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Early development of resistance to sorafenib accounts for the poor prognosis of advanced hepatocarcinoma

(HCC). Autophagy, a double-edge autodegradative and recycling process, has been related to the modulation of

drug sensitivity in cancer cells. The transcription factor forkhead box O3 (FOXO3) has been associated with the

pathogenesis of HCC, but the involvement of FOXO3 on autophagy-related sorafenib resistance in HCC needs to

be further investigated. A recent research verified that HCC cells are able to surpass sorafenib effects during

chemoresistance acquisition via the upregulation of FOXO3 and the subsequent induction of a pro-survival

autophagy. Hence, FOXO3-associated autophagy could constitute a novel therapeutic target in the advanced HCC

landscape.
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1. Introduction

Hepatocarcinoma (HCC), one of the main tumors with the highest incidence and mortality worldwide , is

commonly detected at advanced phases . The tyrosine kinase inhibitor (TKI) sorafenib still represents the gold-

standard first-line treatment against advanced HCC  but, unfortunately, the apparition of sorafenib-resistant tumor

hepatocytes within the first six months of therapy is usual . Thus, how to prevent or overcome acquisition of

sorafenib resistance has become an imperative necessity in HCC.

Tumor genetic heterogeneity , hypoxic response  and autophagy have been related to worse tumor

phenotypes and the loss of sensitivity to sorafenib . Autophagy, an evolutionarily conserved catabolic process by

which damaged or redundant cellular components are degraded into autophagolysosomes , exerts an

important physiological function in the liver , and dysregulation of autophagy has been linked to hepatic

diseases .

Autophagy plays a double function in sorafenib-resistant HCC, being able to encourage both sorafenib resistance

or efficacy . Therefore, a deeper investigation of autophagy at the molecular level must be carried out to develop

novel effective autophagy-based therapies able to achieve better patient outcomes. Forkhead box O3 (FOXO3), a

transcription factor belonging to the FOXO subfamily, has shown to transcriptionally regulate several autophagy-
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related markers , controlling autophagy even in tumor cells . Opposite roles of FOXO3 have been found in

different cancer types, acting as a tumor suppressor but also promoting tumor progression under certain

conditions . Besides, it has been suggested that FOXO3 could be involved in the autophagy-related

modulation of drug sensitivity in tumor cells .

In spite of the potential association of FOXO3-related autophagy with sorafenib resistance, only two articles have

analyzed the topic in the past . These two previous investigations were mostly conducted under an specific

hypoxic microenvironment and, surprisingly, statetements regarding how FOXO3 modulates autophagy and

sorafenib sensitivity in HCC are clearly contrary . While Liang et al.  reported that hypoxia activates FOXO3,

inducing autophagy and sorafenib resistance; Lin et al.  contrarily indicated that FOXO3 overexpression under

hypoxia could overcome sorafenib resistance by suppressing autophagy.

The current study aimed at unraveling the exact crosstalk between FOXO3, autophagy and sorafenib resistance in

HCC using two well-established sorafenib-resistant HCC in vitro models that were independently generated from

HepG2 cell line. Contrary to previous research, this investigation was fullly accomplished under normoxia, thereby

unraveling sorafenib-resistant HCC cell response under oxygen availability. Moreover, HCC sample information

was also analyzed to explore the role played by FOXO3 in HCC patients and its correlation with autophagic genes

before conducting in vitro experiments. Furthermore, the main second-line treatment approved for sorafenib-

refractory HCC —regorafenib— was employed to confirm the results and demonstrate for the first time its

modulatory effects on FOXO3-mediated autophagy in sorafenib-resistant HCC.

2. Main Findings

♦ 2.1. Autophagy is overinduced in sorafenib-resistant HCC cells

Autophagy has been suggested to be implicated in the refractoriness to sorafenib of HCC cells , but its

modulation by sorafenib is complex, depends on the cellular context, and remains not fully understood .

In this study, results from acridine orange staining and colocalization between the autophagosome marker

microtubule associated protein 1 light chain 3 (LC3) and the lysosome marker lysosomal associated membrane

protein 2 (LAMP2), sorafenib-resistant cells display an enhanced basal autophagy (Figure 1a,b,c). This result is

supported by the higher protein levels observed in the autophagy markers UV radiation resistance-associated

(UVRAG), Beclin-1 and autophagy-related 5 (Atg5) (Figure 1d). Sequestosome 1 (p62) and LC3-II levels in the

sorafenib-resistant lines were also more pronounced compared to those observed in the parental sorafenib-

sensitive HepG2 (Figure 1d). However, autophagy induction is traditionally characterized by increased LC3-II

levels accompanied by decreased expression of p62, which is a substrate of autophagic degradation . After

exploring the source of such p62 upregulation, it was found that the p62 transcription factor nuclear factor erythroid

2-like 2 (NRF2) is also upregulated in the chemoresistant cells due to an increment in the production of reactive

oxygen species (ROS), which ultimately elevates p62 expression despite being degraded via autophagy (Figure

1e–g).
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Figure 1. Comparison of basal autophagic status between HepG2S1 and HepG2S3 sorafenib-resistant lines and

sorafenib-sensitive HepG2 parental cells. (a) Fluorescence microscopy images from acridine orange staining.

Magnification 40×, scale bar 25 µm; (b) Confocal microscopy images from LC3-LAMP2 immunofluorescence.

Yellow fluorescence in merged channel indicates LC3-LAMP2 colocalization. Magnification 63×, scale bar 10 µm.

Corresponding LC3-LAMP2 colocalization heatmaps obtained using ImageJ are also shown; (c) Quantification of

red/green CTCF ratio from (a) and LC3-LAMP2 colocalization from (b); (d) Representative immunoblots showing

protein expression of several autophagy markers. Proliferating cell nuclear antigen (PCNA) was used as the

loading control . Densitometry reading of each band is shown; (e) Measurement of ROS production; (f)

Immunoblots showing NRF2 protein levels. Densitometry reading of each band is shown; (g) Assessment of p62

mRNA levels. Data from (c–g) are expressed as mean values of arbitrary units (a.u.) ± SD.  p < 0.05 vs. HepG2

cells.

