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Mechanisms of defense against ferroptosis (an iron-dependent form of cell death
induced by lipid peroxidation) in cellular organelles remain poorly understood, hinder-
ing our ability to target ferroptosis in disease treatment. In this study, metabolomic
analyses revealed that treatment of cancer cells with glutathione peroxidase 4 (GPX4)
inhibitors results in intracellular glycerol-3-phosphate (G3P) depletion. We further
showed that supplementation of cancer cells with G3P attenuates ferroptosis induced
by GPX4 inhibitors in a G3P dehydrogenase 2 (GPD2)-dependent manner; GPD2
deletion sensitizes cancer cells to GPX4 inhibition-induced mitochondrial lipid peroxi-
dation and ferroptosis, and combined deletion of GPX4 and GPD2 synergistically
suppresses tumor growth by inducing ferroptosis in vivo. Mechanistically, inner mito-
chondrial membrane-localized GPD2 couples G3P oxidation with ubiquinone reduc-
tion to ubiquinol, which acts as a radical-trapping antioxidant to suppress ferroptosis in
mitochondria. Taken together, these results reveal that GPD2 participates in ferroptosis
defense in mitochondria by generating ubiquinol.

GPD2 | ferroptosis | mitochondria | lipid peroxidation | cell death

Ferroptosis is a form of iron-dependent cell death triggered by unchecked lipid peroxi-
dation and subsequent oxidative damage in cellular membranes (1, 2). It is morpholog-
ically and mechanistically different from other forms of regulated cell death, such as
apoptosis (1, 3, 4). Ferroptosis results from an imbalance between cellular metabolic
activities and antioxidant activities that provoke and dampen lipid peroxidation, respec-
tively (5). Polyunsaturated fatty acid (PUFA)-containing phospholipids are essential
components of cellular membranes and have important roles in cellular signaling and
homeostasis. However, PUFAs contain bis-allylic moieties with methylene groups
flanked by C—C double bonds and the C-H bonds in such methylene groups are very
weak; this structure nature renders PUFA-containing phospholipids susceptible to oxi-
dation, particularly in an iron- and oxygen-rich cellular environment (6). If left
unchecked, a lethal accumulation of lipid hydroperoxides in cellular membranes ulti-
mately induces membrane rupture and ferroptotic cell death.

Ferroptosis appears to represent an inevitable adverse cost that animal cells must
endure during evolution, particularly after PUFAs, oxygen, and iron metabolism were
incorporated into cellular lives. Correspondingly, different cellular defense systems
against ferroptosis have evolved to counteract these toxic effects induced by lipid perox-
idation (3). The best-known ferroptosis defense mechanism is mediated by glutathione
peroxidase 4 (GPX4), a glutathione-dependent peroxidase that reduces toxic lipid
hydroperoxides to nontoxic lipid alcohols on cellular membranes, thereby mitigating
ferroptosis (7, 8). In addition, ferroptosis suppressor protein 1 (ESP1, also known as
AIFM2) suppresses ferroptosis independent of GPX4 by reducing ubiquinone (CoQ)
to ubiquinol (CoQH,) at the plasma membrane; CoQH, then acts as a lipophilic
radical-trapping antioxidant to trap lipid peroxyl radicals (9, 10). Finally, GTP
cyclohydroxylase-1 (GCH-1) mediates the synthesis of tetrahydrobiopterin, which is
also a radical-trapping antioxidant capable of suppressing lipid peroxyl radicals and fer-
roptosis (11, 12).

Notably, GPX4 has both cytosolic and mitochondrial isoforms that are encoded
from the same GPX4 gene but with different transcription start sites (5, 13, 14).
Whereas cytosolic GPX4’s role in defending against ferroptosis is well-established,
researchers initially believed that mitochondrial GPX4 does not have a role in suppress-
ing ferroptosis (5). However, we recently showed that mitochondrial GPX4 acts in
concert with dihydroorotate dehydrogenase (DHODH), an inner mitochondrial
membrane-localized enzyme that converts CoQ to CoQH,, to suppress lipid peroxida-
tion and ferroptosis in mitochondria. Consequently, inactivation of both mitochondrial
GPX4 and DHODH induces mitochondrial lipid peroxidation and unleashes potent
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Mechanistic understanding of
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against ferroptosis can inform
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disease treatment. This study
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(G3P) dehydrogenase 2 (GPD2), an
inner mitochondria membrane-
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the G3P shuttle, has a previously
unrecognized role in defending
against ferroptosis in
mitochondria and suggests that
inhibiting GPD2-mediated
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ferroptosis (15, 16). These findings suggest that ferroptosis
defense systems can be compartmentalized into different subcel-
lular locations (e.g., plasma membrane and mitochondria).
However, whether additional players defend against ferroptosis
in mitochondria remains to be determined.

Since ferroptosis has been linked to diverse diseases and
pathological conditions, such as cancer, acute kidney injury,
and neurodegenerative and cardiovascular diseases (3-5, 17),
further studying mitochondria-localized ferroptosis defense
mechanisms can identify additional therapeutic targets in dis-
ease treatment. In this study, we identified glycerol-3-phosphate
(G3P) dehydrogenase 2 (GPD2) as another inner mitochon-
drial membrane-bound enzyme that suppresses mitochondrial
lipid peroxidation and ferroptosis by producing CoQH, and
showed that GPD2 inactivation synergizes with GPX4 inactiva-
tion to suppress tumor formation.

Results

Metabolomic Analysis Links GPD2 to Ferroptosis Regulation.
We took a metabolomic approach to identify potential ferrop-
tosis defense mechanisms that presumably are turned on follow-
ing acute GPX4 inactivation by short-term (2-h) treatment
with a GPX4 inhibitor (at which time point cells had not died
of ferroptosis). In a recent study, we identified N-carbamoyl-L-
aspartate (C-Asp), an intermediate of pyrimidine biosynthesis,
as the most significantly depleted metabolite in cancer cells
upon 2-h treatment with a GPX4 inhibitor (RSL3, ML210, or
ML162); this observation led to the finding that DHODH, an
enzyme involved in pyrimidine biosynthesis, acts as a key gate-
keeper in ferroptosis defense in mitochondria (15). The same
analyses uncovered G3P as another metabolite that was consis-
tently depleted in cells upon treatment with all three GPX4
inhibitors (Fig. 1 A-D). G3P supplementation suppressed
RSL3-induced ferroptosis in different cancer cell lines (Fig. 1E
and SI Appendix, Fig. S1 A-D). We confirmed that G3P sup-
plementation increased intracellular G3P levels (S Appendix,
Fig. S1 E-G). These findings suggested that G3P has a protec-
tive effect against GPX4 inactivation-induced ferroptosis.

