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Abstract: Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related mor-
tality worldwide. Sorafenib is the first multi-tyrosine kinase inhibitor approved for HCC and it has 
represented the standard of care for advanced HCC for almost 10 years, offering a survival benefit 
when compared to placebo. However, this benefit is limited, showing rare objective responses and 
a disease control rate approaching 50–60%, with most patients experiencing disease progression at 
6 months. These scant results dictate the urgent need for strategies to overcome both primary and 
acquired resistance. Herein we report several mechanisms supporting resistance to sorafenib in 
HCC patients, including activation of oncogenic pathways. Among these, the AKT/mTOR path-
way plays a crucial role being at the crossroad of multiple driving events. Autophagy, multidrug- 
resistant phenotype, hypoxia-related mechanisms and endoplasmic reticulum stress are gaining 
more and more relevance as crucial events driving the response to anticancer drugs, including 
sorafenib. Several HCC-specific miRNAs take part to the regulation of these cellular processes. 
Remarkably, molecularly targeted strategies able to overcome resistance in these settings have also 
been reported. So far, the vast majority of data has been derived from laboratory studies, which 
means the need for an extensive validation. Indeed, most of the possible drug associations 
displaying promising effects in improving sorafenib efficacy herein described derive from pre-
clinical explorations. Notably, data obtained in animal models can be inconsistent with regard to the 
human disease for efficacy, safety, side effects, best formulation and pharmacokinetics. However, 
they represent the necessary preliminary step to improve the management of advanced HCC. 
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Plain Summary
Sorafenib has represented the standard of care for patients with advanced hepatocel-
lular carcinoma for almost 10 years. Notwithstanding, the survival benefit of this 
treatment remains limited. Objective responses are rare and disease control can be 
obtained in approximately 50–60% of cases, with most patients experiencing progres-
sion at 6 months. Biomarkers predictive of primary and acquired resistance, together 
with novel strategies to increase sorafenib effectiveness are urgently needed. The 
understanding of molecular events leading to drug resistance and increasing treatment 
effectiveness represents the first step to improve hepatocellular carcinoma prognosis.

Introduction
Hepatocellular carcinoma (HCC) accounts for more than 80% of primary liver 
malignancies and is the second cause of cancer-related death worldwide.1 When 
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diagnosed at advanced stages or with extrahepatic metas-
tasis, systemic treatments are the only option.2 Sorafenib is 
a tyrosine kinase inhibitor (TKI) and targets multiple ser-
ine/threonine kinases, including c-RAF, wild type and 
mutant BRAF, transmembrane platelet-derived growth fac-
tor receptor beta (PDGFRB), vascular endothelial growth 
factor receptors (VEGFR1, VEGFR2, VEGFR3), hepato-
cyte factor receptor c-KIT (CD117), and Fms-like tyrosine 
kinase FLT3 (CD135).3,4 The phosphatidylinositol 
3-kinase (PI3K)/protein kinase B (AKT) and the insulin- 
like growth factor (IGF) signaling cascades play a major 
role among pathways that sorafenib fails to inhibit or that 
reactivate following treatment, gaining relevance in the 
context of resistance.5,6 In addition, following ligand- 
induced phosphorylation, insulin-like growth factor 1 
receptor (IGF-1R) phosphorylates and activates both the 
PI3K/AKT and Ras/mitogen-activated protein kinase path-
ways further contributing to sorafenib resistance.7

Sorafenib is metabolized by hepatic CYP3A4 and 
UGT1A9, and the glucuronide conjugate is excreted 
via the biliary/fecal route.8 Sorafenib has represented 
the standard of care for advanced HCC for almost ten 
years, offering a survival benefit when compared to 
placebo.9 However, this benefit is limited, showing 
rare objective responses and a disease control rate 
approaching 50–60%, with most patients experiencing 
disease progression at 6 months.10 The poor effective-
ness of sorafenib dictates the urgent need for strategies 
to overcome both the primary and the acquired resis-
tance. The availability of novel treatments such as other 
TKIs and immune checkpoint inhibitors11–14 determines 
the urgent need of informative biomarkers to channel 
patients to the most promising first and second line 
treatments, according to personalized assessments. 
Informative biomarkers might only derive from a deep 
knowledge of molecular mechanisms driving primary 
and secondary resistance. The identification of these 
mechanisms might help to find biomarkers for treatment 
choice and its monitoring, and provide novel molecules 
for rational combined approaches to overcome sorafenib 
resistance. Indeed, beside primary resistance, sorafenib 
may also induce development of acquired resistance or 
intolerance. Several factors associated with sorafenib 
primary and acquired resistance were reported, including 
oncogenes and tumor suppressor genes, as well as can-
cer-related molecular pathways and non-coding RNAs.15 

This last class of molecules includes microRNAs 
(miRNAs), long non-coding RNAs (lncRNAs) and 

circular RNAs (circRNAs) which role in liver carcino-
genesis has been well established in the last two 
decades.16

Herein we will report some of the most representative 
studies dealing with molecular mechanisms involved in 
sorafenib resistance. Their knowledge is awaited to pro-
vide beneficial effects in terms of both prognostication and 
identification of novel treatments.

Driver genes and sorafenib 
resistance in HCC
High-throughput genome-wide screening tools have been 
employed for the identification of driver genes responsible 
for the drug resistant phenotype of cancer cells, leading to 
the discovery of new targets and possible treatment com-
binations. In a therapeutic perspective, it is crucial to 
distinguish between driver genes and bystander lesions 
that may result from genomic instability rather than from 
acquired mutations/deletions. Only the formers are respon-
sible for clonal selection and increased aggressiveness. 
The advent of CRISPR/Cas9 technology17 further acceler-
ated this process overcoming possible off-target effects 
and partial target silencing observed with the short hairpin 
RNA screening technology. Wei and coworkers performed 
a CRISPR/Cas9 knockout screening in sorafenib-treated 
HCC cells and identified phosphoglycerate dehydrogenase 
(PHGDH) as a crucial player in drug resistance. Indeed, 
PHGDH is the most negative-selected gene following 
sorafenib administration and, vice versa, it is highly upre-
gulated in sorafenib-resistant cells. PHGDH is a rate- 
limiting enzyme of the serine synthesis pathway (SSP) 
whose activation during sorafenib treatment enables can-
cer cells to overcome reactive oxygen species (ROS) pro-
duction and sorafenib-induced oxidative stress through the 
production of both antioxidant species and α-ketoglutarate. 
As a proof of concept, PHGDH knockdown induces apop-
totic cell death and sensitizes tumor cells to sorafenib in 
xenograft mice. Metabolomics analysis revealed the accu-
mulation of glycolytic metabolites that cannot be branched 
to the SSP in PHGDH silenced cells, and the decrease of 
the redox cell potential leading to mitochondrial ROS 
accumulation and sorafenib sensitization. The Authors 
also demonstrated the transcriptional regulation of 
PHGDH by nuclear factor erythroid 2-related factor 2 
(NRF2) that indeed represents the principal regulator of 
the cell redox potential. Its induction by sorafenib might 
be responsible for acquired resistance. Interestingly, the 
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association between the PHGDH inhibitor, NCT-503, and 
sorafenib triggered apoptosis in preclinical models over-
coming sorafenib resistance. Notably, the activation of 
SSP is a common mechanism of resistance to TKIs as 
displayed following lenvatinib and regorafenib administra-
tion in HCC cells, suggesting PHGDH targeting as 
a promising combinational option for the treatment of 
HCC.18 A similar methodological approach applied on 
sorafenib-resistant clones identified the involvement of 
Keap1 downregulation in the acquired resistance to TKIs 
showing a reduction of ROS mainly due to NRF2 activa-
tion and upregulation of its transcriptional targets, NQO1, 
GPX2 and TXNRD1.19 Interestingly, a transposons- 
mediated delivery of miRNA-based short hairpin RNAs 
(shRNAs) against oncogenes located in amplification 
genomic regions allowed an in vivo negative selection of 
sorafenib-resistant genes. This approach led to the identi-
fication of Mapk14 as a therapeutic target whose blocking 
improves sorafenib efficacy and identified the activation of 
Mek-Erk and Atf2 downstream signaling cascades as 
responsible for acquired sorafenib resistance in mouse 
and human HCC. Intratumoral knockdown of Mapk14 
did not affect tumor burden whereas it greatly increased 
overall survival of sorafenib-treated mice, suggesting its 
inhibition as a promising synergic strategy for HCC.20 The 
same shRNA screening also identified peptidase mitochon-
drial protein (PMCP) as a possible driver gene contribut-
ing to sorafenib resistance. A subsequent study 
demonstrated that silencing of PMCP subunit beta 

