hepatocytes requires activation 
of Src and the NADPH oxidase NOX1 

Regulation of TACE/ADAM17 activity is a crucial step in several physiological and 

pathological responses, such as muscle regeneration or tumour/stroma crosstalk, as it 

determines the availability of ligands into the extracellular media. Therefore, during the last 

decade several studies have focused in elucidating its modulation (Wang et al., 2008b; Brill et 

al., 2009; Niu et al., 2013). In hepatocytes, the activation of survival signals mediated by TGF-β 

are in large part due to the transactivation of the EGFR, a process that requires the activation of 

TACE/ADAM17 (and CAV1 as previously evidenced) (Murillo et al., 2005). Results presented in 

this study demonstrate that Src phosphorylation by TGF-β is required for activation of NOX1 

and both are necessary for activating TACE/ADAM17 to mediate survival signals through 

transactivation of the EGFR pathway. Interestingly, phosphorylation of Src by TGF-β requires 

CAV1 and lipid raft domains, which indicates that CAV1 is essential for the proper function of 

this activating Src/NOX1 axis (Figure XV). 

Different previous evidences associate activation of TACE/ADAM17 with Src. Indeed, 

Maretzky et al. (Maretzky et al., 2011) had described that a constitutively active transforming 

form of Src increased the shedding of TNF-α via stimulation of ADAM17, which resulted in 

higher autocrine and paracrine activation of EGFR/ERK signalling. TACE/ADAM17 activity is 

also dependent on Src in ovarian somatic cells (Yamashita et al., 2014). In fact, it has been 

described that Src phosphorylates the amino acid residue Tyr702 in the intracellular tail of 

TACE (Niu et al., 2013). Regarding redox signalling, it is known that ROS are also important 

modulators of both TACE/ADAM17 activity and Src (Myers et al., 2009; Sancho and Fabregat, 

2010; Corcoran and Cotter, 2013; Sham et al., 2013). Src is redox modulated and, in this sense, 

there are cell models where oxidative stress activates TACE/ADAM17, being Src kinase 

involved in the process. Indeed, in platelets, oxidative stress activates TACE/ADAM17, a 

process that is blocked by Src inhibitors (Brill et al., 2009). In agreement with the model here 

proposed, during liver ischemia-reperfusion, TNF-α is produced (being the result of TACE-

mediated shedding) in a NADPH oxidase- and Src-dependent manner (Spencer et al., 2013). 

Furthermore, in airway epithelial cells the formation of a Src-dual oxidase (DUOX)1 signalling 

complex is a key step for the activation of the metalloprotease TACE/ADAM17, being DUOX1 

(like NOX1) a member of the NADPH oxidases family (Sham et al., 2013). Furthermore, a 

conexion between NOX1 and Src has been described in hepatocytes under other 

circumstances, such as serum withdrawal (Sancho and Fabregat, 2010).  
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Figure XV. CAV1 is required for the activation of TACE/ADAM17 through a Src/NOX1 axis. A: Both 
Src and TACE/ADAM17 are present in lipid raft regions of the cell membrane where CAV1 is also found. 
B: When TGF-β binds to its receptors the signalling pathway triggered results in phosphorylation of Src 
and higher translocation of TACE/ADAM17 into the lipid rafts. p-Src mediates NOX1 activation (which was 
not observed in lipid rafts), and NOX1-mediated ROS are responsible for TACE activation. The active 
metalloprotease sheds the EGFR ligands found in the membrane as pro-ligands, which once released into 
the extracellular media are able to bind the EGFR and induce survival signals in hepatocytes. 

 

NOX1-mediated ROS production has been proposed both upstream and downstream of Src 

activation. A ROS-dependent non-canonical pathway has been recently proposed for Src 

activation by TGF-β, through oxidation of cysteines in a process mediated by NOX activation 

(Zhang et al., 2015). However, we have observed that Src activation by TGF-β in hepatocytes is 

upstream from NOX1 activity, since the inhibition of Src using PP2 is sufficient to impair early 

ROS production, and NOX1 inhibition does not significantly block TGF-β-mediated Src 

phosphorylation (on the contrary, it is even increased). In line with our results, Gianni et al. 

(Gianni et al., 2008) reported that NOX1-mediated ROS production is regulated by Src through 

phosphorylation of the Rac1-guanine nucleotide exchange factor Vav2 in colon cancer cells. In 

addition, Tsk4 and Tsk5, which are members of a p47phox-related superfamily that interact with 

the NOX1 activator protein NOXA1, are substrates of Src phosphorylation (Gianni et al., 2010). 

Both Src phosphorylation and NOX1 activity are impaired in Cav1-/- hepatocytes. This makes 

sense considering that a relevant fraction of TGF-β-induced phosphorylated Src is present in 

lipid rafts, indeed only observed in Cav1+/+ hepatocytes. It has been described that 

caveolae/lipid rafts concentrate multiple signalling molecules including Src family kinases and 
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NADPH oxidases (Ushio-Fukai, 2009). This compartmentalization is required to provide 

molecular proximity, which is necessary for the activation of downstream signalling events. In 

contrast to what has been described in vascular smooth muscle cells (Hilenski et al., 2004), we 

did not find NOX1 in CAV1-positive membrane fractions. However, since phospho-Src is 

required for TGF-β-induced NOX1 activation, Cav1-/- cells show inhibition in NOX1-induced 

ROS production although NOX1 is not directly located in lipid rafts. Membrane rafts have been 

described as a novel target in cancer therapy because of all the signalling pathways they 

regulate (Hryniewicz-Jankowska et al., 2014), in this regard, CAV1 could be considered as a 

potential therapeutic target for HCC in the future. 

In conclusion, results presented here show that CAV1 might have an important role in the 

formation of a specific signalling platform in lipid rafts by assembling Src-NOX1-ADAM17 in 

certain regions of the cellular membrane (Figure XV). 
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1. Deficiency in the expression of CAV1 in hepatocytes and liver tumour cells impairs TGF-β-

induced activation of the EGFR pathway that is responsible for mediating anti-apoptotic 

signals. 

2. The hepatocyte response to extracellular EGFR ligands is not altered when caveolin-1 is 

absent; however, the activation of the metalloprotease TNF-α converting enzyme 

(TACE/ADAM17) after TGF-β treatment, which is required for the shedding of EGFR ligands, 

is impaired in CAV1 deficient hepatocytes. 

3. TACE/ADAM17 localization in lipid rafts requires CAV1, which is important for its TGF-β-

mediated activation. 

4. In HCC cell lines, levels of CAV1 determine the response to TGF-β in terms of induction of 

apoptosis but not in cell cycle arrest. However, the final outcome results in increased TGF-β-

mediated inhibition of clonal growth when CAV1 expression levels are low. 

5. TGF-β-induced up-regulation of the key mediators of apoptosis NOX4, BMF and BIM is 

impaired by high CAV1 expression levels in HCC cells. This is due to the role that CAV1 

levels exert on TGF-β-mediated EGFR transactivation. 

6. CAV1 deficiency causes an impairment of Src phosphorylation in the detergent resistant 

membrane (DRM) fractions. 

7. Early TGF-β-induced NOX1-mediated ROS production requires both CAV1 and Src, and the 

CAV1/Src/NOX1 axis is important for the TGF-β mediated activation of TACE/ADAM17 and, 

consequently, of the EGFR pathway. 

Final conclusion 

CAV1 levels condition TGF-β-induced anti-apoptotic response in liver cells by impairing the 

EGFR transactivation. An important mechanism of action is via the establishing of a signalling 

platform that permits the activation of the metalloprotease TACE/ADAM17. In HCC cells high 

CAV1 expression levels may trigger a switch in TGF-β role: from anti- to pro-tumourigenic. 
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Caveolin-1 is required for TGF-b-induced
transactivation of the EGF receptor pathway in
hepatocytes through the activation of the
metalloprotease TACE/ADAM17

J Moreno-Càceres1, L Caja1, J Mainez2, R Mayoral3,4, P Martı́n-Sanz4,5, R Moreno-Vicente6, MÁ del Pozo6, S Dooley7, G Egea2

and I Fabregat*,1,8

Transforming growth factor-beta (TGF-b) plays a dual role in hepatocytes, inducing both pro- and anti-apoptotic responses,
whose balance decides cell fate. Survival signals are mediated by the epidermal growth factor receptor (EGFR) pathway, which is
activated by TGF-b in these cells. Caveolin-1 (Cav1) is a structural protein of caveolae linked to TGF-b receptors trafficking and
signaling. Previous results have indicated that in hepatocytes, Cav1 is required for TGF-b-induced anti-apoptotic signals, but the
molecular mechanism is not fully understood yet. In this work, we show that immortalized Cav1� /� hepatocytes were more
sensitive to the pro-apoptotic effects induced by TGF-b, showing a higher activation of caspase-3, higher decrease in cell
viability and prolonged increase through time of intracellular reactive oxygen species (ROS). These results were coincident with
attenuation of TGF-b-induced survival signals in Cav1� /� hepatocytes, such as AKT and ERK1/2 phosphorylation and NFj-B
activation. Transactivation of the EGFR pathway by TGF-b was impaired in Cav1� /� hepatocytes, which correlated with lack of
activation of TACE/ADAM17, the metalloprotease responsible for the shedding of EGFR ligands. Reconstitution of Cav1 in
Cav1� /� hepatocytes rescued wild-type phenotype features, both in terms of EGFR transactivation and TACE/ADAM17
activation. TACE/ADAM17 was localized in detergent-resistant membrane (DRM) fractions in Cav1þ /þ cells, which was not the
case in Cav1� /� cells. Disorganization of lipid rafts after treatment with cholesterol-binding agents caused loss of
TACE/ADAM17 activation after TGF-b treatment. In conclusion, in hepatocytes, Cav1 is required for TGF-b-mediated activation of
the metalloprotease TACE/ADAM17 that is responsible for shedding of EGFR ligands and activation of the EGFR pathway, which
counteracts the TGF-b pro-apoptotic effects. Therefore, Cav1 contributes to the pro-tumorigenic effects of TGF-b in liver cancer
cells.
Cell Death and Disease (2014) 5, e1326; doi:10.1038/cddis.2014.294; published online 17 July 2014

The transforming growth factor-beta (TGF-b) belongs to a
family of polypeptide factors, whose cytostatic and apoptotic
functions help restrain the growth of mammalian cells.
However, paradoxically, TGF-b also modulates processes
such as cell invasion, immune regulation and microenviron-
ment modification, which cancer cells may exploit to
their advantage.1 Indeed, a better knowledge about the
mechanistic basis and clinical relevance of TGF-b is required
for a better understanding of the complexity and therapeutic
potential of this pathway. In hepatocytes, TGF-b induces both
pro- and anti-apoptotic signals, whose balance decides cell
fate.2 Those hepatocytes that survive to TGF-b-mediated
apoptosis induce an epithelial–mesenchymal transition (EMT)
process, which confers migratory properties and apoptosis

resistance.3 The anti-apoptotic signals are at least partially
mediated by the epidermal growth factor receptor (EGFR)
pathway, which is transactivated by TGF-b through a
mechanism that involves upregulation of the EGFR ligands
and activation of the metalloprotease TACE/ADAM17 respon-
sible for their shedding.4,5

Many efforts have been done in the recent years for a better
understanding of spatial requirements on TGF-b signaling,
including endocytic TGF-b receptors trafficking. Strong pieces
of evidence support that TGF-b receptors can be located both
in clathrin-coated pits and caveolin/cholesterol-enriched lipid
rafts.6,7 A pioneer study from Di Guglielmo et al.8 proposed
that Smad2 phosphorylation would require clathrin-dependent
endocytosis, whereas TGF-b receptors internalization via
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caveolae/lipid rafts would inhibit its signaling. From then,
different studies have suggested that the endocytic pathways’
role on TGF-b signaling depend on the cell type and a general
rule about the role of endocytosis in TGF-b signaling is not well
understood yet.9 In hepatocytes, Smad activation is in a large
extent accomplished on the hepatocyte plasma membrane in
an AP-2 complex-dependent manner, being unnecessary the
formation of clathrin-coated pits.10 In contrast, the non-Smad/
AKT pathway activation requires caveolin-1 (Cav1)-depen-
dent endocytosis,10 which is required for counteracting
apoptosis.11

Cav1 is required for caveolae formation, which regulates
not only endocytosis, but also lipid metabolism and energy
homeostasis.12 The localization of membrane receptors in the
lipid raft pushed to investigate the role of Cav1 in regulating
signaling events. In the case of epidermal growth factor (EGF)
signaling, it was proposed that non-caveolae-coated pits are
involved in the compartmentalization and internalization of the
EGFR, although caveolin-rich domains may be required for
signaling.13 In this line of evidence, different studies revealed
an important role for Cav1 in EGFR-induced effects on cell
proliferation and migration.14,15

In this work, we have examined the role of Cav1 in the anti-
apoptotic signals induced by TGF-b in hepatocytes, postulat-
ing that it may be required for TGF-b-mediated regulation of
EGFR signaling. Using different experimental approaches
and an immortalized hepatocyte cell line derived from Cav1� /�

mice, we demonstrate that transactivation of the EGFR
pathway by TGF-b is impaired in Cav1� /� hepatocytes.
However, Cav1 is not required for the cellular response to
EGFR ligands, but is necessary for TGF-b-mediated activa-
tion of the metalloprotease TACE/ADAM17, which is respon-
sible for shedding of EGFR ligands and requires an intact lipid
raft domain to be activated by TGF-b.

Results

Cav1 deficiency alters the balance between the pro- and
anti-apoptotic signals induced by TGF-b in hepatocytes.
In order to analyze the specific relevance of Cav1 in the
response to TGF-b, we have used an immortalized neonatal
hepatocyte cell line obtained from 3-day old Cav1� /�

animals16 (see Materials and Methods section and
Supplementary Figure 1a). Cav1� /� hepatocytes showed
an increased sensitivity to TGF-b in terms of cell death,
exhibiting a significant higher percentage of non-viable cells
when compared with Cav1þ /þ cells after 72 h of treatment
(Figures 1a–c). Activation of caspase-3, as a hallmark of
apoptosis, showed similar dynamics, being increased in
Cav1-deficient hepatocytes when compared with control
cells and remained high after 72 h of TGF-b treatment
(Figure 1d). Since TGF-b-induced apoptosis in hepatocytes
requires reactive oxygen species (ROS) production mediated
by a NADPH oxidase system (NOX4),17 we next analyzed
intracellular ROS content. Results indicated that the increase
in intracellular ROS content was a transient process in
Cav1þ /þ hepatocytes showing a maximum increase after
6-h treatment, decreasing at later times up to levels even
lower than those found in the untreated cells. However, in

knockout cells (Cav1� /� ), increase in ROS levels were
constantly high through all the time (Figure 1e). All these
results indicate that apoptotic features induced by TGF-b in
immortalized neonatal hepatocytes are increased in the
absence of Cav1 expression. In fetal and neonatal hepato-
cytes, TGF-b simultaneously induces both pro- and
anti-apoptotic signals, whose final balance determines the
cell fate.2,4 Anti-apoptotic signals include the phospho-
inositol-3-kinase (PI-3K)/AKT pathway, MAPK/ERKs and
NFk-B pathways. Thus, we next examined whether the
increased apoptosis observed in Cav1-deficient hepatocytes
is caused by impairment in activation of survival signals,
triggered by TGF-b. Western blot analysis showed a
significant inhibition of AKT activation and decreased
phosphorylation of MAP kinases ERK1/2 in TGF-b-treated
Cav1� /� cells (Figures 2a and b). In addition, TGF-b-
induced activation of pro-survival NFk-B signaling was also
attenuated in Cav1� /� cells, which showed lower transloca-
tion of cytosolic p65 to the nucleus after treatment with the
cytokine (Figures 2c and d). Therefore, in the absence of
Cav1, the imbalance between pro- and anti-apoptotic
regulatory signals finally pushes cells to die.