♦ 2.2. Autophagy plays a cytoprotective action in sorafenib-resistant HCC cells

The abolition of the active autophagy in the sorafenib-resistant HepG2S1 and HepG2S3 lines using bafilomycin A1

or chloroquine, two recognized inhibitors of autophagosome-lysosome fusion , reduced the autophagolysosome

amount (Figure 2a,b,c). Furthermore, treatment with such agents further enhanced p62 and LC3-II protein
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expression with respect to the corresponding steady-state levels (Figure 2d), indicating autophagic degradation

impairment and autophagosomes accumulation. These findings highlight that the sorafenib-resistant cells are

autophagy-competent and that autophagy was definitely induced in response to long-term sorafenib administration.

Additionally, autophagy suppression significantly raised the expression of the apoptotic markers Bcl-2 associated X

apoptosis regulator (Bax) and cleaved caspase-3 in the resistant lines (Figure 2e), also increasing the subG1

population (Figure 2f,g) and decreasing the cell viability (Figure 2h). Altogether, these results demonstrate that

chemoresistant HCC cells induced a cytoprotective autophagy to overcome the anti-tumor activity of sorafenib

during the development of drug resistance.
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Figure 2. Effect of autophagic flux modulation on basal autophagy, cell death, and viability. HCC cell lines were

treated with 100 nM bafilomycin A1 (Baf), 40 µM chloroquine (CQ) or 200 nM rapamycin (Rapa) for 24 h. (a)

Fluorescence microscopy images from acridine orange staining. Magnification 40×, scale bar 25 µm. Bar graphs

representing the quantification of red/green CTCF ratio are also shown; (b) Confocal microscopy images from LC3-

LAMP2 immunofluorescence. Yellow fluorescence in merged channel indicates LC3-LAMP2 colocalization.

Magnification 63×, scale bar 10 µm. Corresponding LC3-LAMP2 colocalization heatmaps obtained using ImageJ

are also shown; (c) Bar graphs representing the quantification of LC3-LAMP2 colocalization from (b); (d)

Immunoblots showing p62 and LC3 turnover. Densitometry reading of each band is shown; (e) Immunoblots

showing protein expression of Bax and cleaved caspase-3. Densitometry reading of each band is shown; (f,g)

Analysis of subG1 cell population; (h) Evaluation of cell viability. Data from (a), (c–e) are expressed as mean

values of arbitrary units (a.u.) ± SD. Data from (g,h) are expressed as the percentage of mean values ± SD.  p <

0.05 vs. control (non-treated) cells.

♦ 2.3. FOXO3 upregulation is associated with worse HCC phenotypes and
correlates with autophagic genes expression in patients 

The underlying molecular mechanisms of autophagy-related sorafenib resistance are still unclear. It has been

suggested that deregulation of FOXO3 expression or activity could provoke tumor development and boost the

apparition of more aggressive tumor phenotypes such as those with chemoresistance . Hence, FOXO3

could relate HCC sorafenib resistance and the overactivation of pro-survival autophagy.

Employing the TCGA gene analysis tool from the UALCAN database, it has been proved that FOXO3 is

significantly greater expressed in tumor samples compared to normal liver tissues (Figure 3a), and that the

overexpression of FOXO3 in HCC patients is associated with lower survival rates (Figure 3b). Thus, FOXO3 high

expression seems to constitute a hallmark of negative prognosis in HCC.

It is known that FOXO3 is able to transcriptionally upregulate several autophagy markers, which can lead to

autophagy activation . Curiously, transcriptional targets of FOXO3 such as PIK3C3, ULK1, ATG12, BECN1 and

ATG4B predominantly showed a moderate degree of positive correlation with FOXO3 in HCC patient samples

(Table 1). In addition, expression of multiple other genes found in the autophagy KEGG pathway (hsa04140) were

shown to be positively correlated with FOXO3 in HCC patients (Table 1); altogether supporting an enhanced

autophagic status. These findings suggest that enhanced FOXO3 levels are not only associated with poor patient

outcomes, but also with a pro-autophagic environment in HCC.

In concordance with HCC sample data where FOXO3 seemed to be linked to worse phenotypes, sorafenib-

resistant HCC in vitro models, which resemble a more advanced disease stage, showed FOXO3 overexpression

(Figure 3c) and greater nuclear translocation (Figure 3d), where this factor exerts its transcriptional activity.
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Figure 3. Characterization of FOXO3 expression in HCC patient samples and sorafenib-resistant HCC in vitro

models. (a) Comparison of FOXO3 expression between HCC and normal liver tissues. p < 0.05 significant

differences; (b) Impact of FOXO3 expression on HCC patient survival rate. p < 0.05 significant differences between

high and low/medium FOXO3 levels; (c) Immunoblots from the in vitro analysis of FOXO3 expression.

Densitometry reading of each band is shown; (d) Evaluation of FOXO3 nuclear translocation employing confocal

microscopy and FOXO3 immunofluorescence. Magnification 63×, scale bar 10 µm. Bar graph from the

quantification of nuclear green fluorescence (FOXO3) is also shown. Data from (c,d) are expressed as mean

values of arbitrary units (a.u.) ± SD.  p < 0.05 vs. HepG2 cells.

Table 1. Autophagy-related genes positively and significantly correlated with FOXO3 in human HCC samples.

a

Gene Symbol Full Name Pearson-CC

ATG5 Autophagy-related 5 +0.62
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RAB33B RAB33B, member RAS oncogene family +0.6

STX17 Syntaxin 17 +0.56

ATG2B Autophagy-related 2B +0.55

SMCR8 SMCR8-C9orf72 complex subunit +0.55

TRAF6 TNF receptor associated factor 6 +0.55

UVRAG UV radiation resistance associated +0.55

PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit type 3 +0.51

PIK3R4 Phosphoinositide-3-kinase regulatory subunit 4 +0.51

TANK TRAF family member associated NFKB activator +0.51

ATG16L1 Autophagy-related 16 like 1 +0.48

HMGB1 High mobility group box 1 +0.48

AMBRA1 Autophagy and beclin-1 regulator 1 +0.47

TBK1 TANK binding kinase 1 +0.47

RAB1A RAB1A, member RAS oncogene family +0.44

RAB7A RAB7A, member RAS oncogene family +0.42
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ULK1 Unc-51 like autophagy activating kinase 1 +0.41

SH3GLB1 SH3 domain containing GRB2 like, endophilin B1 +0.4

ATG16L2 Autophagy-related 16 like 2 +0.38

ATG4C Autophagy-related 4C cysteine peptidase +0.38

ATG9A Autophagy-related 9A +0.38

ATG12 Autophagy-related 12 +0.37

NRBF2 Nuclear receptor binding factor 2 +0.37

SNAP29 Synaptosome associated protein 29 +0.37

C9orf72 C9orf72-SMCR8 complex subunit +0.36

DAPK1 Death associated protein kinase 1 +0.36

ATG3 Autophagy-related 3 +0.35

WDR41 WD repeat domain 41 +0.35

RB1CC1 RB1 inducible coiled-coil 1 +0.34

BECN1 Beclin-1 +0.31

ATG4B Autophagy-related 4B cysteine peptidase +0.3
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Pearson-CC, Pearson-correlation coefficient.

