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Reprogramming of lipid metabolism, which modulates energy utilization and cell signaling, maintains cell survival and promotes
cancer metastasis in cancer cells. Ferroptosis is a type of cell necrosis caused by an overload of lipid oxidation, which has been
demonstrated to be involved in cancer cell metastasis. However, the mechanism by which fatty acid metabolism regulates the anti-
ferroptosis signaling pathways is not fully understood. The formation of ovarian cancer spheroids helps to counteract the hostile
microenvironment of the peritoneal cavity with low oxygen, shortage of nutrients, and subjected to platinum therapy. Previously,
we demonstrated that Acyl-CoA synthetase long-chain family member 1 (ACSL1) promotes cell survival and peritoneal metastases
in ovarian cancer, but the mechanism is still not well elucidated. In this study, we demonstrate that the formation of spheroids and
under exposure to platinum chemotherapy increased the levels of anti-ferroptosis proteins as well as ACSL1. Inhibition of
ferroptosis can enhance spheroid formation and vice versa. Genetic manipulation of ACSL1 expression showed that ACSL1 reduced
the level of lipid oxidation and increased the resistance to cell ferroptosis. Mechanistically, ACSL1 increased the N-myristoylation of
ferroptosis suppressor 1 (FSP1), resulting in the inhibition of its degradation and translocation to the cell membrane. The increase in
myristoylated FSP1 functionally counteracted oxidative stress-induced cell ferroptosis. Clinical data also suggested that ACSL1
protein was positively correlated with FSP1 and negatively correlated with the ferroptosis markers 4-HNE and PTGS2. In conclusion,

this study demonstrated that ACSL1 enhances antioxidant capacity and increases ferroptosis resistance by modulating the

myristoylation of FSP1.
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INTRODUCTION

Lack of nutrient supply to the inner core of cancer spheroids
induces cancer cells to undergo reprogramming of lipid metabo-
lism to meet energy needs and alter cell signaling favoring cell
survival [1]. Massive amounts of reactive oxygen species (ROS) are
generated during cancer spheroid formation and platinum-based
chemotherapy [2, 3]. Cancer cells that have iron-addictive
characteristics accelerate the “Fenton reaction” and generate an
overwhelming accumulation of lipid peroxides that contribute to
ferroptosis [4]. Furthermore, platinum-based drugs also increase
ROS levels by efficiently reducing glutathione (GSH) levels and
altering the redox balance of cells during chemotherapy [1, 51.
However, cancer cells can escape these ROS stresses by activating
an antioxidant pathway and, therefore, acquiring resistance to
platinum.

Ferroptosis is a regulated cell death mechanism (RCD) that is
caused by the iron-dependent accumulation of lipid peroxides [6].
Dysfunction of an antioxidant system, such as the cystine-
glutamate antiporter/Glutathione/Glutathione = Peroxidase 4
(Xc-/GSH/GPX4) axis, could also result in ferroptosis. SLC7A11/

GPX4 is a classic signaling pathway activated in the defense
of cellular antioxidation [7]. Furthermore, recent reports have
suggested that activation of Apoptosis-Inducing Factor
Mitochondrion-Associated 2(AIFM2), a GPX4 independent enzyme,
plays a critical role in peroxide lipid detoxification, contributes to
ferroptosis resistance, and therefore has been renamed ferroptosis
suppressor 1 (FSP1) [8]. Cell ferroptosis sensitivity is closely related
to lipid composition. Cells with a level of polyunsaturated fatty
acids (PUFA) in phospholipids, for example arachidonic acid, react
with ROS and initiate ferroptosis [9]. On the contrary, upregulation
of stearoyl-CoA desaturase 1 (SCD1), which increases the
production of monounsaturated fatty acids (MUFA) phospholipids,
could reduce ROS-induced stress. Cancer cells could also be
resistant to ferroptosis by increasing the synthesis of unsaturated
plasmalogens in the peroxisome [10]. However, it is not yet clear
whether metabolic reprograming of cellular lipids may directly
regulate the intracellular antioxidant system and therefore affect
ferroptosis sensitivity.

Members of the long-chain family Acyl-CoA synthase (ACSL) are
key enzymes in the regulation of lipid metabolism, including fatty
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acid elongation, oxidative decomposition, phospholipid genera-
tion, and protein acylation [11]. ACSL3 mediates phospholipid
biosynthesis using exogenous monounsaturated fatty acids and
inhibits cell ferroptosis [12]. ACSL1, like ACSL3, may inhibit
ferroptosis by mediating the integration of exogenous linolenic
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acid into cell phospholipids [13]. Our recent study suggested that
ACSL1 and ACSL3 protein levels are significantly up-regulated in
the highly metastatic ovarian cancer cell lines and their gene
expressions are correlated with metastatic capacity and poor
survival prognosis [14]. ACSL1 overexpression significantly
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Fig. 1 Ferroptosis is involved in the formation of spheroids in ovarian cancer. A The ROS level of cell monoculture and different spheroid
formation events were labeled by DCFHDA and detected by flow cytometry. Dynamic changes in ROS signal intensity between monoculture
cells and different time points for spheroid formation. B Statistical analysis of ROS levels of live cells in monoculture at different time points of
spheroid formation. € The ratio of live cells to dead cells in each group was calculated according to the amount of ROS in Fig. 1B. D The
morphology of the formation of the spheroid after the addition of various inhibitors and colony formation was observed under 10x objective
lens and live spheroid was evaluated after reseeding the spheroid of HM cells and OVCA429 cells in normal 6-well culture plates for 7-10
growth and stained with crystal violet. E Statistical analysis of the number of spheroids after the addition of various inhibitors to HM cells and
OVCA429 cells. F The expression of ferroptosis-related proteins and ACSL1 in monoculture cells and spheroids of different time was detected
by western blotting. *P < 0.05 and ***P < 0.001 indicate statistical significance.

improves proliferation of ovarian cancer cells, induces cancer
spheroid formation, and tumorigenesis in xenograft model
through enhanced myristic acid (MA) production and therefore
increased protein N-myristoylation.

