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Abstract
Sorafenib targets various tyrosine kinase receptors, inhibiting cell growth and proliferation, angiogenesis and metastasis 
in tumour cells. It is used to treat certain types of cancers including renal, thyroid and liver (hepatocellular carcinoma) 
cancers. Although Sorafenib is approved for advanced hepatocellular carcinoma, it only extends patient´s lives by a few 
months, highlighting the urgent need to better understand how it works and to develop more effective treatments. Sorafenib 
specifically inhibits translation initiation in hepatocellular carcinoma cells. Herein, we revealed that this inhibition results, 
at least, from the activation of PERK, triggering a stress response that leads to eIF2α phosphorylation, the inhibition of 
MNK1a-signalling-dependent eIF4E phosphorylation, and the aberrant assembly of the canonical eIF4F complex. Sorafenib 
also inhibits the ERK1/2 MAPK signalling in HepG2 cells. However, the mTORC1 pathway does appear to play a pivotal 
role in Sorafenib-dependent translation inhibition, as revealed by the phosphorylation levels of RPS6 and 4EBP1 proteins and 
the effects on translation of gene silencing 4EBP1/2 in Sorafenib-treated cells. Translation inhibition correlates with reduced 
production of cancer-promoting proteins like Cyclin D1 and c-Myc. Overexpression of the phosphomimetic eIF4E-S209D 
variant, which constitutively activates eIF4E, shows that inhibition of eIF4E phosphorylation directly causes Cyclin D1 
down-regulation and cell-cycle delay in Sorafenib-treated cells. Taken together, our results confirm that Sorafenib induces 
translation reprogramming, whose understanding is crucial for improving its efficacy as a cancer therapy.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
malignant tumours in adult males and females. HCC has 
been described as the sixth most common neoplasm and the 
fourth most frequent cause of cancer-related deaths in men 
and women worldwide [1, 2]. The occurrence and devel-
opment of HCC is a complex issue involving a mixture of 
different aetiologies [3]. Most cases of HCC are associated 
with the presence of chronic liver disease due to hepatitis 
B virus (HBV) and hepatitis C virus (HCV) infection, dia-
betes, obesity, and metabolic-associated steatotic liver dis-
ease (MASLD). Additional risk factors that also promote 
HCC include toxins that act as carcinogens, such as tobacco 
smoke or food contaminants like aflatoxins [4].

HCC typically begins as an inflammatory process generating 
liver injury that progresses first to fibrosis and then to cirrho-
sis. The prognosis and clinical treatment of HCC vary depend-
ing on the staging of the tumour and the hepatic function of 
the patients. Among the different available classifications for 
HCC, the Barcelona Clinic Liver Classification (BCLC) staging 
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system is currently one of the best methods to stage patients 
and recommend treatment. This classification is based on the 
size and number of tumour nodules in the liver, the presence of 
vascular invasion or extrahepatic metastasis, and the evaluation 
of the liver function and the general health status of the patient. 
Thus, while curative treatments such as local ablation, surgical 
resection, and orthotopic liver transplantation are indicated at 
very early and early stages of the disease, non-curative treat-
ments such as chemoembolization, for example with cisplatin 
or doxorubicin, are the strategy at an intermediate stage as long 
as the portal artery has not invaded, the tumour nodules have 
not spread outside the liver, and the patients have a relatively 
preserved liver function [5]. At advanced stages, the treatments 
are systemic, including the administration, alone or in combi-
nation, of oral multi-tyrosine kinase inhibitors (mTKIs), such 
as Sorafenib (Sfb), Lenvatinib, Regorafenib, and Cabozantinib, 
and intravenous monoclonal antibodies against the programmed 
death-receptor ligand 1 (PD-L1; e.g., Atezolizumab or Dur-
valumab), the circulating vascular endothelial growth factor 
(VEGF; e.g., Bevacizumab), the VEGF receptor 2 (VEGFR-2; 
e.g., Ramucirumab), or the Cytotoxic T-Lymphocyte Antigen 
4 (CTLA-4; e.g., Tremelimumab) [6, 7]. Currently, the combi-
nation of Atezolizumab with Bevacizumab is suggested as the 
first-choice of first-line treatment for patients in advanced stages 
of HCC, except for those for whom this treatment is not feasible, 
which could be treated with Sfb or Lenvatinib [7, 8]. Unfortu-
nately, the overall benefit of these treatments, including that of 
Sfb, provides only very limited clinical benefit to patients, and 
although second- and third-line treatments are possible, includ-
ing different oral mTKIs and monoclonal antibodies, there is 
need to develop novel and more effective therapies that, alone 
or in combination with mTKIs, could improve the outcomes 
for patients with advanced HCC [1]. In particular, elucidating 
the precise mechanism of Sfb action is essential to improve its 
anti-tumor efficacy and overcome its resistance [9].

At the molecular level, Sfb is an mTKI that can 
simultaneously inhibit VEGFR-2 and VEGFR-3, the platelet-
derived growth factor receptor beta (PDGFR-ß), FLT3 and 
c-KIT, as well as the serine-threonine RAF kinases, which 
are integral components of the RAS/RAF/mitogen-activated 
protein (MAP)/extracellular signal-regulated kinase (ERK) 
kinase (MEK)/ERK signalling pathway [1, 10, 11]. Sfb exerts 
potent antiproliferative and pro-apoptotic activity against HCC 
cells and also triggers antiangiogenic effects [12]. Despite 
a clear correlation between the antitumor activity of Sfb and 
the inhibition of the MAPK signalling pathway (e.g., [13]), 
the precise molecular mechanisms by which Sfb exerts its 
clinical efficacy remain unclear. We and others have previously 
described that Sfb-induced apoptosis is related to the generation 
of endoplasmic reticulum (ER) stress in HCC and other cancer 
cells (e.g., [14, 15]). The Sfb-dependent ER stress response is 
linked to PKR-like ER kinase (PERK)-dependent activation 
to phosphorylate eIF2α, which leads to both protein synthesis 

inhibition through the initiation phase and induction of the 
unfolded protein response (UPR) [14–17]. As a consequence 
of stalling translation, Sfb has also been reported to promote 
the formation of stress granules [17]. However, despite the 
importance of Sfb interfering with protein synthesis, it is 
unclear how translation inhibition is initially triggered by this 
drug. The aim of the present study is to examine the different 
ways by which translation is targeted by Sfb in selected HCC 
cells. In this work, we show that Sfb inhibits translation through 
(i) the PERK-dependent induction of eIF2α phosphorylation, 
(ii) an ERK1/2 MAPK-signalling-dependent inhibition of 
phosphorylation of eIF4E through its downstream target 
MNK1a, and (iii) an aberrant assembly of the canonical eIF4F 
complex by reducing the proteins levels of its eIF4A and 
eIF4G components. Inhibition of translation correlates with a 
reprogramming involving at least the reduced production of 
critical proteins involved in oncogenesis, such as Cyclin D1 and 
c-Myc. Strikingly, herein we describe that the overexpression of 
an eIF4E phosphomimetic mutant (eIF4E-S209D) in Sfb-treated 
cells suppresses the down-regulation of Cyclin D1 protein levels, 
demonstrating that phosphorylation of eIF4E is directly involved 
in the expression regulation of this gene. Overexpression of 
either eIF4E-S209D or wild-type eIF4E also suppressed the cell-
cycle delay induced by Sfb, which is unrelated to the function 
of Cyclin D1. We discuss on the importance of deciphering 
the Sfb-induced translation reprogramming to understand Sfb 
efficacy and develop novel and promising therapeutic strategies 
to improve its treatment outcome.

