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Abstract

Ferroptosis, a form of regulated cell death induced by excessive lipid peroxidation, has recently
emerged as a key tumor suppression mechanism-4. Glutathione peroxidase 4 (GPX4)% ¢ and
ferroptosis suppressor protein 1 (FSP1)7: 8 constitute two major ferroptosis defense systems. Here
we show that treatment with GPX4 inhibitors in cancer cells results in an acute depletion of
N-carbamoyl-L-aspartate (C-Asp), a pyrimidine biosynthesis intermediate, with a concomitant
accumulation of uridine. Supplementation of dihydroorotate (DHO) or orotate (OA), the substrate
and product of DHO dehydrogenase (DHODH), attenuates or potentiates ferroptosis induced

by GPX4 inhibition, respectively, and these effects are particularly pronounced in cancer cells
with low expression of GPX4 (GPX4!°W). DHODH inactivation induces extensive mitochondrial
lipid peroxidation and ferroptosis in GPX4!W cancer cells, whereas DHODH inactivation
synergizes with ferroptosis inducers to induce mitochondrial lipid peroxidation and ferroptosis

in GPX4high cancer cells. Mechanistically, DHODH operates in parallel to mitochondrial GPX4
(but independent of cytosolic GPX4 or FSP1) to inhibit ferroptosis in the mitochondrial

inner membrane, through reducing ubiquinone (CoQ) to ubiquinol (CoQH,), a radical-trapping
antioxidant with anti-ferroptosis activity. We further show that the DHODH inhibitor brequinar
selectively suppresses GPX4!°" tumor growth through inducing ferroptosis, whereas combined
treatment with brequinar and sulfasalazine, an FDA-approved drug with ferroptosis inducing
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activity, synergistically induces ferroptosis and suppresses GPX4M3" tumor growth. Our results
identify a DHODH-mediated ferroptosis defense mechanism in mitochondria and suggest a
therapeutic strategy to target ferroptosis in cancer treatment.
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Cells have evolved at least two defense mechanisms to suppress ferroptosis: GPX4 utilizes
reduced glutathione (GSH) to detoxify lipid hydroperoxides and inhibit ferroptosis® 8, and
FSP1 (also called AIFM2) functions as an oxidoreductase to reduce CoQ to CoQH, mainly
on the plasma membrane; CoQH, then acts as a lipophilic radical-trapping antioxidant

to detoxify lipid peroxyl radicals’: 8. Whether there exist additional cellular defense
mechanisms against ferroptosis at other subcellular compartments remains unclear.

Metabolomics link DHODH to ferroptosis

Global metabolomic analyses revealed that treatment with GPX4 inhibitor RSL3 or ML162
in cancer cells resulted in a marked depletion of C-Asp, an intermediate of pyrimidine
biosynthesis, with a concomitant accumulation of uridine, an end product of pyrimidine
biosynthesis (Fig. 1a, b and Extended Data Fig. 1a—f). Metabolic tracer studies revealed
that RSL3 treatment significantly increased 1°N-UMP levels, and this effect was completely
rescued by the ferroptosis inhibitor liproxstatin-1 (Fig. 1c). Supplementation of pyrimidine
biosynthesis intermediates (Extended Data Fig. 1f) revealed that DHO protected cells from,
whereas OA sensitized cells to, GPX4 inhibition; surprisingly, uridine supplementation did
not affect cellular sensitivity to GPX4 inhibitors (Fig. 1d). We confirmed that DHO or OA
supplementation drastically increased its intracellular levels (Extended Data Fig. 1g). C-Asp
appears to be largely impermeable to cells, as C-Asp supplementation only moderately
increased its intracellular levels (Extended Data Fig. 1h) and did not affect ferroptosis
sensitivity (Fig. 1d). The observation that the substrate and product of the DHODH reaction
(Extended Data Fig. 1f) exerted opposite effects on ferroptosis sensitivity suggested a
potential role for DHODH in regulating ferroptosis in a manner independent of its function
in generating pyrimidine nucleotides. Consistent with this, we found that RSL3 treatment
significantly increased DHODH activity (Extended Data Fig. 1i).

We noticed that DHO (or OA) supplementation generally exerted much more pronounced
protecting (or sensitizing) effects in GPX4!°W cell lines (such as NCI-H226) than in
GPX4high cell lines (such as HT-1080) (Fig. 1d, e and Extended Data Fig. 1j-I). Analyses
of a panel of GPX4N9h and GPX4!°W cancer cell lines revealed that GPX4!%W cancer cells
generally were more sensitive to DHODH inhibitors (Extended Data Fig. 1m, n). Notably,
liproxstatin-1, but not the apoptosis inhibitor Z-VAD-FMK, largely rescued DHODH
inhibition-induced cell death in GPX41°% NCI-H226 cells (Fig. 1f and Extended Data Fig.
2a), whereas the opposite was observed in GPX4M3" HT-1080 cells treated with a DHODH
inhibitor (Fig. 1g and Extended Data Fig. 2b). Consistently, DHODH inhibition induced
potent lipid peroxidation and ferroptosis marker gene P7GS2 expression in GPX4!%W but not
in GPX4Mgh cancer cells (Fig. 1h, i and Extended Data Fig. 2a, b). Therefore, ferroptosis
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induction likely accounts for the more pronounced vulnerability of GPX4!°W cancer cells
than GPX4Mah cancer cells to DHODH inhibition.

