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ABSTRACT
Sorafenib (Sfb) is a multikinase inhibitor regularly used for the management of patients with advanced 
hepatocellular carcinoma (HCC) that has been shown to increase very modestly life expectancy. We have 
shown that Sfb inhibits protein synthesis at the level of initiation in cancer cells. However, the global 
snapshot of mRNA translation following Sorafenib-treatment has not been explored so far. In this study, 
we performed a genome-wide polysome profiling analysis in Sfb-treated HCC cells and demonstrated 
that, despite global translation repression, a set of different genes remain efficiently translated or are 
even translationally induced. We reveal that, in response to Sfb inhibition, translation is tuned, which 
strongly correlates with the presence of established mRNA cis-acting elements and the corresponding 
protein factors that recognize them, including DAP5 and ARE-binding proteins. At the level of biological 
processes, Sfb leads to the translational down-regulation of key cellular activities, such as those related 
to the mitochondrial metabolism and the collagen synthesis, and the translational up-regulation of 
pathways associated with the adaptation and survival of cells in response to the Sfb-induced stress. Our 
findings indicate that Sfb induces an adaptive reprogramming of translation and provides valuable 
information that can facilitate the analysis of other drugs for the development of novel combined 
treatment strategies based on Sfb therapy.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most lethal and 
fastest-growing tumours worldwide, with a poor prognosis in 
both men and women [1]. The occurrence and development 
of HCC is a complex issue involving a mixture of different 
aetiologies, including chronic hepatitis B and C, metabolic- 
associated fatty liver disease (MAFLD), alcohol abuse, aflatox
ins-containing nutrients, and smoking [2].

As occurring with many other cancers, the prognosis and 
treatment of HCC vary depending on the staging of the 
tumour and the hepatic function of the patients [3]. While 
curative treatments such as local ablation, surgical resection 
and orthotopic liver transplantation are indicated at very early 
stages of the disease, chemoembolization is recommended for 
the intermediate stages, as well as the systemic therapy is 
recommended for the advanced stages of the disease [3]. 
Immunotherapy (e.g. Atezolizumab plus Bevacizumab, 
Durvalumab and Tremelimumab) has implied significant 
improvement of the survival of patients with advanced HCC 
patients [4]. However, in many cases, immunotherapy is not 
feasible or has no beneficial effect compared to classical treat
ments in patients without preserved liver function, high risk 
for bleeding, vascular disorders, arterial hypertension, severe 

autoimmune disorders, or immunosuppression and MALFD 
[3]. Non-alcoholic fatty liver disease (NASH), which is the 
most severe form of MAFLD, limits anti-tumour surveillance 
in immunotherapy-treated HCC [5]. Thus, tyrosine kinase 
inhibitors (TKIs), including Sorafenib (Sfb), Lenvatinib and 
Regorafenib, provide the only first- or second-line therapeutic 
option for a significant number of HCC patients in the 
advanced stage of the disease [6]. Unfortunately, TKIs only 
provide very limited clinical benefits as consequence of widely 
developed resistance, making it imperative to develop novel 
and more effective therapeutic combinations to improve the 
outcome of patients with advanced-stage HCC [7,8].

Sfb exerts a potent antiproliferative and pro-apoptotic 
activity against HCC cells [9]. The activity of the drug is 
associated with an early but gradual increase of endoplasmic 
reticulum (ER) stress, which leads to the induction of apop
tosis [10,11]. We and others have shown that Sfb strongly 
inhibits the initiation step of protein synthesis [11,12]. 
However, how Sfb causes this inhibition has not yet been 
completely elucidated. Moreover, the overall changes in 
mRNA translation that occur in HCC cells after an Sfb- 
treatment have neither been explored. The aim of the present 
study was to examine the landscape of translation in liver 
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cancer cells in response to a therapeutic concentration of Sfb. 
To do this, we performed a genome-wide polysome profiling 
analysis coupled with Next-Generation Sequencing (NGS) in 
HepG2 cells, before or after an Sfb-treatment, to identify those 
mRNAs that are differentially translated under these condi
tions as a resource for the future development of novel ther
apeutic strategies.

