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Upregulated FSP1 by GPD1/1L mediated lipid 2
droplet accumulation enhances ferroptosis
resistance and peritoneal metastasis in gastric
cancer
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Abstract

To successfully metastasize, cancer cells must evade detachment induced cell death, known as anoikis. Unraveling
the mechanisms that gastric cancer (GC) circumvent anoikis and achieve peritoneal metastasis especially during
unanchored growth, could significantly improve patient outcomes. Our study reveals that GC cells exhibit increased
lipid peroxidation, MDA production, and cell death during suspension culture, which can be mitigated by the
intervention with liproxstatin-1 and ferrostatin-1. We discovered that oleic acid (OA) or adipocytes stimulate lipid
accumulation in GC cells, thereby inhibiting lipid peroxidation and cell death. Lipid mass spectrometry confirmed
an upregulation of triglyceride synthesis, indicating that the accumulation of lipid droplet may confer resistance
to ferroptosis during suspension growth. In vitro assays demonstrated that OA not only induces lipid droplet
accumulation but also upregulates the expression of ferroptosis suppressor protein 1 (FSP1), a process that can
be abrogated by the double knockout of GPD1/1L genes. Additionally, we have demonstrated that a decrease in
the ubiquitination of FSP1 in GC cells upon lipid droplet accumulation, as well as silencing or pharmacological
targeting FSP1, promotes ferroptosis and disrupts the peritoneal metastatic potential of GC cells. Collectively, our
findings highlight the potential of FSP1 as a promising therapeutic target for metastatic gastric cancer.
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Introduction

GC is recognized as one of the most prevalent malignan-
cies globally, consistently ranking within the top five in
incidence and alarmingly, among the top three in mortal-
ity rates [1]. The gravity of the situation was underscored
in 2020 with an estimated over 1 million new cases diag-
nosed worldwide, tragically culminating in nearly 769,000
fatalities [2]. While early-stage gastric cancer is typically
associated with a highly favorable prognosis, with an
impressive 5-year survival rate exceeding 90%, its early
identification remains elusive. The challenge stems from
the cancer’s subtle onset, often presenting with either no
symptoms or vague indicators such as mild indigestion.
The situation is further exacerbated by a general lack of
public knowledge regarding the importance of screening,
leading to a disappointingly low incidence of early-stage
diagnoses. As a result, a significant number of patients
are diagnosed at later stages, frequently when peritoneal
metastasis has already set in. Metastasis marks a critical
turning point in gastric cancer, significantly worsening
the prognosis to an average 5-year survival rate of less
than 20% [3, 4]. The propensity for invasion and distant
spread is a principal factor underlying the often disap-
pointing outcomes of treatment efforts [5].

The National Cancer Institute reports that peritoneal
metastasis is a prevalent destination for metastatic spread
in various abdominal and pelvic cancers, notably gastric,
pancreatic, colorectal, ovarian, and uterine malignancies,
with the omentum identified as the predominant site for
such metastases [6—8]. The peritoneal environment, rich
in adipocytes, plays a critical role in the body’s metabolic
response by hydrolyzing fats to release fatty acids, glyc-
erol, and other metabolic substrates into the circulation
when energy demands arise [9]. These adipocytes are
increasingly recognized for their active role in promoting
the invasive and metastatic capabilities of several cancers
such as ovarian and gastric cancers [8, 10]. Our previous
investigation has elucidated that adipocytes can donate
fatty acids (FAs) to GC cells, which in turn, facilitates
the accumulation of lipid droplets (LDs). Subsequently,
these LDs can be used to promote NADPH production
via lipolysis and B-oxidation, endowing the cells with a
survival advantage against anoikis [11]. LDs composed
of a monolayer phospholipids encapsulating neutral lip-
ids, predominantly triacylglycerol (TAG), are vital cel-
lular energy stores. TAG consists of a glycerol backbone
esterified with three fatty acids. However, most human
cells are incapable of directly metabolizing glycerol, only
specialized cells like adipocytes and hepatocytes pos-
sess glycerol kinase (GK), which converts glycerol to
3-phosphoglycerol (3-PG). For tumor cells, alternative
metabolic routes are essential, such as the conversion of
dihydroxyacetone phosphate (DHAP), a glycolytic inter-
mediate, to 3-PG by glycerol-3-phosphate dehydrogenase
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1/1-like (GPD1/1L), utilizing NADH as a cofactor. Hence,
it is posited that GPD1/1L plays a significant role in
the accumulation of LDs in GC cells. So, do lipid drop-
lets serve functions beyond energy provision during the
unanchored growth phase of peritoneal metastasis in
gastric cancer cells?

