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Highlights: Impact and implications:
� RNA-binding protein and master translation regulator
CPEB4 identified as a key player in hepatocellular carci-
noma progression.

� CPEB4 regulates hepcidin expression, thereby modulating
cancer cell sensitivity to ferroptosis, a specific form of
cell death.

� This discovery reveals a novel translational regulatory
mechanism in cancer biology with significant therapeu-
tic potential.

� Further validation through human clinical studies is essential
to confirm the role of CPEB4 in liver cancer.
https://doi.org/10.1016/j.jhepr.2024.101296
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This study addresses the pressing need for improved therapies in liver
cancer, particularly given its increasingprevalence linked toobesity and
metabolic-associated fatty liver disease. By uncovering the role of the
RNA-binding protein cytoplasmic polyadenylation element binding
protein 4 (CPEB4) in modulating iron regulation and cancer cell sensi-
tivity to ferroptosis, our research highlights a new translational mech-
anism with potential therapeutic relevance. These findings are
particularly significant for clinicians, researchers, and policymakers
focused on advancing targeted treatments for hepatocellular carci-
noma. If further validated in human clinical studies, targeting CPEB4-
mediated pathways could help develop treatments that enhance can-
cer cell susceptibility to ferroptosis, offering a promising strategy for
improving outcomes in patients with advanced liver cancer. Limitations
of the study include the need for further clinical validation to confirm
these preclinical findings in human disease contexts.
for the Study of the Liver (EASL). This is an open access article under the CC BY-

, 2025, 7, 1–13

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2024.101296&domain=pdf


Research article
CPEB4 modulates liver cancer progression by translationally
regulating hepcidin expression and sensitivity to ferroptosis

M. Eugenia Delgado1,†, Salvador Naranjo-Suarez1,†, Marta Ramírez-Pedraza1,†, Beatriz I. Cárdenas1, Carmen Gallardo-Martínez1,
Alexandra Balvey1, Eulalia Belloc2, Judit Martín2, Mark Boyle1, Raúl Méndez2,3,*, Mercedes Fernandez1,*

JHEP Reports 2025. vol. 7 j 1–13
Background & Aims: Liver cancer is a significant global health issue, with its incidence rising in parallel with the obesity epidemic.
The limited therapeutic options available emphasize the need for a better understanding of the molecular pathways involved in its
pathogenesis. While much of the previous research has focused on transcriptional changes, this study examines translational
alterations, specifically the role of cytoplasmic polyadenylation element binding protein 4 (CPEB4), a key regulator of translation.

Methods: We analyzed publicly available patient databases and conducted studies using human and mouse liver cancer cells,
xenograft and allograft models, mouse models of high-fat diet-related liver cancer, and CPEB4 knockout and knockdown mice
and cell lines.

Results: Patient data analysis (n = 87) showed a strong correlation between low CPEB4 levels and reduced survival rates (p
<0.001). In mouse models of diet-induced liver cancer (n = 10–15 per group), both systemic and hepatocyte-specific CPEB4
knockout mice exhibited significantly increased tumor burden compared with wild-type controls (p <0.05). In vitro studies using
human and murine liver cancer cells (n = 3 biological replicates) demonstrated reduced sensitivity to ferroptosis upon CPEB4
depletion when induced by erastin or RSL3 (p <0.01). Mechanistically, CPEB4 deficiency suppressed hepcidin expression, leading
to elevated ferroportin levels, decreased intracellular iron accumulation, and reduced lipid peroxidation (p <0.05).

Conclusions: This study uncovers a novel CPEB4-dependent mechanism linking translational control to liver cancer progression
and ferroptosis regulation. Therapeutic strategies targeting CPEB4-mediated pathways hold promise for advancing treatment
options in liver cancer.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Liver cancer represents a significant global health challenge
and remains a leading cause of cancer-related deaths, with
advanced cases exhibiting poor prognosis and limited treat-
ment options.1 The rising incidence of liver cancer is particularly
concerning as it correlates with the escalating obesity
epidemic.2 Obesity is closely linked to the development of
metabolic-associated fatty liver disease (MAFLD), formerly
known as non-alcoholic fatty liver disease, which is charac-
terized by the accumulation of fat in the liver. MAFLD can
progress to more severe forms, including non-alcoholic stea-
tohepatitis, fibrosis, and ultimately, hepatocellular carci-
noma (HCC).3,4

Evasion of cell death is a critical aspect of cancer growth
and progression.5 Traditionally, apoptosis has represented the
most studied programmed cell death mechanism.5 However,
recent research has highlighted the importance of alternative
pathways, such as ferroptosis.6–9 Ferroptosis is an iron-
dependent form of regulated cell death characterized by the
accumulation of lipid peroxides.6–9 Despite its emerging
* Corresponding author. Address: IDIBAPS, Rosselló Street 149, 08036 Barcelona, Spain
E-mail address: mlobato@recerca.clinic.cat (M. Fernandez).
† Co-first authors.
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importance in cancer biology, our understanding of ferroptosis
in liver cancer remains limited. Additionally, the underlying
molecular mechanisms that determine the sensitivity of tumor
cells to ferroptosis remain largely unknown. Elucidating these
mechanisms could not only enhance our understanding of the
basic processes driving liver cancer, but also unveil novel
therapeutic targets.