Materials and methods

Cell lines, culture conditions, and treatments

The hepatoblastoma HepG2 and HCC Huh7 cell lines were 
used in this study. The HepG2 cell line was obtained from 
the American Type Culture Collection (LGC Standards 
S.L.U., Barcelona, Spain). The Huh7 cell line was purchased 
from Apath (LLC, Brooklyn, NY, USA).

Cells were cultured in minimal essential medium 
(MEM) with Earle’s balanced salts and L-glutamine (ref. 
E15–825, PAA Laboratories Inc., Toronto, ON, Canada), 
supplemented with 10% fetal bovine serum (FBS, ref. 
F7524, MilliporeSigma, Burlington, MA, USA; Lot No. 
022M3395, endotoxin < 0.2 EU/ml), 1% sodium pyruvate 
(ref. S11-003, PAA Laboratories Inc.), 1% non-essential 
amino acids (ref. M11-003, PAA Laboratories Inc.), and 
penicillin–streptomycin solution (100 U/ml-100µg/ml; 
ref. P11-010, PAA Laboratories Inc.). Cells were grown 
in culture flasks at 37 °C in a humidified incubator with 
5% CO2 until reaching a density of 100,000 cells/cm2. The 
absence of mycoplasma contamination was routinely tested.
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Different drugs were used in this study: (i) Sorafenib 
(Sfb, ref. FS10808, Carbosynth Ltd., Berkshire, UK) was 
dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock 
solution. (ii) Sirolimus (ref. 37,094, MilliporeSigma) was 
dissolved in DMSO as a 100 mM stock solution. (iii) The 
Mnk1 inhibitor 4-amino-5-(4-fluoroanilino)-pyrazolo [3, 
4-d] pyrimidine or CGP57380 (ref. 454,861, Millipore-
Sigma) was dissolved in DMSO as a 20 mM stock solu-
tion. (iv) Cycloheximide (ref. C7698, MilliporeSigma) was 
dissolved in water as a 10 mg/ml stock solution. (v) Puro-
mycin (ref. NP09203, Carbosynth Ltd., Compton, UK) was 
dissolved in water as a 10 mg/ml stock solution. All stock 
solutions were stored at – 20 °C. Treatments at the indicated 
concentrations (see Results) were performed 24 h after cul-
ture plating; lysates were obtained at different time points 
after the treatments.

Polysome analysis and sucrose gradient 
fractionation

The protocol for polysome preparation has been previously 
described [14]. Some minor modifications were introduced. 
Briefly, cells were grown to 70% confluency in 100 mm dishes 
as described above and treated as indicated in each experiment. 
Typically, two dishes were used per condition assayed. Before 
harvesting the cells, 200 µg/ml cycloheximide was added and 
incubated for 5 min at 37 °C. Each dish was then placed on ice, 
the media aspirated, and the cultures washed twice with PBS 
without Ca2+ and Mg2+ containing 200 µg/ml cycloheximide. 
Then, 600 µl of ice-cold lysis buffer (10 mM Tris–HCl, pH 
7.4, 150 mM NaCl, 10 mM MgCl2, 200 µg/ml cycloheximide, 
2 mM DTT, 0.5% NP40) was added to one dish, cells were 
scraped, and transferred to the second dish. After scraping 
the cells from the second dish, the mixture was transferred to 
a 1.5 ml-Eppendorf tube. Tubes were incubated at 4 °C with 
gentle end-over-end rotation for 10 min and then centrifuged 
at 16,000 × g for 8 min at 4 °C in a refrigerated microfuge. 
The corresponding supernatants were recovered and the A260 
measured using a NanoDrop ND-1000 Spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA). Eleven 
A260 units were loaded onto 10–50% (w/v) sucrose gradients, 
prepared in a buffer containing 50 mM Tris–acetate, pH 7.5, 
50 mM NH4Cl, 12 mM MgCl2, and 1 mM DTT. The gradients 
were centrifuged at 260,110 × g (39,000 rpm) in a SW41 Ti 
rotor (Beckman Coulter Inc., Brea, CA, USA) for 2 h 45 min 
at 4 °C. Fractionation was performed with an ISCO UA-6 
system (Teledyne ISCO Inc., Lincoln, NE, USA) equipped to 
continuously monitor the A254. When required, fractions of 1 ml 
were collected from the gradients and processed (see below).

Protein extraction and western blot analysis

Protein extracts were obtained by lysing cell pellets at 100 °C for 
10 min in 2X Laemmli buffer (125 mM Tris–HCl, pH 6.8, 4% 
SDS, 200 mM DTT, 0.02% bromophenol blue, 20% glycerol). 
Extracts were then sonicated in a Bioruptor (Diagenode, 
Seraing, Belgium) for 1 min at high intensity, and then subjected 
to 10% SDS-PAGE and transferred to nitrocellulose membranes 
(Amersham™ Protran® 0.45 µm, GE Healthcare, Chicago, IL, 
USA). Membranes were blocked for 1 h with 5% bovine serum 
albumin (BSA) in TTBS (15 mM Tris–HCl, pH 7.5, 200 mM 
NaCl, 0.1% (v/v) Tween-20), followed by incubation with 
primary antibodies overnight at 4 °C. The primary antibodies 
used in this study are listed in supplementary table S1. After 
washings with TTBS buffer, the membranes were incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 
a 1:5000 dilution at room temperature for 1 h. Proteins were 
detected using an enhanced chemiluminescence detection kit 
(Super-Signal™ West Pico, Thermo Fisher Scientific) in a 
ChemiDoc™ Touch Imaging System (Bio-Rad) and the relative 
intensity value quantified with the Image Lab software provided 
with this system.

Puromycin labelling

The puromycin assay relies on the incorporation of 
puromycin into nascent polypeptides and its subsequent 
detection with a monoclonal antibody against the antibiotic. 
Approximately 8 × 105 HepG2 cells were seeded in 6-well 
plates for each experimental condition. Puromycin (5 µg/ml) 
was added 10 min before harvesting the cells. Cells were 
collected, lysed, and proteins were analysed by western 
blotting as described above using an anti-puromycin 
antibody (Supplemental Table S1). The amount of 
puromycin incorporation was quantified by densitometry.

Lentiviral shRNAs, cell transfection, and knockdown 
expression of PERK and 4E‑BP1

The small hairpin RNA (shRNA) vector targeting human 
PERK was purchased from MilliporeSigma (Clone ID: 
TRCN0000262381). This vector is based on the Sigma/
TRC MISSION pLKO.1 vector but modified to confer 
puromycin resistance. HepG2 cells were seeded in 96-well 
plates, reaching 80% confluency for transduction. Twenty-
four hours later, cells were treated with polybrene (8 µg/
ml) and transduced with lentiviral particles. The viral 
particles-containing medium was removed and replaced 
with fresh, pre-warmed complete culture medium. The 
next day, puromycin (2 µg/ml) was added for the selection 
of transduced cells. The appropriate concentration of 
puromycin was determined based on a previously performed 
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kill curve experiment. Non-transduced control cells were 
also exposed to puromycin. Puromycin-containing medium 
was replaced every 3  days until the control cells died. 
Several puromycin-resistant clones were tested by western 
blot hybridisation to determine which one provided the 
optimal gene knockdown degree.