While DHODH inhibition did not obviously induce ferroptosis in GPX4M9" cells (Fig. 1g),
it markedly sensitized such cells to ferroptosis induced by class 2 ferroptosis inducers (RSL3
and ML162, which inhibit GPX4 activity) (Fig. 1j, k and Extended Data Fig. 2c—¢) or class
1 ferroptosis inducers (sulfasalazine and erastin, which block SLC7A11-mediated cystine
transport; cancer cells mainly rely on SLC7A11 to obtain cysteine for GSH synthesis®)
(Extended Data Fig. 2f, g). DHODH inhibitor treatment did not affect the expression of
GPX4, SLC7A11, or ACSL4 (a lipid metabolism enzyme that is required for ferroptosis in
many cell lines10), or GSH levels (Extended Data Fig. 2h, i). Together, these data suggest
that DHODH inhibition induces ferroptosis in GPX41%W cancer cells but sensitizes GPX4high
cancer cells to ferroptosis.

DHODH deletion promotes ferroptosis

The aforementioned data prompted further analyses of the genetic interaction between
DHODH and GPX4. Analyses of the Cancer Therapeutics Response Portal! revealed

that DHODH expression correlated with resistance to GPX4 inhibitors (Fig. 2a). DHODH
knockout (KO) in GPX4M9" HT-1080 cells (Extended Data Fig. 3a) abolished DHODH
enzyme activity and induced substantial cell death (but without inducing obvious lipid
peroxidation), which could be largely rescued by uridine supplementation (Extended Data
Fig. 3b—e). We confirmed the lack of lipid peroxidation induction upon DHODH deletion
in additional GPX4M9 cancer cells (Extended Data Fig. 3a, €). (Unless otherwise stated,
we used uridine supplemented medium in all of our studies with DHODH KO cells.)
DHODH deletion markedly sensitized HT-1080 cells to RSL3- or ML162-induced lipid
peroxidation and ferroptosis (Fig. 2b, ¢ and Extended Data Fig. 3f, g), which could be
largely abolished by ACSL4 deletion (Extended Data Fig. 3h, i). DHODH deletion did

not affect GPX4, SLC7A11, or ACSL4 expression levels, or GSH levels (Extended Data
Fig. 3j, k). Notably, unlike in HT-1080 cells, DHODH deletion in GPX4!°W NCI-H226
cells potently induced lipid peroxidation and ferroptosis even with uridine supplementation,
and uridine supplementation was not sufficient to maintain long-term culturing of DHODH
KO NCI-H226 cells (Fig. 2d, e and Extended Data Fig. 31-0). We validated DHODH
deletion-induced lipid peroxidation in additional GPX4!°" cancer cells (Extended Data Fig.

31, p).

GPX4 partial knockdown in HT-1080 cells did not affect basal cell growth or viability but
markedly sensitized cells to DHODH inhibitor-induced lipid peroxidation and ferroptosis
(Fig. 2f, g and Extended Data Fig. 4a—d). GPX4 knockdown significantly increased

DHODH levels (Extended Data Fig. 4a), which likely represents an adaptive cellular
response attempting to suppress ferroptosis in response to chronic GPX4 inactivation.
Further deleting DHODH in GPX4 knockdown cells (but not DHODH deletion or GPX4
knockdown alone) markedly induced lipid peroxidation and ferroptosis (Fig. 2h, i and
Extended Data Fig. 4e, f); uridine supplementation rescued cell death in DHODH KO cells,
but not in such cells with GPX4 knockdown (Fig. 2i and Extended Data Fig. 4g). Together,
our data suggest that DHODH acts in parallel to GPX4 to suppress ferroptosis, and DHODH
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deletion induces ferroptosis in GPX4!°W cancer cells (or GPX4M9" cancer cells with GPX4
knockdown).

We also studied the genetic interaction between DHODH and FSP17- 8. FSP1 overexpression
significantly suppressed, while its deletion promoted, RSL3-induced ferroptosis in HT-1080
cells; however, FSP1 overexpression or deletion did not affect RSL3-induced ferroptosis

in DHODH KO counterparts (Extended Data Fig. 4h—k). Likewise, DHODH inhibitor
treatment promotes RSL3-induced ferroptosis in wild-type (WT) cells but not in £FSPZ

KO counterparts (Extended Data Fig. 4l). Our data suggest that DHODH and FSP1 likely
operate in two separate systems to inhibit ferroptosis.

