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Ferroptosis is an iron-dependent regulated necrosis mediated by
lipid peroxidation. Cancer cells survive under metabolic stress con-
ditions by altering lipid metabolism, which may alter their sensi-
tivity to ferroptosis. However, the association between lipid
metabolism and ferroptosis is not completely understood. In this
study, we found that the expression of elongation of very long-
chain fatty acid protein 5 (ELOVL5) and fatty acid desaturase 1
(FADS1) is up-regulated in mesenchymal-type gastric cancer cells
(GCs), leading to ferroptosis sensitization. In contrast, these en-
zymes are silenced by DNA methylation in intestinal-type GCs,
rendering cells resistant to ferroptosis. Lipid profiling and isotope
tracing analyses revealed that intestinal-type GCs are unable to
generate arachidonic acid (AA) and adrenic acid (AdA) from linoleic
acid. AA supplementation of intestinal-type GCs restores their sen-
sitivity to ferroptosis. Based on these data, the polyunsaturated
fatty acid (PUFA) biosynthesis pathway plays an essential role in
ferroptosis; thus, this pathway potentially represents a marker for
predicting the efficacy of ferroptosis-mediated cancer therapy.
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Ferroptosis, an iron-dependent type of necrotic cell death, is
an emerging cell death pathway that is associated with several

pathological conditions, including ischemia-reperfusion (I/R)
injury, neurodegeneration, and cancer (1–4). In the normal state,
polyunsaturated fatty acids (PUFAs) are frequently oxidized by
lipoxygenases such as 12/15-lipoxygenase but immediately reduced
by the enzyme glutathione peroxidase 4 (GPX4) and its cofactor
glutathione (GSH) (2, 5). However, when GPX4 is inhibited or
GSH is depleted, lipid peroxides accumulate in cells, leading to
lipid peroxidation-induced cell death, which is called ferroptosis
(1, 2, 6). Several radical-trapping antioxidants (RTAs), such as
ferrostatin-1 and liproxstatin-1, which trap lipid peroxyl radicals,
have been identified as ferroptosis inhibitors (1, 7). These inhib-
itors exert a protective effect on mouse models of I/R-induced
renal failure, liver injury, and doxorubicin-induced cardiomyopa-
thy, suggesting a critical role for ferroptosis in various diseases
(7–9).
Since intracellular GSH is synthesized from cysteine, the

maintenance of certain levels of cysteine is critical for protecting
cells from ferroptosis. Cysteine homeostasis is supported from
outside the cell through system xc

−, a cystine/glutamate anti-
porter that imports cystine (the oxidized form of cysteine).
Erastin was first identified as a ferroptosis inducer that inhibits
system xc

− (1, 10). Sorafenib also inhibits system xc
− and induces

ferroptosis, particularly in hepatocarcinoma cells (10–12). In

addition, cysteine is synthesized from methionine by the cys-
tathionine β-synthase (CBS) enzyme and cystathionine γ-lyase
(CTH) via the transsulfuration pathway. The inhibition of trans-
sulfuration pathways has also been shown to trigger ferroptosis in
certain types of cells (13, 14). According to a recent study, cancer
cells differentially express xCT, the regulatory component of the
system xc

−, and CBS, rendering them dependent on the xc
− system

or the transsulfuration pathway for the maintenance of intracel-
lular cysteine pools (15). The transsulfuration pathway may pro-
tect cells from ferroptosis when cysteine homeostasis is not fully
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supported by cancer cells under certain conditions, including
hypoxia. The direct inhibition of GPX4 by specific inhibitors, such
as RSL3 and ML210, also rapidly induces ferroptotic cell death
(16, 17). Interestingly, mitochondria play a key role in cysteine
deprivation-induced ferroptosis, whereas they are dispensable for
GPX4 inhibition-induced ferroptosis (18).
Most cancer cells, including renal cell carcinoma, melanoma,

hepatocarcinoma, and lung cancer, have been reported to un-
dergo ferroptosis upon the inhibition of GPX4 or system xc

−.
Therapy-resistant cancer cells have recently been reported to
exhibit increased susceptibility to ferroptosis, possibly due to
their increased lipid metabolism via the TGF-ZEB1 pathway (19,
20). Since ferroptosis is induced by the peroxidation of PUFAs,
the regulation of lipid metabolism is a crucial determinant of
ferroptosis sensitivity. A phospholipidomic analysis revealed that
specific phospholipids, such as phosphatidylethanolamine (PE)-
conjugated arachidonic acid (AA) and adrenic acid (AdA), are
preferentially oxidized by lipoxygenases (21, 22). The crucial roles
of PE-conjugated AA have also been identified in a study showing
that phosphatidylethanolamine-binding protein 1 (PEBP1), which
binds to lipoxygenase and free AA, regulates ferroptotic cell death
(22). In addition, long-chain acyl-CoA synthetase 4 (ACSL4),
which esterifies AA and AdA into acyl-CoA to produce AA- or
AdA-containing PE, is essential for ferroptosis (21). ACSL4 ex-
pression is frequently lost in luminal-type breast cancer cells,
leading to ferroptosis resistance, whereas basal-type cells express
ACSL4 and undergo ferroptosis upon GPX4 knockout (KO) and
RSL3 treatment (21).
In the present study, we investigated the expression of genes

related to lipid and iron metabolism using a panel of gastric
cancer cells (GCs) with different sensitivities to ferroptosis to
identify a new protein that regulates ferroptosis. As a result, two
enzymes involved in PUFA biosynthesis, ELOVL5 and FADS1,
are determining factors regulating ferroptosis. Cells expressing
these enzymes display increased levels of AA and AdA and are
sensitive to ferroptosis. In contrast, cells with low expression of
these enzymes are resistant to ferroptosis, but the sensitivity of
these cells to ferroptosis is increased by the addition of exoge-
nous AA. Based on these results, the PUFA biosynthesis path-
way plays an essential role in ferroptosis in cancer cells.