In this report, we reveal that ACSL1 induction during spheroid
formation and platinum-based chemotherapy could suppress ROS
and ferroptosis by increasing myristoylation of FSP1 and devel-
oping ferroptosis and drug resistance. Therefore, our study
improves the current understanding of the underlying mechan-
isms responsible for lipid metabolism reprogramming to enhance
ferroptosis resistance in ovarian cancer and sheds light on the
prevention of ferroptosis resistance that develops during
platinum-based chemotherapy.

RESULTS

Ferroptosis resistance contributed to ovarian cancer spheroid
formation

Ovarian cancer cells undergo “anoikis” after losing their epithelial
state during peritoneal metastasis, which leads to oxidative stress
[16, 17]. We used DCFHDA labeling to study the dynamic changes
of ROS levels at different time points during the formation of the
spheroids. ROS levels of suspended cells temporarily increased at
4 h and resulted in a significantly reduced number of live cells due
to anoikis (Fig. 1A, B). Interestingly, during spheroid formation
(after day 1), ROS levels gradually increased from day 1 to day 3
due to hypoxia and limited energy supply during spheroid growth;
however, on day 7, the ROS levels decreased dramatically. The
number of surviving cells had not expanded, and ROS levels
remained as low as on day 1, the ROS levels at 4 h and on day 5
were higher but the live cell ratio was lower (Fig. 1C) These data
indicated that high levels of ROS were harmful to cancer cell
survival and overcoming ROS accumulation enhances the forma-
tion of cancer spheroids.

To explore cell death mechanisms, inhibitors of apoptosis
(ZVAD-FMK), necroptosis (necrostatin-1), autophagy (3-MA), and
ferroptosis (ferrostain-1) were applied during spheroid formation
of HM and OVCA429 cells. Inhibition of apoptosis, autophagy, and
ferroptosis significantly enhanced spheroid formation, while the
necroptosis inhibitor did not enhance spheroid formation
(Fig. 1D, E). This suggested that ovarian cancer spheroid growth
is limited by cell apoptosis, autophagy, and ferroptosis. The iron
chelator deferoxamine mesylate did not inhibit ferroptosis-
enhancing spheroid formation, but inhibited spheroid formation.
However, iron is indispensable, which is in line with a previous
report in which ovarian cancer was reported to require iron to
support ovarian cancer stem cell maintenance and cell growth, a
phenomenon called “iron addiction” [4].

To verify the role of the antioxidant pathway in the balance of
ROS accumulation and ferroptosis during spheroid formation, the
expression of antioxidant pathway-related proteins, including
nuclear factor erythroid 2-related factor 2 (NRF2), glutathione
peroxidase 4 (GPX4), and SLC7A11 solute carrier family 7 member
11 (SLC7A11), as well as proteins in the regulation of ferroptosis,
FSP1 and transferrin receptor 1 (TfR1), were verified by western
blotting (Fig. 1F). All proteins tested were upregulated during
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spheroid formation. The data suggested that activation of this
antioxidant pathways could be a key factor in maintaining the
survival of spheroid cells.

Up-regulation of ACSL1 reduced lipid peroxidation and
promoted ovarian cancer spheroid formation through lipid
reprogramming

Our previous study suggested that ACSL1 promotes ovarian
cancer metastasis, and the above data also demonstrated
activation of the antioxidant pathway during spheroid formation.
Hence, we proposed that ACSL1T may be responsible for the
reduction of ROS and could suppress ferroptosis during spheroid
formation. We established a HM cell line harboring silenced
ACSL1 siRNA gene (ACSL1¥P) expression or the transient over-
expression of ACSL1 (ACSL1°%) in NM cells. The results suggested
that the ferroptosis inducer (Erastin) only slightly decreased the
cell growth of HM cells in the control group, but the elimination of
ACSL1 significantly increased ferroptosis and suppressed the
spheroid growth of HM cells (Fig. 2A). Meanwhile, Erastin has a
stronger inhibitory effect on NM cells, and ACSL1°F could partially
increase the effect of Erastin (Fig. 2B). This indicated that the level
of ACSL1 in cancer cells could significantly modulate ferroptosis
and cell growth. When we analyzed the ROS levels, as expected,
the expression of ACSL1 was correlated with intracellular ROS
levels; as the ROS level decreased significantly in NM-ACSL1°F cells
and increased in HM-ACSL1¥P cells (Fig. 2C). The reduction in lipid
peroxidation was confirmed by C11 BODIPY staining. A significant
reduction in lipid peroxidation by erastin was found in NM-
ACSL1°E cells (Fig. 2D). Furthermore, the elimination of ACSL1 also
suppressed the ability to form cancer spheroids in OVCA429 and
HM cells (Fig. 2E).

