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Abstract

Background and Aims: The aberrant activation of the 
mTOR pathway and its crosstalk with other signaling cas-
cades represent key drivers of hepatocellular carcinoma 
(HCC) progression. mTOR-mediated ferroptosis suppression 
has been implicated in HCC resistance to chemotherapy. This 
study aimed to elucidate the mechanisms underlying mTOR 
inhibitor resistance and to evaluate the therapeutic potential 
of multidrug combinations in β-catenin-mutant HCC. Meth
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-
ods: MHCC97H and SNU449 cells were transfected with 4EB-
P1WT, 4EBP1A4, or HSP90β expression plasmids and then 
treated with rapamycin to assess their effects on ferroptosis 
and rapamycin sensitivity. The role of 4EBP1 in regulating 
ferroptosis was further explored by Western blotting, co-im-
munoprecipitation, and immunofluorescence. The inhibitory 
effects of mTOR inhibitors (rapamycin, MLN0128), ERK in-
hibitors (PD901), and their combination (MLN0128 + PD901) 
on tumor cells were evaluated. HCC mouse models were 
generated via hydrodynamic tail vein injection of c-Met/β-
cateninΔN90 or c-Met/β-cateninΔN90/4EBP1A4 plasmids to 
evaluate the therapeutic effects of the four treatment regi-
mens. Results: Rapamycin more potently inhibited mTOR/
RPS6 than mTOR/4EBP1 and concurrently induced ferropto-
sis. 4EBP1A4 promoted ferroptosis and potentiated rapamy-
cin efficacy. Mechanistically, 4EBP1A4 competitively bound 
HSP90β, displacing Keap1, thereby increasing Keap1–Nrf2 
complex formation and promoting Nrf2 degradation. Further-

more, rapamycin, MLN0128, PD901, and their combination 
reduced p-4EBP1 levels, induced ferroptosis, and inhibited 
HCC cell proliferation, thereby suppressing tumor growth, 
with the combination exhibiting the strongest effect. Con-
clusions: 4EBP1A4 enhances Nrf2 ubiquitination and degra-
dation via the HSP90β/Keap1 axis, relieving mTOR-mediated 
ferroptosis suppression and synergistically improving rapam-
ycin efficacy. Additionally, rapamycin, MLN0128, and PD901 
suppress HCC progression by inducing ferroptosis, with their 
combination showing superior potency.
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Introduction
Hepatocellular carcinoma (HCC), accounting for 85–90% of 
primary liver cancer cases, represents the most prevalent 
hepatic malignancy worldwide. HCC is characterized by an 
asymptomatic early stage and rapid progression, resulting 
in the majority of patients presenting with locally advanced 
disease at diagnosis and consequently missing the optimal 
window for surgical resection.1 Contemporary HCC treat-
ment paradigms, particularly first-line chemotherapy and ra-
tional combination strategies, have achieved unprecedented 
clinical outcomes, significantly improving objective response 
rates and disease control rates, as well as prolonging both 
progression-free survival and overall survival.2,3 Neverthe-
less, drug resistance remains a major challenge in clinical 
treatment.4 Moreover, high toxicity and adverse effects, cou-
pled with the lack of reliable biomarkers, further limit the 
clinical application of combination therapies.5 Therefore, it is 
imperative to investigate the molecular mechanisms of HCC 
chemotherapy, develop more precise biomarkers, and ex-
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plore new treatment strategies.
Ferroptosis, a form of regulated cell death, depends on 

iron accumulation and lipid peroxidation. Notably, ferroptosis 
exhibits distinct advantages in overcoming drug resistance 
in HCC. For example, the combination of low-dose oxalipla-
tin and dihydroorotate dehydrogenase inhibitors effectively 
curbs HCC progression and alleviates chemotherapy toxic-
ity by triggering ferroptosis.6 Additionally, co-administration 
of fatty acid synthase inhibitors with sorafenib induces fer-
roptosis by suppressing the HIF1α/SLC7A11 pathway. This, 
in turn, reverses sorafenib resistance in HCC cells and en-
hances antitumor effects.7 Nevertheless, given the intricate 
mechanisms and substantial heterogeneity inherent in HCC, 
developing more refined and accurate biomarkers remains 
imperative.

Tumor cell proliferation is closely associated with aber-
rant activation of the mTOR signaling pathway, which en-
hances protein translation efficiency and promotes metabolic 
reprogramming. Moreover, activation of the mTOR pathway 
suppresses ferroptosis, contributing to tumor cell drug re-
sistance.8 mTORC1 primarily phosphorylates S6K1, thereby 
activating RPS6 to facilitate protein synthesis and regulate 
cellular metabolic processes, ultimately promoting tumor 
cell proliferation. 4EBP1 is another key downstream effec-
tor of the mTOR signaling pathway. Upon phosphorylation 
by mTORC1, 4EBP1 dissociates from eIF4E, promoting as-
sembly of the translation initiation complex and thereby 
modulating protein synthesis. In addition, 4EBP1 participates 
in the regulation of ferroptosis. By inhibiting mTOR and re-
ducing 4EBP1 phosphorylation, sorafenib attenuates protein 
synthesis in HCC cells. Notably, 4EBP1 phosphorylation ex-
hibits pathway promiscuity, with regulation by mTOR, AMPK, 
TGF-β, and ERK signaling.9–11 Therefore, 4EBP1 represents 
a promising biomarker for combination therapy. Currently, 
preclinical studies demonstrate promising antitumor efficacy 
of mTOR inhibitor–based combination therapies across mul-
tiple malignancies. However, whether these combinatorial 
regimens can cooperatively trigger ferroptosis to overcome 
acquired resistance to mTOR inhibitors has yet to be system-
atically investigated.

Accordingly, this study explored 4EBP1-mediated fer-
roptosis regulation and evaluated its impact on rapamycin’s 
therapeutic effects through both in vitro and in vivo experi-
ments. Furthermore, we treated β-catenin-mutant HCC mice 
with mTOR inhibitors, MEK/ERK inhibitors, and their combi-
nation, and evaluated the effects of these regimens on fer-
roptosis and antitumor efficacy, to provide a theoretical basis 
for developing novel clinical treatment strategies for HCC.