Materials and methods

Cell lines, culture conditions and treatments

The HepG2 cell lines were obtained from the American Type 
Culture Collection (LGC Standards, Barcelona, Spain). The 
Huh7 cell line was purchased from Apath, LLC (Brooklyn, 
NY, USA). Both cell lines tested negative for mycoplasma 
contamination. Cells were cultured in minimal essential med
ium (MEM) with Earle’s balanced salts with L-glutamine (ref. 
E15–825, PAA Laboratories Inc., Toronto, Canada) supple
mented with 10% foetal bovine serum (FBS, ref. F7524, Sigma 
Aldrich, St. Louis, MO, USA), 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-100 μg/ml; ref. P11–010, 
PAA Laboratories Inc.).

Cells were grown as previously described [13]. Briefly, cells 
were cultivated in flasks at 37°C in a humidified incubator 
with 5% CO2 until reaching a density of 100,000 cells/cm2. 
Sorafenib (Sfb, Sorafenib tosylate, ref. FS10808; Carbosynth 
Ltd., Compton, UK) was dissolved in dimethyl sulphoxide 
(DMSO) as a stock solution (100 mm), aliquoted, and stored 
at −80°C. For drug treatment, cells were cultivated for 24 h; 
then, Sfb was added at a concentration of 10 μM, and lysates 
were obtained after a 12 h treatment. Control cells were trea
ted with the vehicle DMSO. Sfb was used at the concentration 
of 10 μM, as this concentration is very similar to that reported 
in the plasma of patients after a Sfb standard administra
tion [14].

Polysome profiling and fractionation

Polysome profile analysis was carried out in Sfb-treated and 
control HepG2 cells as previously described [11]. Briefly, cells 
were produced to ca. 70% confluency in 100 mm dishes as 
above described. Normally, two dishes were used per condi
tion assayed. Before harvesting, 200 μg/ml cycloheximide (ref. 
C7698, Sigma Aldrich) was added to dishes 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 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 trans
ferred to the second dish. After scraping the cells correspond
ing to the second dish, they were 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 
x g for 8 min at 4°C in a refrigerated microfuge. The corre
sponding supernatants were recovered and the A260 measured 

using a NanoDrop ND-1000 Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). About 11 A260 units 
were layered on top of 10–50% (w/v) sucrose gradients pre
pared 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 Beckman 
SW41Ti rotor at 4°C for 2 h 45 min. Fractionation was per
formed with an ISCO UA-6 system (Teledyne ISCO, Lincoln, 
NE, USA) equipped to continuously monitor the A254.

When required, fractions of 1 ml were collected from the 
gradients. Fractions corresponding to the low-molecular com
plex peak and the peaks corresponding to free 40S and 60S 
ribosomal subunits and 80S ribosomes were pooled and 
named ‘low-translated fraction’ or V1. Fractions correspond
ing to the polysome peaks were pooled and named ‘high- 
translated fraction’ or V2.

mRNA library preparation

Libraries were prepared using the RNA collected from the V1 
and V2 fractions described above. Samples were treated with 
a proteinase K solution (per 1 ml: 37.5 μl 10% SDS, 7.5 μl 0.5  
M EDTA, and 4 μl 20 mg/ml proteinase K, ref. A7932, Sigma 
Aldrich) for 1 h at 50°C. An equal volume of phenol acidic: 
choroform:isoamyl alcohol (25:24:1, v/v) was added to the 
sucrose fractions; samples were mixed during 30 s using 
a vortex and centrifuge 10 min at maximum speed at 4°C. 
Approximately 80% of the aqueous phase was placed in a new 
tube, and an equal volume of chloroform was added. After 
mixing for 30 s using a vortex, the 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 
absolute ethanol. The mixture was incubated overnight at 
−20°C. Samples were then 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 concentration and quality of RNAs were assessed with 
Qubit (QubitTM DNA HS assay, Thermo Fisher Scientific) 
and a 2100 Bioanalyzed Nano Chip (Agilent Technologies 
Genomics, Santa Clara, CA, USA), respectively. The RNA 
Integrity Number (RIN) values were >9 in all the RNA sam
ples. Polyadenylated RNA was isolated from total RNA sam
ples using NEBNext Oligo d(T)25 beads (New England 
Biolabs, Ipswich, MA, USA) according to the manufacturer’s 
instructions. The same RNA concentration for each sample 
was used to create the libraries for Illumina Sequencing. Three 
independent experiments were carried out for the sequencing 
analysis.