(PMPCB), but not subunit alpha (PMPCA), increases the 
survival of orthotopic tumor-bearing mice, as well as late 
stage HCCs, undergoing sorafenib treatment. Notably, 
a combination therapy with orally administered PMPCB 
shRNA-loaded nanoparticles plus sorafenib attenuated 
tumor burden and improved survival of HCC mice with 
respect to sorafenib monotherapy showing a comparable 
effectiveness with Mapk14 shRNA/sorafenib combination. 
The investigation of apoptosis-mediating PMPCB down-
stream signaling revealed the involvement of PTEN- 
induced putative kinase 1 (PINK1) and Parkin in the 
degradation of the anti-apoptotic gene MCL-1. Strikingly, 
MCL-1 staining correlates with poorer survival of HCC 
patients undergoing sorafenib treatment. The Authors pro-
posed an elegant model where combinatorial strategies 
against PMPCB/MCL-1 pathway and Raf/Mek/Erk path-
way are necessary to promote sorafenib sensitization.21 

Preclinical tools can also be employed to determine 
novel mechanisms and gene signatures associated with 
sorafenib resistance. Tovar et al22 identified the enrich-
ment of tumor-initiating cells (T-ICs) and the activation 
of fibroblast growth factor (FGF) and insulin growth fac-
tor (IGF) signaling cascades as crucial events leading to 
sorafenib resistance in a xenograft mouse model. 
A transcriptomic analysis revealed the upregulation of 
genes involved in cell cycle progression, proliferation, 
migration and progenitor cell-like features. Experimental 
settings confirmed the increase of sphere formation abil-
ities and tumorigenic potential of cells from sorafenib- 

Figure 1 Driver genes involved in sorafenib resistance in HCC. 
Notes: Schematic representation of molecular pathways underneath the deregulation of driver genes and their effects in gene transcription, radical oxygen species (ROS) 
production and receptor pathway activation.
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resistant tumors, proving the enrichment of T-ICs, which 
role in tumor relapse, drug resistance and disease progres-
sion is well known.23 Interestingly, the treatment of sor-
afenib-resistant HCCs with brivanib, an EGFR inhibitor, 
delayed tumor progression and increased survival by 
blocking the expression of IGFR1 and downstream effec-
tors, ERK and phospho-RPS6. Therapeutic options direc-
ted against T-ICs and cancer stem cells (CSCs) might 
therefore overcome the development of tumor resistance 
and prevent tumor relapse, highlighting the combination or 
sequential employment of TKIs as a promising strategy 
in HCC.

Beta-catenin is the second most frequently mutated 
gene in HCC and its activation associates with sorafenib 
resistance.24 Due to the undraggable nature of β-catenin 
itself, the identification of regulatory genes preventing its 
nuclear translocation might favor the design of novel stra-
tegies aimed at boosting sorafenib efficacy. Bioinformatics 
tools identified Nima-related kinase 2 (Nek2) as a β- 
catenin interacting protein and in vitro studies demon-
strated its ability to stabilize β-catenin promoting its 
nuclear localization by interfering with its binding to the 
destruction complex. Nek2 is upregulated in HCC with 
respect to surrounding non-tumor tissue and is an indepen-
dent predictor of HCC survival. Nek2 silencing in combi-
nation with sorafenib treatment abolished tumor 
progression improving sorafenib antitumor activity in 
xenograft mice.25

To sum up, several HCC drivers are implicated in 
sorafenib resistance (Figure 1). Their potential in com-
binatorial strategies able to circumvent the onset of 
resistant phenotypes was demonstrated in preclinical 
models and awaits further validation. Remarkably, 
before envisaging any possible translation, laboratory 
evidences need to be corroborated with safety and phar-
macokinetic data.

Oncogenic Pathways and Sorafenib 
Resistance in HCC
HCC is a heterogeneous disease. In line, heterogeneous 
responses to sorafenib can be observed due to preexisting 
innate or acquired resistance. Innate resistance occurs 
when sorafenib is ineffective from the beginning of treat-
ment and it is mainly related to reduced drug intake, 
activation/inhibition of signaling pathways and altered 
expression of molecular targets.26 The existence of an 
innate resistance is emphasized by in vitro studies showing 

that some HCC cell lines are more resistant to sorafenib 
compared to others.27,28 On the other end, acquired resis-
tance occurs when sorafenib becomes ineffective during 
the course of treatment, after a clinical benefit has been 
observed. Acquired resistance most commonly results 
from the activation of signaling pathways that “bypass” 
the drug targets to maintain survival and proliferation. 
Indeed, sorafenib targets several cellular pathways and 
simultaneously it activates compensatory cascades respon-
sible for acquired resistance. Most targets that are asso-
ciated with drug resistance are also related with HCC 
development and progression. Among them, the 
Phosphoinositide 3-kinase/protein kinase B/mammalian 
target of rapamycin (PI3K/AKT/mTOR) signaling path-
way plays a crucial role in different biological processes 
like proliferation and metastasis and it mediates acquired 
resistance to sorafenib. Resistant HCC cell lines obtained 
by prolonged exposition to sorafenib escalating doses are 
characterized by a strong activation of the PI3K/Akt sig-
naling pathway and, accordingly, Akt overexpression in 
Huh7 cells resulted in sorafenib resistance.5 In sorafenib 
resistant cells PI3K/Akt activation upregulated the expres-
sion of the transcription factor Snail inducing the epithelial 
to mesenchymal transition (EMT), responsible for a more 
aggressive phenotype.29 Although phosphorylation of Akt 
is induced by protein phosphatase inactivation,30 it was 
shown that sorafenib-induced Akt phosphorylation was 
independent from protein phosphatase 2A (PP2A), one of 
the major serine/threonine phosphatase in eukaryotic cells. 
Thus, mechanisms responsible for Akt activation in resis-
tance are still unclear.31 Once activated, Akt produces 
a number of downstream effects such as p27 inhibition, 
cytoplasmic Foxo localization and mTOR 
phosphorylation.32–34 Accordingly, by using a high density 
fluorescence reverse-phase protein array (RPPA) that is 
well suited for profiling of phosphorylated proteins, de 
novo activation of mTOR signaling was identified in sor-
afenib-resistant HCC cells.35 MTOR pathway activation is 
characterized by increased phosphorylation of ribosomal 
protein S6 (RPS6) that in turn regulates protein synthesis 
and allows progression from the G1 to the S phase of the 
cell cycle in HCC.36 Preclinical models confirmed the 
association between mTOR axis and HCC recurrence.37 