Results
Mesenchymal-Type GCs, but Not Intestinal-Type GCs, Are Sensitive to
Ferroptosis. GCs with a mesenchymal or stromal gene signature
exhibit a poor response to chemotherapy, while intestinal-type
GCs are generally sensitive to chemotherapy (23–25). Therefore,
we wondered whether the sensitivity to ferroptosis also depends
on the type of GCs. The gene signatures of a panel of GCs were
confirmed using a microarray and categorized into mesenchymal-,
intestinal-, and mixed-type GCs using the previously described
nonnegative matrix factorization (NMF) clustering method (24) to
test this hypothesis (Fig. 1A). By analyzing the viability of the GCs
upon treatment with RSL3, a GPX4 inhibitor, mesenchymal-type
GCs, including Hs746T, SNU-484, SNU-668, YCC-16, and SNU-
216 cells, are highly sensitive to ferroptosis (Fig. 1A). In contrast,
intestinal-type GCs, including MKN-45, NCI-N87, SNU-601, SNU-
719, and YCC-7 cells, are resistant to RSL3-induced ferroptosis
(Fig. 1A). Furthermore, the sensitivity to RSL3 was significantly
correlated with mesenchymal gene signatures calculated from stem-
like or stromal score of each GC line, implying that chemoresistant
GCs might be highly sensitive to ferroptosis (Fig. 1 B and C and
Dataset S1) (24, 26). In addition, another GPX4 inhibitor, ML210,
selectively reduced the viability of Hs746T and SNU-484 cells
(Fig. 1D). Ferrostatin-1 and liproxstatin-1, two ferroptosis inhibi-
tors, almost completely reversed RSL3- or ML210-induced cell
death, whereas the pan-caspase inhibitor zVAD-fmk or the RIPK1
inhibitor necrostatin-1 did not (Fig. 1 E–G) (1, 7). Thus, RSL3 and
ML210 selectively induce ferroptosis in mesenchymal-type GCs.

We next wondered whether the sensitivity of cells to GPX4
inhibitors was similar to their sensitivity to other ferroptotic
stimuli, such as GSH depletion. Consistent with previous reports,
we observed a depletion of intracellular GSH levels when cells
were cultured with cysteine/methionine-deficient medium (SI
Appendix, Fig. S1A) (13, 15, 18, 27, 28). As the GSH levels de-
creased, cell death increased in two mesenchymal-type GCs (SI
Appendix, Fig. S1 B and C). The decrease in cell viability and
increase in lactate dehydrogenase (LDH) release were markedly
rescued in the presence of ferrostatin-1, suggesting that GSH
depletion mainly induces ferroptotic cell death (SI Appendix, Fig.
S1 B and C). However, intestinal-type GCs, such as NCI-N87
and SNU-719 cells, were also resistant to cysteine/methionine
deprivation-induced ferroptosis, despite the comparable deple-
tion of GSH (SI Appendix, Fig. S1 B and C).

ELOVL5 and FADS1 Expression Is Up-Regulated in Mesenchymal-Type
GCs. These observations prompted us to identify the key factors
that determine ferroptosis sensitivity by comparing gene ex-
pression levels between mesenchymal- and intestinal-type GCs.
Since RSL3 directly binds to and inhibits GPX4 activity, we fo-
cused on the genes associated with lipid and iron metabolism
rather than GSH metabolism and identified several genes whose
expression was significantly up-regulated or down-regulated in
mesenchymal-type GCs compared with intestinal-type GCs
(Fig. 2A and Datasets S2 and S3). Among these genes, ELOVL5
and FADS1, which are involved in the generation and utilization
of long-chain PUFAs, were expressed at higher levels in all
mesenchymal-type GCs than in intestinal-type GCs (Fig. 2 A and
B and SI Appendix, Fig. S2A). ELOVL5 and FADS1 are enzymes
required for the generation of AA (C20:4) and AdA (C22:4)
from linoleic acid (LA, C18:2) (Fig. 2C). Given that AA and
AdA are the most susceptible PUFAs to lipid peroxidation (21),
certain levels of these enzymes might be required for lipid
peroxidation and ferroptosis.
We next sought to evaluate the levels of the ELOVL5 and

FADS1 proteins in various GCs by performing a Western blot
analysis. When we employed two ELOVL5 antibodies, one anti-
body detected bands at ∼40 kDa, which is similar to the expected
molecular weight of ELOVL5 (35 kDa) based on its amino acid
(aa) sequence of 299 aa (SI Appendix, Fig. S2B). However, these
bands were observed in all intestinal-type GCs and one
mesenchymal-type GC line (SI Appendix, Fig. S2B). When we
validated the results using an ELOVL5 siRNA pool consisting of
four independent siRNAs, however, these bands were not de-
pleted by the siRNA treatment, indicating that these bands did not
represent the ELOVL5 protein (SI Appendix, Fig. S2 C and D).
Surprisingly, we observed a band with a molecular weight greater
than 180 kDa in all mesenchymal-type GCs, but not in intestinal-
type GCs, using both antibodies (SI Appendix, Fig. S2B). The
>180-kDa band might be the aggregated form of the ELOVL5
proteins, as suggested in a previous study showing that this protein
aggregates during boiling (29). Similarly, we could detect
ELOVL5 protein at ∼30 kDa in all mesenchymal-type GCs using
unboiled lysates (Fig. 2D). In addition, both the >180- and 30-kDa
bands disappeared after treatment with the pool of ELOVL5
siRNAs and were absent in ELOVL5 KO cells, suggesting that
these bands represent the actual ELOVL5 protein (SI Appendix,
Fig. S2 C–I).
Next, the specificity of five antibodies against FADS1 was