In the context of peritoneal metastasis, GC cells
undergo a state of unanchored growth, severed from the
supportive extracellular matrix. This detachment is asso-
ciated with an increased production of reactive oxygen
species (ROS) [12, 13], which, when in excess, can inflict
irreversible damage on cellular macromolecules, includ-
ing proteins, lipids, and nucleic acids alike, thus signifi-
cantly contributing to the onset of anoikis [14]. Iron, an
indispensable element for cell growth and proliferation,
is found in every mammalian cell. Notably, the conver-
gence of ROS with ions can initiate a series of oxidative
reactions that specifically target polyunsaturated fatty
acids (PUFAs) in the cell membrane’s phospholipids. The
ensuing peroxidation leads to the disruption of the mem-
brane’s structural integrity, culminating in the induction
of ferroptosis [15].

Ferroptosis is a type of programmed cell death that is
distinct from other forms such as apoptosis, necrosis,
and autophagy. It is characterized by the accumulation
of ROS due to iron-dependent lipid peroxidation [16,
17]. The regulation of ferroptosis is governed by three
principal pathways [18]: the cystine/GSH/the glutathi-
one peroxidase 4 (GPX4) axis, which is central to cellular
redox balance [19, 20]; the FSP1/CoQ10 axis, implicated
in mitochondrial function [21, 22] and the GCH1/BH4/
DHER axis, which influences critical metabolic processes
[23, 24]. Recent studies have shown a strong correlation
between the progression of ferroptosis and lipid accu-
mulation, particularly in the abundance of lipid drop-
lets. Furthermore, these studies have revealed that FSP1
is predominantly localized to intracellular lipid droplets
in adipocytes of brown adipose tissue [25]. However, the
functional implications of this localization are not well
understood. In this research, we found that the accumu-
lation of lipid droplets in GC cells is associated with a
reduction in FSP1 ubiquitination. This decrease in ubiq-
uitination promotes ferroptosis resistance and signifi-
cantly enhances the peritoneal metastatic potential of GC
cells.

Materials and methods

Cell lines and reagents

Human GC cell lines were purchased from ATCC
(Manassas, VA, USA). All cell lines were routinely
cultured in RPMI-1640 medium (Hyclone, Cat
No.SH30809.01), supplemented with 10% FBS and 1%
penicillin/streptomycin solution, under a humidified
atmosphere containing 5% CO,. For suspension growth,
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cells were plated on discs coated with poly-2-hydroxy-
ethyl methacrylate (poly-HEMA) (Sigma, Cat No.
P3932), prepared by dissolving poly-HEMA powder to
a concentration of 12 mg/mL in 95% ethanol. To induce
lipid droplets formation in GC cells, we employed oleic
acid (OA) (Sigma, Cat No. O1383-1G) at a final concen-
tration of 200uM. Additionally, the ferroptosis inducer
RSL3 (Selleck, Cat No. S8155) and the FSP1 suppressor
iFSP1 (Selleck, Cat No. S9663) were added to serum-free
culture media.

CCK-8 cell viability

Detachment: 10,000 GC cells per well were cultured in
a suspension culture within 96-well plates that had been
coated with Poly-HEMA to induce anoikis. Subsequently,
the cells were incubated in RPMI-1640 medium with
Liproxstatin-1 (Lip-1, 2 uM, Selleck, Cat No.S7699) or
Ferrostatin-1 (Fer-1, 2 uM, Selleck, Cat No.S7243) for a
duration of 48 h.

Attachment: 5,000 GC cells per well were seeded in
96-well plates in advance. Subsequently, the cells were
incubated in RPMI-1640 medium with RSL3 (Selleck, Cat
No.58155) or OA (200uM, Sigma, Cat No. O1383-1G) for
24 h, or with OA (200uM) alone for different time points.

To assess cell viability, 10 puL of the CCK-8 reagent
(Corning Incorporated) was added to each well, followed
by a 2 h incubation at 37 °C. The optical density (OD) at
450 nm was then measured using a microplate reader to
quantify the cells’ response to the treatment.

Immunofluorescence staining

GC cells were first fixed in 4% paraformaldehyde solu-
tion for 30 min, followed by permeabilization using a
0.5% Triton-X 100 solution in 1x PBS for 15 min. After
permeabilization, the cells were blocked with a 5% BSA
solution in 1x PBS for 1 h at room temperature to reduce
non-specific binding. The cells were then incubated with
primary antibodies against FSP1 (Proteintech, Cat No.
20886-1-AP) overnight at 4 °C. Subsequently, they were
incubated with a secondary antibody, anti-rabbit IgG
(Proteintech, Cat No. SA00013-4), diluted 1:200, for
1 h at room temperature. The cell nuclei were counter-
stained with DAPI (Biofroxx, Cat No. 1155MG010) at a
final concentration of 1 pg/mL for 10 min. Lipid droplets
were visualized using BODIPY 493/503 (Thermo Fisher
Scientific, Cat No. D3922) for 15 min. After staining, the
cells were washed with 1x PBS to remove excess stain
and then sealed using an antifade reagent (Life Technolo-
gies, Cat No. P36934) to preserve fluorescence. Finally,
the cells were observed under a fluorescence microscope.