These observations prompted us to further study the poten-
tial relevance of G3P-linked metabolic enzymes to ferroptosis
regulation. Several enzymes are involved in G3P metabolism
(Fig. 1F). Specifically, phosphoglycolate phosphatase (PGP)
hydrolyzes G3P to glycerol, whereas glycerol kinase (GK) cata-
lyzes the phosphorylation of glycerol to generate G3P. G3P
acyltransferases (GPATs, including GPAT1-4) convert G3P to
lysophosphatidic acid, which is subsequently used in triacylgly-
cerol and phospholipid synthesis. In addition, cytosolic GPD1
(and possibly GPD1-like [GPDI1L]) couples the oxidation of
NADH to NAD™" with the reduction of dihydroxyacetone
phosphate (DAP) to G3P; and inner mitochondrial membrane-
bound GPD2 then converts G3P back to DAP and donates
electrons to the electron transport chain in mitochondria (18).
(This G3P shuttle serves to deliver NADH generated by glycol-
ysis in the cytosol into mitochondria for oxidation because the
inner mitochondrial membrane is impermeable to NADH;
consistently, G3P supplementation increased the NAD™/
NADH ratio [SI Appendix, Fig. S1H].) Analyses of data from
the Cancer Therapeutics Response Portal (CTRP) (19) revealed
that expression of GPD2, but not that of GPD1, GPDIL, GK,
or PGP, correlated with cellular resistance to GPX4 inhibitors
(Fig. 1 G and H and SI Appendix, Fig. S1 [-L; it should be
noted that GPAT data were not available from the CTRP).
Also, the correlation of GPD2 expression with GPX4 inhibitor
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resistance was particularly pronounced in large intestine, skin,
and stomach cancer cell lines (S/ Appendix, Fig. S1 M-0). We
therefore focused on GPD2 in our subsequent studies.

GPD2 Deletion Promotes GPX4 Inactivation-Induced Ferrop-
tosis. To determine the role of GPD2 in ferroptosis regulation,
we depleted GPD2 expression in Hela (a cervical cancer cell
line widely used in cancer research), RPMI 7951 (a skin cancer
cell line), and HCT116 cells (a large intestine cancer cell line)
using the CRISPR-Cas9 approach (we chose RPMI 7951 and
HCT116 cells based on CTRP analyses) (Fig. 1/ and S/
Appendix, Fig. S1P). The results showed that GPD2 deletion
did not affect basal cell viability but significantly sensitized
these cell lines to cell death and lipid peroxidation induced by
GPX4 inhibitors (Fig. 1 J/S). The cell death was completely
suppressed by the ferroptosis inhibitor ferrostatin-1 or iron che-
lator deferoxamine (DFO) in HeLa and RPMI 7951 cells, con-
firming that these GPX4 inhibitors induced ferroptosis in these
cell lines (Fig. 1 K L, N, and O and SI Appendix, Fig. S1 Q
and R); however, residual death of HCT116 cells remained
after treatment with ferrostatin-1 or DFO (Fig. 1 M and P and
SI Appendix, Fig. S15), suggesting that these GPX4 inhibitors
mostly trigger ferroptosis but can also induce other nonferrop-
totic cell death in HCT116 cells. GPD2 deletion did not
appear to affect the expression of other ferroptosis regulators,
including GPX4, FSP1, DHODH, SLC7A11 (an amino acid
transporter that imports cystine for glutathione biosynthesis
and ferroptosis protection) (20, 21), and ACSL4 (a lipid
metabolism enzyme that mediates PUFA-containing phospho-
lipid biosynthesis and is required for ferroptosis in many cell
lines) (Fig. 1) (22). As expected, GPD2 deletion decreased the
NAD"/NADH ratio (SI Appendix, Fig. S17). Finally, we
showed that the protective effect of G3P against RSL3-induced
cell death was abolished in GPD2-KO (knockour) cells (Fig. 1
T-W). Taken together, these data suggested that G3P protects
cells against GPX4 inhibition—induced ferroptosis through
GPD2 and that GPD2 deficiency sensitizes cells to ferroptosis
triggered by GPX4 inhibition.

We also tested the impact of pharmacological inhibition of
GPD2 on ferroptosis. iGP-1 was the only GPD2 inhibitor we
could obtain from commercial sources (23). Whereas GPD2
deletion markedly increased intracellular G3P levels as expected
(81 Appendix, Fig. S1U), we found that iGP-1 treatment across
different doses and treatment durations did not have an effect
on intracellular G3P levels (87 Appendix, Fig. S1 U-Y), indicat-
ing that, at least under our experimental conditions, iGP-1 did
not appear to exert an inhibitory effect on GPD2. Consistent
with this observation, treatment with iGP-1 did not have any
sensitizing effect on RSL3-induced ferroptosis in HCT116 cells
(S Appendix, Fig. S12).

GPD2 converts G3P to DAP, which is then converted back to
G3P by GPD1 (and potentially GPD1L), forming the G3P shut-
tle (Fig. 15. By supplying G3P, GPD1 presumably should sup-
press ferroptosis. However, we found that GPDI deletion did not
affect RSL3-induced ferroptosis in Hela cells (S7 Appendix, Fig.
S2 A and B), which is consistent with data from CTRP analyses
(SI Appendix, Fig. S1)). We therefore reasoned that GPD1 and
GPDIL may have redundant functions. To test this, we generated
GPDI and GPDIL (GPDI/1L) double-KO (DKO) Hela cells
(SI Appendix, Fig. S2C). Indeed, we found that GPDI/IL KO
sensitized the cells to RSL3-induced ferroptosis (SI Appendix, Fig.
S2D). We made similar observations with HCT116 cells (S/
Appendix, Fig. S2 E and F). Analysis of data from the Cancer Cell
Line Encyclopedia and Genotype-Tissue Expression (24, 25)
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Fig. 1. Metabolomic analysis links GPD2 to ferroptosis regulation. (A-C) Volcano plots comparing the metabolomic profiles of HT1080 cells treated with a
vehicle, RSL3 (4; 10 pM), ML210 (B; 10 uM), or ML162 (C; 10 pM) for 2 h. (D) Fold changes in G3P levels in HT1080 cells upon treatment with RSL3 (10 pM),
ML210 (10 pM), or ML162 (10 pM) for 2 h. (E) Cell viability measurement of HCT116 cells treated with RSL3 at different concentrations for 24 h following pre-
treatment with a vehicle or G3P (1 mM) for 24 h. (F) Schematic of G3P metabolism. (G and H) RSL3 resistance correlates with high GPD2 expression (G), and
high GPD2 expression correlates with resistance to treatment with GPX4 inhibitors (RSL3, ML162, and ML210) in cancer cells (H). The plotted data were
mined from the CTRP database. The plotted values are Pearson's correlation coefficients. The scatter plots show the medians, 10th and 90th percentiles,
and minima and maxima of the distributions. (/) Western blot of GPD2, ACSL4, FSP1, SLC7A11, DHODH, and GPX4 protein levels in Cas9 control and GPD2-
KO cells. (/) Cell viability measurement of HeLa GPD2-KO and control cell after RSL3 treatment. (K-P) Results of PI staining of Cas9 control and GPD2-KO
(numbers 1 and 2) Hela (K and N), RPMI 7951 (L and O), and HCT116 (M and P) cells treated with RSL3 (10 uM), ML210 (10 pM), or ferrostatin-1 (Ferr-1; 5 pM)
as indicated. HeLa and RPMI 7951 cells were treated for 6 h, and HCT116 cells were treated for 24 h. (Q-5) Lipid peroxidation measurement in Cas9 control,
GPD2-KO Hela (Q), and RPMI 7951 (R) cells treated with RSL3 (10 uM) for 3 h and HCT116 cells (S) treated with RSL3 (1.5 uM) for 24 h. (T and U) Cell viability
measurement of HelLa control (7) and GPD2-KO (U) cells after G3P and RSL3 treatment. (V and W) Results of Pl staining of Cas9 control and GPD2-KO Hela (V)
and RPMI 7951 (W) cells treated with RSL3 (10 pM) for 4 h following pretreatment with a vehicle or G3P (1 mM) for 24 h. Data are presented as means
(+ SD), n = 3 independent repeats. Unpaired, two-tailed t test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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revealed that whereas expression of GPD2 and GPDIL was rela-
tively ubiquitous in different tissues and cancer cells, GPDI
expression was low in most cancer cell lines, and GPDI1 was
mainly expressed in adipose and mammary tissues (S/ Appendix,
Fig. 82 G-1), suggesting that GPD1L compensates for GPD1’s
function in generating G3P in many cancer cells. This is in line
with our observation that deleting both GPDI and GPDIL is
required to reveal ferroptosis sensitization phenotypes in cancer
cells we have examined.