Methods

Cell culture
MHCC97H and SNU449 cells were cultured in DMEM (Gibco, 
USA) supplemented with 10% fetal bovine serum, 100 U/
mL penicillin, and 100 µg/mL streptomycin. Cultures were 
maintained in a humidified incubator at 37 °C with 5% CO2.12

Cell transfection and treatment
4EBP1A4 is a non-phosphorylatable mutant in which T37, 
T46, S65, and T70 of 4EBP1 are mutated to alanine, while 
4EBP1D4 is a constitutively phosphorylated mimetic mutant 
in which these sites are mutated to aspartic acid.13 The pC-
MV-4EBP1WT, pCMV-4EBP1D4, and pCMV-4EBP1A4 plasmids 
were constructed and validated by Addgene (Watertown, 
MA). si-HSP90β was synthesized by GenePharma (Shanghai, 
China). The vector and pcDNA3.1-HSP90β plasmids were 

also constructed and verified by GenePharma. SNU449 and 
MHCC97H cells were seeded in 6-well plates at a density of 
4 × 105 cells/well. Upon reaching approximately 60% con-
fluence, pCMV-4EBP1WT (4EBP1WT), pCMV-4EBP1A4 (4EB-
P1A4), and pCMV-4EBP1A4 + pcDNA3.1-HSP90β (4EBP1A4 
+ HSP90β) were transfected into cells according to the Lipo-
fectamine 2000 protocol (Thermo Fisher, USA). After 6 h, the 
medium was replaced with fresh culture medium, and the 
cells were cultured for an additional 48 h.14 Furthermore, 
this study evaluated and compared the therapeutic efficacy 
of various pharmacological agents by treating HCC cells with 
rapamycin (25 µM, purity ≥ 98%, Yeasen Biotechnology, 
Shanghai, China), MLN0128 (5 µM, purity ≥ 98%, Yeasen 
Biotechnology), PD0325901 (PD901, 150 µM, purity ≥ 98%, 
Yeasen Biotechnology), and their combination (MLN0128 + 
PD901: 5 µM + 150 µM).15

Cell viability
SNU449 and MHCC97H cells were suspended in fresh me-
dium at a density of 5 × 103 cells per well and seeded into 
96-well plates. When confluence reached approximately 
60%, plasmids were transfected into the cells. After 48 h of 
transfection, the cells were treated with rapamycin for 24 h. 
Subsequently, 10 µL of CCK-8 reagent (C0038, Beyotime, 
Beijing, China) was added to each well, and the plates were 
incubated in the dark at 37 °C with 5% CO2 for 4 h. Finally, 
absorbance was measured at 450 nm using a microplate 
reader (Bio-Tek, USA). All experiments were performed in 
triplicate. Rapamycin was serially diluted to concentrations of 
2 µM, 5 µM, 10 µM, 20 µM, 30 µM, and 60 µM. PD901 was ap-
plied at concentrations of 10 µM, 25 µM, 50 µM, 100 µM, 200 
µM, and 300 µM under the same experimental conditions.15

Propidium iodide staining for detection of cell death
After cells were transfected and subsequently treated with 
rapamycin for 48 h, adherent cells were detached using 
trypsin without EDTA (Solarbio, Beijing, China). The cell pel-
let was collected and resuspended in pre-cooled 1× PBS. 
Subsequently, 1 mL of propidium iodide staining working so-
lution (Thermo Fisher Scientific, USA) was added, and the 
mixture was incubated in the dark at room temperature for 
30 min.16 Finally, the cells were observed under a fluores-
cence microscope (Nikon Eclipse C1, Tokyo, Japan).

Detection of reactive oxygen species (ROS) levels
Total ROS and lipid ROS levels were detected using DCFH-
DA (D6883, Sigma-Aldrich, USA) and BODIPY 581/591 C11 
kits (Cat# S0043S, Beyotime, China), respectively.17,18 After 
treatment, probe working solution was added at a final con-
centration of 5 µmol/L. The cells were incubated in the dark 
at 37 °C for 30 min, washed with PBS, and observed under 
a fluorescence microscope. Fluorescence intensity was ana-
lyzed using ImageJ software.

Western blotting
Western blot analysis was performed as previously de-
scribed.19 Briefly, cells were lysed using RIPA buffer, and 
protein concentration was quantified using a BCA assay kit 
(Beyotime Biotechnology, Shanghai, China). Protein sam-
ples were separated by SDS-PAGE and transferred onto 
PVDF membranes (Sevior Biotechnology, Wuhan, China) via 
electroblotting. Membranes were blocked with 5% non-fat 
milk at room temperature for 2 h, washed three times with 
TBST, and incubated overnight at 4 °C with primary anti-
bodies (Table 1). They were then incubated with horserad-
ish peroxidase-conjugated secondary antibodies for 2 h at 
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room temperature. Protein expression levels were detected 
using an enhanced chemiluminescence system (Amersham, 
UK) and quantified using Quantity One software (Bio-Rad, 
Hercules, CA, USA).

Co-immunoprecipitation (Co-IP) and ubiquitination
Cells were lysed in RIPA buffer, and 200 µL of lysate was re-
served as the input sample. The supernatant was incubated 
with 2 µg anti-Flag antibody (MA5-27759, Thermo Fisher Sci-
entific, USA) at 4 °C for 2 h. Subsequently, 25 µL protein G 
agarose beads (Thermo Fisher Scientific, USA) were added, 
and the mixture was incubated overnight at 4 °C.20 The pre-
cipitate was then collected, resuspended in SDS-PAGE load-
ing buffer, boiled for 10 min, and subjected to Western blot 
analysis.

The HA-tagged wild-type ubiquitin (HA-Ub-WT), ubiquitin 
containing only lysine 48 (HA-Ub-K48), and ubiquitin contain-
ing only lysine 63 (HA-Ub-K63) were cloned into the pCMV 
vector (constructed and validated by HeWu Biotechnology, 
Shanghai, China). Subsequently, Flag-Keap1 and Myc-Nrf2 
plasmids were co-transfected with HA-Ub-WT, HA-Ub-K48, 
or HA-Ub-K63 into SNU449 and MHCC97H cells. Immuno-
precipitation was performed using an anti-Flag antibody, 
and ubiquitination levels of immunoprecipitated proteins 
were detected using an anti-ubiquitin antibody (1:1,000, 
ab134953).20

Protein half-life assay
Cycloheximide (CHX, 100 µg/mL, Dingguo Changsheng, Bei-
jing, China) was added to the culture medium after 48 h of 
siRNA transfection. The cells were then cultured in a 5% CO2 

incubator at 37 °C and collected at 0, 12, 24, 36, and 48 h 
after CHX treatment.20 Nrf2 protein levels were detected by 
Western blotting.

Transmission electron microscopy
Transmission electron microscopy was performed as previ-
ously described.21 Briefly, cells were collected and fixed with 
electron microscopy fixative at 4 °C (Solarbio, Beijing, China) 
for 4 h. Samples were then fixed with 1% osmium tetroxide 
(Solarbio, Beijing, China) for 2 h at room temperature and 
washed with PBS. Samples were dehydrated through a grad-
ed ethanol series (50%, 70%, 80%, 90%, 100%, and 100%) 
for 10 min each. After dehydration, samples were infiltrated 
with a mixture of acetone and 812 embedding resins (So-
larbio, Beijing, China) for 24 h. The infiltrated samples were 
incubated overnight at 37 °C, followed by polymerization at 
60 °C for 48 h. Ultrathin sections (60 nm) were prepared 
using an ultramicrotome and stained sequentially with 2% 
uranyl acetate in alcohol and lead citrate (Solarbio, Beijing, 
China) for 15 min each. After drying, sections were observed 
under a transmission electron microscope (JEM-1400Plus, 
JEOL, Tokyo, Japan).