tested. Several FADS1 antibodies recognized proteins with sizes
of ∼55 kDa, which is the predicted molecular weight of FADS1
consisting of 501 amino acids (SI Appendix, Fig. S2J). However,
siRNA-mediated knockdown experiments implied that only the
antibody from Atlas Antibodies recognized the FADS1 proteins
(SI Appendix, Fig. S2 J–M). Furthermore, the band detected by
the Atlas antibody was no longer visible in lysates from FADS1
KO cells, confirming the specificity of this FADS1 antibody
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(SI Appendix, Fig. S2 N and O). Using this antibody, FADS1
proteins were detected in all mesenchymal-type GCs, but not in
intestinal-type GCs. Collectively, mesenchymal cells express the
ELOVL5 and FADS1 mRNAs and proteins at higher levels,
while intestinal-type cells do not express these enzymes.

Mesenchymal-Type GCs Contain More Ferroptosis-Related Lipids Than
Intestinal-Type GCs. We conducted a lipid profiling analysis using
liquid chromatography tandem mass spectrometry (LC-MS/MS)
to examine whether the increased levels of ELOVL5 and FADS1
are indeed associated with the levels of related metabolites. In-
terestingly, AA (C20:4), AdA (C22:4), and PE (18:0/22:4) were
among the top four significantly enriched PUFAs detected in the
mesenchymal-type cells compared to intestinal-type cells
(Fig. 2E and SI Appendix, Fig. S3). In addition, the levels of PE-
and phosphatidylcholine (PC)-linked fatty acids with a long-
chain length and high degree of unsaturation were increased in
mesenchymal-type GCs (SI Appendix, Fig. S3). In contrast, most
lysophospholipids (lysoPLs), phosphatidylglycerol (PG), phos-
phatidylinositol (PI) were more abundant in intestinal-type GCs
than in mesenchymal-type GCs (SI Appendix, Fig. S3). Since n-6

long-chain PUFAs such as AA (C20:4) and AdA (C22:4) are
synthesized from essential fatty acids such as LA (C18:2), we
focused on the levels of free fatty acids in the n-6 PUFA bio-
synthesis pathway (Fig. 2C). Notably, AA (C20:4) and AdA
(C22:4) were detected at higher levels in most mesenchymal-type
GCs than in intestinal-type GCs, but significant differences in the
levels of LA (C18:2) and dihomo-γ-linolenic acid (DGLA, 20:3)
were not observed between the two groups (Fig. 2F). Accordingly,
the levels of PE (18:0/20:4) and PE (18:0/22:4), which are the most
susceptible to oxidation upon ferroptosis induction, were in-
creased in mesenchymal-type GCs (Fig. 2F) (21). Since serum also
contains various PUFAs, we next addressed the ability of cells to
metabolize LA using an isotope tracing analysis to distinguish it
from endogenous LA (Fig. 2C). When cultured in [U-13C18] LA-
containing medium, all cells absorbed [U-13C18] LA and metab-
olized it to eicosadienoic acid (EDA, C20:2). However, intestinal-
type GCs, which express ELOVL5 and FADS1 at low levels, failed
to synthesize DGLA (C20:3), AA (C20:4), and AdA (C22:4) from
LA, whereas mesenchymal-type GCs with high levels of ELOVL5
and FADS1 produced 13C-labeled DGLA and AA (Fig. 2G).
Consequently, only mesenchymal-type GCs contained high levels