Protein extraction and Western blotting
Protein lysates were extracted from cells using a
radio-immunoprecipitation assay buffer (RIPA buffer,
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Beyotime, Cat No. P0013B), which is composed of 50
mM Tris-HCl at pH 7.4, 150 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 1 mM EDTA, 0.1% SDS, and
supplemented with Phenylmethanesulfonyl fluoride
(PMSEF) (Beyotime, Cat No. ST2573) to inhibit protease
activity. The samples were centrifuged at 12,000 rpm at
4 °C for 10 min to collect the supernatants and the pro-
tein concentration of the lysates was determined using
a bicinchoninic acid (BCA) protein assay kit (Beyotime,
Cat No. P0012). Equal amounts of protein were then
loaded onto sodium dodecyl sulfate—polyacrylamide
gels for electrophoretic separation. Following electro-
phoresis, the proteins were transferred onto polyvinyli-
dene fluoride (PVDF) membranes (Millipore, Cat No.
IPVHO00010). The membranes were incubated in 5%
non-fat milk solution in 1x PBS for 1 h at room tempera-
ture and then, with primary antibodies overnight at 4 °C.
Subsequently, Horseradish Peroxidase (HRP)-conjugated
secondary antibodies (Proteintech Cat No. SA00001-1;
Cat No. SA00001-2) were applied, and the immunoreac-
tive signals were visualized using an enhanced chemilu-
minescence (ECL) detection reagent (Beyotime, Cat No.
POO018ES) (Beyotime, Cat No. PO018FS) according to the
established protocols. Quantifed the protein bands using
Image ] software after being normalized to the tublin
level.

Lipidomics

Samples in liquid nitrogen were sent to Novogene Co.,
Ltd. (Beijing, China) for UHPLC-mass spectrum (MS)/
MS analysis. Methanol (0.75 mL) was added to a 100 pL
sample, which was placed into a glass tube with a Teflon
lined cap, and the tube was vortexed. 2.5 mL of Methyl
Tertiary Butyl Ether (MTBE) was added and the mixture
was incubated for 1 h at room temperature in a shaker.
Phase separation was induced by adding 0.625 mL of
MS-grade water. Upon 10 min of incubation at room
temperature, the sample was centrifuged at 1,000 g for
10 min. The upper phase was collected, and the lower
phase was re-extracted with 1 mL of the solvent mixture
(MTBE/methanol/water (10:3:2.5, v/v/v)), and collecting
the upper phase. Combined organicphases were dried
and dissolved in 100 pL of isopropanol for storage. Then
analyzed by UHPLC-MS/MS using a Vanquish UHPLC
system (Thermo Fisher, Germany) coupled with an Orbi-
trap Q ExactiveTM HF mass spectrometer (Thermo
Fisher, Germany) in Novogene Co., Ltd. according to the
established protocols.

Hematoxylin and eosin staining (H&E) and
immunohistochemistry (IHC)

Fresh tumor tissue were fixed in 4% paraformaldehyde
solution. Following fixation, the tissues underwent dehy-
dration, paraffin embedding, and sectioning to prepare
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for H&E staining or IHC analysis. The IHC was per-
formed as described previously [11]. In brief, tissue sec-
tions were incubated with specific primary antibodies,
including those against Ki-67 (Cell Signaling Technology
Cat No. 9027s), diluted 1:500, and 4-Hydroxynonenal
(4-HNE) (Abcam, Cat No. ab48506) diluted 1:400, over-
night at 4 °C. The subsequent day, the slides were treated
with corresponding secondary antibodies. The immu-
noreactivity was visualized using a 3,3’-diaminobenzi-
dine (DAB) staining kit (ZSGB-BIO, Cat No. PV-9000).
Images were captured randomly from each tumor sec-
tion at a 200x magnification, with five images taken per
tumor, using a Leica Aperio CS2 microscope.

Gene knockout mediated by CRISPR-Cas9

Using the services of AZENTA (Suzhou, China), we inte-
grated single-guide RNAs (sgRNAs) and a CRISPR-Cas9
expression system into the lentiCRISPR-v2 vector. Subse-
quently, the generation of stable cell lines was achieved
through antibiotic selection with 5 pg/mL puromycin
(Sigma-Aldrich, USA), applied for a period of 3 days.
Following this selection, single cells were sorted and
seeded into 96-well plates for clonal expansion. These
monoclonal populations were cultured for a duration
of 3 to 4 weeks to allow for the establishment of stable
cell lines. The efficiency of the gene knockout was sub-
sequently validated through immunoblotting and quan-
titative polymerase chain reaction (qPCR) assays. The
sequences of the sgRNAs targeting GPD1, GPD1L, and
ESP1 were as follows: 5'-TCAGCCATCGCCAAGATCG
T-3' for GPD1, 5-GCATAGACGAGGGCCCCGAG-3'
for GPD1L, and 5-TCAAGGACAACTTCCGGCAG-3’
for FSP1, respectively.