S277 and K675 in ACSL1 have been reported to be the binding
sites of ATP, which is a crucial factor for catalyzing fatty acid
activation (Acyl-CoA). Binding ACSL1 S277 and K675 were thus
mutated to alanine to inhibit ACSL1 activity by reducing ATP
binding [18]. The wild-type proteins (ACSL1-WT) and mutant
(ACSL1-MT) were stably overexpressed by lentivirus infection in
NM cells, OVCA429 cells, and HM cells, respectively (Fig. 2F).
Metabolic profiles were compared, and the data suggested that
ACLS-WT altered the lipid profile, by especially significantly
reducing docosatetraenoate levels (a PUFA that renders cells
more sensitive to ferroptosis stress), when compared to ACSL-MT
and vector control cells (Fig. 2G). Functionally, ACSL1-WT
significantly increased spheroid formation in all cell lines tested,
while ACSL1-MT overexpression did not produce any significant
changes (Fig. 2H).

ACSL1 specifically upregulated FSP1 by blocking the
proteosome degradation pathway

We then investigated the association between antioxidant-related
proteins with ACSL1 in various ovarian cancer cell lines. ACSL1
overexpression in NM and OVCA429 cells not only increased the
level of FSP1, but also increased the level of SLC7A11 (Fig. 3A),
which mediated cystine uptake to regulate redox homeostasis
[19]. The increase in SLC7A11 indicated a balance of higher ROS
levels during spheroid formation. Meanwhile, the silencing of
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ACSL1 in HM cells could reduce the protein levels of FSP1 and
SLC7A11 (Fig. 3B), which also suggested the role of ACSL1 in
upregulating the antioxidant pathway. The effects of ACSL1 were
further confirmed by the ACSL1 mutation. FSP1 levels were
increased in ACSL1-WT cells rather than ACSL1-MT (Fig. 3C). In
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alignment with the overexpression data, the levels of FSP1 and
SLC7A11 decreased in ACSL1¥P cells (Fig. 3B, D). GPX4 levels were
partially up-regulated by ACSL1 overexpression in NM cells, but
not in OVCA429 cells. However, ACSL1 knockdown only reduced
the level of GPX4 in OVCA429 cells, but not in HM cells (Fig. 3D).
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Fig. 2 ACSL1 upregulates SLC7A11 and FSP1 inhibits ferroptosis. A, B The CCK8 assay was performed to detect cell viability after ACSL1
knockdown or overexpression. C Changes in ROS levels after ACSL1 overexpression in NM cells and ACSL1 knockdown in HM cells were
detected by the DCFDA assay. D C11 BODIPY was used to detect peroxided lipid after ACSL1 overexpression in NM cells. The reduced state of
C11 BODIPY is orange, after oxidation it switches to green; therefore, yellow represents the level of oxidation. The fluorescence was observed
under 10x objective lens of Cytation 5 Cell Imaging Multimode Reader. E After the knockdown of ACSL1 from HM cells and OVCA429 cells, the
spheroid formation capacity was assayed. F Wild type ACSL1 (ACSL1-WT) and mutant ACSL1 (ACSL1-MT) were overexpressed in NM, HM, and
OVCAA429 cells, respectively, and its expression was confirmed by western blotting. G Lipid metabolomics analysis of lipidome changes in NM
cells after overexpression of ACSL1-WT and ACSL1-MT. The heatmap shows the differential lipid composition between the wild type and
control groups. H Spheroid formation capacity of cells after overexpression of ACSL1-WT and ACSL1-MT in NM cells and OVCA429 cells.

*P < 0.05, **P < 0.001, and ***P < 0.001 indicate statistical significance.

This implied that ACSL1 mainly induce anti-ferroptosis effects
through the FSP1/CoQ10 pathway.

To address how ACSL1 regulated the level of FSP1, the protein
synthesis inhibitor cycloheximide was used for 24 h (CHX, 20 uM).
The results showed that the expression of FSP1 in the ACSL1-WT
overexpression group still increased after CHX treatment in NM
cells and OVCA429 cells, while the expression of FSP1 in the
mutant group also decreased significantly regardless of CHX
treatment (Fig. 3E). The above data suggested that ACSL1 did not
regulate the synthesis of FSP1 proteins. Therefore, we proposed
that ACSL1 upregulated the level of FSP1 protein by suppressing
protein degradation. Since the macroautophagy-lysosome and
ubiquitin-proteasome system (UPS) proteolysis pathways are the
two main pathways of protein degradation [20], we therefore used
an autophagy inhibitor (3-MA) and proteasome inhibitor (MG-132)
to verify the role of ACSL1 in the degradation of FSP1. Compared
to no treatment control, ACSL1-WT overexpression strongly
increased the level of FSP1 protein, but not ACSL1-MT over-
expression. After 3-MA treatment, the level of the FSP1 protein
increased significantly in the vector control and ACSL1-MT;
however, a dramatic decrease in the level of FSP1 was found
following the overexpression of ACSL1-WT (Fig. 3F). Autophagy is
known to enhance ferroptosis by reducing ferritin and releasing
iron levels [21]. Our data indicated that basal FSP1 levels were
suppressed by autophagy but activation of ACSL1 would not
increase FSP1 expression when autophagy-triggered ferroptosis
was blocked. To inhibit proteasome activity, MG132 (2 uM) was
used to restore the level of FSP1 in the Vector and ACSL-MT
groups in the tested cell lines. ACSL1-WT overexpression was not
affected by MG132 treatment (Fig. 3G). As suggested above, the
expression of FSP1 decreased with ACSLT knockdown. This
decrease in FSP1 expression was not restored after 3-MA
treatment but was significantly restored after MG-132 treatment
(Fig. 3G). To further determine whether FSP1 ubiquitination could
be suppressed by ACSL1, we co-transfected FSP1-myc with ACSL1
and pulled-down FSP1 expression to detect its ubiquitination
level. The results showed that ACSL1-WT could enhance FSP1
ubiquitination, but ACSL1-MT could not increase FSP1 ubiquitina-
tion (Fig. 3H).