Cav1 deficiency prevents transactivation of the EGFR
pathway by TGF-b in hepatocytes. TGF-b-induced
survival signals in hepatocytes and liver tumor cells require
transactivation of the EGFR pathway.4,18 We hypothesized
that EGFR transactivation by TGF-b could be perturbed in
the absence of Cav1. In Cav1þ /þ cells, TGF-b induced
phosphorylation of EGFR, examined both by western blot
(Figure 3a) and immunocytochemistry (Figure 3b). Inhibition
of the EGFR catalytic activity by the tyrphostin AG1478
showed that EGFR-mediated signaling is necessary to
rescue Cav1þ /þ hepatocytes from the expected TGF-b-
induced apoptotic fate (Supplementary Figure 2). However,
Cav1� /� cells did not show EGFR phosphorylation in
response to TGF-b (Figures 3a and b), and treatment with
AG1478 did not alter cell viability (Supplementary Figure 2).
Lack of response was not due to differences in EGFR
expression, which was similar in Cav1þ /þ and Cav� /� cells
(Supplementary Figures 1b and c).

To exclude that the absence of EGFR transactivation by
TGF-b could be due to a defect acquired during development
of the Cav1 knockout mice and not to the mere absence of
Cav1, we reconstituted the expression of Cav1 in Cav1� /�

cells. Ectopic expression of Cav1 in the immortalized Cav1� /�

cell line led to a recovery of the wild-type phenotype, with a
decreased sensitivity in terms of cell death (Figure 4a) and
lower activation of caspase-3 (Figure 4b). It is important to
point out that the control cell line (þ IRES-GFP, a control
plasmid expressing only GFP) behaved as the parental cell
line. Then, activation of AKT and ERK1/2 were examined,
evidencing a recovery of AKT phosphorylation and an increase
in ERK1/2 phosphorylation in TGF-b-treated Cav1� /� when
expression of Cav1 was restored (Figure 4c). Interestingly,
restitution of Cav1 rescued the transactivation of EGFR by
TGF-b in Cav1� /� hepatocytes (Figure 4d). In order to
confirm the results observed in Cav1� /� hepatocytes, we
knocked down Cav1 in Cav1þ /þ hepatocytes using a specific
siRNA approach. Downregulation of Cav1 was efficient using
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two siRNAs (Supplementary Figure 3) and the EGFR
phosphorylation after stimulation with TGF-b was severely
reduced in Cav1-silenced Cav1þ /þ cells (Supplementary
Figure 3). Therefore, we conclude that Cav1 is determinant for
the capacity of TGF-b to transactivate the EGFR pathway in
hepatocytes.

As we observed that the EGFR transactivation was
impaired in Cav1� /� hepatocytes, a possibility was that
Cav1 is required for cell responses to extracellular EGFR
ligands. Although we realized that the use of heparin-binding
EGF-like growth factor (HB-EGF), as a positive control of

EGFR phophorylation, did not show differences between
Cav1þ /þ and Cav1� /� cells (Figure 3), to fully assess this
result, we examined the response to other EGFR ligands such
as EGF or transforming growth factor-alpha (TGF-a). Cav1
deficiency did not prevent the response to any of them in
terms of receptor phosphorylation or activation of downstream
signals (Figures 5a and b). Furthermore, Cav1 deficiency did
not perturb either other cellular responses to EGF receptor
ligands, such as cell proliferation (Figure 5c), despite
Cav1� /� cells showed higher proliferative ratio in response
to FBS, as we had previously described.16
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Figure 1 Cav1-deficient hepatocytes are more sensitive to TGF-b in terms of apoptosis. Cav1þ /þ and Cav1� /� hepatocytes were treated with TGF-b (2 ng/ml) for
different times, after previous FBS starvation (16 h). (a) Cell viability was measured using trypan blue staining, expressed as percentage of viable and non-viable cells (N¼ 3).
(b) Cell viability was analyzed by internalization of propidium iodide (PI), expressed as percentage of PI-positive cells (N¼ 3). (c) Representative PI-staining images taken at
72 h of treatment. (d) Caspase-3 activity, expressed as arbitrary units per hour and per microgram of protein (N¼ 3). (e) Intracellular ROS production expressed as relative
percentage versus untreated cells (N¼ 3). Results expressed as mean±S.E.M. Statistical comparison using Student’s t-test to compare control versus 72-h TGF-b treatment
in each cell line (b) or two-way ANOVA with Bonferroni post hoc test to compare Cav1þ /þ and Cav1� /� hepatocytes (a, b, d and e): *Po0.05; **Po0.01, ***Po0.001
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Cav1 deficiency impairs TGF-b-mediated TACE/ADAM17
activity. Hepatocytes express different EGFR ligands, such
as HB-EGF, TGF-a or Amphiregulin (Supplementary
Figure 4). In order to know whether Cav1 may influence
the expression of these ligands, we analyzed their transcript
levels by real-time PCR. Results indicated that Cav1� /�

cells do not show decreased expression of EGFR ligands.
Even in the case of TGF-a, the levels were higher
(Supplementary Figure 4). Indeed, we focused on the
shedding of these EGFR ligands, which is required for
the binding to the EGFR and activation of this pathway.
We previously described that short-term activation of the
metalloprotease TACE/ADAM17 by TGF-b is required for
activation of the EGFR and pro-survival signals in hepato-
cytes.4 Taking this into consideration, here we wondered
whether this pathway could be impaired in Cav1� /�

hepatocytes. Analysis of TACE/ADAM17 enzymatic activity
using a fluorimetric method demonstrated that Cav1þ /þ , but
not Cav1� /� , hepatocytes responded to TGF-b increasing
its activity (Figure 6a). Afterward, we studied whether this
increase had functional consequences such as a decrease
in the shedding of EGFR ligands into the cell media in

TGF-b-treated Cav1� /� cells. To this aim, we collected
conditioned media from FBS-starved Cav1þ /þ and
Cav1� /� hepatocytes, either untreated or treated with
TGF-b to analyze their capacity to phosphorylate the EGFR
in control Cav1þ /þ cells. Conditioned media from Cav1þ /þ

cells treated with TGF-b induced the phosphorylation of the
EGFR, in contrast to conditioned media from TGF-b-treated
Cav1� /� cells (Figure 6b). Long-term treatment of Cav1þ /þ

hepatocytes with TGF-b increased TACE/ADAM17 mRNA
levels (Figure 6c), which was dependent on the EGFR
pathway, since knockdown of EGFR levels with a specific
siRNA attenuated this response (Supplementary Figure 5).
Upregulation of TACE by TGF-b was not observed in
Cav1� /� hepatocytes (Figure 6c). Interestingly, Cav1
restitution in Cav1� /� hepatocytes led to a full recovery of
TACE/ADAM17 activation after TGF-b treatment (Figure 6d),
which reinforced and confirmed the importance of Cav1 in
TACE/ADAM17 activity regulation.

TACE/ADAM17 in lipid rafts is necessary for its
TGF-b-mediated activation. In search for a mechanism
that explains how Cav1 may regulate TACE/ADAM17, we
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postulated colocalization of both proteins in lipid rafts of
hepatocytes, as recently reported for vascular smooth
muscle cells and endothelial cells.19,20 Using a sucrose
gradient technique to obtain detergent-resistant membranes
(DRMs) fractions, we observed that a pool of TACE/ADAM17
is localized in DRMs (identified by the presence of ganglio-
side GM1) in Cav1þ /þ hepatocytes (Figure 7a). This was not
the case in Cav1� /� cells, where the amount of TACE/
ADAM17 in DRMs is highly reduced (Figure 7a). This result
demonstrates that Cav1 is necessary for TACE/ADAM17
localization in lipid rafts in hepatocytes. We also evaluated
whether Cav1-dependent DRMs localization of TACE is
regulated by TGF-b, particularly in stages when the
metalloprotease is more active. We obtained DRMs from
cells treated with TGF-b and observed an increase of TACE
in DRMs in Cav1þ /þ hepatocytes, but not in Cav1� /� cells
(Figure 7a). Finally, as we found that TACE/ADAM17
localization in lipid rafts was increased after TGF-b
treatment, we examined the effect of lipid raft disruption by
cholesterol removal with methyl-b-cyclodextrin (MbC). MbC
dramatically decreased TGF-b-induced TACE/ADAM17 acti-
vation in Cav1þ /þ hepatocytes (Figure 7b), an effect that
was reversed by treatment of cells with extracellular
cholesterol (Supplementary Figure 6a). Furthermore, other
milder cholesterol-binding agents, such as filipin III or
nystatin, also inhibited TACE/ADAM17 activation by
TGF-b (Supplementary Figure 6b). We conclude that Cav1
is required for TACE/ADAM17 activation upon localization to
lipid rafts.

Discussion

The basic elements of the TGF-b pathway were detailed at the
end of the last century. However, how the intracellular
trafficking affects the TGF-b signal traveling from the cell
membrane to the nucleus, how posttranslational regulation of
receptors and Smads regulates signaling and/or how the
context determines the cellular response to TGF-b are open
questions yet.7,21–23 In hepatocytes, TGF-b induces both pro-
and anti-apoptotic signals, the latter mediated by the EGFR
pathway, which is transactivated by TGF-b through a
mechanism that involves upregulation of the EGFR ligands
and activation of the metalloprotease TACE/ADAM17 respon-
sible for their shedding.4,5 Cav1, the major component of
caveolae, had been also suggested to be necessary for
TGF-b induction of anti-apoptotic signaling in hepatocytes,
although the specific molecular mechanism is not well
understood yet.10,11 In this work, we demonstrate that in
immortalized neonatal mice hepatocytes, Cav1 is required for
TGF-b-mediated transactivation of the EGFR that initiates
intracellular signal cascades, such as MAPKs/ERKs and
PI-3K/AKT pathways, which directly prevent TGF-b-induced
upregulation of the NADPH oxidase NOX4, which is required
for its pro-apoptotic response.5 Indeed, failure in transactiva-
tion of the EGFR pathway increases ROS production and cell
death.17 The molecular mechanism requires the participation
of the TACE/ADAM17, a metalloprotease responsible for the
shedding of the EGFR ligands.24 Our results indicate that
Cav1 determines TACE/ADAM17 localization in lipid rafts in
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hepatocytes, which in turn is necessary for the TGF-b
transactivation of the EGFR. Different lines of evidence
support our conclusions: (1) in immortalized Cav1� /�

hepatocytes, transactivation of the EGFR pathway by TGF-
b is reduced, which correlates with the lack of activation of
TACE/ADAM17; (2) the restitution of Cav1 in Cav1� /�

hepatocytes recapitulates wild-type phenotype features both
in terms of EGFR transactivation and TACE/ADAM17 activa-
tion; (3) TACE/ADAM17 localizes to DRMs; (4) the

localization of TACE/ADAM17 in DRMs increases in response
to TGF-b only in the presence of Cav1. TGF-b-dependent
ERK1/2 and AKT phosphorylation was decreased in
Cav1� /� cells, although extracellular EGFR ligand-depen-
dent ERKs and AKT phosphorylation was even increased in
Cav1� /� cells. Furthermore, basal expression of EGFR
ligands is not lower in Cav1� /� cells. This corroborates and
strengthens our conclusion that it is the TACE/ADAM17-
dependent EGFR ligand shedding what is highly sensitive to
Cav1 expression.

In support of the hypothesis that Cav1 is required for
TACE/ADAM17 activation, it was suggested that its activity
could be regulated by cholesterol in the plasma membrane.25

Our results after treatment with cholesterol scavengers (MbC,
filipin III or nystatin), confirm this hypothesis and therefore are
demonstrative that the integrity of lipid rafts is indeed
necessary for TACE/ADAM17 activity. However, lipid
raft-independent functions for TACE/ADAM17 have been
also proposed.26 The requirement of cholesterol-rich domains
for TACE/ADAM17 function could be cell type dependent
and/or it could depend on the protein substrate.

Another important indirect conclusion of our study is that
Cav1 is not required for the mitogenic response of hepato-
cytes to EGFR ligands such as EGF, TGF-a or HB-EGF.
Pioneer studies in the nineties suggested that a cross talk
between the EGFR and caveolins could govern EGFR
signals. Activation of the EGFR was localized in non-caveolar
membrane domains.27 However, EGFRs are initially concen-
trated in caveolae and rapidly move out of this membrane
domain in response to EGFR ligands.28 Caveolin was
proposed to be an inhibitor of the kinase domain of the EGFR,
thus impairing its signaling.29 Caveolae do not appear to be
involved in the endocytosis of EGF, which is mostly clathrin
dependent,30 although recent works suggest that it could be
also internalized by other pathways.31 Sustained evidence
suggests that EGF stimulates the caveolae/raft-dependent
endocytic pathway, which has been proposed to have relevant
consequences on other cellular signals.14,32 In human tumor
cells, EGFR-mediated caveolae-dependent endocytosis
disrupts cell–cell adhesion and causes EMT due to E-cad-
herin endocytosis33 and regulates integrin-mediated cell
behavior through internalization and segregation into different
intracellular compartments of integrins.34 The results
presented in this study suggest that cell responses to EGFR
ligands in terms of receptor phosphorylation, cell proliferation
and survival are Cav1 independent in hepatocytes. However,
further work is required for a detailed analysis of the role of
Cav1 on other cell responses related to the pro-tumorigenic
effects of the EGFR pathway and that will require the use of
liver tumor cells in the study.

Although the role of Cav1 in cancer is controversial, its
status has been proposed to be one of the causative factors
for the invasion and poor prognosis of liver tumors, in
particular hepatocellular carcinoma (HCC).35,36 Overexpres-
sion of Cav1 is observed along HCC progression and could
contribute to promote tumor growth and metastatic potential,
through increase in tumor cell motility and invasiveness.36

Interestingly, well differentiated cell lines exhibit low and
TGF-b-inducible Cav1 protein levels, whereas poorly
differentiated and highly invasive HCC cell lines show high
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Cav1 expression.37 Poorly differentiated HCC cells show
autocrine production of TGF-b, which is responsible for its
migratory and invasive capacity.38 The results presented in
this manuscript suggest that high expression of Cav1 in liver
tumor cells would switch the response to TGF-b from a
suppressor to a tumorigenic factor. Indeed, Cav1/lipid rafts
are required for the activation of TACE/ADAM17 by TGF-b,
which in turn activates the EGFR, whose signal transduction
pathways compensate its anti-mitogenic and pro-apoptotic
signals, allowing cells to respond to its pro-tumorigenic
effects.4,18,39 We previously reported that TACE/ADAM17
activation is a requirement for TGF-b-induced transactivation
of the EGFR in hepatocytes. Although TGF-b induces TGF-a
and HB-EGF in adult rat hepatocytes, they show a poor
response to this cytokine in terms of EGFR transactivation
because expression of TACE/ADAM17 is very low in these
cells and the shedding/activation of the EGFR ligands is
prevented. In contrast, liver tumor cells express high levels of
TACE/ADAM17 and show higher capacity to transactivate the
EGFR pathway in response to TGF-b.40 Due to this differential
response, TGF-b is a suppressor factor for adult quiescent
hepatocytes, but not for hepatoma cells, where it plays a dual
role, both suppressing and promoting carcinogenesis.
Importantly, inhibition of TACE/ADAM17 in fetal hepatocytes
or in hepatoma cells switch the TGF-b function toward
apoptosis and growth suppression.4,40 As TACE/ADAM17 is
also required for TGF-b-induced growth/survival signals in
breast cancer41,42 or gastric cancer43 cells, as well as for
promotion of motility and invasiveness by TGF-b in glioma

cells,44 the mechanism described in this work could have
transcendence in the pro-tumorigenic effects that TGF-b
exerts in many other tumors.