GPD2 Suppresses Mitochondrial Lipid Peroxidation. GPD2 is
an enzyme localized on the inner mitochondrial membrane (18).
Fractionation analyses confirmed mitochondrial localization of
endogenous GPD?2 in several cancer cell lines (Fig. 24). Consistent
with previous reports (7, 15), staining of MitoPerOx [mitochon-
dria-targeted C11-BODIPY (26)] showed that RSL3 treatment
did not induce strong mitochondrial lipid peroxidation; impor-
tanty, GPD2 deletion markedly enhanced mitochondrial lipid
peroxidation under RSL3 treatment (Fig. 2 B-E). Restoration of
wild-type GPD2, but not its mutant defective in mitochondrial
localization (42AA) (27), in GPD2-KO cells rescued the effect of
GPD2 deficiency on RSL3-induced cell death and mitochondrial
lipid peroxidation (Fig. 2 A, F~L and SI Appendix, Fig. S3 A-C).
Further analyses confirmed that GPD2KO cells exhibited
decreased GPD2 activity and basal oxygen consumption rate, and
these defects were rescued by wild-type GPD2 restoration (S/
Appendix, Fig. S3 D and E); GPD2 42AA mutant restoration also
rescued GPD2 activity (as this mutant has the intact enzymatic
domain) but failed to rescue oxygen consumption rate defect in
GPD2 KO cells (81 Appendix, Fig. S3 D and E), suggesting that
mitochondrial localization is required for GPD2’s function in regu-
lating ferroptosis and oxidative phosphorylation. Furthermore, in
wild-type cells for GPD2, whereas treatment with the radical-
trapping antioxidant TEMPO or ferrostatin-1 completely (or
largely) suppressed RSL3-induced cell death, treatment with Mito-
TEMPO (28) did not provide a protective effect (Fig. 2 M-P and
SI Appendix, Fig. S3 F-H). In contrast, in GPD2-KO cells, Mito-
TEMPO, similar to TEMPO and ferrostatin-1, completely sup-
pressed RSL3-induced mitochondrial lipid peroxidation (Fig. 2
Q-9 and significantly suppressed RSL3-induced cell death (Fig. 2
T-W). Collectively, these data suggested that GPD2 suppresses
mitochondrial lipid peroxidation and that ferroptosis induced by
RSL3 in GPD2-deficient cells is at least partly triggered by mito-
chondrial lipid peroxidation.

GPD2 Suppresses Ferroptosis through Reducing CoQ to CoQH,
in Mitochondria. Next, we sought to understand the mecha-
nism by which GPD2 suppresses mitochondrial lipid peroxida-
tion and ferroptosis. We found that GPD2 deletion sensitized
cells to GPX4 inhibitors (RSL3 or ML210) (Fig. 1 /~P) but
not FIN56, another ferroptosis inducer that depletes CoQ and
GPX4 protein (Fig. 3 A-D) (29). Because the major difference
between these GPX4 inhibitors and FIN56 lies in their differ-
ent effects on CoQ depletion, these data suggested that GPD2
suppresses ferroptosis in a CoQ-dependent manner (i.e., when
CoQ is depleted by FINS56, the effect of GPD2 deficiency on
ferroptosis is blunted). Consistent with this, we found that the
ferroptosis-sensitizing effect of GPD2 deficiency was ablated
under CoQ synthesis blockade conditions by treatment with
4-chlorobenzoic acid (4CBA) (Fig. 3 E and F, SI Appendix, Fig.
S$4 A-C). COQ2 catalyzes a key step in CoQ biosynthesis (30).
Likewise, COQ2 deletion abolished the sensitizing effect of
GPD2 deficiency on RSL3-induced ferroptosis (Fig. 3 G and H
and SI Appendix, Fig. S4 D and E). Of note, these data also
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revealed that 4CBA treatment or COQ2 deletion markedly sen-
sitized cells to RSL3-induced ferroptosis (Fig. 3 E~H and S/
Appendix, Fig. S4 A-E), which is consistent with the known
role of CoQ in suppressing lipid peroxidation and ferropto-
sis (3).

GPD2 couples the oxidation of G3P to DAP with the reduc-
tion of CoQ to CoQH, in the inner mitochondrial membrane
(ST Appendix, Fig. S4F). We confirmed that GPD2 deletion
increased the CoQ/CoQH, ratio in Hela and HCT116 cells
(Fig. 3 Iand Jand SI Appendix, Fig. S4 G-J); GPD2-deficient
RPMI 7951 cells also exhibited a trend toward greater CoQ/
CoQH, ratios than did their GPD2 wild-type counter-
parts, although the difference was not statistically significant
(SI Appendix, Fig. S4K). Furthermore, supplementation
with MitoQH, (mitochondria-targeted analog of CoQH,)
completely suppressed mitochondrial lipid peroxidation in
RSL3-treated GPD2-KO cells (Fig. 3 k~M) and abolished the
ferroptosis-sensitizing effect caused by GPD2 deletion (Fig. 3
N-P). Finally, we found that GPD2 deletion, but not GPDI/IL
deletion, abolished the protective effect of G3P against RSL3-
induced cell death (Fig. 1 7 and U and SI Appendix, Fig. S4I),
which is in line with the model that CoQH, generation from
G3P depends on GPD2 but not GPD1/1L. Taken together,
these data suggested that GPD2 suppresses mitochondrial lipid
peroxidation and ferroptosis by reducing CoQ to CoQH, in
mitochondria.

We and others recently showed that FSP1 and DHODH
suppress ferroptosis by generating CoQH, on the plasma mem-
brane and in mitochondria, respectively (9, 10, 15). Impor-
tantly, FSP1 overexpression drives ferroptosis resistance in
wild-type cells but not in DHODH KO cells (15), suggesting
that FSP1 and DHODH operate in separate cellular compart-
ments to defend against ferroptosis. We further studied the
genetic interactions between GPD2 and DHODH (or FSP1)
in regulating ferroptosis. Notably, overexpression of DHODH,
but not FSP1, rescued the ferroptosis sensitization phenotype
in GPD2-KO cells (Fig. 3 Q and R). In addition, GPD2 over-
expression partially rescued ferroptosis sensitization phenotype
in DHODH KO cells (Fig. 3 S and 7) but not that in FSPI-
KO cells (Fig. 3 U and V). These results therefore support a
model that GPD2 operates in parallel to DHODH in mito-
chondria, but not to FSP1 on the plasma membrane, to defend
against ferroptosis.

