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Abstract. Ferroptosis is a form of necrotic cell death char‑
acterized by phospholipid oxidation. The cystine‑glutamate 
antiporter (xCT), composed of solute carrier family  7 
member 11 (SLC7A11) and SLC3A2, imports cystine for gluta‑
thione synthesis. Glutathione peroxidase 4 (GPX4) requires 
glutathione to counteract lipid peroxidation and prevent ferrop‑
tosis. Erastin, an xCT inhibitor, and Ras‑selective lethal small 
molecule 3 (RSL3), a GPX4 inhibitor, suppress GPX4 function 
and induce ferroptosis. Tumor protein p53 (TP53) has a para‑
doxical role in ferroptosis regulation. Mouse double minute 2 
homolog (MDM2), a negative regulator of TP53, is a key 
oncogene in well‑differentiated liposarcoma (WDLPS) and 
dedifferentiated liposarcoma (DDLPS). Therefore, the present 
study explored the role of ferroptosis in DDLPS treatment 
response and resistance. Publicly available expression profiles 
of WDLPS, DDLPS and adipose tissue were analyzed, and the 
differential expression of ferroptosis‑related genes regulated 

by the MDM2‑TP53 pathway was identified in WDLPS and 
DDLPS. In vitro experiments were performed to assess the 
effects of erastin and RSL3 on the viability, lipid peroxidation 
and apoptosis of DDLPS cell lines. The results revealed that 
erastin and RSL3 induced lipid peroxidation and apoptosis, 
thereby exerting cytotoxic effects. In addition, nutlin‑3, an 
MDM2 inhibitor, was demonstrated to increase lipid peroxida‑
tion and cytotoxicity when applied prior to erastin treatment. 
Notably, nutlin‑3 also upregulated SLC3A2 expression in 
DDLPS cell lines, thereby enhancing cystine uptake. This 
increase in cystine uptake was suppressed by erastin. In addi‑
tion, nutlin‑3‑induced SLC3A2 upregulation was abolished by 
TP53 knockdown. Nutlin‑3 combined with erastin or RSL3 
reduced absolute p‑4EBP‑1 levels in NDDLS‑1 cells and 
p‑p70S6 levels in both cell lines, with no significant impact 
on the p‑4EBP‑1/4EBP‑1 and p‑p70S6/p70S6 ratios. These 
results indicate that ferroptosis is a therapeutic vulnerability 
in the response to MDM2 inhibition in DDLPS. Furthermore, 
combining MDM2 inhibitors with ferroptosis‑inducing agents 
may provide a potential therapeutic strategy for DDLPS and 
the role of mTOR in the pro‑apoptotic effect of these combina‑
tions deserve further investigation.

Introduction 

Liposarcoma (LPS) is one of the most common types of soft 
tissue sarcoma (1‑3). Among its four subtypes, well‑differ‑
entiated LPS (WDLPS) and dedifferentiated LPS (DDLPS) 
share similar genomic changes, notably the amplification 
of the 12q13‑15 chromosomal region, where mouse double 
minute 2 homolog (MDM2) is the primary oncogene. WDLPS 
rarely metastasizes and can remain stable for several years. By 
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contrast, DDLPS is a highly aggressive disease characterized 
by frequent local recurrence and distant metastasis (4). Wide 
surgical excision with curative intent is the preferred treatment 
for localized disease. However, for advanced DDLPS, despite 
recommended first‑line chemotherapy with doxorubicin (5) 
and second‑line options including eribulin or trabectedin (6‑8), 
treatment outcomes remain poor. 

Ferroptosis is a form of cell death characterized by the 
oxidative modification of phospholipid membranes, resulting 
in the accumulation of lipid‑based reactive oxygen species 
(ROS) (9‑11). Cysteine metabolism is crucial in the regulation 
of ferroptosis (9‑11). The cystine‑glutamate antiporter (xCT), 
composed of solute carrier family 7 member 11 (SLC7A11) 
and SLC3A2, facilitates the uptake of cystine from the 
extracellular environment. Once imported, cystine is reduced 
to cysteine, a key component of the tripeptide glutathione. 
Glutathione peroxidase  4 (GPX4) requires glutathione as 
a cofactor to reduce lipid peroxidation and prevent ferrop‑
tosis  (12,13). Inactivation of GPX4, either through cystine 
deprivation by the xCT inhibitor erastin or direct inhibition 
by the GPX4 inhibitor Ras‑selective lethal small molecule 3 
(RSL3), leads to the accumulation of lipid‑based ROS and 
ultimately ferroptotic cell death (13,14).

Few studies have explored the role of ferroptosis in 
LPS, a tumor originating from adipocytic differentiation. 
Tumor protein p53 (TP53), a well‑known tumor suppressor 
mutated in nearly half of all cancers  (15), plays a key 
role in regulating ferroptosis through multiple, some‑
times paradoxical, pathways. These include suppressing 
SLC7A11 expression to promote ferroptosis  (16); upregu‑
lating 3‑hydroxy‑3‑methyl‑glutaryl‑coenzyme A reductase 
(HMGCR), which produces molecules with anti‑ferroptotic 
properties  (17); and inhibiting dipeptidyl‑peptidase‑4 
(DPP4)‑dependent lipid peroxidation, thereby reducing 
ferroptosis (18). MDM2, the key oncogene in DDLPS (19), 
and its homolog MDM4 (20) negatively regulate TP53 (21‑24), 
potentially influencing ferroptotic death through both 
TP53‑dependent and TP53‑independent mechanisms  (25). 
These findings suggest that exploring the ferroptosis pathway 
may lead to the discovery of novel therapeutic strategies, with 
MDM2 playing a critical role in the regulation of ferroptosis 
in DDLPS.