Fig. 1. Mesenchymal-type gastric cancer cells (GCs) are sensitive to ferroptotic cell death. (A) Relative viability of GCs treated with RSL3 (0.1 to 5 μM) for 24 h.
Data are the means ± SD (n = 3 independent experiments). (B and C) Scatterplots between area under curve (AUC) for RSL3 in A and mesenchymal (B) or
stromal (C) scores in GCs. Dots indicate each GC line, and Pearson’s correlation coefficients and P values are shown in graphs. (D) Relative viability of
mesenchymal-type (Hs746T and SNU-484) and intestinal-type (NCI-N87 and SNU-719) GCs treated with RSL3 and ML210 (0.01 to 10 μM) for 24 h. Data are the
means ± SD (n = 3 independent experiments). (E) Relative viability of Hs746T and SNU-484 cells treated with 1 μM RSL3 in the presence and absence of
ferrostatin-1 (Fer-1, 1 μM) or liproxstatin-1 (Lip-1, 200 nM). Data are the means ± SD (n = 3 independent experiments, with ***P < 0.001 according to two-
sided Student’s t tests). (F) Relative viability of Hs746T and SNU-484 cells treated with 5 μMML210 and inhibitors. Data are the means ± SD (n = 3 independent
experiments, with **P < 0.01 and ***P < 0.001 according to two-sided Student’s t tests). (G) Relative viability of Hs746T cells treated with zVAD-fmk (zVAD,
10 μM), necrostatin-1 (Nec-1, 30 μM), Fer-1 (1 μM), and/or RSL3 (1 μM). Data are the means ± SD (n = 3 independent experiments, with **P < 0.01 and ***P <
0.001 according to two-sided Student’s t tests).
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Fig. 2. ELOVL5 and FADS1 expressions are up-regulated in mesenchymal-type GCs. (A) Fold changes in the expression of genes associated with lipid and iron
metabolism in mesenchymal-type GCs (Hs746T, SNU484, SNU-668, and YCC-16 cells) compared with intestinal-type GCs (MKN-45, NCI-N87, SNU-601, and SNU-
719 cells) based on the results of a microarray analysis. Volcano plot showing fold changes and P values of mRNA expression levels. Significantly up-regulated
or down-regulated genes (P value <0.001, |fold change| > 3) are shown in red or blue, respectively. (B) Levels of the ELOVL2, ELOVL4, ELOVL5, FADS1, FADS2,
and ACSL4 mRNAs in GCs were analyzed using qRT-PCR. Relative expression levels were normalized to the β-actin expression levels. Data are the means ± SD
(n = 3 independent experiments). (C) Scheme showing the incorporation of LA into the n-6 PUFA synthesis pathway. LA, linoleic acid; GLA, gamma-linoleic
acid; EDA, eicosadienoic acid; DGLA, dihomo-γ-linolenic acid; AA, arachidonic acid; AdA, adrenic acid. (D) Western blots showing the levels of ELOVL5, FADS1,
ACSL4, and GPX4 proteins in mesenchymal- and intestinal-type GCs. For the detection of ELOVL5 protein, samples were not boiled. (E) Volcano plot showing
fold changes and P values for lipid species in mesenchymal-type GCs and intestinal-type GCs. Free AA, AdA, and PE (18:0/22:4) are highlighted in red. (F) Levels
of PUFAs and PE detected in GCs using LC-MS/MS. Intensities were normalized to the total sum of the peak areas. Data are the means ± SD (n = 5 independent
experiments), with *P < 0.05 and ***P < 0.001 compared to intestinal-type cells (n = 20) using one-sided Wilcoxon rank-sum test (n.s. denotes not significant).
(G) Relative amounts of labeled (m + 18) and unlabeled (m + 0) PUFAs and PE in NCI-N87, SNU-719, Hs746T, and YCC-16 cells cultured in medium containing
charcoal-stripped FBS and [U-13C18] LA for 5 d.
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of PE (18:0/20:4) and PE (18:0/22:4) (Fig. 2G). Thus, the ex-
pression of ELOVL5 and FADS1 is required for the production of
the ferroptosis-related phospholipids PE (18:0/20:4) and PE (18:0/
22:4), which are required for ferroptosis.

The Sensitivity to Ferroptosis Is Regulated by ELOVL5 and FADS1. To
ascertain whether ELOVL5 and FADS1 indeed play a key role in
the ferroptotic cell death pathway, we first assessed the responses
of ELOVL5- or FADS1-depleted cells. The siRNA-mediated
knockdown of ELOVL5 and FADS1 prevented RSL3-induced
cell death in Hs746T, SNU-484, and YCC-16 cells (SI Appendix,
Fig. S4 A–C). We next measured the levels of lipid peroxidation, a
hallmark of ferroptosis, using C11 BODIPY 581/591 (1, 17).
ELOVL5- or FADS1-depleted cells showed decreased lipid per-
oxidation levels following RSL3 treatment compared with control
cells (SI Appendix, Fig. S4 D–F). Moreover, ELOVL5- or FADS1-
KO YCC-16 cells are highly resistant to RSL3-induced ferroptosis
by suppressing lipid peroxidation (Fig. 3 A and B).
We next conducted an isotope tracing analysis in ELOVL5- and

FADS1-KO cells using 13C LA (C18:2) to validate whether these
cells are indeed defective in the PUFA biosynthesis. Although the
intestinal-type GCs expressing low levels of ELOVL5 were able to
synthesize EDA (C20:2) from LA (C18:2) (Fig. 2G), ELOVL5-
KOYCC-16 cells were unable to generate EDA (C20:2) (Fig. 3C),
suggesting that YCC-16 cells were entirely dependent on
ELOVL5 for the biosynthesis of EDA. Furthermore, FADS1-KO
cells failed to synthesize AA (C20:4) from DGLA (C20:3)
(Fig. 3C). As a result, neither 13C-PE (18:0/20:4) nor 13C-PE (18:0/
22:4) were detected in ELOVL5- or FADS1-KO cells (Fig. 3C).

We performed an LC-MS/MS analysis to verify whether the
resistance to ferroptosis induced by the down-regulation of
ELOVL5 or FADS1 was due to reduced amounts of ferroptosis-
related lipids. Deletion of ELOVL5 decreased the ratio of AdA
(C22:4) to AA (C20:4), the synthesis of which is mediated by
ELOVL5 (Fig. 3D). Similarly, FADS1-KO cells exhibited signifi-
cant decreases in the ratios of AA (C20:4) to DGLA (C20:3)
(Fig. 3D). However, cells deficient in ELOVL5 and FADS1 con-
tained comparable amounts of DGLA (C20:3) and AA (C20:4) to
wild-type (WT) cells, while the levels of AdA (C22:4) in ELOVL5-
KO cells were markedly lower than those in WT cells (Fig. 3D).
These observations imply that DGLA (C20:3) and AA (C20:4), but
not AdA (C22:4), can be supplied to these cells from the extra-
cellular environment (Fig. 3D). Eventually, the levels of AdA and
PE (18:0/22:4) were significantly reduced in ELOVL5-deleted cells,
while those of AA and PE (18:0/20:4) were decreased in FADS1-
deleted cells (Fig. 3D). Consistently, depletion of ELOVL5 or
FADS1 drastically decreased the ratios of AdA (C22:4) to AA
(C20:4) and AA (C20:4) to DGLA (C20:3) (SI Appendix, Fig. S4 G
and H). Eventually, ELOVL5- or FADS1-depleted cells contained
lower levels of AA, AdA, PE (18:0/20:4), and PE (18:0/22:4) (SI
Appendix, Fig. S4 G and H). In particular, we observed only subtle
differences in the levels of AA (C20:4) and PE (18:0/20:4) between
control and siRNA-transfected cells (SI Appendix, Fig. S4G andH).
Because more significant differences in AdA and PE (18:0/22:4)
levels than in AA (C20:4) and PE (18:0/20:4) levels were observed
between mesenchymal-type and intestinal-type GCs (Fig. 2F), PE
(18:0/22:4) might be more crucial in the induction of ferroptosis in
GCs. Nevertheless, down-regulation of ELOVL5 or FADS1 lowers