ACSL1 is involved in metabolic reprogramming and helps
maintain cell survival during the formation of ovarian cancer
spheroids. SREBP1 is the master transcription factor in lipid
metabolism, and up-regulation of SREBP1 is reported to be
overexpressed in metastatic ovarian cancer [22, 23]. To determine
whether ACSL1 expression is induced by SREBP1, fatostatin, a
SRBEP1 inhibitor, was used to suppress the transcriptional and
protein level of ACSL1 during spheroid formation of HM cells (Fig.
31, J).

ACSL1 enhanced the myristoylation of FSP1 and ferroptosis
resistance

To address the role of ACSL1 in controlling protein degradation
of FSP1, we found that ACSL1 participated in protein
N-myristoylation by increasing myristic acid levels in cancer cells
[14]. FSP1 is a potential candidate for myristoylation, as it contains
a N-terminal glycine. Therefore, we speculated that myristoylation
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of FSP1 could be enhanced by upregulation of ACSL1 during
spheroid formation. To determine the role of ACSL1 in the
myristoylation of FSP1, we established ACSL1 overexpressing cells
(ACSL1-WT) and ACSLT mutated (ACSL1-MT) HM and NM cells.
ACSL1  overexpression did not affect the Ilevel of
N-myristoyltransferase 1 (NMT1), which suggests that the increase
in FSP1 myristoylation was not due to changes in the level of
NMT1 (Fig. 4A). FSP1 myristoylation was analyzed by western
blotting with Click-iT chemistry pull-down myristoylated protein
extracts. The results suggested that overexpression of ACSL1
(ACSL1-WT) can significantly increase myristoylation of FSP1 in NM
cells compared to the vector control. Although mutation of ACSL1
(ACSL1-MT) could dramatically reduce myristoylation of FSP1 in
both HM and NM cells (Fig. 4B). Previous studies have found that
myristoylation of FSP1 promotes membrane localization and
improves lipid peroxidation [8, 24]. To verify the distribution of
FSP1, we detected the localization of FSP1 and E-cadherin by
immunofluorescence staining, and the results showed that the
colocalization of FSP1 and E-cadherin increased in the cytomem-
brane after the expression of ACSL1-WT compared to the vector
control and the ACSL1-MT group (Fig. 4C). To further elucidate
whether ACSL1 regulates the sensitivity of ferroptosis, the
ferroptosis inducer Erastin and RSL3 were used. At high
concentration of Erastin or RSL3, ferroptosis was significantly
induced and cell proliferation was suppressed in all tested cell
lines, even the effect on HM cells was minimal. But this effect were
reversed in ACSL1-WT cells, but not in ACSL1-MT cells (Fig. 4D).
Western blotting analysis also confirmed that ACSL1-WT over-
expression increased the level of FSP1 protein after erastin
treatment compared to the vector control and ACSL1-MT groups
(Fig. 4E).

To explore the clinical significance of ACSL1 and FSP1, and of
the ROS biomarkers, 4-HNE and PTGS2, in cancer metastases,
tumors samples from patients with ovarian cancer were also
tested by immunohistochemistry. 4-HNE, a specific lipid peroxida-
tion product, has been reported to be the most sensitive marker of
lipid peroxidation products [25]. PTGS2 cyclooxygenase can
oxidize lysophospholipids, affecting phospholipid peroxidation,
which is a biomarker of cellular ferroptosis [25]. ACSL1 and FSP1
expression was significantly higher in metastatic tumors in the
omentum than in tumors of the normal ovary and in primary
ovarian cancer, while the expression of 4-HNE and PTGS2 was
lower in the omentum metastasis tumor (Fig. 4F). Pearson’s
correlation analysis was performed and the results showed that
the level of ACSL1 protein was positively correlated with the level
of FSP1 protein, while ACSL1 was negatively correlated with the
level of the 4-HNE and PTGS2 protein (Fig. 4G). The results
indicated that the high expression of ACSL1 contributed to the
metastasis of ovarian cancer and resisted the ferroptosis of cancer
cells during the metastasis.

Up-regulation of ACSL1 improved carboplatin resistance and
metastasis by suppressing ferroptosis

Platinum chemotherapy is the first-line treatment for ovarian
cancer, but most patients develop resistance [5]. Cancer cells with
significant changes in cell-cell interaction enhance spheroid
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formation as an important pathway to achieve chemotherapy
resistance [26]. Using data from on the online Cancer Gene and
Pathway Explorer database (https://cgpe.soic.iupui.edu/), GSEA
analysis showed that tumor tissue from patients with ovarian
cancer with high expression of ACSL1 was associated with
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significantly upregulated cell adhesion functions (Fig. 5A). Gene
Ontology (GO) analysis also suggested cell adhesion genes were
significantly upregulated and enriched in high ACSL1 tissues (Fig.
5B). Furthermore, the GEO data set also revealed that ACSL1
expression was increased in A2780 platinum-resistant cells (1.49-
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Fig. 3 SREBP1/ACSL1/FSP signaling pathway regulation mechanism in ovarian cancer. Expression of antioxidant-related proteins SCL7A11,
FSP1 after (A) transient overexpression of ACSL1 in NM cells and OVCA429 cells and (B) knockdown of ACSL1 in HM cells. C Overexpression of
ACSL1-WT and ACSL1-MT in NM and OVCA429 cells and protein levels of SLC7A11 and GPX4. D After ACSL1 was knocked out in HM cells and
OVCAA429 cells respectively, ACSL1, SLC7A11, and GPX4 were detected by western blotting. E The protein level of FSP1 following CHX inhibitor
treatment. F After overexpressing ACSL1 and its mutants in OVCA429 ovarian cancer cells, respectively, FSP1 expression was detected by
western blotting of cells in the presence or absence of the autophagy blocker 3-MA and the proteasome inhibitor MG132. G After the
knockdown of ACSL1 ovarian cancer OVCA429, FSP1 expression in each group was detected by western blotting when the cells were exposed
to 3-MA and MG132 or untreated cells. H FSP1 ubiquitination in ACSL1 wild type or ACSL1 mutant overexpression in HEK293T cells was
detected by immunoprecipitation. I, J Gene expression and protein levels of the SREBP1 and ACSL1 in HM cells treated with the SREBP1 small
molecule inhibitor fatostatin. *P < 0.05 and ***P < 0.001 indicate statistical significance.