RNA sequencing and data analyses

RNA sequencing was performed with a NextSeq500 Mid- 
Output and 2 × 75pb length parameters (paired-end). RNA- 
Seq data were first filtered using the FASTQ Toolkit v1.0.0 
program and then analysed using the BaseSpace Onsite 
v3.22.91.158 from Illumina. Only genes that were upregulated 
or downregulated with a p-value <0.05 and [log2(fold 
change)] ≥ ± 0.5 were selected. Data were normalized using 
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the z-score. The log10(V2/V1) was applied to calculate the 
translation level (TL) for each gene in both the control and 
Sfb-treated conditions. A positive TL reflects a higher propor
tion of mRNA in V2 than the average. A negative value 
corresponds to those mRNAs with an enrichment in V1. 
Applying this criterion, we identified two sets of genes for 
each condition: (i) a set enriched in mRNAs with a positive 
TL and (ii) a set enriched in mRNAs with a negative TL.

The previous data were combined to identify the changes 
in the translational behaviour of mRNAs in response to the 
Sfb treatment. Four additional categories were identified (i) 
a gene set enriched in mRNAs with a positive translation ratio 
in both conditions, (ii) a gene set enriched in mRNAs with 
a negative translation ratio in both conditions, (iii) a gene set 
enriched in mRNAs with a positive ratio in Sfb-treated and 
a negative ratio in untreated cells and (iv) a gene set enriched 
in genes with a negative ratio in Sfb-treated and positive in 
untreated cells.

Data from the sequencing reads were deposited in Gene 
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/ 
geo/) under the accession number GSE282706.

Over-representation analysis (ORA)

To identify the mRNA features present in the different cate
gories described above, an Over-Representation Analysis 
(ORA) was performed using a Fisher’s exact test, selecting 
the genes with a p-value lower than 0.05 in the RNA-Seq data, 
either in each condition or in both conditions simultaneously. 
Different databases were used for the enrichment analysis 
[15–22]. A REACTOME database (https://reactome.org) was 
used to investigate either activated or inhibited pathways of 
the differentially expressed genes in both control and Sfb- 
treated cells.

Real-time quantitative PCR

To validate the results of the RNA-Seq analysis, the relative 
RNA abundance of randomly selected mRNAs was quantified 
by real-time quantitative PCR (RT-qPCR). After polysome 
fractionation, 100 µl of each fraction was taken from the 
sample representing the total RNA content in the profile. 
Then, the rest of each fraction was pooled together in V1 
and V2 samples and before RNA extraction, 0.5 µg of 
a commercial luciferase RNA control (cat. L4561, Promega, 
Madison, WI, USA) in a volume of 2 µl was added to each 
one. Note that, in addition to using pooled samples, specific 
mRNAs were also analysed along all the profile so the poly
some fractions were individually handled. Then, RNA was 
extracted as described above and equal volumes of RNA 
samples were treated with 1 μl of DNase I (ref. Z3585, 
Promega) following the manufacturer’s instructions. RNA 
was then reverse transcribed using SuperScriptTM III First 
Strand Synthesis for RT-PCR, also according to the manufac
turer’s instruction (ref. 18080051, Invitrogen, Thermo Fisher 
Scientific) using random hexamer primers (ref. N8080127, 
Hoffman-La Roche, Basel, Switzerland). RT-qPCR was per
formed using SYBR® Green Premix Ex TaqTM 2X (ref. 
RR390A, Takara Bio Inc., Kusatsu, Japan) and specific 

primers for each transcript. The results were normalized to 
the total whole profile RNA. The luciferase RNA, added to 
each sample before the RNA extraction, was used as an addi
tional control for the extraction efficiency. The percentage of 
mRNA was calculated, and the data were expressed as the 
mean ± standard deviation of the mean.

The primer sequences are:
For eIF4E2:
5’TGAAAGATGATGACAGTGGGGA 3’ (forward)
5’CTGATTCTTGTCTCGTTCCGT 3’ (reverse)
For ERBB2:
5’CTACTCGCTGACCCTGCAAG 3’ (forward)
5’TGTTATGGTGGATGAGGGCC 3’ (reverse)
For CSK:
5’CCAACTACCCCGGAGACTAC 3’ (forward)
5’AGTACACCTCCTCGTCGATG 3’ (reverse)
For RAD51:
5’GCACTGGAACTTCTTGAGCA 3’ (forward)
5’GTTGTTTTCATTAAGGGCACTCC 3’ (reverse)
For NDUFA7:
5’AACTCAGCCTCCTCCCAAG 3’ (forward)
5’CTCTCTGCTGGCTTGCCT 3’ (reverse)
For SMAD7:
5’CCCCTCCTCTCCCTCATCAA 3’ (forward)
5’GGCTGGCAGGAAGGGAATAA 3’ (reverse)
For CPEB4:
5’CACCAACACCCTCCTCCTCC 3’ (forward)
5’TTCAGGGGCGTTATTCCACC 3’ (reverse)
For PCNA:
5’AAAGTCCAAAGTCAGATCTGGTC 3’ (forward)
5’ACTGCATTTAGAGTCAAGACCCT 3’ (reverse)
For Luciferase gene:
5’ATCCGGAAGCGACCAACGGG 3’ (forward)
5’GTCGGGAAGACCTGCCACGC 3’ (reverse)