The shRNA vector targeting human 4E-BP1 and 4E-BP2 
was created for this study. To do so, shRNA sequences were 
cloned into the PLKO.1 vector using AgeI and EcoRI enzymes. 
Competent Escherichia coli cells were transformed and screened 
for positive clones. To confirm the identity of the shRNA 
construct, the candidates were sequenced. The sequences of 
both the shRNA and the primer used for sequencing are listed 
in Supplemental Table S2. The packaging of lentiviruses 
was done using Lenti-X 293 T cells. Cells were seeded in 
100 mm cell culture dishes and transfected using GeneJuice 
with the envelope and packaging plasmids, pVSV- G and 
pCMV-dR8.91, respectively, along with the 4EBP1 and 4EBP2 
shRNA constructs. Forty-eight hours later, the lentiviral 
particles-containing supernatant was collected and centrifuged 
at 67,114 × g in a Beckman SW41Ti rotor at 4 ºC for 2 h. The 
supernatant was discarded, the pellet resuspended in 100 µl of 
PBS buffer (137 mM NaCl, 27 mM KCl, 100 mM Na2HPO4, 
18 mM KH2PO4, pH 7.4) and aliquoted for storage at − 80 ºC. 
HepG2 cells were infected as described above.

Total RNA extraction and analysis

About 8 × 105 HepG2 cells were seeded in 6-well plates 
for each experimental condition. Total RNA was extracted 
from each sample using a RNeasy mini kit according to the 
manufacturer's instructions (QIAGEN, Hilden, Germany). 
RNA was then stored at -80 ºC for further analyses. 
When required, 1  µg of RNA was treated with 1  µl of 
DNase I (Promega, Madison, WIS, USA) following the 
manufacturer's instructions. Finally, RT-PCR and qPCR 
were performed. To do so, RNA was first reverse transcribed 
using SuperScript™ III First Strand (Invitrogen, Thermo 
Fisher Scientific). Synthesis for RT-PCR was then done 
according to the manufacturer's instructions (Invitrogen, 
Thermo Fisher Scientific) and random hexamer primers 
(Hoffman-La Roche, Basel, Switzerland). RT-qPCR was 
performed using SYBR® Green Premix Ex Taq™ 2X 
(Takara Bio Inc., Kasutsu, Japan) and specific primers 
of each transcript. Primer pairs used for the RT-qPCR 
experiment are shown in Supplemental Table S3.

RNA isolation from sucrose gradient fractions 
and analysis

Before polysome fractionation, 100µl of each extract was 
separated to extract RNA corresponding to the whole RNA 

sample in the profile. Upon polysome profiling, fractions 
of 1 ml were collected and pooled together according to 
the experimental design. Before RNA extraction, 0.5 µg of 
a commercial luciferase RNA (cat. L4561, Promega) in a 
volume of 2 µl was added to each pool to normalise for RNA 
recovery. A treatment with a proteinase K solution (37.5 µl 
10% SDS, 7.5 µl 0.5 M EDTA and 4 µl 20 mg/ml proteinase 
K per 1 ml) was performed for 1 h at 50 °C. An equal volume 
of acidic phenol:chloroform:isoamyl alcohol (25:24:1, v/v) 
was added to each sucrose fraction pool, samples were 
mixed during 30 s and centrifuged for 10 min at maximum 
speed at 4 °C. Approximately 80% of the aqueous phase 
was place in a new tube, and an equal volume of chloroform 
was added. After mixing for 30 s using a vortex, samples 
were centrifuged 10 min at maximum speed at 4 °C. Again, 
80% of the aqueous phase was placed in a new tube, and the 
RNA was precipitated using 1:10 of 3 M sodium acetate, pH 
5.2, and 1.5 volumes of ethanol. The mixture was incubated 
overnight at − 20 °C. Then, samples were centrifuged at 
maximum speed for 30 min at 4 °C, the pellet was washed 
with 70% ethanol, and finally resuspended in RNase-
free water. The RNA was then analysed by RT-qPCR as 
described above or stored at − 80 °C. Primer pairs used 
for the RT-qPCR experiment are shown in Supplemental 
Table S3. The data were processed by normalising to the 
whole RNA sample and the luciferase RNA used as external 
control. The percentage of mRNA was calculated, and the 
data were expressed as the mean ± the standard deviation 
(SD).

Plasmid constructs and DNA transfection

The plasmid pLPCX-S209D-eIF4E (a gift from T. Aasen) 
has been previously reported [18]. The plasmid pLPCX-WT-
eIF4E was generated by PCR-mediated mutagenesis using 
pLPCX-S209D-eIF4E as a template. The PCR setting was 
chosen according to the instructions of High-Fidelity DNA 
Polymerase (ref. M0515, New England Biolabs, Ipswich, 
MA, USA). The PCR product was sequenced to confirm 
the change of the mutant to the wild-type codon. The pair 
of primers used to generate the site-directed mutation were: 
eIF4E-WT-fw (5’CTA​CTA​AGA​GCG​GCT​CCA​CCA​CTA​
AAA​ATA​G3’) and eIF4E-WT-rv (5’CTA​TTT​TTA​GTG​
GTG​GAG​CCG​CTC​TTA​GTA​G3’). The primers to sequence 
the final PCR product were: pLPCX-fw (5’AGC​TCG​TTT​
AGT​GAA​CCG​TCA​GAT​C3’) and pLPCX-rv (5’ACC​TAC​
AGG​TGG​GGT​CTT​TCA​TTC​CC3’). Other plasmids used 
in this study were pcDNA3-MNK1a-Flag and pcDNA3-
MNK1b-Flag (gifts from E. Martín) [19].

Transfections were performed as follows: first, about 
7 × 105 HepG2 cells were seeded in 6-well plates for each 
experimental condition. Twenty-four hours later, cells were 
transfected with 2 µg of each plasmid using Lipofectamine™ 
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2000 (Invitrogen, Thermo Fisher Scientific) according to the 
manufacturer's instructions. Cell transfection was performed 
in serum-free medium in the absence of antibiotics. Six 
hours later, the Lipofectamine-containing medium was 
removed and replaced with fresh, pre-warmed complete 
culture medium. Further analyses were performed 48 h 
post-transfection.

Cell cycle analysis

Cell cycle progression was assessed by flow cytometric 
analysis. For this, HepG2 cells were seeded in 6-well plates. 
Cells were harvested by trypsinisation and fixed overnight 
in 70% ethanol in PBS buffer at 4 °C. After this, cells were 
resuspended in PBS buffer and incubated with 0.5 mg/ml 
RNase A for 1 h at 37 °C. Propidium Iodine was added to 
a final concentration of 50 µg/ml and incubated for 20 min 
at room temperature. Finally, cells were filtered to avoid 
aggregation and subjected to flow cytometry analysis using a 
FACSCanto™ Flow Cytometer and the FACSDiva software 
(BD Biosciences, Franklin Lakes, NJ, USA).

Reproducibility and statistical analyses

Experiments were conducted at least three times 
(independent biological replicates) with at least three 
technical replicates. In figures, only representative panels 
are shown. Numeric data are presented as the mean ± SD. 
Student’s t-test for paired or unpaired samples with 
confidence interval of 95% was used for estimation of 
statistical significance. Statistical analyses were performed 
with the Prism 6.01 software (Insight Partners, NY, 
USA). Significance between conditions was indicated 
with the symbols *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.