In the present study, an investigation of the expression 
of genes involved in the ferroptosis pathway in DDLPS 
was performed via bioinformatics, to identify differentially 
expressed ferroptosis‑related genes. Additionally, the sensi‑
tivity of DDLPS cell lines to the ferroptosis‑inducing agents 
erastin and RSL3 was investigated. The effects of nutlin‑3, 
an MDM2 inhibitor, as a co‑ or pre‑treatment with erastin or 
RSL3 were also investigated, and the effect of TP53 knock‑
down (KD) was explored.

Materials and methods 

Exploration of ferroptosis‑related gene expression regu‑
lated by the MDM2‑TP53 pathway through bioinformatics 
analysis. Bioinformatics analysis was performed as previously 
described (26). Microarray data from the Affymetrix Human 
Genome U133 Plus  2.0 and Affymetrix Human Genome 
U133A platforms were obtained from the National Center 

for Biotechnology Information (NCBI) website (https://www.
ncbi.nlm.nih.gov/gds/). The datasets comprised DDLPS 
samples from GSE21050 (U133 Plus 2.0) (27) and GSE30929 
(U133A) (28), WDLPS samples from GSE20559 (U133 Plus 
2.0)  (29) and GSE30929 (U133A)  (28), and adipose tissue 
samples from GSE41168 (U133 Plus 2.0) (30) and GSE35710 
(U133A)  (31). The gene expression data were normalized 
using dChip (32,33). Specific genes associated with ferroptosis 
were selected, and their expression levels were expressed as 
Z‑scores following Z‑score transformation.

Cell lines and reagents. DDLPS cell lines LPS853 and 
NDDLS‑1, provided by Dr Fletcher JA (Department of 
Pathology, Brigham and Women's Hospital, Boston, MA 02115, 
USA) and Dr Ariizumi (Division of Orthopedic Surgery, 
Niigata University Graduate School of Medical and Dental 
Sciences, Niigata City, Niigata 951‑8510, Japan), respectively, 
were used as in vitro models to test the efficacy of various 
agents. The cells were cultured in RPMI 1640 Medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with Fetal Bovine 
Serum (Corning, Inc.) and Penicillin‑Streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.) and incubated at 37˚C with 
5% CO2. The xCT inhibitor erastin (CAS no. 571203‑78‑6; 
Cayman Chemical Company), GPX4 inhibitor RSL3 
(CAS no. 1219810‑16‑8; Cayman Chemical Company) and 
HMGCR inhibitors lovastatin (S2061; Selleck Chemicals) and 
simvastatin (S1792; Selleck Chemicals) were evaluated for 
their ferroptosis‑inducing effects. Nutlin‑3a (S8059; Selleck 
Chemicals) was used as an MDM2 antagonist; this is the 
active enantiomer of nutlin‑3, and for simplicity is referred to 
as nutlin‑3 throughout the manuscript. Ferrostatin‑1 (Fer‑1; 
CAS  no.  347174‑05‑4; Cayman Chemical Company) was 
used to inhibit ferroptosis. The antibodies used for immu‑
noblotting were as follows: p53 (cat. no. 2527S; 1:1,000; Cell 
Signaling Technology, Inc.), MDM2 (cat. no. 86934S; 1:1,000; 
Cell Signaling Technology, Inc.), SLC7A11 (cat. no. A13685; 
1:1,000; ABclonal Biotech Co., Ltd.), GPX4 (cat. no. A1933; 
1:1,000; ABclonal Biotech Co., Ltd.), SLC3A2/CD98hc 
(cat.  no.  A3658; 1:1,000; ABclonal Biotech Co., Ltd.), 
4EBP1 (cat. no. 9644; 1:1,000; Cell Signaling Technology, 
Inc.), phosphorylated (p)‑4EBP1 (cat. no. 9459; 1:1,000; Cell 
Signaling Technology, Inc.), p70S6 (cat. no. 9202; 1:1,000; Cell 
Signaling Technology, Inc.), p‑p70S6 (cat. no. 9205; 1:1,000; 
Cell Signaling Technology, Inc.) and β‑actin (cat. no. ab6276; 
1:1,000; Abcam).

Lipid peroxidation assay. The DDLPS cell l ines 
(2.5x105 cells/well) were seeded in six‑well plates and incu‑
bated at 37˚C with different concentrations of test agents 
for specific durations. For single agent treatment, cells were 
treated with erastin (12 µM for NDDLS‑1, 20 µM for LPS853), 
RSL3 (0.2 µM for both), lovastatin (18 µM for both), or simv‑
astatin (18 µM for both) for 24 h. For combination with Fer‑1, 
cells were treated with erastin (8 µM for LPS853, 20 µM for 
NDDLS‑1), or RSL3 (0.05 µM for both), and combined with 
Fer‑1 (4, 6, or 8 µM), with co‑treatment of erastin and Fer‑1 
for 48 h and RSL3 and Fer‑1 for 4 h. For combination with 
nutlin‑3, cells were treated with erastin (8 or 16 µM for LPS853, 
12 or 20 µM for NDDLS‑1), or RSL3 (0.2 or 0.4 µM for both), 
and combined with nutlin‑3 (10 µM for both). Co‑treatment 
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with erastin and nutlin‑3 or RSL3 and nutlin‑3 was performed 
for 24 h, whereas in the sequential treatment, cells were first 
exposed to nutlin‑3 for 24 h, followed by treatment with either 
erastin or RSL3 for an additional 24 h. After treatment, cells 
were incubated with 2 µM BODIPY 581/591 C11 (Thermo 
Fisher Scientific, Inc.) for 30 min at 37˚C. After this, the cells 
were collected, resuspended in 500 µl phosphate‑buffered 
saline (PBS), and analyzed using a BD FACSCanto™ II flow 
cytometry system (BD Biosciences) (34). Data were analyzed 
using FlowJo software (version 7.6; FlowJo LLC). The experi‑
ment was performed in triplicate.

