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ABSTRACT

Background Transforming growth factor (TGF)-b is a pluripotent cytokine that displays several tissue-specific
biological activities. In the liver, TGF-b is considered a fundamental molecule, controlling organ size and growth
by limiting hepatocyte proliferation. It is involved in fibrogenesis and, therefore, in worsening liver damage, as
well as in triggering the development of hepatocellular carcinoma (HCC). TGF-b is known to act as an onco-
suppressor and also as a tumour promoter in HCC, but its role is still unclear.

Design In this review, we discuss the potential role of TGF-b in regulating the tumoural progression of HCC, and
therefore the rationale for targeting this molecule in patients with HCC.

Results A considerable amount of experimental preclinical evidence suggests that TGF-b is a promising drug-
gable target in patients with HCC. To support this hypothesis, a phase II clinical trial is currently ongoing using a
TGF-b pathway inhibitor, and results will soon be available.

Conclusions The identification of new TGF-b related biomarkers will help to select those patients most likely to
benefit from therapy aimed at inhibiting the TGF-b pathway. New formulations that may provide a more con-
trolled and sustained delivery of the drug will improve the therapeutic success of such treatments.
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Introduction

In a significant percentage of patients, that varies according to

the aetiology, chronic liver diseases (CLD) lead to cirrhosis and

hepatocellular carcinoma (HCC), which are end-stage CLD.

The incidence of HCC is also increasing and is expected to rise

yet further in the coming years according to the WHO, ranking

as the fifth most common neoplasm worldwide but the second

largest contributor to cancer-related mortality owing to its very

poor prognosis [1–5]. Despite this, the clinical concept of liver

fibrosis and cirrhosis has changed over the last years. There is

evidence that liver fibrosis, even in advanced stages, as well as

cirrhosis, are dynamic processes that can be reversed with the

use of appropriate therapies [6–8]. Although the complex hep-

atic response accompanying CLD is still not well defined, it is

now clear that transforming growth factor-beta (TGF-b) plays a
central role as from the initial liver injury right up to end-stage

HCC [9–11]. Indeed, in response to tissue injury, active TGF-b is

released from latent TGF-b complexes and becomes available

for binding to surface receptors and triggering signalling [12].

Continuous or upregulated TGF-b signalling in this context

controls key cellular events that dictate the progression of the

disease. Distinct liver cell populations respond differently to

TGF-b. Thus, TGF-b triggers the activation of hepatic stellate

cells into myofibroblasts that start to produce extracellular

matrix (ECM) components, an event that is considered to be
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pivotal in the fibrogenic process. In hepatocytes, TGF-b induces

both cell death and the epithelial mesenchymal transition

(EMT). However, the cytostatic and apoptotic effects of TGF-b
on hepatocytes in early stages of liver damage and regeneration

are lost in later stages, marking another critical step in the

disease progression. Meanwhile, the EMT conversion allows

cells to acquire motility and scattering properties, while facili-

tating ECM deposition and scar formation [9, 13]. On top of all

this, new players enter the scene, namely the hepatic stem/

progenitor cells, that are activated in response to chronic liver

injury and become targets of TGF-b actions [14,15]. As a result

of this altered hepatic microenvironment, profound changes

take place in TGF-b-driven signalling, and a specific cross-sig-

nalling between different cellular components is established

that, together with genetic and epigenetic alterations, con-

tributes to CLD progression and HCC development [16–18]. In
this review, we summarize TGF-b signalling and its multiple

actions in the liver disease context and discuss the potential of

this signalling pathway as a therapeutic target for drug devel-

opment.

TGF-b signalling

TGF-b1 is a member of a family of structurally and functionally

related dimeric proteins, that includes TGF-b1, TGF-b2 and b3,
activins and bone morphogenetic proteins (BMPs) [19,20].

Nearly all cells produce TGF-b, including parenchymal and

nonparenchymal liver cells. While some doubt exists as to the

ability of hepatocytes to synthesize and secrete nascent TGF-b,
these cells have been demonstrated to be surrounded by an

ECM with a rich content of TGF-b ligands, possibly derived

from neighbouring nonparenchymal cells (reviewed in Ref.

[21]). The nonparenchymal liver cells that synthesize and

secrete TGF-b include hepatic stellate cells (HSC), liver sinu-

soidal endothelial cells and inflammatory cells (Kupffer cells),

as well as adjacent biliary epithelial cells (reviewed in Ref. [21]).