Materials and Methods
Reagents and antibodies. Human recombinant TGF-b1 and AG1478 were
from Calbiochem (La Jolla, CA, USA). EGF was kindly gifted by Serono Lab
(Madrid, Spain). Human recombinant HB-EGF, human recombinant TGF-a, MbC,
filipin III from Streptomyces filipinensis, nystatin and water-soluble cholesterol
were from Sigma-Aldrich (St. Louis, MO, USA). The antibodies used were: mouse
anti-b-actin (clone AC-15) from Sigma-Aldrich, rabbit anti-phospho-Akt (Ser473)
(D9E) XP, rabbit anti-Akt, rabbit anti-phospho-EGFR (Tyr1068) (D7A5) XP, rabbit
anti-EGFR, rabbit anti-phospho-p44/42 MAPK (Thr202/Tyr204), rabbit anti-p44/42
MAPK were from Cell Signaling Technology (Beverly, MA, USA), mouse anti-
Caveolin-1 from BD Biosciences (Franklin Lakes, NJ, USA), rabbit anti-Ki67 from
AbCam (Cambridge, UK), rabbit anti-TACE/ADAM17 (807-823) from Calbiochem,
rabbit anti-NFkB p65, rabbit anti-TbRI (H-100, used in immunocytochemistry),
rabbit anti-TbRI (R-20, used in western blot) and rabbit anti-TbRII (C-16) from
Santa Cruz Biotechnologies (Dallas, TX, USA). Secondary antibodies: Alexa Fluor
488-conjugated anti-rabbit and anti-mouse from Molecular Probes (Eugene, OR,
USA) and ECL Mouse IgG, and Rabbit IgG, HRP-Linked antibodies from GE
Healthcare (Buckinghamshire, UK). GM1 was detected with horseradish
peroxidase-tagged cholera toxin B subunit from Sigma (St. Louis, MO, USA).

Cell culture conditions. Immortalized neonatal hepatocytes from wild type
(Cav1þ /þ ) and caveolin-1 knockout (Cav1� /� ) mice were kindly provided by
Paloma Martı́n-Sanz (IIBM Alberto Sols, Madrid, Spain). Isolation and
immortalization of neonatal hepatocytes from Cav1þ /þ and Cav1� /� mice
has been previously described.16,45,46 In order to validate our experimental model,
we confirmed that Cav1 knockout cell line does not express Cav1 (Supplementary
Figures 1a and d). We also tested that both cell lines showed no differences in the
expression of the TGF-b receptors type 1 and 2 (Supplementary Figures 1b–d).
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Reconstitution of Cav1� /� cell line (Cav1� /� þ IRES-GFP and Cav1� /�

þCav1) was kindly performed in Miguel A. del Pozo Lab (CNIC, Madrid, Spain)
as previously described.47 For cell culture, cells were grown in DMEM from Lonza
(Basel, Switzerland), supplemented with 10% fetal bovine serum (FBS), penicillin
(120mg/ml), streptomycin (100mg/ml) and amfoterycin B (2.5mg/ml) and
maintained in a humidified atmosphere of 37 1C, 5% CO2. For experiments, cells
at 60% confluence were serum-starved for 16 h and treated with different factors:
TGF-b1 (2 ng/ml), EGF (20 ng/ml), HB-EGF (20 ng/ml) and TGF-a (20 ng/ml).
When indicated, the following products were added 30 min before the other factors
(TGF-b1 or HB-EGF) and maintained along the experiment: AG1478 (20 mM),
MbC (2.5mM), filipin III (0.5mM) and nystatin (25 mM). For reversion of the MbC
effect by treatment of cells with extracellular cholesterol (1 mM), this lipid was
added after 30-min treatment with MbC, waiting for an additional 1 h before adding
TGF-b1, and maintained along the experiment.

Analysis of cell viability. Cell viability was analyzed using both trypan blue
and propidium iodide (PI). For trypan blue dye cells were trypsinized collecting the
media. After 5-min centrifugation at 1200 r.p.m., cells were resuspended in 50 ml
PBSþ 1 : 10 v/v trypan blue. Viable and non-viable (blue dyed) cells were counted
in a Neubauer chamber, counting eight squares for condition, with duplicates.
Results are expressed as percentage of viable and non-viable cells. For PI
staining, 1mg/ml (final concentration) PI from Sigma-Aldrich was added to each
well (from a 12-well multiwell plate). Afterward, PI-positive cells were counted in a
phase contrast microscope Olympus IX70 (Tokyo, Japan). Results were
expressed as percentage of PI-positive cells.

Measurement of intracellular redox state. The oxidation-sensitive
fluorescent probe 20,70-dichlorodihydrofluorescein diacetate (H2DCFDA; from
Invitrogen, Carlsbad, CA, USA) was used to analyze the total intracellular content
of ROS as previously described.39 Fluorescence was measured in a Microplate
Fluorescence Reader Fluostar Optima (BMG LABTECH, Ortenberg, Germany)
and expressed as percentage of control after correction with protein content.

Analysis of caspase-3 activity. Fluorimetric analysis of caspase-3 activity
was determined as described previously,4 using the Caspase-3 fluorogenic
substrate Ac-DEVD-AMC from BD Pharmingen (Franklin Lakes, NJ, USA), with
20mg of protein extract. Protein concentration of cell lysates was determined using
Bradford Reagent from Sigma-Aldrich. A unit of caspase-3 activity is the amount of
active enzyme necessary to produce an increase in 1 fluorescence unit and results
are presented as units of caspase-3 activity/h/mg protein.

Western blot analysis. Total protein extracts and western blot procedure
were carried out as previously described.5,39 Primary antibodies were used at
1 : 1000, except b-actin (1 : 5000), secondary antibodies were used at 1 : 5000.
Protein concentration was measured with BCA Protein Assay kit (Pierce,
Rockford, USA). Densitometric analysis of protein bands intensity was performed
using ImageJ software (Public domain, NIH, Bethesda, MD, USA).

Dot blot analysis. A 2-ml drop of protein extract is applied onto nitrocellulose
membrane and let to dry during 6–8 h. The following procedure is the same as for
western blot analysis.

Immunocytochemistry studies. Fluorescence microscopy studies were
performed as described previously.40 Cells were fixed with 4% paraformaldehyde
in PBS for 20 min at RT for NFkB-p65 and Ki67 stainings and with methanol for
2 min at � 20 1C for phospho-EGFR, TbRI, TbRII and caveolin-1 stainings.
Coverslips were then incubated with primary antibody diluted in 1% BSA for 2 h at
RT for NFkB-p65 and Ki67 or overnight at 4 1C for all other antibodies (dilutions:
NFkB-p65 1 : 50; Ki67 1 : 100; p-EGFR 1 : 200; TbRI 1 : 200, TbRII 1 : 200 and
caveolin-1 1 : 200). After several washes with PBS, the samples were incubated
with Alexa Fluor 488-conjugated anti-rabbit or anti-mouse for 1 h at RT (1 : 200).
After washing with PBS, nuclear DNA was stained with DAPI (Sigma-Aldrich) and
samples were mounted in MOWIOL 4-88 reagent (Calbiochem). Cells were
visualized in a Nikon-80I microscope (Tokyo, Japan) with the appropriate filters,
except in the Supplementary Figure 1, where an Olympus BX-60 microscope
(Tokyo, Japan) and a Leica TCS-NT confocal microscope (Wetzlar, Germany)
were used (as specified in its figure legend). Representative images were taken
and edited in Adobe Photoshop software.

TACE/ADAM17 activity measurement. Fluorimetric measurement of
TACE/ADAM17 activity was determined as described previously,4 using
10mM TACE Substrate IV from Calbiochem, with 10 mg of protein extract.
Fluorescence was measured in a Microplate Fluorescence Reader Fluostar
Optima every 5 min during 1 h at 37 1C (excitation: 320 nm; emission: 420 nm).
Protein concentration of cell lysates was determined using Bradford reagent from
Sigma-Aldrich. Results were expressed as percentage of activity compared with
the untreated control (100%).

Analysis of gene expression. RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) was used for total RNA isolation. Reverse transcription (RT) was carried out
using the High Capacity Reverse Transcriptase kit (Applied Biosystems, Foster
City, CA, USA), with 500 ng of total RNA from each sample for complementary
DNA synthesis.

For real-time quantitative PCR, expression levels were determined in duplicate in
an ABIPrism7700 System, using the Sybr Green PCR Master Mix (Applied
Biosystems) or in a LightCycler 480 System, using LightCycler 480 SYBR Green I
Master Mix (Roche, Basel, Switzerland). Reactions were performed with the
following mouse-specific primers:

TACE/
ADAM17

50-GGGTTTTGCGACATGAATGG-30 forward

50-GAAAACCAGAACAGACCCAAC-30 reverse
EGFR 50-CTCCATGCTTTCGAGAACCTAG-30 forward

50-ATGATCACATCCCCATCACTG-30 reverse
TbRI 50-CCAAACCACAGAGTAGGCAC-30 forward

50-ACCAATAGAACAGCGTCGAG-30 reverse
TbRII 50-GGAGAAGTGAAGGATTACGAGC-30 forward

50-CACACGATCTGGATGCCC-30 reverse
HB-EGF 50-CCCCTATACACATATGACCACAC-30 forward

50-CAACTTCACTTTCTCTTCACTTTCC-30 reverse
TGF-a 50-CTGGGTATCCTGTTAGCTGTG-30 forward

50-GTACTGAGTGTGGGAATCTGG-30 reverse
AREG 50-AGATACATCGAGAACCTGGAGG-30 forward

50-AGAGACAAAGATAGTGACAGCTAC-30 reverse
L32 50-ACAATGTCAAGGAGCTGGAG-30 forward

50-TTGGGATTGGTGACTCTGATG-30 reverse
18S 50-CGAGACTCTGGCATGCTAA-30 forward

50-CGCCACTTGTCCCTCTAAG-30 reverse

Knockdown assays. For transient siRNA transfection, cells were transfected
at 50% confluence using TransIT-siQuest (Mirus, Madison, WI, USA) at 1 : 300
dilution in complete medium, according to the manufacturer’s recommendation,
with a final siRNA concentration of 50 nM during 8 h. Oligos were obtained from
Sigma-Genosys (Suffolk, UK). The oligo sequences were as follows:

Unsilencing 50-GUAAGACACGACUUA UCGC-30

Cav1(1) 50-ACGUAGACUCCGAGGGACA-30

Cav1(2) 50-GCAAAUACGUAGACUCCGA-30

EGFR 50-GCGAUAAGUCGUGUCUUAC-30

The unsilencing siRNA used was selected from previous works.39

Preparation of detergent-resistant membrane (DRM) fractions.
DRM fractions were purified as described in Navarro-Lerida et al.48 Two confluent
p100 plates were scraped from each cell line and resuspended in 335ml (final
volume) MES-buffered saline (MBS: 25 mM MES, pH 6.5, 0.15 M NaCl, 1 mM
PMSF plus 1% Triton X-100) at 4 1C. Cells were homogenized by a minimum of 10
strokes through a syringe (0.5� 16 mm) on ice. The homogenate was brought up
to 670ml by adding 335ml 80% sucrose in MBS, and placed at the bottom of a
Beckman TLS-55 2.2 ml Ultraclear tube (Beckman Coulter, Brea, CA, USA). The
discontinuous sucrose gradient (40–30–5%) was formed by sequentially loading
670ml 30% sucrose and 670ml 5% sucrose in MBS. Separation was performed by
centrifuging at 50 000 r.p.m. for 3 h in a TLS-55 rotor (Beckman Coulter) at 4 1C
(using an Optima MAX-TL ultracentrifuge, Beckman Coulter). A light, scattered
band confined to the 5–30% sucrose interface was observed that contained most
caveolin-1 protein and excluded most other proteins. Six 335-ml fractions were
collected, starting from the bottom of the tube. An equal volume of cold acetone
was added to each fraction and the proteins precipitated overnight at 4 1C. Protein
pellets were collected by centrifugation at 13 000 r.p.m. and air-dried for 2 h to
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eliminate acetone traces. The protein precipitates were then analyzed by SDS-
PAGE and western blot, or dot blot in the case of GM1.

Statistics. All data represents at least three experiments and are expressed as
the mean±S.E.M. Differences between groups were compared using Student’s
t-test (when comparing two groups), one-way ANOVA with Tukey’s
multiple comparison test (when comparing more than two groups and considering
one independent variable) or two-way ANOVA with Bonferroni post hoc test
(when comparing differences between groups considering two independent
variables). All statistical tests were conducted using GraphPad Prism (La Jolla,
CA, USA). Differences were considered statistically significant at *Po0.05,
**Po0.01 and ***Po0.001.
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Dissecting the Role of Epidermal Growth Factor
Receptor Catalytic Activity During Liver
Regeneration and Hepatocarcinogenesis

Judit L�opez-Luque,1* Daniel Caballero-D�ıaz,1* Adoraci�on Martinez-Palaci�an,2* C�esar Roncero,2**
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Margarita Fern�andez,2 Emilio Ramos,10 Ar�anzazu S�anchez,2*** and Isabel Fabregat1,11***

Different data support a role for the epidermal growth factor receptor (EGFR) pathway during
liver regeneration and hepatocarcinogenesis. However, important issues, such as the precise
mechanisms mediating its actions and the unique versus redundant functions, have not been
fully defined. Here, we present a novel transgenic mouse model expressing a hepatocyte-specific
truncated form of human EGFR, which acts as negative dominant mutant (DEGFR) and allows
definition of its tyrosine kinase–dependent functions. Results indicate a critical role for EGFR
catalytic activity during the early stages of liver regeneration. Thus, after two-thirds partial hepa-
tectomy, DEGFR livers displayed lower and delayed proliferation and lower activation of prolif-
erative signals, which correlated with overactivation of the transforming growth factor-b
pathway. Altered regenerative response was associated with amplification of cytostatic effects of
transforming growth factor-b through induction of cell cycle negative regulators. Interestingly,
lipid synthesis was severely inhibited in DEGFR livers after partial hepatectomy, revealing a new
function for EGFR kinase activity as a lipid metabolism regulator in regenerating hepatocytes.
In spite of these profound alterations, DEGFR livers were able to recover liver mass by overacti-
vating compensatory signals, such as c-Met. Our results also indicate that EGFR catalytic activ-
ity is critical in the early preneoplastic stages of the liver because DEGFR mice showed a delay
in the appearance of diethyl-nitrosamine-induced tumors, which correlated with decreased pro-
liferation and delay in the diethyl-nitrosamine-induced inflammatory process. Conclusion: Our
studies demonstrate that EGFR catalytic activity is critical during the initial phases of both liver
regeneration and carcinogenesis and provide key mechanistic insights into how this kinase acts
to regulate liver pathophysiology. (HEPATOLOGY 2015; 00:000-000)

T
he liver is a unique organ in displaying reparative
response and regenerative capacity. However,
prolonged liver regeneration as a consequence of

chronic liver diseases produces the appearance of genetic/

epigenetic alterations that finally concur in the develop-
ment of hepatocarcinogenesis. The epidermal growth fac-
tor receptor (EGFR/ErbB1) pathway plays an essential
role in virtually all steps of these processes.1 However,

Abbreviations: DEN, diethyl-nitrosamine; EGFR, epidermal growth factor receptor; ERK, extracellular signal–regulated kinase; HCC, hepatocellular carcinoma;
HGF, hepatocyte growth factor; mRNA, messenger RNA; NADPH, reduced nicotinamide adenine dinucleotide phosphate; PH, partial hepatectomy; qRT-PCR,
quantitative reverse-transcriptase polymerase chain reaction; TGF-a/-b, transforming growth factor (a/b); TNF-a, tumor necrosis factor-a; uPA, urokinase-type
plasminogen activator; WT, wild type.
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many questions remain unanswered. It is not well under-
stood which of its two main functions (cell proliferation
and survival) plays more essential roles during liver regen-
eration or hepatocarcinogenesis. Additionally, EGF/
EGFR and hepatocyte growth factor (HGF)/Met signal-
ing play both redundant and specific roles in these phe-
nomena.2-4 Nevertheless, their specific mechanisms are
not completely known. We previously reported that the
EGFR pathway impairs the suppressor arm of the trans-
forming growth factor-b (TGF-b) pathway in hepato-
cytes and liver tumor cells in vitro5,6; however, there is no
evidence that this effect may be relevant in vivo. Further-
more, there is a lack of knowledge about how necessary
the catalytic domain of the EGFR pathway is in its in
vivo actions, which is very important for the design of
therapeutic strategies targeting this pathway. It would be
expected that the enzymatic phosphorylation capacity of
the EGFR is essential. In this sense, targeting EGFR by
small interfering RNA technology or inhibiting its enzy-
matic capacity with gefitinib produced similar effects in
liver tumor cells.7 However, it has been also proposed that
hepatocyte priming during liver regeneration involves
modulation of the EGFR-mediated growth responses with-
out an increase in its receptor tyrosine kinase activity.8

Taking all this into consideration, we decided to gen-
erate a new experimental animal model to explore the
role of hepatocyte EGFR tyrosine kinase activity in liver
regeneration and hepatocarcinogenesis. A transgenic ani-
mal was generated which expresses specifically in hepato-
cytes a truncated form of the human EGFR that lacks
the intracellular catalytic domain (previously generated
by Schlessinger’s group9). This truncated form is able to
undergo EGF-induced dimerization with wild-type
(WT) receptors, allowing the binding of EGFR ligands
but acting as a negative dominant mutant.10,11 This
model has the advantage, compared with the knockout
mouse model, that the EGFR ligands bind to the recep-
tors in the hepatocyte membrane and no excess of
EGFR ligand is available to the nonparenchymal cells.
Furthermore, only the intracellular domain of the

EGFR is missed, which means that the specific role of
the phosphorylation-dependent EGFR activity will be
analyzed. Partial hepatectomy (PH) and diethyl-
nitrosamine (DEN) treatment were performed to ana-
lyze the specific roles of the EGFR catalytic activity dur-
ing liver regeneration and hepatocarcinogenesis.