Cell viability assay. Cell viability was assessed using the Cell 
Counting Kit‑8 (CCK‑8) assay (Abbkine Scientific Co., Ltd.) 
according to the manufacturer's instructions. In brief, cells 
were plated in 96‑well plates at a concentration of 5,000 cells 
in 100 µl/well. The following day, different concentrations of 
the test agents were added to individual wells and incubated 
at 37˚C for the appropriate duration. The treatment conditions 
were as follows: for single agent treatment, Erastin (4, 8, 12, 
16, 20 µM), RSL3 (1, 2, 3, 4, 5 µM), lovastatin (6, 12, 18, 24, 
30 µM), or simvastatin (6, 12, 18, 24, 30 µM) was used for 
24‑h treatment; for combination with Fer‑1, Erastin (3, 6, 9, 
12, 15 µM) or RSL3 (0.01, 0.02, 0.03, 0.04, 0.05 µM) were 
combined with Fer‑1 (1, 2, 3, 4, 5 µM) for 48‑h treatment; for 
combination with nutlin‑3, Erastin (3, 6, 9, 12, 15 µM) or RSL3 
(0.01, 0.02, 0.03, 0.04, 0.05 µM) were combined with nutlin‑3 
(4, 8, 12, 16, 20 µM). Co‑treatment with erastin and nutlin‑3 
or RSL3 and nutlin‑3 was performed for 24 h, whereas in the 
sequential treatment, cells were first exposed to nutlin‑3 for 
24 h, followed by treatment with either erastin or RSL3 for 
an additional 24 h. After incubation, 10 µl CCK‑8 solution 
was added to each well, followed by incubation for 1.5‑2 h. 
The absorbance at 450 nm was measured for each well using 
a microplate reader. The combination index (CI) for two‑drug 
combinations was calculated using CalcuSyn software 
(Biosoft), where CI <1, CI=1 and CI >1 indicate synergism, 
additivity and antagonism, respectively. All experiments were 
performed in triplicate (35).

Apoptosis assessment. Apoptosis was assessed as previously 
described (26). Specifically, for single agent treatment, cells 
(1x105 cells/well) were treated with erastin (2, 4, 6, 8 µM for 
LPS853, 3, 6, 9, 12 µM for NDDLS‑1) or RSL3 (0.1, 0.2, 0.3, 
0.4 µM for both), with LPS853 cells exposed to erastin for 24 h, 
NDDLS‑1 cells exposed to erastin for 48 h, and both cell lines 
treated with RSL3 for 24 h. For combination with nutlin‑3, cells 
(1x105 cells/well) were treated with erastin (10 µM), or RSL3 
(0.4 µM), and combined with nutlin‑3 (10 µM). Co‑treatment 
with erastin and nutlin‑3 or RSL3 and nutlin‑3 was performed 
for 24 h, whereas in the sequential treatment, cells were first 
exposed to nutlin‑3 for 24 h, followed by treatment with either 
erastin or RSL3 for an additional 24 h. After treatment, cells 
were washed with 1X PBS and resuspended in 100 µl staining 
solution containing annexin V‑fluorescein isothiocyanate and 
propidium iodide in HEPES buffer (BD Pharmingen). The 
cells were incubated at room temperature for 15 min, then 
diluted in 1X annexin V‑binding buffer (BD Pharmingen) and 
analyzed by flow cytometry with a BD FACSCanto II system, 
BD FACSDiva Software v8.0.2 operating software (all BD 

Biosciences) and FlowJo (version 7.6; FlowJo LLC) analysis 
software. The experiment was performed in triplicate.

Immunoblotting. Immunoblotting was performed as previously 
described (36). Cells were treated with erastin (8 µM), RSL3 
(0.2 µM), or nutlin‑3 (12 µM), either as single agent or various 
combinations, for 24 h. After treatment, cultured monolayer 
cells were rinsed with PBS and lysed using RIPA Lysis and 
Extraction Buffer (Thermo Fisher Scientific, Inc.). The cell 
suspensions were then incubated at 4˚C for 30 min, followed 
by centrifugation at 15,974 x g for 30 min at 4˚C. Total protein 
concentrations were measured using the Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific, Inc.). Proteins (50 µg per 
lane) were separated by 12% sodium dodecyl sulfate‑poly‑
acrylamide gel electrophoresis (SDS‑PAGE) and transferred to 
polyvinylidene difluoride (PVDF) membranes (PerkinElmer, 
Inc.). The membranes were blocked with 5% bovine serum 
albumin (BSA; Bionovas Biotechnology Co., Ltd.) at room 
temperature for 30 min. Primary antibodies were incubated at 4˚C 
overnight, while secondary antibodies were incubated at room 
temperature for 45 min. Primary and secondary antibodies were 
prepared in 5% bovine serum albumin (BSA). The secondary 
antibodies, Anti‑rabbit IgG (cat. no. 7074S) and Anti‑mouse IgG 
(cat. no. 7076S), were diluted at 1:4,500 and purchased from 
Cell Signaling Technology, Inc. The immunoreactive bands 
were visualized using Immobilon Western Chemiluminescent 
HRP Substrate (MilliporeSigma) and a UVP ChemStudio 
PLUS Touch Western Blot Imaging System (Analytik Jena AG). 
Densitometric analysis was performed using ImageJ software 
(version 1.51, National Institutes of Health).

