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ABSTRACT

Objective: Epithelial ovarian cancer (EOC) is the most common and lethal type of ovarian cancer, and the
cross-talk between tumor cell ferroptosis and macrophages is essential to cancer progression. This study aims to
investigate the roles of ubiquitin-specific protease 7 (USP7) and acyl-CoA synthetase long-chain family member
4 (ACSL4) in the pathogenesis of EOC.

Material and Methods: The expression patterns of USP7 and ACSL4 in EOC cell lines were first determined by
quantitative reverse transcription polymerase chain reaction (QRT-PCR) and Western blot. ACSL4 recombinant
protein was applied alone or in conjunction with a USP7 overexpression plasmid in EOC cells, and the effects
of USP7 and ACSL4 on EOC cell proliferation and apoptosis were assessed using colony formation assays and
terminal deoxynucleotidyl transferase deoxyuridine triphosphate (dUTP) nick end labeling staining. The effects
of USP7 and ACSL4 on ferroptosis in EOC cells were evaluated by measuring reactive oxygen species (ROS)
fluorescence intensity, malondialdehyde (MDA), glutathione (GSH) levels, and glutathione peroxidase 4 (GPX4)
messenger RNA (mRNA) levels. Co-culture of EOC cell-conditioned medium treated with ACSL4 recombinant
protein or USP7 overexpression plasmid was performed with Human Acute Monocytic Leukemia Cell Line
(THP-1) macrophages, and the expression levels of cluster of differentiation 86 and cluster of differentiation
206 were analyzed by flow cytometry. The expression levels of M1 polarization markers and M2 markers in
macrophages were measured by qRT-PCR.

Results: ACSL4 was expressed at low levels in the EOC cell lines, whereas USP7 was expressed at high levels.
Treatment with ACSL4 recombinant protein reduced colony formation and increased apoptotic cell levels in
the EOC cells (P < 0.001). In addition, ACSL4 treatment increased ROS fluorescence intensity and MDA levels
while decreasing GSH levels and GPX4 expression (P < 0.001). Furthermore, ACSL4 treatment promoted the
polarization of THP-1 macrophages toward M1, increasing the expression of M1 markers (P < 0.001). USP7
overexpression exerted the opposite effect (P < 0.001).

Conclusion: This study reveals the critical role of USP7 in the progression of EOC. ACSL4 inhibits EOC
growth and anti-apoptosis by inhibiting USP7-induced antiferroptosis and anti-M1 macrophage polarization,
highlighting this mechanism as a potential therapeutic target in EOC.

Keywords: Acyl-CoA synthetase long-chain family member 4, Epithelial ovarian cancer, Ferroptosis, Macrophage,
Ubiquitin-specific protease 7

This is an open-access article distributed under the terms of the Creative Commons Attribution-Non Commercial-
Share Alike 4.0 License, which allows others to remix, transform, and build upon the work non-commercially, as
long as the author is credited and the new creations are licensed under the identical terms. © 2025 The Author(s).

Published by Scientific Scholar.

CytoJournal « 2025« 22(28) | 1


https://dx.doi.org/10.25259/Cytojournal_241_2024

Qj, et al.: USP7 promote EOC progression

INTRODUCTION

Epithelial ovarian cancer (EOC) is one of the deadliest
gynecological malignancies worldwide, and its high mortality
rate is primarily due to late-stage diagnosis, treatment
resistance, and complex tumor microenvironment.!"?
Understanding of the molecular mechanisms underlying
EOC has progressed, and the roles of iron-dependent
cell death (ferroptosis) and immune regulation in tumor
progression represent emerging subjects of interest that
can pave the way for novel therapeutic strategies.”! A
key regulator of ferroptosis, acyl-CoA synthetase long-
chain family member 4 (ACSL4), is an enzyme that plays a
crucial role in the synthesis of polyunsaturated fatty acids
(PUFAs), which are particularly susceptible to peroxidation
reactions.”®! ACSL4 promotes ferroptosis in various cancers
by enhancing lipid peroxidation and oxidative stress,
positioning it as a pivotal player in the non-apoptotic cell
death pathway.[!

Although ferroptosis has been extensively studied in various
types of cancer, such as breast and liver cancer, its role
in EOC has not been thoroughly explored. In addition,
the relationship between ferroptosis and tumor immune
microenvironment, particularly the polarization of tumor-
associated macrophages (TAMs), is receiving increasing
attention."™'” TAMs primarily exhibit two phenotypes:
M1 macrophages, which possess pro-inflammatory
and antitumor properties, and M2 macrophages, which
support tumor growth and metastasis.'! The interplay
between ferroptosis and macrophage polarization remains
poorly understood, especially in EOC, where the immune
microenvironment plays a critical role in tumor progression.