♦ 2.4. Induction of pro-survival autophagy in sorafenib-resistant HCC cells is
mediated by FOXO3

There is evidence supporting that FOXO3 deregulation is associated with autophagy modulation, being related to

the loss or gain of chemosensitivity in cancer . Nonetheless, the relationship between sorafenib

response, autophagy and FOXO3 in HCC remains largely unknown.

To assess whether FOXO3 upregulation accounts for the induction of autophagy in sorafenib-resistant HCC cells,

FOXO3 was transiently silenced, reaching a successful silencing efficiency (Figure 4a) and also significantly

reducing FOXO3 nuclear retention (Figure 4b). Moreover, expression of the autophagy targets ULK1, Beclin-1 and

LC3 was decreased after FOXO3 knockdown (Figure 4a), and the sorafenib-mediated induction of autophagic flux

was suppressed (Figure 4c,d). Therefore, the activation of autophagy caused by sorafenib sustained treatment of

HCC cells is mediated, at least in part, by FOXO3 upregulation.
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Figure 4. Effect of FOXO3 knockdown on the basal autophagic status of HepG2S1 and HepG2S3 sorafenib-

resistant cell lines. All the assays were carried out at 48 h post-silencing. (a) Immunoblots of FOXO3 and several

autophagy targets. Densitometry reading of each band is shown; (b) Analysis of FOXO3 nuclear translocation by

confocal microscopy and FOXO3 immunofluorescence. Magnification 63×, scale bar 10 µm. Quantification of

nuclear green fluorescence (FOXO3) is also shown; (c) Fluorescence microscopy images from acridine orange

staining. Magnification 40×, scale bar 25 µm. Bar graphs representing the quantification of red/green CTCF ratio

are also shown; (d) Confocal microscopy images from LC3-LAMP2 immunofluorescence. Yellow fluorescence in

merged channel indicates LC3-LAMP2 colocalization. Magnification 63×, scale bar 10 µm. Corresponding LC3-

LAMP2 colocalization heatmaps obtained using ImageJ and bar graphs representing the quantification of LC3-

LAMP2 colocalization are also shown. Data from (a–d) are expressed as mean values of arbitrary units (a.u.) ± SD.

 p < 0.05 vs. siControl cells.

Once verified that FOXO3 is responsible for the induction of autophagy in the chemoresistant lines, it was

determined the impact of FOXO3 silencing in the survival ability of sorafenib-resistant cells, finding that FOXO3

knockdown markedly diminished cell proliferation (Figure 5a) and viability (Figure 5b), and boosted apoptosis

(Figure 5c). These results suggest that FOXO3 upregulation during the development of sorafenib resistance

protects chemoresistant hepatocytes from the anti-tumor effects of this TKI.

Figure 5. Effect of FOXO3 knockdown on HepG2S1 and HepG2S3 cell proliferation, viability, and apoptosis. All the

assays were carried out at 48 h post-silencing. (a) Assessment of cell proliferation using Ki67 immunofluorescence

and confocal microscopy. Magnification 63×, scale bar 10 µm. Quantification of nuclear green fluorescence (Ki67)

is also shown; (b) Determination of cell viability; (c) Immunoblots showing Bax and cleaved caspase-3 protein

a
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levels. Densitometry reading of each band is shown. Data from (a,c) are expressed as mean values of arbitrary

units (a.u.) ± SD. Data from (b) are expressed as the percentage of mean values ± SD.  p < 0.05 vs. siControl

cells.

♦ 2.5. Regorafenib targets FOXO3 and the associated cytoprotective autophagy in
sorafenib-resistant HCC cells

Regorafenib represents one of the main second-line treatments employed when sorafenib sensitivity is lost .

Although regorafenib could modulate the autophagy to counteract tumor cell survival , the effect of this TKI on

FOXO3 and autophagy in sorafenib-resistant HCC has not been evaluated yet.

First, to assess the efficacy of regorafenib in sorafenib-resistant HCC, both cell growth and viability were analyzed

after treating with a subset of regorafenib concentrations. Crystal violet experiments revealed that the inhibition of

cellular growth by regorafenib is concentration- and time-dependent (Figure 6a), while cell viability at 48 h post-

treatment also decreased in a dose-dependent trend (Figure 6b). Likewise, Ki67-based proliferation index was

reduced by half in sorafenib-resistant cells after 48 h-exposition to 20 µM regorafenib (Figure 6c), the

concentration that was established as ~IC .

Figure 6. Evaluation of HepG2S1 and HepG2S3 cell growth, viability, and proliferation after treatment with

regorafenib. (a) Determination of cell growth under several concentrations of regorafenib (Rego) using crystal violet

staining.  p < 0.05 significant differences between each dosage and Rego 0 µM at each timepoint; (b) Analysis of

cell viability at 48 h post-treatment with diverse concentrations of regorafenib using MTT assay.  p < 0.05 vs. Rego
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0 µM; (c) Assessment of proliferation rate by Ki67 immunofluorescence and confocal microscopy after treatment

with 20 µM regorafenib for 48 h. Magnification 63×, scale bar 10 µm. Quantification of nuclear green fluorescence

(Ki67) is also shown.  p < 0.05 vs. control (non-treated) cells. Data from (a,c) are expressed as mean values of

arbitrary units (a.u.) ± SD. Data from (b) are expressed as the percentage of the mean values ± SD.