GPD2 Acts in Parallel with Mitochondrial GPX4 to Suppress
Ferroptosis. The data described above prompted us to further
study the genetic interactions between GPD2 and GPX4 in sup-
pressing ferroptosis. To this end, we generated GPX4 and GPD2
single-KO and DKO HCT116 cells using the CRISPR-Cas9
approach (Fig. 44). These cell lines did not exhibit obvious differ-
ence in cell proliferation rate under the medium supplemented
with the ferroptosis inhibitor ferrostatin-1 or liproxstatin-1 (87
Appendix, Fig. S5A). The ferroptosis inhibitor was subsequently
removed from the medium to unleash lipid peroxidation and fer-
roptosis in GPX4-KO cells. Analysis of the data from the CTRP
(19) showed that HCT116 is an RSL3-resistant cell line (S7
Appendix, Fig. S5 B and (). Consistently, we found that long
periods of culture time in ferrostatin-1-free medium (14 to 15 d)
were required to induce complete death of GPX4KO HCT116
cells (Fig. 4B). GPD2 deletion did not affect the viability of GPX4
wild-type cells but dramatically accelerated the onset of death of
GPX4-KO cells such that most of the DKO cells died after 7 d of
culture in ferrostatin-1-free medium (Fig. 4 B-D). Of note,
ferrostatin-1 completely suppressed HCT116 cell death induced
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Fig. 2. GPD2 suppresses mitochondrial lipid peroxidation. (A) Western blot showing GPD2 protein levels in cytosolic and mitochondrial fractions from
GPD2-KO cells expressing the indicated GPD2 constructs. mito, mitochondrial; cyto, cytosolic. (B-E) Mitochondrial lipid peroxidation measurement by flow
cytometry or immunofluorescence in Cas9 control and GPD2-KO cells upon treatment with RSL3 (1 uM) for 2 h (B-D) or 24 h (E). (F-H) Results of Pl staining of
GPD2-KO Hela (F), RPMI 7951 (G), and HCT116 (H) cells expressing the indicated GPD2 constructs upon treatment with RSL3 (10 pM). (/-L) Mitochondrial lipid
peroxidation measurement by flow cytometry or immunofluorescence in GPD2-KO Hela (/ and J), RPMI 7951 (K), and HCT116 (L) cells expressing the indi-
cated GPD2 constructs upon treatment with RSL3 (1 pM). (M) Cell viability measurement of HelLa cas9 control cells with RSL3, TEMPO, or MitoTEMPO treat-
ment as indicated. (N-P) Results of Pl staining of Cas9 control HeLa (N), RPMI 7951 (0), and HCT116 (P) cells treated with RSL3 (10 uM) for 6 h (N and O) or
24 h (P) following pretreatment with a vehicle, TEMPO (10 pM), MitoTEMPO (10 pM), or ferrostatin-1 (Ferr-1; 5 pM) for 24 h. (Q-S) Mitochondrial lipid peroxi-
dation measurement in GPD2-KO Hela (Q), RPMI 7951 (R), and HCT116 (S) cells treated with RSL3 (1 uM) for 2 h (Q and R) or 24 h (S) following pretreatment
with a vehicle, TEMPO (10 pM), MitoTEMPO (10 pM), or Ferr-1 (5 pM) for 24 h. (7) Cell viability measurement of HeLa GPD2-KO cell with RSL3, TEMPO, or Mito-
TEMPO treatment as indicated. (U-W) Results of Pl staining of GPD2-KO Hela (U), RPMI 7951 (V), and HCT116 (W) cells treated with RSL3 (10 pM) for 6 h
(U and V) or 24 h (W) following pretreatment with a vehicle, TEMPO (10 pM), MitoTEMPO (10 pM), or Ferr-1 (5 pM) for 24 h. Data are presented as means
(+ SD) for three independent repeats. Unpaired, two-tailed t test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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Fig. 3. GPD2 suppresses ferroptosis through reduction of CoQ to CoQH, in mitochondria. (A) Cell viability measurement of HelLa Cas9 control and GPD2-KO
cells with FIN56 treatment. (B-D) Results of Pl staining of Cas9 control and GPD2-KO HelLa (B), RPMI 7951 (C), and HCT116 (D) cells treated with FIN56 (5 pM)
for 24 h. (E-H) Cell viability measurement of Hela cells under RSL3 treatment with 4-CBA (£ and F) or COQ2 KO (G and H). (/ and /) CoQ/CoQH, ratios in

GPD2-KO Hela (/) and HCT116 (/) cells. (K-M) Mitochondrial lipid peroxidation

measurement in Cas9 control and GPD2-KO Hela (K), RPMI 7951 (L), and

HCT116 (M) cells upon treatment with RSL3 (1 uM) for 2 h (K and L) or 24 h (M) following pretreatment with a vehicle, MitoQH, (10 pM), or Ferr-1 (5 uM) for

24 h. (N-P) Results of Pl staining of Cas9 control and GPD2-KO Hela (N), RPMI
(N and 0) or 24 h (P) following pretreatment with a vehicle, MitoQH, (10 uM), or

7951 (0), and HCT116 (P) cells upon treatment with RSL3 (10 uM) for 6 h
Ferr-1 (5 pM) for 24 h. (Q and R) The effect of DHODH or FSP1 overexpres-

sion on RSL3-induced ferroptosis in GPD2 KO cells. (S-V) The effect of GPD2 overexpression on RSL3-induced ferroptosis in DHODH KO cells (S and T) or FSP1
KO cells (U and V). Data are presented as means (+ SD) for three independent repeats. Unpaired, two-tailed t test; *P < 0.05, **P < 0.01, ***P < 0.001,

***%P < 0.0001. ns, not significant.

by genetic ablation of GPX4 but not by RSL3 treatment, demon-
strating that RSL3 has off-target effects, resulting in the induction
of nonferroptotic cell death of HCT116 cells (Fig. 1M/ versus Fig.
4 Band D). Consistently, lipid peroxidation levels were markedly
higher in DKO cells than in GPX4KO cells (Fig. 4F). Further-
more, DKO cells but not the single-KO cells exhibited strong mito-
chondrial lipid peroxidation after ferrostatin-1 removal (Fig. 47).