Meanwhile, ubiquitin-specific protease 7 (USP7) has
garnered significant attention as a key regulator of cellular
processes in cancer due to its roles in deoxyribonucleic acid
(DNA) repair, apoptosis, and immune evasion.!"*!*! USP7
stabilizes critical oncogenic proteins, such as p53 and murine
double minute 2 (MDM2), through its deubiquitinating
activity, thereby promoting tumor progression.''®'” However,
the potential interplay between USP7 and ACSL4 in the
regulation of ferroptosis and macrophage polarization
has yet to be explored. Given the crucial role of ACSL4 in
ferroptosis and the importance of USP7 in tumor immunity
and survival, their interaction may represent a novel axis in
the pathogenesis of EOC.

This study aims to investigate how USP7 influences ACSL4-
mediated ferroptosis and the immune microenvironment,
particularly focusing on the polarization of TAMs in EOC.
We hypothesize that USP7 may promote the progression
of EOC by counteracting the ferroptosis-inducing and M1
macrophage-polarizing effects of ACSL4. By revealing the
molecular mechanisms underlying this interaction, we hope
to identify novel therapeutic targets for the management of
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EOC and provide fresh insights into the role of ferroptosis
and immune regulation in cancer treatment.

MATERIAL AND METHODS
Cell culture

The EOC cell line SKOV-3 (HTB-77) was purchased
from the American Type Culture Collection (ATCC)
(Manassas, Maryland, USA). The ovarian epithelial cells
IOSE-80 (iCell-h112) and human monocytic leukemia
cells THP-1 (iCell-h213) were purchased from Cellverse
Co., Ltd. (Shanghai, China). All cells were cultured in their
respective specialized media. THP-1 cells were stimulated
with 150 nM phorbol-12-myristate-13-acetate (HY-18739,
MedChemExpress, Monmouth Junction, New Jersey,
USA) for 24 h to induce differentiation into macrophages.
Subsequently, the conditioned medium (CM) from
SKOV-3 cells was added to the THP-1-derived macrophages.
The cells used in this study were verified through STR analysis
and were confirmed to be free of mycoplasma contamination.

Cell treatment

SKOV-3 cells were treated with 10 uM ACSL4 recombinant
protein (R10442h, EIAab, Wuhan, China) for 24 h. According to
the manufacturer’s instructions, the USP7 overexpression plasmid
or negative control plasmid was transfected into SKOV-3 cells
with a Lipofectamine 3000 reagent (L3000001, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and designated as
the Ov-USP7 and Ov-NC groups, respectively. SKOV-3 cells
transfected with Ov-USP7 were exposed to ACSL4 recombinant
protein (10 uM) and referred to as the Ov-USP7+ACSL4 group.
The CM from SKOV-3 cells treated with Ov-USP7 and Ov-
USP7+ACSL4 was added to the THP-1-derived macrophages.

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

First, total RNA was extracted from the cells with an RNA
extraction kit (R0017S, Beyotime, Shanghai, China), and its
purity and concentration were measured using NanoDrop
(2000, Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Genomic DNA contamination was prevented by
treating the extracted RNA with DNase I (18047019,
Invitrogen, Carlsbad, California, USA), and then, reverse
transcription reagents (D7168S, Beyotime, Shanghai, China)
were used for synthesizing ¢cDNA from RNA. Reverse
transcription reaction is typically carried out at 42°C for
30 min, followed by termination at 85°C. Next, the qRT-PCR
reaction system was prepared, including the cDNA template,
forward and reverse primers for the target gene, SYBR Green
reagent, buffer, and Taqg DNA polymerase (D7207, Beyotime,
Shanghai, China). The reaction program was set at 95°C for
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5 min for initial denaturation, followed by 40 cycles of 95°C
denaturation, 55°C annealing, and 72°C extension. After each
extension step, fluorescence signals were detected. Finally,
melt curve analysis was performed to confirm the specificity
of the product. Data analysis was based on cycle threshold
(CT) values for relative quantification. The 24T method was
used in calculating the relative expression of each gene, and
B-actin served as the reference gene for normalizing target
gene expression. Primer sequences are shown in Table 1.