Meanwhile, regorafenib treatment significantly downregulated FOXO3, ULK1, UVRAG, Beclin-1, and Atg5 (Figure

7a). Furthermore, nuclear retention of FOXO3 was remarkably inhibited by regorafenib (Figure 7b), which also

suppressed autophagolysosome formation (Figure 7c,d). Moreover, regorafenib elevated p62 and LC3-II protein

expression (Figure 7a). This surprising finding was due to the additional capability to block late autophagy through

the inhibition of the fusion of autophagosomes with lysosomes (Figure 7e), which explains the effective

abolishment of FOXO3-related autophagy and the simultaneous high LC3-II and p62 protein levels.
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Figure 7. Impact of regorafenib treatment on the induced autophagy of HepG2S1 and HepG2S3 sorafenib-

resistant cell lines. HCC cells were treated with 20 µM regorafenib (Rego) for 48 h. (a) Immunoblots of FOXO3 and

autophagy-related markers. Densitometry reading of each band is shown; (b) Assessment of FOXO3 nuclear

translocation by confocal microscopy and FOXO3 immunofluorescence. Magnification 63×, scale bar 10 µm.

Quantification of nuclear green fluorescence (FOXO3) is also shown; (c) Fluorescence microscopy images from

acridine orange staining. Magnification 40×, scale bar 25 µm. Bar graphs representing the quantification of

red/green CTCF ratio are also shown; (d) Confocal microscopy images from LC3-LAMP2 immunofluorescence.

Yellow fluorescence in merged channel shows LC3-LAMP2 colocalization. Magnification 63×, scale bar 10 µm.

Corresponding LC3-LAMP2 colocalization heatmaps obtained using ImageJ and bar graphs representing the

quantification of LC3-LAMP2 colocalization are also shown; (e) Immunoblots showing p62 and LC3 turnover after

single or combined treatment with regorafenib and 100 nM bafilomycin A1 (Baf). In the case of bafilomycin A1

single administration, cells were exposed to this agent for 24 h while, for the co-treatment, cells were subjected to

regorafenib for 48 h in presence of bafilomycin A1 during the last 24 h. Densitometry reading of each band is

shown. Data from (a–e) are expressed as mean values of arbitrary units (a.u.) ± SD.  p < 0.05 vs. control (non-

treated) cells,  p < 0.05 vs. regorafenib-treated cells.

3. Discussion

Autophagy has been widely related to the modulation of drug efficacy in cancer, but this self-digestive mechanism

can either induce drug resistance or sensitivity, showing a dual function . Opposite roles of autophagy have been

found in HCC under treatment with diverse chemotherapeutic agents, denoting the double role and context-

dependency of autophagy .

The involvement of autophagy in the acquisition of resistance to sorafenib remains largely unknown. Here, this

study evidenced that sorafenib-resistant HCC cells exhibit an enhanced basal autophagic flux. Accordingly,

autophagy has shown to be induced in sorafenib-refractory Hep3B ,  HepG2  or Huh7  cells.

Thus, sustained sorafenib administration seems to be linked to the activation of autophagy in HCC. However,

despite the autophagy induction, p62 expression was raised in sorafenib-resistant cells, which was associated with

the enhanced oxidative stress and the upregulation of the transcription factor NRF2. It has been reported that p62

upregulation could correlate with lower sorafenib efficacy in HepG2 cells , being also related to dismal HCC

prognosis . Likewise, NRF2 overexpression has been related to poor prognosis in solid malignancies .These

findings indicate that prolonged sorafenib treatment most likely activated the NRF2/p62 pathway, potentially

conferring survival advantages.

Even though autophagy is frequently associated with chemoresistance, diverse HCC investigations accomplished

with sorafenib described a death-promoting role of autophagy . On the other hand, suppression of

autophagy in vitro or in vivo has been shown to overcome drug resistance to oxaliplatin , doxorubicin , or

cisplatin . In the current research, abolition of the overactivated autophagy increased sorafenib-resistant cell

death. Thus, in this case, autophagy is playing a cytoprotective action in sorafenib-resistant HCC and permits
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sorafenib-mediated cell death evasion. These findings are also supported by independent studies conducted with

hydroxychloroquine , chloroquine , and 3-methyladenine, an inhibitor of autophagy at early phases .

Moreover, Liang et al.  and Lin et al. , two previous articles related to the topic of the current investigation, also

showed that autophagy inhibition using 3-methyladenine promotes sorafenib anti-tumor effects under hypoxia.

Regarding the controversial and novel implication of FOXO3 in the autophagy-related sorafenib resistance, these

two previous studies  explicitly reported contrary findings. Specifically, Liang et al.  detected that hypoxia

induces transcriptional activity of FOXO3, thereby promoting autophagy and decreasing sorafenib efficacy in HCC.

Oppositely, Lin et al.  defended that FOXO3 is downregulated in sorafenib-resistant HCC under hypoxia, leading

to autophagy activation and sorafenib resistance.

In order to adequately study and clarify the involvement of FOXO3 in the development of sorafenib resistance

associated with autophagy, it has been firstly evaluated in the present research the expression of FOXO3 in HCC

patient samples, as well as the relationship with prognosis and autophagy pathway. In agreement with Ahn et al.

and Song et al. , which notified the association of FOXO3 overexpression with worse HCC phenotypes, FOXO3

levels have been also found increased in HCC samples and were related to lower survival rates. Moreover,

autophagic genes expression positively correlated with FOXO3 expression in HCC samples, suggesting that

FOXO3 high expression is a negative hallmark in HCC and is linked to autophagy. In vitro, sorafenib-resistant HCC

cells also showed FOXO3 upregulation. This finding was also observed in the researches by Zhou et al.  and Liu

et al. , which demonstrated that FOXO3 upregulation mediates the loss of sensitivity to doxorubicin, epirubicin, or

cisplatin in HCC; but also in one investigation carried out with oxaliplatin-resistant HCC cells . Likewise, Liang et

al.  reported that hypoxia promotes nuclear retention of FOXO3 in non-resistant HCC cells, being linked to the

loss of sorafenib sensitivity.

Next, to assess the direct implication of FOXO3 in the induced autophagy of sorafenib-resistant HCC cells, this

factor was silenced, finding that FOXO3 knockdown suppressed autophagy and led to chemoresistant cell death.