Translational regulation of gene expression is pivotal in
cancer development and progression.9–14 However, our un-
derstanding of this aspect of gene expression regulation is
limited, as the majority of previous studies have primarily
focused on transcriptional control mechanisms. One crucial
mechanism of translational control involves the cytoplasmic
polyadenylation element binding (CPEB) family of RNA-binding
proteins.15–19 CPEB proteins regulate mRNA translation and
stability by recognizing a cis-acting element known as the
cytoplasmic polyadenylation element (CPE) in the 30-untrans-
lated region (UTR) of target mRNAs, subsequently modifying
the length of their poly(A) tails.20,21 The dysregulation of the
CPEB-mediated translational control has been implicated in
. Tel.: +34-606958606.
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CPEB4 controls ferroptosis in liver cancer
several diseases.22–28 However, the specific roles of CPEB in
liver cancer are not fully understood.

In this study, we addressed these knowledge gaps and
demonstrated that translational control and ferroptosis play a
major role in liver cancer. We found that CPEB4, the stress-
regulated member of the CPEB family,22–28 regulates liver can-
cer ferroptosis through the translational control of hepcidin. Our
findings revealed that low CPEB4 protein expression correlates
with poor prognosis, decreased survival, and increased rate of
both tumor progression and severity in human and mouse HCC.
Moreover, we found that CPEB4 deficiency promotes liver tumor
growth; importantly, one of the notable mechanisms through
which this is achieved is through the attenuation of ferroptosis via
the hepcidin–ferroportin axis and the regulationof iron-dependent
lipid peroxidation in liver tumor cells. These findings not only
highlight the importance of CPEB4-mediated translation in liver
tumor growth, but also introduce a novel mechanism for the
regulation of ferroptosis sensitivity through CPEB4-mediated
translational control. This knowledge has the potential to signifi-
cantly advance our understanding of liver cancer pathogenesis
andmay lead to the development of new therapeutic strategies for
this deadly disease.

Materials and methods
A detailed description of the Materials and methods can be
found in the Supplementary material.

Animal models

Animals (Mus musculus, C57BL6/J pure and C57BL6/J-129S
mixed backgrounds) were maintained under a standard 12-h
light/dark cycle, at 23 �C, with free access to food and water.
At 6 weeks of age, male mice were randomly assigned to either
a high-fat diet (HFD) (60% fat, 20% protein, and 20% carbo-
hydrates; D12492, Research Diets, New Brunswick, NJ, USA)
or a normal diet (ND) (7.42% fat, 17.49% protein, and 75.09%
carbohydrate; Research Diets). Mice were fed with HFD or ND
for a period of 50 weeks. The procarcinogen diethylnitrosamine
(DEN, 80 mg/kg; Sigma, St. Louis, MO, USA) was injected
intraperitoneally into 16-week-old mice. From week 20 until the
end of the protocol, 0.05% phenobarbital, a tumor promoter,
was added into the drinking water. Protocols were approved by
the Animal Ethics Committee of the University of Barcelona and
the Catalan Government and followed the ARRIVE guidelines.

Generation of constitutive, inducible, and hepatocyte-
specific CPEB4 knockout mice

To generate a Cpeb4 conditional knockout mouse (Cpeb4lox/lox),
mouse embryonic stem cells carrying a bgeo (b-galactosidase
gene fused to neomycin resistance gene) cassette in Cpeb4
intron-1 and loxP sites flanking exon-2 (clone EPD0060_4_E10;
Sanger Institute, Cambridge, UK) were microinjected into
developing blastocysts. The resulting positive chimeric mice
(Cpeb4+/loxfrt) were crossed with C57BL6/J mice. Subsequently,
the bgeo-cassette was removed by mating with mice expressing
the FlpO recombinase (Tg.pCAG-Flp), generating conditional
knockout animals (Cpeb4lox/lox). To obtain a ubiquitous and
constitutive depletion of CPEB4, Cpeb4lox/lox mice were crossed
with animals expressing DNA recombinase Cre under control of
a human cytomegalovirus minimal promoter (B6.C-Tg(CMV-cre)
JHEP Reports, March 2
1Cgn/J). Excision of exon 2 of the Cpeb4 gene leads to a frame
shift in the mRNA generating several new premature stop co-
dons, resulting in mice that are deficient in CPEB4 protein
(Cpeb4KO). Offspring was maintained in a C57BL/6J-129S mixed
background. To obtain a tamoxifen-inducible mouse line, con-
ditional mice were crossed with Tg.Ubc-CreERT2 mice.
Hepatocyte-specific Cpeb4 knockout mice (Cpeb4HKO) were
obtained by crossing Cpeb4lox/lox mice with albumin-Cre trans-
genic animals. Offspring was backcrossed for five generations
onto the C57BL/6J background. Routine genotyping was per-
formed by PCR.

Generation of stable CPEB4 knockdown human liver
cancer cell lines

To generate CPEB4 knockdown human liver cancer cell lines,
short hairpin RNA (shRNA) encoding sequenceswere delivered to
the HepG2 and Huh7 cell lines through lentiviral infection. Lenti-
virus were produced by transfection of 293T packaging cells with
the plasmids psPAX2 (Addgene, Watertown, MA, USA), ENV
(Addgene) and pLKO shCPEB4.4 (Sigma-Aldrich, St. Louis, MO,
USA), using the liposome-based DNA transfection reagent
LipoD293 (SignaGen,Frederick,MD,USA). ThepLKOshCPEB4.4
vector carried a sequence specific for CPEB4 shRNA expression
(50-GCGTTATGTGTTGAACAGTAT-30) and puromycin resistance
marker. A scramble control RNA that does not recognize any re-
gion in the mammalian genome was used to obtain the wild-type
(WT) cells (MISSION® pLKO.1-puro non-mammalian shRNA
control plasmid DNA from Sigma-Aldrich was used). Media from
transfected 293T cells was removed and replaced with fresh
media every 24 h. The media were harvested 48 and 72 h post-
transfection, filtered through a 0.22-lm filter (to use only the len-
tiviral particles) andused to infectHepG2andHuh7cellsgrownon
6-cm dishes. Efficiently infected tumoral cells were selected with
2 lg/ml puromycin to create stable CPEB4 knockdown HepG2
and Huh7 cells.