Cystine uptake assay. Cystine uptake was measured 
using a Cystine Uptake Assay Kit (Dojindo Laboratories, 
Inc.) according to the manufacturer's instructions. Cells 
(1x104 cells/well) were seeded in a black 96‑well plate for 24 h. 
The medium was then replaced and cells were treated with 
single agent erastin (40 µM) or nutlin‑3 (10 µM) or combina‑
tion for the time period specified by the manufacturer. After 
treatment,, the culture medium was aspirated, and the cells 
were washed three times with serum‑free RPMI 1640 prior 
to incubation in serum‑free RPMI 1640 for 5 min at 37˚C. 
Subsequently, the cells were incubated with Cystine Analog 
Solution (selenocystine) from the kit in serum‑free RPMI 
1640 for 30 min at 37˚C. Fluorescence was measured using a 
fluorescence microplate reader with an excitation wavelength 
of 490 nm and an emission wavelength of 535 nm.

Small interfering RNA (siRNA)‑mediated knockdown (KD) 
of TP53. The TP53 KD experiment was conducted using the 
ON‑TARGETplus system (Horizon Discovery, Ltd.). Cells 
(1x106) were first treated with DharmaFECT 1 Transfection 
Reagent (cat.  no.  T‑2001‑03; GE Healthcare Dharmacon, 
Inc.; ON‑TARGETplus system) and subsequently trans‑
fected with ON‑TARGETplus Human TP53 (cat. no. 7157) 
siRNA‑SMARTpool (cat.  no.  L‑003329‑00‑0005) target 
sequences: GAA​AUU​UGC​GUG​UGG​AGU​A, GUG​CAG​CUG​
UGG​GUU​GAU​U, GCA​GUC​AGA​UCC​UAG​CGU​C and GGA​
GAA​UAU​UUC​ACC​CUU​C; 20 µM) or the ON‑TARGETplus 
Non‑targeting Pool (cat. no. D‑001810‑10‑20; GE Healthcare 
Dharmacon, Inc.) target sequences: UGG​UUU​ACA​UGU​
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CGA​CUA​A, UGG​UUU​ACA​UGU​UGU​GUG​A, UGG​UUU​
ACA​UGU​UUU​CUG​A, and UGG​UUU​ACA​UGU​UUU​CCU​
A; 20 µM as a negative control. However, the sense and anti‑
sense strand sequences were not provided for either siRNA. 
Following transfection, cells were incubated at 37˚C for 48 h.

The KD efficiency of TP53 was confirmed by reverse 
transcription‑quantitative PCR (RT‑qPCR). RNA extraction was 
performed using the LabPrep™ RNA Plus Mini Kit (LabPrep). 
RT was carried out using the HiScript™ First Strand cDNA 
Synthesis Kit (Bionovas Biotechnology Co., Ltd.) according to 
the manufacturer's protocol. qPCR was performed using SYBR 
Green PCR Master Mix (Thermo Fisher Scientific, Inc.) with 
the following primers: TP53 forward, 5'‑GCC​ATC​TAC​AAG​
CAG​TCA​CAG‑3' and reverse, 5'‑TCA​TCC​AAA​TAC​TCC​
ACA​CGC‑3'; GAPDH forward, 5'‑GCC​AAG​GTC​ATC​CAT​
GAC​AAC​T‑3' and reverse, 5'‑GAG​GGG​CCA​TCC​ACA​GTC​
TT‑3'. The thermocycling conditions were as follows: 95˚C for 
10 min, followed by 36 cycles of 95˚C for 15 sec and 55˚C for 
60 sec. Amplification and analysis were performed using the 
QuantStudio3 Real‑Time PCR System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). Gene copy numbers were calcu‑
lated according to the 2‑ΔΔCq method (37).

Statistical analysis. Differences in the expression of genes 
among the DDLPS, WDLPS and adipose tissues were 
analyzed using the Kruskal‑Wallis test, followed by Dunn's 
post hoc test for pairwise comparisons. In the cell‑based 
experiments, differences between two groups were analyzed 
using unpaired Student's t‑test and among multiple groups 
were analyzed by one‑way ANOVA followed by Bonferroni's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference. Statistical analysis was conducted using 
SPSS Statistics for Windows, version 17.0 (SPSS Inc.).

Results

Ferroptosis‑related genes regulated by the MDM2‑TP53 
pathway are differentially expressed in DDLPS. Publicly 
available data were analyzed to identify potential differences 
in the expression of ferroptosis‑related genes regulated by the 
MDM2‑TP53 pathway. The expression levels of MDM2 were 
significantly upregulated in WDLPS and DDLPS compared 
with those in adipose tissue (Fig. 1A). By contrast, the GPX4 
expression levels in DDLPS were significantly lower than 
those in both adipose tissue and WDLPS (Fig. 1B), which 