6 of 11  https://doi.org/10.1073/pnas.2121987119

There are several GPX4 isoforms with different subcellular
localizations, including cytosolic and mitochondrial GPX4. We
restored cytosolic or mitochondrial GPX4 in GPX4-KO and
DKO cells. Fractionation analysis confirmed that cytosolic and
mitochondrial GPX4 were correctly localized to their respective
compartments (Fig. 4G). As expected, overexpression of cyto-
solic GPX4 but not mitochondrial GPX4 potently suppressed
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Fig. 4. GPD2 cooperates with mitochondrial GPX4 to suppress ferroptosis both in vitro and in tumors. (A) Western blot of GPD2, DHODH, FSP1, and GPX4
protein levels in HCT116 cells with the indicated genotypes. (B) Results of Pl staining of Cas9 control, GPD2-KO, GPX4-KO, and DKO HCT116 cells with or with-
out treatment with ferrostatin-1 (Ferr-1; 5 pM) at different time points (days). (C and D) Results of microscopic analysis (C) and PI staining (D) of Cas9 control,
GPD2-KO, GPX4-KO, and DKO HCT116 cells with or without treatment with ferrostatin-1 (5 pM) at 7 d. (Scale bars, 20 pM.) (E and F) Total (E) and mitochondrial
(F) lipid peroxidation in Cas9 control, GPD2-KO, GPX4-KO, and DKO HCT116 cells with or without treatment with ferrostatin-1 (5 pM) at 5 d. (G) Western blot
showing GPX4 protein levels in cytosolic and mitochondrial fractions of GPX4-KO and DKO HCT116 cells expressing the indicated GPX4 constructs. (H and /)
Results of PI staining (H) and lipid peroxidation levels of (/) GPX4-KO HCT116 cells expressing the indicated GPX4 constructs at 15 d (H) or 10 d (/) after
ferrostatin-1 removal. (/) Result of Pl staining of DKO HCT116 cells expressing the indicated GPX4 constructs in 15 d after ferrostatin-1 removal. (K and L)
Total (K) and mitochondrial lipid peroxidation (L) of DKO HCT116 cells expressing the indicated GPX4 constructs at 5 d after ferrostatin-1 removal. (M) Vol-
umes of Cas9 control, GPX4-KO, GPD2-KO, and DKO HCT116 xenografts treated with or without liproxstatin-1 (Lip-1) at different time points (days).
(N) Weights of Cas9 control, GPX4-KO, GPD2-KO, and DKO HCT116 xenograft tumors with and without treatment with liproxstatin-1 at the experimental end-
points. (O) Immunohistochemical scores for 4-HNE staining of Cas9 control, GPX4-KO, GPD2-KO, and DKO HCT116 xenograft tumors with the indicated treat-
ments. (P and Q) The effect of various GPX4 or GPD2 restoration as indicated on the growth of GPX4/GPD2 DKO tumors. (R) Working model depicting how
GPD2 suppresses ferroptosis in mitochondria. Data are presented as means (+ SD), n = 3 independent repeats. Unpaired, two-tailed t test; *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
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lipid peroxidation and ferroptosis in GPX4-KO cells (Fig. 4 H
and /). Of note, removal of ferrostatin-1 did not induce obvi-
ous mitochondrial lipid peroxidation in GPX4-KO cells (57
Appendix, Fig. S5D). In stark contrast, we observed that cyto-
solic GPX4 failed to suppress ferroptotic cell death in DKO
cells (Fig. 4/), whereas overexpression of mitochondrial GPX4
significantly delayed cell death in DKO cells, such that the
cell death kinetics from DKO cells with mitochondrial GPX4
restoration appeared to be similar to that from GPX4-KO
cells (Fig. 4B versus Fig. 4)). At 5 d after ferrostatin-1 removal
(before DKO cells started to undergo ferroptosis), the induc-
tion of total or mitochondrial lipid peroxidation in DKO cells
was markedly suppressed by restoration of mitochondrial
GPX4 but not cytosolic GPX4 (Fig. 4 K and L). DKO cells
restored with mitochondrial GPX4 eventually still died of fer-
roptosis, ostensibly because these cells lacked cytosolic GPX4
and therefore were incapable of detoxifying lipid peroxides
accumulated on nonmitochondrial compartments at later
time points; correspondingly, restoration of both cytosolic
and mitochondrial GPX4 completely suppressed ferroptosis in
DKO cells (Fig. 4/). Taken together, these data suggested that
GPD2 operates in parallel with mitochondrial GPX4 but not
cytosolic GPX4 to suppress lipid peroxidation and ferroptosis
in mitochondria.

GPD2 Cooperates with GPX4 to Suppress Tumor Ferroptosis.
We further studied whether GPD2 and/or GPX4 inactivation
affects tumor growth through induction of ferroptosis. Because
the available GPD2 inhibitor (iGP-1) did not work in our
experimental systems (S/ Appendix, Fig. S1 U-Z) and because
no existing GPX4 inhibitor is suitable for animal studies, we
took a genetic approach to study this question. We injected
control, GPX4-KO, GPD2-KO, or DKO HCTI116 cells
(which were cultured in ferrostatin-1—containing medium) into
nude mice and monitored their tumor growth. We found that
GPX4 deficiency, but not GPD2 deficiency, suppressed the
growth of HCT116 xenograft tumors, whereas DKO tumors
exhibited even more pronounced growth reduction than did
GPX4-KO tumors; importantly, treatment with the ferroptosis
inhibitor liproxstatin-1 almost completely restored the growth
of DKO tumors to that of control tumors (Fig. 4M and S/
Appendix, Fig. S5E). Similar observations were made in end-
point tumor weight analyses (Fig. 4N). We found no differ-
ences in animal weights in these studies (S/ Appendix, Fig.
S5F). Further analyses revealed that, although cleaved caspase-3
and Ki67 staining did not differ significantly among the differ-
ent genotypes or treatments (S/ Appendix, Fig. S5 G-1), lipid
peroxidation marker 4-HNE exhibited increased staining in
GPX4-KO tumors and even higher staining in DKO tumors
compared with control and GPD2-KO tumors, and treatment
with liproxstatin-1 completely normalized the level of 4-HNE
staining to that in control tumors (Fig. 40 and SI Appendix,
Fig. S5G). Finally, we showed that, in the DKO background,
restoration of mitochondrial GPX4 partially restored tumor
growth, and restoration of both cytosolic and mitochondrial
GPX4 completely restored tumor growth to a level similar to
that in control tumors, whereas restoration of cytosolic GPX4
or GPD2 had no effect on tumor growth (Fig. 4 P and Q and
SI Appendix, Fig. S5)). These in vivo observations mirrored
in vitro cell death data in corresponding cell lines (Fig. 4)).
These data demonstrated that in HCT116 xenograft models,
GPD2 deletion synergizes with GPX4 deletion to suppress
tumor growth through inducing ferroptosis in vivo.

https://doi.org/10.1073/pnas.2121987119

Discussion

Mitochondria are multifunctional organelles that are surrounded
by two phospholipid bilayer membranes and have vital roles in
energy production and cellular metabolism (31). However, enor-
mous bioenergetic, biosynthetic, and redox activities within mito-
chondria render mitochondrial membranes particularly susceptible
to lipid peroxidation. For example, mitochondria are major organ-
elles that produce reactive oxygen species, which can promote
lipid peroxidation through Fenton reactions (5, 32). Mitochondria
also generate ATP, which has been demonstrated to promote lipid
peroxidation and ferroptosis by inactivation of energy sensor
AMP-activated protein kinase (AMPK) (33, 34). Other metabolic
activities within mitochondria, such as glutaminolysis and the cit-
ric acid cycle, also drive ferroptosis (1, 35, 36). To combat these
adverse effects of diverse metabolic activities in mitochondria, cells
have evolved to equip mitochondria with antoxidant systems to
detoxify lipid peroxides that accumulate in mitochondrial mem-
branes and to defend against ferroptosis. The study described
herein, together with our recent study (15), identified at least three
such surveillance mechanisms in mitochondria: mitochondrial
GPX4, DHODH, and GPD2. Our study further demonstrated
that GPD2 suppresses mitochondrial lipid peroxidation by genera-
tion of CoQHj in the inner mitochondrial membrane (Fig. 4R).

Importantly, GPX4 restoration experiments demonstrated
that cytosolic GPX4 exerts rescuing effects on GPX4-KO cells
but not GPX4/GPD2 DKO cells, whereas mitochondrial
GPX4 does not have any rescuing effect on GPX4-KO cells but
can substantially delay ferroptosis onset in GPX4/ GPD2 DKO
cells (Fig. 4 G-L). Our data suggest a model that GPX4/ GPD2
DKO cells die of ferroptosis mainly triggered by mitochondrial
lipid peroxidation; how ferroptosis in this context can bypass
the surveillance of cytosolic GPX4 remains unknown and will
be an interesting topic for future investigations. Mitochondrial
GPX4 restoration suppresses ferroptosis induced by mitochon-
drial lipid peroxidation in GPX4/ GPD2 DKO cells; however,
these cells (much like GPX4-KO cells) eventually undergo fer-
roptosis triggered by nonmitochondrial lipid peroxidation.