In the clinical practice, mTOR activation is observed in up 
to 45% patients with HCC, and is associated to early 
recurrence and poor prognosis.38 Thus, it is not astounding 
that hyperactivation of PI3K/Akt/mTOR has been asso-
ciated with attenuated sensitivity to sorafenib and it is 
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therefore plausible that HCC patients overexpressing phos-
pho-RPS6 (S235/236) could benefit from mTOR inhibi-
tion. The macrolide rapamycin is the most famous mTOR 
inhibitor, initially extensively used as an immunosuppres-
sive drug in organ transplantation. Subsequently, multiple 
rapamycin analogs defined ‘rapalogs’ as well as other 
mTOR inhibitors have been developed. Among them, 
everolimus inhibits the mTOR pathway and reduces 
tumor growth in xenograft models of human HCC.39 The 
in vivo efficacy of everolimus is potentiated by combined 
treatment with sorafenib in a HCC orthotopic rat model, 
and this combination inhibits tumor angiogenesis.40 

Unfortunately, a multicenter, randomized Phase 3 clinical 
trial (NCT01035229) evaluating everolimus in patients 
with HCC who progressed on sorafenib did not show 
any improvement in overall survival.41 Another multicen-
ter randomized Phase 2 trial (NCT01005199) in patients 
with advanced HCC treated with sorafenib either alone or 
in association with everolimus did not show any survival 
benefit of the combination over sorafenib alone.42 To over-
come the failings of rapalogs, other inhibitors have been 
developed. These include MLN0128 (sapanisertib), CC- 
233 or NVP-BEZ235 (dactolisib), and AZD-8055. 
Preclinical studies with second-generation mTOR inhibi-
tors showed promising results and two clinical trials eval-
uating CC-233 and AZD-8055 in advanced HCC were 
completed. However, results have not been published to 
date.43 On the other hand, negative feedback loop exists 
between mTOR and PI3K axis that needs to be considered. 
Indeed, inhibition of mTOR can lead to Akt activation, 
thereby promoting cell proliferation and survival.44 This 
may explain why the effect of mTOR inhibition is not 
ideal to reverse sorafenib resistance. Negative results 
obtained so far with mTOR inhibitors suggest that biomar-
kers of mTOR or alternative pathways activation are 
necessary to select HCC patients who might benefit from 
mTOR suppression.

The Notch signaling cascade is a highly conserved 
pathway involved in cell fate, cell death and cell prolifera-
tion in several physiological and developmental 
processes.45 Four Notch receptors composed of a large 
extracellular domain for ligand binding and 
a cytoplasmic Notch intracellular domain (NICD) for sig-
nal transduction have been described in mammals. Notch 
receptors are activated by cell surface ligands present in 
neighboring cells that induce different cleavages by the 
ADAM/TACE family and subsequently by the γ-secretase 
complex.46 Although Notch signaling is a critical 

component in liver regeneration, there are conflicting 
data on its involvement in HCC. However, growing evi-
dences indicate that most of Notch activity is associated 
with oncogenic activation.47 Accordingly, Villanueva et al 
showed that the conditional expression of NICD1 in 
a mouse model led to HCC in all test subjects during the 
first year.48 Aberrant expression of Notch receptors has 
been detected in HCC tissues when compared to the sur-
rounding livers49 and several studies verified that targeting 
Notch pathway represents a potential therapeutic option 
for HCC.50 Notch3 silencing increased sorafenib-induced 
apoptosis via specific downregulation of p21 and upregu-
lation of pGSK3β (Ser9) in HCC cells. Accordingly, in 
a mouse xenograft model, Notch3 depletion combined 
with sorafenib exerted an important antitumor effect pre-
venting drug resistance.27

Different strategies inhibiting Notch have been devel-
oped including monoclonal antibodies preventing ligand 
receptor interaction and gamma-secretase inhibitors 
(GSIs) to block the proteolytic cleavage of the receptors. 
The GSI PF-03084014 showed antitumor activity in dif-
ferent human cancers including HCC51 and consequently 
its synergistic effect with sorafenib was evaluated in 
a HCC spheroid-derived orthotopic model. Both single 
agents failed to show an inhibitory effect, which was 
instead obtained by their combination, reaching 
a synergistic impact associated with inhibition of both 
angiogenesis and cell proliferation of HCC spheroid- 
derived orthotopic tumors.52 Again, the antitumor activity 
of the combined regimen was associated with reduced 
expression of PI3K/Akt signal. Recent studies have 
shown that the crosstalk between oncogenic pathways is 
involved in the development of resistance to cancer ther-
apy and, in line, a crosstalk between Notch and Akt 
signaling in sorafenib-resistant HCC cells was described. 
Knockdown of Akt in sorafenib-resistant HepG2 cells 
resulted in Notch1 reduction that overcomes sorafenib 
resistance. Accordingly, valproic acid (VPA), a histone 
deacetylase (HDAC) inhibitor that regulates the Notch 
signaling pathway in HCC53 combined with sorafenib 
enhanced the sensitivity of resistant cells reverting the 
increased levels of Notch1 and Akt observed in acquired 
resistance.54 This data suggests that the interplay between 
Notch and PI3K/Akt pathway needs to be further eluci-
dated in order to explore possible combinations preventing 
the activation of both oncogenic pathways. Taken 
together, these findings provide a rationale to combine 
Notch inhibitors with sorafenib as a therapeutic strategy 
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for HCC pointing out that targeting cancer through com-
bined approaches might help overcome innate and 
acquired resistance.

MicroRNAs and Sorafenib 
Resistance in HCC
MicroRNAs are a class of small (18–22 nucleotides long) 
non-coding RNAs with a regulatory function on target 
mRNA expression. They either impair translation, or pro-
mote mRNA degradation modulating the expression of 
hundreds of targets at once.55 Their functions are indeed 
more complex than single miRNA–mRNA interactions. 
They establish complex circuitry regulating key pathways 
at multiple levels interplaying with each other, ultimately 
leading to increased proliferation, invasion, and EMT, 
aberrant apoptosis and metabolic shift, accounting also 
for the response to extracellular challenges including 
drugs, hypoxia and nutrient deprivation.