Results

Sorafenib inhibits global translation

Cancer progression is habitually associated with aberrant 
mRNA translation activity, leading to an enhancement of 
global protein synthesis, increased translation of specific 
mRNAs encoding oncoproteins, and downregulation of 
tumour suppressor proteins [20–22]. This phenomenon, 
knows as translation reprogramming, allows cancer cells to 
adapt and survive under a variety of stressful conditions, 
grow and divide uncontrollably, trigger metastasis and resist 
anticancer therapy [23]. Thus, inhibition of the translation 
machinery is viewed as a promising target for cancer 
chemotherapy [24, 25].

Sfb, a mTKI used to treat kidney, liver and thyroid cancer 
[26], has potent antiproliferative, anti-angiogenic and pro-
apoptotic properties that, unfortunately, poorly improve the 
survival rate of patients with advanced renal cell carcinoma 
(RCC) or HCC [9, 10]. In addition to serious adverse side effects, 
Sfb administration induces early occurrence of resistance, 
leading to treatment discontinuation [1, 27]. Different cellular 
pathways have been proposed to explain Sfb’s efficacy against 
cancer and resistance; however, the precise mechanisms by 
which Sfb exerts its antitumour activity and the exact causes that 
induce Sfb resistance remain unclear. We and others have found 
that Sfb is an inhibitor of translation at the level of the initiation 
phase at concentrations similar to or below those measured in 
the serum of Sfb-treated patients with HCC (i.e., 10 µM) [28]. It 
has been reported that Sfb induces potent ER stress characterised 
by the activation of PERK-dependent phosphorylation of eIF2α 
at its S51 residue [14–16, 29], which is one of the best-described 
mechanisms known to inhibit translation initiation [20, 30, 31]. 
Moreover, other authors have shown that the effect of Sfb on 
protein synthesis could correlate with dephosphorylation of 
4E-BP1 [16], which favours its inhibitory association with eIF4E 
[30, 31], and dephosphorylation of eIF4E [32], which appears 
to reduce nucleo-cytoplasmic mRNA transport and translation 
of a set of specific mRNAs [30, 33]. This work aims to better 
understand the molecular mechanisms underlying the specific 
translation inhibition exerted by Sfb and explain whether its 
anticancer properties can be explained, at least in part, by its 
impact on translation. To do so, we first treated HepG2 cells 
with two concentrations of Sfb (1 and 10 µM), and analysed the 
effects these treatments have on global translation by polysome 
profile analysis. Sfb was also used at a concentration of 10 µM 
during a 12-h time course study, based on previously published 
studies [14]. As a result, we found that Sfb efficiently blocks 
the formation of polysomes in a dose- and time-dependent 
manner (Supplemental Fig. S1). Inhibition of translation was 
essentially complete at 12 h after exposure to Sfb, as revealed by 
the drastic increase in the 80S peak and the concurrent decrease 
of ribosome engaged in translation, known as polysomes. We 
found that the effect of Sfb on polysome profiles is similar in 
different HCC cells, making it general and not specific to the 
particular HepG2 cell line (Supplemental Fig. S2).

To quantify the translation inhibition produced by Sfb, 
we performed a puromycilation assay, which measures the 
ability of cells to produce nascent proteins. To this end, 
we treated HepG2 cells with 10 µM Sfb to inhibit transla-
tion for 0.5, 1, 4 and 12 h, and then labelled nascent chains 
with puromycin. As expected, and in consonance with the 
polysome profile results, we observed a gradual reduction 
in puromycin-labelled polypeptides during the time course 
of Sfb treatment, with a significant reduction of about 30% 
after 30 min of exposure to Sfb and of more than 50% after 
12 h (Fig. 1). We conclude that Sfb induces a rapid, dose- 
and time-dependent inhibition of global mRNA translation 
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in HCC cells. These results complement our previous obser-
vations [14, 34] and are in agreement with earlier reports in 
different cancer cells [15–17, 32]. Whether this translation 
inhibition contributes to the anti-oncogenic impact of Sfb 
needs to be clarified.

Contribution of the phosphorylation of eIF2α 
and 4E‑BPs to the Sfb‑induced translation inhibition

Two major mechanisms regulate translation initiation in 
mammalian cells: the increased phosphorylation status of 
eIF2α and the dephosphorylation of 4E-BPs [30]. Both 
mechanisms have been described to contribute to the 
translation inhibition exerted by Sfb (e.g. [14–17],). We 
then assessed the phosphorylation status of eIF2α and 
4E-BPs after a Sfb treatment in HepG2 cells by western blot 
hybridization using specific antibodies. As expected, both 
the phosphorylation levels of eIF2α at its Ser-51 residue and 
the phospho-eIF2α/eIF2α ratio significantly increased over 
time following Sfb treatment (Supplemental Fig. S3A and 
B). In contrast, both the phosphorylation levels of 4E-BP1 
at its Ser-65 residue and the phospho-4E-BP1/4E-BP1 
ratio remained unaltered after Sfb treatment for up to 4 h 
(Supplemental Fig. S3C and D). Similar results were found 
when analysing the phosphorylation levels of 4E-BP1 at its 
Thr-37 and Thr-46 residues (data not shown; see below 
Fig. 3). Thus, our results confirm that phosphorylation of 
eIF2α seems to play an important role in the translation 
inhibition exerted by Sfb, but suggest that the role of 
4E-BP1, which is the major form of all cellular 4E-BPs, is 
apparently irrelevant in HepG2 cells upon Sfb treatment.

To further define the precise role of these two factors 
in the translation inhibition induced by Sfb, we examined 
the translation status of Sfb-treated cells upon silencing the 
expression of either PERK, or 4E-BP1 and 4E-BP2. To do 
so, we created stable cell lines expressing shRNAs against 
the mRNAs encoding these proteins and, in parallel, we 
transfected control cells with an empty vector. We found 
a clear reduction in the levels of both eIF2α phosphoryla-
tion and total 4E-BP1/2 only after silencing the correspond-
ing genes but not upon transfection with the empty vector 
(Fig. 2A and Supplemental Fig. S4A). Then, translation 
was analysed by polysome profile after the Sfb treatment. 
As a result, we found that Sfb induces a lower translation 
inhibition in PERK-silenced cells upon 3 h of treatment 
(Fig. 2B), indicating that PERK-induced phosphorylation 
of eIF2α plays a key role in the translation inhibition exerted 
by Sfb. Strikingly, this effect was not maintained in the long 
term, suggesting that other phospho-eIF2α-independent 
mechanisms must be involved over time in the Sfb transla-
tion inhibition. On the other hand, and in agreement with 
an irrelevant role of 4E-BPs in the translation inhibition 
exerted by Sfb in HepG2 cells, translation was not appar-
ently ameliorated upon downregulation of 4E-BP1 and 
4E-BP2 expression in the corresponding silenced cell line 
upon 3 h of Sfb treatment (Supplemental Fig. S4B).