Statistical analysis

For RNA-Seq, three biological replicates were obtained. Data 
from validations were generated from several repeats (at least 
three) of different biological replicates (at least three). The 
mean ± standard error of the mean data were represented in 
the different graphs. To determine significance, the Student’s 
t-test for unpaired samples with confidence interval of 95% 
was computed. 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. Regression plots 
and determination of Pearson coefficients and p-values were 
performed using the R software.

Results and discussion

Cancer cells modify protein synthesis, which impacts the 
selective translation control of specific subsets of mRNAs, 
allowing them to proliferate, migrate, and survive in adverse 
conditions. Thus, translation has been strongly linked to che
motherapy response and resistance [23,24]. Translation is 
a crucial process in hepatocytes, which secretome is particu
larly relevant in the context of physiopathology [25]. Sfb 

RNA BIOLOGY 3

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://reactome.org


remains a relevant treatment in HCC. It is known that trans
lation is a key target of Sfb. Thus, Sfb has been shown to 
inhibit translation at the initiation level as well as affect the 
mTOR signalling pathway, activate PERK and induces the 
formation of stress granules in HCC cells [11,12,26]. To better 
understand the mode of action of Sfb and its consequences on 
translation and identify how this drug exerts an overall 
change in the translational status of HCC cells, we performed 
a genome-wide polysome profiling approach. We firmly 
believe that this analysis could not only clearly help under
standing the mechanism of action of Sfb but also the reasons 
for its modest effectiveness in HCC patients. We focused on 
the human hepatoblastoma cell line, HepG2, which has been 
extensively used for investigating a wide range of studies 
related with the oncogenesis or the cytotoxicity of different 
substances, including Sorafenib, on the liver [27].

With this aim, extracts from HepG2 cells untreated or 
treated with 10 µM Sfb for 12 h were subjected to polysome 
profile analysis. Fractions were differentially collected into 
two pools, the V1 fraction, corresponding to free mRNAs or 
mRNAs bound to monosomes, and the V2 fraction, corre
sponding to mRNAs with two or more engaged ribosomes. 
Total RNA was extracted from the pools, and mRNA was 
purified using oligo (dT) paramagnetic beads and subjected to 
Illumina RNA sequencing. Three independent biological 
replicas were obtained, and the total counts were calculated 
for each gene (Supplementary Figure S1). The appropriately 
normalized data were used to estimate the translation level 
(TL) of the genes by calculating the logarithm of V2/V1. 
Z-scores of Sfb-treated and untreated samples were also cal
culated to reveal gene-specific changes over the general 

translation inhibition exerted by Sfb. We established that 
those mRNAs with a negative TL represent poorly translated 
mRNAs, while those with a positive TL correspond to actively 
translated mRNAs (Figure 1A). Then, we compared the TL 
obtained for untreated and Sfb-treated cells to establish how 
gene-specific translation changes after the treatment. 
Applying this approach, we were able to define eight popula
tions of genes (Figure 1B), including those whose translation 
is selectively enhanced or inhibited upon the Sfb treatment. 
All data were organized into a Microsoft Excel sheet to 
manually identify the different parameters of the genes in 
our analysis, included the TL, by just typing the gene name 
(see Supplementary Dataset S1). To validate the results, we 
performed polysome profile analysis of control-untreated and 
Sfb-treated cells and collected fractions. Then, different genes 
were randomly selected, including eIF4E2, ERBB2, CSK, 
RAD51, NDUFA7 and SMAD7, and the association of their 
corresponding mRNAs with the translationally active pool of 
ribosomes tested by RT-qPCR in the fractions. Results of the 
different RT-qPCRs were consistent with the TL values 
obtained after RNA sequencing, indicating that the genome- 
wide analysis provided reliable data (Supplementary Figures 
S2A and S2B). To ensure that the obtained results were not 
specific to the particular HepG2 cell line, different genes were 
selected for RT-qPCR in cells of the HCC Huh7 cell line, 
including SMAD7, RAD51, PCNA, CPEB4 ERBB2 and CSK, 
whose distribution in polysomes was also tested. Results are 
shown in Supplementary Figure S3.