Immunofluorescent staining
Cells were seeded at a density of 5 × 104 cells per well in 
confocal dishes placed in 6-well plates and cultured for 48 h. 
The immunofluorescent assay was performed as described 
previously.21 Briefly, cells were fixed with 4% paraformalde-
hyde and permeabilized with 0.3% Triton X-100 (Beyotime, 
Shanghai, China). Subsequently, cells were incubated over-
night at 4 °C with primary antibodies against Flag (1:1,000), 

Table 1.  Antibody Information

Antibody Dilution ratio Item number Source

p-mTOR 1:500 ab109268 abcam (UK)

mTOR 1:1,000 ab32028 abcam (UK)

p-ERK 1:500 ab201015 abcam (UK)

ERK 1:1,000 ab184699 abcam (UK)

p-AKT 1:500 ab81283 abcam (UK)

AKT 1:1,000 ab8805 abcam (UK)

p-RPS6 1:1,000 #4858 Cell Signaling technology (USA)

RPS6 1:1,000 #2217 Cell Signaling technology (USA)

p-4EBP1(T37/46) 1:1,000 #2855 Cell Signaling technology (USA)

p-4EBP1(S65) 1:1,000 #9451 Cell Signaling technology (USA)

4EBP1 1:1,000 #9644 Cell Signaling technology (USA)

FTH1 1:1,000 ab287968 Abcam (UK)

GPX4 1:1,000 #59735 Cell Signaling technology (USA)

ACSL4 1:1,000 #38493 Cell Signaling technology (USA)

Ccnd1 1:1,000 ab134175 abcam (UK)

PCNA 1:1,000 ab92552 abcam (UK)

HSP90β 1:1,000 ab203085 abcam (UK)

Keap1 1:1,000 #8047 Cell Signaling technology (USA)

Nrf2 1:1,000 ab313825 abcam (UK)

GAPDH 1:1,000 ab181602 abcam (UK)

UK, United Kingdom; USA, United States of America
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Myc (1:1,000), and Nrf2 (1:1,000). The following day, cells 
were incubated with fluorescence-labeled secondary anti-
bodies at room temperature for 2 h. Nuclei were stained with 
DAPI (ab228549, Abcam). Finally, images were captured us-
ing an LSM880 confocal microscope (Leica, Germany).

GSH/GSSG assay
The GSH and GSSG Assay Kit (S0053, Beyotime, Beijing, Chi-
na) was used according to the manufacturer’s instructions.22 
Briefly, cells were mixed with protein removal reagent and 
subjected to three freeze–thaw cycles in liquid nitrogen. To-
tal glutathione detection working solution and NADPH work-
ing solution (0.5 mg/mL) were added sequentially, and the 
mixture was incubated at 25 °C for 5 min. Absorbance was 
measured at 412 nm to determine total glutathione levels. 
Subsequently, GSH scavenging auxiliary solution and work-
ing solution were added, and the reaction was incubated at 
25 °C for 60 min to determine GSSG content.

Iron assay
The concentration of ferrous iron (Fe2+) was determined using 
a Ferrous Iron Colorimetric Assay Kit (Cat. No. E-BC-K139-
M, Elabscience, Wuhan, China).23 Briefly, 2 × 105 cells were 
seeded into 6-well plates. After 48 h, the supernatant was 
collected. Then, 75 µL of sample was mixed with 300 µL iron 
color reagent, and the mixture was centrifuged at 3,000 × 
g for 10 min at 4 °C. Absorbance was measured at 530 nm, 
and Fe2+ content was calculated based on a standard curve.

Mitochondrial membrane potential (ΔΨm) assay
Cells in the logarithmic growth phase were digested with 
trypsin and incubated with JC-1 working solution (M8650, 
Solarbio, Beijing, China) in the dark at 37 °C for 30 min. 
After three washes with pre-cooled JC-1 staining buffer, fluo-
rescence intensity was quantitatively analyzed using ImageJ 
software.18

Animal experiments
pLenti-β-cateninΔN90 (N-terminal Myc-tagged), pLenti-c-
Met, and pLenti-4EBP1A4 plasmids were used for the con-
struction of the HCC model. Male wild-type FVB/N mice (6–8 
weeks old) were purchased from Xi’an Jiaotong University 
and maintained in a specific pathogen-free facility with ad 
libitum access to food and water.

According to previous studies, the HCC mouse mod-
el was induced via hydrodynamic injection of c-Met and 
β-cateninΔN90 plasmids.24,25 Briefly, plasmid mixtures (22.5 
µg c-Met + 22.5 µg β-cateninΔN90, or 22.5 µg c-Met + 22.5 
µg β-cateninΔN90 + 40 µg 4EBP1A4) were prepared in phys-
iological saline and filtered through a 0.22 µm membrane. 
The solution was rapidly injected into the tail vein of FVB/N 
mice within 5–7 s. Five mice were euthanized at 4.7 weeks 
post-injection. Body weight and liver weight were recorded, 
and liver tissues were collected for analysis. The remaining 
mice were subjected to drug treatment. Rapamycin (6 mg/
kg/day) or vehicle (a mixture of polyethylene glycol 400 and 
Tween 80) was administered by oral gavage for 6 days.25 
After 3 weeks of treatment, all mice were euthanized, and 
body and liver weights were measured, with liver tissues col-
lected for histological and molecular analyses. In addition, 
vehicle, rapamycin (6 mg/kg/day), MLN0128 (0.5 mg/kg/
day), MLN0128 (1 mg/kg/day), PD901 (10 mg/kg/day), and 
combination treatment (0.5 mg/kg MLN0128 + 10 mg/kg 
PD901) were administered by oral gavage. Treatment was 
initiated 4 weeks post-injection and continued for 3 con-
secutive weeks, and mice were sacrificed at 6.7 weeks post 

hydrodynamic injection.15 A comprehensive evaluation and 
comparative analysis of therapeutic efficacy were subse-
quently performed. All animal protocols were approved by 
the Ethics Committee of Xi’an Jiaotong University (approval 
number: XJTUAE2025-1165).

Histology and immunohistochemistry
Tissue samples were fixed in 4% paraformaldehyde solution 
for 24 h. Tissues were subjected to routine dehydration, par-
affin embedding, and sectioning (4–5 µm). Hematoxylin and 
eosin (H&E) staining was performed to evaluate the char-
acteristics of neoplastic foci.15 For immunohistochemistry, 
antigen retrieval was performed in a microwave oven using 
10 mM citrate buffer (pH 6.0) at 100 °C for 20 min. Blocking 
serum was applied for 30 min to reduce nonspecific binding, 
and sections were incubated overnight at 4 °C with primary 
antibodies against Ki-67 (1:500), β-catenin (1:500), or Myc 
tag (1:500). After washing with PBS, sections were incubated 
with the corresponding secondary antibody for 2 h at room 
temperature. Signal was detected using the Vectastain ABC 
Elite kit (Vector Laboratories Inc.) and developed with DAB 
(Zhongshan Jinqiao, Beijing, China). Finally, sections were 
counterstained with hematoxylin, dehydrated, and mounted 
with neutral resin (Solarbio, Beijing, China).20

Statistical analysis
GraphPad Prism version 9.5.0 and SPSS Statistics 22.0 were 
used for data processing and statistical analysis. Data are 
presented as mean ± standard deviation. Student’s t-test 
was used to assess differences between two groups. One-
way or two-way analysis of variance was used to evaluate 
differences among multiple groups, followed by Tukey’s post 
hoc test. P < 0.05 was considered statistically significant.