Both tissue and circulating miRNAs were investigated 
in the setting of sorafenib treatment in HCC.56 Concerning 
tissue miRNAs predictive of response/resistance to treat-
ments, the vast majority of data were generated in vitro or 
in animal models. This has to be ascribed to the fact that 
HCC diagnosis, especially at advanced stages, mostly 
relies upon imaging criteria, thus preventing the availabil-
ity of tissue specimens to be investigated. Conversely, 
circulating miRNAs may provide non-invasive biomarkers 
to be evaluated over time during treatments. MiRNAs 

were suggested as potential diagnostic and prognostic 
markers and therapeutic targets in HCC. Several studies 
aimed to uncover the contribution of deregulated miRNAs 
to sorafenib resistance. Most of them focused on the 
molecular pathways primarily targeted by sorafenib while 
others explored miRNA-modulation of cancer-related pro-
cesses such as apoptosis and multi-drug resistance 
(Figure 2).

VEGFR and PDGFR are the main transmembrane 
receptors whose function is directly impaired by sorafenib. 
VEGF is the main ligand triggering the activation of the 
VEGFR cascade stimulating endothelial cells proliferation 
and angiogenesis. MiR-638 directly targets VEGF. 
Remarkably, miR-638 downregulation in HCC cells and 
primary tumors inversely correlated with tumor size, portal 
vein invasion and poor prognosis. MiR-638 inhibited 
angiogenesis in in vitro models and tumor growth in 
a xenograft mouse model by blocking VEGF signaling. 
These findings were further corroborated by the presence 
of an inverse correlation between miR-638 and VEGF 
expression in HCC tissues.57 PDGF-C is a member of 
the PDGF/VEGF family of growth factors and it triggers 
the activation of PDGFR and plays an essential role in cell 
proliferation and blood vessel development. MiR-375 is 
downregulated in primary human HCCs and HCC-derived 
cell lines and it regulates PDGFC expression. MiR-375 
antiangiogenic effects were demonstrated both in vitro and 
in vivo. In vitro, conditioned medium from miR-375 
expressing cells impaired formation of tubular structures 

Figure 2 MiRNA-regulated pathways involved in sorafenib resistance in HCC. 
Note: Schematic representation of HCC-deregulated miRNAs and downstream pathways influencing sorafenib response. Abbreviations: MDR: multi-drug-resistant 
transporters. 
Abbreviations: P-gp, P-glycoprotein; SCF, stem cell factor; Red crosses, inhibition of sorafenib direct targets.
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in HUVEC cells and it inhibited angiogenesis in rat aortic 
rings and chicken chorioallantoic membrane. 
Angiogenesis impairment was ascribed to the direct target-
ing of PDGFC, which effects were demonstrated both 
in vitro and in hepatoma xenograft mice. Interestingly, 
sorafenib induces the expression of miR-375, which, in 
turns, displays an antiangiogenic effect by targeting 
PDGFC. Among upstream regulators driving miR-375 
overexpression under sorafenib-treatment, these authors 
identified the transcription factor achaete-scute homolog- 
1 (ASH1). Conversely, in the setting of sorafenib resistance 
elicited by long-term exposure, downregulation of miR- 
375 and an increase of MDR-related genes (MRP1 and 
P-glycoprotein) were reported. The enforced expression of 
miR-375 was able to restore sorafenib sensitiveness, at 
least in part by direct inhibition of the astrocyte elevated 
gene-1 (AEG1). Indeed, AEG1 is a multidrug resistance- 
related gene promoting MDR-1 expression; thus, its over-
expression resulting from miR-375 downregulation parti-
cipates to sorafenib resistance, while its downregulation 
resulting from miR-375 enforced expression contributes, 
at least in part, to sorafenib sensitivity.58

MiR-122 is downregulated in about 70% of primary 
HCC tissues59 and its downregulation associates with clo-
nogenic survival, anchorage-independent growth, migra-
tion, invasion, EMT and sorafenib resistance in HCC 
cells. Among factors involved in sorafenib resistance 
resulting from miR-122 downregulation, Xu et al 
described the direct targeting of IGF-1R. Interestingly, 
this study showed that restoration of miR-122 in vitro 
elicited sorafenib sensitivity in resistant cells, mainly 
through apoptosis induction.6 Remarkably, sorafenib resis-
tant HCCs displayed miR-122 downregulation and IGF-1R 
upregulation, which is indeed a common survival pathway 
to circumvent adverse conditions that gain reactivation 
during sorafenib resistance.60 MiR-181a is an oncogenic 
miRNA overexpressed in EpCAM+/AFP+ HCCs with 
stem cell features.61 MiR-181 was shown to contribute to 
sorafenib resistance through the direct targeting of Ras- 
association domain family 1 (RASSF1), a MAPK signal-
ing factor. Indeed, besides its oncogenic effects, the Ras 
signaling is also involved in the activation of tumor sup-
pression mechanisms. Among these, the RASSF1 family 
of proteins are activated by Ras to mediate tumor suppres-
sive properties and apoptotic effects and their inhibition by 
miR-181a impairs sorafenib sensitivity.62

MiRNAs may modulate sorafenib effectiveness not 
only by regulating sorafenib canonical targets but also by 

hitting other cancer-related pathways. The adenosine tri-
phosphate-binding cassette (ABC) transporter genes code 
for drug efflux pumps, responsible for the multidrug resis-
tance phenotype. ABC transporters are highly expressed in 
normal and neoplastic hepatocytes. Twelve ABC transpor-
ter genes (ABCA2, ABCB1, ABCB6, ABCC1, ABCC2, 
ABCC3, ABCC4, ABCC5, ABCC10, ABCC11, ABCC12, 
and ABCE1) resulted upregulated in HCC tissue when 
compared to surrounding non-neoplastic liver and their 
upregulation was associated with the deregulated expres-
sion of miRNAs. In particular, 13 cellular miRNAs were 
confirmed to directly target and to upregulate the expres-
sion of five ABC genes, namely ABCA1, ABCC1, ABCC5, 
ABCC10, and ABCE1, with an inverse correlation between 
miRNAs and their corresponding target genes. Since these 
genes are directly involved in drug efflux, this study sug-
gested evaluating miRNAs as non-conventional drugs in 
order to overcome multidrug resistance.63

Among tissue miRNAs predictive of sorafenib 
response, we have investigated the molecular mechanism 
underneath onco-miR-221 and tumor suppressor miR-30e 
deregulation in HCC. MiR-221 was assayed in two HCC 
animal models (DEN-induced HCC rats and xenograft 
mice), in a panel of HCC-derived cell lines and in 
human HCC tissues resected at surgery. Higher miR-221 
levels turned out to be associated with sorafenib resistance 
at least in part through caspase 3 (CASP3) direct inhibi-
tion. Because of CASP3 role as a final effector of apopto-
tic cell death, its downregulation by miR-221 results in 
reduced apoptotic rate in HCC preclinical models.64 

Remarkably, other targets of miR-221 such as PTEN 
may cooperate to induce sorafenib resistance. On the 
other hand, the tumor suppressor miR-30e-3p holds pro-
mise as a putative biomarker predictive of response to 
sorafenib in patients with HCC. MiR-30 family members 
downregulation was associated with proliferation, invasion 
and epithelial-to-mesenchymal transition, by targeting 
EMT-associated factors65,66 and cell adhesion molecules.67 