Western blot

First, the protein was extracted from the cells with
radioimmunoprecipitation assay (RIPA) buffer (P0013C,
Beyotime, Shanghai, China), and protein concentration
was measured using the bicinchoninic acid assay method
(P0009, Beyotime, Shanghai, China). Next, the proteins were
separated through sodium dodecyl sulfate polyacrylamide gel
electrophoresis. Denatured protein samples were loaded onto
polyacrylamide gels, and proteins were separated according
to molecular weight through electrophoresis. Then, the
separated proteins were transferred to a polyvinylidene
fluoride membrane (FFP19, Beyotime, Shanghai, China),
which was then blocked with 5% bovine serum albumin
(P0007, Beyotime, Shanghai, China) before the transfer.
Next, specific primary antibodies (ACSL4 (1:1000, ab205199,
Abcam, Cambridge, UK) and P-actin (1:1000, ab8226,

Table 1: Primer sequences.

Prime name Prime sequences (5'-3')

ACSL4-F CTTTTTGCGAGCTTTCCGAGTG
ACSL4-R GAAGCCGACAATAAAGTACGCAA
GPX4-F TCACCAAGTTTGGACACCGT
GPX4-R ATAGTGGGGCAGGTCCTTCT
iNOS-F CACTGCCCGGGAAATGTTTG
iNOS-R ATGGTGACTCTGACTCGGGA
TNF-o-F CACAGTGAAGTGCTGGCAAC
TNF-a-R ACATTGGGTCCCCCAGGATA
Arg-1-F ACTTAAAGAACAAGAGTGTGATGTG
Arg-1-R GTCCACGTCTCTCAAGCCAA
IL-10-F TGCAAAAGAAGGCATGCACAG
IL-10-R TAGAGTCGCCACCCTGATGT
USP7-F ATGCAGAGATGGCTGGGAAC
USP7-R CTCAGGGCCACATTCCCATT
B-Actin-F ACACTGTGCCCATCTACG
B-Actin-R TGTCACGCACGATTTCC

ACSL4: Acyl-CoA synthetase long-chain family member 4,
GPX4: Glutathione peroxidase 4, INOS: Inducible nitric oxide synthase,
TNF-o:: Tumor necrosis factor-a, Arg-1: Arginase-1,

IL-10: Interleukin-10, USP-7: Ubiquitin-specific protease 7,

A: Adenine, C: Cytosine, G: Guanine, T: Thymine.

Abcam, Cambridge, UK) were added, and the membrane
was incubated overnight at 4°C. After the membrane was
washed with tris-buffered saline with tween 20 (TBST)
buffer (ST671, Beyotime, Shanghai, China), HRP-conjugated
secondary antibodies (1:1000, ab6721, Abcam, Cambridge,
UK) were added and incubated at room temperature for 1 h.
After another wash, the protein bands were detected using
an enhanced chemiluminescent reagent (ECL) (P0018S,
Beyotime, Shanghai, China) on a gel imaging system
(ChemiDoc MP, Bio-Rad Laboratories, Hercules, California,
USA). Finally, the intensities of the protein bands were
quantitatively analyzed using Image] software (version 1.5f,
National Institutes of Health, Bethesda, Maryland, USA).

Spectrophotometric method

A malondialdehyde (MDA) assay kit was obtained, and cell
samples were diluted before they were transferred to reaction
tubes. After thiobarbituric acid reagent was added, the
mixture was thoroughly mixed, heated in a 100°C water bath
for 30 min, and allowed to cool to room temperature. After
centrifugation or removal of any precipitate, absorbance
was measured at 532 nm. A standard curve was used in
determining MDA concentration.

A glutathione (GSH) assay kit was used for GSH detection.
Samples were diluted and placed in designated wells, and
5,5'-dithiobis(2-nitrobenzoic acid) reagent was added.
The cells were incubated at room temperature for 30 min,
absorbance was measured at 412 nm, and GSH concentration
was calculated using a standard curve.

MDA (S0131M) and GSH (S0057S) assay kits were purchased
from Beyotime (Shanghai, China). A Cary 60 ultraviolet-
vis spectrophotometer (Agilent Technologies, Santa Clara,
California, USA) was used.

Colony formation assay

First, SKOV-3 cells were cultured in an appropriate medium
until they reached the logarithmic growth phase, counted,
and adjusted to 1 x 10° cells/mL. Next, a certain number of
cells (1000 cells) were evenly plated in culture dishes and
incubated in an incubator (Heracell Vios 160i, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) with 5% CO, at
37°C for 1 week until visible colonies formed. Subsequently,
the cells were fixed with 4% formaldehyde for 10 min. The
fixed cells were washed with phosphate-buffered saline (PBS)
to remove the fixative and stained with crystal violet solution
(G1062, Solarbio, Beijing, China) for 30 min. Unbound dye
was removed by gently washing the cells. Finally, colonies
formed in each well were observed and counted using an
inverted microscope (IX73, Olympus Corporation, Tokyo,
Japan).
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Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining

First, cells were cultured in a dish until they reached an
appropriate density and then washed with PBS to remove
the culture medium. Next, 4% paraformaldehyde (P0099,
Beyotime, Shanghai, China) was used to fix the cells at room
temperature for 20 min, and then the cells were washed with
PBS 3 times. The cells were then permeabilized on ice with
0.1% Triton X-100 (P0096, Beyotime, Shanghai, China) for
10 min and again washed 3 times with PBS. Subsequently,
the TUNEL reaction mixture was prepared according to the
instructions of the kit (C1086, Beyotime, Shanghai, China).
The mixture included terminal deoxynucleotidyl transferase
and labeled dUTP. The reaction mixture was added to the
cells and incubated at 37°C for 1 h in the dark. Afterward,
the unbound reaction mixture was removed by gently
washing the cells 3 times with PBS. After 4',6-diamidino-2-
phenylindole (DAPI; C1002, Beyotime, Shanghai, China)
nuclear stain was added, and the cells were incubated for
10 min. Finally, the cells were observed using a fluorescence
microscope (BX53, Olympus, Tokyo, Japan), and TUNEL-
positive cells were recorded.

Reactive oxygen species (ROS) fluorescence staining

First, cells were cultured in a dish until they reached
an appropriate density, and then the culture medium
was removed through washing with PBS. Next, a
2',7'-dichlorodihydrofluorescein diacetate probe solution
was prepared according to the instructions of the kit (S0035S,
Beyotime, Shanghai, China). The diluted ROS probe was then
added to a cell culture medium. The cells were completely
immersed in the staining solution and incubated at 37°C
for 30 min. After incubation, the cells were gently washed
3 times with PBS for the removal of unbound probes. Next,
DAPI (C1002, Beyotime, Shanghai, China) nuclear stain was
added, and the cells were incubated for 10-15 min to stain
the cell nuclei and then washed with PBS for the removal
of unbound dye. Finally, the cells were observed using a
fluorescence microscope (BX53, Beyotime, Shanghai, China),
fluorescence intensity and ROS distribution were recorded,
and nuclear staining was assessed.

Flow cytometry

First, cells were cultured in a dish until they reached an
appropriate density, collected, and washed with PBS for the
removal of the culture medium. Next, cell concentration
was determined using a cell counting chamber and was set
at 1 x 10° cellsymL. Then, primary antibodies against PE
anti-cluster of differentiation 86 (CD86) antibody (1:1000,
ab77226, Abcam, Cambridge, UK) and APC anti-cluster
of differentiation 206 CD206 (1:1000, 321109, Biolegend,
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San Diego, California, USA) were diluted according to the
instructions and added to the cell suspension. The resulting
suspension was gently mixed and incubated at 4°C in the
dark for 30 min. After incubation, the cells were gently
washed 3 times with PBS to remove unbound antibodies.
A fluorescently labeled secondary antibody (1:1000, ab6717,
Abcam, Cambridge, UK) was added and incubated according
to the instructions. When needed, the cells were fixed with
4% paraformaldehyde and washed with PBS afterward.
Finally, the stained cells were resuspended in PBS, and the
cell concentration was adjusted to 1 x 10° cells/mL, which
was suitable for analysis through flow cytometry (BD
LSRFortessa, BD Biosciences, Lake Franklin, New Jersey,
USA). The samples were analyzed, and the fluorescence
signals of CD86 and CD206 were recorded.

Statistical analysis

Data analysis was conducted using GraphPad Prism software
(version 9.0, GraphPad Software, Inc., San Diego, California,
USA), and the results were expressed as mean * standard
deviation. A t-test was utilized for comparisons between two
groups, whereas a one-way analysis of variance was employed
for multiple-group comparisons, followed by Tukey’s post hoc
test. P < 0.05 was deemed statistically significant.

RESULTS

ACSL4 inhibited EOC cell proliferation and induced
ferroptosis

First, we assessed the expression of ACSL4 in ovarian
epithelial cells (IOSE-80) and EOC cells (SKOV-3)
through qRT-PCR and Western blot analysis. The results
in Figure la-c indicate that the mRNA and protein levels
of ACSL4 in IOSE-80 cells were significantly higher than
those in SKOV-3 cells (P < 0.001). To further clarify the role
of ferroptosis in the pathogenesis of EOC, we stimulated
SKOV-3 cells with ACSL4 recombinant protein. The colony
formation assay results showed that ACSL4 treatment
significantly reduced the number of colonies formed
by SKOV-3 cells (P < 0.001) [Figure 1d and e]. TUNEL
staining results indicated that ACSL4 treatment significantly
increased the number of apoptotic SKOV-3 cells (P < 0.001)
[Figure 1f and g].