Fig. 3. The down-regulation of ELOVL5 and FADS1 expression alleviates ferroptosis. (A and B) Relative viability and lipid peroxidation levels in WT, ELOVL5-,
and FADS1-KO YCC-16 cells treated with RSL3. Data are the means ± SD (n = 3 independent experiments, with ***P < 0.001 according to two-sided Student’s
t tests). (C) Relative amounts of labeled (m + 18) and unlabeled (m + 0) PUFAs and PE in WT, ELOVL5-, and FADS1-KO YCC-16 cells cultured in medium
containing charcoal-stripped FBS and [U-13C18] LA. (D) Bar plots showing the ratios of AdA (C22:4) to AA (C20:4) and AA (C20:4) to DGLA (C20:3) in ELOVL5-
and FADS1-KO YCC-16 cells. Levels of PUFAs and PE in ELOVL5- and FADS1-KO YCC-16 cells determined using LC-MS/MS. Intensities were normalized to the
cellular protein level. Data are the means ± SD (n = 5 independent experiments), with *P < 0.05, **P < 0.01 and ***P < 0.001 according to a two-sided
Student’s test (n.s. denotes not significant).
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the levels of ferroptosis-related lipids such as PE (18:0/20:4) and PE
(18:0/22:4) and inhibits ferroptosis, suggesting crucial roles for
ELOVL5 and FADS1 in maintaining the intracellular pool of
PUFAs and their PE-linked species, which are indispensable for
ferroptosis sensitization.
We next employed SC-26196, a selective FADS2 inhibitor, and

CP-24879, a FADS1/FADS2 dual inhibitor. Since several inhib-
itors often possess intrinsic antioxidant activity, we first mea-
sured the scavenging capacity of FADS inhibitors toward
2,2-diphenyl-1-picrylhydrazyl (DPPH) under cell-free conditions
(30). Similar to the results of a previous report, ferrostatin-1
showed free radical scavenging activity at concentrations of 10
to 50 μM under our experimental conditions (31). While SC-
26196 displayed no antioxidant potential, high concentrations of
CP-24879 scavenged 60% of the DPPH radical within 30 min (SI
Appendix, Fig. S5). To exclude the antioxidant effect of CP-
24879, inhibitors were used at a low concentration (5 μM) with
no in vitro antioxidant activity in subsequent experiments. The
inhibition of desaturase activity by the SC-26196 or CP-24879
treatment dramatically reduced the cytotoxicity induced by RSL3
(Fig. 4 A and B). Furthermore, RSL3-induced lipid peroxidation
was noticeably decreased in the presence of SC-26196 or CP-
24879 (Fig. 4C). We next assessed whether the PUFA biosyn-
thesis pathway was also required for ferroptosis under GSH
depletion conditions. First, cysteine/methionine deprivation-
induced ferroptosis was ameliorated in ELOVL5- or FADS1-
depleted cells (Fig. 4D). In addition, SC-26196 or CP-24879
suppressed cell death under cysteine/methionine deprivation
conditions (Fig. 4E). Based on these data, PUFA biosynthesis
enzymes play essential roles in lipid peroxidation and ferroptosis.

AA Supplementation Renders Intestinal-Type GCs Sensitive to
Ferroptosis. Since intestinal-type GCs contain reduced amounts
of AA and AdA, possibly due to the reduced levels of ELOVL5
and FADS1, we hypothesized that exogenous PUFAs might
promote ferroptosis. The treatment of intestinal-type NCI-N87
and SNU-719 cells with AA markedly increased their sensitivity
to ferroptosis, with an increase in the levels of PE (18:0/20:4)
(Fig. 5 B and C). AA also further promoted the death of
mesenchymal-type Hs746T and SNU-484 cells, suggesting that
an increase in intracellular AA levels might accelerate cell death,
even in ferroptosis-sensitive cells (Fig. 5A). In addition, deuter-
ated AA (AA-d8), which was shown to be oxidized and sensitizes
cells to ferroptosis (21), also substantially increased the ferrop-
tosis sensitivity of intestinal-type cells (SI Appendix, Fig. S6 A and
B). Interestingly, although NCI-N87 cells treated with LA or the
vehicle control did not exhibit lipid peroxidation in response to
RSL3 treatment, cells supplemented with AA or AA-d8 exhibi-
ted increased lipid peroxidation in response to RSL3 (Fig. 5D
and SI Appendix, Fig. S6C). Thus, AA, but not the general AA
biosynthesis pathway, was required for ferroptosis. Furthermore,
AA supplementation induced ferroptosis in response to RSL3
treatment or cysteine/methionine deprivation (Fig. 5 E–H and SI
Appendix, Fig. S6 D and E). Our data imply that intracellular AA
levels are the key determinant of ferroptosis.