Materials and Methods

Generation of Transgenic EGFR Mice and Hepatocyte
Cell Lines. A complementary DNA coding for a trun-
cated form of the human EGFR, lacking the kinase
domain in its intracytosolic region (amino acids 654-
1186), was cloned in transference bacterial artificial
chromosome clone RP23-279P6 (kindly provided by
Prof. Dr. G€unther Sch€utz, Molekularbiologie der Zelle
I, Deutsches Krebsforschungszentrum (DKFZ) Heidel-
berg, Germany) carrying Albumin locus and Chloram-
phenicol resistance gene. The truncated EGFR was
introduced just in the ATG starting codon of the albu-
min gene, surrounded by 160 kb of the albumin chro-
mosomal genomic sequence, as described (Fig. 1A).12

Linearized bacterial artificial chromosome DNA was
microinjected into the pronuclei of mouse B6CBAF2
zygotes according to reported protocols,13 which were
later transferred to pseudopregnant recipient females,
finally obtaining transgenic mice Alb-D654-1186EGFR
(from now abbreviated as DEGFR). Six different foun-
der mice were bred with C57BL/6 WT mice. Three of
them gave littermates and showed germline transmission
of the transgene. The DEGFR F1 mice obtained were
interbred to generate stable transgenic mouse lines,
which were kept heterozygous. Transgenic lines are
archived in the European Mouse Mutant Archive as
B6CBA-Tg(Alb-deltaEGFR). Genotyping was assessed
by polymerase chain reaction as specified in the Euro-
pean Mouse Mutant Archive. Using specific primers
that exclusively detect expression of the human EGFR
gene, we demonstrated the transgene expression in
DEGFR mice by quantitative reverse-transcriptase poly-
merase chain reaction (qRT-PCR) analysis, which was
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Fig. 1. Characterization of the transgenic model of Alb-D654-1186EGFR (abbreviated as DEGFR) mice. (A) A complementary DNA coding for a truncated
form of the EGFR that had a deletion in its intracytosolic region (amino acids 654-1186) was cloned in a transference plasmid under the control of a specific
hepatocyte promoter formed by the albumin locus just before ATG of the albumin mouse gene. Three different lines of transgenic mice were established and
named as 1000, 2000, and 4000, which presented different copy number of the transgene. (B) Left: Primary hepatocytes were isolated from WT and DEGFR
of the two mouse lines that presented a higher transgene copy number and immortalized as described in Materials and Methods. Right: Levels of human EGFR
transcripts in mice analyzed by qRT-PCR. Mean 6 standard error of the mean of three independent experiments. (C) Morphology of the isolated hepatocytes.
(D) Response to heparin binding EGF-like growth factor in terms of EGFR phosphorylation (fetal bovine serum depleted medium) was attenuated in the
Hep1DEGFR hepatocytes. Western blot analysis, a representative experiment of five is shown. (E) Differences in the response to heparin binding EGF-like
growth factor (fetal bovine serum depleted medium) in terms of cell proliferation between WT and Hep1DEGFR hepatocytes. Cell number was analyzed by try-
pan blue staining. Mean 6 standard error of the mean of two independent experiments performed in triplicate. (B,E) Student t test was used: *P< 0.05,
**P< 0.01, ***P< 0.001. Abbreviations: BAC, bacterial artificial chromosome; cDNA, complementary DNA; HB-EGF, heparin binding EGF-like growth factor.



confirmed at the protein level by western blot (Support-
ing Fig. S1).

For generation of immortalized hepatocytes, pools of
four to six livers from WTand DEGFR neonates (5-7 days
old) were used. Isolation of the cells (by collagenase disper-
sion) and immortalization were achieved as described.14

For further details, culture conditions, cell viability, and
apoptosis analyses, see the Supporting Information.

PH in Mice. PH was performed in animals at 8-12
weeks of age by removal of two-thirds of the liver, as
described by Higgins and Anderson.15 Mice were killed at
6, 12, 24, 48, and 72 hours and 7 days after surgery; and
tissue samples were immediately frozen in liquid nitrogen
for RNA and protein extraction, cryopreserved in optimal
cutting temperature compound for oil red O staining, or
fixed in 4% paraformaldehyde for immunohistochemical
analysis. Sham-operated mice were used as control.

DEN-Induced Hepatocarcinogenesis in Mice.
Male mice at day 15 of age received intraperitoneal
injections of DEN (10 mg/kg) diluted in saline buffer.
At 9 and 12 months of age, mice were sacrificed and
their livers removed. For histological studies, liver lobes
were fixed in 4% paraformaldehyde overnight and
paraffin-embedded for immunohistochemical staining.
Total RNA and protein were isolated from frozen tissues
for qRT-PCR and western blotting analyses. Three to
four animals/condition and at least two different tissue
pieces/animal were processed for RNA extraction.

Western Blot Analysis. Total protein extracts and
western blotting procedures were carried out as
described.16,17

For more details and other methods, ethics statement,
and statistical analysis, see the Supporting Information.

Results

Generation of Transgenic Mice Expressing a Trun-
cated Form of the EGFR, Which Lacks the Catalytic
Intracellular Domain in Hepatocytes. Three differ-
ent lines of transgenic mice were established from foun-
der mice expressing different copy numbers of the
transgene (Fig. 1A). Primary hepatocytes were isolated
and immortalized, as described above. EGFR messenger
RNA (mRNA) expression levels were proportional to
the copy number of the transgene (Fig. 1B). Analysis of
cell morphology revealed that hepatocytes from line
1000 (highest expression of the transgene) presented
lower viability (Fig. 1C) and decreased basal prolifera-
tive capacity compared with the WT ones. Response to
heparin binding EGF-like growth factor was signifi-
cantly attenuated in terms of EGFR phosphorylation/
signaling, at either short (Fig. 1D) or long (results not

shown) time points, as well as in terms of cell prolifera-
tion (Fig. 1E). TGF-b transactivates the EGFR in hepa-
tocytes, which inhibits its proapoptotic activity.7,18

Hepatocytes isolated from DEGFR mice did not phos-
phorylate the EGFR under TGF-b treatment, which
correlated with impairment in the activation of survival
signals, such as extracellular signal–regulated kinase
(ERK) mitogen-activated protein kinases (Supporting
Fig. S2A), higher growth inhibition, and apoptosis
(Supporting Fig. S2B-D). Interestingly, DEGFR hepato-
cytes showed higher basal apoptosis compared with WT
ones. These results indicate the suitability of the animal
and cell model to study the specific implication of the
hepatocyte EGFR catalytic domain in liver physiology
and pathology.

DEGFR Mice Show Delayed Hepatocyte Prolifera-
tion After Two-Thirds PH Coincident With a Higher
Activation of the TGF-b Pathway. To explore the
specific role of hepatocyte EGFR activity during liver
regeneration, we performed two-thirds PH in WT and
DEGFR mice, selecting the two mouse lines with a
higher expression of the transgene. WT animals activated
the EGFR pathway in the remaining liver after PH, ana-
lyzed as EGFR phosphorylation in hepatocytes by
immunohistochemical analysis of paraffined tissues (Fig.
2A). DEGFR animals, in contrast, did not show phos-
phorylation of the EGFR. This was not due to differen-
ces in expression of the endogenous EGFR or its ligand
TGF-a, the EGFR ligand highly expressed in hepato-
cytes during liver regeneration19 (Supporting Fig. S3A),
which proves that the human DEGFR transgene indeed
acts as a negative dominant, inhibiting the hepatocyte
response to EGFR ligands. No compensatory increases
in the expression of other members of the EGFR family
(Erbb2, Erbb3, and Erbb4), due to inactivation of the
EGFR function, were found (Supporting Fig. S3B).
Immunohistochemical analysis of Ki67 revealed lower
and delayed hepatocyte proliferation in DEGFR mice
(Fig. 2B). WT animals showed an early increase in the
levels of intracellular signals that mediate hepatocyte pro-
liferation, such as p-AKT and p-ERK mitogen-activated
protein kinases (Fig. 2C). However, DEGFR livers pre-
sented a significantly lower response. Cytokines such as
interleukin-6 and tumor necrosis factor-a (TNF-a) are
considered relevant for priming hepatocytes to prolifer-
ate2-4; however, both WT and DEGFR livers showed
similar changes in the expression of these cytokines at
12-24 hours after PH, which correlated with a similar
inflammatory response (results not shown).

Considering the relevant role played by EGF in coun-
teracting the TGF-b suppressor effects,6 we wondered
whether DEGFR animals may show higher Smads
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Fig. 2. Hepatocyte proliferation induced after two-thirds partial PH is delayed in DEGFR transgenic mice. Immunohistochemical analysis of
phospho-EGFR (A) and Ki67 (B, left) in paraffined liver tissues from WT and DEGFR mice at the indicated times after PH. (B) Right: Quantifica-
tion of the percentage of Ki67-labeled nuclei. (C) Upper: Western blot analysis of the protein levels of phospho-EGFR, phospho-Akt, and
phospho-ERKs as early proliferative signals. Lower: Quantification of the densitometric analysis. (B, right; C, lower) Data are mean 6 standard
error of the mean of at least four animals per group. Student t test was used: *P< 0.05 compared to WT; #P< 0.05, ##P< 0.01, and
###P< 0.001 compared to time 0.
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phosphorylation and/or higher activation of TGF-b
downstream pathways. Results indicated that Smad3
phosphorylation, a hallmark of TGF-b activation, is

higher in DEGFR animals at basal levels and at all the
times analyzed after PH (Fig. 3A; Supporting Fig. S4).
Interestingly, the decrease in Smad3 phosphorylation

Fig. 3. Overactivation of the TGF-b pathway in DEGFR mice under basal conditions and during liver regeneration after PH. (A) Ratio of
phospho-Smad3 versus Smad3 protein levels (densitometric analyses of western blots shown in Supporting Fig. S4) at basal conditions and at
the indicated times after PH. (B) qRT-PCR analysis of TGF-b1 and A2m mRNA levels. (C) Analysis of the mRNA levels of the indicated genes by
qRT-PCR at different times after PH. (A-C) Data are mean 6 standard error of the mean of at least four animals per group. Student t test was
used: *P< 0.05, **P< 0.01, and ***P< 0.001. Abbreviation: A2m, a2-macroglobulin.
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observed in WT animals at 12 hours after PH was not
observed in DEGFR mice, which maintained a high
activation of the pathway. Levels of TGF-b1 transcripts
were significantly higher in DEGFR livers before PH as
well as at short times after PH compared with WT ones
(Fig. 3B, left). Furthermore, a2-macroglobulin, a plasma
protein previously proposed as a binding protein for
TGF-b that attenuates its effects,20 was up-regulated in
WT, but not in DEGFR, animals after PH (Fig. 3B
right). Indeed, the EGFR pathway may up-regulate a2-
macroglobulin, which could in turn counteract TGF-b
activity. All these data suggest a stronger activation of
the TGF-b pathway in DEGFR livers compared with
WT ones.

As in vitro experiments had indicated that EGF coun-
teracts TGF-b-induced apoptosis by inhibiting its effects
on Bim and Bmf up-regulation,7 we tested for potential
differences in the expression of these genes between WT
and DEGFR mice. Bmf, but not Bim, expression was
down-regulated after PH in both animals; but, interest-
ingly, levels remained higher in DEGFR compared with
WT mice (Fig. 3C). Expression of Bcl-xL, an antiapop-
totic Bcl-2 member known to be a TGF-b target gene in
hepatocytes,6 increased early after PH in both animal
models, although the increase in DEGFR mice was
slightly lower. However, in spite of these differences,
analysis of the active form of caspase-3 by immunohisto-
chemistry or caspase-3 activity in tissues revealed no dif-
ferences between WT and DEGFR livers at any of the
different times analyzed (Supporting Fig. S5). Because
Bim and Bcl-xL expression undergoes also posttranscrip-
tional regulation, we analyzed their protein levels; but
we could not find significant differences between WT
and DEGFR mice (results not shown). Additionally, we
searched for changes in the expression of Nox4, a
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase whose expression is up-regulated by
TGF-b and mediates its apoptotic actions,21 an effect
that is impaired by EGF.5 Nox4 expression significantly
decreased after PH, as we have recently described.22

However, no significant differences were observed
between WT and DEGFR animals (Fig. 3C).

As apoptosis failed to explain the observed delay in
the hepatocyte proliferative response, we next focused
on the expression of cell cycle regulators modulated by
TGF-b. We found a significant increase in the expres-
sion of Cdkn2b (the gene encoding p15INK4b) at 6
hours after PH in DEGFR mice that was not observed
in WT animals (Fig. 3C). Levels of Cdkn1a transcripts
(the gene encoding p21/WAF1/CIP1) increased at short
times after PH in both animals, but whereas in WT ani-
mals levels slowly returned to basal ones, in DEGFR

mice levels remained high, the differences being particu-
larly relevant at 72 hours after PH. These results suggest
that high levels of p15 could be responsible for the delay
in the early proliferative response of DEGFR hepato-
cytes to PH and that high levels of p21 at later times
could slow the proliferation during the entire regenera-
tive process. Interestingly, both p15 and p21 levels were
increased in nonhepatectomized DEGFR livers com-
pared with WT ones. Indeed, a functional EGFR path-
way may be necessary to counteract the cytostatic effects
of TGF-b in hepatocytes, a process that is particularly
crucial after two-thirds PH of the liver.

Regulation of Lipid Metabolism After Two-Thirds
PH Is Altered in DEGFR Mice. When histological
analysis by hematoxylin and eosin was performed, we
observed that WT livers 48 hours after PH showed
vacuolated cells, with the appearance of multifocal drops
(Fig. 4A), whereas DEGFR livers did not show this
appearance. Suspecting that they could be deposits of
lipids, we performed oil red O staining, confirming the
accumulation of lipid drops, which correlated with an
increase in triglyceride levels in WT, but not in DEGFR,
livers (Fig. 4B,C). Among different regulatory genes
analyzed, the increase in lipid accumulation in WT liv-
ers was coincident with up-regulation of the mRNA lev-
els of fatty acid synthase, a key enzyme involved in de
novo fatty acid synthesis, and glucose-6-phosphate dehy-
drogenase, the regulatory enzyme of the pentose-
phosphate cycle, responsible for NADPH production.
However, up-regulation of these enzymes was altered in
DEGFR animals (Fig. 4D). These results suggest that
the EGFR pathway regulates lipid metabolism in hepa-
tocytes after PH.