Results

Rapamycin induces ferroptosis and inhibits cell pro-
liferation in HCC
MHCC97H and SNU449 cells exhibited markedly higher lev-
els of p-mTOR and p-ERK than the normal hepatocyte line 
HL-7702 (P < 0.0001; Fig. 1A; Supplementary Fig. 1A). In 
MHCC97H and SNU449 cells, rapamycin treatment signifi-
cantly reduced cell viability and induced cell death (P < 0.05; 
Fig. 1B and C; Supplementary Fig. 1B and C). Furthermore, 
the protein expression levels of p-mTOR, p-RPS6, p-4EBP1 
(T37/46), and p-4EBP1 (Ser65) were significantly downregu-
lated by rapamycin (P < 0.05), while p-ERK and p-AKT levels 
remained unchanged (P > 0.05; Fig. 1D; Supplementary Fig. 
1D). Additionally, this study investigated the regulatory role 
of rapamycin in ferroptosis in SNU449 and MHCC97H cells. 
The results showed that protein levels of FTH1, GPX4, and 
SLC7A11 were significantly decreased, while ACSL4 levels 
were increased (P < 0.05; Fig. 1E; Supplementary Fig. 1E). 
Moreover, rapamycin significantly decreased the GSH/GSSG 
ratio, increased ROS levels, and promoted Fe2+ accumulation 
(P < 0.05; Fig. 1F–H; Supplementary Fig. 1F–H). Collective-
ly, these results demonstrate that both the mTOR and ERK 
signaling pathways are concurrently activated in MHCC97H 
and SNU449 cells. Rapamycin effectively suppresses mTOR 
downstream signaling, preferentially inhibiting the mTOR/
RPS6 axis over the mTOR/4EBP1 axis. Furthermore, rapamy-
cin induces ferroptosis in tumor cells, thereby suppressing 
HCC cell proliferation.

Moreover, HCC mouse models were generated via hydro-
dynamic tail vein injection of c-Met/β-cateninΔN90, and ra-
pamycin was used as a therapeutic intervention (Fig. 2A). 
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Fig. 1.  Effects of rapamycin on ferroptosis and proliferation in HCC cells. (A) p-mTOR/mTOR and p-ERK/ERK proteins were assessed via Western blot as-
say. (B) Cell death was detected by PI staining (Scale bar: 50 µm). (C) Cell viability was assessed by CCK-8 assay. (D) mTOR pathway proteins were analyzed by 
Western blot assay. (E) Ferroptosis-associated protein levels were detected by Western blot assay. (F) The ratio of GSH/GSSG was detected using the GSH and GSSG 
Assay Kit. (G) Confocal microscopy detection of HCC cells stained with DCFH-DA (Scale bar: 100 µm). (H) Intracellular Fe2+ levels were measured using an iron 
assay kit. Each experiment was performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. HCC, hepatocellular carcinoma; PI, propidium 
iodide; CCK-8, Cell Counting Kit-8; DCFH-DA, 2′,7′-dichlorofluorescein diacetate; DMSO, Dimethyl Sulfoxide; Rapa, rapamycin; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase.
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The liver-to-body weight ratio, often used to evaluate tumor 
burden, was significantly reduced in the rapamycin-treated 
group compared with the vehicle group (P < 0.05; Fig. 2B 
and C). H&E staining revealed that rapamycin markedly re-
duced tumor formation in liver tissues compared with the 
vehicle group. IHC analysis indicated a significant decrease 
in the proportion of Ki-67–positive cells in liver tissues fol-
lowing rapamycin administration (P < 0.05; Fig. 2D). In 
addition, Western blot analysis showed that rapamycin sig-
nificantly downregulated the protein expression levels of p-
mTOR, p-RPS6, Ccnd1, FTH1, SLC7A11, and GPX4 in liver 
tissues compared with the vehicle group (P < 0.05), whereas 
p-4EBP1 (T37/46) and p-4EBP1 (Ser65) showed only a non-
significant decreasing trend (P > 0.05; Fig. 2E). Collectively, 
these results further demonstrate that rapamycin exerts its 
anti-proliferative effects predominantly through inhibition of 
the mTOR/RPS6 signaling axis, while exerting a compara-
tively modest effect on the mTOR/4EBP1 pathway. Moreover, 
rapamycin promotes ferroptosis in HCC tumor tissues.

4EBP1A4 delays HCC progression
Given the significant role of 4EBP1 phosphorylation in mTOR-
mediated tumor progression, MHCC97H and SNU449 cells 
were transfected with pCMV-4EBP1WT or pCMV-4EBP1A4 
plasmids. The results showed that, compared with the 4EB-
P1WT group, the 4EBP1A4 mutant significantly reduced cell 
viability and increased cell death (P < 0.05; Fig. 3A and B; 
Supplementary Fig. 2A and B). The protein levels of p-4EBP1 
(T37/46) and p-4EBP1 (Ser65) in the 4EBP1A4 group were 
significantly lower than those in the 4EBP1WT group, and the 
expression of proliferation-related proteins, including Ccnd1 
and PCNA, was also markedly decreased (P < 0.05; Fig. 3C; 
Supplementary Fig. 2C). Furthermore, ferroptosis-related bi-
omarkers showed clear differences between the two groups. 
Compared with 4EBP1WT cells, 4EBP1A4 significantly reduced 
the expression of SLC7A11, FTH1, and GPX4, while increas-
ing ACSL4 levels (P < 0.05; Fig. 3D; Supplementary Fig. 2D). 
A significant reduction in the GSH/GSSG ratio was observed 