Measurement of MDA, NADPH/NADP+ and GSH/GSSG

The relative malonaldehyde (MDA) concentration in
cell was assessed using a lipid peroxidation MDA assay
kit (Abcam Cat No. ab118970), according to the manu-
facturer’s protocol. The determination of intracellu-
lar NADPH and total NADP levels were performed in
accordance with the standard procedures provided by
the manufacturer. For the measurement of GSH, a GSH/
GSSG-Glo Assay Kit (Promega, #V6611) was employed,
according to the manufacturer’s instructions.

Anoikis and lipid ROS assay

Anoikis was induced by suspension culture. About
5 x 10°cells were seeded in six-well plates pre-coated with
poly-HEMA and cultured for 48 h. To assess cell viability,
we employed a dual-staining method using calcein AM
(Invitrogen, Cat No. C1430, 4 pM) and ethidium homodi-
mer (EthD-1, Invitrogen, Cat No. E1169, 4 uM). Calcein
AM serves as a green fluorescent marker for live cells,
while EthD-1 indicates dead cells with red fluorescence.
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Both dyes were pre-incubated at 37 °C for 30 min before
the cells were visualized under a fluorescence micro-
scope to distinguish live from dead populations. For the
lipid ROS assay, harvested cells were subjected to stain-
ing with C11 BODIPY 581/591 (Thermo Fisher Scientific,
D3861), following the manufacturer’s recommended pro-
tocol. The ROS levels were analyzed using a CytoFLEX
cytometer instrument (Beckman Coulter, Brea) for flow
cytometric analysis, and representative images were
also captured using a fluorescence microscope for direct
observation.

Adipocyte coculture

Adipocytes were extracted from high-fat diet mice which
purchased from GemPharmatech Co., Ltd. Briefly, about
400~ 600 mg of adipose tissue was separated with for-
ceps, washed twice with PBS in the culture dish, and
the non-adipose tissue or blood vessels were removed.
The tissue was cut with surgical scissors, transferred to
a 50 ml sterile centrifuge tube, digested with 0.2% colla-
genase type I in a 37°C shaker (80~ 100 rpm) for about
0.5~1 h. Digestion was terminated using 1640 medium
containing 10% FBS and centrifuged at 1500 rpm for
5 min. The upper adipocytes were carefully collected
using pipette tips and immediately used for coculture
with GC cells after counting.

Animal studies

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Guangzhou
Medical University. Female BALB/c nude mice, approxi-
mately 4 weeks of age, were purchased from Guangdong
Medical Laboratory Animal Center (Foshan, China).
We evaluated the peritoneal dissemination capacity
of GC cells using an intraperitoneal injection model.
Briefly, approximately 3x10° GC cells were enzymati-
cally digested and resuspended in 400 uL of 1x PBS. This
cell suspension was then immediately injected into the
peritoneal cavity of each nude mouse, with five mice per
experimental group. After a period of about one month,
the mice were humanely sacrificed using the CO, asphyx-
iation. Subsequently, the peritoneum was meticulously
examined and documented, and tissue samples were col-
lected for subsequent embedding and histological stain-
ing analysis.

Statistical analyses

All experiments were repeated at least three times. Sta-
tistical p-values were obtained by application of the
appropriate statistical analysis using the GraphPad Prism
(version 8.0). Data were presented as the means * stan-
dard deviation of the mean. To determine significant
differences between two groups, we employed Student’s
t-test. For comparisons involving more than two groups,
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we used one-way analysis of variance (ANOVA) and
Tukey’stest for multiple comparisons. Statistical signifi-
cance was considered as follows: p<0.05 (*), p<0.01 (**),
p <0.001 (***) and p <0.0001 (****).