Cell viability assays

Viability assays were conducted using two well-established
methods that assess cell viability based on different meta-
bolic parameters: The MTT assay (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; Sigma) measures mitochon-
drial activity, providing an indirect measure of cell viability.
Tumor cells were plated in a multiwell plate and treated with the
ferroptotic cell death inducers erastin (Sigma) or RSL3 (Sigma),
or with the ferroptosis-specific inhibitor ferrostatin-1 (Cayman
Chemicals, Ann Arbor, MI, USA). MTT reagent, a yellow tetra-
zolium salt, was added to each well and incubated with cells.
After incubation, the blue formazan crystals formed by meta-
bolically active cells reducing the MTT reagent were solubilized,
and the absorbance of the solution was measured at 562 nm
using a microplate reader. The CellTiter-Glo® 2.0 Assay
(Promega, Madison, WI, USA, G9242) measures ATP levels as
an indicator of cell viability. Cells were plated in a multiwell plate
and treated with ferroptosis inducers. The CellTiter-Glo reagent
was added to each well, causing cell lysis and generating a
luminescent signal proportional to the amount of ATP present.
Luminescence was measured using a luminometer. The
decrease in cell viability (%) was calculated using the following
formula: 100 × (1 - (OD exp. mean value (- substrate blank)/OD
control mean value (- substrate blank)).
025. vol. 7 j 101296 2
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Intracellular iron measurement

Intracellular iron concentrations in cells were determined by
using the Iron Colorimetric Assay kit (Abcam, Cambridge, UK,
ab83366), according to the manufacturer’s instructions. For
iron supplementation, we used ferric nitrate Fe(NO3)3 (Sigma,
F8508) and ferrous sulfate FeSO4 (Sigma, F8633) at a final
concentration of 330 lM with the cell’s corresponding medium
supplemented with 0.5% fetal calf serum (Reactiva, 04-001-
1A), MEM Non-Essential Amino Acids Solution (100 ×; Ther-
moFisher, Waltham, MA, USA, 11140050), 1 mM sodium py-
ruvate solution (Sigma, S8636), and 100U/ml penicillin
streptomycin (Gibco, Waltham, MA, USA, 15140122).

Statistical analysis

Data are shown as mean ± SEM. Results that were normally
distributed (p >0.05 from the Kolmogorov–Smirnov test) were
compared with parametric statistical procedures (two-tailed
Student’s t test and ANOVA followed by Bonferronis test for
multiple comparisons). Non-normally distributed results were
compared with non-parametric tests (Kruskall–Wallis one-way
ANOVA and Mann–Whitney U test). Significance was
accepted at p <0.05. The X2 test was used to analyze the
interaction between tumor-bearing status (incidence) and
CPEB4 expression (WT or knockout). Sample sizes for repro-
ducibility are indicated in the figure legends. Where represen-
tative images for immunohistochemical staining and
immunoblot are shown, these results were independently
observed at least three times. All in vitro experiments were
repeated in at least three independent biological replicates.
When possible, the investigators were blinded during experi-
ments and outcome assessment.

Results

Low CPEB4 protein expression correlates with poor
prognosis in human and mouse liver cancer

To evaluate the clinical significance of CPEB4 expression in
human HCC, we performed a Kaplan–Meier survival analysis
using publicly available data from the Human Protein Atlas. Our
analysis showed that patients with low CPEB4 expression had
significantly lower survival rates compared with those with high
CPEB4 expression, indicating a strong association between
reduced CPEB4 levels and poor prognosis (Fig. 1A).

In a mouse model of HFD-induced HCC, immunohistochem-
istry revealed minimal CPEB4 expression in normal liver tissue
(Fig. 1B). Interestingly, CPEB4 levels increased during the pre-
cancerous stage of nodular hyperplasia but decreased as tumors
progressed to more aggressive forms, such as adenomas and
carcinomas (Fig. 1B). Histopathological analysis by expert pa-
thologists, using standard H&E staining criteria, identified distinct
featuresof these advancedstages.Carcinomasexhibited atypical
cellular morphology, including irregular nuclei, variable cell size
and shape, and disorganized, invasive growth patterns, accom-
panied by high mitotic activity. Additionally, they often showed
necrosis, fibrosis, vascular invasion, andbiliaryductular reactions.
In contrast, adenomashadmoreorganized architecture and lower
mitotic activity, while nodular hyperplasia exhibited the least
structural abnormalities.

These findings suggest that CPEB4 may play a protective
role in liver tumorigenesis, with its upregulation during nodular
JHEP Reports, March
hyperplasia potentially linked to liver regeneration and tumor
suppression. The subsequent decline of CPEB4 during tumor
progression could facilitate the shift from benign to malignant
states, as evidenced by the increasing severity of histopatho-
logical features. Together, these results from both human and
mouse models support the potential of CPEB4 as a prognostic
marker and therapeutic target in liver cancer.