Next, we aimed to define the mechanisms underlying the 
different translation behaviours of genes in response to the 
Sfb-treatment. To this end, we performed an over- 

Figure 1. Ribo-Seq analysis of untreated and Sfb-treated HCC cells. A. Scheme of the workflow for the polysome profile analysis and calculation of the translation 
level (TL) parameter. B. Dot plots showing the TL of control or untreated (X-axis) and Sfb-treated samples (Y-axis). Genes whose translation is significantly influenced 
in a positive or a negative manner in each single or in combinations condition are highlighted. C. Proportional Venn diagram showing the number of genes whose 
translation is positively or negatively influenced in each condition (p- value < 0.05; TL < − 0.5 or > 0.5).
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representation analysis (ORA) to identify specific mRNAs 
features that could be involved in the Sfb-mediated translation 
regulation of the genes from the above eight defined cate
gories. Consistent with the general translation initiation inhi
bition exerted by Sfb [11,12], we found that the number of 
significant poorly translated mRNAs in Sfb-treated cells was 
higher than the number of poorly translated mRNAs in con
trol cells even after an intra-sample normalization 
(Figure 1C). Moreover, we also found that the changes in 
the TL parameter, both in the control and Sfb-treated condi
tions, showed no correlation with the changes in total mRNA 
levels upon Sfb treatment (Supplementary Figure S4). These 
data were obtained by high-throughput RNA-Seq technology 
and were separately reported [13]. Thus, our results suggest 
that the translation reprogramming induced by Sfb is inde
pendent of other gene regulation processes, such as mRNA 
transcription or mRNA stability, which Sfb could also be 
modifying.

We reveal that translation is tuned by established mRNA 
cis-acting elements upon the Sfb treatment:

(i) As Sfb induces ER stress characterized by an increase 
in the phosphorylation levels of eIF2α at serine 51 
under activation of PERK (e.g. [10,11]), there was 
a significant enrichment of mRNAs with upstream 
open reading frames (uORFs) in their 5’ untranslated 
regions (5’ UTRs) within the category with a positive 
TL in Sfb-treated cells (p-value 5.54 × 10−60; 
Supplementary Dataset S2). Among them, the gene 
for the transcription factor ATF4 and many of its 
targets including DDIT3, GADD34, STC2 and 
ATF3; many of these proteins are produced to miti
gate a wide range of stresses (i.e. hypoxia, nutrient 
deprivation, ER and oxidative stress) or induce cell 
death if the stress is not resolved [28]. Other genes 
with a positive TL upon the Sfb-treatment were those 
coding for NOL6, NCL, EIF4G1, FTSJ3 and KRI1, 
which are all factors involved in ribosome biogenesis; 
this process has been reported to promote prolifera
tion, migration, and invasion in cancer cells of dif
ferent tumours (e.g. [29–31]). We speculate that this 
up-regulation reflects the activation of a feedback 
response to mRNA translation inhibition. Indeed, it 
has been reported that, in case of dysfunctional 
mRNA translation, to restore ribosome homoeostasis, 
there is activation of a particular signalling pathway 
that stimulates the transcription of c-Myc to induce 
ribosome biogenesis [32].

(ii) Cytoplasmic polyadenylation element-binding pro
tein 4 (CPEB4) is also encoded by an uORF- 
containing gene; thus, its induction is also subjected 
to regulation by eIF2α phosphorylation [33]. CPEB4 
binds mRNAs containing CPEs in their 3’ UTR to 
maintain the translation of these mRNAs in condi
tions in which global protein synthesis is inhibited 
[33]. As a result, and although CPEB4 itself was not 
found to be significantly up-regulated by the Sfb- 
treatment, several CPEB4 target genes were enriched 

in the set of genes translationally up-regulated by Sfb 
(p-value 1.52 × 10−8; Supplementary Dataset S3).