Therefore, these results prove that FOXO3 upregulation during the acquisition of resistance to sorafenib in HCC

causes the activation of a cytoprotective autophagy that accounts for chemoresistant cell survival. Similarly, Liang

et al.  denoted that hypoxia triggers FOXO3 activation, leading to autophagy induction and chemoresistance.

However, this previous work was performed with conventional sorafenib-treated but non-resistant HCC models,

which actually do not resemble the drug resistance phenomenon . Therefore, results should be considered with

caution. In addition, miR-223 has also been shown to target FOXO3-induced autophagy and enhance doxorubicin

sensitivity in HCC , while osteopontin drived epirubicin and cisplatin resistance by the upregulation of FOXO3-

dependent autophagy . Similar reports are found in neuronal  and cervical cancer cells . Contrariwise, Lin et

al.  suggested that FOXO3 overexpression could improve n6-methyladenosine-related sorafenib sensitivity in

HCC by autophagy inhibition under hypoxia.

Regorafenib is one of the principal second-line drugs used in HCC patients after sorafenib failure . The pre-

clinical efficacy of this TKI in non-resistant HCC in vitro and in vivo models has been already tested ; finding

that regorafenib could even counteract the loss of sorafenib sensitivity mediated by hepatocyte growth factor in
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sensitive HCC cells . Nevertheless, the impact of regorafenib on FOXO3 and autophagy in sorafenib-resistant

HCC had not been evaluated yet. In this investigation, it has been demonstrated for the first time that regorafenib

downregulates FOXO3 and impairs autophagy in sorafenib-resistant HCC. Moreover, it has been found that

regorafenib also inhibits autophagy at last phases by blocking autophagosome-lysosome fusion. Collectively, these

results proved for the first time that the anti-tumor actions of regorafenib as a second-line drug are also due to the

abolishment of the FOXO3-mediated pro-survival autophagy, thereby supporting the implication of this

cytoprotective mechanism in the development of sorafenib resistance.

4. Conclusions

In conclusion, this research disclosed that aberrant upregulation of FOXO3 and the consequent activation of a pro-

survival autophagy plays a crucial role in the acquisition of resistance to sorafenib in advanced HCC. Therefore,

FOXO3 is related to worse tumor phenotypes and dismal prognosis, representing a potential biomarker in HCC.

Moreover, this investigation reported for the first time that regorafenib efficacy against sorafenib-resistant HCC also

relies on the inhibition of such FOXO3 and autophagy upregulation. Hence, targeting FOXO3-mediated autophagy

emerges as an interesting therapeutic approach in HCC to improve clinical efficacy of sorafenib.

Graphical Abstract.

 

This entry is an adaptation from doi.org/10.3390/ijms222111770

[58]



FOXO3, Autophagy and Sorafenib Resistance in Human Hepatocarcinoma | Encyclopedia.pub

https://encyclopedia.pub/entry/16426 19/24

References

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249, doi:10.3322/caac.21660.

2. Tang, W.; Chen, Z.; Zhang, W.; Cheng, Y.; Zhang, B.; Wu, F.; Wang, Q.; Wang, S.; Rong, D.;
Reiter, F.P.; et al. The mechanisms of sorafenib resistance in hepatocellular carcinoma:
Theoretical basis and therapeutic aspects. Signal Transduct. Target. Ther. 2020, 5, 87,
doi:10.1038/s41392-020-0187-x.

3. Fan, G.; Wei, X.; Xu, X. Is the era of sorafenib over? A review of the literature. Ther. Adv. Med.
Oncol. 2020, 12, 1758835920927602, doi:10.1177/1758835920927602.

4. Méndez-Blanco, C.; Fondevila, F.; García-Palomo, A.; González-Gallego, J.; Mauriz, J.L.
Sorafenib resistance in hepatocarcinoma: Role of hypoxia-inducible factors. Exp. Mol. Med. 2018,
50, 1–9, doi:10.1038/s12276-018-0159-1.

5. Cabral, L.K.D.; Tiribelli, C.; Sukowati, C.H.C. Sorafenib resistance in hepatocellular carcinoma:
The relevance of genetic heterogeneity. Cancers 2020, 12, 1576, doi:10.3390/cancers12061576.

6. Méndez-Blanco, C.; Fondevila, F.; Fernández-Palanca, P.; García-Palomo, A.; van Pelt, J.;
Verslype, C.; González-Gallego, J.; Mauriz, J.L. Stabilization of hypoxia-inducible factors and
BNIP3 promoter methylation contribute to acquired sorafenib resistance in human
hepatocarcinoma cells. Cancers 2019, 11, 1984, doi:10.3390/cancers11121984.

7. Méndez-Blanco, C.; Fernández-Palanca, P.; Fondevila, F.; González-Gallego, J.; Mauriz, J.L.
Prognostic and clinicopathological significance of hypoxia-inducible factors 1α and 2α in
hepatocellular carcinoma: A systematic review with meta-analysis. Ther. Adv. Med. Oncol. 2021,
13, 1758835920987071, doi:10.1177/1758835920987071.

8. Wu, Y.; Zhang, J.; Li, Q. Autophagy, an accomplice or antagonist of drug resistance in HCC? Cell
Death Dis. 2021, 12, 266, doi:10.1038/s41419-021-03553-7.

9. Wong, M.M.-T.; Chan, H.-Y.; Aziz, N.A.; Ramasamy, T.S.; Bong, J.-J.; Ch’ng, E.S.; Armon, S.;
Peh, S.-C.; Teow, S.-Y. Interplay of autophagy and cancer stem cells in hepatocellular carcinoma.
Mol. Biol. Rep. 2021, 48, 3695–3717, doi:10.1007/s11033-021-06334-9.

10. Yang, S.; Yang, L.; Li, X.; Li, B.; Li, Y.; Zhang, X.; Ma, Y.; Peng, X.; Jin, H.; Li, H. New insights into
autophagy in hepatocellular carcinoma: Mechanisms and therapeutic strategies. Am. J. Cancer
Res. 2019, 9, 1329–1353.