DEGFR Mice Are Able to Regenerate the Liver:
Potential Role of HGF/Met in This Process. Regard-
less of the described alterations, DEGFR mice showed
only a slight, but not significant, increase in the mortal-
ity after two-thirds PH (Fig. 5A). Remaining animals
overcame liver injury (analyzed by serum parameters;
Supporting Table S2) and were able to fully regenerate
the liver with a similar kinetic to WT animals (Fig. 5B).
These results led us to state that in spite of the delay in
hepatocyte proliferation, the capacity of the liver to
recover its mass was not affected by the inhibition of
EGFR signaling. Hence, we focused on identifying
other potential mitogenic signals that could be overacti-
vated in DEGFR livers. We observed that DEGFR mice
expressed higher levels of Hgf mRNA than WT mice,
both under basal conditions and shortly after PH (Fig.
5C, left). Interestingly, we also found differences in the
expression of urokinase-type plasminogen activator
(uPA), which mediates the release of HGF from
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extracellular matrix during liver regeneration.23 uPA
mRNA levels were elevated in DEGFR livers, compared
with WT mice, this difference being particularly signifi-
cant at 6 hours after PH (Fig. 5C, right). The increase
in Hgf expression correlated with higher levels of c-Met
phosphorylation in DEGFR livers. Notably, levels of
phosphorylated c-Met remained high at 3 days after PH
in DEGFR livers (Fig. 5D). It is worth noting that,
although c-Met mRNA levels decreased after PH in
both WT and DEGFR livers (Fig. 5E), the decrease in
protein levels was only observed in WT animals, whereas

DEGFR mice maintained, or even increased, c-Met lev-
els at all time points analyzed (Fig. 5D). This suggests
that a posttranscriptional regulation of c-Met may allow
the maintenance of high protein levels after PH in
DEGFR mice, resulting in a sustained activation of this
pathway. All these results indicate that the HGF path-
way is overactivated in DEGFR livers after PH and
could justify that, although delayed, an efficient regener-
ation is observed in these animals.

It is worth mentioning that hepatocyte size signifi-
cantly decreased at short times after PH in both WT

Fig. 4. DEGFR mice show differences in lipid metabolic changes during liver regeneration. (A) Histological analysis of the livers from WT and
DEGFR mice by hematoxylin and eosin staining. (B) Immunohistochemical analysis of the lipid content by oil red O staining performed in frozen
liver sections. (C) Analysis of triglyceride content in WT and DEGFR livers at basal conditions and 48 hours after PH. (D) qRT-PCR analysis of the
levels of expression of Fasn and G6pdx at the indicated times after PH. (C) Data are mean 6 standard error of the mean of three animals per
group. Student t test was used: *P< 0.05. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; TG, triglyceride.
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and DEGFR animals; however, DEGFR mice showed a
quick recovery of size such that after 24 hours hepato-
cyte size in DEGFR livers was significantly higher than
that observed in WT livers (see Supporting Fig. S6 for
images of the cells and Fig. 5F for quantification of the
size). This hypertrophy could also contribute to the
maintenance of liver functions and the low percentage
of failure observed in DEGFR mice.

DEGFR Mice Show Delayed Appearance of Liver
Tumors Induced by DEN Treatment. When we sub-
mitted 15-day-old WTand DEGFR mice to an acute treat-
ment with DEN, liver injury (analyzed by serum
parameters; Supporting Table S2) was higher in DEGFR
animals, indicating a role for EGFR as a survival pathway
in hepatocytes when submitted to a toxic insult. However,
at 9 months of age, WTanimals developed macroscopically

Fig. 5. DEGFR livers that are able to regenerate after PH show overactivation of the HGF/Met pathway and a significantly greater cell size
compared with WT mice. (A) Kaplan-Meier survival curve. DEGFR mice showed a slight increase in mortality after two-thirds PH, although differ-
ences were not statistically significant. (B) Remaining animals fully regenerate the liver. Liver/body weight ratio. (C) qRT-PCR analysis of the
mRNA levels of Hgf (left) and uPA (right). (D) Analysis of phospho-Met and total Met by western blot at the indicated times after PH in WT and
DEGFR livers. (E) qRT-PCR analysis of the mRNA levels of Met. (F) Quantification of hepatocyte size at the indicated times (after immunostaining
of E-cadherin to label the cell membrane; Supporting Fig. S6) using ImageJ software. (B,C,E,F) Data are mean 6 standard error of the mean of
at least three animals per group. Student t test was used: *P< 0.05, **P< 0.01, and ***P< 0.001.
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visible tumors, which were barely observed in DEGFR
mice (Fig. 6A,B). Consistently, the liver to body weight
ratio significantly increased in WT, but not in DEGFR,
mice (Fig. 6C). However, 12 months after DEN injection,
DEGFR animals presented macroscopic tumors (Fig.
6A,B), and the liver to body weight ratio increase was quite
similar in mice of both phenotypes (Fig. 6C). Expression
of the truncated form of the hEGFR was maintained at this
age in the DEGFR animals, which did not show changes
in the mRNA levels of any of the EGFR family members
(Supporting Fig. S7).

Immunohistological and proliferative (Ki67 staining)
analysis of tissues at 9 months after DEN treatment
revealed the appearance of early preneoplastic lesions
detectable only under the microscope. The number of
lesions at 9 months of age in WT mice was much higher
than that in DEGFR ones (Fig. 6D). Analysis of cell

proliferation rate by Ki67 immunohistochemistry in the
neoplastic areas revealed a lower proliferative rate in
DEGFR tumors at 9 months compared with WT
tumors but a similar proliferative rate at 12 months of
age (Fig. 7A). These results suggest that lack of the cata-
lytic activity of the EGFR delays the appearance of
tumors but cannot fully prevent the hepatocarcinogenic
process.

DEN-Induced Hepatic Inflammatory Process Is
Delayed in DEGFR Mice. Considering that hepato-
cellular carcinoma (HCC) is a clear example of
inflammation-related cancer, we evaluated inflammatory
markers in histological sections of nontumoral areas of
WT and DEGFR livers. As shown in Fig. 7B, WT livers
showed strong positive areas for F4/80 staining, a macro-
phage marker, 9 months after DEN treatment, while
DEGFR mice did not. At 12 months of age the situation

Fig. 6. DEGFR mice show a delay in the appearance of DEN-induced tumors. WT and DEGFR male mice were treated at day 15 of age with
phosphate-buffered saline or DEN, and livers were collected at 9 and 12 months of age. (A) Representative images of livers from DEN-treated
mice at the time of sacrifice. (B) Quantification of macroscopic tumors per animal. (C) Analysis of the liver/body weight ratio of WT and DEGFR
mice. (D) Appearance of microscopic preneoplastic lesions at 9 months of age. (B-D) Data are mean 6 standard error of the mean of at least
four animals per group. Student t test was used: *P< 0.05 and **P< 0.01 compared to WT mice; #P< 0.05 compared to 9 months. Abbrevi-
ation: n.s., no significance.
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in WT and DEGFR livers was comparable as both ani-
mals showed similar extent of inflammation. Further-
more, some fibrotic areas could be observed at 9 months
of age in WT mice, whereas in DEGFR mice collagen

deposits were only seen around the portal triads and peri-
vascular regions (Supporting Fig. S8), as occurs in healthy
liver. Larger collagen deposits were found in DEGFR liv-
ers at 12 months of age, similar to the situation in WT

Fig. 7. Immunohistochemical analysis of proliferative and inflammatory areas in livers from DEN-treated WT and DEGFR mice. (A) Representa-
tive hematoxylin and eosin and immunohistochemical analyses of proliferation (Ki67 staining) in preneoplastic areas in livers from WT and
DEGFR mice. Quantification of Ki67-positive cells (percentage) is in the bottom of each image. (B) Upper: Inflammatory lesions analyzed by F4/
80 staining (macrophage marker). Lower: qRT-PCR analysis of mRNA levels of the proinflammatory cytokines interleukin-6 (Il6) and TNF-a (Tnfa)
and chemokines CCL2 (Ccl2) and CXCL1 (Cxcl1) in macroscopically selected tumoral areas as well as in the surrounding tissue at 9 months of
age in WT and DEGFR animals. (A,B) Data are mean 6 standard error of the mean of at least four animals per group (three sections/animal).
Student t test was used: *P< 0.05 and **P< 0.01 compared to WT mice; #P< 0.05 compared to 9 months. Abbreviation: H&E, hematoxylin
and eosin.
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animals. These results indicate that lack of EGFR cata-
lytic activity in the hepatocytes provokes a delay in the
DEN-induced inflammatory process in the liver. Analysis
of the expression of classical cytokines involved in liver
inflammation revealed lower Il6 and TNFa mRNA levels
(Fig. 7B) but no changes in Il1b or Il17a (results not
shown) in the tumor-surrounding tissues of DEGFR liv-
ers compared with WT ones. Furthermore, among differ-
ent inflammatory chemokines for which some evidence
exists that may be controlled by the EGFR pathway in
HCC,24 we found decreased expression of Ccl2 in the
tumoral tissues and of Cxcl1 in both tumoral and nontu-
moral areas in DEGFR livers (Fig. 7B). No differences
were found in other analyzed chemokines (Ccl20, Cxcl2,
Cxcl3, or Cxcl5; results not shown).

Following the previous hypothesis about crosstalk
between TGF-b and the EGFR, we next analyzed the
expression of TGF-b1 mRNA and the levels of phos-
phorylation of Smads in livers from WT and DEGFR
mice at 9 months of DEN treatment. We could not find
significant differences in either TGF-b1 levels (Fig. 8A)
or phospho-Smad3 levels (results not shown). Of rele-
vance, none of the apoptosis or cell cycle regulatory
genes analyzed showed differences in DEGFR livers (in
either tumor or surrounding areas) that could correlate
with their lower tumor progression (Fig. 8A). Nonethe-
less, it was really interesting to find a significant differ-
ence in the levels of Nox4, the NADPH oxidase that
mediates some of the suppressor actions of TGF-b and
for which we have recently found a relevant liver tumor
suppressor role.22 Finally, analysis of Hgf mRNA levels
revealed a significant increase in the livers of DEGFR
mice (nontumoral tissue). No evidence was observed for
increases in uPA or Met at the mRNA level (Fig. 8B).

These results together indicate that delay in the inflam-
mation process is the most evident alteration observed in
DEGFR mice that justifies the retarding of the appear-
ance of DEN-induced tumors. The increased levels of
Nox4, a liver growth suppressor protein, could also con-
tribute. The increase in HGF levels might replace the
EGF-induced growth once the tumor is formed.

Discussion

The purpose of this study was to elucidate the specific
role of the EGFR catalytic activity in a physiological
(liver regeneration) and a pathological (hepatocarcino-
genesis) situation of the liver where proliferation of
adult hepatocytes takes place. Our results demonstrate
that although EGFR signaling plays crucial roles in these
processes, its absence only results in an overall delay in
both regeneration and carcinogenesis, suggesting the

existence of at least partial functional compensation by
alternative routes.

First of all, we propose an essential role for EGFR in
the early phases of the regenerative response after PH in
mice, mediating a fast and efficient process. In a previ-
ous study, Natarajan et al.25 generated a mouse model
carrying a floxed EGFR allele to inactivate the EGFR in
the adult liver. They proposed that EGFR is a critical
regulator of hepatocyte proliferation in the initial phases
of liver regeneration. Here, we confirm these results
using a novel and unique animal model, but we also
associate these effects with the catalytic activity of the
EGFR and provide new insights about the molecular
mechanisms by which this occurs, particularly overacti-
vation of the TGF-b pathway and alterations in lipid
metabolism.

Inactivation of TGF-b signaling in hepatocytes results
in an increased proliferative response after PH.26,27 One
of the main effects of TGF-b in liver cells is the induc-
tion of apoptosis through up-regulation of Bim and
Bmf, proapoptotic members of the Bcl-2 family. The
EGF pathway counteracts TGF-b proapoptotic effects
by impairing up-regulation of both genes and up-
regulating BclxL and Mcl-1, two antiapoptotic members
of the Bcl-2 family,6,7 an effect mediated by survival sig-
nals such as the phosphoinositide 3-kinase/Akt and
ERK pathways. However, our study demonstrates that
the major role of EGF during liver regeneration after
PH is not cell survival, probably because apoptosis is
not relevant in a model where there is no hepatocyte
damage. In contrast, the decrease and delay in activation
of the phosphoinositide 3-kinase/Akt and ERK path-
ways at early times after PH in DEGFR animals, con-
comitant with high expression of the cyclin-dependent
kinase inhibitor p15INK4, suggest a relevant role for
the EGFR pathway in priming hepatocytes to enter into
the cell cycle. We suggest that this delay could be
related, at least partially, to the overexpression of TGF-
b1 and overactivation of the TGF-b pathway observed
in animals with attenuated EGFR signaling. Although
initially it was supposed that TGF-b could play a rele-
vant role in mediating termination of liver regeneration,
the latest results indicate that it is not necessary during
this stage.26 In contrast, a higher and accelerated DNA
synthesis peak after PH was found in a Tgfbr2 knockout
(R2LivKO) animal model.26 Indeed, in contrast to pre-
vious predictions, TGF-b could play an essential role in
the first stages of liver regeneration; and here we show
that the EGFR pathway may be essential in regulating
its expression and signaling.

It is well known that after PH hepatocellular fat accu-
mulation occurs, concomitant with up-regulation of
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Fig. 8. Transcriptomic (qRT-PCR) analysis in tumoral and nontumoral areas in liver tissues from 9-month DEN-treated WT and DEGFR mice.
(A) Tgfb, apoptosis, and cell cycle regulatory genes. (B) HGF signaling pathway. (A,B) Data are mean 6 standard error of the mean of at least
four animals per group (three sections/animal). Student t test was used: *P< 0.05.
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genes related to the adipogenic program,28 which has
been suggested to be a mammalian target of rapamycin–
dependent process.29 Disruption of hepatic adipogenesis
is associated with impaired hepatocellular proliferation
following PH28 (for review, see Rudnick and David-
son30). Here we show for the first time that the EGFR
pathway is required for fat accumulation and up-
regulation of two key enzymes related to the de novo
lipid synthesis. Further studies will be required to deter-
mine the precise molecular mechanisms mediating these
effects.

In spite of these alterations, most of the DEGFR mice
survived to the PH and no significant differences could
be observed in the serum parameters related to liver
injury or in the liver to body mass ratio. It is true that a
higher mortality was observed in the first 48 hours after
PH, as also suggested by Natarajan et al. in the mice car-
rying a floxed EGFR25; but differences were not statisti-
cally significant. Our results are in agreement with the
work of Michalopoulos’s group where the consequences
of in vivo silencing of the EGFR on rat liver regenera-
tion using EGFR-specific short hairpin RNAs were ana-
lyzed.31 Despite suppression of hepatocyte proliferation
lasting into day 3 after PH, liver restoration occurred.
Interestingly, hepatocytes in short hairpin EGFR–
treated rats were considerably larger compared with
short hairpin RNA–treated controls, an effect that we
also observed in the DEGFR animals. Furthermore, we
show that DEGFR mice presented higher phosphoryla-
tion levels of c-Met that could compensate for the lack
of EGFR-mediated proliferative signals, a possibility
that was also suggested in Michalopoulos et al.’s work.31

Interestingly, we demonstrate up-regulation not only of
the expression of Hgf in DEGFR livers after PH but also
of its activator uPA, whose deficiency was shown to
retard liver regeneration by impairing the HGF path-
way.23 However, even though the HGF/Met pathway is
clearly overactivated in DEGFR animals, the contribu-
tions made by EGFR are unique in some aspects and
not compensated by c-Met. In particular, early activa-
tion of phosphoinositide 3-kinase/Akt and ERK signal-
ing would require EGFR signaling. Interestingly, Factor
et al. elegantly demonstrated that c-Met signaling in
hepatocytes is essential for sustaining long-term ERK1/2
activation throughout liver regeneration, and alternative
pathways may account for the early ERK1/2 activa-
tion.32 Furthermore, here we show that compensation
of the cytostatic effects of the TGF-b pathway and regu-
lation of lipid metabolism after PH appear to be fully
dependent on EGFR and may be necessary for more
efficient liver regeneration but dispensable for restoring
liver mass in those animals that survive the first hours

after PH. In agreement with these results, lack of Nogo-
B (reticulon 4B) produces overactivation of the TGF-b
pathway after PH in mice, coincident with a delay in
hepatocyte proliferation, but did not affect the liver to
body mass ratio in the regenerative process.33

We also show here that attenuation of EGFR catalytic
activity induces a significant delay in the appearance of
tumorigenic lesions in DEN-treated animals. However,
once tumors appear, the proliferative rate is similar in
DEGFR and WT animals. Surprisingly, no significant
differences were observed in the TGF-b pathway or in
the expression of apoptosis or cell cycle regulatory genes,
which could justify the delay in tumorigenesis. The only
significant change was the mRNA levels of Nox4, a
member of the NADPH oxidase family that is down-
regulated in HCC patients and negatively modulates
hepatocyte proliferation.22 Interestingly, EGF inhibits
Nox4 expression, acting at the transcriptional level on
the Nox4 promoter.21 Indeed, the more significant dif-
ference lies in the appearance of preneoplastic lesions. In
agreement with this result, a previous study using gefiti-
nib (an EGFR inhibitor) in DEN-induced hepatocarci-
nogenesis in mice revealed that the gefitinib-treated
animals showed significantly lower numbers of HCC
nodules but that the mean tumor size was not different
between untreated and gefitinib-treated mice.34 Similar
to what was found during liver regeneration, levels of
HGF were much higher in DEGFR animals, which sug-
gests that this cytokine might replace the mitogenic
function of the EGFR ligands.