Sfb abrogates the phosphorylation of eIF4E

Multiple signalling pathways converge on the transla-
tion machinery to regulate its function in response to a 
variety of extra- and intracellular stimuli, among them 

Fig. 1   Time-course analysis of the translation inhibition exerted 
by Sorafenib using puromycin-labelled nascent proteins. A HepG2 
cells were mock-treated (Ctr), treated with 100  µM cycloheximide 
for 30 min (Chx), or with 10 µM Sorafenib for the indicated times. 
Then, cells were exposed to 5 µg/ml puromycin for 10 min. Follow-
ing protein extraction, puromycin incorporation into nascent proteins 
was detected by western blotting using a specific anti-puromycin anti-
body. The α-Vinculin protein was used as a loading control. A rep-

resentative blot is shown. B Quantitation of puromycin incorporation 
was done by densitometric analysis. Data are presented as the mean 
of three independent experiments, and the error bars represent the 
SD. The control condition was taken as the reference value (100%) 
and the rest of samples normalized to it. Statistical significance was 
analyses by the Student's t-test (* p < 0.05; ** p < 0.01; *** p < 0.001; 
**** p < 0.0001)
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the Mitogen-activated protein kinases (MAPKs) and the 
mammalian Target of Rapamycin (mTOR) pathways [22, 
35, 36]. Previously, it has been revealed that Sfb inhib-
its Akt, MEK and ERK phosphorylation (e.g. [13, 32, 
37, 38]) and synergizes with mTOR inhibitors in differ-
ent human cell lines, including HepG2 (e.g. [39–41]). 
To further evaluate the contribution of these pathways 
in the translation inhibition exerted by Sfb, we treated 
HepG2 cells for 1 h with the MAPK interacting kinase 
1/2 (MNK1/2) inhibitor 4-amino-5-(4-fluoroanilino)-
pyrazolo [3, 4-d] pyrimidine (also known as CGP57380) 
or the mTOR complex 1 (mTORC1) inhibitor Siroli-
mus and compared their impact on translation with that 
caused by Sfb by measuring the phosphorylation status of 
some of their specific targets by western blot hybridiza-
tion (Fig. 3). Under basal conditions, and in agreement 
with an optimal translational rate, HepG2 cells displayed 
a high phosphorylation status of the MAPKs pathway 
components ERK1/2, the MNKs target eIF4E, and the 

mTORC1 targets 4E-BP1 and RPS6. Upon the MNK1 
inhibitor treatment, and as expected [42–44], a mild 
dephosphorylation of eIF4E was observed. In contrast, 
the inhibition of mTORC1 with Sirolimus enhanced the 
phosphorylation levels of eIF4E, as previously reported 
[45, 46] and mildly reduced the phosphorylation status of 
RPS6, specially at its Ser-235 and Ser-236 [47]; however, 
the Sirolimus treatment seemed not enough to alter the 
phosphorylation status of 4E-BP1 at Thr-37 and Thr-46, 
which is in clear contrast to what has been previously 
reported (e.g. [48]). In turn, in our hands, Sfb strongly 
abrogated the phosphorylation of ERK1/2 and eIF4E and 
only mildly reduced that of RPS6 at Ser-235 and Ser-236. 
Altogether, these results suggest that, despite the induc-
tion on the phosphorylation of eIF2α, one of the early 
effects of Sfb on translation is the reduction in the phos-
phorylation status of eIF4E at its Ser-209, likely through 
the inhibition of the MAPK signalling pathway. In agree-
ment with this, it has been reported that inactivation of 

Fig. 2   Silencing of PERK temporally restores the translation inhibi-
tion exerted by Sorafenib. A Effect on eIF2α phosphorylation upon 
silencing of PERK. Total protein extracts from PERK-silenced 
(PLKO-PERK) and control (PLKO) cells, mock-treated (Ctr) or 
treated with 10 µM Sorafenib for the indicated times, were analysed 
by western blotting with specific antibodies against the total and 
Ser51-phosphorylated forms of eIF2α. Upon densitometric analysis, 
the phospho-eIF2α/total eIF2α ratio was calculated and normalized to 
that of the control, which was set arbitrarily at 1.0 for each condition. 
Three independent experiments were performed; data are expressed 

as means ± SDs. Note that PERK silencing significantly reduces the 
phospho-eIF2α/eIF2α ratio. Statistical significance was analyses by 
the Student's t-test (* p < 0.05). B Translation is temporally restored 
in PERK-silenced cells. Translation was monitored by polysome 
profile analysis in the above cells and conditions. Ten A260 units of 
each extract were resolved in 7 to 50% sucrose gradients. The A254 
was continuously monitored. Sedimentation is from left to right. The 
identity of the different peaks is indicated. Representative profiles are 
shown
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mTORC1 results in a feedback activation of ERK1/2 [49], 
thus, the increase in the phosphorylation status of eIF4E 
that we experienced upon the Sirolimus treatment was 
completely abrogated when HepG2 cells were simultane-
ously treated with Sirolimus and Sfb (Fig. 3) and mildly 
reduced when simultaneously treated with Sirolimus and 
the MNK1 inhibitor CGP57380 (Fig. 3), in this latter case 
as previously reported [44]. Moreover, phosphorylation 
of RPS6 at Ser-235 and Ser-236 was also significantly 

reduced upon the Sfb treatment in combination with 
Sirolimus to levels similar to those reached when Siroli-
mus was combined with the MNK1 inhibitor (Fig. 3).

To further analyse the effect of Sfb on the MAPKs 
pathway, we evaluated the phosphorylation levels of 
ERK1/2, eIF4E and RPS6 over a time course rang-
ing from 0.5 to 4 h of drug treatment. Figure 4 shows a 
gradual reduction in the phosphorylation levels of eIF4E 
at Ser-209, ERK1/2 at Thr-202 and Tyr-204 and RPS6 

Fig. 3   Sorafenib downregulates the MAPK signaling pathway 
and reduces the phospho-eIF4E levels. Total protein extracts from 
untreated or treated cells with 20  µM 4-amino-5-(4-fluoroanilino)- 
pyrazolo[3,4-d]pyrimidine (a MNK1/2 inhibitor), 100 nM Sirolimus 
(an mTORC1 inhibitor), and 10 µM Sorafenib for 1 h were obtained 
and analysed by western blotting as described in the Materials and 
Methods section. The absence of the drug is represented by a "-" 
mark. To test mTORC1 activity, the phospho-RPS6 and phospho-
4E-BP1 protein levels were analysed using specific antibodies raised 

against P(Ser240/244)-RPS6, RPS6, P(Thr37/46)-4E-BP1 and 
4E-BP1, respectively. To test the MAPKs pathway, phospho-ERK1/2 
and phospho-eIF4E protein levels were analysed using specific anti-
bodies raised against Thr202/Tyr204-ERK1/2, ERK1/2, P(Ser209)-
eIF4E and eIF4E, respectively. Both pathways, mTORC1 and 
MAPKs, share the Ser235/236 of RPS6 as phosphorylation targets. 
Tubulin was used as a loading control. Representative blots are shown
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at Ser-235 and Ser-236 with apparently similar kinet-
ics. However, the phosphorylation of RPS6 at Ser-240 
and Ser-244, which seems to be produced exclusively by 
mTORC1 [50], remained mostly unaffected by the Sfb 
treatment (see Fig. 4B, bottom panel). These data suggest 
that the MAPK pathway, rather than the mTORC1 path-
way, plays a relevant role in the cellular response to Sfb 
in HepG2 cells. This is in agreement with our aforemen-
tioned results of silencing 4E-BPs (Supplemental Fig. 
S4) and in contrast to previously published studies [16].