Results

Induction of ferroptosis by anchorage-independent
growth in GC cells

Detachment of adherent cells can initiate a form of pro-
grammed cell death known as anoikis, a process in which
ROS are notably implicated. This led us to investigate
whether suspension growth could trigger ferroptosis in
GC cells. Firstly, we cultured GC cells in a state of sus-
pension using dishes coated with poly-HEMA. Our find-
ings revealed that compared to anchorage, detached
BGC823, SGC7901, AGS and HGC27 cells exhibited
decreased intracellular NADPH and GSH produc-
tion (Fig. 1A). Interestingly, staining with C11 BODIPY
581/591 revealed a significant elevation in intracellular
lipid peroxidation levels in suspended GC cells (Fig. 1B
and C). Additionally, MDA, a lipid peroxidation marker,
demonstrated a significant increase in the detached GC
cells (Fig. 1D). Meanwhile, cell death was assessed using
a LDH detection kit and calcein AM/EthD-1 staining.
Our findings demonstrated a significant enhancement in
LDH release (%) (Fig. 1E) and cell death in the suspended
GC cells (Fig. 1F and G). Furthermore, we confirmed that
the ferroptosis inhibitors Lip-1 and Fer-1 effectively miti-
gated the cell death of GC cells during suspension culture
(Fig. 1H). In our study, we demonstrate that anchorage-
independent growth is a potent inducer of ferroptosis.
Moreover, our findings reveal that inhibiting ferroptosis
significantly enhances the suspension growth capabilities
of gastric cancer cells.

Lipids droplets attenuate ferroptosis in GC cells during
suspension growth

Specific alterations in the lipid metabolism, including
increased fatty acid uptake and synthesis, are recog-
nized as a mechanism that contribute to anoikis resis-
tance in various types of cancers. Consistent with this,
we observed a significant accumulation of neutral lip-
ids in lipid droplets of BGC823 and SGC7901 cells after
suspension culture, as visualized by the fluorescent sen-
sor BODIPY 493/503 (Fig. 2A). Importantly, the level
of TAG markedly increased after suspension culture
(Fig. 2B). Next, we employed lipid mass spectrometry to
analyze the changes in the distribution of FAs across dif-
ferent lipid species. Specifically, the intracellular PUFAs
were predominantly found in TAG, with a compara-
tively lower presence in phospholipids (Fig. 2C and Fig-
ure S1A). Collectively, these findings suggested that LDs
may play a role in mitigating lipid peroxidation. We then
induced LDs accumulation in GC cells by co-culturing

Page 5 of 15

GC cells with OA or adipocytes (Figure S1B). Our find-
ings indicated that the significant increase in cell death
and lipid ROS levels, occurred after suspension culture,
was mitigated by OA or adipocytes (Fig. 2D-F). In addi-
tion, employing antibodies specific to 4-HNE, a marker
of lipid peroxidation, we observed an elevation in lipid
peroxidation after suspension culture, which was atten-
uated by OA treatment (Fig. 2G). Furthermore, under
adherent culture conditions, we used the GPX4 inhibi-
tor RSL3 to induce ferroptosis in GC cells. Both OA and
adipocytes were found to inhibit ferroptosis induced by
RSL3 (Fig. 2I and Figure S1C), as well as lipid ROS levels
(Fig. 2H). Additionally, OA provided protection against
death induced by arachidonic acid (AA), a PUFAs (Figure
S1D). Collectively, these results demonstrate the role of
lipids drolets in attenuating ferroptosis in GC cells during
suspension growth.

GPD1/1L mediated lipid droplets accumulation confers
ferroptosis resistance

Triacylglycerols serve as the predominant molecules
of energy storage in mammalian cells and are respon-
sible for lipid droplets formation. To elucidate the enzy-
matic pathways that facilitate the incorporation of both
endogenous and exogenous fatty acids into lipid drop-
lets, we first examined several key enzymes involved in
triglyceride synthesis. These included GPD1 and GPD2,
which are isoforms of the rate-controlling enzyme for
glycerol-3-phosphate formation, glycerol-3-phosphate
dehydrogenase 1 like protein (GPD1L), lysophosphatidyl
acyltransferase 1 (AGPAT1) and diacylglycerol acyltrans-
ferase 1 and 2 (DGAT1 and DGAT?2). Interestingly, under
the suspension culture condition, we observed signifi-
cant upregulation of GPD1 and GPDI1L in BGC823 and
SGC7901 cells (Fig. 3A). In addition, treatment with 200
uM OA induced a time-dependent increase in GPD1 and
GPDI1L protein expression in BGC823, SGC7901, AGS
and HGC27 cells (Fig. 3B). Subsequent gene set enrich-
ment analysis (GSEA) of transcriptome sequencing data
from 375 GC patients in the TCGA database revealed
that pathways related to fatty acid metabolism were sig-
nificantly enriched in the high-expression groups of
GPD1 or GPDIL (Figure S2A and B).