CPEB4 deficiency exacerbates HFD -associated liver
cancer progression and aggressiveness

To investigate the causality of CPEB4 depletion in HFD-
associated liver cancer, we utilized a global loss-of-function
genetic mouse model (CPEB4KO) on a C57BL/6J background,
alongside WT controls. Male CPEB4KO and WT mice were
subjected to a liver cancer protocol consisting of ad libitum
HFD feeding (60% energy from fat), DEN injection (80 mg/kg),
and phenobarbital supplementation (0.05% in the drinking
water) (Fig. 1C). Control mice received the same treatment but
were fed a standard ND (13% energy from fat). CPEB4 deple-
tion in CPEB4KO mice was confirmed by immunoblotting
(Fig. 1D). The liver cancer protocol was effective in inducing
increased body weight (Fig. 1E), liver tumor growth (Fig. 1F–I),
liver steatosis (Fig. 1J–L) and liver damage (Fig. 1M) in HFD-fed
mice compared with ND-fed controls.

Interestingly, systemic depletion of CPEB4 intensified the
tumorigenic phenotype in HFD-fed CPEB4KO mice, with
increased liver tumor formation and aggressiveness (Fig. 1G–L)
compared with HFD-fed WT mice. The exacerbated tumor
development in CPEB4KO mice on HFD was not associated with
enhanced liver steatosis (Fig. 1J) or significant differences in lipid
accumulation (Fig. 1K and L) and transaminase levels (Fig. 1M)
compared with HFD-fed WT mice. These findings suggest that
CPEB4 plays a tumor-suppressive role under conditions of
metabolic stress induced by HFD. Notably, both WT and
CPEB4KO mice on an ND with DEN and phenobarbital exhibited
minimal tumor burden (Fig. 1G and H), indicating that the loss of
CPEB4 alone does not induce spontaneous liver tumor formation.

To further explore the role of CPEB4 in liver cancer, we
generated a hepatocyte-specific CPEB4 knockout (CPEB4HKO)
by crossing Cpeb4fl/fl animals with Alb-Cre mice (Fig. 1N).
Immunoblotting confirmed the absence of CPEB4 in the livers of
CPEB4HKOmice (Fig. 1O). HFD feeding resulted in increasedbody
weight in both CPEB4HKO and WT mice compared with mice on
ND (Fig. 1P). Hepatocyte-specific CPEB4 loss under HFD con-
ditions led to a more aggressive cancer phenotype, similar to that
seen ingloballyCPEB4-deficientmice.CPEB4HKOmice showeda
higher tumor number (Fig. 1G) and increased tumor aggressive-
ness (Fig. 1R) compared with WT mice on HFD.

These results highlight the critical protective role of CPEB4
in mitigating HFD-associated liver cancer, demonstrating that
both systemic and hepatocyte-specific loss of CPEB4 exac-
erbate tumor progression under metabolic stress.

CPEB4 deficiency cell-autonomously increases the
tumorigenic potential of liver cancer cells

To assess the intrinsic effects of CPEB4 depletion on the
tumorigenic potential of liver cancer cells, we generated mice
with tamoxifen-inducible CPEB4 deletion (Cpeb4lox/lox; Ub-Cre-
ERT2+/+) (Fig. 2A). Following the induction of liver cancer
through the pre-specified protocol (Fig. 1D), we isolated liver
2025. vol. 7 j 101296 3
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tumors from these mice and generated a murine liver cancer
cell line, termed 2020B4. Subsequent exposure of these cells to
1 lM tamoxifen induced CPEB4 depletion, as confirmed by
immunoblotting (Fig. 2B). Control liver tumor cells retaining
CPEB4 expression were exposed to the vehicle.

Consistent with a cell-autonomous anti-tumorigenic role for
CPEB4, CPEB4KOmurine liver cancer cells exhibited significantly
enhanced in vitro migratory capacity compared to WT controls
(Fig. 2C). Moreover, CPEB4 depletion markedly increased the
ability of these cells to form colonies in a 3D colony formation
assay, as demonstrated through both an increased number and
size of colonies in CPEB4KO cells relative to WT cells (Fig. 2D).

Subsequent subcutaneous allograft and xenograft studies
revealed a significantly higher tumor weight in CPEB4KO liver
cancer cells compared with WT cells, as indicated by increased
tumorweight. This increased tumorigenic potential of theCPEB4-
deficient tumors was observed in immunocompromised mice
(Fig. 2E) and immunocompetent mice (Fig. 2F). To clarify this
observation, we investigated whether CPEB4KO increased tumor
burden in orthotopic implantation models. Indeed, orthotopic
transplantation of CPEB4KO-luciferase liver cancer cells in
immunocompromised (Fig. 2G) and immunocompetent mice
(Fig. 2H) further corroborated these findings, allowing noninvasive
monitoring of tumor growth using bioluminescence imaging.

To expand the relevance of our observations to human
biology, we utilized the human liver cancer cell line HepG2 for
xenograft mouse models. Using an shRNA-based approach,
we downregulated CPEB4 expression in HepG2 cells
(CPEB4KD), and subsequently confirmed efficient silencing by
immunoblotting (Fig. 2I). Strikingly, CPEB4 depletion in xeno-
grafted human tumors led to a robust pro-tumorigenic effect,
as demonstrated by luminescence imaging (Fig. 2J). Collec-
tively, these results emphasize the cell-autonomous role of
CPEB4 as a pivotal negative regulator of the tumorigenic po-
tential in both human and murine liver cancer cells.