MiR-30e-3p is downregulated in human and rat HCCs, 
and its downregulation associated with TP53 mutations. 
EpCAM, PTEN, and p27 are miR-30e-3p targets mediat-
ing its contribution to stemness and malignant features.68 

Zhang et al provided a mechanistic insight explaining how 
miR-30a-5p, another member of the miR-30 family, parti-
cipates to sorafenib resistance in HCC. More in detail, in 
sorafenib resistant settings, the downregulation of miR- 
30a-5p allows the overexpression of its direct target, car-
diotrophin-like cytokine factor 1 (CLCF1). In turn, CLCF1 
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promotes aerobic glycolysis in HCC cells by activating 
PI3K/Akt signaling and its downstream genes, ultimately 
leading to a survival benefit. Thus, the miR-30a-5p/ 
CLCF1/PI3K/AKT cascade links sorafenib resistance to 
metabolism in HCC cells, explaining the survival advan-
tage of sorafenib resistant cells due to the increased aero-
bic glycolysis. Remarkably, the delivery of a cholesterol 
modified agomiR-30a-5p in a mouse model of sorafenib 
resistant HCC, displayed anticancer effects, suggesting the 
adoption of a combined approach in sorafenib resistant 
settings.69 To sum up, evidence supporting miRNAs invol-
vement in sorafenib resistance in HCC are sound. Thus, 
miRNAs appear promising molecules to be validated as 
both biomarkers and therapeutic tools. Remarkably, their 
characteristics and the way they affect molecular mechan-
isms suggest to consider miRNA panels instead of single 
miRNAs.

Autophagy and sorafenib resistance
Autophagy is an evolutionary conserved physiologic pro-
cess through which damaged cell components, such as 
mitochondria, macromolecules, endoplasmic reticulum, 
are removed and degraded. It requires the formation of a 
transient double-membrane structure ‘autophagosome’ 
incorporating cytosolic proteins and organelles leading 
them to degradation following lysosomal fusion. 
Conversion of the soluble form of LC3 (LC3-I) to a 
lipidated and autophagosome-associated form (LC3-II) is 
a hallmark of autophagy, together with the overexpression 
of other molecules that are fundamentally involved in the 
autophagosome enucleation and maturation such Beclin-1 
and autophagy-related genes (ATGs).

Autophagy occurs in basal conditions but it is further 
enhanced during stressful stimuli such as nutrient depriva-
tion, growth factors withdrawal and hypoxia favoring the 
recycling of cellular components to obtain energetic fuel to 
sustain stressed cells. MTOR and AMPK (5’AMP-acti-
vated protein kinase) are the main pathways regulating 
autophagy process with opposite effects.70 On the one 
hand, mTOR inhibits autophagy in presence of growth 
factors and nutrient abundance. On the other hand, 
AMPK enhances autophagic flux when the cellular ener-
getic potential is low. Autophagy enables cell survival in 
stressful conditions playing a key role in cancer promo-
tion. Nevertheless, its effects are controversial leading to 
cytotoxicity and, in the long term, triggering cell death in 
specific contexts.71 Autophagy has been shown to play 
dual roles in tumor initiation and progression. Its 

deficiency is advantageous in tumor initiation but 
represses tumor progression, playing also a contradictory 
effect in cancer therapy including sorafenib treatment. 
Indeed, despite the well-known promoting activity of sor-
afenib on autophagy induction via Mcl-1-mediated Beclin- 
1 activation,72 conflicting studies report the pro-survival 
role of autophagy in the long-term sorafenib administra-
tion and, on the contrary, its lethal effect during acute 
treatment, highlighting the duplicity of autophagy depend-
ing on different cell-contexts.

Regarding autophagy role in sorafenib-mediated apop-
tosis, Zhai and coworkers showed that it is possible to 
convert protective autophagy to autophagic cell death by 
switching-off Akt pathway in HCC cells. Akt signaling re- 
activation is indeed a well-known hallmark of acquired 
resistance to sorafenib in HCC patients.5 The establish-
ment of sorafenib-resistant (SR) cells following prolonged 
drug exposure represents a useful in vitro tool to investi-
gate mechanisms involved in adaptive sorafenib response. 
These Authors reported a decrease of autophagy markers 
LC3B and Beclin-1 in SR cells. Notably, chronic exposure 
to sorafenib inhibits the mTOR pathway, resulting in the 
activation of Akt via the negative mTOR-dependent feed-
back loop in SR HCC cells. These molecular events might 
explain the lack of a synergic effect between sorafenib and 
rapamycin when treating SR cells. More importantly, they 
might be at the basis of clinical trials failure as in the case 
of the phase I study investigating everolimus and sorafenib 
combination in HCC patients.73 On the contrary, co- 
administration of the Akt inhibitor GDC0068 with sorafe-
nib boosts autophagy process promoting cell death in both 
in vitro and in vivo models, representing an interesting 
strategy to overcome sorafenib-acquired resistance in 
HCC.31 Similarly, the study by Tang et al74 described the 
pro-survival role of large tumor suppressor 1 (LATS 1), 
a core kinase of the Hippo pathway, in HCC due to the 
inhibition of sorafenib-induced lethal autophagy. 
Specifically, LATS1 exerts a scaffolding function that sta-
bilizes Beclin-1 through ubiquitination of its lysine resi-
dues leading to the formation of inactive dimers negatively 
regulating the autophagic flux in HCC cells. LATS1 is 
upregulated in SR Huh7 cells as well as in non- 
responder patients after sorafenib treatment, suggesting 
LATS1 as a possible biomarker for patients’ stratification 
to targeted therapy. In addition, LATS1 but not LATS2 is 
upregulated in HCC patients where its high expression 
correlates with poor overall and disease-free survival. 
Notably, LATS1 silencing in vivo does not alter tumor 
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growth but significantly increases sorafenib antitumor 
activity in xenograft mice. Interestingly, LATS1 silencing 
exerts a similar effect on autophagy-mediated cell death in 
cabozantinib- and sunitinib-treated cells displaying 
a higher autophagic flux and a contemporaneous degrada-
tion of autophagy-adaptor protein p62/SQSTM1, suggest-
ing LATS1-mediated autophagy inhibition as a general 
mechanism with therapeutic implications for the targeted 
treatment of HCC. This aspect acquires indeed a particular 
interest for HCC where several first and second-line tar-
geted treatments granted approval in the last years in the 
absence of biomarkers for patients’ allocation. 
Consistently, several oncogenic miRNAs (miR-21, miR- 
153, miR-216a, miR-217, miR-494 and miR-10a-5p) tar-
geting the principal inhibitor of the Akt pathway PTEN are 
upregulated in HepG2 and Huh7 SR cells leading to Akt 
signaling activation and consequent autophagy inhibition. 
Since miRNA regulatory networks are very complex, and 
redundant or compensatory events take part to the regula-
tion of a single pathway, the simultaneous targeting of 
multiple miRNAs represents an interesting option as an 

anticancer strategy. This is the case of an artificial long 
non-coding RNA (AlncRNA) based adenoviral vector 
(Ad5-AlncRNA) containing antisense sequences able to 
specifically bind and sequester the above-mentioned sor-
afenib-regulated miRNAs. Ad5-AlncRNA infection 
reduces cell viability and promotes apoptosis in the pre-
sence of enhanced PTEN expression and autophagic rate 
as evidenced by the appearance of LC3B “puncta” in the 
cytoplasm of SR cells following sorafenib treatment.75 

This study confirms the shutting down of Akt axis as 
a critical mechanism to prevent acquired resistance in 
HCC, so as to highlight the importance of oncogenic path-
ways that fall outside from direct sorafenib targets but that 
acquire an equal relevance in the multidrug-resistant 
(MDR) phenotype.