Fig. 2.  Effects of rapamycin on tumor growth in HCC mouse models. (A) Study design. (B, C) Liver weight and liver/body ratio of c-Met/β-cateninΔ90-injected 
mice treated with Pre, Veh, and Rapa. (D) Gross, H&E images, β-cateninΔ90 and Ki67 IHC staining in Veh- and Rapa-treated mouse livers. Scale bar: 100 µm (H&E); 
100 µm (IHC). (E) Representative Western blotting from Veh and Rapa liver tissues. Arrows on the left side of the blots indicate the correct band for the indicated 
proteins. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. HCC, hepatocellular carcinoma; Pre, pre-treatment; Veh, vehicle; Rapa, rapamycin; H&E, hema-
toxylin and eosin; IHC, immunohistochemical; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 3.  The regulatory effects of 4EBP1A4 on rapamycin-induced ferroptosis in HCC cells. (A) Cell viability was assessed by CCK-8 assay. (B) Cell death was 
detected by PI staining (Scale bar: 50 µm). (C) mTOR pathway- and proliferation-associated proteins were detected by Western blot assay. (D) Ferroptosis-associated 
protein levels were detected by Western blot assay. (E) The ratio of GSH/GSSG was detected using the GSH and GSSG Assay Kit. (F) Intracellular Fe2+ levels were meas-
ured using an iron assay kit. (G) The level of lipid ROS in HCC cells was detected using a C11-BODIPY 581/591 lipid peroxidation detection kit (Scale bar: 100 µm). (H) 
Mitochondrial ultrastructure was observed by TEM (Scale bar: 900 nm). (I, J) The cytotoxic effects of rapamycin and PD901 on HCC cells were evaluated using the CCK-8 
assay. Cells were treated with rapamycin (2, 5, 10, 20, 40, and 60 µM) and PD901 (10, 25, 50, 100, 200, and 300 µM). IC50 values for rapamycin and PD901 were 
calculated based on dose–response curves. Each experiment was performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001. HCC, hepatocellular carcinoma; PI, pro-
pidium iodide; CCK-8, Cell Counting Kit-8; ROS, reactive oxygen species; TEM, transmission electron microscopy; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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in 4EBP1A4 cells, accompanied by increased intracellular li-
pid ROS and Fe2+ accumulation (P < 0.05; Fig. 3E–G; Sup-
plementary Fig. 2E–G). Additionally, 4EBP1A4 cells exhibited 
ferroptosis-associated morphological alterations, including 
mitochondrial shrinkage and reduced or absent cristae (Fig. 
3H). Moreover, following treatment with varying concentra-
tions of rapamycin and PD901, both the 4EBP1WT and 4EB-
P1A4 groups showed concentration-dependent reductions 
in cell viability, with a more pronounced effect observed in 
the 4EBP1A4 group (P < 0.05; Fig. 3I–J; Supplementary Fig. 
2H and I). Notably, ferrostatin-1 (5 µM, 24 h) reversed the 
4EBP1A4-mediated inhibition of cell viability and ferroptosis 
(P < 0.05; Supplementary Fig. 3A–F). Collectively, these re-
sults indicate that 4EBP1A4 induces ferroptosis and inhibits 
tumor cell proliferation. Importantly, 4EBP1A4 sensitizes tu-
mor cells to rapamycin and PD901.

Subsequently, the c-Met/β-cateninΔN90/4EBP1A4 plasmid 
was hydrodynamically injected into the tail vein of mice for 
in vivo validation, and rapamycin treatment was initiated 4.7 
weeks post-injection (Fig. 4A). The results demonstrated a 
significant reduction in tumor burden in the rapamycin-treat-
ed group compared with the vehicle group (P < 0.05; Fig. 
4B and C). Moreover, the combination of 4EBP1A4 and rapa-
mycin demonstrated superior efficacy in suppressing tumor 
growth compared with rapamycin monotherapy (P < 0.05; 
Fig. 4D). Tumor nodules were observed in liver tissues from 
the pre-treatment, vehicle, and rapamycin groups, as con-
firmed by H&E staining. IHC analysis revealed high β-catenin 
expression in tumor tissues, and Ki-67 staining indicated that 
rapamycin significantly inhibited tumor cell proliferation com-
pared with the vehicle group (P < 0.05; Fig. 4E). Western blot 
analysis showed significantly lower protein expression lev-
els of p-mTOR, p-RPS6, Ccnd1, PCNA, SLC7A11, FTH1, and 
GPX4 in liver tissues from the rapamycin-treated group com-
pared with the vehicle group (P < 0.05; Fig. 4F). Additionally, 
rapamycin significantly decreased the hepatic GSH/GSSG ra-
tio while increasing lipid ROS and Fe2+ levels compared with 
the vehicle group (P < 0.05; Fig. 4G–I). Collectively, these 
findings indicate that 4EBP1A4 promotes ferroptosis, thereby 
enhancing the therapeutic efficacy of rapamycin.

Non-phosphorylated 4EBP1 drives Nrf2 ubiquitina-
tion and degradation
Subsequently, the molecular mechanisms underlying 4EBP1-
mediated ferroptosis regulation were investigated. HSP90β, 
a molecular chaperone known to stabilize multiple client pro-
teins, has been implicated in malignant tumor progression.26 
Prediction using the HitPredict database suggested a poten-
tial protein–protein interaction between 4EBP1 and HSP90β. 
Subsequently, Co-IP and immunofluorescence colocalization 
analyses further validated the physical interaction between 
4EBP1 and HSP90β, while the 4EBP1D4 mutant exhibited sig-
nificantly reduced binding capacity (Fig. 5A and B). Notably, 
4EBP1A4 prevented Keap1 from interacting with HSP90β (Fig. 
5C). As a substrate-specific adaptor of the BTB-CUL3-RBX1 
E3 ubiquitin ligase complex, Keap1 mediates Nrf2 ubiquitina-
tion and subsequent degradation through direct binding.27 
In this study, HSP90β overexpression significantly increased 
Nrf2 protein levels in HCC cells (Fig. 5D). Subsequently, treat-
ment with the proteasome inhibitor MG132 abolished Nrf2 
downregulation, suggesting involvement of the ubiquitin–
proteasome pathway (Fig. 5E). Further investigation revealed 
that HSP90β overexpression attenuated Nrf2 ubiquitination, 
primarily through K48-linked polyubiquitin chains (Fig. 5F and 
G). Cycloheximide chase experiments showed that HSP90β 
silencing significantly shortened Nrf2 protein half-life (Fig. 
5H and I). Immunofluorescence analysis further showed that 

HSP90β upregulation enhanced Nrf2 accumulation and pro-
moted its nuclear translocation (Fig. 5J). Additionally, West-
ern blot analysis showed unchanged expression of HSP90β 
and Keap1 in 4EBP1A4-expressing cells, whereas Nrf2 protein 
levels were markedly reduced (Fig. 5K). Collectively, these 
findings suggest that 4EBP1A4 competitively binds HSP90β 
with Keap1, thereby promoting Keap1-mediated K48-linked 
ubiquitination and degradation of Nrf2. This leads to reduced 
Nrf2 nuclear translocation and increased intracellular ROS 
levels, ultimately enhancing ferroptosis.

HSP90β overexpression reverses 4EBP1A4-induced 
ferroptosis activation and proliferative inhibition in 
HCC cells
To validate the role of HSP90β in 4EBP1-regulated ferropto-
sis, HSP90β was overexpressed in 4EBP1A4 mutant cells. The 
results demonstrated that, compared with the vector group, 
4EBP1A4 significantly suppressed cell viability, increased 
cell death, and downregulated proliferation-related proteins 
(including Ccnd1 and PCNA). Notably, HSP90β overexpres-
sion effectively reversed these effects induced by 4EBP1A4 
(P < 0.05; Fig. 6A–C; Supplementary Fig. 4A–C). Compared 
with the vector group, 4EBP1A4 significantly downregulated 
ferroptosis-related proteins SLC7A11, FTH1, and GPX4 (P < 
0.05; Fig. 6D; Supplementary Fig. 4D), decreased the intra-
cellular GSH/GSSG ratio and ΔΨm, and increased lipid ROS 
and Fe2+ levels (P < 0.05; Fig. 6E–H; Supplementary Fig. 
4E–H). Furthermore, 4EBP1A4 induced characteristic mito-
chondrial morphological alterations, including mitochondrial 
shrinkage and reduced or absent cristae (Fig. 6I). Similarly, 
HSP90β overexpression reversed 4EBP1A4-mediated ferrop-
tosis activation. These findings provide strong evidence that 
HSP90β serves as a key mediator in 4EBP1-regulated fer-
roptosis, and that 4EBP1A4 overcomes ferroptosis resistance 
through the HSP90β/Keap1/Nrf2 pathway.