(iii) More importantly, mRNAs containing AU-rich ele
ments (AREs) in their 3’ UTRs were significantly 
enriched in the set of genes translationally up- 
regulated by Sfb, but poorly represented in the 
remaining categories (p-value 4.54 × 10−54; 
Supplementary Dataset S4). Although, the relevance 
of this observation is still unclear, it clearly suggests 
that AREs and specific ARE-binding proteins may 
play important roles in the translation reprogram
ming caused by the Sfb treatment.

(iv) Moreover, we and others have shown that Sfb nega
tively affects canonical cap-dependent translation 
([12], L.C., in preparation); however, cells encompass 
several alternative modes of translation initiation that 
bypass the cap binding of eIF4F, including that sup
ported by DAP5, also known as EIF4G2 [22,34]. We 
then examined how DAP5-target genes respond to 
the Sfb treatment. As a result, we identified that 
DAP5-target genes were also significantly enriched 
in the set of genes up-regulated by Sfb (p-value 
3.71 × 10−30; Supplementary Dataset S5). A deeper 
observation intriguingly showed that DAP5-target 
mRNAs with a high positive TL in the Sfb-treated 
samples have a low negative TL in the control cells. 
In turn, other distinct DAP5-target genes were 
enriched in those mRNAs with a positive TL in con
trol conditions, which, surprisingly, showed 
a negative TL upon the Sfb treatment. Indeed, when 
we pooled all genes with this particular behaviour 
from our datasets, which we named the ‘family of 
genes with opposite direction’ (genes with positive TL 
in control conditions but negative TL in Sfb-treated 
cells and genes with negative TL in control condi
tions but positive TL in Sfb-treated cells), we found 
that this family was significantly enriched in DAP5- 
target genes (p-value 7.00 × 10−41; Supplementary 
Dataset S6 and Supplementary Dataset S7). Further 
experiments are required to understand this relevant 
feature of DAP5-mediated translation upon the stress 
induced by Sfb in HCC cells.

(v) Because DAP5 also participates in several cap- 
independent modes of translation initiation, includ
ing those using internal ribosome entry sites or IRESs 
(e.g. [35]), we also checked the distribution of IRES- 
containing mRNAs in our different datasets. As 
a result, we found that IRES-containing mRNAs 
showed a tendency similar to that observed for 
DAP5-target genes, thus, also belonging to the ‘family 
of genes with opposite direction’. In this case, the 
p-value was much lower (p-value 9.97 × 10−6; 
Supplementary Dataset S8). All these findings are 
summarized in Figure 2.

Regarding genes whose translation is negatively influenced 
by Sfb, we highlighted a strong correlation between the TL of 
the genes and the length of their respective coding regions 
(CDS). Thus, the CDS of those genes with a high positive TL 

RNA BIOLOGY 5



in the control condition samples were normally shorter than 
average, while that of genes with a high positive TL in Sfb- 
treated cells was longer than average, suggesting that mRNAs 
with a long CDS are more resistant to the translation inhibi
tory effect of Sfb. These tendencies were even more evident in 
the sets of genes actively translated in one condition (control- 
untreated or Sfb-treated conditions) and poorly translated in 
the other (Supplementary Figure S3). Still, the genes whose 
translation was clearly more affected by Sfb (those that we 
designated ‘Sfb hypersensitive genes’) did not follow such 
a tendency. Indeed, two clear populations could be observed 
when plotting the TL versus the CDS length in the Sfb-treated 
sample (Figure 3A and Supplementary Figure S5). While the 
main population of genes showed a slight correlation between 
the TL value and the CDS length, the other population dis
played a very low TL but did not follow such a correlation. 
These tendencies were even more evident when plotting the 
difference of TLs of Sfb-treated versus control samples 
(Figure 3B and Supplementary Figure S5). Interestingly, 
genes whose mRNAs are apparently not subjected to N6- 
methyladenosine (m6A) methylation were highly enriched 
within the ‘Sfb hypersensitive genes’ category (p-value 
7.82 × 10−26; Figure 4 and Supplementary Figure S5). This 
result is remarkable as it has been recently reported that 
HCC patients harbour a distinct m6A modification pattern, 
which contributes to the heterogeneity and diversity of HCC 
[36,37]. Given these data, we speculate whether inducing 
global mRNA m6A demethylation could be a promising strat
egy to make HCC cells more sensitive to Sfb by hindering 
translation for a broader range of mRNAs. Alternatively, 
silencing specific m6A methylases could generate the same 
desired effect. In this regard, target genes of METTL3, 
which in a complex with METTL14 is the main enzyme 

responsible for m6A mRNA methylation [38], are enriched 
in the set of genes with a high TL in Sfb-treated cells and 
control conditions, but are not statistical represented in genes 
with a low TL in Sfb-treated cells (Supplementary Figure S6). 
However, although the chemotherapeutic potential of drugs 
affecting m6A-related mechanisms has to be clinically 
explored in HCC, we must be extremely cautious as our 
observations are discrepant with the fact that METTL3 has 
been found to be significantly down-regulated in human Sfb- 
resistant HCC cells and that knockdown of METTL3 
enhances Sfb resistance in HCC by reducing FOX3-mediated 
autophagy [39].