Liver cancer aggravation upon CPEB4 deficiency was not
associated with enhanced cell proliferation or reduced
apoptotic or necroptotic cell death

To explore the mechanistic basis of our observations, we
investigated whether alterations in cell proliferation or cell death
contributed to the observed phenotype. Notably, the number of
Ki67-positive proliferating cells in liver tumors of HFD-fed
from week 6 until sacrificed at 50 weeks of age. The hepatic carcinogen diethylnitros
week 20 until the end of the protocol, 0.05% phenobarbital was added into the drink
fed HFD, with a-tubulin as a loading control. The faint upper band represents an uns
expression. Such unspecific bands are consistent with previous studies,46 and var
batches. (E) Body weight change over time (left) and final body weight at the age of 5
percentage, in the liver from CPEB4KO and WT mice fed HFD or ND. (G) Tumor nu
macroscopic photographs of livers from CPEB4KO and WT mice fed HFD or ND. Sca
carcinoma) in the liver from CPEB4KO and WT mice fed HFD. (J) Representative imag
liver steatosis in the liver from CPEB4KO and WT mice fed HFD or ND. (K) Liver triglyc
in CPEB4KO and WT mice fed HFD or ND. (M) Serum alanine aminotransferase (left) a
Timeline of the experimental procedure to induce liver cancer in hepatocyte-specific
in the liver from CPEB4HKO and WT mice. b-Actin was used as loading control. (P) Bo
number in the liver from CPEB4HKO and WT mice fed HFD. (R) Tumor profile in the
biologically independent samples. Results that were normally distributed (p >0.05
procedures (two-tailed Student’s t test and ANOVA followed by Bonferroni’s test for
parametric tests (Kruskall–Wallis one-way ANOVA and Mann–Whitney U test). Signi
interaction between tumor-bearing status (incidence) and CPEB4 expression (WT o
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CPEB4HKO mice exhibited no significant difference compared
with their HFD-fed WT counterparts (Fig. 3A). Accordingly, the
in vitro proliferative capacity of murine liver cancer cell lines, as
demonstrated in 2D culture growth curves, remained unaltered
upon CPEB4 depletion (Fig. 3B). Furthermore, in vivo allograft
studies revealed no significant differences in the percentage of
proliferating Ki67+ cells between CPEB4KO and WT liver cancer
cells (Fig. 3c). These findings suggest that the exacerbation of
tumorigenicity in CPEB4KO cells is not attributed to a direct
mitogenic action of CPEB4 depletion.

In that perspective, we subsequently investigated whether the
aggravation of liver cancer upon CPEB4 deletion was linked to
decreased tumoral cell death. Terminal deoxynucleotidyl trans-
ferasedUTPnick-end labeling (TUNEL) revealed reducedcell death
in the livers of HFD-fed CPEB4HKO mice compared with WT mice
(Fig. 3D). To determine the precisemodality of cell death occurring,
we first examined apoptosis given this has been at the forefront of
academic research to date, as previously specified.5 Liver tumors
from HFD-fed CPEB4HKO mice showed no significant reduction in
apoptosis levels compared to WT mice, as demonstrated by the
absenceof differences in cleaved caspase-3positive cells between
the two groups based on immunohistochemistry (Fig. 3E). Immu-
noblotting further supported these results, showing consistent
cleaved caspase-3 protein expression in the livers of HFD-fed
CPEB4HKO mice compared with WT mice (Fig. 3F). Notably, the
percentage of cleaved caspase-3 positive cells in allograft tumors
derived from CPEB4KO mouse liver cancer cells mirrored that of
tumors from WT liver cancer cells (Fig. 3G). Considering these re-
sults, apoptosis can be excluded as a factor in the reduced cell
death observed in liver tumors following CPEB4 loss. Although the
TUNEL assay is commonly used to detect apoptotic cell death by
labeling fragmented DNA, it can also detect DNA fragmentation
associated with other forms of cell death, such as necroptosis or
ferroptosis.29–31 Therefore, we investigatedwhether necroptosis or
ferroptosis were affected by CPEB4 depletion. We observed no
significant differences in the expression of the necroptosis marker
phospho-mixed-lineage kinase-like domain (pMLKL)32 between
CPEB4-deficient and WT liver cancer cells, both in liver tumors
(Fig. 3H) and allografted tumors (Fig. 3I). Additionally, the expres-
sion of receptor-interacting protein kinase-3 (RIPK3), which is
essential for necroptosis,33 did not change significantly when
comparing CPEB4KO and WT liver cancer cells (Fig. 3J). These
findings suggest that another form of non-apoptotic and non-
necroptotic cell death is reduced upon CPEB4 deletion in liver
amine (DEN, 80 mg/kg) was injected intraperitoneally into 16-week-old mice. From
ing water. (D) Immunoblotting for CPEB4 in the liver from CPEB4KO and WT mice
pecific signal, while the lower band, absent in CPEB4KO mice, reflects true CPEB4
iations between blots may arise from differences in species, tissues, or antibody
0 weeks (right) in CPEB4KO and WT mice fed HFD or ND. (F) Tumor incidence, as

mber in the liver from CPEB4KO and WT mice fed HFD or ND. (H) Representative
le bar, 1 cm. (I) Tumor profile (nodular hyperplasia, adenoma, early carcinoma, and
es (scale bar, 250 lm) and quantification of Oil Red-positive area (%) as an index of
eride levels in CPEB4KO and WT mice fed HFD or ND. (L) Serum cholesterol levels
nd aspartate aminotransferase (right) in CPEB4KO and WT mice fed HFD or ND. (N)
CPEB4HKO and WT mice (n = 9–12 mice per group). (O) Immunoblotting for CPEB4
dy weight change over time in CPEB4HKO and WT mice fed HFD or ND. (Q) Tumor
liver from CPEB4HKO and WT mice fed HFD. All values represent mean ± SEM of
from the Kolmogorov–Smirnov test) were compared with parametric statistical
multiple comparisons). Non-normally distributed results were compared with non-
ficance was accepted at p <0.05. In panel (F), the X2 test was used to analyze the
r knockout). CPEB4, cytoplasmic polyadenylation element binding protein 4.
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Smirnov test) were compared with parametric statistical procedures (two-tailed Student’s t test and ANOVA followed by Bonferroni’s test for multiple comparisons).
Non-normally distributed results were compared with non-parametric tests (Kruskall–Wallis one-way ANOVA and Mann–Whitney U test). Significance was accepted at
p <0.05. There were no significant differences in tumor incidence between CPEB4KO and WT subcutaneous allograft tumors injected into immunocompromised mice
(panel E) or immunocompetent mice (panel F), as determined using the X2 test. CPEB4, cytoplasmic polyadenylation element binding protein 4.
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cancer cells, contributing to the exacerbation of liver cancer
following CPEB4 depletion.
CPEB4 deficiency decreases the susceptibility of liver
cancer cells to iron-dependent ferroptotic cell death