11. Kouroumalis, E.; Voumvouraki, A.; Augoustaki, A.; Samonakis, D.N. Autophagy in liver diseases.
World J. Hepatol. 2021, 13, 6–65, doi:10.4254/wjh.v13.i1.6.



FOXO3, Autophagy and Sorafenib Resistance in Human Hepatocarcinoma | Encyclopedia.pub

https://encyclopedia.pub/entry/16426 20/24

12. Di Malta, C.; Cinque, L.; Settembre, C. Transcriptional regulation of autophagy: Mechanisms and
diseases. Front. Cell Dev. Biol. 2019, 7, 114, doi:10.3389/fcell.2019.00114.

13. Liu, Y.; Ao, X.; Ding, W.; Ponnusamy, M.; Wu, W.; Hao, X.; Yu, W.; Wang, Y.; Li, P.; Wang, J.
Critical role of FOXO3a in carcinogenesis. Mol. Cancer 2018, 17, 104, doi:10.1186/s12943-018-
0856-3.

14. Coomans De Brachène, A.; Demoulin, J.-B. FOXO transcription factors in cancer development
and therapy. Cell. Mol. Life Sci. 2016, 73, 1159–1172, doi:10.1007/s00018-015-2112-y.

15. Carbajo-Pescador, S.; Steinmetz, C.; Kashyap, A.; Lorenz, S.; Mauriz, J.L.; Heise, M.; Galle, P.R.;
Gonzalez-Gallego, J.; Strand, S. Melatonin induces transcriptional regulation of Bim by FoxO3a in
HepG2 cells. Br. J. Cancer 2013, 108, 442–449, doi:10.1038/bjc.2012.563.

16. Rodríguez-Hernández, M.A.; González, R.; de la Rosa, Á.J.; Gallego, P.; Ordóñez, R.; Navarro-
Villarán, E.; Contreras, L.; Rodríguez-Arribas, M.; González-Gallego, J.; Álamo-Martínez, J.M.; et
al. Molecular characterization of autophagic and apoptotic signaling induced by sorafenib in liver
cancer cells. J. Cell. Physiol. 2018, 234, 692–708, doi:10.1002/jcp.26855.

17. Salcher, S.; Hermann, M.; Kiechl-Kohlendorfer, U.; Ausserlechner, M.J.; Obexer, P.
C10ORF10/DEPP-mediated ROS accumulation is a critical modulator of FOXO3-induced
autophagy. Mol. Cancer 2017, 16, 95, doi:10.1186/s12943-017-0661-4.

18. Zhou, Y.; Chen, E.; Tang, Y.; Mao, J.; Shen, J.; Zheng, X.; Xie, S.; Zhang, S.; Wu, Y.; Liu, H.; et al.
miR-223 overexpression inhibits doxorubicin-induced autophagy by targeting FOXO3a and
reverses chemoresistance in hepatocellular carcinoma cells. Cell Death Dis. 2019, 10, 843,
doi:10.1038/s41419-019-2053-8.

19. Liu, G.; Fan, X.; Tang, M.; Chen, R.; Wang, H.; Jia, R.; Zhou, X.; Jing, W.; Wang, H.; Yang, Y.; et
al. Osteopontin induces autophagy to promote chemoresistance in human hepatocellular
carcinoma cells. Cancer Lett. 2016, 383, 171–182, doi:10.1016/j.canlet.2016.09.033.

20. Kim, H.-J.; Lee, S.Y.; Kim, C.Y.; Kim, Y.H.; Ju, W.; Kim, S.C. Subcellular localization of FOXO3a
as a potential biomarker of response to combined treatment with inhibitors of PI3K and autophagy
in PIK3CA-mutant cancer cells. Oncotarget 2017, 8, 6608–6622, doi:10.18632/oncotarget.14245.

21. Lin, Z.; Niu, Y.; Wan, A.; Chen, D.; Liang, H.; Chen, X.; Sun, L.; Zhan, S.; Chen, L.; Cheng, C.; et
al. RNA m6A methylation regulates sorafenib resistance in liver cancer through FOXO3‐mediated
autophagy. EMBO J. 2020, 39, e103181, doi:10.15252/embj.2019103181.

22. Liang, C.; Dong, Z.; Cai, X.; Shen, J.; Xu, Y.; Zhang, M.; Li, H.; Yu, W.; Chen, W. Hypoxia induces
sorafenib resistance mediated by autophagy via activating FOXO3a in hepatocellular carcinoma.
Cell Death Dis. 2020, 11, 1017, doi:10.1038/s41419-020-03233-y.

23. Prieto-Domínguez, N.; Ordóñez, R.; Fernández, A.; García-Palomo, A.; Muntané, J.; González-
Gallego, J.; Mauriz, J.L. Modulation of autophagy by sorafenib: Effects on treatment response.



FOXO3, Autophagy and Sorafenib Resistance in Human Hepatocarcinoma | Encyclopedia.pub

https://encyclopedia.pub/entry/16426 21/24

Front. Pharmacol. 2016, 7, 151, doi:10.3389/fphar.2016.00151.

24. Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.;
Abildgaard, M.H.; Ab-udu, Y.P.; Acevedo-Arozena, A.; et al. Guidelines for the use and
interpretation of assays for monitoring autophagy (4th edition). Autophagy 2021, 17, 1–382,
doi:10.1080/15548627.2020.1797280.

25. Yoshii, S.R.; Mizushima, N. Monitoring and measuring autophagy. Int. J. Mol. Sci. 2017, 18, 1865,
doi:10.3390/ijms18091865.

26. Ho, C.J.; Gorski, S.M. Molecular mechanisms underlying autophagy-mediated treatment
resistance in cancer. Cancers 2019, 11, 1775, doi:10.3390/cancers11111775.

27. Li, L.; Tan, J.; Miao, Y.; Lei, P.; Zhang, Q. ROS and autophagy: Interactions and molecular
regulatory mechanisms. Cell. Mol. Neurobiol. 2015, 35, 615–621, doi:10.1007/s10571-015-0166-
x.

28. Yang, S.; Pang, L.; Dai, W.; Wu, S.; Ren, T.; Duan, Y.; Zheng, Y.; Bi, S.; Zhang, X.; Kong, J. Role
of forkhead box O proteins in hepatocellular carcinoma biology and progression (review). Front.
Oncol. 2021, 11, 667730, doi:10.3389/fonc.2021.667730.