DHODH inhibits mitochondrial ferroptosis

DHODH is an enzyme localized on the outer face of the mitochondrial inner

membranel2. Restoration of DHODH WT, but not its catalytically inactive mutant

(R135C) or a mutant defective in mitochondrial localization (A2-12), rescued ferroptosis
sensitivity to GPX4 inhibitors in DHODH KO HT-1080 cells (Fig. 3a and Extended

Data Fig. 4m—q). Mammalian cells encode several GPX4 isoforms with distinctive
subcellular localization, including cytosol- and mitochondria-localized GPX4 (GPX4%Yt
and GPX4Mit0)13 Fractionation analyses revealed that GPX4M9N cancer cells generally
exhibited high expression of both GPX4Mit and GPX4XY™ (Extended Data Fig. 5a).
Notably, restoration of GPX4™M©, byt not GPX4%Y®, in GPX4 knockdown HT-1080 cells
rescued cellular sensitivity to DHODH inhibition (Fig. 3b and Extended Data Fig. 5b—

e). We confirmed this observation in a variety of cell lines (Extended Data Fig. 5f, g).
Likewise, overexpression of GPX4™Mi© byt not GPX4Y, in NCI-H226 cells rendered
these cells more resistant to DHODH inhibition and mitigated lipid peroxidation induced
by DHODH inhibitors (Extended Data Fig. 6a—d). We further showed that the RTA 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO), similar to liproxstatin-1, rescued GPX4 inhibition-
induced ferroptosis in both DHODHWT and KO HT-1080 cells; in contrast, mitochondria-
targeted TEMPO (mito-TEMPO)!* provided substantial protection in DHODH KO but not
in its WT counterparts (Fig. 3c, d and Extended Data Fig. 6e).

Consistent with a previous report®, staining of mito-BoDIPY (a mitochondria-targeted
version of C11-BoDIPY to specifically detect mitochondrial lipid peroxidation!®) showed
no obvious mitochondrial lipid peroxidation upon GPX4 inhibition in HT-1080 cells

(Fig. 3e); remarkably, GPX4 inhibitors induced potent mitochondrial lipid peroxidation

in DHODH KO HT-1080 cells, which could be suppressed by TEMPO, mito-TEMPO,

or liproxstatin-1 treatment (Fig. 3f and Extended Data Fig. 6f). Likewise, combined
inactivation of GPX4 and DHODH, but not either single inactivation, massively induced
mitochondrial lipid peroxidation (Extended Data Fig. 6g—k). FSP1 overexpression or
deletion did not affect mitochondrial lipid peroxidation in either DHODHWT or KO cells
(Extended Data Fig. 61-n). Overexpression of mitochondria-localized FSP1 (by adding a
mitochondrial targeting sequence to the N-terminus of FSP1) did not affect mitochondrial
lipid peroxidation or provide any protection to RSL3-induced ferroptosis in HT-1080
cells or DHDOH KO counterparts (Extended Data Fig. 60—q). These data suggest that
targeting FSP1 to mitochondria alone is not sufficient to drive its presumed anti-ferroptosis
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function in mitochondria, likely because FSP1’s function in ferroptosis regulation requires
additional regulatory proteins that localize on the plasma membrane. Finally, restoration

of GPX4MI hut not GPX4%Y, suppressed mitochondrial lipid peroxidation caused by
DHODH inhibition in GPX4 knockdown HT-1080 cells or GPX4!°W NCI-H226 cells
(ExtendedData Fig. 6r, s). Our data therefore support a model wherein DHODH acts in
parallel to mitochondrial GPX4, but not cytosolic GPX4 or FSP1, to suppress mitochondrial
lipid peroxidation and ferroptosis.

We found that DHODH inhibition did not sensitize cells to the class 3 ferroptosis inducer
FIN56, which acts by depleting both GPX4 protein and CoQ16 (Extended Data Fig. 7a,

b). Unlike RSL3, FIN56 treatment induced substantial mitochondrial lipid peroxidation,

and DHODH deletion did not further increase mitochondrial lipid peroxidation under

FIN56 treatment (Extended Data Fig. 7b). Deletion of COQZ, a key enzyme involved

in CoQ biosynthesis, or blocking CoQ biosynthesis by 4-chlorobenzoic acid (4-CBA)
treatment significantly decreased total CoQ levels (Extended Data Fig. 7c—e), and promoted
ferroptosis much more dramatically in HT-1080 cells than in their DHODH KO counterparts
(Extended Data Fig. 7f—j). These data suggest that DHODH suppresses mitochondrial lipid
peroxidation and ferroptosis in a CoQ-dependent manner.

DHODH couples the oxidation of DHO to OA to the reduction of CoQ to CoQH>

in the mitochondrial inner membranel2 (Extended Data Fig. 7k). We confirmed that
DHODH inhibition significantly increased CoQ/CoQH2 ratio (Fig. 3g and Extended Data
Fig. 71). Supplementation of mitoQ and mitoQH, (mitochondria-targeted analogs of CoQ
and CoQHo,, respectively) provided limited protection against RSL3- or ML162-induced
ferroptosis in HT-1080 cells (Fig. 3h and Extended Data Fig. 7m), which is consistent

with a previous report®; in contrast, mitoQHs, but not mitoQ, significantly protected against
RSL3- or ML162-induced mitochondrial lipid peroxidation and ferroptosis in DHODH

KO cells (Fig. 3i and Extended Data Fig. 7m-0). These results suggest that (i) mitoQH-
mainly inhibits ferroptosis in cells with extensive mitochondrial lipid peroxidation (such as
DHODH KO cells with GPX4 inactivation), and (ii) DHODH is required for reducing mitoQ
to mitoQH,, to suppress ferroptosis in HT-1080 cells. We confirmed these observations in
most other cell lines we have tested (Extended Data Fig. 8a—j).