fold, P < 0.001) and was increased in carboplatin-resistant patients,
although in the carboplatin-resistant cases the difference was not
statistically significant (1.37 times, P =0.201, Fig. 5C). Therefore,
we proposed that the increase in ACSL1 and antioxidation during
spheroid formation may be involved in the development of drug
resistant cells in ovarian cancer cells. To verify this hypothesis, HM
and OVCA429 cells were treated with carboplatin, leading to up-
regulation of the protein level of ACSL1 and FSP1 (Fig. 5D) The
expression of antioxidant-related proteins NRF2 and SLC7A11 also
increased (Fig. 5D). Overexpression of ACSL1-WT rather than
ACSL1-MT can reduce carboplatin cytotoxic and increase spheroid
formation in ovarian cancer OVCA429 and HM cell lines (Fig. 5E).
These data confirmed that carboplatin treatment could lead to
activation of ACSL1 and the anti-ferroptosis pathway to enhance
ovarian cancer carboplatin resistance.

DISCUSSION

Ovarian cancer is a highly aggressive malignant gynecological
tumor with a high mortality rate. Since ovarian cancer spreads
through the abdominal cavity, elucidating the mechanism of
ovarian cancer survival in the abdominal cavity is an important
mechanism to be addressed. Platinum-based drugs are widely
used for the chemotherapy of ovarian cancer [27]. Platinum
chemotherapy-sensitive patients can achieve a good response as
a first-line drug. However, the probability of developing platinum
resistance will increase significantly after multiple treatments [28].

Redox homeostasis is crucial for cell survival and the develop-
ment of drug-resistant cancer cells. Studies have shown that when
detached cancer cells are treated with platinum chemotherapy,
they experience a stress state and surge of ROS formation [29].
However, the strong redox regulation ability of cancer cells
ensures that cancer cells can withstand harsh conditions to survive
[30]. Ferroptosis is a form of RCD caused by uncontrolled redox
homeostasis. Compared to apoptosis, ferroptosis is considered a
“metabolic cell death” pathway [31]. Therefore, metabolic changes
in cancer cells are closely related to ferroptosis and targeting the
ferroptosis pathway has been proposed for the development of
next-generation chemotherapeutic drugs [6]. However, the
mechanisms underlying the initiation and termination of ferrop-
tosis, especially how cancer cells escape from ferroptosis, are
unclear. Therefore, this study examined the correlation between
metabolic reprogramming and the mechanism of ferroptosis and
platinum resistance.

ACSL1 has been shown to participate in fatty acid activation
and downstream catabolism or synthesis. Our previous report
suggested that the increase in ACSL1 is associated with increased
myristic acid production and enhance protein myristoylation. This
report suggests that the increase in ACSL1 during spheroid
formation could also enhance the canonical signaling axis of anti-
peroxidation NRF2/SLC7A11/GPX4 by myristoylation of FSP1.
Therefore, the absence of lipid peroxidation is beneficial for
spheroid formation and maintains the intracellular redox home-
ostasis for cancer cells to escape ferroptosis. This explained why
the sensitivity of HM cells with Erastin treatment was associated
with the expression of ACSL1 (Fig. 2). This study also suggested
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that the expression of ACSL1 was positively correlated with the
expression of FSP1 and inhibition of ferroptosis. Another study has
reported that ACSL1 induces ferroptosis by mediating the
integration of exogenous conjugated linolenic acid into phospho-
lipids [13]. However, the regulation of endogenous lipid metabo-
lism during ferroptosis is still unclear and more studies are
required.

To date, there are four main pathways for cells to resist
ferroptosis, three of which are focused on the plasma membrane
(SLC7A11/GPX4, FSP1/CoQ10, and GCH1/BH4), while DHODH/
CoQ10 works on the scavenging of mitochondrial lipid peroxida-
tion [15]. By manipulating ACSL1 expression in HM cells and
OVCA429 cells, we found that the expression of GPX4 and
SLC7A11 in the two cell lines was not consistent, suggesting that
ACSL1 may indirectly regulate the antioxidant signaling pathway
SLC7A11/GPX4. These data are consistent with a report suggesting
that FSP1 is an anti-lipid peroxidation protein independent of
GPX4, and its activation depends on myristoylation modification
and subsequent cell membrane localization [8, 24]. FSP1 prevents
lipid oxidation by reducing CoQ10, thus inhibiting ferroptosis, and
that the pro-apoptotic and cytostatic effect of FSP1 on ferroptosis
depends on cellular location. FSP1 localized in the nucleus
promotes cell apoptosis, whereas FSP1 is localized in the
mitochondria when cells are under oxidative stress. The recruit-
ment of FSP1 to the cell membrane allows it to utilize NADPH to
reduce lipid peroxidation [7]. Our experimental results confirmed
that ACSL1 increases the myristoylation of FSP1 and enhanced its
recruitment to the membrane. In addition, changes in FSP1
cellular membrane localization could significantly enhance the
stability of FSP1 by preventing FSP1 protein degradation and
therefore could inhibit ovarian cancer ferroptosis.