Together, we propose that mitochondrial GPX4, DHODH,
and GPD2 operate in parallel to suppress mitochondrial lipid
peroxidation within mitochondria. As long as cells maintain
high expression of GPX4, deletion of DHODH or GPD2 alone
typically is not sufficient to induce mitochondrial lipid peroxi-
dation and ferroptosis. On the other hand, deletion of mito-
chondrial GPX4 alone (as occurred in cytosolic GPX4-restored
GPX4-KO cells) is not sufficient to induce mitochondrial lipid
peroxidation and ferroptosis either. It appears that inactivation
of both arms (mitochondrial GPX4 and DHODH/GPD2-
mediated CoQH, generation) is required to trigger potent
mitochondrial lipid peroxidation and ferroptosis.

In this study, we also showed that GPD2 overexpression is
capable of suppressing ferroptosis in DHODH KO (but not
FSPI1 KO) cells, whereas DHODH (but not FSP1) overexpres-
sion could suppress ferroptosis in GPD2 KO cells. Together
with results of our recent study (15), these findings suggest that
cytosolic GPX4/FSP1 and mitochondrial GPX4/DHODH/
GPD2 operate in two separate systems to repair lipid peroxides
and defend against ferroptosis, highlighting the importance of
compartmentalization in ferroptosis defense. We reason that
the compartmentalization of cytosolic versus mitochondrial
ferroptosis defense systems probably relates to the double-
membrane structure of mitochondria. Cytosolic GPX4 or FSP1
(which mainly localizes on the plasma membrane) cannot enter
into mitochondria to repair lipid peroxides that accumulate in
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the inner mitochondrial membrane, forcing cells to build up
separate ferroptosis surveillance systems in mitochondria.
Potential ferroptosis defense systems localized within other
organelles remain to be identified.

Both DHODH and GPD2 are inner mitochondrial membrane-
bound enzymes that reduce CoQ to CoQH,, which is capable of
quenching lipid peroxyl radicals in mitochondria as a radical-
trapping antioxidant. We propose that, in response to acute inacti-
vation of GPX4 (which forms the major cellular defense arm
against ferroptosis), much of the CoQH, pool is oxidized to CoQ
via quenching of mitochondrial lipid peroxyl radicals, resulting in
an increased CoQ/CoQH, ratio, which further drives DHODH
and GPD2 reactions to generate more CoQH, for ferroptosis
defense in mitochondria. This explains why C-Asp and G3P,
the upstream metabolites of DHODH and GPD2 reactions,
respectively, were acutely depleted in cancer cells treated with RSL3
(Fig. 1 A-D).

DHODH is a key enzyme involved in pyrimidine biosynthesis,
which is required for rapid proliferation of cancer cells. Consis-
tently, in most of the cancer cell lines we examined, DHODH
deletion or treatment with the DHODH inhibitor brequinar sig-
nificantly sensitized cells to RSL3-induced ferroptosis (15), sug-
gesting that DHODH has a general role in suppressing ferroptosis
in cancer cells. GPD2, on the other hand, is involved in the G3P
shuttle to transfer NADH from the cytosol to mitochondria for
oxidative phosphorylation. However, cells can also employ other
shuttle systems, such as the malate—aspartate shuttle, to transfer
NADH from the cytosol into mitochondria. Considering poten-
tial redundancies of the G3P shuttle and other NADH shuttle sys-
tems, we speculate that GPD2 has a more restricted role than
DHODH does in regulating ferroptosis in cancer cells. In support
of this, we found that whereas DHODH deletion in GPX4'""
cancer cells is sufficient to trigger ferroptosis (15), GPD2 defi-
ciency does not appear to impair the basal viability of GPX4'"
RPMI 7951 cells (but significantly sensitizes such cells to RSL3-
induced ferroptosis; see Fig. 1L and SI Appendix, Fig. S1R). Fur-
ther studies are needed to determine the relative importance of
DHODH and GPD2 in generating CoQH, for ferroptosis
defense in different cellular contexts. In addition, several other
mitochondrial enzymes, including complexes I and II in the elec-
tron transport chain, also produce CoQH,. Their exact roles in
ferroptosis regulation remain to be defined.

While our data strongly suggest GPD2 suppresses ferroptosis
through producing mitochondrial CoQH,, we cannot rule out
the possibility of other potential mechanisms. For example,
recent studies have linked NAD™ recycling to PUFA desatura-
tion (37), which is known to affect ferroptosis sensitivity (17).
Therefore, it will be interesting to determine whether GPD2
regulates PUFA desaturation and ferroptosis through affecting
cytosolic NADT/NADH ratio in future studies.

Finally, from a therapeutic perspective, our study identified
GPD?2 as a potential therapeutic target in cancer cells and sug-
gests that combining GPD2 inhibitors with other ferroptosis
inducers can be explored in cancer therapy through induction
of tumoral ferroptosis. Although a lack of suitable GPD2 inhib-
itors prevented us from formally testing this idea in the present
study, we hope that our study inspires other investigators to
develop potent, effective GPD2 inhibitors and to further test
the impact of such inhibitors in cancer treatment.

Materials and Methods

Cell Culture Studies. All cell lines used in this study were purchased from the
American Type Culture Collection and were free of mycoplasma contamination
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(tested by the vendor). No cell line used in this study has been found in the
International Cell Line Authentication Committee database of commonly misi-
dentified cell lines, based on short tandem-repeat profiling performed by the
vendor. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% (vol/vol) fetal bovine serum (FBS) and 1% (volivol) penicillin/
streptomycin in a humidified atmosphere of 5% CO, at 37 °C as described previ-
ously (38, 39). All cell lines were seeded into a 12-well plate for cell death and
lipid peroxidation measurements. Cells were treated with ferroptosis inducers,
including RSL3 (Selleck Chemicals), ML210 (Cayman Chemical), ML162 (Cayman
Chemical), and FINS6 (Cayman Chemical); ferroptosis inhibitors, including
liproxstatin-1 (Cayman Chemical) and ferrostatin-1 (Sigma-Aldrich); deferox-
amine (Sigma-Aldrich); glycerol (Sigma-Aldrich); sn-G3P (Cayman Chemical); the
GPD2 inhibitor iGP-1 - Calbiochem (Sigma-Aldrich); and antioxidants, including
2,2,6,6-tetramethylpiperidinyl-1-oxy  (TEMPO; = Sigma-Aldrich), mitochondria-
targeted TEMPO (MitoTEMPO; Sigma-Aldrich), MitoQ (Cayman Chemical), and
MitoQH, (Cayman Chemical).

Plasmid Constructs. GPX4, DHODH, and FSP1 expression plasmids were
described in our recent publication (15). GPD2 complementary DNA (cDNA) was
purchased from the Functional Genomics Core of The University of Texas MD
Anderson Cancer Center and subsequently cloned into the lentiviral vector pLVX-
Puro as described previously (40, 41). All constructs were confirmed via DNA
sequencing.