Electron transport chain (ETC) complex 11l converts CoQH> back to CoQ. Treatment

with complex I11 inhibitor myxothiazol significantly decreased CoQ/CoQHj5 ratio, and
similar to mitoQH, treatment, did not affect ferroptosis sensitivity in HT-1080 cells yet
protected against RSL3-induced ferroptosis in DHODH KO cells, albeit with a more
moderate protective effect than mitoQH, (Fig. 3i and Extended Data Fig. 8k-n). This

is likely because upon GPX4 inactivation, much of the CoQH, pool is consumed by
quenching mitochondrial lipid peroxides, leaving less CoQH> available to feed complex

I11. Finally, overexpression of Ciona intestinalis AOX, which oxidizes mitochondrial CoQH,
to CoQ without pumping protons!’, had a dramatic sensitizing effect on RSL3-induced
mitochondrial lipid peroxidation and ferroptosis in HT-1080 cells; importantly, DHODH
deletion did not provide additional ferroptosis sensitizing effect in AOX-overexpressing cells
(Fig. 3j and Extended Data Fig. 80, p). Together, our data support a model that DHODH
inhibits ferroptosis through reducing CoQ to CoQH, in mitochondria.
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DHODNH inhibition in tumor ferroptosis

We further investigated the therapeutic potential of DHODH inhibitors in treating GPX4!oW
tumors /n vivo. In our following preclinical studies, we focused on brequinar, a DHODH
inhibitor which has been tested in multiple clinical trials18-21, We showed that, while
brequinar treatment or GPX4 knockdown alone did not affect the growth of HT-1080
xenograft tumors, GPX4 knockdown sensitized HT-1080 xenograft tumors to DHODH
inhibition; importantly, treatment with liproxstatin-1 largely restored the growth of GPX4-
knockdown tumors under brequinar treatment (Fig. 4a, b and Extended Data Fig. 9a).
Brequinar treatment did not affect cleaved caspase-3 or Ki67 staining in these tumors
(Extended Data Fig. 9b—d), yet dramatically increased 4-HNE staining, a lipid peroxidation
marker?2, in GPX4-knockdown tumors, but not in control tumors (Fig. 4c, d and Extended
Data Fig. 9b). Likewise, brequinar significantly suppressed the tumor growth of GPX4!ow
NCI-H226 xenografts or GPX4!%W patient-derived xenografts (PDXs), but not that of
GPX4high pDXs, and the suppressed tumor growth could be restored by liproxstatin-1
treatment (Fig. 4e—i and Extended Data Fig. 9e, f). In addition, DHODH deletion

markedly suppressed NCI-H226 xenograft tumor growth; notably, combined treatment with
liproxstatin-1 and uridine, but not either treatment alone, almost completely restored the
growth of DHODH KO tumors (Extended Data Fig. 9g, h), which is consistent with our /n
vitro data (Fig. 2e).

Finally, we showed that combined treatment with brequinar and sulfasalazine, a ferroptosis
inducer that inhibits SLC7A1123, synergistically induced lipid peroxidation and suppressed
HT-1080 xenograft tumor growth, and the suppressed tumor growth could be largely
restored by liproxstatin-1 treatment (Fig. 4j, k and Extended Data Fig. 9i-I). We made
similar observations in GPX4M3h PDXs (Fig. 41 and Extended Data Fig. 9m, n). In all
these animal studies, drug treatment did not significantly affect animal weights (Extended
Data Fig. 90), suggesting that the treatment was well-tolerated /n vivo. Together, our
results suggest DHODH inhibitors as a potential agent to treat GPX4!°W cancers and the
combination of DHODH inhibitors with sulfasalazine to treat GPX4Md" cancers.

In summary, our study indicates that there exist at least three cellular protective systems
against ferroptosis with distinctive subcellular localization (Extended Data Fig. 10): GPX4
in the cytosol and mitochondria, FSP1 on the plasma membrane, and DHODH in
mitochondria. Our data further suggest that DHODH and mitochondrial GPX4 constitute
two major defense arms to detoxify lipid peroxides in mitochondria; consequently, disabling
one arm forces cells to be more dependent on the other, and disabling both arms can
trigger ferroptosis mainly induced by mitochondrial lipid peroxidation. It should be noted
that DHODH is an essential gene and uridine supplementation is required for maintaining
cell proliferation and revealing ferroptosis phenotypes in DHODH KO cells, which likely
explains why DHODH was not identified from previous CRISPR screens?4 25, This study
also raises the question on the role of other mitochondrial enzymes that generate CoQHo,
such as complex |, in regulating ferroptosis. A previous study showed that inhibiting
complex | does not affect sensitivity to GPX4 inhibition or even blocks ferroptosis
induced by erastin6. It is possible that other pro-ferroptosis functions of complex I,

such as generating reactive oxygen species or ATP26: 27 have masked its anti-ferroptosis
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function via producing CoQH,; notably, DHODH is not involved in these pro-ferroptosis
functions. Additional studies are needed to clarify complex I’s function in ferroptosis
regulation. Finally, identification of DHODH inhibitors as ferroptosis inducers could have
direct translational impacts for cancer therapy, considering that DHODH inhibitors and
sulfasalazine have already been approved by FDA or extensively tested in clinic. DHODH
inhibitors should be further combined with other standard-of-cares that induce ferroptosis,
such as radiotherapy and immunotherapy?2: 28-30,