ELOVL5 and FADS1 Are Frequently Silenced in Intestinal-Type GCs
with Increased DNA Methylation at Promoter/Enhancer Regions. We
next investigated ELOVL5 and FADS1 expression in other types
of cancers using public gene expression data available from the
Project Achilles dataset and the Cancer Cell Line Encyclopedia
(CCLE) (32–35). Levels of ELOVL5 and FADS1 mRNAs were

Fig. 4. Inhibition of desaturase activity by SC-26196 or CP-24879 ameliorates ferroptosis. (A and B) Relative cell viability and LDH levels in Hs746T cells
pretreated with 5 μM FADS2 inhibitor (SC-26196) or FADS1/2 inhibitor (CP-24879) for 4 h and treated with RSL3 for 24 h. Data are the means ± SD (n = 3
independent experiments, with **P < 0.01 according to two-sided Student’s t tests). (C) Lipid peroxidation levels in Hs746T cells pretreated with 5 μM FADS2
inhibitor (SC-26196) or FADS1/2 inhibitor (CP-24879) for 4 h and treated with RSL3 for 1 h. Data are the means ± SD (n = 3 independent experiments, with
***P < 0.001 according to two-sided Student’s t tests). (D) Cell death determined by LDH release from ELOVL5- or FADS1-depleted Hs746T cells cultured in
cysteine/methionine-deficient medium for 24 h. Data are the means ± SD (n = 3 independent experiments, with *P < 0.05, **P < 0.01 and ***P < 0.001
according to two-sided Student’s t tests). (E) Cell death measured by LDH release from Hs746T cells pretreated with FADS inhibitors for 4 h, followed by an
incubation with cysteine/methionine-deficient medium for 24 h. Data are the means ± SD (n = 3 independent experiments, with **P < 0.01 and ***P < 0.001
according to two-sided Student’s t tests).
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generally increased in most types of cancer (SI Appendix, Fig.
S7 A and B). Strikingly, ELOVL5 and FADS1 were broadly
distributed in several types of cancer, such as gastric and colo-
rectal cancer (SI Appendix, Fig. S7 A and B). Therefore,
ELOVL5 and FADS1 essentially function in long-chain PUFA
production in most cells, but some types of cells might lose
ELOVL5 and FADS1 expression. Since DNA methylation is
often associated with gene silencing, we investigated the corre-
lation between gene expression and DNA methylation using the
CCLE database. Consistent with the mRNA expression data, the
DNA methylation levels were low in most types of cancer,
whereas a subset of gastric and colorectal cancer cells exhibited
high levels of methylation (SI Appendix, Fig. S7 A and B). As
confirmation of these findings, ELOVL5 and FADS1 expression
levels were inversely correlated with DNA methylation in all
types of cancer cells, suggesting that the expression of these
genes was primarily regulated by DNA methylation (SI Appendix,
Fig. S7 A and B).
To further closely monitor the DNA methylation at the pro-

moter regions of ELOVL5 and FADS1, we performed a meth-
ylation sequencing analysis using mesenchymal- and intestinal-
type GCs to detect each type of CpG methylation. Consistent
with the results obtained from the CCLE database, the promoter
region of ELOVL5 in intestinal-type GCs exhibited significantly
higher levels of methylation than in mesenchymal-type GCs
(Fig. 6 A and B). The FADS1 and FADS2 genes are located in
different directions on the same locus of the chromosome, and
their expression is often simultaneously regulated (36, 37).

Interestingly, DNA methylation was mostly detected in the first
exon and intron of FADS1 rather than at its promoter or en-
hancer region in intestinal-type GCs (Fig. 6 A and B). DNA
methylation around the FADS2 promoter was also observed, but
the difference between mesenchymal- and intestinal-type GCs
was less significant (Fig. 6B). In addition, methylation around the
FADS2 promoter was not correlated with the mRNA expression
levels (Fig. 6B). Collectively, intestinal-type GCs display hyper-
methylation around the promoter regions of ELOVL5 and
FADS1, resulting in the low levels of ELOVL5 and FADS1 ex-
pression and eventually contributing to ferroptosis resistance.

Discussion
A previous study identified AA and AdA anchored in phos-
phatidylethanolamine as the primary targets of LOXs, and
therefore, these species are essential components for ferroptosis
(21, 22). In this regard, ACSL4, which links AA and AdA to PE,
has been suggested to be an essential factor in many studies (21,
38–40). In particular, ACSL4 is expressed at high levels in basal-
type breast cancer cells, which are sensitive to ferroptosis,
whereas it is often silenced in luminal-type breast cancer cells,
leading to ferroptosis resistance (21). Consistent with these
findings, the CCLE database revealed high ACSL4 expression in
most types of cancer, while its expression varies in breast cancer
cells (SI Appendix, Fig. S7C). Unlike ACSL4, ELOVL5 and
FADS1 are expressed at high levels in most cancer cells, but
several types of cancer, including gastric and colorectal cancer,
often exhibit low expression levels of these enzymes. In

