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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 
heterogeneous 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 translation 
and is overexpressed in human HCC tumor 
tissues compared with normal liver tissues  [16]. 
Moreover, ORP8, which is downregulated 
in HCC tissues compared with liver tissue 
from healthy subjects, has a role in Fas trans
location to the plasma membrane and Fas ligand 
upregulation 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-κB 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 
upregulation 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) expression 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 
upregulated 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.
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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 phenotype and resistance to 
TGF-β-induced suppressor effects [66]. Blocking 
TGF-β upregulates 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 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 [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 transactivation 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 aggressive 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 antiapoptotic 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-κB 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.
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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 
druggable 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 hepatocellular carcinoma 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 overactivation 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 xenograft 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 
phenotype 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 expression 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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