Cell culture studies

UMRC2, UMRCS6, and RCC4 cell lines were provided by W. G. Kaelin at Dana-Farber
Cancer Institute. TK-10 cell line was obtained from Dr. Gordon Mills at MD Anderson
Cancer Center. All other cancer cell lines were obtained from the American Type

Culture Collection. All cell lines were free of mycoplasma contamination (tested by

the vendor). No cell line used in this study has been found in the International Cell

Line Authentication Committee database of commonly misidentified cell lines, based

on short tandem repeat profiling performed by the vendor. Cells were cultured in

DMEM with 10% (volume/volume; v/v) FBS and 1% (v/v) penicillin/streptomycin at

37 °C with a humidified atmosphere of 20% O, and 5% CO,. All cell lines were

cultured in a 10-cm plate and then cultured into a 12-well plate for cell death and

lipid peroxidation measurement. For cell viability assays, cells were cultured into a 96-

well plate. Cells were treated with ferroptosis inducers including RSL3 (Selleckchem),
ML162 (Cayman Chemical), erastin (Cayman Chemical), FIN56 (Cayman Chemical), or
sulfasalazine (Sigma-Aldrich); DHODH inhibitors including brequinar (Tocris), leflunomide
(Sigma-Aldrich), or teriflunomide (Sigma-Aldrich); cell death inhibitors liproxstatin-1
(Cayman Chemical) or Z-VAD-FMK (R&D Systems); antioxidants including TEMPO
(Sigma-Aldrich), MitoTEMPO (Sigma-Aldrich), MitoQ (Cayman Chemical), or MitoQH,
(Cayman Chemical); and mitochondria complex 11 inhibitor including myxothiazol (Sigma-
Aldrich).

Plasmid constructs

GPX4 short hairpin RNA (shRNA) was purchased from Origene (TR316568). The target
sequences of sShRNAs used in this study are listed in Supplementary Table 1. GPX4
expression plasmids were obtained from Dr. Aikseng Ooi at The University of Arizona
Health Sciences. DHODH and F£SP1 cDNAs were obtained from the Functional Genomics
Core Facility of The University of Texas MD Anderson Cancer Center, ciAOX cDNAs

was purchased from Addgene (#111661), and subsequently cloned into the lentivirus vector
pLVX-Puro. All constructs were confirmed by DNA sequencing.

CRISPR-Cas9—mediated gene knockout

Knockout of DHODH, ACSL4and COQZ2in human cell lines was performed using

single guide RNAs (sgRNAs) and doxycycline (DOX)-inducible CRISPR-Cas9 expression
system as described in our recent publication?’. sgRNAs were cloned into the lentiviral
lentiGuide vector. The sequences of sgRNASs used in this study are listed in Supplementary
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Table 1. LentiGuide clones were transfected into HEK293T cells with psPAX2 packaging
plasmid and pMD2.G expressing plasmid. Cells were infected with lentivirus with 0.8 pg/ml
polybrene, selected with puromycin (1 pg/ml, InvivoGen), blasticidin (2 pg/ml, InvivoGen)
or hygromycin B (2 pg/ml, InvivoGen) for 3 days and then single cells were sorted into
96-well plates. Single cells were maintained in DMEM with 10% (v/v) FBS and 1%

(v/v) penicillin/streptomycin at 37 °C in an incubator with 20% O, and 5% CO, for 3-4
weeks and each colony was verified by western blot to confirm the target gene deletion.

To generate cell lines with DOX-inducible CRISPR-Cas9-mediated gene deletion, cells
were infected with lentivirus, selected with puromycin (1 pg/ml, InvivoGen), blasticidin

(2 pg/ml, InvivoGen) or hygromycin B (2 pg/ml, InvivoGen) for 2 days and then single
cells were sorted into 96-well plates. Once cell lines were established, 1 pg/ml of DOX
(Sigma-Aldrich) was added to the media to induce target gene deletion for 48 hours after
selection; then cells were cultured in DOX-free media for subsequent analyses.

Overexpression cell line generation

Cell lines with stable overexpression of target genes were generated as previously
described31: 32, In brief, HEK293T cells were transfected with either pLVX-empty vector

or target gene constructs, together with psPAX.2 and pMD2.G third-generation lentiviral
packaging system using 0.8 pg/ml of polybrene. 72 hours later, lentivirus particles in the
medium were collected and filtered, then the target cell lines were infected. At 48 hours after
infection, puromycin was added to obtain stable cell lines with successful transduction.

Metabolomic analysis

Metabolomic analysis was performed as previously described33. Cells were seeded on 35
mm culture plates at a density sufficient to ensure approximately 70-80% confluence at

the time of extraction. For metabolic tracer analysis of pyrimidine synthesis, HT-1080 cells
were treated with RSL3 and/or Lip-1 for 2 hours and then were shifted to drug-free media
containing amide-1°N-glutamine (this time point is defined as 0 hour). Metabolites were
extracted at the indicated time points for subsequent analyses. Metabolites were extracted by
rapidly aspirating the culture medium and then adding 0.6 mL of an 80% methanol: 20%
water mixture at dry ice temperature. The plates were incubated on dry ice for 15 minutes
before the cell material was scraped into eppendorf tubes pre-chilled on ice. The cell debris
was pelleted by centrifugation at 13,000 RCF for 5 minutes at 4°C and the supernatant was
transferred to a fresh tube and stored on dry ice until analysis. Just prior to analysis, 500 pL
of extract was dried under nitrogen gas flow and then resuspended in 100 pL water.