On the contrary, other studies suggest autophagy as 
a mechanism of drug-resistance, postulating its inhibition 
as a possible intervention to overcome sorafenib resistance 
in HCC. Importantly, sorafenib induces both autophagy 
and cell death in a mechanism involving endoplasmic 
reticulum (ER) stress with the upregulation of IRE-1 sig-
nal. Specifically, the disturbance of basal ER processes 
triggers an evolutionary-conserved cell stress response 
also known as the “unfolded protein response” (UPR) 
that restores ER homeostasis in case of a small damage 
or unleash apoptosis due to persistent stressful events. 
IRE-1 is a sensor of the UPR and its activation following 
sorafenib treatment reduces apoptosis via autophagy 
induction compensating for cellular ER stress loading. In 
agreement, combination of sorafenib with the autophagy 
inhibitor chloroquine (CLQ), blocking autophagosome– 
lysosome fusion, increases sorafenib effectiveness in pre-
clinical models, suggesting autophagy targeting as 
a therapeutic strategy worthy of consideration.76 Of 
course, molecules with reduced toxicity with respect to 
CLQ should be investigated for a possible translational 
applicability in HCC. Lin et al demonstrated the influence 
of methyltransferase-like 3 (METTL3)/FOXO3 axis in 
sorafenib resistance via autophagy regulation in HCC. 
METTL3 is a key enzyme responsible for N6- 
methyladenosine (m6A) modification of target mRNAs 
regulating their stability and translation. METTL3 is 
downregulated in HCC patients developing sorafenib 
resistance following long-term treatment and its deregula-
tion promotes the activation of angiogenesis-associated 
genes and autophagy. METTL3 silencing lead to 
decreased m6A modifications of FOXO3 mRNA reducing 
its expression in SR HCC cells. In turn, FOXO3 

Table 1 Dual Role of Autophagy in Sorafenib Treatment

Pro/Anti 
Apoptotic 
Effect of 
Autophagy

Deregulated 
Pathway

Autophagy 
Regulation 
Strategy in 
Preclinical Models

Ref.

Pro-apoptotic mTOR-dependent 
Akt re-activation

Treatment with the 
Akt inhibitor 

GDC0068

[31]

Pro-apoptotic LATS1 

overexpression

LATS1 silencing [74]

Pro-apoptotic PTEN-dependent 

Akt re-activation

Multiple miRNA 

silencing (Ad5- 
AlncRNA)

[75]

Anti-apoptotic IRE1-dependent 
ER stress 

upregulation

Chloroquine 
treatment

[76]

Anti-apoptotic METTL3/FOXO3 

axis 

downregulation

FOXO3 

overexpression

[77]

Anti-apoptotic miR-541 

downregulation 
ATG2A/RAB1B 

upregulation

miR-541 

overexpression

[81]

Anti-apoptotic ANXA3 

upregulation

ANXA3 mAb [82]
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knockdown activates the transcription of autophagy- 
related genes, including ATG3, ATG5, ATG7, ATG12, 
ATG16L1, and MAP1LC3B, increasing autophagic activ-
ity in different SR cell lines. In vivo experiments assessed 
that FOXO3 overexpression in METTL3-knockdown 
xenografts rescues sorafenib sensitivity showing 
a significant reduction of tumor size, which is reflected at 
a cellular level by a decreased proliferation, autophagy and 
angiogenesis.77 MiR-541 represents another tile in the 
molecular regulation of autophagy in the context of sor-
afenib resistance in HCC. In particular, miR-541 is down-
regulated in HCC tissues and its low levels correlate with 
an aggressive phenotype, decreased recurrence-free 
survival and shorter overall survival. Remarkably, miR- 
541 belongs to the DLK1/DIO3 miRNA cluster, which 
plays a relevant role in HCC.78–80 At a molecular level, 
the interference with autophagy was demonstrated as 
acontribution of miR-541 to sorafenib resistance. In parti-
cular, miR-541 inhibits HCC proliferation, tumor growth 
and metastasis and enhances sensitivity to sorafenib by the 
direct targeting of two autophagy-associated genes, 
namely autophagy-related gene 2A (ATG2A) and Ras- 
related protein Rab-1B (RAB1B) oncogene. Notably, 
higher miR-541 tissue levels predict a better response to 
sorafenib treatment. A combination strategy with miR-541 
potentiates sorafenib antitumor activity in both in vitro and 
in vivo models. The authors suggested miR-541 as 
a promising sorafenib sensitizer in HCC treatment due to 
autophagy suppression and proposed manipulation of miR- 
541/ATG2A/RAB1B axis as a strategy aimed to prevent 
tumor escape, especially in miR-541 low-expressing 
HCCs.81

Another interesting study reported the upregulation of 
Annexin A3 (ANXA3) in SR cells and patient-derived 
xenografts (PDX), and demonstrated that an in vivo strat-
egy combining an anti-ANXA3 monoclonal antibody 
(mAb) with sorafenib/regorafenib treatment impaired 
tumor growth and increased survival. Mechanistically, 
ANXA3 overexpression in SR cells blocks protein kinase 
C (PKCδ)/p38-mediated apoptosis and activates autop-
hagy, which represents a prosurvival event. In HCC tis-
sues, ANXA3 is overexpressed and correlates with 
stemness features and autophagic marker LC3B and 
associates with poor survival in patients receiving sorafe-
nib. Therefore, ANXA3 represents not only a promising 
biomarker to predict clinical response to sorafenib but also 
a candidate for the development of combinatorial trials 
testing anti-ANXA3 mAb with sorafenib or regorafenib. 

Regarding a possible clinical translation, these Authors 
reported consistent evidences in several preclinical mod-
els, ranging from SR cells, liver organoids, xenograft and 
orthotopically implanted PDXs to sorafenib resistant HCC 
mice, where anti-ANXA3 mAb alone or in combination 
were tested displaying not only a safety profile but also 
a strong antitumor effect via apoptosis activation and 
autophagy blockade.82 In summary, here we reported 
some examples (Table 1) illustrating how autophagy acti-
vation in response to therapy is context-dependent and we 
highlighted the importance to unravel mechanistic aspects 
regulating autophagy in HCC showing its targeting as 
a possible intervention to optimize therapeutic strategies. 
This field of investigation is gaining more and more rele-
vance even though a translational application appears still 
far to be envisaged.