To investigate the necessity of GPD1 and GPDI1L for
lipid droplet accumulation, we generated SGC7901 and
HGC27 cell lines with double knockout (DKO) of GPD1
and GPD1L using CRISPR/Cas9 systerm. We successfully
established two independent cell lines with strong loss-
of-function phenotypes and confirmed that the DKO of
GPD1 and GPDIL was less effective in promoting tri-
glyceride synthesis and lipid droplet formation under
suspension culture conditions. Even with attachment and
the presence of exogenous OA, triglyceride synthesis and
lipid droplet formation remained diminished in these
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Fig. 2 Lipids drolets attenuate ferroptosis in GC cells during suspension growth. A BODIPY 493/503 imaging of neutral lipid accumulation (green) in
BGC823 and SGC7901 under detached conditions. Cell nuclei were stained with DAPI. Scale bars 10 um. B Measurement of TAG levels in the GC cells
under attached and detached conditions. C Fold change in the distribution of PUFAs in various lipid contents (log2) of cells cultured with attachment and
detachment detected by lipid mass spectrometry. D Analysis of lipid ROS using BODIPY 581/591 by flow cytometry in GC cells under detached conditions
and treated with OA (200 uM). E, F Representative images and quantification of GC cells treated with OA (200 uM) or co-cultured with adipocytes under
detached conditions for 48 h. Scale bars 50 um. Calcein AM (green fluorescent dye) was used to detect cell viability and EthD-1 (red fluorescent dye) for
cell death. G 4-HNE expression detected by western blot analysis in GC cells treated with OA (200 uM) under detached conditions. H Analysis of lipid
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lines (Fig. 3C and D). Importantly, the level of TAG mark-
edly decreased after suspension culture (Fig. 3E). More-
over, the DKO of GPD1 and GPDI1L resulted in higher
levels of lipid peroxidation and its end products 4-HNE
during suspension growth (Fig. 3F and G). Importantly,
the DKO cells exhibited a significant reduction in the
protective effect of OA on cell viability (Fig. 3H and I).
Additionally, the SGC7901 or HGC27 GPD1/1L-DKO
cell lines displayed a slight increase in sensitivity to the
ferroptosis inducer RSL3. Therefore, these findings
underscore the importance of GPD1 and GPD1L in lipid
droplet formation and their role in modulating GC cell
resistance to ferroptosis.

Accumulated lipid droplets suppress the ubiquitination of
FSP1

The data presented above demonstrate that lipid droplets
confers ferroptosis resistance in GC cells. Ferroptosis, a
form of regulated cell death driven by iron-dependent
lipid peroxidation, can be antagonized by several pro-
teins, including GPX4, ferroptosis inhibitory protein 1
(FSP1), and dihydroorotate dehydrogenase (DHODH). To
identify the key pathway responsible for this resistance in
GC cells, we analyzed the expression levels of SLC7A11,
ESP1, DHODH and GPX4 proteins and observed a sig-
nificant upregulation of FSP1 in response to OA or adi-
pocyte co-culture. However, the elevation of GPX4
expression was not significant (Fig. 4A and Figure S3A).
Furthermore, FSP1 upregulation induced by OA was not
observed in the DKO of GPD1/1L cell lines (Figure S3B).
Interestingly, using confocal microscopy, we detected the
localization of FSP1 and discovered that its expression
was up-regulated after OA treatment, with a subset of
ESP1 localizing to the lipid droplet surface (Fig. 4B and
C). These findings indicate FSP1’s role in conferring resis-
tance to ferroptosis in GC cells.

To ascertain whether lipid droplets exert a direct influ-
ence on the transcript levels of FSP1, thereby modulat-
ing its protein expression, we performed qPCR assays.
The qPCR data indicated that the FSP1 mRNA levels
remained largely unaltered in GC cells harboring lipid
droplets (Fig. 4D). Given the critical role of ubiquitina-
tion in protein degradation, we employed the protein
synthesis inhibitor cycloheximide (CHX, 200 pg/mL)
and the proteasome inhibitor MG132 (20 uM) to explore
FSP1 ubiquitination. Treatment with CHX led to a dimi-
nution in FSP1 protein levels (Fig. 4E), while MG132
treatment resulted in an increase FSP1 protein level
(Fig. 4F). Notably, pre-treatment with OA prior to CHX
addition caused a significant increase of FSP1 protein
(Fig. 4G). Immunodetection with pan-ubiquitin antibod-
ies revealed a marked reduction in FSP1 ubiquitination in
OA-induced lipid droplet-containing GC cells (Fig. 4H).
Collectively, These outcomes suggest that lipid droplets
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may suppress the ubiquitination of FSP1, consequently
attenuating its proteasomal degradation.