To investigate the mechanisms behind the exacerbation of
HFD-related liver cancer upon CPEB4 depletion, we focused
on ferroptosis, a recently identified form of non-apoptotic, non-
necroptotic cell death characterized by iron-dependent lipid
peroxide accumulation, resulting in lethal membrane dam-
age.6–9 We found that murine WT liver cancer cells are sus-
ceptible to ferroptotic cell death when treated with classical
ferroptosis inducers,34 RSL3 and erastin (Fig. 4A and B and
Fig. S1A). This cell death was dose-dependent and confirmed
as ferroptosis by its inhibition with ferroptosis inhibitors
ferrostatin-1 and liproxstatin (Fig. 4A and B and Fig. S1A).
Interestingly, CPEB4-depleted cells displayed reduced sensi-
tivity to RSL3- and erastin-induced ferroptosis, an effect that
was significantly reversed upon treatment with ferrostatin-1 or
liproxstatin (Fig. 4A and B and Fig. S1A).

Tosubstantiate theseobservations,weextendedour analysis to
human HepG2 liver cancer cells.34 Consistent with murine liver
cancer cells, erastin treatment induced substantial, dose-
dependent cell death in HepG2 cells, with this effect being
reduced by ferrostatin-1 (Fig. 4C). Notably, HepG2 cells with
CPEB4 knockdown exhibited diminished sensitivity to erastin-
induced ferroptosis compared with WT cells (Fig. 4D), an effect
also attenuated by ferrostatin-1 (Fig. 4C and D). Similar findings
wereobservedusinganotherwell-establishedhumanHCCcell line,
Huh7 (Fig. 1B and C). These findings collectively reveal the sus-
ceptibility of liver cancer cells to ferroptotic cell death and establish
the critical role of a CPEB4-dependent mechanism in regulating
ferroptotic vulnerability in both human andmurine liver cancer cells.
CPEB4 deficiency reduces hepcidin expression, leading to
decreased iron accumulation and lipid peroxidation in liver
cancer cells

To elucidate how CPEB4 depletion reduces the susceptibility of
liver cancer cells to ferroptosis, we conducted an in silico
analysis, building upon our previous publication.20 Our objec-
tive was to identify direct mRNA targets of CPEB4 that might
influence ferroptosis. Through this analysis, we identified
HAMP, the gene encoding hepcidin, as a strong candidate
because of its critical role in iron homeostasis and the execu-
tion of ferroptosis.35 Notably, the 30-UTR) of HAMP mRNA was
mice fed HFD. b-Actin was used as loading control. Protein expression quantificatio
CPEB4HKO and WT mice fed HFD, measured by quantitative RT-PCR. (G) Immun
SLC7A11 in the liver from CPEB4HKO and WT mice fed HFD. b-Actin was used as lo
Red blood cell count, hemoglobin concentration and mean corpuscular hemoglobin
was used to compare overall survival between patients with liver cancer with high vs
based on Enhanced Perl’s Prussian Blue staining. (K) Iron levels in mouse liver cell l
Lipid peroxidation in mouse liver determined by using a Lipid Hydroperoxide (LPO) A
iron overload (ferric nitrate [Fe(NO3)3] and ferrous sulfate [FeSO4] at a final concentr
Lipid peroxidation, assessed by malondialdehyde (MDA), in mouse liver cancer cells
liver cancer cells. (Q) Iron in human liver cancer cells after iron overload. (R) Lipid pe
24 h. All values represent mean ± SEM of at least three biologically independent
Smirnov test) were compared with parametric statistical procedures (two-tailed S
sons). Non-normally distributed results were compared with non-parametric tests
accepted at p <0.05. CPEB4, cytoplasmic polyadenylation element binding protein
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found to be enriched in canonical CPE motifs (Fig. S1D), which
we have previously shown to be binding sites for CPEB4.20,21

To verify the role of CPEB4 in regulating hepcidin, we
measured hepcidin protein levels in CPEB4KO mouse liver
cancer cells, as well as in the livers of CPEB4HKO mice fed an
HFD (Fig. 4E). Immunoblotting revealed a significant reduction
in hepcidin protein levels in CPEB4KO liver cancer cells
compared with WT cells (Fig. 4E). Similarly, HFD-fed CPEB4HKO

mice exhibited lower hepcidin protein expression in their livers
compared with their HFD-fed WT counterparts (Fig. 4E). Inter-
estingly, while hepcidin protein levels were notably down-
regulated in CPEB4-deficient tumor cells, RT-PCR analysis
showed no corresponding change in hepcidin mRNA expres-
sion (Fig. 4F). Together, these results indicate that hepcidin
production in liver cancer cells under stress conditions is, at
least partially, regulated by CPEB4-dependent translation.