Nascent TGF-b is secreted in a latent form consisting of an N-

terminal long pro-peptide, the latency associated peptide (LAP)

and a C-terminal mature polypeptide. They form covalently

linked dimers via disulphide bonds, which are deposited in the

ECM via cross-linking of the LAP with the latent TGF-b binding

proteins (LTBPs) and other integral proteins of the matrix

[22,23]. The latent TGF-b then requires activation prior to its

association with its signalling receptors, a process that is

mediated by integrin receptor-mediated mechanical stretching

and proteolytic processing of the LAP [22,23]. In this manner,

nonparenchymal cells of the liver generate TGF-b, which acts

upon the same cells in an autocrine manner or acts on the

neighbouring hepatocytes in a paracrine manner. Like TGF-b,
liver cells synthesize and secrete several ligands of the TGF-b
family, including ligands with a more restricted mode of action,

such as BMP-9, which is secreted only by liver cells and which

regulates vascular homoeostasis and growth or iron metabo-

lism in hepatocytes [24,25].

Signalling across the membrane is accomplished via TGF-b
type I and type II dual specificity kinase receptors (i.e. TbRI
and TbRII). These receptors can exist in dimeric form on the

cell surface or in submembrane vesicles [26] and mainly

exhibit a serine/threonine kinase activity, together with a

weaker but detectable tyrosine kinase activity [27]. Upon

activation from its latent form, TGF-b initially interacts with

TbRII, and thereafter TbRI is recruited and becomes phos-

phorylated on specific serine and threonine residues by the

TbRII kinase. This trans-phosphorylation of TbRI elicits con-

formational changes to TbRI, leading to the release of the

receptor from its cytoplasmic chaperon FKBP12 and the gen-

eration of a catalytically active form of TbRI [27,28]. The
activated TbRI transmits its signals into the cell by phospho-

rylating downstream effector proteins. In an evolutionarily

conserved signalling branch, receptor-regulated (R-) SMADs,

that is SMAD2 and SMAD3, are recruited to, and phospho-

rylated by TbRI, causing their structural alteration and elicit-

ing functional activation [20]. Activated R-SMADs can form

heteromeric complexes with a common mediator (Co)-

SMAD4, and these complexes accumulate in the nucleus

where they act as sequence-specific transcription factors. The

affinity of SMADs for DNA is weak and they need to partner

with other DNA-binding transcription factors for efficient

recruitment to specific gene sequences. By contrast, coactiva-

tors and corepressors assemble around the SMAD–cotran-
scription factor complex to mediate the regulation of gene

expression by the RNA polymerases, thus allowing SMADs to

function as transcriptional activators or repressors. The TGF-b
receptor can be activated via phosphorylation or recruitment

and association with its heteromeric receptor core additional

signalling effectors. For example, via its weak tyrosine kinase

activity, TbRI is phosphorylated and recruits the adaptor

protein Shc, which then promotes a cascade of molecular

signalling effectors, including the small GTPase Ras, the ser-

ine/threonine kinase Raf and its downstream serine/threonine

kinases ERK1/2 (extracellular regulated kinase), known as the

mitogen-activated protein kinase (MAPK) pathway [29]. In the

absence of direct phosphorylation, the activated TbRI can also

recruit the ubiquitin ligase tumour necrosis factor a receptor-

associated factor (TRAF)4 or TRAF6, which is poly-ubiquiti-

nate, via lysine 63 interlinked ubiquitin chains, serine/thre-

onine kinase TGF-b-activated kinase 1 (TAK1). This causes its

catalytic activation and further signalling via the MAPKs p38

or c-Jun N-terminal kinase (JNK) [30,31]. Through these sig-

nalling pathways, TGF-b controls the activity of ERKs or JNKs,

which mediate the phosphorylation of transcriptional cofactors

of the SMAD complex, for example the activation protein 1
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(AP-1) complex, eliciting a regulated control of specific groups

of target genes (Fig. 1) [32].