Fig. 5. Exogenous AA supplementation restores the sensitivity of intestinal-type GCs to ferroptosis. (A) Relative viability of GCs pretreated with 2.5 μM of AA
for 16 h and treated with RSL3 for 24 h. Data are the means ± SD (n = 3 independent experiments). (B and C) Levels of the indicated lipids in NCI-N87 and SNU-
719 cells treated with 2.5 μM AA for 3 h determined using LC-MS/MS. Intensities were normalized to cell numbers. Data are the means ± SD (n = 4 inde-
pendent experiments), with *P < 0.05, and **P < 0.01 according to two-sided Student’s tests (n.s. denotes not significant). (D) Lipid peroxidation levels in NCI-
N87 cells pretreated with 2.5 μM PUFAs for 16 h and treated with RSL3 for 1 h. Data are the means ± SD (n = 3 independent experiments), with ***P < 0.001
according to two-sided Student’s tests. (E and F) Cell viability and cell death as measured by LDH release from NCI-N87 cells pretreated with LA and AA for
16 h and treated with RSL3 for 24 h. Data are the means ± SD (n = 3 independent experiments), with **P < 0.01 and ***P < 0.001 according to two-sided
Student’s tests. (G and H) Cell viability of and LDH release from NCI-N87 cells cultured with cysteine/methionine-deficient medium in the presence and absence
of AA and Fer-1. Data are the means ± SD (n = 3 independent experiments, n.s. denotes not significant, ***P < 0.001 according to two-sided Student’s t tests).
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particular, most intestinal-type GCs express ELOVL5 and
FADS1 at very low levels and contain lower levels of AA and
AdA than mesenchymal-type GCs. Consequently, intestinal-type
GCs are less sensitive to ferroptosis than mesenchymal-type
GCs, but the ferroptosis sensitivity of these cells is increased
by supplementation with AA. In addition, low expression of
ELOVL5 and FADS1 is associated with an increase in DNA
methylation around their promoter regions. Notably, ACSL4
expression varies across all cancers, and DNA methylation levels
are generally low. Furthermore, we did not observe a correlation
between expression and methylation, suggesting that ACSL4
might not be regulated by promoter methylation (SI Appendix,
Fig. S7C). Based on these data, ELOVL5 and FADS1 are unique
enzymes that differ from ACSL4 in terms of their regulatory
mechanism. Interestingly, MKN-45 cells express ELOVL5 and
FADS1 proteins at very low levels, despite their comparable
mRNA expression levels, suggesting the possible existence of a

posttranslational mechanism regulating the expression of these
proteins (SI Appendix, Fig. S2A). In addition, the expression of
several enzymes involved in lipid metabolism is up-regulated in
some mesenchymal-type GCs (Fig. 2 A and B). Among these
enzymes, ELOVL4, which mediates the elongation of very long-
chain PUFAs such as C26:5 and C26:6, is overexpressed in SNU-
484 and YCC-16 cells, but the role of these PUFAs in ferroptosis
has not been studied. Although ELOVL4 knockdown did not
exert an effect on SNU-484 and Hs746T cells, the depletion of
ELOVL4 significantly reduced RSL3-induced ferroptosis and
lipid peroxidation in YCC-16 cells (SI Appendix, Fig. S8 A–D).
Thus, very long-chain PUFAs might positively affect ferroptosis
in a context-dependent manner, and further investigations are
required to confirm these hypotheses in the future.
Although we focused on the PUFA biosynthesis pathway in

this study, exogenous AA supplementation in intestinal-type
GCs did not completely reverse the sensitivity to ferroptosis

Fig. 6. ELOVL5 and FADS1 expression is down-regulated through DNA hypermethylation. (A and B) Manhattan plot of the methylation levels and statistical
significance of methylation at each CpG site in the promoter regions of ELOVL5 (A) and FADS1/2 (B) in mesenchymal-type (Hs746T, SNU484, SNU-668, and
YCC-16) and intestinal-type (NCI-N87, SNU-719, SNU-601, and MKN-45) GCs. The putative enhancer/promoter region of ELOVL5 (chr6: 53,211,316 to
53,214,820) is highlighted in orange. The putative regions of the FADS1 promoter (chr11: 61,584,650 to 61,586,300), FADS2 promoter (chr11: 61,594,300 to
61,595,600) and putative enhancer (chr11: 61,587,300 to 61,589,000) are colored in green, blue, and orange, respectively (36).
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compared with mesenchymal-type GCs. Therefore, other factors
may discriminate the sensitivity of mesenchymal- and intestinal-
type GCs to ferroptosis. In addition to PUFA biosynthesis, AA
and AdA transport might be important contributors to ferrop-
tosis sensitivity, since cells are able to directly take up AA and
AdA. Our microarray data showed no significant difference in
the expression levels of fatty acid transporters such as CD36
(FAT) and SLC27A1 (FATP1) between the two groups (Data-
sets S2 and S3) (41). In particular, significantly lower levels of
SLC27A2 (FATP2), another fatty acid transporter which is
crucial for AA uptake, were detected in mesenchymal-type GCs
than in intestinal-type GCs (Datasets S2 and S3) (42). Therefore,
the intracellular synthesis of AA might be predominately used
for lipid peroxidation rather than AA import, because intestinal-
type GCs are resistant to ferroptosis despite the presence of AA in
the fetal bovine serum (FBS)-containing medium. In addition, the
expression of SLC40A1, also known as ferroportin (FPN1), which
exports iron from cells (43), is significantly down-regulated in
mesenchymal-type GCs compared with intestinal-type GCs. Since
SLC40A1 negatively regulates ferroptosis by reducing intracellular
iron levels (43–45), the increased activity of SLC40A1 in intestinal-
type GCs might contribute to ferroptosis resistance. Finally, we
found that the up-regulation of the expression of target genes in the
NRF2 pathway, a master antioxidant transcription factor, in
intestinal-type GCs compared with mesenchymal-type GCs. Since
NRF2 protects cells from ferroptosis in various types of tissues and
cancers (12, 46, 47), the NRF2-dependent antioxidant pathway may
further repress ferroptosis in intestinal-type GCs. Collectively, these
results indicate that various pathways, such as lipid metabolism, iron
metabolism, the general antioxidant pathway, and other pathways,
cooperatively function in each cell type to control ferroptosis sen-
sitivity. Among these pathways, the expression of PUFA-related
enzymes might be lost in several cell types, leading to ferroptosis
resistance. Therefore, the expression of these enzymes will be po-
tentially useful as a predictive marker in the future. Given the
critical roles of ferroptosis in several human diseases, such as I/R
injury, the PUFA biosynthesis pathway might be a potential target
for the treatment of related diseases.