Hepcidin is involved in both iron homeostasis and ferrop-
tosis induction by binding to and deactivating ferroportin, the
primary iron exporter in mammalian cells.35–37 In our study, we
observed a correlation between reduced hepcidin levels and
increased ferroportin protein expression in CPEB4KO liver
cancer cells and in the livers of HFD-fed CPEB4HKO mice
(Fig. 4E), as revealed by immunoblotting. Notably, the depletion
of CPEB4 did not significantly affect the synthesis of transferrin
and ferritin, which are additional components of the cellular
iron-regulatory machinery (Fig. 4G). Furthermore, we did not
observe significant changes in the expression of other
ferroptosis-related proteins upon CPEB4 deletion, including
glutathione peroxidase GPX4 and cystine/glutamate antiporter
SLC7A11 (Fig. 4G).38,39 This highlighted that liver cancer cells
were protected from ferroptosis upon CPEB4 depletion by
increasing iron export through modulation of the hepcidin–
ferroportin pathway. Despite the decrease in hepcidin and in-
crease in ferroportin, no significant alterations were observed in
blood parameters dependent on iron, such as the number of
circulating red blood cells, hemoglobin levels, or the mean
corpuscular hemoglobin (Fig. 4H). However, it is important to
note that CPEB4 depletion resulted in partial suppression of
hepcidin rather than its complete absence (Fig. 4E). Therefore,
it is not surprising that we did not observe the typical changes
associated with diseases characterized by hepcidin deficiency
or inappropriately high ferroportin activity, such as heredi-
tary hemochromatosis.40,41

To address the clinical significance of hepcidin expression in
human liver cancer, we conducted Kaplan–Meier survival
analysis using data from the Human Protein Atlas. This analysis
revealed that patients with low hepcidin expression had
n of the immunoblots is shown. (F) Expression of hepcidin mRNA in the liver from
oblotting and protein expression quantification for transferrin, ferritin, GPX4 and
ading control. Protein expression quantification of the immunoblots is shown. (H)
in the blood from CPEB4HKO and WT mice fed an HFD. (I) Kaplan–Meier analysis
. low hepcidin expression (n = 365). (J) Quantification of iron in mouse liver tumors
ysate. Scale bars, 500 lm (low magnification) and 100 lm (high magnification). (L)
ssay Kit. (M) Cell death in mouse liver cancer cells after treatment with erastin and
ation of 330 lM). (N) Iron levels in mouse liver cancer cells after iron overload. (O)
after treatment with 1 lM erastin for 24 h. (P) Cell viability measurement in human
roxidation (MDA) in human liver cancer cells after treatment with 1 lM erastin for
samples. Results that were normally distributed (p >0.05 from the Kolmogorov–
tudent’s t test and ANOVA followed by Bonferroni’s test for multiple compari-
(Kruskall–Wallis one-way ANOVA and Mann–Whitney U test). Significance was
4.
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CPEB4 controls ferroptosis in liver cancer
significantly lower survival rates compared with those with high
hepcidin expression, indicating that reduced hepcidin levels are
associated with poorer prognosis. This finding aligns with our
own survival analysis results for CPEB4 (Fig. 4I).

To assess the functional consequences of hepcidin down-
regulation and ferroportin upregulation following CPEB4
depletion, we evaluated intracellular iron content. Quantitative
analysis of Enhanced Perl’s Prussian Blue histological stainings
revealed diminished intracellular iron stores in liver tumors of
HFD-fed CPEB4HKO mice compared with WT counterparts
(Fig. 4J). Furthermore, biochemical analyses confirmed signifi-
cantly reduced intracellular iron levels in the livers of HFD-fed
CPEB4HKO mice compared with HFD-fed WT mice (Fig. 4K).
Concurrently, iron-dependent lipid peroxidation, a functional
marker of ferroptosis, was notably reduced in the livers of HFD-
fed CPEB4HKO mice, as indicated by decreased levels of lipid
hydroperoxide, corresponding with the decrease in iron
levels (Fig. 4L).

To further investigate the impact of intracellular iron levels
on CPEB4-mediated regulation of ferroptosis, we conducted
experiments under conditions of iron overload by treating tu-
moral cells with a combination of ferric nitrate (Fe(NO3)3) and
ferrous sulfate (FeSO4) at a final concentration of 330 lM. We
observed that inducing ferroptosis with erastin in murine liver
cancer cells under conditions of iron excess resulted in
increased levels of cell death (Fig. 4M). Remarkably, cells
lacking CPEB4 exhibited lower levels of cell death compared
with WT cells when exposed to erastin under conditions of iron
JHEP Reports, March 2
overload. This reduced susceptibility to ferroptosis in CPEB4-
deficient cells was associated with lower intracellular iron
levels (Fig. 4N) and decreased lipid peroxidation (Fig. 4O)
compared with WT liver cancer cells. We further validated these
findings using human liver cancer cells (Fig. 4P–R). Collectively,
these results indicate that tumoral cells lacking CPEB4 can
better maintain lower intracellular iron levels because of
reduced levels of hepcidin. Consequently, this leads to
increased ferroportin expression and enhanced export of iron
outside the cell, ultimately reducing lipid peroxidation and
susceptibility to ferroptosis (Fig. 5). Taken together, these
findings provide compelling evidence supporting the role of
CPEB4 in regulating intracellular iron levels and susceptibility
to ferroptosis.
Discussion
This study underscores the critical role of CPEB4-regulated
translation in HCC, revealing how CPEB4 influences the sus-
ceptibility of liver cancer cells to ferroptosis, an essential tumor
suppression mechanism. Evading regulated cell death is a
hallmark of cancer progression, underscoring the importance of
these findings in understanding HCC biology.