Synergistic targeting of the mTOR and ERK pathways 
suppresses β-catenin-mutant HCC
This study assessed antitumor efficacy in SNU449 and MH-
CC97H cells using mTOR inhibitors (rapamycin, MLN0128), 
an MEK inhibitor (PD901), and their combination (Comb: 
MLN0128 + PD901). The results demonstrated that all four 
treatment regimens significantly increased cell death, with 
MLN0128 showing superior efficacy compared with rapa-
mycin, while the combination treatment showed maximal 
growth inhibition (P < 0.05; Fig. 7A; Supplementary Fig. 
5A). Both rapamycin and MLN0128 significantly reduced the 
expression levels of p-mTOR, p-RPS6, p-4EBP1 (T37/46), 
and p-4EBP1 (Ser65), with MLN0128 showing greater ef-
ficacy. PD901 treatment effectively suppressed p-ERK and 
both 4EBP1 phosphorylation sites, while the combination 
therapy produced maximal pathway inhibition (P < 0.05; Fig. 
7B; Supplementary Fig. 5B). Furthermore, all four treatment 
regimens significantly downregulated Ccnd1, PCNA, and Nrf2 
protein expression (P < 0.05; Fig. 7C and D; Supplementary 
Fig. 5C and D). In the assessment of ferroptosis-related indi-
cators, all treatments significantly decreased the GSH/GSSG 
ratio and ΔΨm, while increasing Fe2+ levels (P < 0.05; Fig. 
7E–G; Supplementary Fig. 5E–G). Collectively, these results 
indicate that rapamycin, MLN0128, PD901, and their com-
binations induce ferroptosis and inhibit tumor growth, with 
combination therapy showing superior efficacy.

Subsequently, the therapeutic efficacy of rapamycin, 
MLN0128, PD901, and the combination was further validated 
through animal experiments (Fig. 8A). Post-treatment analy-
sis revealed tumor nodules in liver tissues across all experi-
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Fig. 4.  Effects of 4EBP1A4 on the therapeutic efficacy of rapamycin. (A) Study design. (B, C) Liver weight and liver/body ratio of c-Met/β-cateninΔ90/4EBP1A4-
injected mice treated with Pre, Veh, and Rapa. (D) Tumor burden after hydrodynamic injection of c-Met/β-cateninΔ90/4EBP1A4 or c-Met/β-cateninΔ90. (E) Gross, H&E 
images, and IHC staining of β-cateninΔ90, β-catenin, and Ki67 in Pre-, Veh-, and Rapa-treated mouse livers. Scale bar: 100 µm (H&E); 100 µm (IHC). (F) Representa-
tive Western blotting from Pre, Veh, and Rapa liver tissues. Arrows on the left side of the blots indicate the correct band for the indicated proteins. (G) The ratio of GSH/
GSSG was detected using the GSH and GSSG Assay Kit. (H) Detection of lipid ROS levels in liver tissues using C11-BODIPY 581/591 kit. I. Fe2+ levels in liver tissues 
were measured using an iron assay kit. *P < 0.05, **P < 0.01, and ***P < 0.001. Pre, pre-treatment; Veh, vehicle; Rapa, rapamycin; H&E, hematoxylin and eosin; 
IHC, immunohistochemical; ROS, reactive oxygen species; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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mental groups (pre-treatment, vehicle, rapamycin, MLN0128 
[0.5 mg/kg], MLN0128 [1.0 mg/kg], PD901, and combina-
tion). The combination group showed the most significant 
tumor reduction, with markedly fewer nodules than other 
groups. Tumor lesions were also observed via H&E staining. 
Compared with the vehicle group, all drug treatments sig-
nificantly reduced liver weight and inhibited tumor growth (P 
< 0.05; Fig. 8B–D). Additionally, IHC results revealed high 
expression of β-cateninΔN90 in tumor regions. Compared 
with the vehicle group, all five drug treatments significant-
ly decreased the proportion of Ki-67–positive cells in liver 
tissues (P < 0.05; Fig. 8B and 8E). The combination treat-
ment markedly inhibited tumor cell proliferation. Western 
blot analysis showed that, compared with the vehicle group, 

expression of p-4EBP1 (T37/46), p-4EBP1 (Ser65), PCNA, 
Nrf2, FTH1, and GPX4 was significantly downregulated in 
liver tissues treated with MLN0128 (0.5 mg/kg), PD901, and 
the combination. PD901 and combination treatments notably 
suppressed p-ERK (Thr202/Tyr204) expression (P < 0.05; 
Fig. 8F). Compared with the vehicle group, MLN0128, PD901, 
and combination treatments all significantly reduced hepatic 
GSH/GSSG ratio and increased lipid ROS and Fe2+ levels, 
with the combination showing the most pronounced effect (P 
< 0.05; Fig. 8G–I). These results further demonstrate that 
rapamycin, MLN0128, PD901, and the combination inhibited 
β-catenin-mutant HCC progression via the mTOR and MEK/
ERK pathways, with the combination showing the most po-
tent effect. Moreover, MLN0128, PD901, and combination 

Fig. 5.  Analysis of 4EBP1A4 regulation of ferroptosis via the HSP90β/Keap1/Nrf2 pathway. (A) The interaction between 4EBP1 and HSP90β was detected 
by co-IP assay in MHCC97H cells. (B) Immunofluorescence analysis of co-localization of 4EBP1 and HSP90β in HCC cells. Scale bar: 25 µm. (C) The effect of 4EBP1 
phosphorylation status on the HSP90β–Keap1 interaction was assessed by co-IP. (D) Nrf2 protein expression in HCC cells transfected with Flag-HSP90β was detected by 
Western blotting. (E) The effect of MG132 (10 µM) on Nrf2 expression in Flag-HSP90β-transfected HCC cells was assessed. (F, G) HCC cells transfected with pcDNA3.1-
HSP90β, Flag-Keap1, Myc-Nrf2, and HA-Ub were treated with MG132 (20 µM) for 24 h. Co-IP and Western blotting were used to detect ubiquitination levels of Nrf2. (H, 
I) The half-life of Nrf2 regulated by HSP90β was analyzed by Western blotting. HCC cells were transfected with si-NC or si-HSP90β for 48 h and then exposed to 100 
µg/mL CHX for 0, 12, 24, and 48 h. The intensity of Nrf2 expression for each band was normalized to that of GAPDH. (J) Immunofluorescence staining was performed 
to examine the effect of HSP90β on Nrf2 nuclear localization. Scale bar: 25 µm. K. Nrf2, Keap1, and HSP90β protein levels were assessed via Western blot assay. **P 
< 0.01. co-IP, co-immunoprecipitation; HCC, hepatocellular carcinoma; CHX, cycloheximide. +, cells transfected with the indicated tagged protein; -, cells were not 
transfected with the indicated tagged protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 6.  Effects of HSP90β overexpression on 4EBP1A4- mediated ferroptosis in HCC cells. (A) Cell viability was assessed by CCK-8 assay. (B) Cell death was 
detected by PI staining (Scale bar: 50 µm). (C) Proliferation-associated proteins were detected by Western blot assay. (D) Ferroptosis-associated protein levels were 
detected by Western blot assay. (E) The ratio of GSH/GSSG was detected using the GSH and GSSG Assay Kit. (F) Quantification of ΔΨm was performed by JC-1 fluores-
cence staining. (G) Detection of lipid ROS levels in HCC cells using C11-BODIPY staining (Scale bar: 100 µm). (H) Intracellular Fe2+ levels were measured using an iron 
assay kit. (I) Mitochondrial ultrastructure was visualized by TEM (Scale bar: 200 nm). Each experiment was performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 
0.001. HCC, hepatocellular carcinoma; PI, propidium iodide; CCK-8, Cell Counting Kit-8; ΔΨm, mitochondrial membrane potential; ROS, reactive oxygen species; JC-1, 
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide; TEM, transmission electron microscopy; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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treatment induced ferroptosis.