TGF-b family members act on all liver cell types. TGF-b may

affect cell proliferation, and hepatocytes are especially sensitive

to TGF-b exhibiting arrest of their cell cycle at the G1 phase or

often reacting through an apoptotic response [25]. In addition,

TGF-b may affect the migration and differentiation of various

liver cells. A potent effect of TGF-b is to induce the extracellular

matrix by promoting the expression of ECM proteins (e.g. col-

lagen and fibronectin), mitigating the expression of proteases

that breaks down the ECM [e.g. collagenases and metallopro-

teases (MMPs)], and by inducing the expression of inhibitors of

these proteases [e.g. plasminogen activator inhibitor and tissue

inhibitor of MMPs (TIMPs)] [25]. TGF-b effects are highly

context-dependent. Differences in the surrounding extracellular

matrix, the presence of other cytokines and (homo- or hetero-

typic) cell density may change the output of TGF-b on liver

cells, not only quantitatively but also qualitatively. Being such a

pleiotropic molecule, TGF-b’s activity needs to be kept carefully

in check to maintain tissue homoeostasis. In part, this is

achieved through positive and negative regulation of the

function of TGF-b ligands, TGF-b receptor and SMAD sig-

nalling components. Ligand-binding proteins may sequester

TGF-b from receptor interactions or direct it to complementary

but distinct receptor complexes. Accessory cell surface core-

ceptors regulate the presentation of ligands to the signalling

TbRII/TbRI receptor complexes. SMADs are recruited or

sequestered by anchor proteins such as SARA (SMAD anchor

for receptor activation) and TMEPAI, respectively. Receptors

and SMADs are subject to regulation by other protein kinases

(and phosphatases) and other posttranscriptional modifica-

tions, including ubiquitination, sumoylation, acetylation and
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Figure 1 TGFb signalling. Two adjacent hepatocytes are shown; their bile canaliculi, tight and adherens junctions are highlighted.
Via regulated transcription guided by transcription factors (TF) and coactivators (co), the TGFb1, TGFb2 and TGFb3 genes are
transcribed to mRNA, which is exported to the cytoplasm for translation by ribosomes (not shown) on the rough endoplasmic
reticulum. Monomeric latent TGFbs are synthesized and traffic towards the Golgi apparatus. Upon protease cleavage and disulfide
bond formation, dimeric latent ligands follow the secretory pathway towards exocytic vesicles. Secreted latent ligands (not shown)
are activated into their mature signalling forms and meet their signalling receptors on the basolateral membrane of the adjacent
cell, possibly in signalling platforms localized between tight and adherens junctions (these details have not yet been proven for
hepatocytes). Upon ligand binding, the type II receptor trans-phosphorylates (P in yellow circle) the type I receptor (black arrow).
Activated type I receptors phosphorylate (P in yellow circle) the R-Smads, Smad2 and Smad3 (black arrow). For simplicity, the two
distinct R-Smads are drawn inside one oval shape. Phosphorylated Smad2 and Smad3 oligomerize with Smad4, enter the nucleus
and bind to chromatin (DNA helix wrapped around nucleosomal shapes is drawn). The chromatin-bound Smad complex associates
with other transcription factors (TF) and coactivators or corepressors (co), respectively, causing a positive or negative regulation or
transcription of target genes. The inhibitory Smad7 is shown to block the activation of R-Smads by the type I receptor. Ligand and
receptor names are listed at the bottom of the cells.
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ADP-ribosylation to regulate their stability, activity or binding

to DNA [20,27,28]. Inhibitory SMADs (I-SMADS, i.e. SMAD6

and SMAD7) antagonize the activation of signal transducing R-

SMADs by competing with R-SMADs for type I receptor

interaction and by the recruitment of specific E3 ubiquitin

ligases (such as SMAD ubiquitin regulatory factor (SMURF1/2)

that target the activated type I receptor for degradation [33].

Ubiquitination can be reversed by the activity of deubiquiti-

nating enzymes; ubiquitin specific proteases (USP)4 and USP15

were found to deubiquitinate TbRI, stabilize the TbRI at the
plasma membrane, and thereby boost TGF-b signalling [34–36].
I-SMAD7 is transcriptionally induced by TGF-b itself and thus

provides a potent negative feedback regulator; I-SMAD7 can

also be induced by other cytokines, such as interferon, pro-

viding the molecular means for other signalling pathways to

cross-talk with the TGF-b pathway and control its activity,

duration or spatial expansion within a tissue [33]. I-SMAD

stability is also carefully controlled. The RNF12 and Arkadia E3

ubiquitin ligases target SMAD7 for proteasomal degradation

and promote or prolong TGF-b signalling [35,37]. These

molecular examples illustrate some of the most central regula-

tory nodes in the TGF-b signalling network that provide targets

for control of the biological functions of TGF-b. During liver

development, homoeostasis in the adult body, and during

waves of injury and repair that occur during the course of

various pathological conditions, the function or malfunction of

theTGF-b signalling pathway and its molecular checkpoints can

generate the essential basis for the progression of liver disease.