Translation of distinct eIF4E targets is reduced 
upon a Sfb treatment

It is well established that eIF4E is the most limiting trans-
lation initiation factor, whose increased activity through 
overexpression and/or hyperphosphorylation enhances the 
translation of a subset of mRNAs (eIF4E-sensitive mRNAs) 
involved in oncogenesis. Among these are critical mRNAs 
encoding proteins required for cell proliferation, evasion 
of apoptosis, angiogenesis and metastasis, such as Cyclin 

D1, c-Myc, Mcl-1, and Vascular Endothelial Growth Factor 
A (VEGFA) [51–55]. Sfb reduces the phosphorylation of 
eIF4E; indeed, it has been hypothesised that Sfb-induced 
cell death is caused by a translational downregulation of 
Mcl-1 due to the inhibition of eIF4E phosphorylation [32, 
56, 57]. Previously, we have also shown that levels of Mcl-1 
decline upon long-term (16 h) Sfb treatment, as the earliest 
antiapoptotic protein downregulated in Sfb-treated HepG2 
cells [14]. Here, we tested whether the translation status of 
distinct eIF4E targets changes after a short-term Sfb treat-
ment in HepG2 cells. First, total RNA was isolated from 
untreated and Sfb-treated cells for 1 h, and the relative levels 
of mRNAs for the eIF4E targets Cyclin D1, c-Myc, Mcl-1 
and VEGFA were analysed by RT-PCR (Fig. 5A). In par-
allel, polysome profiles were obtained, and fractions were 
combined into two pools, a low- and a high-translated one, 
from which RNA was also extracted and analysed by RT-
PCR (Fig. 5B). The abundance of the above mRNAs in the 
fractions was assessed in two ways: (i) the percentage of 
mRNA, which compares the amount of mRNAs in the high-
translated pool to that of the low-translated one, and (ii) the 

Fig. 4   Sorafenib switches off MAPK signaling pathway leading to 
reduction in eIF4E phosphorylation. A Time-course of ERK1/2, 
eIF4E, and RPS6 phosphorylation. Total protein extracts from 
untreated (Ctr) or treated cells with 10 µM Sorafenib for the indicated 
times were obtained and analysed by western blotting as described 
in the Materials and Methods section. Vinculin was used as a load-
ing control. The signals of total and phospho-ERK1/2 were detected 
using specific antibodies raised against ERK1/2 and P(Thr202/
Tyr204)-ERK1/2, respectively. The signals of total and phospho-

eIF4E were detected using specific antibodies raised against eIF4E 
and P(Ser209)-eIF4E, respectively. The signals of total and phospho-
RPS6 were detected using specific antibodies raised against RPS6, 
P(Ser235/236)-RPS6 and P(Ser240/244)-RPS6. Representative blots 
are shown. B Densitometric analysis of the P(Ser235/236)-RPS6/
RPS6 and P(Ser240/244)-RPS6/RPS6 ratios based on three independ-
ent replicates. Statistical significance was analysed by the Student's 
t-test (* p < 0.05; *** p < 0.001); Error bar: SD
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relative mRNA levels, which divides the amount of mRNA 
in the high-translated pool by its total cellular mRNA level. 
As shown in Fig. 5C, the percentage of the mRNAs of Cyc-
lin D1 and VEGFA significantly decreased upon Sfb treat-
ment, while those of Mcl-1 showed a slight, non-significant 
reduction. In addition, the relative mRNA levels of Cyclin 
D1 and c-Myc were significantly reduced by the Sfb treat-
ment, while those of Mcl-1 had a non-significant tendency 
to decrease and those of apparently VEGFA increased, as the 
result of the reduction of its total mRNA levels in the sam-
ples of Sfb-treated cells (Fig. 5C; see also Fig. 5A). These 

effects seemed to be specific, as neither the percentage of 
mRNA nor the relative mRNA levels of distinct r-protein 
mRNAs (RPS6, RPS18 and RPL32) significantly changed 
upon Sfb treatment (data not shown). To confirm that the 
translation of Cyclin D1 and c-Myc was down-regulated 
by Sfb in HepG2 cells, changes in the steady-state levels 
of these proteins were determined by western blot analyses 
after a time course of Sfb treatment from 0.5 to 4 h. As a 
result, a gradual reduction in Cyclin D1 and c-Myc proteins 
levels was detected. This reduction seemed to be specific 
to these eIF4E target proteins, as the levels of Tubulin, a 

Fig. 5   Translation of distinct eIF4E-sensitive mRNAs before or after 
Sorafenib treatment. A The mRNAs levels of four distinct eIF4E-
sensitive genes (Cyclin D1, c-Myc, VEGFA, Mcl-1) were analysed by 
RT-PCR in total cellular RNAs extracted from HepG2 cells untreated 
(Ctr) or treated with 10 µM Sorafenib for 1 h. The mRNA levels were 
standardised against those of β-actin and normalized to the control 
condition. Analysis was based on four independent experiments. 
Statistical significances were determined using the Student’s t-test 
(* p < 0.05); Error bar: SD. B Polysome profile of cells treated with 
Sorafenib. Whole cell extracts from untreated or 10  µM Sorafenib-
treated cells for 1 h were prepared and fractionated on sucrose gra-

dients as described in the Materials and Methods section. Polysome 
profiles were recorded. Total RNA was isolated from the low-trans-
lated fraction (soluble fraction, free ribosomal subunits and mono-
somes) and the high-translated fraction (heavy polysomes). C Top 
panel: Histogram showing the percentage of mRNAs in polysomes. 
Bottom panel: Histogram showing the relative levels of mRNAs in 
polysomes. The levels of eIF4E-sensitive mRNAs were analysed by 
RT-PCR in total cellular RNA and RNA obtained from the fractions. 
Analysis was based on four independent experiments. Statistical sig-
nificance was determined using Student’s t-test (* p < 0.05); Error bar, 
SD
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protein selected as a control, remained constant during all 
points of the time course and similar to those detected in 
untreated cells (Supplemental Fig. S5). We decided not to 
explore Mcl-1 further, and unfortunately, we could not find 
an appropriate antibody against the VEGFA protein. Alto-
gether, these results indicate that Sfb reduces the phospho-
rylation status of eIF4E at its Ser-209, which likely causes 
the specific translational downregulation of a subset of phos-
pho-eIF4E targets. Moreover, it is tempting to suggest that 
the anti-proliferative, anti-angiogenic, and/or pro-apoptotic 
properties of Sfb could be partly explained as a result of this 
translation inhibition.

c-Myc regulates the expression of several components 
of the translation machinery, including the eIF4F complex 
components eIF4E, eIF4A and eIF4G. This establishes a 
positive feedforward loop, whereby c-Myc increases the 
levels of these translation factors, which in turn promote 
the translation of the c-Myc mRNA (e.g. [24, 58]). To inves-
tigate whether the Sfb treatment affects the protein levels 
of eIF4E, eIF4A and eIF4G, we determined their levels by 

western blot analyses. As shown in Fig. 6, both long-term 
(12 h) and short-term (up to 1 h) Sfb treatment caused an 
early reduction in eIF4A protein levels, followed by a later 
reduction in eIF4G; however, eIF4E levels remained appar-
ently unchanged over time.