Suppression of FSP1 enhances ferroptosis in GC cells

To ascertain the role of FSP1 in regulating lipid peroxida-
tion during the suspension growth of GC cells, we initi-
ated experiments using the FSP1 inhibitor iFSP1. Our
findings demonstrate that FSP1 inhibition during sus-
pension culture significantly abrogated the OA induced
ferroptosis resistance in GC cells (Fig. 5A). FSP1 knock-
out in the cell lines was validated through western blot
(Fig. 5B). Furthermore, the FSP1 knockout cell lines
exhibited elevated lipid peroxidation levels and the end
product of lipid peroxidation during suspension growth,
which corresponded with a decreased cell viability
(Fig. 5C-E). Additionally, these cell lines exhibited a pro-
nounced increase in sensitivity to RSL3 induced ferrop-
tosis under attached condition (Fig. 5F). Consistent with
our hypothesis, under conditions that induce ferropto-
sis, as triggered by RSL3 in FSP1 knockout GC cells, OA
failed to enhance cell viability (Fig. 5G). To further eluci-
date the impact of FSP1, we constructed cell lines over-
expressing FSP1, and the overexpression was confirmed
by western blotting (Fig. 5H). These FSP1-overexpressing
cell lines displayed enhanced cell viability (Fig. 5I), along
with reduced lipid peroxidation levels during suspen-
sion growth (Fig. 5]) and decreased sensitivity to RSL3-
induced ferroptosis under attached conditions (Fig. 5K).
These results demonstrate ferroptosis is exacerbated in
GC cells when FSP1 is suppressed.

Knockout FSP1 reduces the peritoneal dissemination of GC
cells in vivo

Subsequently, we explored the role of FSP1 in peritoneal
dissemination in vivo. Both knockout and control GC
cells were injected into the peritoneal cavities of nude
mice. FSP1 knockout significantly diminished the forma-
tion of mesenteric metastatic nodules on the intestinal
wall of the mice (Fig. 6A). Histological examination using
H&E staining and IHC revealed that the absence of FSP1
led to a reduction of Ki-67 levels, indicative of decreased
cell proliferation, while there was a concomitant increase
in 4-HNE levels, which is consistent with our prior in
vitro findings (Fig. 6B).

Discussion

In clinical practice, GC patients with mesenteric metasta-
sis pose a significant challenge due to the scarcity of effec-
tive treatment options and generally poor outcomes. The
phenomenon of anoikis resistance is a key determinant
in the metastatic progression of numerous malignancies,
including GC. Anoikis, a specialized form of apoptosis, is
triggered when cells detach from the extracellular matrix.
It represents a pivotal barrier to tumor metastasis, as
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cells must evade this programmed cell death to success- ions, have the capacity to assail the polyunsaturated fatty

fully colonize distant sites [26, 27]. Anoikis resistance is
essential for the survival and sustained propagation of
metastatic tumor cells [28]. Among the myriad of fac-
tors implicated in the induction of anoikis, the metabolic
perturbations that lead to a critical surge in ROS are par-
ticularly significant. These ROS, when influenced by iron

acids within the cell membrane. This assault initiates a
cascade of lipid peroxidation events, which are diagnos-
tic of ferroptosis. The potential interplay between anoi-
kis and the onset of ferroptosis is a compelling avenue
for further research. Decoding this nexus is crucial as it
promises to deepen our comprehension of the intricate
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Fig. 6 Knockout FSP1 reduces the peritoneal dissemination of GC cells in vivo. A Nude mice were intraperitoneally injected with either scramble control
or FSP1-KO of the described GC cells. After approximately one month, the mice were examined for metastases in the abdomen and the affected areas
were photographed. The metastatic lesions in the intestines were quantified and presented in a histogram for every group (n=5). B Histological analy-
sis of dispersed tumors in the nude mice included H&E staining (scale bars 0.5 mm), 4-HNE (scale bars 50 um) and Ki67. scale bars 50 um). C Proposed
mechanism of FSP1 action in the inhibition of ferroptosis. GPD1/1L regulates the accumulation of lipid droplets and can suppress the ubiquitination of
FSP1.This inhibition may confer resistance to ferroptosis, thereby further suppressing the process of anoikis in GC cells. Apoptotic cells within the tumors
were visualized by TUNEL staining (green), with nuclei counter stained by DAPI (blue) (scale bars 50 um).

pathways of cell death and may reveal innovative thera-  findings substantiate that detachment from the extracel-
peutic strategies for conditions marked by abnormal lular matrix triggers ferroptosis in GC cells.

cell detachment and the advancement of tumors. In this Exogenous metabolites including lipids are potent
study, we revealed that anchorage-independent growth  modulators of cell function and fate. Our previous study
of GC cells potently induced ferroptosis, which can be demonstrated that peritoneum-derived adipocytes
effectively mitigated by the ferroptosis inhibitors. Our induces robust lipid droplets accumulation in GC cells.
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However, the pathways that drive lipid droplet accumula-
tion in GC cells and the relationship between lipid drop-
lets and ferroptosis is complicated. Bailey et al. [29] have
reported that lipid droplets protected Drosophila glial
cell niche and neural stem cells from damaging PUFAs
peroxidation. The accumulation of excess free fatty acids
(FFAs) can induce oxidative stress and mitochondrial
dysfunction, resulting in the overproduction of ROS,
accumulation of unsaturated fatty acids, and escalation of
lipid peroxidation [30]. Therefore, tumor cells should aim
to minimize oxidative phosphorylation and reduce ROS
production, especially during the process of metastasis.