In addition, ROS fluorescence staining demonstrated
a significant increase in ROS fluorescence intensity
in SKOV-3 cells treated with ACSL4 (P < 0.001)
[Figure 2a and b]. Compared with the control group, ACSL4
treatment elevated the levels of MDA while decreasing the
levels of GSH and glutathione peroxidase 4 (GPX4) in the
EOC cells (P < 0.001) [Figure 2c-e]. These results suggested
that ACSL4 recombinant protein induces ferroptosis in EOC
cells.
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Figure 1: ACSL4 inhibits EOC cell proliferation. (a-c) mRNA and protein levels of ACSL4 in ovarian epithelial cells (IOSE-80) and EOC cells
(SKOV-3) were detected by qRT-PCR and Western blot. (d and e) The assessed effect of ACSL4 recombinant protein on colony formation
in SKOV-3 cells. (f and g) The effect of ACSL4 recombinant protein on apoptosis in SKOV-3 cells was measured by TUNEL staining.
Magnification 200x. n = 6. ***P < 0.001. ACSL4: Acyl-CoA synthetase long-chain family member 4, TUNEL: Terminal deoxynucleotidyl
transferase dUTP nick end labeling, DAPI: 4',6-diamidino-2-phenylindole, qRT-PCR: quantitative reverse transcription polymerase chain
reaction, EOC: Epithelial ovarian cancer.
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Figure 2: ACSL4 induces ferroptosis in EOC Cells. (a and b) Assessment of the effect of ACSL4 on ROS levels in SKOV-3 cells by ROS staining.
Magnification 200%. (c and d) Measurement of MDA and GSH levels in SKOV-3 cells following ACSL4 treatment by spectrophotometric
method. (e) Detection of the effect of ACSL4 on the mRNA expression level of GPX4 in SKOV-3 cells according to qRT-PCR. n = 6. ***P <
0.001. ROS: Reactive oxygen species, MDA: Malondialdehyde, GSH: Glutathione, GPX4: Glutathione peroxidase 4, QRT-PCR: quantitative
reverse transcription polymerase chain reaction, EOC: Epithelial ovarian cancer.

ACSL4 promoted the M1 polarization of macrophages

We further investigated the effect of ACSL4 recombinant
protein on macrophage polarization. SKOV-3 cells
treated with ACSL4 were co-cultured with THP-1 cells.
A change in CD86/CD206 ratio served as an indicator of
the transition between the M1 and M2 macrophages. The
results in Figures 3a and b show that the CD86/CD206 ratio
was significantly higher in the THP-1/EOC (ACSL4)-CM
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group than in the THP-1/EOC-CM group (P < 0.001). The
mRNA levels of the M1 markers inducible nitric oxide
synthase (iNOS) and tumor necrosis factor-ot (TNF-o) in
the THP-1/EOC (ACSL4)-CM group were significantly
elevated relative to those in the THP-1/EOC-CM group
(P < 0.001) [Figure 3c and d]. By contrast, the mRNA
expression levels of the M2 markers arginase-1 (Arg-1)
and interleukin-10 (IL-10) were significantly reduced in
the THP-1/EOC(ACSL4)-CM group compared with the
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Figure 3: ACSL4 promotes the M1 polarization of macrophages. (a) THP-1 macrophages were treated with conditioned media from differently
treated SKOV-3 cells, and the expression levels of CD86 and CD206 were measured by flow cytometry. (b) CD86/CD206 ratio. (c-f) THP-1
macrophages were treated with conditioned media from differently treated SKOV-3 cells, and the mRNA levels of iNOS, TNF-a, Arg-1, and IL-
10 were measured by qRT-PCR. n = 6. ***P < 0.001. EOC: Epithelial ovarian cancer, THP-1/EOC-CM: THP-1 cells treated with EOC cell culture
medium, THP-1/EOC (ACSL4)-CM: THP-1 cells treated with EOC cell culture medium pretreated with ACSL4, CD86: Cluster of differentiation
86, CD206: Cluster of differentiation 206, iNOS: Inducible nitric oxide synthase, TNF-a: Tumor necrosis factor-a, Arg-1: Arginase-1, IL-10:
Interleukin-10, qRT-PCR: quantitative reverse transcription polymerase chain reaction, EOC: Epithelial ovarian cancer.