Role of TGF-b in liver fibrosis

The principal producers of ECM are ‘activated fibroblasts’ or

myofibroblasts (MFB). Hepatic MFB are transdifferentiated

from heterogeneous cell populations in response to different

fibrogenic stimuli. According to the most recent studies, the

major sources of MFB in experimental models of liver fibrosis

are HSC and portal fibroblasts [38]. In the normal liver, sinu-

soidal endothelial cells and Kupffer cells (macrophages) con-

tain relatively high levels of TGF-b mRNA, whereas HSC

express small amounts of the cytokine. However, in response to

pro-fibrogenic stimuli, HSC express the three different isoforms

of TGF-b, which contribute to the development of fibrosis

through both autocrine and paracrine loops [9].

TGF-b is a key player in the transdifferentiation process of

HSC to MFB [39,40]. Indeed, for maximal expression of collagen

type I in activated HSCs, SMAD3 is required both in vivo and in

culture [41]. SMAD3-overexpressing HSC, as well as TGF-b-
treated cells, show more focal adhesions and an increased a-
smooth muscle actin (a-SMA) organization in contractile and

thick fibrous bundles, indicating that SMAD3 also regulates

cytoskeletal organization in HSC [42]. A cross-talk between

SMAD binding elements and the vitamin D receptor (VDR)

signalling has recently been proposed for profibrotic target

genes [43]. In addition to HSC transdifferentiation to MFB, it is

now fully accepted that hepatocyte death is critical for hepatic

fibrosis [44,45]. Indeed, it has been proven that apoptosis and

phagocytosis of hepatocytes directly induce HSC activation and

the initiation of fibrosis [46]. Although the issue is still contro-

versial, it is worth mentioning that EMT from hepatocytes

might be another source of MFB [47]. In proliferating hepato-

cytes, TGF-b is able to induce both pro-apoptotic and survival

signals, and it is the balance between these two physiological

signals that defines the cell fate. Cells that survive TGF-b’s pro-
apoptotic effects respond to it by undergoing the EMT, which

confers them a mesenchymal-like phenotype and migratory

capacity [48,49]. However, whether this effect is relevant dur-

ing liver fibrosis has not yet been fully elucidated. In fact, recent

reports using lineage tracing technology provide evidence

against the EMT being the source of MFBs in the liver [50].

Oxidative stress during CLD, due to an increased reactive

oxygen species (ROS) production, as well as a decreased

activity of antioxidant systems, is not only a consequence of

chronic liver injury but may also significantly contribute to the

activation of HSC to become MFBs. ROS are mainly produced

in the liver mitochondria, as hepatocytes contain hundreds of

these organelles, and mitochondrial electron transport is dis-

rupted in a large number of pathophysiological circumstances,

resulting in an increased electron leak. However, recent works

have highlighted that TGF-b1 induces the expression of a

NADPH oxidase (NOX4), which is required for HSC activation

as well as for the maintenance of the fibrotic phenotype [51,52].

HSC activation is attenuated either by NOX4 downregulation

or against a Nox4�/� genetic background and, importantly, the

MFBs activated state could also be reversed by NOX4 down-

regulation [52,53].

Targeting the TGF-b pathway seems to be a promising

strategy in the treatment of a variety of pathological conditions

related to liver fibrosis disorders [54]. However, well-designed

clinical trials will be needed to evaluate the effectiveness of

these new agents prior to implementing their routine use in the

clinic.

Role of TGF-b in alcoholic liver diseases

Investigating a cross-talk between TGF-b signalling and ethanol

exposure is of relevance, as drinkers with fibrosis or even

advanced stages of liver damage principally show increased

TGF-b serum/liver tissue levels.

However, contradictory results in terms of TGF-b levels have

been reported in different studies, likely because of the limited

number of patients investigated and probably of a different

disease stage [55,56].
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In line with TGF-b overexpression in ALD, there are data

from a clinical study of HCV patients in which 26 drinkers of

alcohol and 40 nondrinkers were compared in regard to lipid

peroxidation, which was estimated as malondialdehyde serum

levels. They were found to be significantly higher in patients

than controls, thereby showing a significant correlation with

TGF-b levels [57]. Similarly, in a study on HCV core protein-

expressing transgenic mice additionally fed ethanol, both fac-

tors acted synergistically to increase hepatic expression of TGF-

b [58].