Here, we have demonstrated that lipid droplets derived
from OA treatment or coculture with adipocytes, can
significantly attenuate ferroptosis in GC cells during sus-
pension growth. This indicates that lipid droplets play a
significant role in ferroptosis resistance and the develop-
ment of peritoneal metastasis in GC cells.

Moving forward, our investigation is focused on iden-
tifying and characterizing the pivotal enzymes that
orchestrate the biogenesis of lipid droplets in GC cells.
The synthesis of triglycerides, a critical lipid class in lipid
droplets, is contingent upon the availability of glycerol-
3-phosphate(G3P), a key precursor that is requisite for
the esterification process irrespective of the fatty acid’s
origin, be it exogenous or endogenous. G3P is the basic
unit of various lipid metabolites, further serving as the
backbone for lipid biosynthesis and different signaling
molecules, participating in regulating biological pro-
cesses of cell survival, energy metabolism, and oxidative
stress [31, 32]. GPD1 and GPDI1L share 70% of the same
protein sequence and catalyze the same function. They
utilize NADH as a coenzyme to catalyze the production
of dihydroxyacetone phosphate derived from glucose to
G3P in the cytoplasm. Interestingly, emerging evidence
indicates that GPD1 plays a tumor-promoting role [33].
and GPD1/GPD1L DKO in mouse kidney cancer cells
inhibited lipid synthesis and in vitro/ in vivo tumor
growth [34]. An observational bladder cancer study also
suggested correlated increases in GPD1 and fatty acid
synthetic enzyme activities in tumor tissues [35]. In our
investigation, we observed that GPD1/1L utilize intra-
cellular unsaturated fatty acids to synthesize triglycer-
ides during the process of detachment, leading to the
accumulation of these lipids within cells during the early
stages of metastasis. This results in a reduction lipid per-
oxidation and preventing ferroptosis. Particularly, when
GC cells are transferred to the adipocyte-rich peritoneal
environment, the expression of cytoplasmic GPD1/1L
is significantly upregulated. This upregulation leads to
the accumulation of lipid droplets, potentially facilitat-
ing tumor progression. Elucidating the precise scope of
GPD1’s tumor-promoting roles will necessitate addi-
tional research.
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The system Xc-/GSH/GPX4 axis is a GSH-dependent
ferroptosis defense system and is one of the most impor-
tant antioxidant systems for ferroptosis resistance [36].
However, in some cell types or cell lines, inhibition of
GPX4 cannot induce ferroptosis, which indicates the
presence of alternative mechanisms. Among them, the
GSH-independent coenzyme Q oxidoreductase FSP1
acts in parallel with GPX4, representing another major
regulator of ferroptosis [21, 22]. FSP1, as one of the main
regulatory molecules of ferroptosis [37] is regulated by
upstream factors, including transcription factors and
noncoding RNA, and is subject to epigenetic modifica-
tions, which affect the progress of FSP1-related diseases
[38]. FSP1 is closely associated with the poor prognosis of
malignant tumors and plays an important role in disease
treatment [39]. Moreover, a study found that dehydroabi-
etic acid can stimulate the upregulation of FSP1 through
activating NRF2 pathway, inhibit ROS accumulation and
lipid peroxidation, and mitigate nonalcoholic fatty liver
disease (NAFLD) induced by a high-fat diet (HFD) [40].
In our investigation, we found that lipid droplets, when
accumulated, can suppress the ubiquitination of FSP1.
This observation lays the groundwork for delving into
novel molecular mechanisms, particularly from the per-
spective of protein stability pathway.

Briefly, when exposed to a high-fat environment in the
peritoneum, a large amount of fatty acids are taken up for
synthesis of triglycerides, which can upregulate FSP1 to
eliminate intracellular lipid ROS during metastasis. This
study unveils the important relationship between lipid
metabolism reorganization and ferroptosis, demonstrat-
ing that GPD1/1L regulates the accumulation of lipid
droplets and that lipid droplets can confer resistance to
ferroptosis through FSP1(Fig. 6C). These findings provide
a novel target for the prevention and treatment of perito-
neal metastasis of gastric cancer.

Limitations of the study

Our study has certain limitations that should be
addressed in future research. Firstly, it would be ben-
eficial to include a comparative analysis of the effects
of various inhibitors on cells to further substantiate the
claim that ferroptosis significantly contributes to cell
death upon detachment. Additionally, while our in vitro
experiments have shown that lipid droplets can confer
resistance to ferroptosis through FSPI, it is crucial to
validate these findings through in vivo studies. Therefore,
we intend to employ a range of inhibitors to investigate
cell death and conduct in vivo experiments to confirm
the role of FSP1 in ferroptosis. This approach will provide
a more comprehensive understanding of the mechanisms
involved and strengthen our conclusions regarding the
significance of ferroptosis in cell death processes.
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