Figure 1. Comparison of the expression levels of six ferroptosis‑related genes among adipose, WDLPS and DDLPS tissues. Expression levels of (A) MDM2, 
(B) GPX4, (C) SLC7A11, (D) SLC3A2, (E) HMGCR and (F) DPP4. In each panel, data in the left graph are from GSE21050, GSE20559 and GSE41168 (U133 
Plus 2.0) and data in the right graph are from GSE30929 and GSE35710 (U133A). *P<0.05, **P<0.01 and ***P<0.001 as indicated. Differences in levels among 
the different tissue types were analyzed using Kruskal‑Wallis followed by Dunn's post hoc test. NS, not significant; WDLPS, well‑differentiated liposar‑
coma; DDLPS, dedifferentiated liposarcoma; MDM2, mouse double minute 2 homolog; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 
member 11; SLC3A2, solute carrier family 3 member 2; HMGCR, 3‑hydroxy‑3‑methyl‑glutaryl‑coenzyme A reductase; DPP4, dipeptidyl peptidase‑4.
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may contribute to a pro‑ferroptosis phenotype. The expression 
levels of HMGCR observed in DDLPS were higher compared 
with those in adipose tissue and WDLPS (Fig. 1E), potentially 
contributing to an anti‑ferroptosis effect. The expression levels 
of SLC7A11 and SLC3A2 were higher in both types of LPS 
compared with those in adipose tissue. However, the differen‑
tial expression of DPP4 in adipose tissue, WDLPS and DDLPS 
was inconsistent between the two platforms (Fig. 1C, D and F).

DDLPS cell lines show variable sensitivity to ferrop‑
tosis‑inducing agents. The potential lipid peroxidation effects 
of ferroptosis‑inducing agents on two DDLPS cell lines were 
evaluated. Both erastin and RSL3 treatment significantly 
increased lipid peroxidation levels in both cell lines compared 
with those in untreated cells, as demonstrated by flow cytom‑
etry (Figs.  2 and  S1). However, regarding the two statins 
with HMGCR inhibitory activity, only lovastatin exhibited a 
significant effect, inducing an increase in lipid peroxidation 
levels in NDDLS‑1 cells only. The cytotoxic effects of these 
four agents were then assessed in the two cell lines. Erastin 
and RSL3 exerted significant cytotoxic effects on both DDLPS 
cell lines at relatively low doses (Fig. 3A and B). Lovastatin 
and simvastatin also showed significant, although less potent, 
efficacy against the two DDLPS cell lines (Fig. 3C and D). 
In addition, erastin (Figs. 3E and G, S2A and C) and RSL3 
(Figs. 3F and H, S2B and D) induced apoptosis in both DDLPS 
cell lines. On the basis of these results, only erastin and RSL3 
were used in subsequent experiments.

Erastin and RSL3 exert cytotoxic effects primarily through 
ferroptosis. Further analysis was performed to determine 
whether ferroptosis is the primary mechanism underlying 
the cytotoxic effects of erastin and RSL3. The ferroptosis 
inhibitor Fer‑1 partially diminished the lipid peroxidation 

induced by erastin or RSL3 in the LPS853 and NDDLS‑1 cell 
lines (Figs. 4A‑D and S3). Furthermore, CCK‑8 assay results 
revealed that Fer‑1 attenuated the cytotoxic effects of both 
erastin and RSL3 in both DDLPS cell lines (Fig. 4E‑H). These 
results indicate that both erastin and RSL3 exert their cyto‑
toxic effects at least in part via the induction of ferroptosis.

Treatment sequence is crucial for the synergy of nutlin‑3 with 
erastin but not RSL3 in ferroptosis induction and cytotoxicity. 
The potential synergistic effects of combining nutlin‑3 with 
erastin or RSL3 were evaluated. First, their effects on lipid 
peroxidation were tested. Co‑treatment with nutlin‑3 and 
erastin (Figs. 5A and C, S4A and C) did not significantly 
alter the extent of lipid peroxidation compared with that 
induced by erastin alone in either DDLPS cell line. However, 
pre‑treatment with nutlin‑3 for 24 h significantly increased the 
lipid peroxidation‑inducing effects of erastin in both DDLPS 
cell lines (Figs. 5B and D, S4B and D). By contrast, whether 
nutlin‑3 and RSL3 were co‑administered or applied sequen‑
tially did not clearly impact the lipid peroxidation‑inducing 
effects in either DDLPS cell line (Figs. 5E‑H and S4E‑H).

The synergistic cytotoxic effects of nutlin‑3 combined 
with erastin or RSL3 were evaluated using the CCK‑8 assay. 
Co‑treatment with nutlin‑3 and erastin did not exhibit a 
significant synergy in cytotoxicity (Fig. 6A and C). However, 
a 24‑h pre‑treatment with nutlin‑3 followed by treatment with 
erastin synergistically induced cytotoxicity in both DDLPS cell 
lines (Fig. 6B and D). For nutlin‑3 combined with RSL3, the 
treatment sequence affected the synergy of the cytotoxicity in 
LPS853 cells (Fig. 6E and F) but not in NDDSL‑1 cells (Fig. 6G 
and H). Similarly, in the apoptosis assay, the apoptosis‑inducing 
effects of nutlin‑3 and erastin varied according to the treatment 
sequence (Figs. 7A‑D, S5A and B, S6A and B), whereas those of 
nutlin‑3 and RSL3 did not (Figs. 7E‑H, S5C and D, S6C and D). 
These findings indicate that nutlin‑3 pre‑treatment significantly 
enhances the ferroptosis‑inducing and cytotoxic effects of 
erastin but not those of RSL3.

Nutlin‑3‑induced upregulation of SLC3A2 and cystine uptake in 
DDLPS cell lines is suppressed by erastin. As shown in Fig. 8A 
and D, nutlin‑3 treatment increased the expression of MDM2 
and TP53. This is consistent with previous studies which have 
shown that nutlin‑3 disrupts the interaction between MDM2 
and TP53, prevents their ubiquitination and leads to increased 
expression of both proteins (38‑40). Nutlin‑3 treatment also 
increased the expression of SLC3A2 (Fig. 8B and E), while its 
effects on SLC7A11 and GPX4 expression were inconsistent 
between the two cell lines. In the cystine uptake assay, nutlin‑3 
treatment significantly increased the uptake of a selenocystine 
fluorescent probe, and this effect was significantly suppressed 
by erastin (Fig. 8C and F). This suggests that nutlin‑3 treat‑
ment increased the expression of SLC3A2 in DDLPS, leading 
to enhanced cystine uptake and greater sensitivity to erastin. 
This may explain why nutlin‑3 pre‑treatment synergistically 
promoted the cytotoxic effects of erastin but not those of RSL3.