This is also supported by the fact that lactate dehydrogenase

release due to cell damage is increased by cotreatment of cul-

tured hepatocytes with TGF-b and ethanol provoking elevated

oxidative stress [59]. Hepatocytes underwent tremendous pro-

grammed cell death with ethanol alone, which was mediated

by an increased cytochrome C release from mitochondria. This

was further supported by the finding that the anti-apoptotic

factor BCL-2 blunts TGF-b triggered apoptosis, as well as death

caused by costimulation with TGF-b and ethanol. In fact, we

found that TGF-b’s pro-apoptotic function is massively

enhanced by alcohol, leading to exorbitant programmed cell

death. Noteworthily, this finding is not explained by increased

SMAD signalling but rather by a regulation of other signalling

cascades leading to a distinct apoptosis-related gene expression

signature.

On the other hand, TGF-b is induced in mouse livers after

chronic ethanol insult, and results indicate that in presence of

ethanol, TGF-b is pro-steatotic in hepatocytes via a decreasing

ADH1 expression. Low ADH1 levels are correlated with

enhanced hepatocyte damage upon chronic alcohol consump-

tion by favouring secondary metabolic pathways [60].

In mice fed an ethanol-containing L. De Carli diet, steatosis

and TGF-b expression were induced. Furthermore, liver BMP2,

but not BMP4 or BMP6 expression was significantly elevated.

Despite the increased BMP expression, the BMP receptor, and

transcription factors, SMAD1 and SMAD5, were not activated.

By contrast, alcohol stimulated SMAD2 phosphorylation.

However, SMAD4 DNA-binding activity and the binding of

Smad4 to the hepcidin promoter were attenuated, indicating

alcohol as a modulator of SMAD signalling in hepatocytes [61].

It has been shown that HCC development arising from the

combination of HCV infection and alcohol consumption criti-

cally depends on TGF-b. Upon HCV infection, hepatocytes

upregulate TLR4, which subsequently sensitizes these for

alcohol/LPS [62]. In this setting, LPS triggers the expression of

the cancer stem cell factor Nanog. Downstream of Nanog,

oncogenes Yap1 and Igfbp2 are induced, which both interfere

with cytostatic TGF-b signalling via Smad7 stabilization and

AKT/mTOR dependent suppression of Smad3, respectively,

thus facilitating cancer stem cell formation [63]. These data

indicate that TGF-b signalling in hepatocytes under metabolic

stress facilitates hepatocyte death and lipid accumulation

through Smad signalling and ROS production, leading to the

development of NASH.

There is robust evidence that ethanol is a crucial modulator

of TGF-b phenotypes (Fig. 2), and in patients with pre-existing

liver fibrosis (with upregulated TGF-b), this may have clinical

implications on even moderate drinking.

In summary, there is considerable evidence that TGF-b and

alcohol may induce very relevant cross-communication in

hepatocytes, and this cross-talk needs more in-depth investi-

gation in the future.

TGF-b regulates the epithelial-to-mesenchymal
transition in HCC

EMT reflects a process of de-differentiation, which is consistent

with the loss of epithelial cell-to-cell-contacts and the gain of a

mesenchymal-like phenotype that endows individual cells with

the ability to invade the surrounding tissue and transmigrate

into the vasculature [64,65]. At the molecular level, prototypic

changes associated with the EMT transformation include the

loss of the adherent junction component E-cadherin, along with

the upregulation of EMT-inducing transcription factors (EMT-

TFs) and mesenchymal proteins such as vimentin, a-smooth

muscle actin and type 1 collagen [66]. In principle, the change

in epithelial plasticity by EMT is a transient event leading to its

reversal, termed the mesenchymal-to-epithelial transition

(MET; [67]). Remarkably, the EMT is essentially involved dur-

ing embryogenesis, wound healing and carcinoma progression,

and it is considered to link aspects of hepatic inflammation

with liver fibrosis and HCC [68]). In general, TGF-b plays a

central role in hepatocellular EMT [69], and is thus of the

utmost relevance in a variety of CLDs.

Hepatocytes undergoing EMT activate AKT, that is required

for resistance to TGF-b-induced apoptosis, and induce ERK1/2,

that is responsible for de-differentiation in a SRC/FAK-

dependent manner [70]. Similarly, hepatoblasts undergoing the

EMT after long-term administration of TGF-b upregulate EGF-

R and Src-dependent Akt, allowing TGF-b-mediated apoptosis

to be escaped (Fig. 3) [48,71].