We finally applied an enrichment analysis using the 
REACTOME database [40] to identify the cellular context and 
biological pathways affected by the Sfb-induced reprogramming 
of translation. We selectively focused on those cellular processes 
that were translationally up- or down-regulated by the Sfb treat
ment but down- or up-regulated in the control situation, respec
tively (Figure 5 and Supplementary Dataset S9). Then, we 
expanded our analysis by studying those pathways that, being 
up- or down-regulated in Sfb-treated cells, were not simulta
neous up- or down-regulated in the untreated situation, respec
tively (Figure 6 and Supplementary Dataset S9). We could 
highlight two global categories including cellular processes con
taining genes significantly up-regulated upon the Sfb treatment 
(Figures 5 and 6). First, Sfb seems to selectively induce the 
translation of processes related to the global metabolism of 
RNA, more specifically, those related to the maturation and 
modification of pre-tRNAs and the processing of most abundant 
pre-mRNAs (capped and intron-containing ones), including 
their nuclear splicing and further nucleo-cytoplasmic export. 
The relevance of this finding is unclear; however, we hypothesize 
that this up-regulation may originate as a positive feedback of 

Figure 2. Functional enrichment analysis. Bubble plots depicting the over-representation analysis (ORA) of different mRNA features or cis-acting elements (from left 
to right, uORF containing mRnas, CPEB4 target mRnas, are-containing mRNAs in their 3’ UTRs, DAP5 target mRNAs and IRES containing mRNAs) in the gene 
categories defined in Figure 1B. In each plot, the -log10 (p-value) of the ORA is shown in the X-axis. A colour scale is applied. The size of each bubble corresponds to 
the enrichment of each feature as the number of genes with the studied feature in each category versus the total number of genes with the feature and normalized 
by the number of genes in the group versus the total number of genes represented in the RNA-Seq file.
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mRNA expression to antagonize the Sfb-induced translation 
repression. Second, Sfb seems to translationally up-regulate 
components of signal transduction pathways through RAS 
homolog (RHO) small GTPases, which control many funda
mental cellular processes including the actin cytoskeleton for
mation, gene transcription, cell morphology and movement [41] 
and have been related to HCC [42]. One of these GTPases is the 

so-called MIRO proteins, which are localized in the outer mito
chondrial membrane and are involved in mitochondrial biogen
esis, maintenance and organization [43]. As these molecular 
switches are activated by different classes of membrane recep
tors, including receptors of tyrosine kinases, such as the Sfb- 
targets VEGFR and PDGFR [44], we interpreted this as the result 
of a cellular compensatory response to cope with the inhibition 
exerted by Sfb.

Regarding those cellular processes containing genes transla
tionally down-regulated in Sfb-treated cells, we identified those 
related to the mitochondrial metabolism, including the electron 
transport chain and the ATP synthesis, the citric acid cycle, and 
the mitochondrial translation process (Figure 5). In agreement 
with this, Sfb has clearly been reported to inhibit respiration and 
reduce ATP levels [45,46], destroy mitochondrial morphology 
[47], and down-regulate both the mRNA [13] and protein levels 
[48] of a large collection of mitochondrial components, includ
ing the respiratory chain complex I of the electron transport 
chain and the mitochondrial ribosome, in different types of 
cancer cells. Importantly, Sfb resistance is linked to 
a reprogramming of mitochondrial functions and the activation 
of mitochondrial translation and biogenesis in HCC cells [49]. 
Besides targeting genes important for mitochondrial activity, our 
data revealed that cellular pathways related to the extracellular 
matrix (ECM) organization (including those involving NCAM1) 
and the collagen synthesis are also significantly down-regulated 
in Sfb-treated cells (Figure 6). Collagen is the main component 
of the ECM, its remodelling influences different aspects of cancer 
cells, including angiogenesis and migration (e.g. [50,51]), and is 
valuable as a cancer diagnosis biomarker (e.g. [52]). In conso
nance with our data, it has been described that Sfb reduces 
collagen synthesis in mouse and human fibroblasts [53,54] and 
attenuates liver fibrosis in rats by decreasing collagen accumula
tion [55,56]. Interestingly, other processes down-regulated by 
Sfb involve the neuronal system category, particularly those 
related to K+ channels. These channels regulate a myriad of 
physiological processes including those related to cell prolifera
tion; K+ channels have also a relevant role in HCC (cell prolif
eration, migration and invasion) and Sfb resistance (e.g. [57,58]). 
Reports on drugs targeting distinct K+ channels have been 
described to enhance the effects of Sfb or reverse Sfb resistance 
in liver cancer (revised in [57]).