Hypoxia and Sorafenib Resistance in 
HCC
The antitumor effect of the multi-TKI sorafenib is 
mediated by both autologous and non-autologous mechan-
isms. Specifically, VEGFR2 and PDGFβ are among sor-
afenib direct targets and important mediators of 
endothelial cell growth. Thus, several studies focused on 
the antitumor effect of sorafenib by investigating its inter-
ference with tumor angiogenesis impairing tumor vascu-
lature and oxygen supply.83 The presence of a hypoxic 
microenvironment is a peculiar feature of many tumors, 
especially large-sized ones, promoting the activation of 
hypoxia-inducible factor 1 alpha (HIF-1α) and 2 alpha 
(HIF-2α) in cancer cells, which in turn regulate the expres-
sion of several proangiogenic factors to counteract the 
drug effectiveness.84 Indeed, the ubiquitous expressed 
HIF-1α and the cell specific expressed HIF-2α are well- 
known master regulators of cellular adaptation to hypoxic 
conditions and their role in tumor progression and therapy 
resistance is widely documented.85 Both HIF-1α and HIF- 
2α separately bind to HIF-1β (ARNT) to form 
a heterodimer (HIFs) that specifically recognizes consen-
sus sequences in proximity of gene promoters termed as 
“hypoxia-response elements” (HREs) promoting transcrip-
tional activation. Interestingly, HIFs expression is barely 
detectable in normoxic conditions, whereas its stability 
hugely increases in hypoxic contexts triggering the tran-
scription of a vast repertoire of genes involved in angio-
genesis, cell metabolism, apoptosis and metastasis. 
Oxygen-sensitive HIF-1α and HIF-2α subunits are both 
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overexpressed in human HCCs but, despite a 48% sharing 
of gene homology, their activities are quite different and 
mediated by regulation of distinct targets, interaction with 
different molecules and activation at specific time points.86 

Specifically, acute hypoxia mainly activates HIF-1α, 
whereas chronic hypoxia triggers HIF-2α, the latter regu-
lating angiogenetic molecules in the liver and representing 
therefore an interesting candidate in HCC. Interestingly, 
compensatory mechanisms seem to take part to the mutual 
regulation of the two isoforms possibly contributing to 
sorafenib resistance. Indeed, sorafenib treatment was 
reported to block HIF-1α protein synthesis by downregu-
lating AKT/mTOR and Raf/MEK/ERK pathways contri-
buting to reduce tumor angiogenesis in vivo due to the 
inhibition of proangiogenic factor VEGF.87 On the other 
side, the auto-compensatory upregulation of HIF-2α fol-
lowing sorafenib-mediated HIF-1α inhibition was reported 
as a critical molecular event mediating sorafenib resistance 
in hypoxia-cultured cells. Specifically, increased HIF-2α 
protein levels trigger TGF-α transcriptional regulation 
activating EGFR phosphorylation and downstream signal-
ing cascade concurring to sorafenib resistance. As a proof 
of principle, HIF-2α silencing or EGFR inhibition by 
gefitinib restores sorafenib sensitivity in hypoxic HepG2 
and Huh7 cells and combination of sorafenib plus HIF-2α 
small interfering RNAs (siRNAs) synergistically reduces 
tumor growth in xenograft mice.88 Similarly, COX2/pros-
taglandin E2 (PGE2) axis promotes HIF-2α stabilization 

and nuclear translocation in hypoxic conditions via Von 
Hippel–Lindau protein (p-VHL) degradation and MAPK 
activation, respectively. Nuclear HIF carries out its prosur-
vival transcriptional program by activating genes such as 
VEGF, cyclin D1 and TGFα/EGFR influencing sorafenib 
resistance of hypoxic cells. High COX2/HIF-2α levels 
correlate with a worse overall and disease-free survival 
in HCC patients. In addition, COX2 selective inhibition 
synergistically enhances sorafenib efficacy in xenograft 
mice suggesting its therapeutic potential in combined 
strategies.89

Interestingly, Liang and coworkers proposed the induc-
tion of the hypoxia-based program due to antiangiogenic 
treatment as a cytoprotective adaptive response of cancer 
cells aiding the selection of aggressive neoplastic clones 
able to survive in a low-oxygen microenvironment. An 
increase of hypoxia is indeed observed in sorafenib- 
resistant tumors with respect to sensitive HCCs showing 
an upregulation of the P-glycoprotein (P-gp), encoded by 
the multidrug transporter (MDR) gene ABCB1, as well as 
a metabolic shift to glycolysis and the activation of the 
Nuclear Factor kappa B (NF-κB) signaling. EF24, 
a molecule with structural similarity to curcumin, was 
proved to overcome sorafenib resistance by sequestering 
HIF-1α into the cytoplasm favoring its degradation by 
p-VHL protein, which is part of the E3-ubiquitin ligase 
complex mediating protein ubiquitination and proteosomal 
degradation. Combinatorial treatment displayed a synergic 

Figure 3 Hypoxia-regulated pathways involved in sorafenib resistance in HCC. 
Note: Schematic representation of HIF-1α/HIF-1β activation in hypoxic conditions and downstream-mediated effects leading to sorafenib resistance. 
Abbreviations: HRE, hypoxia-response element; Ub, ubiquitin.
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effect in vivo hindering tumor growth and lung metastasis 
in immunocompromised mouse models.90 MiRNAs can 
also mediate sorafenib response by HIF-1α direct target-
ing, as in the case of the tumor suppressor miR-338-3p, 
which expression is downregulated not only in HCC tis-
sues and cell lines but also in our well-characterized DEN- 
HCC rat model (ArrayExpress repository: accession 
number E-MTAB-7624) fully resembling the human 
pathology.91 In particular, miR-338-3p overexpression 
decreases HIF-1α levels and transcriptional potential, as 
evidenced by GLUT-1, P-gp and VEGF downregulation, 
compromising cell viability and potentiating sorafenib 
antitumor efficacy in HCC preclinical models. Notably, 
xenograft mice treated with miR-338-3p and sorafenib 
displayed smaller tumors than mice treated by sorafenib 
alone.

Metabolic switch to aerobic glycolysis or Warburg 
effect is a crucial event in solid tumors accounting for 
cancer cells survival in critical oxygen and nutrient supply. 
The glycolytic activator 6-phosphofructo-2-kinase/fructose 
2,6-bisphosphatase 3 (PFKFB3) is a well-known down-
stream target of HIF-1α. It is overexpressed in HCC where 
it regulates glycolysis and blood vessel formation enhan-
cing tumor invasion and metastasis. PFKFB3 is also upre-
gulated by sorafenib treatment in HCC cells where it 
mediates HIF-1α overexpression establishing a positive 
feedback loop that sustains sorafenib resistance.92 In 
contrast with the above-mentioned role of FOXO3 in 
autophagy regulation, Liang and coworkers described 
FOXO3a-mediated autophagy induction as a hypoxia- 
driven mechanism involved in long-term sorafenib resis-
tance. FOXO3a transcriptionally activates Beclin-1 

enhancing autophagosome enucleation and increasing the 
overall autophagic flux and its knockdown in vivo 
increased sorafenib efficacy.93 These findings raise contro-
versial debates on the FOXO3 role in autophagy control 
under hypoxic conditions underlining once again the mul-
tifaceted aspects and effects of autophagy in cancer pro-
gression and sorafenib response. In summary, here we 
show the induction of hypoxia following sorafenib treat-
ment as a double-edged sword that rather than prompting 
its antiangiogenic effect is especially implicated in long- 
term acquired resistance and tumor escape giving cancer 
cells a pro-survival advantage in low oxygen conditions 
(Figure 3). In this scenario, targeting hypoxia-mediators 
might represent a promising combinatorial strategy in 
HCC patients undergoing sorafenib treatment.