Although the relevance of the EMT in liver fibrogenesis

remains controversial, a large body of evidence shows that

TGF-b-driven epithelial plasticity of neoplastic hepatocytes is a

key event in cell dissemination and intrahepatic metastasis.

Importantly, the induction of the EMT by TGF-b signalling

essentially occurs in collaboration with other signalling path-

ways, to abrogate its anti-oncogenic mechanisms. In this con-

text, hepatocellular EMT associated with liver cancer

progression was firstly recognized in a murine model of

malignant hepatocytes showing an invasive and metastatic

phenotype through the collaboration of TGF-b with oncogenic
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RAS/MAPK signalling [72,73]. These studies further suggested

that the synergy of TGF-b and RAS/MAPK signalling during

EMT induces the upregulation and activation of platelet-

derived growth factor (PDGF)/PDGFR-alpha. This causes both

the nuclear accumulation of b-catenin and the translational

upregulation of laminin (Ln)-B1 via the binding of La/SSB to

the internal ribosome entry site located in the leader region of

Ln-B1 [74–76]. Studies focusing on the tumour–stroma inter-

action revealed that the secretion of TGF-b by activated hepatic

stellate cells (HSCs), as well as MFBs, is responsible for the

TGF-b/PDGF-mediated induction of hepatocellular EMT

[77,78]. In patients with HCC and human hepatoma cells, the

EMT was firstly observed through the high Ln-5 expression

which cooperates with TGF-beta to reduce E-cadherin levels

and activate beta-catenin in an alpha3 integrin-dependent

manner [79]. The migration and proliferation of de-differen-

tiated HCC cells was found to be stimulated by Ln-5, produced

and secreted by HSCs [80,81]. Inhibiting TGF-b signalling with

the TGF-bR kinase inhibitor (galunisertib) restores E-cadherin

expression and diminishes the migratory capacity of hepatoma

cells, as well as abolishing the TGF-b1-dependent activation of

integrin b1, required for vascular invasion [82,83]. This seems

to be important also in patients with HCC, in whom a strong

correlation between circulating levels of TGF-b1 and an

increased aggressiveness of the HCC phenotype has been

shown [79].

A disruption of TGF-b signalling by pharmacological inter-

vention using LY2109761 further reduces the connective tissue

growth factor (CTGF)-mediated cross-talk of HCC cells with

cancer-associated fibroblasts and decreases the blood vessel
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formation mediated by the vascular endothelial growth factor

(VEGF) released from HCC cells [84,85]. VEGR and the related

receptor (VEGFR) are important targets, together with EGFR,

for HCC progression [86]. Recent studies showed the functional

collaboration of TGF-bwith the receptor tyrosine kinase AXL in

EMT-transformed human hepatoma cells and in patients with

HCC, redirecting TGF-b signalling from tumour-suppression to

tumour-promoting actions. Activation of AXL by its ligand

GAS6 phosphorylates the SMAD3 linker region at Ser213 in a

JNK-dependent manner after interaction with the scaffold

protein 14-3-3f, leading to the activation of pro-tumourigenic

TGF-b target genes and autocrine TGF-beta signalling [87,88].

Further studies showed the collaboration of hepatitis C virus

(HCV) with TGF-b signalling in HCC progression. Interest-

ingly, HCV core proteins downregulate SMAD3, causing the

EMT and an insensitivity of HCC cells to the anti-oncogenic

effects of TGF-b [89]. HCV glycoproteins stabilize hypoxia

inducible factor 1-a (HIF-1a) that induces the EMT of HCC

cells, associated with an upregulation of SNAIL and TWIST, as

well as of TGF-b, that is responsible for enhanced cell motility

[90]. Overall, TGF-b plays a paramount role in hepatocellular

EMT and intrahepatic metastasis, suggesting that TGF-b and

particularly its cooperating partners, are promising targets to

combat HCC progression.

Targeting TGF-b in patients with HCC

The potential role of TGF-b1 in patients with CLD was firstly

underlined in studies reporting the levels of this cytokine in

different biological fluids, as well as the expression levels of

TGF-bR [91,92]. More recently, an inverse correlation between

circulating TGF-b1 and E-cadherin levels has been reported in

patients with HCC, that resembles the EMT process, as docu-

mented in vitro [93]. A large body of evidence indicates that, as

previously discussed, TGF-b1 is a key molecule involved in the

tumoural progression of HCC either by promoting the EMT or

by activating WNT, the best identified oncogenic pathway in

HCC. Hoshida et al. have recently stratified patients with HCC

according to the molecular pathway activation related to the

clinical outcome. Patients with the worst survival had TGF-b
activation, inducing b-catenin nuclear translocation leading to

WNT signalling, responsible for tumoural growth [94]. The

finding in this subset of patients is also consistent with the late-

TGF-b signature and the consequent EMT cascade [95].