Our study indicates that the delay in the appearance
of tumoral lesions might be associated with attenuation
of the inflammatory process. In support of these results,
pharmacological inhibition of EGFR signaling effec-
tively prevented the progression of cirrhosis and
regressed fibrosis in animal models.35 EGFR signaling
has been proposed as a critical junction between
inflammation-related signals and potent cell regulating
machineries.36 Recent evidence indicates that the EGFR
pathway regulates the expression of inflammatory factors
and chemokine ligands produced by liver tumor cells.24

Our results indicate differences in the expression of
interleukin-6 and TNF-a in the tumor surrounding tis-
sue, which suggests that the transgene expression in
hepatocytes affects the production of inflammatory
cytokines by themselves or other surrounding cells.
Interestingly, the EGFR pathway plays an essential role
in liver macrophages to mediate the inflammatory pro-
cess in DEN-induced HCC.37 Indeed, we cannot
exclude that the overexpression of a truncated form of
the EGFR that binds its ligands, but does not transduce
the signal, may decrease the number of free EGFR
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ligands able to act on the nonparenchymal cells. Fur-
thermore, it is worth pointing out that CCL2, a chemo-
kine considered to be a central coordinator of
hepatocyte-mediated inflammation,38 showed decreased
expression in DEGFR tumors. Finally, CXCL1, consid-
ered a critical player in both inflammation and tumor
growth in HCC,39 presented significantly decreased
mRNA levels in DEGFR tumoral and nontumoral areas.
Regardless of the mechanism and considering together
our results and others in the literature, there is no doubt
that one of the most essential functions of the EGFR
pathway during hepatocarcinogesis should be regulation
of inflammation addressed by parenchymal and/or non-
parenchymal cells.

In conclusion, here we provide a novel research tool,
a DEGFR transgenic mouse model, which has proved to
be very useful in deciphering the molecular mechanisms
underlying the functions of EGFR signaling in the adult
liver, in particular uncovering its tyrosine kinase–
dependent functions in liver regeneration and carcino-
genesis. We believe this model will open new possibil-
ities for exploring the EGFR pathway as a targeted
therapeutic strategy in chronic liver diseases and
carcinogenesis.
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Practice points

 ● Hepatocellular carcinomas (HCC)s show alterations in the Fas pathway molecules, conferring 
insensitivity to Fas-mediated apoptosis.

 ● Most HCCs are also insensitive toward TNF-related apoptosis-inducing ligand-mediated cell 
death.

 ● TGF-β induces apoptosis in hepatocytes. However, TGF-β is upregulated in a great 
percentage of HCC patients.

 ● TGF-β receptors or SMADs expression (and/or function) is not frequently altered in HCC.

 ● Overactivation of survival signals and epithelial-mesenchymal phenotypic changes cause 
HCC cell resistance to TGF-β-induced cell death.

 ● Once cells overcome TGF-β-induced apoptosis, this cytokine acts as a protumorigenic factor.

 ● Genetic alterations observed in HCC lead to an imbalance in the pro- and anti-apoptotic 
members of the Bcl-2 family.

 ● Autocrine activation of intracellular survival signals and/or mutations in genes involved in 
these processes protect HCC cells from apoptosis.

 ● Among others, deregulation of the following pathways is relevant in HCC: EGFR, IGF, c-Met, 
STATs, PI3K/AKT, Ras/MAPK.

 ● Mutations in the p53 suppressor gene (TP53) are commonly found in HCC and confer 
resistance to antineoplastic drugs that require p53 to mediate apoptosis.

 ● Sorafenib is the sole systemic management option demonstrating anti-tumor effects in 
advanced HCC.

 ● Sorafenib effectiveness is related to its capacity to induce apoptosis in HCC cells. Indeed, 
combination with other drugs that amplify HCC cell apoptotic response is a challenge in 
future therapeutic strategies.

 ● Histone deacetylase inhibitors sensitize HCC cells to TRAIL-induced apoptosis. Efficacy 
enhances in combination with sorafenib.

 ● Combinatorial approaches targeting different survival pathways are a promising target in 
HCC. A new Met inhibitor synergizes with sorafenib to suppress HCC.

 ● The use of new technologies that allow the identification of relevant genetic, epigenetic and 
proteomic alterations in HCC patients will lead to a future of personalized medicine in this 
disease.
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Apoptosis is a physiological process that allows 
the maintenance of liver volume and cell num-
ber, being relevant during liver development 
and regeneration [1]. It consists in a chain of 
molecular events that lead to programmed cell 
death, with the implication of caspases, a family 
of cysteine proteases. Apoptosis can be triggered 
through different pathways, mainly the extrinsic 
pathway which relies on death receptor-mediated 
signals or the intrinsic pathway that involves the 
mitochondria and release of cytochrome c [1]. In 
both cases, signals converge in the activation of 
Caspase-3, -6, -7, which are the final effectors of 
apoptosis (Figure 1). A lack of apoptosis has been 
associated with development and progression of 
tumors of the liver and the biliary tree [1,2]. In 
addition, the deregulation of the ratio prolifera-
tion/apoptosis has also been found in preneo-
plastic cells, where cell proliferation is higher 
than apoptosis, giving a hint of its important 
role in hepatocarcinogenesis [3,4]. These features 
may be useful in the detection and treatment of 
precancerous lesions [4,5].

Hepatocellular carcinoma (HCC) is a 
major health problem, being the second cause 
of cancer-related deaths globally [6]. It is a 
hetero geneous tumor commonly associated 
with chronic liver diseases, which frequently 
culminate in cirrhosis, such as alcoholic cirr-
hosis and chronic HBV and HCV infections. 
During recent years, major advancements have 
been made in order to better understand the 
mechanisms of the disease and the identifica-
tion of novel therapeutic targets. Sorafenib has 
been established as the main drug of choice in 
HCC [7] and, accordingly, the knowledge about 
the mechanisms that permit HCC cells to either 
escape or succumb to the treatment are being 
studied.

This article will start by defining the main 
pathways responsible for apoptosis regula-
tion in liver cells and how some of them are 
altered in HCC, given their importance as 

potential therapeutic targets. Next, it will high-
light the relevance of apoptosis in the efficiency 
of chemo- and targeted-therapeutic drugs in this 
disease.

The death receptor pathways
Death receptors are cellular membrane recep-
tors that trigger the extrinsic apoptosis path-
way when bound to its specific ligands; these 
are CD95 receptor (Apo1/Fas receptor); TNF 
receptor type 1 (p55/65, CD120a) and type 2 
(p75/80, CD120b); and TRAIL receptor type 1 
and type 2 (Figure 1) [8].

The majority of the HCCs show alterations in 
Fas pathway molecules, such as soluble Fas and 
FAP-1, which confer insensitivity to Fas-mediated 
apoptosis [9]. Fas targeting by HBV-upregulated 
miRNAs has also been described [10]. The sta-
tus of Fas and Fas ligand expression can predict 
HCC recurrence [11]. Loss of response to Fas in 
HCC cells may be produced either by down-
regulation of Fas expression [9,12], concomitant 
with decreased expression of downstream mol-
ecules, such as FADD or FLICE/Caspase-8 [12] 
or by upregulation or overactivation of molecules 
that counteract its proapoptotic effect, including 
NF-kB, Bcl-2 or Bcl-X

L
 [13–15]. Recent investiga-

tions have evidenced cellular targets that could 
sensitize cells to Fas-mediated apoptosis in HCC. 
Indeed, Fas mRNA has been found to interact 
with HuR, which blocks mRNA trans lation 
and is overexpressed in human HCC tumor 
tissues compared with normal liver tissues [16]. 
Moreover, ORP8, which is down regulated 
in HCC tissues compared with liver tissue 
from healthy subjects, has a role in Fas trans-
location to the plasma membrane and Fas ligand 
up regulation in liver tumor cells [17]. cFLIP, an 
intracellular inhibitor of caspase-8 activation, is 
constitutively expressed in human HCC cell lines 
and displays higher levels in HCC tissues than 
in nontumoral liver tissues [18]. Overexpression 
of BRE, which has been described in HCC 
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Hepatocellular carcinoma (HCC) is a major health problem. In human hepatocarcinogenesis, 
the balance between cell death and proliferation is deregulated, tipping the scales for a 
situation where antiapoptotic signals are overpowering the death-triggering stimuli. HCC 
cells harbor a wide variety of mutations that alter the regulation of apoptosis and hence the 
response to chemotherapeutical drugs, making them resistant to the proapoptotic signals. 
Considering all these modifications found in HCC cells, therapeutic approaches need to be 
carefully studied in order to specifically target the antiapoptotic signals. This review deals 
with the recent relevant contributions reporting molecular alterations for HCC that lead to a 
deregulation of apoptosis, as well as the challenge of death-inducing chemotherapeutics in 
current HCC treatment.
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Figure 1. Alterations in the expression or functions of death receptor pathways and apoptosis regulatory proteins in hepatocellular 
carcinoma cells. Different molecules act as activators or inhibitors of these pathways as the Bcl-2 family of proteins, which contains 
proapoptotic members such as BAX and Bcl-XS, and antiapoptotic members such as Bcl-XL and Mcl-1. See text for further details. 
FADD: Fas-associated protein with death domain; TRAIL: TNF-related apoptosis-inducing ligand.
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tissues, is an antiapoptotic protein that binds to 
the cytoplasmic domains of TNF-R1 and Fas, 
attenuating death-receptor-initiated apoptosis [19] 
and promoting HCC growth [20]. Moreover, it 
has been suggested that extracellular factors 
might counteract Fas-induced apoptosis in HCC 
cells. Indeed, HGF, through activation of the 
PI3K/AKT pathway, suppresses Fas-mediated 
cell death in human HCC cell lines, by inhibiting 
DISC formation [21] and inducing Bcl-X

L
 [22].

TRAIL selectively induces apoptosis in vari-
ous transformed cell lines but not in normal 
tissues [23]. Certain evidence indicates that 
most HCC cells are insensitive toward TRAIL-
mediated apoptosis, suggesting that the pres-
ence of mediators can inhibit the TRAIL cell 

death-inducing pathway in HCC [24,25]. It has 
been reported that HBV core protein inhib-
its TRAIL-induced apoptosis by blocking 
the expression of the TRAIL receptor 2 [26]. 
Overactivation of NF-kB and Bcl-X

L
 in HCC 

cells restrains the TRAIL-mediated apopto-
sis [27]. Further studies trying to determine the 
causes of TRAIL-induced apoptosis resistance 
have identified ISG12a, which regulates sensi-
tivity to TRAIL, to be decreased in TRAIL-
resistant cancer cells. It has also been described 
that the miRNA miR-942 is controlling ISG12a 
expression, hence offering a novel drug response 
marker in HCC therapy [28].

In summary, liver tumors harbor different 
mutations that lead to death receptor-induced 
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cell death resistance. Sensitization to these 
death-inducing pathways may be a therapeutic 
approach to trigger apoptosis in HCC.

The TGF-β pathway
The TGF-β family of cytokines plays a physi-
ological role during embryonic development 
and its misregulation can result in tumorigen-
esis [29]. TGF-β1 is an important suppressor fac-
tor in nontransformed hepatocytes, inhibiting 
proliferation [30] and inducing cell death [31,32]. 
However, TGF-β also has a protumorigenic 
role, modulating processes such as cell migra-
tion and invasion, immune regulation or micro-
environment modification [29,33]. Furthermore, 
TGF-β1 mediates liver fibrogenesis [34], which 
leads to cirrhosis, a condition that frequently 
develops HCC.

TGF-β plays a dual role in the control of 
proliferation and apoptosis in immature hepat-
ocytes and liver tumor cells (Figure 2). On the 
one hand, early on, TGF-β induces intracell-
ular signals that mediate cell cycle arrest and 
apoptosis, but on the other hand, at later times, 
it activates proliferative and antiapoptotic sig-
nals [35–37], through activation of the EGFR 
pathway [38–41]. EGF is an important survival 
signal counteracting TGF-β-induced apopto-
sis in hepatocytes [42], a process that requires 
activation of the PI3K/AKT axis to counteract 
TGF-β-induced upregulation of NOX4, oxida-
tive stress and mitochondrial-dependent apopto-
sis [43,44]. The autocrine loop of EGFR activated 
by TGF-β in liver cells would require the activity 
of the metalloprotease responsible for the shedd-
ing of TNF-α: TACE/ADAM17 [38,39], which 
is also responsible for the shedding of the EGF 
family of growth factors (Figure 2) [45].

Hepatocytes that escape from TGF-β-induced 
apoptosis undergo epithelial to mesenchymal 
transition (EMT), which is involved both in 
physiological processes such as embryonic 
development and in pathological ones such as 
neoplasia and fibrosis [46]. It concurs with lose 
of E-cadherin and other epithelial cell mark-
ers expression and the acquisition of mesen-
chymal cell properties, such as reorganization 
of the cytoskeleton, altogether contributing 
to increased motility and invasiveness [46]. 
Liver cells that undergo EMT are resistant 
to TGF-β-mediated apoptosis [47,48], due to 
up regulation of SNAI-1, the gene that codifies 
for Snail, a repressor of E-cadherin express-
ion [49]. Fetal hepatocytes and hepatoma cells 

that have undergone a TGF-β-mediated EMT 
express high levels of TGF-α and HB-EGF, 
which confer survival through the activation of 
the EGFR pathway [39,50].

A classification of liver tumors has been estab-
lished according to the TGF-β-responsive genes 
they express; HCCs with a late TGF-β-signature 
(antiapoptotic and metastatic genes) display a 
higher invasive phenotype and increased tumor 
recurrence when compared with the tumors 
that show an early TGF-β-signature (suppressor 
genes) [51]. Therefore, escaping from the antipro-
liferative and proapoptotic role of TGF-β may 
be a prerequisite for hepatocarcinoma progress-
ion [52]. The Smad-dependent suppressor arm 
could be altered in some HCC cells. TGF-β 
dependent cytostasis is blunted in a group of 
HCC cell lines expressing high amounts of 
TGF-β and Smad7 and showing significantly 
reduced Smad3 signaling [53]. In this line of evi-
dence, overexpression of Smad3 has been shown 
to reduce the susceptibility to develop HCC, as 
it sensitizes hepatocytes to apoptosis through 
downregulation of Bcl-2 [52]. Viral infections, 
such as HBV, can abrogate TGF-β signal-
ing via upregulation of Smad7, hence inhibit-
ing TGF-β-induced apoptosis [54]. It has been 
also proposed that HCC onset would depend 
on the loss of ELF, an important Smad3/4 
adaptor [55,56]. In addition, reduced TGF-β 
receptor-2 (TGFBR2) express ion has been asso-
ciated with more aggressive features of HCC [57]. 
Nevertheless, alterations at TGF-β receptors or 
Smads levels are not as frequent in HCC as they 
appear to be in colon or pancreatic cancer [58]; 
moreover, expression of TGF-β is upregulated in 
a great percentage of HCC patients [51,59]. Hence, 
other ways to disrupt TGF-β signaling may 
exist, probably altering just downstream signals 
in the tumor-suppressive branch, which would 
promote, or facilitate, the tumorigenic arm.