Discussion

HCC is a highly prevalent malignant tumor in the global di-

gestive system. Alarmingly, the overall 5-year survival rate 
of HCC patients remains below 20%.1 The development of 
HCC is mainly driven by six key biological processes: cell 
cycle regulation, epigenetic dysregulation, oxidative stress, 
activation of the RAS/RAF/MAPK signaling pathway, mainte-

Fig. 7.  Effects of combined inhibition of mTOR and ERK pathways on ferroptosis and proliferation in HCC cells. (A) Quantification of cell death ratio following 
PI staining. (B-D) Protein expression levels of mTOR signaling components, proliferation markers, and Nrf2 were detected by Western blot assay. (E) GSH/GSSG ratio 
was detected using the GSH and GSSG Assay Kit. (F) Quantification of JC-1 staining for ΔΨm. (G) Intracellular Fe2+ levels were measured using an iron assay kit. Each 
experiment was performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001. # P < 0.05 compared with the Rapa group; ¥ P < 0.05 compared with the MLN0128 
group; & P < 0.05 compared with the PD901 group. DMSO, dimethyl sulfoxide; Rapa, rapamycin; Comb, combination, in which cells were treated with 5 µM MLN0128 
plus 150 µM PD901; HCC, hepatocellular carcinoma; PI, propidium iodide; ΔΨm, mitochondrial membrane potential; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbe
nzimidazolylcarbocyanine iodide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 8.  Analysis of the therapeutic effects of combined mTOR and ERK inhibitors in an HCC mouse model. (A) Study design. (B) Gross, H&E images, and IHC 
staining of β-cateninΔ90, Myc-tag, and Ki67 in liver tissues from Pre, Veh, Rapa (6 mg/kg), MLN0128 (MLN, 0.5 mg/kg), MLN (1 mg/kg), PD901 (10 mg/kg), and combina-
tion (0.5 mg/kg MLN + 10 mg/kg PD901)-treated mice. Scale bar: 100 µm (H&E); 100 µm (IHC). (C) Liver weight. (D) Tumor burden (area ratio of tumor/normal tissue) 
was calculated based on H&E-stained sections shown in panel B. (E) The proportion of Ki67-positive cells was calculated based on IHC-stained sections shown in panel B. 
(F) Representative Western blotting from liver tissues. Arrows on the left side of the blots indicate the correct band for the indicated proteins. (G) GSH/GSSG ratio was de-
tected using the GSH and GSSG Assay Kit. (H) Quantification of lipid ROS levels in liver tissues detected by C11-BODIPY staining. (I) Fe2+ levels in liver tissues were meas-
ured using an iron assay kit. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. HCC, hepatocellular carcinoma; Pre, pre-treatment; Veh, vehicle; Rapa, rapa-
mycin; Comb, combination; H&E, hematoxylin and eosin; IHC, immunohistochemical; ROS, reactive oxygen species; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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nance of the Wnt/β-catenin pathway, and activation of the 
PI3K/AKT/mTOR pathway.28 Approximately 30% of HCC cas-
es harbor CTNNB1 mutations, which enhance the stability 
of β-catenin and promote its aberrant accumulation, lead-
ing to sustained activation of downstream target genes.29 
Moreover, clinical data indicate that co-activation of the Wnt/
β-catenin and AKT/mTOR pathways occurs in about 14.4% 
of HCC patients, with β-catenin upregulating mTOR activity 
through multiple mechanisms to synergistically drive tumor 
progression.30 Furthermore, our previous research has dem-
onstrated that β-catenin-mutant HCC is dependent on mTOR 
signaling.31 Although mTOR-mediated ferroptosis inhibition is 
known to promote tumor progression,32 the underlying mo-
lecular mechanism remains to be fully elucidated.

The regulatory features of mTORC1 on p70S6K/RPS6 have 
been thoroughly characterized. It has been clearly shown that 
activation of mTORC1 promotes protein and lipid synthesis, 
gene transcription, and cellular metabolism, thus facilitat-
ing the growth and proliferation of tumor cells.33 4EBP1 is 
another crucial downstream regulatory factor of mTORC1. A 
recent study demonstrated that 4EBP1-mediated ferroptosis 
resistance promotes tumor cell survival and disease progres-
sion.34 This study employed both in vitro and in vivo experi-
mental approaches to investigate the effects of rapamycin on 
ferroptosis regulation and its therapeutic efficacy. The results 
indicated that although rapamycin inhibited phosphorylation 
of both RPS6 and 4EBP1, the inhibitory effect on 4EBP1 was 
relatively weaker. This relative insensitivity of 4EBP1 to ra-
pamycin may restrict its therapeutic efficacy. To experimen-
tally validate this conclusion, HCC cells were transfected with 
4EBP1WT and 4EBP1A4 plasmids. The findings showed that 
4EBP1A4 significantly promoted ferroptosis, reduced the vi-
ability and proliferative capacity of tumor cells, and enhanced 
their sensitivity to rapamycin. The results of animal studies 
indicated that the 4EBP1A4–rapamycin combination therapy 
achieved superior tumor reduction compared to rapamycin 
monotherapy. These findings align with previous reports by 
Wang et al., showing marked suppression of HCC progression 
with this combinatorial approach.35 Collectively, 4EBP1-me-
diated ferroptosis plays a vital role in tumor suppression, and 
4EBP1A4 can synergistically enhance the therapeutic efficacy 
of rapamycin in β-catenin-mutant HCC.