Role of MNKs in the Sfb response

The Ser-209 of eIF4E is the primary known substrate of 
MNK1 [59, 60], whose specificity requires its interaction 
with eIF4G [61, 62]. Two isoforms of MNK1 have been 
described in human cells: MNK1a and MNK1b. MNK1b 
is a spliced variant of MNK1a with distinct features in its 
C-terminal region [63, 64]. While MNK1b has high basal 
eIF4E-kinase activity that is poorly regulated by the MAPKs 
ERK and p38, the eIF4E-kinase activity of MNK1a is highly 
dependent on both MAPKs [64]. To better understand the 
role of MNK1 in response to Sfb, we overexpressed both 
MNK1a and MNK1b in HepG2 cells using pcDNA3-derived 
plasmids (see Materials and Methods) and evaluated the 

Fig. 6   Levels of the cap-binding complex components upon 
Sorafenib treatment. (A) Total protein extracts from untreated (−) or 
treated (+) cells with 10  µM Sorafenib for 12  h were obtained and 
analysed by western blotting as described in the Materials and Meth-
ods section. GAPDH was used as a loading control. The signals of 
eIF4A, eIF4E, eIF4G, and GAPDH were detected using specific anti-
bodies. Representative images are shown. The densitometric analy-
sis based on three independent replicates is also shown. Statistical 
significance was determined using Student’s t-test (*** p < 0.001); 
Error bar: SD. B Protein levels of eIF4A and eIF4G after a Sorafenib 

time-course treatment. Total protein extracts from untreated (Ctr) or 
treated with 10  µM Sorafenib at the indicated times were obtained 
and analysed by western blotting as described in the Materials and 
Methods section. GAPDH was used as a loading control. The signals 
of eIF4A, eIF4G, and GAPDH were detected using specific antibod-
ies. Representative images are shown. The densitometric analysis 
based on three independent replicates is also shown. Statistical signif-
icance was determined using Student’s t-test (* p < 0.05; ** p < 0.01); 
Error bar: SD
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phosphorylation status of eIF4E after 12 h of Sfb treatment. 
As a result, neither MNK1a nor MNK1b overexpression 
significantly increased Ser-209 phosphorylation levels of 
eIF4E, which were reduced by the Sfb treatment, compared 
to control cells expressing endogenous levels of MNK1 
(Fig. 7A). Therefore, overexpression of either MNK1 iso-
form is not enough to counteract the Sfb inhibition under the 
experimental conditions used. We then reanalysed the role of 
overexpression of MNK1 in cells treated with a lower dose 
of Sfb (1 µM) instead of the standard 10 µM. As a result, 
we observed that control cells showed a significant reduc-
tion of approximately 20% in eIF4E phosphorylation levels 
after this treatment (Fig. 7B). Interestingly, overexpression 

of MNK1a, but not that of MNK1b, was able to sustain Ser-
209 phosphorylation of eIF4E (Fig. 7B). We conclude that 
MNK1a overexpression can counteract the negative effect 
of Sfb on the phosphorylation status of eIF4E only at low 
drug concentrations. However, this response is insufficient 
at the therapeutic concentration of 10 µM. Altogether, these 
results strongly suggest that the inhibitory effect of Sfb on 
the MAPK pathway is stronger than the positive suppres-
sion due to the MNK1 overexpression, leading to incomplete 
phosphorylation of eIF4E at its Ser-209.

Fig. 7   Role of MNK1 in the Sorafenib response. Cells were trans-
fected with plasmids pcDNA3, pcDN3- MNK1a-Flag, and pcDNA3-
MNK1b-Flag for 48  h. A Left panel: Total protein extracts from 
untreated (−) or treated (+) cells with 10 µM Sorafenib for 1 h were 
obtained and analysed by western blotting as described in the Mate-
rials and Methods section. The signals of exogenous MNK1a and 
MNK1b were detected using a specific antibody raised against the 
Flag epitope. Total and phospho-eIF4E were detected using eIF4E 
and P(Ser209)-eIF4E antibodies, respectively. GAPDH was used 
as a loading control. Right panel: The densitometric analysis of the 
phospho-eIF4E/eIF4E ratio based on three independent replicates is 
shown. Data were normalized to the control condition. Statistical sig-
nificance was determined using Student’s t-test; Error bar, SD. ns, not 

significant. (B) Total protein extracts from untreated (−) or treated 
(+) cells with 1µM Sorafenib for 1 h were obtained and analysed by 
western blotting as described in the Materials and Methods section. 
The signals of exogenous MNK1a and MNK1b were detected using 
an antibody raised against the Flag epitope. Total and phospho-eIF4E 
were detected using eIF4E and P(Ser209)-eIF4E antibodies, respec-
tively. GAPDH was used as loading control. Representative images 
are shown. Right panel: The densitometric analysis of the phospho-
eIF4E/eIF4E ratio based on three independent replicates is shown. 
Statistical significance was determined using Student’s t-test (** 
p < 0.01); Error bar, SD. ns, not significant
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Role of the eIF4E phosphorylation 
in the Sfb‑response

To further explore the role of eIF4E phosphorylation in the 
Sfb response, we overexpressed either a wild-type (eIF4E-
WT) or a phosphomimetic (eIF4E-S209D) isoform of eIF4E 
tagged with the Myc epitope from the pLPCX plasmid (see 
Materials and Methods). We then re-evaluated the protein 
levels of distinct phospho-eIF4E targets after 10 µM Sfb 
treatment for 0.5 to 4 h. As a result, cells overexpressing 
eIF4E-S209D showed practically unaltered Cyclin D1 levels 
compared to mock-treated cells overexpressing the eIF4E-
WT isoform. However, the differences in c-Myc protein 
levels between cell overexpressing either isoform were not 
as clear. It appears that c-Myc levels were partially restored 
upon overexpression of either isoform compared with levels 
of non-transfected cells after 1 h of Sfb treatment (see Fig. 8 
and Supplemental Fig. S5). Therefore, our findings strongly 
suggest that the downregulation of Cyclin D1 protein levels 
upon Sfb treatment is likely due to decreased eIF4E phos-
phorylation; however, this association does not apply to 

c-Myc protein levels, likely because Sfb dysregulates other 
cellular mechanisms controlling the expression of this factor.

Since Cyclin D1 is required for progression through the 
G1/S phase of the cell cycle, we analysed the cell cycle 
status of Sfb-treated cells overexpressing either eIF4E-WT 
or eIF4E-S209D by flow cytometry and compared it with 
that of control cells expressing endogenous levels of 
eIF4E-WT, that we have previously reported [34]. When 
treated with Sfb, control cells did not show a cell cycle arrest 
at G1; instead, they exhibited a significant but mild increase 
in the S-phase, which is accompanied with a reduction 
in G2 phase (Supplemental Fig. S6). This behaviour is 
similar to that observed in distinct thyroid cancer cells 
upon Sfb treatment [65]. Strikingly, this cell cycle arrest 
is suppressed upon overexpression of either eIE4E-WT or 
eIF4E-S209D (Supplemental Fig. S6). Taken together, 
these results suggest that phosphorylation of eIF4E at its 
Ser-209 mediates the cell cycle arrest induced by Sfb in 
HepG2 cells, but in a Cyclin D1-independent manner. Thus, 
eIF4E might play a more complex role in the Sfb response 
than initially suspected.