Platinum chemotherapy induces cancer cell apoptosis and
ferroptosis by inducing massive ROS release and then damage to
cellular DNA or to the cell membrane [32, 33]. Recalcitrant cancer
cells can enforce redox homeostasis through metabolic repro-
gramming, resulting in acquired drug resistance of tumor cells [1].
However, the role of lipid metabolism molecules in tumor
resistance has rarely been studied, and the relationship between
platinum resistance and lipid metabolism is also unclear. This
report demonstrated that activation of the ACSL1/FSP1 cellular
anti-ferroptosis pathway mentioned above after carboplatin
treatment reduces the sensitivity of cancer cells to platinum
chemotherapy and promotes cell survival (Fig. 6). but the specific
molecular mechanism involved in platinum resistance in ovarian
cancer requires further study. Therefore, our work revealed a
potential therapeutic target for ovarian cancer and a theoretical
basis for clinical transformation to overcome platinum resistance
in ovarian cancer.

METHODS AND MATERIALS

Antibodies and reagents

The Cell Counting Kit 8 (CCK8, cat:C0038) and puromycin (cat:ST551) were
purchased from Beyotime, China; Reactive Oxygen Fluorescent Probe
(DCFHDA, cat: BL714A) was obtained from Biosharp, China; RSL3 (1S,3R-
RSL3, cat:A15865) was from Adooq Bioscience, USA. Cycloheximide (CHX,
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1(cat:A4213), ferrost.

atin-1(cat:A4371), erastin(ca

t:B1524), MG-

132(cat:A2585), ZVAD-FMK(cat:A1902) were purchased from APEXBIO,
USA; anti-NRF2 mAb, anti-GPX4 mAb (cat:59735) were purchased from
CST, USA; anti-AIFM2 polyclonal antibody(cat:abs138156) was from Absin,
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antibody(cat:11224-1-AP), and anti-B-actin antibody(cat: 81115-1-RR) were
purchased from PTG, China; anti-4-HNE antibody(cat:MAB3249) was
purchased from R&D Systems, USA; Protein A/G Mix magnetic beads kit
(cat: 88802) was from Thermo fisher, USA; Myristic acid alkyne(cat: 82909-
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Fig. 4 ACSL1 improves the level of myristoylation of FSP1 and increases resistance to ferroptosis in the ovarian cancer cell. A In
OVCAA429, after overexpressing ACSL1 and its mutants in the ovary, the level of NMT1 protein expression was detected by western blotting.
B ACSL1 and its mutants were overexpressed in NM and HM ovarian cancer cells, respectively. Then myristic-azide was added to label
myristoylated proteins in cells of each group and Click-it chemistry and western blotting were used to detect the expression levels of
myristoylated FSP1, B-actin, and total myristoylated proteins in cells of each group. € Changes in protein expression of ACSL1 and FSP1 in NM
and OVCA429 cells after the expression of ACSL1-WT and ACSL1-MT vectors and treatment with erastin as detected by western blotting.
D After overexpressing ACSL1 and its mutants in OVCA429 cells of ovarian cancer, respectively, the FSP1 and E-cadherin proteins were
detected in cells by immunofluorescence distribution. Scale bars indicated 10um and 2pm in the overview and magnified images,
respectively. E NM cells, HM cells and OVCA429 After wild type ACSL1 and mutant ACSL1 were overexpressed in cells, each group cell
sensitive to erastin and RSL3 were detected by the CCK8 assay. F Immunohistochemical detection of the expression of ACSL1, FSP1, 4-HNE,
and PTGS2 in normal ovarian tissue and ovarian cancer tissue samples from patients. The tissue samples were captured under a microscope at
a magnification of 20x. Ovary-O represents normal ovarian tissue, Tumor-P represents ovarian cancer in situ, and Tumor-O represents
metastatic ovarian cancer of the omentum. G From left to right, results of the Pearson’s correlation analysis of immunohistochemical scores

zetween ACSL1 and FSP1, 4-HNE and PTGS2, *P < 0.05 and ***P < 0.001 indicate statistical significance.

47-5), Biotinamine (Azide-PEG3-biotin conjugate, cat:762024) were pur-
chased from Santa Cruz, USA; The Click-it Chemistry Kit(cat: C10276), C11
BODIPY581/591(cat:D3861), Streptavidin (DynabeadsTM, cat:65001), and
anti-TfR1 polyclonal antibody (cat:14-0719-82), anti-SREBP1 (cat:MA5-
11685) were purchased from Thermo Fisher, USA.

Cell culture

Human epithelial ovarian cancer cell lines, including OVCA429, were
acquired from Prof. George Tsao (The University of Hong Kong). The
isogenic metastatic cell line model and highly metastatic (HM) and non-
metastatic (NM) cell lines were kindly gifted by Professor Alice Wong
(The University of Hong Kong). All cell lines were maintained with DMEM
with 10% FBS culture medium with penicillin/streptomycin in a
humidified incubator with 5% CO,. These cell lines have been
authenticated using STR profiling and tested for mycoplasma contam-
ination, with results indicating cell are correct with no mycoplasma
contamination.