The complete platform consists of an Accela 1250 HPLC 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). Solvent A is
10 mM tributylamine and 15 mm acetic acid in water; Solvent B is methanol. The gradient
is: 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; 25 min, 0% B. The injection volume was

10 uL. The column temperature was set to 40° C, and the flow rate was 200 uL/min. The
Exactive was operated in negative ionization mode with an electrospray ionization interface.
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The instrument parameters are 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 3 kV,
capillary temperature 325°C, capillary voltage —25 V, tube lens voltage —50 V. The scan
range was set to 80—-1000 m/z, with a maximum inject time of 250 ms, resolution of 100,000
at 1 Hz, and AGC (automatic gain control) target 1E6. The data were analyzed using the
MAVEN software suite57 with signal intensity determined as the Peak Area (Top). For
metabolic labeling experiments, the data were corrected to account for the natural abundance
of nitrogen-15 using IsoCorrectoR34.

Cell viability assay

Viable cells were measured using Cell Counting Kit-8 (CCK-8, Dojindo) as previously
described3®: 36, Briefly, cells were seeded onto 96-well plates at a density of 2 x 104

per well. The next day, cells were treated with GPX4 or DHODH inhibitors for 4 hours.
Subsequently, cells exposed to 10 ul CCK-8 reagent (100 pl medium per well) for 1 hour at
37 °C, 5% CO2 in an incubator. The absorbance at a wavelength of 450 nm was determined
using a FLUOstar Omega microplate reader (BMG Labtech).

Cell death assay

Cell death was measured by propidium iodide (Roche) staining using a flow cytometer, as
previously described3”- 38, For propidium iodide-staining, 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 were collected (including floating dead cells), stained with
5 ug/ml propidium iodide and the percentage of the propidium iodide-positive dead cell
population was analyzed using the flow cytometer BD Accuri C6 (BD Biosciences) and an
FL2 detector. A minimum of 10,000 single cells were analyzed per well and all experiments
were carried out at least in triplicate.

Lipid peroxidation measurement

Cells were seeded on 12-well plates and incubated overnight. The next day, cells were
treated with compounds for the indicated times, harvested by trypsinization and resuspended
in 200 pl PBS containing 5 uM C11-BODIPY 581/591 (Invitrogen). Cells were incubated
for 30 min at 37 °C in a water bath. Lipid peroxidation was assessed using the flow
cytometer BD Accuri C6 with a 488 nm laser on an FL1 detector. A minimum of 10,000
single cells were analyzed per well.

DHODH activity measurement

DHODH activity was determined spectrophotometrically at 37 °C by monitoring the
decrease in absorbance at 600 nm of reduced 2,6-dichlorophenol-indophenol (DCPIP) as
previously described3®. Briefly, the reaction was initiated with 20 mM DHO in 1 ml of
standard reaction buffer supplemented with 50 uM DCPIP, 2 ug of rotenone, 2 ug of
antimycin A, 5 mM NaN3 and 0.1 mg of whole-cell lysate. The data were expressed as nmol
min~1 pg~? of protein.
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Glutathione measurement

Glutathione level measurement was performed as previously described®. 1 x 10° cells

per well were seeded into 6-well dishes. Cells were treated with drugs for 2 hours.

Cells were collected by scraping and prepared for measurement of glutathione using the
Glutathione Assay Kit (Cayman Chemical) according to the protocol. The GSH and GSSG
concentrations were calculated using a standard curve and normalized to the total protein
level.

CoQ and CoQHs analysis

Ubiquinone (CoQ) and ubiquinol (CoQH5) were extracted from cultured cells using a
modified version of the method developed by Nagase et al. to analyze CoQ and CoQH, in
cerebrospinal fluid®0. Briefly, cells were first grown on 35 mm plates to approximately 70%
confluence. The cells were then quickly washed once in 1 mL of room temperature, serum-
free culture medium to remove serum-derived CoQ and CoQH, with minimal metabolic
perturbation to the cells. 600 pL of freshly prepared, ice-cold isopropanol containing 100
UM tert-butyl-hydroguinone was added to the plates, which were then placed on a cold
plate on ice. The cells were scraped with a cell lifter and the cell suspension transferred to
Eppendorf tubes on ice. After briefly vortexing, the tubes were clarified by centrifugation
at 13,000 RCF at 4° C for 5 minutes and the supernatants transferred to fresh tubes.

These extracts were stored on dry ice in the dark until analysis by LC-MS. The relative
levels of CoQ and CoQHy, in these conditions were stable for at least 48 hours. CoQ

and CoQH,, levels were determined by LC-MS using an analytical method derived from
the lipidomics method as previously described*!. The extracts were transferred to amber
glass sample vials in an autosampler maintained at 4° C. Separation was performed on a
Thermo Scientific UltiMate 3000 HPLC system using an Acquity UPLC HSS T3 column
(2.1x100 mm, 1.8 um particle size). Mobile phase A consisted of acetonitrile:water (60:40,
v/v) with 10 mM ammonium acetate and 0.1% acetic acid; mobile phase B consisted of
isopropanol:acetonitrile:water (85:10:5, v/v/v) 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; 17 min, 40% B. The injection volume was 10 pL. The column
temperature was set to 55° C, and the flow rate was 400 uL/min.