Our analysis identified that low CPEB4 protein expression is
linked to poor prognosis in both human andmouse HCCmodels.
Kaplan–Meier survival data from the Human Protein Atlas
demonstrated a significant association between lower CPEB4
levels and reduced survival in patients with liver cancer.
025. vol. 7 j 101296 10
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Immunohistochemistry further supported these findings, showing
that liver tumors with diminished CPEB4 expression exhibited
increased severity in a mouse model of HFD-related liver cancer.
Whole-body and hepatocyte-specific CPEB4 deficiencies exac-
erbated HFD-associated liver cancer progression, emphasizing
the tumor-suppressive function of CPEB4 in this context and
highlighting its potential as a therapeutic target. Additionally, our
findings indicate thatCPEB4deficiencypromotes the tumorigenic
capacity of liver cancer cells through enhanced migration and
colony formation in vitro. Consistently, allograft, xenograft, and
orthotopic implantation studies showed increased tumorigenic
potential in CPEB4-depleted liver cancer cells in both murine and
human models. This reinforces the notion that CPEB4 acts as a
crucial cell-autonomous regulator, where its presence sup-
presses tumorigenicity, and its deficiency fosters HCC develop-
ment and progression.

The increased aggressiveness seen with CPEB4 depletion
was not associated with alterations in cell proliferation,
apoptosis, or necroptosis. Instead, our findings indicate that
liver tumor cells lacking CPEB4, both in human and mouse
models, exhibit reduced sensitivity to iron-ferroptotic cell
death. Ferroptosis, a regulated cell death mechanism driven by
iron-induced lipid peroxidation, relies on iron to propagate lipid
peroxidation and activate iron-dependent enzymes, including
lipoxygenases.6–9,34 Importantly, our study identified hepcidin
as a direct mRNA target of CPEB4, with CPEB4 enhancing
hepcidin translation under cellular stress conditions. In both
CPEB4-deficient liver cancer cells and HFD-fed CPEB4HKO

mice, we observed reduced hepcidin levels, elevated ferro-
portin expression, lower intracellular iron, decreased lipid per-
oxidation, and consequently diminished susceptibility to
ferroptosis. Ferroportin, the primary cellular iron export chan-
nel, is regulated by hepcidin; hepcidin binding to ferroportin
initiates its internalization and degradation.35–37 Despite the
observed reduction in hepcidin and corresponding increase in
ferroportin, we noted no significant alterations in systemic iron-
related blood parameters, such as circulating red blood cell
count, hemoglobin levels, or mean corpuscular hemoglobin.
Notably, CPEB4 depletion under HFD conditions only partially
reduced hepcidin rather than completely abolishing it,
explaining the absence of classic symptoms associated with
hepcidin deficiency or excessive ferroportin activity, such as
those seen in hereditary hemochromatosis.40,41

Overall, these findings emphasize the importance of CPEB4-
regulated translation in modulating ferroptotic responses via
JHEP Reports, March
hepcidin synthesis and intracellular iron balance. They further
underline ferroptosis resistance as a key driver of liver cancer
progression.42,43 Our data suggest that, when ferroptotic mech-
anisms are intact (i.e. in the presence of CPEB4), ferroptosis limits
liver cancer progression (Fig. 5A). Conversely, CPEB4 deficiency
impairs this machinery, giving liver cancer cells a selective
advantage and driving tumor aggressiveness (Fig. 5B). This
interpretation is consistent with our findings that CPEB4-deficient
liver cancer cells exhibit disturbances in ironmetabolism, reduced
ferroptosis sensitivity, and enhanced tumorigenicity.

Our results are also in line with previous studies that
describe the dynamic and stage-specific expression of CPEB4
in HCC. CPEB4 downregulation has been linked to miRNA-
550a, promoting migration and invasion and correlating with
poorer prognosis in HCC.44 Moreover, CPEB4 shows a
biphasic expression pattern: high in early HCC and reduced in
advanced tumors,45 supporting our observations that CPEB4
deficiency fosters aggressive tumor characteristics and
reduced ferroptosis susceptibility, suggesting an additional
tumor-suppressive mechanism.

Interestingly, our previous research found elevated CPEB4
in regenerative micronodules of cirrhotic liver, suggesting a role
in liver regeneration.46 In our current study, nodular hyperplasia
also showed increased CPEB4, potentially because of regen-
erative activity. However, CPEB4 levels declined as tumors
progressed, indicating a transition from a regenerative to a
pathological state. This fluctuating expression pattern of
CPEB4 in liver carcinogenesis underscores its complex, stage-
specific, and cell-context-dependent functions in liver pathol-
ogy.47,48 Given the heterogeneity of liver cancer, the impact of
CPEB4 on tumor behavior and iron metabolism may vary
across HCC subtypes, potentially limiting the generalizability of
these findings. Future studies should explore the role of CPEB4
across diverse HCC subtypes to enhance understanding of
its context-dependent functions and assess its therapeutic
relevance.

In summary, our study suggests that CPEB4 modulates HCC
progression by regulating ferroptosis and iron homeostasis.
Therapeutically, activating CPEB4 in tumor cells via phosphor-
ylation could represent a novel approach for HCC treatment.49

Furthermore, because CPEB4 is antagonized by CPEB1,19,49,50

increasing CPEB4 activity might be achievable through CPEB1
inhibition. Early-stage development of small molecule inhibitors
targeting CPEB1 is underway, which may help elevate CPEB4
levels and reveal potential clinical benefits.
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