HCC cells overexpress a specif ic set of 
miRNAs that would allow the escape from 
TGF-β-induced apoptosis [60–62]. As an exam-
ple, miR-183, which has been shown to be 
up regulated in HCC samples, can inhibit apop-
tosis by repressing the expression of the proapop-
totic molecule involved in TGF-β1-induced 
apoptosis, PDCD4, in human HCC cells [62]. 
Most importantly, overactivation of survival sig-
nals in HCC cells may be also associated with 
the impairment of the TGF-β suppressor arm 
observed in these tumor cells. Further details on 
that specific topic will be mentioned below but, 
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Figure 2. Deregulation of the TGF-β pathways in hepatocellular carcinoma cells favors its protumorigenic activities. The autocrine 
loop of EGFR activated by TGF-β in liver cells requires the activity of the metalloprotease TACE/ADAM17, which is responsible for the 
shedding of the EGF family of growth factors. In addition to the EGFR pathway, crosstalk between TGF-β and other growth factors and 
chemokine pathways has been established. See text for further details.

TGF-β EGFR 
ligands

TACE/ADAM17

Cav1
TβR2 TβR1

Pro-GFs

PDGF

EGFR PDGRR

Suppressor arm

Smad2/3

Smad2/3

Smad2/3

Smad2/3

Smad7

miR-
216a/217

Smad4

Smad4
ELF

PI3K

AKT/PKB
ERKs

Protumorigenic arm

Nuclear β-catenin

Migration, 
invasion, 

EMT

SNAI-1 induction

Transcription of genes 
that control growth 

inhibition and apoptosis

P

P

P

Apoptosis

Growth 
inhibition

NOX4

Apoptosis in liver carcinogenesis & chemotherapy Review

future science group www.futuremedicine.com

in particular, it is worthy to mention here, that 
during hepatocarcinogenesis an increase in the 
activity of the metalloprotease TACE/ADAM17 
may promote the antiapoptotic arm of the TGF-β 
signaling [39]. Whereas in fetal hepatocytes and 
hepatoma cells, TGF-β induces both EGFR 
ligands (TGF-α and HB-EGF) expression and 
TACE/ADAM17 activity, in adult hepatocytes 
the induction in TGF-α and HB-EGF has no 
impact on cell survival because these cells express 
very low levels of TACE/ADAM17 [39]. Recent 
results have proved that the structural protein 
Caveolin-1 is required for the proper func-
tion of TACE/ADAM17 in hepatocytes, thus 
Caveolin-1 could be another important regula-
tor of the TGF-β signaling [63]. Supporting this 
hypothesis, it has been evidenced that Caveolin-1 
expression is increased in late TGF-β-signature 
HCC cells, as well as in advanced stages of 
hepatocarcinogenesis [64,65]. Furthermore, the 
crosstalk between EMT and apoptosis would 

explain the resistance to TGF-β-induced supp-
ressor effects observed in HCC cells. Indeed, the 
autocrine stimulation of TGF-β in human liver 
tumor cells has been shown to correlate with a 
mesenchymal-like pheno type and resistance to 
TGF-β-induced suppress or effects [66]. Blocking 
TGF-β up regulates E-cadherin and reduces 
migration and invasion of HCC cell lines [66,67].

Additionally to the EGFR pathway, cross-
talk between the TGF-β and other growth fac-
tors and chemokine pathways has been found, 
which may contribute to its protumorigenic 
actions in liver tumorigenesis. TGF-β activates 
the β-catenin pathway, through induction of 
the PDGF signaling [68], which mediates EMT, 
migration and survival in HCC cells (Figure 2). 
Indeed, Mikulits and colleagues have described 
the importance of the TGF-β/PDGF axis dur-
ing hepatic tumor-stroma crosstalk, being cru-
cial in the regulation of both tumor growth 
and cancer progression [69]. Interestingly, a 
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crosstalk between TGF-β and chemokine sign-
aling has been recently reported. Indeed, TGF-β 
induces the expression of the chemokine recep-
tor CXCR4 in HCC cells, which is required 
for TGF-β-induced cell migration and cell 
survival [66]. TGF-β also regulates the CTGF 
expression in HCC invasive cells, which is 
responsible for the tumor/stroma crosstalk [70].

In conclusion, a great percentage of HCC cells 
show alterations in the response to TGF-β in 
terms of apoptosis, which allows it to act as a 
protumorigenic factor.

Alterations in the expression or function 
of apoptosis regulatory proteins
Many of the genetic alterations observed in 
HCC lead to an imbalance in the pro- and 
anti-apoptotic members of the Bcl-2 family 
(Figure 1) [71]. Bcl-X

L
 is overexpressed in a great 

percentage of human HCC tissues [72], and so 
is Mcl-1 [73]. In contrast, proapoptotic members 
of the family, such as BAX or Bcl-X

S
, are down-

regulated in HCC tumor tissues with dysfunc-
tion in the p53 pathway [74]. Moreover, some 
proapoptotic members of the BH-3-only family, 
such as BID, show decreased expression in HCC 
related to HBV or HCV infection [75].

It has been revealed that a high percentage of 
clinical tumors from advanced HCC patients 
express high levels of XIAP, an inhibitor of 
caspases. Studies in established HCC cell lines 
indicated a correlation of metastasis with resist-
ance to apoptosis and increased expression of 
XIAP [76]. XIAP might also function as a cofac-
tor in TGF-β signaling [77], thus, overexpression 
of XIAP might confer resistance to the apoptotic 
effects of TGF-β, allowing HCC cells to respond 
to this cytokine in terms of migration and inva-
sion. Alterations in IAP family proteins, includ-
ing Survivin and Livin/ML-IAP, are frequent in 
HCC. It has been demonstrated that they are 
significantly overexpressed in HCC tissues [78]. 
In addition, a significant relation has been found 
between higher Survivin mRNA level and tumor 
stage, tumor grade and vascular invasion [79].

Recent investigations have identified NPM 
as a key factor that counteracts death stimuli in 
human HCC cells. NPM is bound to BAX and 
in response to cell stress, it translocates from the 
nucleolus to cytosol where it binds to BAX, and 
blocks mitochondrial translocation, oligomeriza-
tion and activation of BAX, triggering resistance 
to death induction. Silencing NPM sensitizes 
HCC cells, especially those with inactivated 

p53, to chemotherapy and targeted therapies, a 
fact that points out NPM/BAX axis as possible 
new target [80]. Additionally, Bcl-2 expression in 
HCCs has also been associated with miR-34a, 
a direct target of p53, which is downregulated 
in some HCC tissues. Restoration of miR-34a 
expression promotes cell apoptosis and potenti-
ates sorafenib-induced apoptosis in HCC cells by 
inhibiting Bcl-2 expression [81].

Concluding, HCC cells show an imbalance 
in the expression of pro- and anti-apoptotic pro-
teins, which favors cell survival and provides a 
tool for new therapeutic approaches.

Overactivation of survival signals
Autocrine activation of intracellular survival 
signals in liver tumor cells protects them from 
apoptosis induced by stress, physiological factors 
or drugs that trigger apoptosis (Figure 3) [82,83]. 
Deregulation of growth factor signaling, includ-
ing EGF and IGF-1 pathways, has been well 
established in human HCCs [84,85]. An increased 
expression of EGFR ligands in tumors suggests a 
relevant role in HCC [83]. Overactivation of the 
EGFR pathway in liver tumor cells induces basal 
growth (in the absence of serum) and protection 
from proapoptotic agents, such as doxorubicin, 
generating drug resistance [86]. Interestingly, 
blockade of EGFR or c-Src in primary untrans-
formed hepatocytes only marginally increases cell 
death [86,87], which indicates that both tyrosine 
kinases are critical effectors that specifically pro-
tect liver tumor cells from death-triggering stim-
uli, providing a target for a potential therapeu-
tic approach. Another tyrosine-kinase receptor 
which has been related to hepatocarcinogensis is 
c-Met, whose direct ligand is the HGF [88]. c-Met 
signaling has a role in different cellular processes 
such as mitogenesis, motogenesis or morpho-
genesis depending on cell type [88]. The altera-
tion of c-Met might result in aberrant growth 
and differentiation, hence promoting malignant 
transformation [89]. In HCC, c-Met has been 
found to be overexpressed both at mRNA and 
protein levels when compared with nontumoral 
tissues [88]. Furthermore, HBX is an inducible 
factor for c-Met expression in the HCC cell line 
HepG2 [90]. The use of a selective c-Met tyrosine 
kinase inhibitor (PHA665752) inhibited cell pro-
liferation and induced apoptosis in c-Met-positive 
HCC cell lines [91]. In terms of c-Met activation in 
HCC, it has been described a crosstalk between 
c-Met and EGFR [92]. A reciprocal activating 
crosstalk between c-Met and Caveolin-1 has also 
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been associated with initiation and progression 
of HCC, according to HCC tissue samples [93].

STAT proteins are activated by tyrosine 
kinases in response to cytokines and growth 
factors (Figure 3). SOCS-1 and SOCS-3, negative 
regulators of the JAK2-STAT signaling pathway, 
are silenced by methylation in human hepatoma 
cell lines and HCC tissues, which leads to con-
stitutive activation of STAT3 in these cells [94,95]. 
Deletion of SOCS-3 in hepatocytes promotes 
activation of STAT3, resistance to apoptosis and 
increased proliferation, resulting in enhanced 
hepatitis-induced hepatocarcinogenesis [96]. 
Differential antiproliferative effects of STAT3 
inhibition have been observed in HBV-related 
HCC cells, which are more resistant than non-
HBV-related ones, caused by an enhanced ERK 
activation after STAT3 blockade [97]. Abrogation 
of constitutive JAK/STAT3 pathway through res-
toration of SOCS-3 by an oncolytic adenovirus 
can antagonize therapeutic resistance to TRAIL 
and induce cell cycle arrest in HCC cell lines 
through downregulation of cyclin D1 and anti-
apoptotic proteins such as XIAP, Survivin, Bcl-X

L
 

and Mcl-1 [98]. Regarding SOCS-1 and SOCS-3 
regulation, they have been identified as targets of 
the miR-221, which is upregulated and plays a role 
in tumorigenesis of HCV-associated HCC [99].

The PI3K/AKT pathway is also altered in 
HCC. The expression of PTEN gene is reduced 
or absent in almost half of HCCs and hepato-
cyte-specific abrogation of PTEN expression in 
mice results in the development of HCC [100]. 
Interestingly, overexpression of PTEN in liver 
tumor cells sensitizes them to sorafenib treat-
ment in terms of its ability to inhibit proliferation 
and to induce apoptosis [101]. PTEN overexpres-
sion decreases MEK phosphorylation, levels of 
cyclin D1, Bcl-2 and VEGF [101]. The express-
ion of a negative regulator of PI3K (PIK3IP1) is 
reduced in most cases of human HCC, point-
ing to a tumor suppressor-like function of this 
protein [102]. New therapeutic targets in the 
PI3K/AKT/mTOR pathway are being discov-
ered using targeted next-generation sequencing, 
which will lead to a better design of targeted 
therapies [103]. Regarding miRNA regulation in 
HCC, recent studies have demonstrated that the 
miR-3127 suppresses multiple phosphatases, such 
as PHLPP 1/2, INPP4A and INPP5J (responsi-
ble of PI3K/AKT deactivation in physiological 
conditions), hence promoting growth of HCC. 
MiR-3127 expression is markedly upregulated in 
HCC tissues and cells and is associated with an 

aggressive phenotype and poor prognosis [104]. 
Taken together, all these findings define the 
PI3K/AKT axis as a targetable survival pathway.

The Ras/MAPK pathway is a fundamental reg-
ulator of major cellular processes, such as cellular 
survival and proliferation (Figure 3). Its alterations 
have been found in malignant transformation pro-
cesses such as liver cancer [105]. Overactivation of 
Ras proteins [106] and increased expression and 
activation of the MAPKs MEK1/2 and ERK1/2 
are frequently observed in HCC [107]. In fact, the 
overactivation of the MEK/ERK pathway in liver 
tumor cells is responsible for their refractory sta-
tus to the proapoptotic effects of TGF-β, and its 
inhibition sensitizes them to cell death through a 
mitochondrial-dependent mechanism, coincident 
with increased levels of BIM and BMF, decreased 
levels of Bcl-X

L
 and Mcl-1 and BAX/BAK acti-

vation [108]. Furthermore, upregulation of the 
Ras pathway is mainly associated with disrup-
tion of upstream signals or downregulation of 
Ras/MAPK inhibitors in human HCCs [107]. 
For instance, Ras GAPs inactivation has been 
described in several human HCC cell lines [109]. 
The Ras inhibitors RASSF1A and NORE1A 
regulate Ras function by inducing caspase-
related and caspase-independent cell apoptosis 
once bound to Ras [107], therefore their deregula-
tion may lead to carcinogenesis. Some evidence 
suggests that RASSF1A inactivation, mainly due 
to promoter methylation, is a necessary event 
in HCC [110–112]. SPRED, a physiological nega-
tive regulator of the Ras/Raf-1/ERK pathway, 
might function as a tumor suppressor in human 
HCC, as low SPRED expression levels correlate 
with more aggressive hepatocellular tumors [113]. 
Another ERK regulator, DUSP1, has also been 
found deregulated in HCC tissues [114]. Finally, 
targeting the Ras/MAPK pathway may also be 
considered as a therapeutical approach [107].

In summary, several molecular alterations 
lead to an enhancement of antiapoptotic signals 
in HCC cells, which allow them to survive to 
proapoptotic stimuli.

The p53 pathway
One of the most common alterations found 
in HCC is mutations in the suppressor gene 
TP53 [115]. In response to different types of cell ular 
stress, p53 is stabilized and turned into an active 
transcription factor that regulates the expression 
of specific target genes that mediate cell cycle, 
senescence, DNA repair and apoptosis [116]. An 
important point of regulation of p53 is through its 
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Figure 3. Overactivation of survival signals in hepatocellular carcinoma cells. Growth factors bind to tyrosine kinase receptors 
triggering different signaling pathways that mediate survival. Among them, it is important to remark the PI3K/AKT axis, the Ras/ERKs 
and the JAK/STAT pathways. All of them are regulated by inhibitory proteins (marked in lighter color in the figure). See text for further 
details.
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interaction with MDM2, an E3 ubiquitin ligase, 
which binds p53 at its trans activation domain and 
blocks p53-mediated transcriptional regulation 
and promotes its proteasome-dependent degra-
dation [117]. Mutations of TP53 in HCC occur 
mainly in the DNA-binding domain of p53, 
which results in a lower affinity to bind the 
sequence-specific response elements of its target 
genes [117]. A nonmutant p53 is required by diverse 
chemotherapeutic agents in order to induce apop-
tosis, for this reason the disruption of this path-
way accounts for drug resistance. The presence of 
specific mutational hotspots in TP53 in different 
types of human cancer implicates environmental 
carcinogens and endogenous processes. In this 
sense, somatic mutations at the third base in 
codon 249 of TP53 in HCC have been related to 
exposure to aflatoxin B1, in association with HBV 
infection [115]. Moreover, both chronic infection 

with HBV and HCV viruses, and exposure to oxi-
dative stress induce DNA damage and mutations 
in cancer-related genes such as TP53. A recent 
exome sequencing analysis of 243 liver tumors 
has identified TP53 alterations to appear at more 
advanced stages in aggress ive tumors [118]. In the 
same study, mutations of TERT promoter were 
identified as an early event in HCC progress-
ion [118]. These findings correlate with previous 
results that hypothesized that a decreased p53 
function could contribute to hepatocyte survival 
in the presence of telomere-induced chromosomal 
instability [119].

Relevance of the apoptotic pathways 
in the effectiveness of chemo- 
& targeted-therapeutic drugs in HCC
HCC can be treated with surgical resection 
or liver transplantation when diagnosed at 
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early stages; however, the majority of patients 
are diagnosed at advanced stages, leading to a 
poor prognosis. The lack of efficient treatment 
options at late stages is a severe problem, and 
despite the many efforts, a completely efficient 
therapy is yet to be discovered.