HSP90β, a cytosolic isoform of the heat shock protein 
HSP90, serves as a critical molecular chaperone that orches-
trates protein folding, maturation, and functional activation. 
HSP90β has been recognized as an essential facilitator in 
malignant tumor development and progression.26 Moreover, 
HSP90β is intricately involved in the regulation of mitochon-
drial function and activation of the antioxidant defense sys-
tem. Dysregulation of HSP90β can trigger lipid peroxidation 
and activation of ferroptosis.36 Previously, a physical interac-
tion between HSP90β and the Keap1 protein was identified, 
although the functional consequences for Keap1 activity were 
not fully characterized.37 Under normal cellular homeosta-
sis, the Keap1–Nrf2 interaction facilitates constitutive Nrf2 
ubiquitination and degradation, thereby tightly maintaining 
appropriate intracellular Nrf2 protein levels. As a master 
regulator of antioxidant responses, Nrf2 plays a pivotal role 
in suppressing ferroptosis. In this study, a physical inter-
action between 4EBP1 and HSP90β was identified through 
both HitPredict database prediction and Co-IP assays. Fur-
thermore, competitive binding between 4EBP1A4 and Keap1 
to HSP90β was observed. HSP90β overexpression enhanced 
Nrf2 protein stability and promoted its nuclear translocation. 
These findings indicate that HSP90β modulates Nrf2 ubiquit-
ination. Co-IP analyses further revealed reduced K48-linked 
polyubiquitination of Nrf2 in Flag-Keap1 immunoprecipitates 

from HSP90β-overexpressing cells. CHX-based protein sta-
bility analysis confirmed that HSP90β knockdown signifi-
cantly shortened the half-life of Nrf2. Notably, this study also 
demonstrated that HSP90β overexpression reversed the 
4EBP1A4-mediated suppression of tumor cell viability and 
induction of ferroptosis. Mechanistically, 4EBP1A4 and Keap1 
competitively bind to HSP90β, increasing Keap1–Nrf2 com-
plexes to accelerate Nrf2 degradation and ferroptosis suscep-
tibility, thereby suppressing HCC.

Rapamycin selectively inhibits mTORC1 by binding to the 
FKBP12-rapamycin binding domain of mTOR but does not 
directly affect mTORC2. However, mTORC2 can promote 
mTORC1 activity via AKT phosphorylation. Rapamycin (siroli-
mus) and its derivatives (temsirolimus, everolimus) are first-
generation mTOR inhibitors, which exert only partial inhibi-
tion of mTORC1 and fail to target mTORC2, leading to limited 
efficacy and drug resistance.38 In contrast, MLN0128 is an 
ATP-competitive mTOR kinase inhibitor that binds to the cat-
alytic active site of mTOR, thereby suppressing both mTORC1 
and mTORC2 activities.39 Preclinical studies have demon-
strated remarkable anti-cancer effects of these inhibitors.39 
This study provides both in vitro and in vivo evidence that 
MLN0128 outperforms rapamycin in inhibiting HCC develop-
ment via ferroptosis induction. Furthermore, ERK signaling 
activation also limits the therapeutic efficacy of mTOR inhibi-
tors.40 The MEK/ERK pathway directly phosphorylates Rap-
tor, which leads to enhanced mTORC1 kinase activity. Some 
studies have also found that ERK directly modulates 4EBP1 
phosphorylation status, consequently promoting translation 
initiation.11,41 Moreover, ERK stabilizes β-catenin and facili-
tates its nuclear translocation, creating a positive feedback 
loop that promotes HCC progression.42 A study has revealed 
that aberrant activation of the PI3K/AKT/mTOR signaling 
pathway occurs in approximately 50% of HCC cases, while 
overexpression and phosphorylation of MEK and ERK are ob-
served in more than 75% of HCC clinical specimens.43 Re-
search has also indicated that the combination of MEK and 
mTOR inhibitors significantly impedes HCC growth both in 
vitro and in vivo.15 Consistent with these findings, this study 
also revealed constitutive activation of both mTOR and ERK 
signaling pathways in HCC cells. Therefore, this study further 
explored the therapeutic effect of combining MLN0128 and 
PD901. PD901, an ERK inhibitor, directly binds to and inhibits 
MEK1/2, leading to a marked reduction in p-ERK levels, and 
has shown antitumor activity across various preclinical can-
cer models.44 The results demonstrated that both MLN0128 
and PD901 inhibited tumor cell proliferation by suppressing 
the mTOR signaling pathway. Notably, compared to mono-
therapy, the combination synergistically enhanced ferropto-
sis, effectively blocked mTOR signaling pathway compensa-
tion, and consequently improved the therapeutic effect on 
β-catenin-mutant HCC.

In the treatment of advanced HCC, mTOR inhibitor-based 
immunosuppressive regimens (e.g., everolimus, sirolimus/
rapamycin) play a critical role in preventing HCC recurrence 
after liver transplantation. However, the lack of reliable bio-
markers and the emergence of acquired resistance remain 
major clinical challenges. Thus, elucidating resistance mech-
anisms and developing effective combination strategies are 
essential to improve the clinical benefit of mTOR inhibitors 
in HCC. This study offers new insights: first, we found that 
p-4EBP1 levels correlate closely with rapamycin sensitivity, 
suggesting that p-4EBP1 expression in tumor tissues could 
serve as a biomarker to identify susceptible patients and 
enable stratification. Second, MLN0128 exhibited superior 
anti-HCC efficacy than rapamycin, supporting the develop-
ment of improved mTOR inhibitors. Furthermore, combined 
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inhibition of the mTOR and ERK pathways synergistically in-
duced ferroptosis and blocked compensatory pathway activa-
tion, thereby effectively suppressing HCC progression. This 
combination strategy provides a novel rationale and poten-
tial therapeutic avenue to overcome acquired resistance to 
mTOR inhibitors and to enhance second-line treatment out-
comes in advanced HCC.

Nevertheless, certain limitations remain in this study: 1) 
The effect of 4EBP1 expression modulation on the combi-
nation therapy of MEK and mTOR inhibitors was not inves-
tigated. 2) Although the results demonstrated that com-
bining 4EBP1A4 with rapamycin, or MLN0128 with PD901, 
significantly enhances HCC treatment efficacy, the potential 
toxicities and adverse effects of these combinations remain 
undetermined. Consequently, it is imperative to further in-
vestigate the efficacy of 4EBP1 in combination therapies in-
volving mTOR inhibitors and other pharmacological agents, 
while also assessing potential adverse effects, thereby pro-
viding novel insights and evidence-based foundations for 
clinical treatment strategies in HCC.

Conclusions
Activation of mTOR (mTORC1 and mTORC2) and ERK signal-
ing inhibits ferroptosis by increasing 4EBP1 phosphorylation, 
thereby promoting β-catenin-mutant HCC progression. This 
study demonstrates that 4EBP1A4 and Keap1 competitively 
bind to HSP90β, increasing Keap1–Nrf2 complexes to acceler-
ate Nrf2 degradation, thereby relieving mTORC1 activation-
mediated ferroptosis inhibition (as illustrated in the graphical 
abstract). Additionally, 4EBP1 serves as a critical downstream 
effector common to both ERK and mTOR pathways. The com-
bination therapy of MLN0128 and PD901 not only effectively 
suppresses mTOR compensatory activation but also synergis-
tically induces ferroptosis, leading to significantly improved 
therapeutic efficacy against β-catenin-mutant HCC. This 
study provides novel insights for advancing therapeutic strat-
egies and targeted drug development in HCC.
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