Combinational Therapies and 
Future Perspectives
Here, we have shown that several pathways and cellular 
processes take part to sorafenib resistance favoring tumor 
escape. Indeed, despite its clinical benefit in a proportion 
of HCCs, drug resistance and disease progression even-
tually occur during sorafenib treatment in the vast majority 
of patients. Given the central role of sorafenib in HCC 
therapy and its disappointing clinical outcome owing to 
drug resistance, the development of combined therapies is 
of utmost importance for the management of HCC. Indeed, 
the targeting of multiple intracellular signaling pathways 
might overcome single treatment failure. For instance, the 
compensatory activation of the PI3K/Akt/mTOR pathway 
in acquired resistance to sorafenib affects its antitumor 

Table 2 Sorafenib Combined Treatments in Preclinical Models

Inhibitor Target 
Molecule

Experimental Model Antitumor Effect Ref.

Rapamycin, 

everolimus

MTOR Xenograft mice, Syngeneic orthotopic rat Decreased proliferation and angiogenesis [39,40]

GSI (PF-0308014) NOTCH Spheroid-derived orthotopic mice Decreased proliferation, vessel density and tumor 

incidence

[52]

Valproic acid HDAC Sorafenib-resistant cell lines Decreased proliferation and increased apoptosis [54]

Copalinsib PI3K Sorafenib-resistant cell lines Cell cycle arrest and increased apoptosis [94]

Verteporfin Lysosomes Patient-derived xenograft mice Decreased proliferation and angiogenesis [95]

Dinaciclib CDK5 Xenograft mice and cell dissemination 

mouse model

Decreased proliferation and metastatization [96]
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activity and its inhibition is a promising autophagy- 
mediated strategy.31 Similarly, Ye et al described the 
synergic effect of the PI3K inhibitor copanlisib in combi-
nation with sorafenib in in vitro models of HCC. 
Copanlisib (BAY 80–6946), which received accelerated 
approval following a phase-II study (NCT01660451; part 
B) for relapsing follicular lymphoma, counteracted sorafe-
nib-induced activation of the AKT signaling and poten-
tiated its antineoplastic effect by causing cell cycle arrest 
and caspase-mediated apoptotic cell death in different SR 
cell lines.94 As above mentioned, sorafenib is an activator 
of autophagy-induced drug resistance. Sorafenib increases 
the number and stability of lysosomes in HCC cells and 
PDX models playing a critical role in drug sequestration 
and chemoresistance. Indeed, several chemotherapeutics 
accumulate within lysosomal lumen due to simple diffu-
sion and, once inside they become protonated and com-
partmentalize into the lysosomal fraction. Sorafenib shows 
a pronounced lysosomotropism which concurs to impair 
its cellular availability and targets inhibition. Verteporfin is 
an FDA-approved photosensitizer that mediates lysosomes 
dysfunction by inducing pH alkalization, membrane per-
meability and tumor-selective proteotoxicity that is at the 
basis of sorafenib sensitization. Verteporfin exerts antitu-
mor properties through autophagosome inhibition and 
interference with the autophagic flux progression blocking 
catabolic processes that mediate sorafenib adaptive 
response. Notably, verteporfin cytotoxic effect is specific 
to HCC cells whereas no sign of cell viability loss is 
observed in primary hepatocytes, possibly accounting for 
a safe use of this drug in advanced HCC patients whose 
liver function may be compromised.95 Strikingly, compen-
satory activation of growth factor-mediated signaling path-
ways contribute to sorafenib resistance but their single 
inhibition is often not sufficient to restore sorafenib sensi-
tization due the presence of contemporaneous molecular 
alterations in drug-resistant cells. Ardelt and coworkers 
demonstrated by a multi-methodological approach that 
CDK5 inhibition perturbs the intracellular trafficking 
impairing cellular homeostasis through accumulation of 
enlarged vesicles that globally alters growth factor recep-
tor signaling. This approach was more effective than single 
receptor inhibition. Notably, CDK5 is frequently overex-
pressed in HCCs and a clinically tested CDK5 small 
inhibitor, Dinaciclib, is currently available for CDK5 inter-
ference. Therefore, combination of sorafenib and 
Dinaciclib requires further evaluation to ameliorate the 
treatment of advanced HCC patients representing 

a promising approach for a clinical study.96 In conclusion, 
here we reported some examples of preclinical studies 
investigating the combination between small inhibitor 
molecules and sorafenib (Table 2), providing the molecu-
lar rationale for future evaluation in HCC. The under-
standing of molecular mechanisms is a fundamental step 
towards planning of efficient and safe drug combinations 
in selected patient subgroups. So far, the vast majority of 
data derive from laboratory studies, needing validation. 
Indeed, data obtained in animal models can be inconsistent 
because of heterogeneity of the human disease. However, 
they represent the necessary preliminary step to improve 
the management of advanced HCC.

Remarkably, besides the molecular reasons, we should 
always consider the peculiar clinical features of HCC 
patients. HCC arises on a background of cirrhosis in 
more than 80% of cases, with associated liver functional 
impairment that may also alter drugs kinetics triggering 
side effects. However, effective modalities to selectively 
deliver drugs inside the tumor nodule are consolidated 
tools for HCC treatment and might be used for molecu-
larly targeted treatments as they actually are for che-
motherapeutical drugs and radioisotopes.

Another relevant issue is the personalization of treat-
ments based on molecular biomarkers to be used in either 
the first and second/third lines. Unfortunately, the vali-
dated molecular classifications of HCC have never entered 
the clinical practice so far. In the last years, a breakthrough 
has been experienced in terms of availability of novel 
therapeutic agents (TKIs and immune checkpoint inhibi-
tors) for advanced-stage HCCs. In this scenario, the iden-
tification of biomarkers of treatment response represents 
an urgent clinical need in HCC, favoring patient allocation 
to the best treatment. In this regard, we showed that 
miRNAs might represent ideal candidates for the selection 
of sorafenib-responder patients68 or for the identification 
of early tumor escape64 aiding subgroups stratification as 
well as a prompt shift to second-line treatments. Despite 
their promising characteristics and easy technical assess-
ment, circulating miRNAs have not yet routinely entered 
in the diagnostics because of lack of consistent validation 
studies due to methodological issues (eg internal control) 
and different control groups (eg healthy volunteers versus 
cirrhotic patients). Therefore, several efforts are still 
needed to translate both preclinical and preliminry clin-
ica data into the clinical practice leading to the identifica-
tion of multi-biomarker classifiers taking into account 
disease complexity. Finally, the understanding of sorafenib 
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resistance mechanisms will have a great significance for 
the development of new therapeutic targets to be evaluated 
as combined or sequential therapeutic regimens in well- 
defined molecular subclasses of patients preventing or 
delaying the onset of acquired resistance phenotypes.
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