Smad3

Suppression 
of HCC

TGF-β

Smad3

Cytoplasm

Smad4

EMT target genes
(e.g. snail, twist, 
MMPs, TGF-β1)

Smad4 TIF1y

HCV
Axl

KLF17

P P P

Figure 3 Role of TGF-b on the EMT in HCC. TGF-b/Smad signalling switches from anti-oncogenic functions (left panel) to EMT and
HCC progression (right panel). HCV core proteins (HCV), Axl or the ablation of KLF17 impinge on Smad 3 through an aberrant
regulation of its abundance, phosphorylation or its transcriptional activation, respectively, leading to EMT signatures. De-repression
of Smad4 levels by loss of TIF1y facilitates the EMT.
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Recently, it has been shown that the TGF-bRI kinase inhibitor
galunisertib, but not a monoclonal inhibitor of TGF-bRII (D10),

blocks the canonical and noncanonical pathways [96,97]. The

inhibition of SMAD2 phosphorylation is responsible for

reducing the tumoural progression of HCC in preclinical con-

ditions; this is the scientific rationale for using this compound

in clinical trials [16]. A phase II clinical trial H9H-MC-JBAK

(NCT01246986, http://clinicaltrials.gov) using galunisertib in

patients with advanced HCC to test safety, time to progression

and overall survival is currently ongoing, and the results will

be available next year. In this study, patients have been

enrolled without any TGF-b related selection; however, a large

panel of circulating biomarkers is under investigation to assess

their clinical role. These data, supported by experimental

studies, would be very important to better personalize medi-

cine, in terms of both the therapeutic and management deci-

sions to be made.

Very recently, close attention has been paid to the immuno-

suppressor properties of TGF-b, which allow surveillance

mechanisms to be evaded, facilitating tumour growth and

metastatic progression. In this sense, isolated HCC-infiltrating

Treg cells directly suppress the cytotoxic function and IFN-ᵞ

secretion of cd T cells in a TGF-b-dependent manner [98].

Indeed, some TGF-b-related strategies are aimed directly at

this immune reinforcing concept. Nowadays, LucanixTM

(belagenpumatucel-L, a nonviral gene-based allogeneic tumour

cell vaccine that demonstrates enhancement of tumour antigen

recognition as a result of transforming growth factor b-2 inhi-

bition) has shown improved survival in a phase III study in

patients with nonsmall cell lung cancer (NSCL) [99,100]. The

TAG vaccine is a novel ‘triad vaccine’ that involves transfection

of autologous tumour with a dual plasmid, TGFb2 antisense

gene and GM-CSF gene, to force antigen presentation and

thereby enhance dendritic cell migration to the vaccination site

[101,102]. Results obtained in these ongoing studies will indi-

cate the adequacy of the pharmacological inhibitors of TGF-b
signalling used in combination with immunotherapeutic

strategies in different types of cancer.

Besides intervention with the canonical and noncanonical

TGF-b pathway through TGF-b receptors, inhibition of the

signalling events collaborating with the TGF-b cascade promise

to combat HCC progression. In this context, particular attention

should be paid to the switch from tumour-suppressive to pro-

oncogenic TGF-b actions via the synergistic cross-talk with

RTKs such as EGF-R, HGF/Met or Axl in clinical trials. As

EGF-R is necessary for the activation of Akt, which confers

resistance to TGF-b mediated apoptosis [71], interference with

EGF-R signalling by employing approved targeted drugs in

TGF-b/Smad-positive HCC patients might be effective. Simi-

larly, as Axl receptor activation causes the aberrant phospho-

rylation of Smad3 and induction of EMT-target genes during

HCC progression [88], intervention on Axl signalling in TGF-b-
responsive HCC patients is suggested to selectively arrest the

tumour-progressive TGF-b signalling without affecting the

anti-oncogenic actions of TGF-b. Thus, inhibition of the cross-

talk between Axl and TGF-b signalling is considered superior

to treatment modalities that exclusively target TGF-b signalling.