Patient samples

This study protocol was approved by the Affiliated Research Ethics
Committee of Guangdong Medical University (YJYS2021105). A total of 72
clinical tissue samples collected from the Department of Obstetrics and
Gynecology, Affiliated Hospital of Guangdong Medical University from
March 2020 to December 2021 were selected, including 23 normal ovarian
tissues, 17 primary ovarian cancer tissues, and 32 metastatic ovarian
cancer tissues. Informed consent and consent for publication were
obtained from all subjects before their participation in the study. Tissue
samples harvested from surgery were washed with PBS, then snap-frozen
in liquid nitrogen and stored at —80°C. Inclusion criteria for the
experimental group were the following: (1) patients diagnosed with
ovarian cancer for the first time, with no other treatment history, and no
other disease or tumor; (2) patients who did not receive hormone therapy,
radiotherapy, or chemotherapy before surgery. Exclusion criteria of the
experimental group consisted of (1) patients whose tumors originated
outside the ovary and (2) patients whose medical records were
incomplete.

Plasmid and lentivirus packaging

The effective interference sequence 315# (5-GTGGGTGATTATTGAACAA-3),
described in a previous study was inserted into the lentiviral vector pLKO.1
and was used to silence ACSL-1 (ACSL1-Knockdown, ACSL1-KD) [14]. The
pCDH-CMV-MCS-EF1a-Puro lentiviral vector pCDH-CMV-MCS-EF1-Puro was
used for ACSL1 cDNA gene overexpression (ACSL1-Wild type, ACSL1-WT).
Based on the ACSL1-WT sequence, the active enzyme site of ACSL1 was
mutated at positions S277A and K675A by site-directed mutagenesis to
obtain the ACSL1T mutant (ACSL1-mutant, ACSL1-MT). All lentiviral vectors
were packaged with DVPR and VSVG packaging plasmids, and poly-
ethylenimine (PEl) was used for cell transfection. The ratio of target
plasmid: VSVG: DVPR was 1:0.3:1 and was transfected into HEK293T cells in
six-well plates with a total amount of DNA equal to 2.5 ug/well. The
packaged virus was obtained at 24 and 48 h and cell debris was removed
using a 0.45 pum filter. The packaged virus and the fresh culture medium
were mixed 1:1 for ovarian cancer cell infection. After 24 h of cell infection,
cells were tested with 1pg/mL puromycin for 3-5 days, and western
blotting was used to verify protein expression after overexpressing or
knocking down ACSL1 expression.
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Cell Counting Kit-8 assay

Target cells were seeded in a 96-well plate at a density of 3000 cells/well. A
10 uL volume of CCK8 solution was added to each well and the cells were
incubated for 1h. The absorbance of the substate was measured in a
microplate reader at OD450. Cell viability was recorded using the following
formula: Relative viability = 100% (Target group OD450 - Blank well
0D450) / (Control group OD450 - Blank well OD450).

2,7-Dichlorofluoroscin diacetate assay

Cells in monolayer or in spheroid formation were trypsinized and washed
three times with PBS to remove cell debris. Cells were counted and 1 x 10°
cells were subjected to 2,7-dichlorofluoroscin diacetate (DCFHDA) labeling.
The DCFHDA probe was used at a 1:1000 dilution in staining buffer and
cells were incubated within the staining buffer at room temperature for
30min to label the cells. After three washes with PBS to remove the
unlabeled probe, the cells were resuspended with PBS and the level of ROS
was detected in the green channel (488 nm/535 nm excitation/emission)
by flow cytometry (Attune NXT, Invitrogen, USA).

Click-It chemistry

Myristic acid alkyne was added to the corresponding cells and treated for
6-12 h to allow myristoylated protein labeling. The cells were collected and
lysed with RIPA buffer, centrifuged to remove the supernatant, and
biotinylated alkyne was added. The cells were then treated according to
the Click-It chemistry reaction kit instructions (C10269, Thermo Fisher),
which enables the rapid formation of crosslinks between azides and
alkynes. After centrifuging and washing, the labelled proteins were pulled
down by avidin magnetic beads, and the amount of the target protein
myristoylation was detected by western blotting.

Confocal imaging

Stable OVCA429 cell lines were inoculated on sterilized coverslips in a 12-
well cell culture plate. After fixation with 4% paraformaldehyde (5 min), the
cells were washed three times with PBS buffer (5 min each time) and
permeabilized with 0.5% TritonX-100 for 10 min. 1% BSA was added to
block the antigen for 30 min. The primary antibody FSP1 (abs138156,
Absin, China; 1:200) and E-cadherin (abs158305, Absin, China; 1:200) were
incubated with the samples overnight at 4°C in a humidified chamber.
After incubation, the coverslips were washed with PBS and incubated with
Alexa Fluor 594 (abs20021, Absin, China; 1:100) and Alexa Fluor 488
(abs20014, Absin; 1:100) fluorescently labeled secondary antibodies at
room temperature in a dark box for 1 h. The nuclei were stained with DAPI
before covering the coverslips with anti-fluorescence quenching mounting
medium (P0126, Beyotime, China). The slides were observed and recorded
using a confocal fluorescence microscope (Olympus, FV3000, Japan).