Samples were analyzed by an Exactive orbitrap mass spectrometer in positive ionization
mode with a heated electrospray ion source. The instrument parameters are 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 65 V, tube lens voltage 100 V. The scan range was set
to 200-1000 m/z, with a maximum inject time of 100 ms, resolution of 100,000 at 1 Hz,
and AGC (automatic gain control) target 1E6. 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]+).

Quantitative Reverse Transcription PCR

qRT-PCR was performed as previously described*2: 43, Briefly, total RNA was extracted
using TRIzol reagent (15596026, Invitrogen), and cDNA was synthesized with SuperScript
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Il Reverse Transcriptase (18064014, Invitrogen). gqRT-PCR was performed using SYBR
GreenER gPCR SuperMix Universal (11762500, Invitrogen), and triplicate samples were

run on a Stratagene MX3000P qPCR system according to the manufacturer’s protocol. The
threshold cycle (Ct) values for each gene were normalized to those of B-actin, and the 2 AACt
method was used for quantitative analysis. Primer sequences are list in Supplementary Table
1.

Immunoblotting

Western blotting to analyze protein expression was performed as previously described*#: 45,
Briefly, cell pellets and tissues were lysed using IP lysis buffer (Fisher Scientific) and

the protein concentration was determined by a Bicinchoninic Acid Protein Assay (Thermo
Scientific) using a FLUOstar Omega microplate reader (BMG Labtech). 25 pg of protein
was used for immunoblot analysis using antibodies against DHODH (1:1,000, 14877-1-AP,
Proteintech), GPX4 (1:1,000, MAB5457, R&D systems), vinculin (1:3,000, V4505, Sigma-
Aldrich), SLC7A11 (1:1,000, 12691, Cell Signaling), ACSL4 (1:1,000, sc-271800, Santa
Cruz), COQ2 (1:1,000, sc-517107, Santa Cruz Biotechnology), FSP1 (1:1,000, sc-377120,
Santa Cruz Biotechnology), and Flag (1:10,000, 66008-3-1g, Proteintech).

Histology and immunohistochemistry

Fresh tumor tissues were fixed in 10% neutral buffered formalin overnight, washed once
with PBS, and stored in 70% ethanol at 4 °C. The tissues were dehydrated and embedded
in paraffin by the Research Histology Core Laboratory (MD Anderson Cancer Center)
according to standard protocols. Embedded tissues were sectioned at a thickness of 5

um for H&E or immunohistochemistry (IHC) analysis. IHC analysis was performed as
previously described6: 47, Briefly, the primary antibodies, including ki-67 (1:500, 9027s,
Cell Signaling Technology), cleaved-caspase 3 (1:500, 9661s, Cell Signaling Technology),
or 4-HNE (1:400, ab46545, Abcam) were incubated overnight at 4 °C. Staining was
performed using the Vectastain elite ABC kit and DAB peroxidase substrate kit (\Vector
laboratories). Images were randomly taken from the renal cortex (five images per tumor) at
%200 magpnification using an Olympus BX43 microscope.

Cell line-derived xenograft model

All the xenograft experiments were performed in accordance with a protocol approved

by the Institutional Animal Care and Use Committee and Institutional Review Board at
The University of Texas MD Anderson Cancer Center. The study is compliant with all
relevant ethical regulations regarding animal research. Rodent housing conditions used in
this study are: temperature set point: 72F; high limit: 74F; low limit: 70F. Humidity set
point: 45%; high limit: 55%; low limit: 40%. Light cycle: 12 hour light/dark. Animals were
euthanized when the xenograft tumour size reached 1,500 mm?3. No mouse exhibited severe
loss of body weight (>15%) or evidence of infections or wounds. Female 4- to 6-week-old
athymic nude mice (Foxn1"Y/Foxn1"Y) were purchased from the Experimental Radiation
Oncology Breeding Core Facility at MD Anderson Cancer Center and housed in the Animal
Care Facility at the Department of \eterinary Medicine and Surgery at MD Anderson.
Cancer cell lines were suspended and counted in cold phosphate-buffered saline (PBS),
and 5 x 108 HT-1080 or 1 x 107 NCI-H226 cells were injected into mice subcutaneously.
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When the tumor reached 50-100 mm3, the mice were assigned randomly into different
treatment groups. Brequinar or sulfasalazine was dissolved in dimethyl sulfoxide (DMSO)
and diluted in PBS. Brequinar was intraperitoneally injected into mice at a dose of 30mg/kg
every three days. Sulfasalazine was intraperitoneally injected daily at a dose of 100 mg/kg.
Liproxstatin-1 diluted in PBS was intraperitoneally injected daily at a dose of 10 mg/kg. The
daily injection of brequinar, sulfasalazine, or liproxstatin-1 was continued until the endpoint
as indicated in the corresponding figures. The tumor volume was measured every 3 days
until the endpoint and calculated according to the equation volume = length x width? x 1/2.