Nutlin‑3‑induced SLC3A2 upregulation is abolished by TP53 
KD. The mechanism by which nutlin‑3 induces SLC3A2 
upregulation was investigated. Given the role of TP53 in the 
regulation of SLC3A2 expression, TP53 KD experiments 

Figure 2. Effect of various treatments on lipid peroxidation levels in dediffer‑
entiated liposarcoma cell lines. Effect on lipid peroxidation levels of treatment 
with erastin or RSL3 in (A) LPS858 and (B) NDDLS‑1 cells or treatment 
with lovastatin or simvastatin in (C) LPS858 and (D) NDDLS‑1 cells, deter‑
mined by flow cytometry. Results are presented as the mean ± standard error 
of the mean from three independent experiments. *P<0.05 and ***P<0.001 as 
indicated. RSL3, Ras‑selective lethal small molecule 3; NS, not significant.

https://www.spandidos-publications.com/10.3892/ol.2025.15015
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were performed. As shown in Fig. 9, the nutlin‑3‑induced 
SLC3A2 upregulation previously observed in the untrans‑
fected DDLPS cell lines was abolished by TP53 KD. This 
result highlights the critical role of TP53 in nutlin‑3‑induced 
SLC3A2 upregulation.

Combination of nutlin‑3 with erastin or RSL3 suppresses 
the mTOR pathway. Notably, the present study found that 
the combination of nutlin‑3 with either erastin or RSL3 can 
increase apoptosis. The mTOR pathway has been reported 

to play a role in the regulation of ferroptosis  (41‑43). In 
addition, inhibition of mTOR pathway is known to induce 
apoptosis  (44‑46). Therefore, the involvement of this 
pathway was assessed via the evaluation of the mTOR 
downstream effectors eukaryotic translation initiation factor 
4E binding protein 1 (4EBP1) and p70 ribosomal protein 
S6 kinase (p70S6) in DDLPS cells using western blotting. 
As shown in Fig. 10, the combination of nutlin‑3 with 
erastin or RSL3 suppressed the absolute p‑4EBP1 levels 
in NDDLS‑1 cells and p‑p70S6 levels in both cell lines. 

Figure 3. Effect of various treatments on the cell viability and apoptosis of two dedifferentiated liposarcoma cell lines. Cell viability was measured by Cell 
Counting Kit‑8 assay after treatment with (A) erastin, (B) RSL3, (C) simvastatin or (D) lovastatin. Apoptosis was assessed through annexin V and PI staining 
following treatment with (E) erastin or (F) RSL3 in LPS853 cells and (G) erastin or (H) RSL3 in NDDLS‑1 cells. Results are presented as the mean ± standard 
error of the mean from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control (0 µM).

Figure 4. Effect of Fer‑1 on the lipid peroxidation and viability of dedifferentiated liposarcoma cell lines treated with erastin or RSL3. Lipid peroxidation 
levels, determined by flow cytometry, in LPS853 cells treated with (A) erastin or (B) RSL3 or in NDDLS‑1 cells treated with (C) erastin or (D) RSL3, with or 
without Fer‑1. Cell viability, measured by Cell Counting Kit‑8 assay in LPS853 cells after treatment with (E) erastin or (F) RSL3 or in NDDLS‑1 cells treated 
with (G) erastin or (H) RSL3, with or without Fer‑1. Results are presented as the mean ± standard error of the mean from three independent experiments. 
*P<0.05, **P<0.01 and ***P<0.001 vs. single agent erastin or RSL3. Fer‑1, ferrostatin 1.
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However, these treatment combinations had no significant 
effect on the p‑4EBP1/4EBP1 and p‑p70S6/p70S6 ratios. 
This suppression of the mTOR pathway may contribute to 
the apoptosis‑inducing effects observed with these combina‑
tions, but more studies are needed for clarity.

Discussion 

In the present study, bioinformatics analysis identified that 
several ferroptosis‑related genes are differentially expressed in 
DDLPS. Additionally, in vitro experiments demonstrated that 

Figure 5. Effect of nutlin‑3 co‑ or pre‑treatment with erastin or RSL3 on lipid peroxidation in dedifferentiated liposarcoma cell lines, as determined by 
flow cytometry. Lipid peroxidation induced by nutlin‑3 and erastin (A) as a co‑treatment or (B) sequentially in LPS853 cells, and (C) as a co‑treatment or 
(D) sequentially in NDDLS‑1 cells. Lipid peroxidation induced by nutlin‑3 and RSL3 (E) as a co‑treatment or (F) sequentially in LPS853 cells, and (G) as a 
co‑treatment or (H) sequentially in NDDLS‑1 cells. In the sequential treatment, the arrow indicates that the cells were exposed to nutlin‑3 for 24 h prior to 
treatment with erastin. Results are presented as the mean ± standard error of the mean from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 
as indicated. NS, not significant.