Co-immunoprecipitation

HM cells were harvested in the logarithmic growth phase and inoculated at
2% 10° cells/well in a 10-cm plate. When approximately 90% confluence
was reached, the protein was extracted (all procedures were performed on
ice) by RIPA buffer supplemented with phenylmethylsulfonyl fluoride
(PMSF). Cells were collected with a scraper and incubated on ice for
30 min. After centrifugation at 12,000xg at 4°C for 10 min, the super-
natant was obtained as the extracted protein. Protein concentration was
quantified using a BCA protein quantification kit. A total of 20 ug of
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Fig. 5 ACSL1 participates in carboplatin therapy for ovarian cancer by regulating cell ferroptosis. A GSEA analysis of the activation and
expression of gene pathways in cancer tissues from patients with high and low ACSL1 expression. B GO analysis suggests that genes co-
expressed with ACSL1 are involved in biological processes such as cell migration, adhesion, and secretion of immune factors. C Expression of
ACSL1 gene mRNA in carboplatin-sensitive and carboplatin-resistant cancer tissues (right) and in the A2780 cell line (left). D After carboplatin
treatment of HM and OVCA429 cells, the expression of ACSL1 and ferroptosis hallmark proteins was detected. E The spheroid formation ability
of OVCA429 and HM cell after expression ACSL1-WT or ACSL1-MT vectors and treatment with carboplatin. The live spheroids were reseeded
into standard 6-well plates and allowed to grow for a period of 7-10 days. Subsequently, they were stained with crystal violet for further

analysis. ***P < 0.001 indicates statistical significance.

extracted protein solution was denatured and stored as an input control
and the remaining samples were used for immunoprecipitation. A 30 uL
volume of magnetic beads was used for 2mg of protein precipitation.
Nonspecific binding was removed by 2 ug IgG and incubated for 4-6 h at
4°C with 30uL of magnetic beads (88802, Thermo Fisher, USA). The
samples were transferred to a new Eppendorf tube with magnetic beads.
The corresponding IP antibody (ACSL1 or FSP1) was added and incubated
at 4 °C overnight. IP with IgG was used as a control. The prepared samples
from each group were placed in a rotary mixer for rotation and incubated.
IP products were washed with PBST and finally resuspended in 40 L of 2x
loading buffer for the western blotting.

Ubiquitination of FSP1 analysis

HA-Ub and Myc-FSP1 expression plasmids together with Flag-ACSL1-WT or
Flag-ACSL1-MT were co-transfected into HEK293T cells. Cells were treated
with 20 UM MG132 44 h post-transfection for 4 h and then lysed using lysis
buffer (P0013, Beyotime). The cell lysates were immunoprecipitated by anti-
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Myc magnetic beads (P2118, Beyotime) overnight at 4°C. The immunocom-
plexes were subjected to western blotting. The ubiquitin level of FSP1 was
detected using an anti-HA antibody (cat:3724, CST). The expression of FSP1
and ACSL1 was detected by anti-FSP1 and anti-ACSL1 antibodies, respectively.

Immunohistochemistry

Ovarian tumor samples were fixed in 4% paraformaldehyde. The tissue was
dehydrated, embedded in paraffin, and sectioned for immunohistochem-
istry. The stained samples were observed and photographed under a
microscope. A positive reaction was scored by the appearance of brownish
yellow or tan particles, and the intensity of the staining was scored.
Positive scoring was divided into weak positive, medium positive, and
strong positive. A negative result was scored as “0 points”, weak positive
was light yellow and scored as “+ or 1 point”, medium positive was brown
and scored “++ or 2 points”, and strong positive was tan and scored “++
+ or 3 points”. The average score of three independent investigators was
used to define the target protein level.

Cell Death Discovery (2023)9:83
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Fig. 6 ACSL1 involvement in anti-ferroptosis in ovarian cancer.
During the process of metastasis in the peritoneal cavity, ovarian
cancer cells form multicellular spheroids that can withstand both
nutrient deprivation and platinum-based chemotherapy-induced
production of reactive oxygen species (ROS). To overcome the high
levels of ROS-induced cell ferroptosis, cancer cells upregulate ACSLT,
which promotes the translocation of ferroptosis suppressor protein-
1 (FSP1) to the cell membrane by increasing FSP1 myristylation.

Non-targeted metabolomic analysis

Non-targeted lipidomic analysis was performed as described previously
[15]. Briefly, cells were thawed on ice and metabolites were extracted using
lipid extraction buffer (isopropanol: acetonitrile: water = 2:1:1). A 100 mg
sample was extracted with 1 mL of precooled buffer, incubated for 10 min,
and stored overnight at —20°C. Supernatants were then transferred to
new 96-well plates, and pooled QC samples were prepared by combining
10uL of each extraction mixture. Chromatographic separation was
performed using an Acquity UPLC System, with a Kinetex UPLC C18
column and a flow rate of 0.3 mL/min. Metabolites were detected using a
high-resolution TripleTOF6600 mass spectrometer in positive and negative
ion modes. Data pretreatment and identification of ions were performed
using XCMS, CAMERA, and metaX R software tools.

Bioinformatics analysis

Keywords ‘ovarian cancer’ and ‘platinum’ were used to search the Gene
expression omnibus (GEO). We collected the two datasets GSE15709 and
GSE51373 containing the gene expression profiles of cell lines and patient
tissues. We extracted the expression of the ACSL1 gene from the
transcriptional expression matrix. Gene set enrichment analysis (GSEA)
and Gene ontology (GO) analyses were performed using an online
bioinformatics tool (https://cgpe.soic.iupui.edu).

Statistical analysis

Prism software (version 8.0, GraphPad) was used to perform statistical
analysis. Data are presented as mean *standard error. A two-group
comparison was conducted and analyzed using Student’s t-tests. We used
ANOVA (Analysis of Variance) to compare the means of multiple groups
and post-hoc test (Bonferroni) employed. The equal variances were
checked prior to analysis to ensure the validity of the results. All t tests
were two-sided and P < 0.05 were considered significant.

DATA AVAILABILITY
All data generated in this study are available upon reasonable request. Please contact
the corresponding author for any data inquiries.
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