THP-1/EOC-CM group (P < 0.001) [Figure 3e-f]. These = process of EOC by promoting the M1 polarization of
results suggested that ACSL4 regulates the pathological = macrophages.
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ACSL4 counteracts the proliferation and ferroptosis
resistance induced by USP7 overexpression in EOC cells

To further investigate whether USP7 mediates the regulation
of ferroptosis in EOC by ACSL4, we measured the mRNA
levels of USP7 in IOSE-80 and SKOV-3 cells through
qRT-PCR. The results in Figure 4a show that the mRNA level
of USP7 was significantly higher in the SKOV-3 cells than in
the IOSE-80 cells (P < 0.001). We transfected SKOV-3 cells
with a USP7 overexpression vector and treated them with
ACSL4 recombinant protein. Figure 4b indicates that the
mRNA level of USP7 was significantly elevated in the Ov-
USP7 group compared with the Ov-NC group (P < 0.001),
whereas the mRNA level in the Ov-USP7+ACSL4 group
was significantly lower than that in the Ov-USP7 group
(P < 0.001). In addition, Figure 4c demonstrates that USP7
overexpression significantly decreased the mRNA expression
level of ACSL4 in SKOV-3 cells (P < 0.001), and the addition
of ACSL4 recombinant protein markedly increased the
mRNA level of ACSL4 (P < 0.001).

The colony formation assay results [Figure 4d and e]
showed that USP7 overexpression significantly increased
the number of colonies formed by SKOV-3 cells (P < 0.001).
By contrast, the Ov-USP7+ACSL4 group displayed a
significant reduction in colony formation compared with
the Ov-USP7 group (P < 0.001). TUNEL staining results
[Figure 4f and g] revealed that USP7 treatment significantly
reduced the number of apoptotic SKOV-3 cells compared to
the Ov-NC group (P < 0.001), while the addition of ACSL4
markedly increased the number of apoptotic cells (P < 0.001).

ROS fluorescence staining showed that the fluorescence
intensity of ROS in SKOV-3 cells treated with Ov-USP7
was significantly lower than that in the Ov-NC group, and
the addition of ACSL4 significantly increased the ROS
fluorescence intensity compared to the Ov-USP7 group
(P <0.001) [Figure 5a and b]. Moreover, compared to the NC
group, Ov-USP7 decreased the level of MDA (P < 0.001) and
increased the levels of GSH and GPX4 expression (P < 0.001),
while the addition of ACSL4 recombinant protein reversed
this trend [Figure 5c-e]. ACSL4 increased the levels of MDA
(P < 0.001) and decreased the expression levels of GSH and
GPX4 (P < 0.001) [Figure 5c-e]. These results suggested that
ACSL4 can reverse proliferation and ferroptosis resistance
induced by USP7 overexpression in EOC cells.

ACSLA4 reverses USP7-induced resistance to M1
macrophage polarization

We investigated whether ACSL4 mediates USP7-induced
resistance M1 polarization in macrophages. The results in
Figures 6a and b show that compared with the THP-1/EOC
(Ov-NC)-CM  group, the THP-1/EOC (Ov-USP7)-CM
group exhibited a significant reduction in CD86/CD206 ratio
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(P < 0.001). Conversely, the addition of ACSL4 significantly
increased the CD86/CD206 ratio in the THP-1/EOC (Ov-
USP7)-CM group (P < 0.001). Furthermore, the results in
Figures 6c-f indicate that compared with the THP-1/EOC
(Ov-NC)-CM  group, the THP-1/EOC (Ov-USP7)-CM
group showed significantly lower mRNA levels of iNOS and
TNF-0, whereas the mRNA levels of Arg-1 and IL-10 were
significantly elevated (P < 0.001). The addition of ACSL4
reversed the effects of Ov-USP7 on iNOS, TNF-a, Arg-1,
and IL-10 levels (P < 0.001) [Figure 6c-f]. These results
suggested that ACSL4 reverses USP7-induced resistance
M1 polarization in macrophages, thereby promoting M2
polarization.

DISCUSSION

In this study, we revealed the role of ACSL4 in EOC, exploring
its functions in ferroptosis and macrophage polarization. We
then identified the critical role of USP7 in the regulation
of these processes, especially its role in reversing ACSL4-
induced ferroptosis and M1 macrophage polarization. These
findings not only deepen our understanding of the functional
mechanisms underlying EOC progression but also provide
potential research directions for future targeted therapies.

Our study demonstrated that ACSL4 can significantly induce
ferroptosis in EOC, and the mechanism is consistent with
ACSL4’s role in other types of cancer. Previous research has
shown that ACSL4 promotes the esterification of PUFAs,
leading to lipid peroxidation and subsequently inducing
ferroptosis in various cancer types, including glioma and
pancreatic cancer."®! Our experimental results showed that
treatment with ACSL4 significantly increased ROS and MDA
levels while decreasing GSH and GPX4 levels, indicating
that ACSL4 promotes lipid peroxidation and ferroptosis by
regulating antioxidant mechanisms.