●● Role of apoptosis during sorafenib 
treatment
Chemotherapy is not routinely used due to 
its low response versus adverse effects ratio. 
Monotherapy as well as several combinational 
regimens have been tested, but none of them 
has proved its efficacy in prolonging patient 
survival [7]. This fact has moved research to 
a more targeted perspective, evaluating new 
approaches that take advantage of the knowl-
edge on molecular targets in HCC. The first 
molecular-targeted drug to be approved was 
sorafenib, a multikinase inhibitor targeting the 
Raf serine/threonine kinases and the VEGF 
receptors 1–3, PDGF receptor-b, c-Kit, FLT-3 
and p38 tyrosine kinases [120]. Despite its proved 
effectiveness, many targets of sorafenib are still 
being studied, as well as the mechanisms that 
trigger resistance to this drug in HCC patients 
(for whom no standard treatment exists). 
Sorafenib has been described as apoptosis-
inducer in HCC cells, through upregulation 
of the proapoptotic PUMA and BIM, down-
regulation of the anti apoptotic Mcl-1 and 
Survivin, activation of BAX and BAK, release 
of cytochrome c and increase in caspase-3 activ-
ity (Figure 4) [121]. Furthermore, this same study 
demonstrated that sorafenib sensitizes HCC 
cells to the effects of physiological proapoptotic 
factors, such as TNF-α or TGF-β [121]. The rel-
evance of the apoptosis in the therapeutic effec-
tiveness of sorafenib comes from a recent study 
that evidences that liver tumor cells that respond 
in vitro to sorafenib-inducing growth arrest but 
not cell death induce in vivo tumors in nude 
mice xenografts that are resistant to sorafenib 
treatment [122]. These unresponsive HCC cells 
to sorafenib show a mesenchymal-like pheno-
type, late TGF-β signature and high expression 
of the stem cell marker CD44. Interestingly, 
CD44 knockdown in these mesenchymal-like 
HCC cells promotes sensitization to sorafenib-
induced apoptosis, indicating that CD44 expres-
sion might be useful as a prognostic marker in 
sorafenib treatment, as well as a candidate for 
future-targeted therapies in combination with 
sorafenib (Figure 4) [122]. In pursue of a better 

understanding of the mechanisms that cause 
tumor resistance, Liu et al. have studied the 
function of the oncomiR miR-222, which con-
fers sorafenib resistance. Results have shown that 
miR-222 regulates PI3K/AKT signaling path-
way, hence promoting cell proliferation, migra-
tion, invasion and decreasing cell apoptosis, 
which could enhance sorafenib resistance [123]. 
PTMA, which is overexpressed in human HCC 
and positively regulated by the oncoprotein 
c-Myc, has also been described as a protective 
factor against sorafenib-induced cell death in 
HCC cells [124]. Notch3 inhibition increases 
the apoptotic effect of sorafenib in HCC cells 
through the specific downregulation of p21 
and upregulation of pGSK3βSer9 [125]. Recent 
results have shown that sorafenib upregulates 
HIF-2α, which contributes to hypoxic HCC 
cells resistance by activating the TGF-α/ EGFR 
pathway [126]. As a matter of fact, the same study 
proves that the blocking of the TGF-α/EGFR 
pathway, using the specific EGFR inhibitor gefi-
tinib, synergizes with sorafenib to inhibit prolif-
eration and induce apoptosis of hypoxic HCC 
cells [126]. Another example of the relevance of 
apoptosis in the effectiveness of sorafenib in 
HCC cells is a recent study demonstrating that 
IFN-α and sorafenib synergistically suppress 
HCC cell viability, arrest cell cycle and induce 
apoptosis by regulating cell cycle-related proteins 
as well as the prosurvival Bcl-2 family proteins 
Mcl-1, Bcl-2 and Bcl-X

L
 [127]. Retinoic acid in 

combination with sorafenib could also enhance 
HCC cells apoptosis through the activation of 
AMPK (Figure 4) [128].

●● Inducing cell death pathways as a 
therapeutic approach
Further therapeutical approaches deal with 
the increase of cell death receptor pathways, 
hence improving tumor cell sensitivity to death 
receptor-ligands or establishing new synergis-
tic effects in combination with other drugs. 
Different therapeutic strategies are focused 
on TRAIL-induced cell death sensitization of 
HCC. Of clinical relevance, proteasome and 
HDAC inhibitors sensitize HCC cells, but 
not primary human hepatocytes, to TRAIL-
induced apoptosis [129,130]. It has also been pro-
posed that TRAIL enhances the efficacy-induc-
ing apoptosis in HCC cells of a combinatorial 
treatment consisting of sorafenib and HDAC 
inhibitors [131]. Recent results have proved that 
an AKT/NF-kB signaling inhibitor (OSU-A9) 
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Figure 4. Different pathways converge in promotion or inhibition of sorafenib-induced apoptosis in hepatocellular carcinoma. 
Sorafenib has been described as apoptosis-inducer in HCC cells, through upregulation of the proapoptotic PUMA and BIM, 
downregulation of the antiapoptotic Mcl-1 and Survivin, activation of BAX and BAK, release of cytochrome c and increase in caspase-3 
activity. Different pathways and molecules have been shown to regulate sorafenib effects in hepatocytes, having either an inhibitor or 
an activator role. See text for further details.

Sorafenib

Raf VEGFR PDGFR c-kit p38 FLT3

CD44

TGF-β-induced EMT

HIF2α/EGFR

miR222 PI3K

PTMA c-Myc

Notch3

PUMA

Bim
p53

Survivin

Mcl-1

Cyt. C

CC

C

Caspase-3, -6, -7

Survivin silencing

AMPK Retinoic acid

HDAC inhibitors + TRAIL

PTEN overexpression

IFN-α

Apoptosis

Review Moreno-Càceres & Fabregat

future science group

synergizes with Apo2L/TRAIL in mediating 
apoptotic death in HCC cells [132].

Another therapeutic strategy that has been 
considered is targeting apoptosis-regulatory 
proteins aiming for the increase of proapoptotic 
pathways. Interestingly, a recent multicenter, 
randomized, open-label, Phase II trial using 
the XIAP antisense AEG35156 in combination 
with sorafenib showed additional activity in 
terms of objective response rates (Table 1) [133]. 
Furthermore, different studies have shown a ther-
apeutic activity of survivin silencing, either alone 
or in combination with sorafenib and chemo-
therapy in cell lines [134–136]. The antiapoptotic 
protein Bcl-2/X

L
 has also been established as a 

possible therapeutic target. However, its inhi-
bition using ABT-263 has shown resistance 

through an increase in Mcl-1 mRNA and pro-
tein stability [137]. Another inhibitor of Bcl-2, 
ABT-737, has also shown resistance in HCC cells 
expressing high levels of Bcl-2 via activation of 
the ROS-JNK-autophagy pathway [138].

●● Therapies targeting overactivated 
survival pathways in HCC
Due to the frequent overactivation of the 
EGFR in HCC, anti-EGFR antibodies or spe-
cific inhibitors are being tested for HCC treat-
ment. Erlotinib, an inhibitor of EGFR/HER1, 
induces growth inhibition in HCC cells, which 
correlates with overexpression of proapoptotic 
factors like caspase and gads [139]. However, 
the SEARCH trial that combined sorafenib 
with erlotinib for HCC patients did not show 
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positive results (Table 1) [140]. IGF signaling is 
another target that has been studied, given 
that a percentage of early HCCs show altera-
tions in the IGF axis, such as upregulation of 
IGF-2 [141]. Unfortunately, all trials using anti-
IGF monoclonal antibodies up to date have not 
resulted in a successful outcome (Table 1) [7]. 
Considering the discouraging results of many 
of the clinical trials performed, it is clear that 
a better understanding of the liver tumor is 
needed. HCCs are very heterogeneous tumors 
and thus a biomarker-enriched selection of 
patients could improve the activity of certain 
agents that otherwise fail in unselected popula-
tions. The use of new technologies that allow 
the identification of relevant genetic, epigenetic 
and proteomic alterations will lead to a future of 
personalized medicine in advanced HCC [142]. 
Comprehensive study of liver tumors has led to 
the use of the c-Met tyrosine kinase inhibitor 
tivantinib (ARQ197). Tivantinib is a selec-
tive c-Met receptor inhibitor that inhibits the 
proliferation of c-Met-expressing cancer cells 
and induces caspase-dependent apoptosis in 
cell lines with constitutive c-Met activity [143]. 
c-Met expression in HCC correlates with late 
recurrence after tumor resection but it is not a 
predictor of survival [144]. However, in patients 
with high c-Met expression, the treatment with 

tivantinib caused an increase in overall survival 
when compared with placebo (Table 1) [145]. 
Further studies have shown that a new Met 
inhibitor (DE605) synergizes with sorafenib 
to suppress growth of HCC tumor xenografts 
in athymic nude mice [146]. All these evidences 
open a new field of study and the possibility 
of a second treatment option in patients with 
sorafenib resistance.

Finally, survival pathways such as the 
Ras/ERKs have also been considered as a 
drugg able target. For instance, a Phase II clini-
cal trial evaluating the combinatorial treat-
ment of the MEK1/2 inhibitor refametinib 
(BAY86–9766) and sorafenib in HCC patients 
has shown that patients with RAS mutations 
appear to benef it from this combinatorial 
approach (Table 1) [147].

●● p53 as a therapeutic approach
Given the importance of p53 as a regulator 
of cell death, the reactivation of its function 
has been considered as a therapeutic approach. 
The adenoviral delivery of p53 recombinant 
DNA into HCC bearing mice did not show 
any promising results [148]. However, the use of 
a trans-splicing strategy that repaired mutant 
p53 transcripts in HCC cells resulted in cell 
cycle arrest, apoptosis and blockage of tumor 

Table 1. Clinical trials in HCC addressing cell death through different mechanisms. 

Clinical trial Type Phase Identifier Ref. 

Addressing cell death regulation:

Mapatumumab (HGS1012) + sorafenib vs sorafenib Monoclonal antibody against TRAIL-R1 II NCT01258608
Tigatuzumab (CS1008) + sorafenib vs sorafenib Monoclonal antibody against TRAIL-R2 II NCT01033240
Resminostat (4SC-201) + sorafenib vs sorafenib HDAC inhibitor II NCT00943449
XIAP antisense (AEG35156) + sorafenib vs sorafenib XIAP antisense I–II NCT00882869 [133]

Addressing over-activation of survival pathways:

BIIB022 + sorafenib vs sorafenib Monoclonal antibody against IGF-1R I NCT00956436 [7]

Cixutumumab (IMC-A12) + sorafenib vs sorafenib Monoclonal antibody against IGF-1R II NCT00906373 [7]

AZD6244 + sorafenib vs sorafenib MEK1/2 inhibitor I–II NCT01029418
Refametinib (BAY86-9766) + sorafenib vs sorafenib MEK1/2 inhibitor II NCT01915602
Refametinib (BAY86-9766) + sorafenib vs sorafenib MEK1/2 inhibitor II NCT01204177 [147]

Erlotinib + sorafenib vs sorafenib EGFR/HER1 inhibitor III NCT00901901 [140]

Tivantinib (ARQ197) c-Met inhibitor II NCT00988741 [145]

Tivantinib (ARQ197) c-Met inhibitor III NCT02029157
Onartuzumab vs sorafenib c-Met inhibitor I NCT01897038
MSC2156119J c-Met inhibitor I–II NCT02115373
Golvatinib (E7050) + sorafenib vs sorafenib c-Met and VEGFR2 inhibitor I–II NCT01271504
Everolimus (RAD001) + sorafenib vs sorafenib mTOR inhibitor I NCT00828594

Addressing the TGF-β pathway:

LY2157299 + sorafenib vs sorafenib TGFBR1 inhibitor II NCT02178358 [157]
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growth in xeno graft tumors in mice [149]. 
Interestingly, it was proposed that p53 express-
ion is upregulated by sorafenib in HCC cells, 
which would mediate some of its suppressor 
actions [150]. Other approaches deal with the 
MDM2-p53 binding, which could be inhib-
ited in order to reactivate WT p53 in cancer 
cells [151], in fact the disruption of the bind-
ing between p53 and MDM2 can effectively 
induce apoptosis in HCC cells that overex-
press MDM2 [152]. Furthermore, mimetics 
of p14ARF (a negative regulator of MDM2) 
inhibit MDM2-dependent degradation of 
p53 and, consequently, they activate its tran-
scriptional activity [153]. Similarly, Nutlin-3, a 
MDM2 antagonist, induces apoptosis through 
downregulation of phospho-Ser392-p53 in 
HCC cells, which offers a new alternative to 
chemotherapy [154].

●● Targeting the TGF-β pathway in HCC
More complicated is regulating the TGF-β 
pathway as a therapeutic strategy in HCC. As 
poorly differentiated HCC correlates with a 
late-TGF-β signature, the use of specific inhibi-
tors might be promising [51]. Indeed, blocking 
TGF-β signaling in HCC cells, by using small 
molecules that inhibit receptor kinase activity, 
has proved to impair HCC cell migration and 
invasion, coincident with decreased expression 
of Smad2 phosphorylation [155,156]. Consistently, 
silencing of the TGF-β receptor-1, or its spe-
cific inhibition, partially recovers the epithelial 
pheno type of mesenchymal-like HCC cells [66]. 
Preliminary results from a Phase II clinical 
trial using the TGF-β receptor-1 inhibitor 
LY2157299 have shown improved clinical out-
come and also changes consistent with a reduc-
tion of EMT [157] (Table 1). However, all these 
therapeutic approaches would need to take into 
consideration the tumor suppressor role that 
TGF-β could be playing in some tumors. In 
this sense, a better knowledge of specific tar-
gets downstream TGF-β that mediate its pro-
tumorigenic signals in HCC would facilitate 
the analysis of the TGF-β signature in patients, 
to predict their response to a TGF-β-targeted 
therapy [66].

Conclusion & future perspective
Research in cancer chemotherapy and 
targeted-therapies has proved that the ability 
to induce apoptosis in tumor cells is a major 
aspect to obtain a successful outcome. Most 

therapies inhibit tumor invasion and meta-
stasis, hence stopping tumor progression, 
but fail to completely eliminate malignant 
cells. Regarding HCC, the design of effective 
therapies has been a challenge given that liver 
tumors are highly heterogeneous. Future will 
uncover a vast set of new molecular markers 
of HCC permitting a better classification of 
patient subpopulations and a more personal-
ized therapeutic approach. In HCC therapy, 
patient stratification according to prognostic 
factors has shown an increased efficacy of 
targeted therapies avoiding the cover up of 
potential beneficial activities in certain patient 
cohorts [142]. Therefore, better knowledge of 
the drivers of liver tumorigenesis, both in terms 
of hepatocytes’ alterations and of tumor micro-
environment deregulation, will lead to more 
successful outcomes. Sorafenib has proven to 
increase its efficacy in inducing cell death in 
combination with other drugs, consequently, 
the use of combined therapies that will allow 
synergies is probably the most useful way to 
demolish the resistance to cell death in HCC. 
It is also important to point out that under-
standing the mechanisms by which treatment 
resistances are developed in HCC will lead to a 
future of effective combined therapies, as well 
as the establishment of secondary protocols of 
action.

During the last years, awareness has been 
raised on targeting anti-tumoral drugs specifi-
cally to tumor cells using nanoparticles as carr-
iers that permit a better distribution and avoid 
secondary nondesired effects on nontumoral 
tissues [158,159]. This approach may benefit 
from molecular targets that are overexpressed 
on the surface of tumor cells. HCC patients 
are characterized by the high express ion of sev-
eral markers, such as EGFR, α6β1 integrin or 
CD44, hence the use of monoclonal antibod-
ies or ligands/peptides in the case of receptors 
could be considered as promising therapeuti-
cal targets [159]. Indeed, migration assays per-
formed using HCC cells demonstrate a higher 
inhibition eff iciency of TGF-β (using the 
TGF-β receptor-1 kinase inhibitor LY2109761) 
in tailored biodegradable capsules compared 
with free LY2109761 administration [160]. In 
conclusion, although HCC treatments have not 
achieved the desired outcome so far, improved 
design, understanding and more integrative 
approaches will hopefully lead to better results 
in the future.
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