29. Fitzwalter, B.E.; Towers, C.G.; Sullivan, K.D.; Andrysik, Z.; Hoh, M.; Ludwig, M.; O’Prey, J.; Ryan,
K.M.; Espinosa, J.M.; Morgan, M.J.; et al. Autophagy inhibition mediates apoptosis sensitization in
cancer therapy by relieving FOXO3a turnover. Dev. Cell 2018, 44, 555–565.e3,
doi:10.1016/j.devcel.2018.02.014.

30. Granito, A.; Forgione, A.; Marinelli, S.; Renzulli, M.; Ielasi, L.; Sansone, V.; Benevento, F.;
Piscaglia, F.; Tovoli, F. Experience with regorafenib in the treatment of hepatocellular carcinoma.
Therap. Adv. Gastroenterol. 2021, 14, 17562848211016960, doi:10.1177/17562848211016959.

31. Fondevila, F.; Méndez-Blanco, C.; Fernández-Palanca, P.; González-Gallego, J.; Mauriz, J.L. Anti-
tumoral activity of single and combined regorafenib treatments in preclinical models of liver and
gastrointestinal cancers. Exp. Mol. Med. 2019, 51, 1–15, doi:10.1038/s12276-019-0308-1.

32. Yun, C.W.; Jeon, J.; Go, G.; Lee, J.H.; Lee, S.H. The dual role of autophagy in cancer
development and a therapeutic strategy for cancer by targeting autophagy. Int. J. Mol. Sci. 2020,
22, 179, doi:10.3390/ijms22010179.

33. Tang, Y.; Chen, K.; Luan, X.; Zhang, J.; Liu, R.; Zheng, X.; Xie, S.; Ke, H.; Zhang, X.; Chen, W.
Knockdown of eukaryotic translation initiation factor 5A2 enhances the therapeutic efficiency of
doxorubicin in hepatocellular carcinoma cells by triggering lethal autophagy. Int. J. Oncol. 2020,
57, 1368–1380, doi:10.3892/ijo.2020.5143.

34. Zhang, C.; Lei, J.-L.; Zhang, H.; Xia, Y.-Z.; Yu, P.; Yang, L.; Kong, L.-Y. Calyxin Y sensitizes
cisplatin-sensitive and resistant hepatocellular carcinoma cells to cisplatin through apoptotic and



FOXO3, Autophagy and Sorafenib Resistance in Human Hepatocarcinoma | Encyclopedia.pub

https://encyclopedia.pub/entry/16426 22/24

autophagic cell death via SCF βTrCP-mediated eEF2K degradation. Oncotarget 2017, 8, 70595–
70616, doi:10.18632/oncotarget.19883.

35. Zhou, Y.; Wang, Y.; Zhou, W.; Chen, T.; Wu, Q.; Chutturghoon, V.K.; Lin, B.; Geng, L.; Yang, Z.;
Zhou, L.; et al. YAP promotes multi‑drug resistance and inhibits autophagy-related cell death in
hepatocellular carcinoma via the RAC1‑ROS‑mTOR pathway. Cancer Cell Int. 2019, 19, 179,
doi:10.1186/s12935-019-0898-7.

36. Sun, W.; Zhang, Q.; Wu, Z.; Xue, N. miR-101-3p sensitizes hepatocellular carcinoma cells to
oxaliplatin by inhibiting Beclin-1-mediated autophagy. Int. J. Clin. Exp. Pathol. 2019, 12, 2056–
2065.

37. Song, B.; Bian, Q.; Shao, C.H.; Li, G.; Liu, A.A.; Jing, W.; Liu, R.; Zhang, Y.-J.; Zhou, Y.-Q.; Hu,
X.-G.; et al. Ulinastatin reduces the resistance of liver cancer cells to epirubicin by inhibiting
autophagy. PLoS ONE 2015, 10, e0120694, doi:10.1371/journal.pone.0120694.

38. Jing, Z.; Ye, X.; Ma, X.; Hu, X.; Yang, W.; Shi, J.; Chen, G.; Gong, L. SNGH16 regulates cell
autophagy to promote sorafenib resistance through suppressing miR-23b-3p via sponging EGR1
in hepatocellular carcinoma. Cancer Med. 2020, 9, 4324–4338, doi:10.1002/cam4.3020.

39. Song, Y.; He, S.; Ma, X.; Zhang, M.; Zhuang, J.; Wang, G.; Ye, Y.; Xia, W. RBMX contributes to
hepatocellular carcinoma progression and sorafenib resistance by specifically binding and
stabilizing BLACAT1. Am. J. Cancer Res. 2020, 10, 3644–3665.

40. Shi, Y.; Yang, X.; Xue, X.; Sun, D.; Cai, P.; Song, Q.; Zhang, B.; Qin, L. HANR enhances
autophagy-associated sorafenib resistance through miR-29b/ATG9A axis in hepatocellular
carcinoma. OncoTargets Ther. 2020, 13, 2127–2137, doi:10.2147/OTT.S229913.

41. Cao, W.; Liu, X.; Zhang, Y.; Li, A.; Xie, Y.; Zhou, S.; Song, L.; Xu, R.; Ma, Y.; Cai, S.; et al. BEZ235
increases the sensitivity of hepatocellular carcinoma to sorafenib by inhibiting PI3K/AKT/mTOR
and inducing autophagy. Biomed Res. Int. 2021, 2021, 5556306, doi:10.1155/2021/5556306.

42. Lu, S.; Yao, Y.; Xu, G.; Zhou, C.; Zhang, Y.; Sun, J.; Jiang, R.; Shao, Q.; Chen, Y. CD24 regulates
sorafenib resistance via activating autophagy in hepatocellular carcinoma. Cell Death Dis. 2018,
9, 646, doi:10.1038/s41419-018-0681-z.

43. Pan, J.; Lu, C.; Jun, W.; Wu, Y.; Shi, X.; Ding, Y. The up-regulation of P62 levels is associated with
resistance of sorafenib in hepatocarcinoma cells. Int. J. Clin. Exp. Pathol. 2019, 12, 2622–2630.