Fig. 8   A phosphomimetic isoform of eIF4E partially restores the lev-
els of distinct eIF4E-target proteins. A Total protein extracts from 
untransfected (Untr) cells and cells transfected with pLPCX-eIF4E-
WT and pLPCX-eIF4E-S209D during 48 h, which were mock-treated 
(Ctr) or treated with 10 µM Sorafenib for the indicated times, were 
obtained and analysed by western blotting as described in the Materi-
als and Methods section. The signals of exogenous Myc-eIF4E-WT 

and Myc-eIF4E-S209D were detected using a specific antibody raised 
against the Myc tag. GAPDH was used as a loading control. B The 
same total protein extracts from transfected cells were used to analyse 
the levels of c-Myc and Cyclin D1 proteins. The signals of Cyclin D1 
and c-Myc were detected using specific antibodies. GAPDH was used 
as a loading control. Representative images are shown
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Discussion

We and others have described the impact of Sfb on protein 
synthesis, which strongly and rapidly inhibits translation at 
the initiation phase in various HCC cell lines (this work and 
[14, 17, 34]). Translation initiation is the rate-limiting step in 
protein synthesis. In the present study, we have explored the 
contribution of different translation regulatory mechanisms 
in the Sfb response. We have confirmed and concluded that 
at least the phosphorylation of eIF2α, the phosphorylation 
of eIF4E, and the apparent aberrant assembly of the eIF4F 
complex are involved in modulating mRNA translation in 
response to Sfb. We focused on the HepG2 cell line, which 
has been extensively used to investigate a wide range of 
studies on liver cancer, including the cytotoxicity of Sfb. 
Moreover, we obtained similar data, including translation 
inhibition by Sfb and validation of the changes in protein 
levels of eIF4E (total and phosphorylation forms), eIF2 
α(total and phosphorylation forms), eIF4G, c-Myc and 
Cyclin D1 upon a Sfb treatment, using other HCC lines such 
as Huh7 and SNU423 (Supplemental Fig. S2 and data not 
shown).

Our results suggest that PERK plays a prominent role 
in the eIF2 α phosphorylation-mediated inhibition of 
translation in the short term of Sfb treatment. However, 
this inhibition is prolonged over time in an apparently 
PERK-independent manner. Consistent with elevated levels 
of phospho-eIF2α,we and others have found a significant 
enrichment of mRNAs with upstream open reading frames 
(uORFs) among the mRNAs that are differentially translated 
upon a Sfb treatment, including ATF4, which encodes a 
master transcription factor during the integrated stress 
response [17, 66, 67].

Our findings also highlight the role of the eIF4F complex 
in the Sfb regulation of translation. This consists of the cap-
binding protein eIF4E, the scaffold protein eIF4G, and the 
RNA helicase eIF4A [68]. Specifically, we demonstrate that 
Sfb treatment inhibits eIF4A and eIF4G protein expression, 
which also have an impact in translation of sets of canonical 
cap-dependent and DAP5-dependent mRNAs (discussed in 
[67]).

In addition, Sfb rapidly inhibits eIF4E phosphorylation, 
especially when used at the therapeutic concentration of 
10 µM, and mildly reduces eIF4E phosphorylation status 
at the lower concentration of 1µM. We have demonstrated 
that this reduction occurs as the consequence of targeting 
the RAS/RAF/MEK/ERK signalling pathway in HepG2 
cells, as previously suggested in human leukaemia cells 
[57]. In contrast, phosphorylation of eIF4E-BP1 showed 
no major changes upon Sfb treatment. Indeed, despite the 
pivotal role of the PI3K/Akt/mTORC1 pathway in HCC 
(e.g. [69, 70],), our results suggest that Sfb could inhibit 

translation in a manner not primarily involving this pathway. 
Thus, we have previously shown that high doses of mTOR 
inhibitors (Everolimus and Sirolimus) are required to inhibit 
translation, which strikingly and unexpectedly occurs 
at the early elongation rather than at the initiation phase 
[71]. Most importantly, in this report, we showed that the 
translation inhibition observed in HepG2 cells did not rely 
on the phosphorylation status or total levels of 4E-BP1. 
In this regard, a stable cell line with reduced expression 
of 4E-BP1 and 4E-BP2 upon gene silencing displayed 
an apparently similar degree of translation inhibition as 
control cells upon Sfb treatment. Finally, the fact that we 
could not detect extensive alterations in Sfb-treated cells 
in the phosphorylation status of RPS6 at its Ser-240 and 
Ser-244, a classical readout of mTORC1, further supported 
the observation that the activity of mTORC1 was not 
significantly affected by Sfb under our experimental 
conditions.

The eIF4E factor is known to be specifically 
phosphorylated at its Ser-209 by the MAP kinase-interacting 
kinases MNK1 and MNK2, which lie downstream of ERK1 
and p38 MAP kinases [60, 72]. Interestingly, overexpression 
of either MNK1a or MNK1b failed to prevent the Sfb-
mediated reduction of eIF4E phosphorylation at the 
therapeutic concentration of Sfb (10  µM), however, 
overexpression of MNK1a was able to fully suppress the 
small reduction in eIF4E phosphorylation caused by a lower 
concentration of Sfb (1 µM), further emphasising the role of 
this particular variant of MNKs in counteracting the effect 
of Sfb on eIF4E phosphorylation.

The underlying mechanisms based on the selective 
translation by eIF4E remain unclear, and the biological 
significance of the phosphorylation eIF4E at Ser-209 is 
still debated [73–75]. However, the importance of eIF4E in 
modulating translation has been clearly assessed [76]. Thus, 
translation of a subset of mRNAs, termed “eIF4E-sensitive 
or weak mRNAs”, has been described as strictly dependent 
on eIF4E [77]. Phosphorylation of eIF4E increases the 
translation efficiency of this group of mRNAs, including 
those encoding pro-tumorigenic factors such as Cyclin D1, 
VEGFA and c-Myc (e.g. [33, 54],), whose translation we 
have observed is reduced upon a Sfb treatment. We have 
further analysed the role of Sfb on the phosphorylation 
status of eIF4E by studying the implications in translation 
of overexpressing an eIF4E phosphomimetic mutant (eIF4E-
S209D) in Sfb-treated cells. As a result, we showed that 
overexpression of this variant suppresses the downregulation 
of at least Cyclin D1 protein levels following a short-term 
treatment with Sfb (4 h), demonstrating that phosphorylation 
of eIF4E is directly involved in the expression of this gene. 
In contrast, we did not observe a clear suppression of c-Myc 
protein levels, likely due to its intricate regulation by other 
translation factors and/or expression-controlling mechanisms 
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also affected by Sfb treatment. We have found that Sfb 
induces a cell cycle delay in HepG2 cells, which does not 
occur in the G1/S phase that is the main phase regulated by 
Cyclin D1 (this work and [34]). Strikingly. overexpression 
of either eIF4E-S209D or wild-type eIF4E suppressed the 
cell-cycle delay induced by Sfb, thus, suggesting that Sfb 
negatively affects the cell-cycle in an eIF4E-dependent but 
Cyclin D1-independent manner.

Taken together, we propose a model that highlights 
the relevance of the translation machinery in the anti-
tumorigenic properties of Sfb (Supplemental Fig. S7). On 
one hand, Sfb impairs the phosphorylation of eIF4E, leading 
to the selective translation inhibition of pro-tumoral mRNAs 
like Cyclin D1. Subsequently, Sfb also negatively affects 
the accumulation of eIF4A and eIF4G, which disrupts the 
assembly of the eIF4F complex and likely compromises the 
translation of canonical cap-dependent genes. This global 
protein synthesis inhibition is further reinforced by PERK-
induced phosphorylation of eIF2 α. Further investigations, 
including studies in other cell lines (e.g. those resistant to 
Sfb) and in vivo validation, are required to substantiate 
our findings and assess their potential clinical relevance. 
Regardless of the context, we firmly believe that elucidating 
the mechanisms underlying Sfb-induced translation 
reprogramming is crucial for understanding Sfb's efficacy 
and ultimately developing novel and promising strategies 
aimed at improving its treatment outcomes.
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