Figure 6. Effect of nutlin‑3 co‑ or pre‑treatment with erastin or RSL3 on the viability of dedifferentiated liposarcoma cell lines, measured by Cell Counting 
Kit‑8 assay. Viability of LPS853 cells treated with nutlin‑3 and erastin (A) as a co‑treatment or (B) sequentially, and of NDDLS‑1 cells treated with these agents 
(C) as a co‑treatment or (D) sequentially. Viability of LPS853 cells treated with nutlin‑3 and RSL3 (E) as a co‑treatment or (F) sequentially, and NDDLS‑1 
cells treated with these agents (G) as a co‑treatment or (H) sequentially. In the sequential treatment, the arrow indicates that the cells were exposed to nutlin‑3 
prior to treatment with erastin. Results are presented as the mean ± standard error of the mean from three independent experiments. *Combination index <1.

https://www.spandidos-publications.com/10.3892/ol.2025.15015
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two DDLPS cell lines were sensitive to ferroptosis‑inducing 
agents, particularly erastin and RSL3. Furthermore, treatment 

of the cells with nutlin‑3, an MDM2 inhibitor, followed 
by erastin, resulted in increased ferroptosis‑inducing and 

Figure 7. Effect of nutlin‑3 co‑ or pre‑treatment with erastin or RSL3 on the apoptosis of dedifferentiated liposarcoma cell lines, measured by annexin V and 
PI staining. Apoptosis of LPS853 cells treated with nutlin‑3 and erastin (A) as a co‑treatment or (B) sequentially, and NDDLS‑1 cells treated with these agents 
(C) as a co‑treatment or (D) sequentially. Apoptosis of LPS853 cells treated with nutlin‑3 and RSL3 (E) as a co‑treatment or (F) sequentially, and of NDDLS‑1 
cells treated with these agents (G) as a co‑treatment or (H) sequentially. In the sequential treatment, the arrow indicates that the cells were exposed to nutlin‑3 
for 24 h prior to treatment with erastin. Results are presented as the mean ± standard error of the mean from three independent experiments. *P<0.05, **P<0.01 
and ***P<0.001 as indicated. NS, not significant.

Figure 8. Immunoblotting of dedifferentiated liposarcoma cell lines following treatment with either erastin or RSL3 alone or with nutlin‑3 pre‑treatment 
and cystine uptake assay of these cell lines following treatment with either single agent erastin or nutlin‑3 or combination. (A) Representative western blots, 
(B) quantification of SLC3A2 expression and (C) cystine uptake in LPS853 cells. (D) Representative western blots, (E) quantification of SLC3A2 expression 
and (F) cystine uptake in NDDLS‑1 cells. Results are presented as the mean ± standard error of the mean from three independent experiments. *P<0.05, 
**P<0.01 and ***P<0.001 vs. control (0 µM) or as indicated.
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cytotoxic effects. Nutlin‑3 also upregulated the expression 
of SLC3A2 in the DDLPS cell lines, which increased cystine 
uptake, and erastin attenuated these effects. TP53 KD dimin‑
ished the effect of nutlin‑3 on SLC3A2, indicating that TP53 
contributes to SLC3A2 upregulation. Combining nutlin‑3 with 
either of these ferroptosis‑inducing agents reduced the absolute 
p‑4EBP1 levels in NDDLS‑1 cells and p‑p70S6 levels in both 
cell lines, without significantly affecting the p‑4EBP1/4EBP1 
and p‑p70S6/p70S6 ratios. This suggests a potential role of the 
mTOR pathway in the pro‑apoptotic effect of these combina‑
tions, which warrants further investigation.

MDM2 and CDK4 are oncogenes located in the 12q13‑15 
amplified chromosomal regions in both WDLPS and 
DDLPS (47). CDK4 phosphorylates Rb, promoting cell cycle 
progression  (48), while MDM2 suppresses the function of 
TP53 by downregulating its expression, exporting it from 
the nucleus to the cytoplasm, and cooperating with MDM4 
to induce TP53 polyubiquitination and subsequent degrada‑
tion  (20‑24). CDK4/6 inhibitors have shown efficacy in 
hormone receptor‑positive breast cancer (49‑51), and several 
MDM2 inhibitors have been developed, with some advancing 
to clinical trials (52‑58). However, CDK4/6 inhibitors (59,60) 
and MDM2 inhibitors (52‑58) have demonstrated only limited 
activity in WDLPS/DDLPS.

Ferroptosis, a form of necrotic cell death characterized by the 
oxidative modification of phospholipid membranes through an 
iron‑dependent mechanism (9), has been identified as a potential 
mechanism of action for various anticancer treatments across 
multiple cancers (61‑65), including sarcomas (66). MDM2, a key 
oncogene in DDLPS (19), negatively regulates TP53 (20), which 
itself is a critical regulator of ferroptosis (16‑18). Therefore, the 
investigation of ferroptosis regulation in DDLPS may lead to the 
identification of new therapeutic strategies for this deadly disease.

GPX4, SLC7A11 and SLC3A2 are three key regulators of 
ferroptosis resistance. GPX4 dependency has been identified 
as a unique characteristic of therapy‑resistant cancer (67). In 
the present study, the bioinformatics analysis of publicly avail‑
able revealed that the expression level of GPX4 in DDLPS is 
significantly lower compared with that in adipose tissue and 
WDLPS. In vitro experiments revealed that DDLPS cells are 
highly sensitive to RSL3 and erastin, indicating a suscepti‑
bility to ferroptosis. Conversely, SLC7A11 and SLC3A2, two 
components of xCT, were found to be more highly expressed 
in LPS than in benign tissue. The upregulation of SLC7A11 
may be partially due to the downregulation of TP53 by MDM2 
in WDLPS and DDLPS. The mechanism by which TP53 
mediates SLC3A2 expression is complex; previous studies 
have shown that SLC3A2 is upregulated by mutant, but not 
wild‑type, TP53 (68,69). Therefore, further exploration of the 
regulatory mechanisms of ferroptosis in DDLPS is warranted.