However, the expression level of ACSL4 in normal epithelial
cells (IOSE-80) was significantly higher than that in cancer
cells (SKOV-3). This finding is consistent with reports
showing that ACSL4 is highly expressed in colorectal
cancer,® indicating that ACSL4 plays an important
physiological role in the normal functions of ovarian
epithelial cells. Future research can further explore the
distinct regulatory functions of ACSL4 in normal versus
cancer cells to better understand its role in cancer.

We also found that ACSL4 not only directly suppresses
tumor progression by inducing ferroptosis in EOC cells but
also further affects the tumor immune microenvironment
by regulating macrophage polarization. M1 macrophage
polarization exerts antitumor effects, whereas M2
polarization promotes tumor growth and metastasis.*"?
In the present study, ACSL4-treated EOC cells significantly
enhanced M1 macrophage polarization, as evidenced by a
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Figure 4: ACSL4 Reverses USP7-Induced Proliferation in EOC Cells. (a) The mRNA levels of USP7 in ovarian epithelial cells (IOSE-80) and
EOC cells (SKOV-3) were measured by qRT-PCR. (b) The transfection of SKOV-3 cells with USP7 overexpression vector and treatment with
ACSL4 recombinant protein, showing the mRNA levels of USP7 in the SKOV-3 cells. (c) The mRNA levels of ACSL4 in the SKOV-3 cells
was detected by qRT-PCR. (d and e) The assessed effects of ACSL4 and USP7 on colony formation in the SKOV-3 cells. (f and g) The effects
of ACSL4 and USP7 on apoptosis in the SKOV-3 cells were measured by TUNEL staining. Magnification 200x. n = 6. ***P < 0.001. USP7:
Ubiquitin-specific protease 7, Ov-NC: Overexpression-negative control, Ov-USP-7: Overexpression-USP7, QRT-PCR: quantitative reverse
transcription polymerase chain reaction, EOC: Epithelial ovarian cancer.
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Figure 5: ACSL4 Reverses USP7-Induced Ferroptosis Resistance in EOC Cells. (a and b) Assessment of the effects of ACSL4 and USP7 on
ROS levels in the SKOV-3 cells by ROS staining, magnification 200x. (c and d) The measurement of MDA and GSH levels in the SKOV-3 cells
treated with ACSL4 and USP7 through ELISA. (e) The evaluation of the effects of ACSL4 and USP7 on the mRNA expression levels of GPX4
in SKOV-3 cells through qRT-PCR. Magnification 200x. n = 6. ***P < 0.001. qRT-PCR: Quantitative reverse transcription polymerase chain
reaction, EOC: Epithelial ovarian cancer.

notable increase in the CD86/CD206 ratio and upregulation =~ ACSL4 plays an important role in EOC development through
of iNOS and TNF-c.. This result aligns with other studies  adual mechanism: directly inducing ferroptosis in tumor cells
regarding the role of ACSL4 in immune regulation, and indirectly regulating the immune microenvironment.
indicating that ACSL4 influences EOC progression not  This finding provides a novel perspective for future ACSL4-
only by modulating the physiological processes of tumor  targeting therapies not only for directly suppressing tumor
cells but also by affecting immune cells within the tumor  cells but also for enhancing immune responses within the
microenvironment. ! tumor microenvironment.

This finding contradicts the findings of previous studies on ~ Our study is the first to reveal the USP7’s effect that
ACSLA4 in other cancer types. For instance, Li et al. focused  reverses ACSL4-mediated ferroptosis and macrophage
on ACSL4’s role in the regulation of ferroptosis within tumor ~ polarization in EOC. USP7 is considered a pro-
cells, whereas this study is the first to reveal ACSL4’s role in ~ cancer factor in various types of cancer, stabilizing key
the tumor microenvironment through the modulation of  oncogenic proteins, such as p53 and MDM2, through
macrophage polarization.? This new discovery suggests that  its deubiquitination activity.” Our experimental results
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Figure 6: ACSL4 reverses USP7-induced resistance to M1 macrophage polarization. (a and b) USP7 was
overexpressed in the SKOV-3 cells with or without the addition of ACSL4 recombinant protein for treatment.
The THP-1 macrophages were treated with conditioned media from differently treated SKOV-3 cells, and flow
cytometry was used in measuring the expression levels of CD86 and CD206. (c-f) THP-1 macrophages were
treated with conditioned media from differently treated SKOV-3 cells, and the mRNA levels of iNOS, TNF-q,
Arg-1, and IL-10 were assessed through qRT-PCR. n = 6. ***P < 0.001. THP-1/EOC(Ov-NC)-CM group:
THP-1 cells treated with EOC cell culture medium pretreated with Ov-NC, THP-1/EOC(Ov-USP7)-CM group:
THP-1 cells treated with EOC cell culture medium pretreated with Ov-USP7, THP-1/EOC(Ov-USP7+ACSL4)-
CM group: THP-1 cells treated with EOC cell culture medium pretreated with Ov-USP7 and ACSLA4,
qRT-PCR: Quantitative reverse transcription polymerase chain reaction, EOC: Epithelial ovarian cancer.
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demonstrated that USP7 overexpression considerably
inhibits ferroptosis in EOC cells by elevating the levels
of antioxidants, including GSH and GPX4. However, the
introduction of ACSL4 effectively reversed the suppressive
effect of USP7 overexpression on ferroptosis. In addition,
USP7 enhanced tumor-promoting M2 polarization by
inhibiting the M1 polarization of macrophages.