CRISPR-Cas9-Mediated Gene KO. Single-guide RNAs (sgRNAs) and a CRISPR-
Cas9 expression system were used to generate GPD2-, GPX4-, and COQ2-KO cell
lines as described previously (33, 42). sgRNAs were cloned into a lentiviral lenti-
Guide vector. The sequences of the sgRNAs used in this study are listed in S/
Appendix, Table S1. LentiGuide clones were transfected into HEK293T cells with
a psPAX2 packaging plasmid and pMD2.G-expressing plasmid. Lentiviruses
were collected and used to infect cells with 0.8 pg/mL Polybrene for 24 h. Cells
were selected with puromycin (1 pg/mL; InvivoGen), blasticidin (2 pg/mL; Inviv-
oGen), or hygromycin B (2 pg/mL; InvivoGen) for 3 d, and single cells were
sorted into 96-well plates. Single cells were cultured in DMEM with 10% (vol/
vol) FBS and 1% (vol/vol) penicillin/streptomycin in 5% CO, at 37 °C in an incu-
bator for 3 to 4 wk, and Western blotting was used to verify the target gene dele-
tion efficiency of each clone.

Generation of Cell Lines Overexpressing Target Genes. Cell lines with sta-
ble overexpression of target genes were generated as described previously
(43, 44). In brief, HEK293T cells were transfected with either a target gene con-
struct or pLVX-empty vector together with a psPAX.2 and pMD2.G third-
generation lentiviral packaging system and 0.8 pg/mL Polybrene. Seventy-two
hours later, media with lentiviral particles were collected and filtered to infect
the target cell lines. Forty-eight hours afterward, puromycin was added to select
stable cell lines with successful expression of target genes.

Metabolomic Analysis. Metabolomic analysis was performed as described
previously (45, 46). Cells were seeded in 35-mm culture plates. When the cell
density reached 70 to 80%, cells were treated with RSL3, ML210, or ML162 for
2 h. Metabolites were then extracted from cells by rapidly aspirating the culture
medium and incubating the plates with 0.6 mL of an 80% methanol:20% water
mixture on a cold block for 15 min. Next, the cell material was scraped into
Eppendorf tubes prechilled on ice. After centrifugation at 13,000 rcf for 5 min at
4°C, the supematant was collected into a fresh tube and stored on dry ice until
analysis. Just before analysis, 500 pL of extract was dried under a nitrogen gas
flow and then resuspended in 100 pl of water.

The complete metabolomic platform consisted of an Accela 1250 high-
performance liquid chromatography system, Accela Open Autosampler, MayLab
MistraSwitch column oven, and Exactive Orbitrap mass spectrometer controlled
by the Xcalibur 3.0.63 software package. Chromatography was performed with a
Phenomenex Synergi Hydro-Rp column (100 x 2 mm, 2.5-um particle size). Sol-
vent A contained 10 mM tributylamine and 15 mm acetic acid in water, and sol-
vent B was methanol. The gradient was 0 min, 0% B; 2.5 min, 0% B; 5 min,
20% B; 7.5 min, 20% B; 13 min, 55% B; 15.5 min, 95% B; 18.5 min, 95% B;
19 min, 0% B; and 25 min, 0% B. The injection volume was 10 pL. The column
temperature was set to 40 °C, and the flow speed was 200 uL/min. The Exactive
was operated in negative ionization mode with an electrospray ionization
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interface. The instrument parameters were as follows: sheath gas flow rate, 30
(arbitrary units); sweep gas flow rate, 3 (arbitrary units); aux gas flow rate, 10
(arbitrary units); capillary temperature, 325 °C; spray voltage, 3 kV; tube lens
voltage, —50 V; and capillary voltage, —25 V. The scan range was 80 to 1,000
m/z, with @ maximum injection time of 250 ms, resolution of 100,000 at 1 Hz,
and AGC (automatic gain control) target 1 x 10°. The data were analyzed using
the Maven software suite, with signal intensity determined as the peak area
(top). The metabolomic data have been deposited into Metabolomics Workbench
(Study ID: ST002115). The annotation of detected common metabolites is listed
in SI Appendix, Table S2.

Cell Viability Assay. Viable cells were measured using a crystal violet assay.
Ten thousand cells per well were seeded in a 96-well plate; 50 pL of 0.5% crystal
violet staining solution was added to each well after aspirating the medium and
incubating for 20 min at room temperature on a bench rocker with a frequency
of 20 oscillations per minute. After the plate was washed with phosphate-
buffered saline (PBS) and air-dried at room temperature overnight. Two hundred
microliters of methanol was added to each well and incubated for 10 min at
room temperature. The optical density of each well was measured at 570 nm
(ODs70) with a plate reader. The percentage of viable cells was determined by
comparing the ODs7q values.

Cell Death Assay. Cell death was measured using a flow cytometer after propi-
dium iodide (P1) (Roche) staining as described previously (47, 48). For the stain-
ing, cells were seeded at a density of 50% confluence into 12-well plates. The
next day, cells were treated with different reagents. To measure cell death, the
cells (including floating dead cells) were harvested and stained with 5 pg/mL PI,
and the percentage of Pl-positive dead cells was determined using a BD Accuri
C6 flow cytometer (BD Biosciences) and an FL2 detector. At least 10,000 single
cells per well were analyzed, and all experiments were carried out at least
three times.

Lipid Peroxidation Measurement. Total or mitochondrial lipid peroxidation
was measured as described previously (15, 49, 50). Briefly, cells were seeded at
a density of 50% confluence on 12-well plates and incubated overnight. Cells
were then treated with the indicated compounds for the indicated times,
collected via trypsinization, and resuspended in 200 pL PBS with 5 uM
C11-BODIPY 581/591 (Invitrogen) to measure lipid peroxidation or 5 pM Mito-
PerOx (Abcam) to measure mitochondrial lipid peroxidation. Next, cells were
incubated for 30 min at 37 °C. Lipid peroxidation was assessed using the flow
cytometer BD Accuri C6 with a 488-nm laser and an FL1 detector (in which at
least 10,000 single cells per well were analyzed) or was analyzed by confocal
imaging by an inverted Zeiss LSM880 laser scanning confocal microscope with a
63x% oil immersion objective lens, 488- and 543-nm laser line.

GPD2 Enzyme Activity Assay. GPD2 activity was measured spectrophotomet-
rically at 610 nm. The assay medium included 10 mM Tris-HCl, 50 mM KCl,
1 mg/mL bovine serum albumin, 1 mM KCN, and 1 mM ethylenediaminetetra-
acetic acid, pH 7.4. The reaction was started by adding 100 pM DCPIP and
25 mM G3P at 30 °C. Absorbance at 610 nm was monitored after 1-min incuba-
tion. Enzyme activity was shown as the ratio of absorbance.

NAD*/NADH Ratio Measurement. NAD*/NADH ratios were determined by
using the NAD*/NADH Quantitation Colorimetric Kit (BioVision, K337). Briefly,
cells were seeded at a density of 50% confluence on 24-well plates and incu-
bated overight, washed with PBS, and spun at 2,000 rpm for 5 min and the
supernatant was discarded. Cells were extracted with 400 plL of extraction buffer
by two freeze/thaw cycles and centrifuged for 5 min at 15,000 rpm in a cold
microcentrifuge to remove insoluble material. Supernatants were divided for
measurement of NADH+NAD™ and NADH (after NAD™ decomposition at 60 °C
for 30 min), respectively.