44. Xiang, X.; Qin, H.-G.; You, X.-M.; Wang, Y.-Y.; Qi, L.-N.; Ma, L.; Xiang, B.-D.; Zhong, J.-H.; Li, L.-
Q. Expression of P62 in hepatocellular carcinoma involving hepatitis B virus infection and
aflatoxin B1 exposure. Cancer Med. 2017, 6, 2357–2369, doi:10.1002/cam4.1176.

45. Wang, L.; Zhang, C.; Qin, L.; Xu, J.; Li, X.; Wang, W.; Kong, L.; Zhou, T.; Li, X. The prognostic
value of NRF2 in solid tumor patients: A meta-analysis. Oncotarget 2017, 9, 1257–1265,
doi:10.18632/oncotarget.19838.



FOXO3, Autophagy and Sorafenib Resistance in Human Hepatocarcinoma | Encyclopedia.pub

https://encyclopedia.pub/entry/16426 23/24

46. He, C.; Dong, X.; Zhai, B.; Jiang, X.; Dong, D.; Li, B.; Jiang, H.; Xu, S.; Sun, X. MiR-21 mediates
sorafenib resistance of hepatocellular carcinoma cells by inhibiting autophagy via the PTEN/Akt
pathway. Oncotarget 2015, 6, 28867–28881, doi:10.18632/oncotarget.4814.

47. Zhai, B.; Hu, F.; Jiang, X.; Xu, J.; Zhao, D.; Liu, B.; Pan, S.; Dong, X.; Tan, G.; Wei, Z.; et al.
Inhibition of Akt reverses the acquired resistance to sorafenib by switching protective autophagy
to autophagic cell death in hepatocellular carcinoma. Mol. Cancer Ther. 2014, 13, 1589–1598,
doi:10.1158/1535-7163.MCT-13-1043.

48. Jin, F.; Wang, Y.; Li, M.; Zhu, Y.; Liang, H.; Wang, C.; Wang, F.; Zhang, C.-Y.; Zen, K.; Li, L. MiR-
26 enhances chemosensitivity and promotes apoptosis of hepatocellular carcinoma cells through
inhibiting autophagy. Cell Death Dis. 2017, 8, e2540, doi:10.1038/cddis.2016.461.

49. Singh, M.P.; Cho, H.J.; Kim, J.-T.; Baek, K.E.; Lee, H.G.; Kang, S.C. Morin hydrate reverses
cisplatin resistance by impairing PARP1/HMGB1-dependent autophagy in hepatocellular
carcinoma. Cancers 2019, 11, 986, doi:10.3390/cancers11070986.

50. Chen, M.-Y.; Yadav, V.K.; Chu, Y.C.; Ong, J.R.; Huang, T.-Y.; Lee, K.-F.; Lee, K.-H.; Yeh, C.-T.;
Lee, W.-H. Hydroxychloroquine (HCQ) modulates autophagy and oxidative DNA damage stress in
hepatocellular carcinoma to overcome sorafenib resistance via TLR9/SOD1/hsa-miR-30a-
5p/Beclin-1 axis. Cancers 2021, 13, 3227, doi:10.3390/cancers13133227.

51. Shimizu, S.; Takehara, T.; Hikita, H.; Kodama, T.; Tsunematsu, H.; Miyagi, T.; Hosui, A.; Ishida, H.;
Tatsumi, T.; Kanto, T.; et al. Inhibition of autophagy potentiates the antitumor effect of the
multikinase inhibitor sorafenib in hepatocellular carcinoma. Int. J. Cancer 2012, 131, 548–557,
doi:10.1002/ijc.26374.

52. Zhao, F.; Feng, G.; Zhu, J.; Su, Z.; Guo, R.; Liu, J.; Zhang, H.; Zhai, Y. 3-Methyladenine-
enhanced susceptibility to sorafenib in hepatocellular carcinoma cells by inhibiting autophagy.
Anticancer Drugs 2021, 32, 386–393, doi:10.1097/CAD.0000000000001032.

53. Ahn, H.; Kim, H.; Abdul, R.; Kim, Y.; Sim, J.; Choi, D.; Paik, S.S.; Shin, S.-J.; Kim, D.-H.; Jang, K.
Overexpression of forkhead box O3a and its association with aggressive phenotypes and poor
prognosis in human hepatocellular carcinoma. Am. J. Clin. Pathol. 2018, 149, 117–127,
doi:10.1093/ajcp/aqx132.

54. Song, S.-S.; Ying, J.-F.; Zhang, Y.-N.; Pan, H.-Y.; He, X.-L.; Hu, Z.-M.; Wang, H.-J.; Dou, X.-B.;
Mou, X.-Z. High expression of FOXO3 is associated with poor prognosis in patients with
hepatocellular carcinoma. Oncol. Lett. 2020, 19, 3181–3188, doi:10.3892/ol.2020.11430.

55. Li, J.; Qin, X.; Wu, R.; Wan, L.; Zhang, L.; Liu, R. Circular RNA circFBXO11 modulates
hepatocellular carcinoma progress and oxaliplatin resistance through miR-605/FOXO3/ABCB1
axis. J. Cell. Mol. Med. 2020, 24, 5152–5161, doi:10.1111/jcmm.15162.



FOXO3, Autophagy and Sorafenib Resistance in Human Hepatocarcinoma | Encyclopedia.pub

https://encyclopedia.pub/entry/16426 24/24

56. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.;
Koike, K.; Zucman-Rossi, J.; Finn, R.S. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7,
6, doi:10.1038/s41572-020-00240-3.

57. Weng, M.-C.; Wang, M.-H.; Tsai, J.-J.; Kuo, Y.-C.; Liu, Y.-C.; Hsu, F.-T.; Wang, H.-E. Regorafenib
inhibits tumor progression through suppression of ERK/NF-κB activation in hepatocellular
carcinoma bearing mice. Biosci. Rep. 2018, 38, BSR20171264, doi:10.1042/BSR20171264.

58. Chen, W.; Yang, J.; Zhang, Y.; Cai, H.; Chen, X.; Sun, D. Regorafenib reverses HGF-induced
sorafenib resistance by inhibiting epithelial-mesenchymal transition in hepatocellular carcinoma.
FEBS Open Bio 2019, 9, 335–347, doi:10.1002/2211-5463.12578.

Retrieved from https://encyclopedia.pub/entry/history/show/37228