Given that MDM2 is a well‑known oncogene in DDLPS, 
the potential synergistic effect of nutlin‑3, a MDM2 inhibitor, 
with erastin and RSL3 was explored. The treatment sequence 
was identified as a critical determinant of the efficacy of 
erastin. Co‑treatment with nutlin‑3 did not markedly affect the 
lipid‑peroxidation‑inducing and cytotoxic effects of erastin. 
However, treatment with nutlin‑3 for 24  h prior to treat‑
ment with erastin significantly augmented the induction of 
lipid‑peroxidation and cytotoxicity of erastin in both DDLPS 
cell lines. This effect of nutlin‑3 was not observed with RSL3. 
These findings suggest that nutlin‑3 may sensitize DDLPS cell 
lines to erastin, potentially by modulating the expression of 
ferroptosis‑related genes underlying its effects.

Immunoblotting revealed that nutlin‑3 upregulated SLC3A2 
expression in both DDLPS cell lines. Subsequently, nutlin‑3 
was shown to increase cystine uptake in an erastin‑suppressible 
manner, which may be attributed to SLC3A2 upregulation. 
Additionally, the nutlin‑3‑induced expression of SLC3A2 was 
abolished by TP53 KD. These findings suggest that nutlin‑3 
treatment induces TP53‑mediated SLC3A2 upregulation, 
leading to increased cystine uptake and erastin sensitivity in 
DDLPS.

Notably, SLC7A11 expression levels remained largely 
unchanged after nutlin‑3 treatment. TP53, a key suppressor of 
SLC7A11, is expected to decrease the levels of SLC7A11 when 
TP53 function is restored (16), as nutlin‑3 dissociates MDM2 
from TP53, thereby preventing the degradation of TP53 by 
ubiquitination (38‑40). However, as MDM2 is also released 
and is known to upregulate SLC7A11 (70,71), the enhancing 
effect of MDM2 on SLC7A11 expression may be counterbal‑
anced by the suppressive effect of restored TP53.

The present study found that treatment with nutlin‑3 prior to 
treatment with erastin or RSL3 increased lipid peroxidation, a 
hallmark of ferroptosis, and apoptosis. Nutlin‑3 alone is known 
to induce apoptosis via cell cycle arrest or the restoration of 
TP53 function (72‑74). mTOR is crucial in different types of 
programmed cell death (75), including apoptosis (44‑46) and 
ferroptosis (41‑43). In the present study, combining nutlin‑3 
with either erastin or RSL3 reduced the absolute levels of 
phosphorylated proteins in the mTOR pathway but not the phos‑
phorylated/total protein ratios, suggesting the potential role of 
the mTOR pathway in the apoptosis induction of these combina‑
tions. Further investigations are needed to confirm this finding.

Figure 9. Immunoblotting of ferroptosis‑related proteins in dedifferentiated 
liposarcoma cell lines following transfection with TP53 siRNA and treatment 
with erastin or RSL3, alone or with nutlin‑3 pre‑treatment. (A) Transfection 
success of TP53 siRNA and (B) the effects of erastin, RSL3 and/or nutlin‑3 
in LPS853 cells with TP53 knockdown. (C) Transfection success of TP53 
siRNA and (D) the effects of erastin, RSL3 and/or nutlin‑3 in NDDLS‑1 cells 
with TP53 knockdown. Results are presented as the mean ± standard error of 
the mean from three independent experiments. ***P<0.001 vs. control. si‑NC, 
transfection with non‑target control siRNA; si‑TP53, transfection with TP53 
siRNA.

https://www.spandidos-publications.com/10.3892/ol.2025.15015
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The present bioinformatics analysis revealed that HMGCR 
expression is upregulated in LPS. However, lovastatin and 
simvastatin, two inhibitors of HMGCR, showed minimal 
effects on lipid peroxidation and only modest cytotoxicity 
against the two DDLPS cell lines, suggesting that the 
HMGCR pathway may not play a major role in the regulation 
of ferroptosis in DDLPS. DPP4 expression was also found to 
be upregulated in LPS, likely due to TP53 downregulation 
in WDLPS and DDLPS (18). DPP4 is an exoprotease that is 
expressed by different cell types and plays a role in plasma 
membrane‑associated lipid peroxidation  (18). However, 
previous studies have shown that its role in cancer is primarily 
restricted to the tumor microenvironment  (76). Therefore, 
these two genes were not pursued further in the present study.

In summary, the present study showed that several ferrop‑
tosis‑related genes are differentially expressed in DDLPS. 
Additionally, in vitro experiments demonstrated that DDLPS 
cell lines are highly sensitive to the lipid peroxidation‑inducing 
and cytotoxic effects of erastin and RSL3. Furthermore, 
pre‑treatment with nutlin‑3 significantly increased the 
efficacy of erastin in DDLPS cell lines, potentially via the 
TP53‑mediated upregulation of SLC3A2, resulting in increased 
cystine uptake and vulnerability to ferroptosis. Suppression of 
the mTOR pathway may contribute to the apoptosis‑inducing 
effects observed with the nutlin‑3‑containing combinations. 
This mechanism may contribute to resistance to MDM2 
inhibitors in DDLPS. These findings provide valuable insights 
into the potential development of novel treatments for DDLPS. 
In future studies, it is planned to examine the combined effect 
of MDM2 inhibitors and ferroptosis‑inducing agents in greater 
detail, and to explore the underlying mechanisms in an in vivo 
model.
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