Basal Oxygen Consumption Rate Measurement. Basal oxygen consump-
tion rate levels were determined by using the Oxygen Consumption Rate Assay
Kit (Cayman Chemical, 600800). Briefly, 40,000 cells per well were seeded in a
black, clear-bottom 96-well tissue culture plate. Twenty microliters of culture
medium, 10 pL glucose oxidase stock solution, 10 pL antimycin A stock solution,
and 10 pL phosphorescent oxygen probe solution were added to each well. The
plate was read immediately (380 nm for excitation and 650 nm for emission).
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CoQ and CoQH, Analysis. Intracellular CoQ and CoQH, levels were measured
as we described previously (15). Cells growing on 35-mm plates to about 70%
confluence were quickly washed with 1 mL of room-temperature, serum-free cul-
ture medium to remove serum-derived CoQ and CoQH, with minimal metabolic
perturbation to the cells. Next, 600 uL of freshly prepared ice-cold isopropanol
containing 100 pM tert-butyl-hydroquinone was added to the plates, and plates
were then placed on ice. The cells were then scraped with cell lifters and trans-
ferred to Eppendorf tubes on ice. After brief vortexing, the tubes were clarified
using centrifugation at 13,000 rcf at 4°C for 5 min, and the superatants was
transferred to fresh tubes. These extracts were stored in the dark on dry ice until
analysis by liquid chromatography with mass spectrometry. The relative levels of
CoQ and CoQH, under these conditions were stable for at least 48 h.

CoQ and CoQH, levels were determined via liquid chromatography with
mass spectrometry using an analytical method derived from a previously
described lipidomic method (51). The extracts were transferred to amber glass
sample vials in an autosampler maintained at 4 °C. Separation was performed
using a Thermo Fisher Scientific UltiMate 3000 HPLC system with an Acquity
UPLC HSS T3 column (2.1 x 100 mm, 1.8-um particle size). Mobile phase A con-
sisted of acetonitrile:water (60:40, vol/vol) with 10 mM ammonium acetate and
0.1% acetic acid, whereas mobile phase B consisted of isopropanol:acetonitrile:-
water (85:10:5, vol/vol/vol) with 10 mM ammonium acetate and 0.1% acetic
acid. The gradient was 0 min, 40% B; 1.5 min, 40% B; 12 min, 100% B;
15 min, 100% B; 16 min, 40% B; and 17 min, 40% B. The injection volume
was 10 pL. The column temperature was set to 55 °C, and the flow rate was
400 pl/min.

Samples were analyzed using the Exactive Orbitrap mass spectrometer in pos-
itive ionization mode with a heated electrospray ion source. The instrument
parameters were as follows: sheath gas flow rate 30 (arbitrary units), aux gas
flow rate 10 (arbitrary units), sweep gas flow rate 3 (arbitrary units), spray voltage
4 kV, capillary temperature 120 °C, heater temperature 500 °C, capillary voltage
65V, tube lens voltage 100 V. The scan range was set to 200 to 1,000 m/z, with
a maximum inject time of 100 ms, resolution of 100,000 at 1 Hz, and AGC
(automatic gain control) target 1 x 10°. The data were analyzed using the
Maven software suite 57 with signal intensity determined as the peak area (top).
Both CoQ and CoQH, were detected as their ammonium adducts ([M+NH4]*).

Immunoblotting. Western blotting was used to analyze protein expression in
cells as described previously (52, 53). In brief, cell pellets were lysed using IP
lysis buffer (Thermo Fisher Scientific), and the protein concentrations were mea-
sured using a bicinchoninic acid protein assay (Thermo Fisher Scientific) with a
FLUOstar Omega microplate reader (BMG LABTECH). Mitochondrial protein was
extracted by using a mitochondrial fractionation kit (K256; BioVision). Thirty
micrograms of protein was used for immunoblot analysis with antibodies against
GPD1 (1:1,000,13451-1-AP; Proteintech), GPD1L (1:1,000, 17263-1-AP; Protein-
tech), GPD2 (1:1,000, 17219-1-AP; Proteintech), GPX4 (1:1,000, MAB5457;
R&D Systems), DHODH (1:1,000, 14877-1-AP; Proteintech), SLC7A11 (1:1,000,
12691; Cell Signaling Technology), ACSL4 (1:1,000, s¢-271800; Santa Cruz Bio-
technology), COQ2 (1:1,000, sc-517107; Santa Cruz Biotechnology), FSP1
(1:1,000, s¢-377120; Santa Cruz Biotechnology), and vinculin (1:3,000, V4505;
Sigma-Aldrich).

Histology and Immunohistochemistry. Fresh tumor samples were fixed in
10% neutral buffered formalin for 16 h, washed with PBS, and stored in 70%
ethanol at 4 °C. The samples were dehydrated and embedded in paraffin at the
MD Anderson Research Histology Core Laboratory according to standard proto-
cols. Embedded tissues were sliced at a thickness of 5 um for hematoxylin and
eosin or immunohistochemical (IHC) staining. IHC staining was performed as
described previously (54, 55). Briefly, primary antibodies, including those
against cleaved caspase-3 (1:500, 9661s; Cell Signaling Technology), Ki-67
(1:500, 9027s; Cell Signaling Technology), and 4-HNE (1:400, ab46545;
Abcam), were incubated overnight at 4 °C. Staining was performed using a VEC-
TASTAIN Elite ABC Kit and DAB peroxidase substrate kit (Vector Laboratories).
Images were randomly taken (five images per tumor) at 200x magnification
using an Olympus BX43 microscope.

Cell-Line-Derived Xenograft Model. Xenograft experiments were performed
as described previously (56) and in accordance with a protocol approved by the
MD Anderson Institutional Animal Care and Use Committee and Institutional
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Review Board. The xenograft study was compliant with all relevant ethical regula-
tions regarding animal research. Rodent housing conditions used in this study
were a temperature set point of 72 °F (high limit, 74 °F; low limit, 70 °F),
humidity set point of 45% (high limit, 55%; low limit, 40%), and light cycle of
12 h light-dark. Animals were killed when their xenograft tumor volumes
reached 1,500 mm>. No mice exhibited severe loss of body weight (>15%) or
evidence of infections or wounds. Female 4- to 6-wk-old athymic nude mice
(FoxnTnu/Foxn1nu) were purchased from the Experimental Radiation Oncology
Breeding Core Facility at MD Anderson and housed in the animal care facility at
the MD Anderson Department of Veterinary Medicine and Surgery. To generate
cell-line-derived xenograft models, cancer cell lines were suspended and
counted in cold PBS, and 3 x 10° cells were injected into the mice subcutane-
ously. Liproxstatin-1 diluted in PBS was intraperitoneally injected daily at a dose
of 10 mg/kg. The daily injections were continued until the endpoint as indicated
in the corresponding figures. Tumor length and width were measured every 3 d
until the endpoint and tumor volumes were calculated according to the equation
volume = length x width? x 1/2.

Statistics and Reproducibility. The results of cell culture experiments were
collected from at least three independent replicates. Volumes or weights from at
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least 10 tumors in each group of mice were plotted. Data were presented as
means =+ SD. Statistical significance (P values) was calculated using an unpaired
Student's t test or a log-rank test by GraphPad Prism software (version 8.0;
GraphPad Software) or SPSS software (version 25.0; IBM). *P < 0.05; **P <
0.01; ***P < 0.001; ns, not significant. No statistical methods were used to pre-
determine sample size. The investigators were not blinded to allocation during
the experiments or outcome assessment.

Data Availability. All study data are included in the article and/or
Sl Appendix.
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