Materials and Methods
Cysteine/Methionine Deprivation. For cysteine/methionine deprivation,
cysteine-free Dulbecco’s modified Eagle’s medium (DMEM, lacking gluta-
mine, methionine, and cysteine; 21013024, Gibco) supplemented with 10%
dialyzed FBS (26400044; Gibco) and 2 mM L-glutamine (Gibco) was used.
Cells were washed with phosphate-buffered saline (PBS) and cultured with
fresh DMEM or cysteine-free DMEM for 24 h in the presence or absence of
Fer-1.

Chemicals. RSL3 (S8155), ferrostatin-1 (Fer-1, S7243), and zVAD-fmk (zVAD,
S7023) were purchased from Selleck Chemicals. Liproxstatin-1 (Lip-1,
SML1414), ML210 (SML0521), CP-24879 (C9115), and SC-26196 (PZ0176) were
purchased from Sigma-Aldrich. Necrostatin-1 (Nec-1, BML-AP309) was pur-
chased from Enzo Life Sciences. C11 BODIPY 581/591 (D3861) was obtained
from Molecular Probes and dissolved in dimethyl sulfoxide (DMSO). LA
(90150), AA (90010), and AA-d8 (390010) were purchased from Cayman
Chemical. All chemicals were stored at −20 °C, except CP-24879, which was
stored at room temperature until use.

Western Blotting Analysis. Western blot analyses were performed using
previously described methods (48). Cells were lysed in lysis buffer (50 mM
Tris·HCl pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 0.5% Triton X-100, 0.1%
Na-deoxycholate, and 1 mM ethylenediaminetetraacetic acid containing a
protease inhibitor mixture). The whole-cell extracts were subjected to
Western blot analysis using the following antibodies: anti-β-actin (A5316,
Sigma-Aldrich), anti-FADS1 (HPA042705, Atlas Antibodies; ab126706,
Abcam; sc-134337, Santa Cruz Biotechnology; GTX114528, Genetex; 10627-1-
AP, Proteintech), anti-ELOVL5 (ab205535, Abcam; sc-374138, Santa Cruz
Biotechnology), anti-GPX4 (ab41789, Abcam), and anti-ACSL4 (sc-271800,
Santa Cruz Biotechnology). For detection of ELOVL5 protein, samples were
not boiled.

Isotope Labeling and Tracing Analysis Using LC-MS/MS. The [U-13C18] LA was
purchased from Sigma-Aldrich. Stable isotope labeling in cells was accom-
plished by culturing cells in tracer medium supplemented with isotopic LA
(100 μM) and 10% charcoal-stripped FBS for 5 d. The lipids were extracted in
400 μL of a 40:40:20 acetonitrile:methanol:water solution containing a 0.5%
formic acid solution. The extracts were cleared by centrifugation, and the
lipids in the supernatant were directly analyzed using ultra-performance
liquid chromatography-triple-quadrupole mass spectrometry (UPLC-TQ-MS)
in multiple reaction monitoring (MRM) mode. An Agilent 1290 Infinity II LC
and Agilent 6495 Triple Quadrupole MS system equipped with an Agilent Jet
Stream ESI source (Agilent Technologies) was used for the analysis. Mass-
Hunter Workstation (ver. B.06.00, Agilent Technologies) software was used
for data acquisition and analysis. Chromatographic separation was per-
formed using an Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm;
Waters) at 30 °C; binary gradient separation was performed at a flow rate of
0.2 mL/min. The injection volume was 10 μL. The mobile phases consisted of
10 mM ammonium acetate in water:acetonitrile (60:40 vol/vol, solvent A)
and 10 mM ammonium acetate in isopropanol:acetonitrile (90:10 vol/vol,
solvent B). The steps of the gradient profile used to equilibrate the initial
gradient for subsequent runs were 40 to 55% B from 0 to 6 min, 55 to 60% B
from 6 to 11 min, 60 to 99% B from 11 to 14 min, 99% B from 14 to 18 min,
99 to 40% B from 18 to 18.1 min, and 40% B from 18.1 to 21 min. The MS
system was operated using the following parameter settings: gas tempera-
ture of 220 °C, nebulizer gas of nitrogen at 30 psi, sheath gas temperature of
300 °C, and sheath gas flow rate of 11 L/min.

Statistical Analysis. All experiments were performed at least in triplicate. All
data are presented as means ± SD. The statistical significance of differences
between two groups was measured using two-tailed Student’s t tests or the
Wilcoxon rank-sum test. Statistical analyses were performed using Prism 8
software (GraphPad Software), and differences were considered significant
at P < 0.05.

Data Availability. All study data are included in the article and supporting
information.
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