Our study further expanded the role of USP7, showing that it
not only inhibits tumor cell death through deubiquitination
mechanisms but also promotes tumor progression by
regulating the immune microenvironment. This makes USP7
an attractive target for EOC treatment, as inhibiting USP7
could potentially reverse the effects of ACSL4 on ferroptosis
and immune regulation, thereby inhibiting the progression
of EOC.

Based on these findings, future research can further explore
the molecular mechanisms of interaction between ACSL4
and USP7 in EOC, particularly regarding ferroptosis
and immune regulation. By investigating the regulatory
networks of ACSL4 and USP7 in-depth, novel targets may
be identified, and more precise anticancer therapies can be
developed.

Although this study revealed the critical roles of USP7 and
ACSL4 in EOC, it has several limitations. First, the limited
number of EOC cell lines used may not fully represent the
heterogeneity of EOC, possibly restricting the generalizability
of the results. Second, the study primarily relied on
in vitro experiments, lacking validation in the complex
tumor microenvironment in vivo. The absence of clinical
samples further limited the assessment of USP7 and ACSL4
expression levels and their clinical relevance. In addition,
the experiments were performed at specific time points, and
dynamic analysis of ferroptosis and macrophage polarization
over time is lacking. Future research should include a
broader range of EOC cell lines and patient-derived primary
cells to validate these findings, along with in vivo animal
model studies, to investigate the role of USP7 and ACSL4 in
the tumor microenvironment. Clinical sample validation is
essential to explore the relationship between their expression
and patient prognosis, as well as their potential as therapeutic
targets. Expanding mechanistic studies and exploring
targeted therapeutic strategies will help to further expand our
understanding of the multifaceted roles of USP7 and ACSL4
in EOC and provide novel treatment approaches to improve
patient outcomes.

SUMMARY

Overall, our study indicates that USP7 promotes the
progression of EOC by inducing ferroptosis and promoting
the M1 polarization of macrophages, whereas ACSL4
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exerts a pro-cancer effect in EOC by reversing these
actions. These findings provide important insights for
novel targeted therapies for EOC treatment, offering novel
perspectives for investigating the functions of ACSL4 and
USP7 in cancer.
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ABBREVIATIONS

ACSL4: Acyl-CoA synthetase long-chain family member 4
Arg-1: Arginase-1

CD206: Cluster of differentiation 206

CD86: Cluster of differentiation 86

DAPI: 4',6-diamidino-2-phenylindole

EOC: Epithelial ovarian cancer

GPX4: Glutathione peroxidase 4

GSH: Glutathione

IL-10: Interleukin-10

iNOS: Inducible nitric oxide synthase

MDA: Malondialdehyde

Ov-NC: Overexpression-negative control

Ov-USP-7: Overexpression-USP7

ROS: Reactive oxygen species

THP-1/EOC (ACSL4)-CM: THP-1 cells treated with EOC
cell culture medium pretreated with ACSL4

THP-1/EOC (Ov-NC)-CM group: THP-1 cells treated with
EOC cell culture medium pretreated with Ov-NC
THP-1/EOC (Ov-USP7)-CM group: THP-1 cells treated
with EOC cell culture medium pretreated with Ov-USP7
THP-1/EOC (Ov-USP7+ACSL4)-CM group: THP-1 cells
treated with EOC cell culture medium pretreated with Ov-
USP7 and ACSL4.

THP-1/EOC-CM: THP-1 cells treated with EOC cell culture
medium

TNEF-o: Tumor necrosis factor-o

TUNEL: Terminal deoxynucleotidyl transferase dUTP nick
end labeling

USP7: Ubiquitin-specific protease 7
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