We finally analyse whether the genes belonging to the cate
gories differentially regulated by Sfb were enriched in some of 
the cis-acting mRNA features described above that influences 
translation. As a result, and as expected, we identified a high 
number of DAP5-target, CPEB4-target, and ARE- and uORF- 
containing mRNAs only in the translationally up-regulated pro
cesses by Sfb, further revelling the importance of these mRNA 
elements controlling the translation reprogramming that Sfb 
induced in HCC cells (Supplementary Figures S7-S12).

In conclusion, although several direct targets of Sfb have 
been postulated, the exact mechanisms for Sfb-induced cell 
death and resistance are not fully well understood. In this 
report, we provide pioneering insights into how Sfb impacts 
translation in HCC cells. The inhibition of translation by Sfb 
clearly contributes to its anti-oncogenic efficacy. We have also 
shown that the cellular stress induced by Sfb also promotes 
a translation reprogramming in treated cells that seems to 

Figure 3. Definition of Sfb hypersensitive genes. A. Scatter plot between the TL 
in Sfb-treated samples and the log10 of the CDS length. Note that a population 
of genes with low negative TL, named Sfb hypersensitive genes (in blue), does 
not follow the general tendency. B. Scatter plot between the difference in TL of 
the Sfb-treated versus the control samples and the log10 of the CDS length. Sfb 
hypersensitive genes are again highlighted in blue.

RNA BIOLOGY 7



Figure 4. Abundance of non-m6A methylated genes in the different categories of our analysis. Left panel, bubble plot showing the ORA of non-m6A methylated 
mRNAs within the different gene categories defined in Figure 1B and the group of genes hypersensitive to Sfb. Right panel, scatter plot between the TL in Sfb-treated 
samples and the log10 of the CDS length. Genes coding non-m [6]A methylated mRNAs are highlighted in red.

Figure 5. REACTOME functional annotation for genes with an opposite direction identified in our analysis. Bubble plots showing the ORA of the top REACTOME 
categories in the genes with an opposite direction in Sfb-treated and untreated control samples. Left panel, Sfb-up and control-down category. Right panel, Sfb-down 
and control-up category.

8 L. CONTRERAS ET AL.



operate via the involvement of distinct factors (e.g. ATF4, 
DAP5, ARE-binding proteins) and the recognition of specific 
cis-acting elements in their mRNA targets. This reprogramming 
involves the repression of global protein synthesis, accompanied 
by the up-regulation of different cellular pathways. Some of the 
repressed pathways, such as those related to mitochondrial 
functions or collagen synthesis, might be related to the anti- 
tumorigenic activities of Sfb. In contrast, the translational up- 
regulation of other cellular pathways seems to be a mechanism 
to counteract the stress effect generated by the drug. Certain 
basic aspects of RNA metabolism and Rho GTPase signalling 
are examples of processes that are translationally up-regulated 
by Sfb but, in parallel, unfortunately, they have been described 
to be involved in the generation or maintenance of the carci
nogenicity of HCC; thus, expecting to contribute to the limited 
effectiveness Sfb has as a chemotherapeutic drug. We firmly 
believe that combining Sfb with therapies based on the transla
tional profile of cancer cells, such as the interdiction of the 
function and/or expression of specific genes in those cellular 
pathways that are being up-regulated upon a Sfb-treatment 
could be a future and useful interference approach to enhance 
the Sfb treatment response and overcome the onset of Sfb 
resistance. Besides, with further studies in this line, our study 
could also help to generate tools to predict the response to the 
Sfb treatment as well as define different cellular processes as 
biomarkers in the Sfb response.
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