Notably, specific Axl inhibitors are available and already in use

in various clinical settings [103]. Clinical trials must further

focus on the targeting of miRs that are essentially involved in

oncogenic TGF-b signalling in HCC. Importantly, synthetic

miR-125b mimics are considered to efficiently suppress EMT

and EMT-associated traits of HCC cells by targeting Smad2/

Smad4, which reduce the cancer stem cell potential and block

HCC progression [104]. Along the same lines, pharmacological

inhibition of the EMT-associated miR-216a/217 cluster, which

activates PI3K/Akt and TGF-b by targeting PTEN and Smad7

in HCC, is a novel anticancer strategy [105].

A further development of therapies requires a more sophis-

ticated delivery of the drug. Nanotechnology can come to the

aid of standard medicine in a new area called ‘nanomedicine’.

Novel methods for encapsulating drugs in more efficient ways

are being developed. One of these methods deals with the use

of biodegradable hollow polyelectrolyte capsules as a protec-

tive sieve to load and release a cargo in a targeted manner

[106,107]. These capsules are produced starting from a template

dissoluble core (that can be organic or inorganic) which is layer-

by-layer (LbL) assembled with oppositely charged polyelec-

trolytes layers until a shell with a set layer number is formed.

Then, using a dissolving agent, the core is removed and a

hollow capsule is obtained, that is ready to be filled with a

drug. The surface chemistry and the thickness can be tailored

(starting from few nanometres, depending on the number of

layers). Several biological and chemical components can be

assembled within the layers or in the interior. Hollow capsules

have also been shown to achieve slow release with a high

apoptotic efficiency at high doses [108]. Using this self-assem-

bly technique, galunisertib was encapsulated in polyelectrolyte

capsules, and their uptake was studied in two invasive hepa-

tocellular carcinoma (HCC) cell lines [109]. Two polyelectrolyte

pairs (biocompatible but not degradable, and biodegradable

cross-linked with glutaraldehyde) were employed as compo-

nents for LbL coating. Using both confocal laser scanning

microscopy and fluorimetric analysis, it was shown that load-

ing galunisertib into polyelectrolyte capsules improves the

uptake of this drug in HCC cells. The authors showed that it

was possible to improve the wall stability of hollow shells by

chemical cross-linking and that there was no increase in cyto-

toxicity. A very efficient loading was also demonstrated. Fur-

thermore, they observed that, as compared with free drug

administration, TGF-bRI kinase inhibitor-loaded capsules were

able to more efficiently inhibit tumour cell migration. All these
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data demonstrated that these polymeric capsules are promising

candidates as novel carriers for targeted drug delivery against

HCC, in the context of a more personalized therapy (Fig 4).

Breath tests for liver function and HCC
Another important aspect from the perspective of personal-

ized medicine is to be able to rely on tests during treatment to

help assess drug effectiveness. In this context, the availability

of a test evaluating hepatic clearance by a number of exoge-

nous substances has paved the way to the study of specific

metabolic pathways in a more ‘dynamic’ fashion. Specific

breath tests (BTs) have been employed as dynamic tools for

studying liver function. The principle of the BT is to measure

CO2 in exhaled air as a marker of the hepatic metabolism of a

test compound (substrate). The exhaled concentration of 13CO2

measured by mass spectrometry reflects the hepatic clearance

of the given test compound, reflecting the mitochondrial,

microsomal or cytosolic metabolism [110,111]. Demethylation

of methacetin (a cytochrome P-450 mediated process) and the

decarboxylation of a-keto isocaproic acid (KICA) (a marker of

specific mitochondrial function) have been used as substrates

to evaluate the effects on liver function in patients with HCC

undergoing different treatments) [112,113]. Consistently, the

type of treatment of HCC (i.e. radiofrequency ablation, RFA or

transarterial chemoembolization, TACE) influenced the post-

therapy liver function and consequently the BTs. In fact, HCC

recurred in patients whose KICA BT did not return to baseline

within 6 months following RFA. The methacetin metabolism

was significantly decreased following TACE but not RFA

[114]. However, no data are so far available for patients with

HCC undergoing systemic therapy, although using KICA BT

as a tool to select and follow patients with HCC in terms of

outcomes and disease recurrence seems to be an interesting

approach. In particular, the KICA BT test might be relevant to

evaluate the efficacy of treatment for HCC but also the

residual liver function, in particular in patients receiving

galunisertib. This could have a positive effect also on the

underlying liver disease. In conclusion, the crucial role of

TGF-b discussed in this review offers the rationale for

inhibiting this target in patients with HCC. The upcoming

data from the clinical trial using galunisertib may shed further

light on this topic.
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