Patient-derived xenograft (PDX) model

PDXs were generated in accordance with protocols approved by the Institutional Review
Board at The University of Texas MD Anderson Cancer Center. Informed consent was
obtained from the patients and the study is compliant with all relevant ethical regulations
regarding research involving human participants. Rodent housing conditions used in this
study are: temperature set point: 72F; high limit: 74F; low limit: 70F. Humidity set point:
45%; high limit: 55%; low limit: 40%. Light cycle: 12 hour light/dark. Animals were
euthanized when the xenograft tumour size reached 1,500 mm?2. No mouse exhibited

severe loss of body weight (>15%) or evidence of infections or wounds. All the NOD

scid gamma (NSG) mice were purchased from the Experimental Radiation Oncology
Breeding Core Facility at MD Anderson Cancer Center and housed in the Animal Care
Facility at the Department of Veterinary Medicine and Surgery at MD Anderson Cancer
Center. PDX model used in this study was originally obtained from lung cancer PDX
platform at MD Anderson Cancer Center. PDX experiments were performed as previously
described33. Briefly, PDX tumors in cold DMEM media were minced into fragments 1-2
mm3 in volume. Then each PDX tumor fragment was subcutaneously inoculated into the
dorsal flank of NSG mice. When the tumors reached 50-100 mm3 in volume, the mice
were assigned randomly into different treatment groups for the treatment of brequinar,
sulfasalazine, and/or liproxstatin-1 as described under cell line-derived xenograft model. The
tumor volume was measured every 3 days until the endpoint and calculated according to the
equation volume = length x width? x 1/2.

Statistics and reproducibility

Results of cell culture experiments were collected from at least 3 independent replicates.
Volumes or weights from at least 6 tumor in each group were plotted. Data are presented
as means + standard deviation (SD). Statistical significance (P values) was calculated using
unpaired Student’s t-tests or log-rank test by GraphPad Prism 8.0 or SPSS 25.0. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns., non-significant.
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Extended Data
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Extended Data Fig. 1. Pharmacologic inhibition of GPX4 affectsintermediate levelsin the de
novo pyrimidine biosynthesis pathway.

a-c, Volcano plots comparing metabolomic profiles from HT-1080(a), A-498 (b) or RCC4
(c) cells treated with vehicle and the same cells treated with RSL3 (10 puM) or ML162 (10
uM) for 2 hours. d, e, Bar graph showing the fold changes in C-Asp and uridine induced by
RSL3 (10 uM) or ML162 (10 pM) treatment for 2 hours compared with vehicle treatment
in A-498 (d) or RCC4 (e) cells. f, Simplified schematic of de novo pyrimidine biosynthesis
pathway. g, Bar graph showing the fold changes in intracellular DHO or OA levels upon
treatment with vehicle, DHO (100 pM) or OA (100 pM), respectively, for 48 hours in
NCI-H226 cells. h, Bar graph showing the fold changes in intracellular C-Asp levels

upon treatment with vehicle or C-Asp (100 uM) for 48 hours in NCI-H226 cells. i, DHO
activity measurement in HT-1080 cells treated with RSL3 (10 uM) for 2 hours, following
pretreatment with vehicle, OA (100 uM) for 24 hours, or Lip-1 (10 uM) for 48 hours. j,
GPX4 protein levels in different cell lines were determined by western blotting. k, Cell
viability measurement in TK-10, UMRC2, A-498 or RCC4 cells treated with different doses
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of RSL3 for 4 hours, following pretreatment with vehicle, C-Asp (100 uM), DHO (100 uM),
OA (100 puM), or uridine (50 uM) for 48 hours. |, Cell viability measurement in SW620,
U-87 MG, A549, NCI-H1437, MDA-MB-436 or MDA-MB-231 cells treated with different
doses of RSL3 for 4 hours, following pretreatment with vehicle, DHO (100 uM) or OA (100
uM) for 48 hours. m, GPX4, DHODH, and FSP1 protein levels in different cancer cell lines
were determined by western blotting. n, Cell viability measurement in GPX4M3h (HT-1080,
A-498, RCC4, 786-0, and 769-P) and GPX4!%W (HCT-8, UMRCS6, TK-10, UMRC2, and
NCI-H226) cells treated with different doses of DHODH inhibitors BQR, LFM, or TF

for 4 hours. Data are presented as mean values +/- SD, n = 3 independent repeats (a-e,

o-i, k, I, n). Statistical analysis was performed using unpaired, two-tailed t-test. Western
blot is representative of two biological replicates (j, m). *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Asp, aspartate; C-P, carbamoyl phosphate; P, phosphate; C-Asp,
N-Carbamoyl-L-aspartate; DHO, dihydroorotate; FMN, flavin mononucleotide; FMNH,
reduced flavin mononucleotide; OA, orotate; PRPP, phosphoribosyl pyrophosphate; PPi,
inorganic pyrophosphate; OMP, orotidine 5'-monophosphate; CO,, carbon dioxide; UMP,
uridine 5'-monophosphate; BQR, brequinar; LFM, leflunomide; TF, teriflunomide.
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Extended Data Fig. 2. The effect of DHODH inhibitorson inducing ferroptosisin different
cancer cellswith differential expression of GPX4.

a, b, Measurement of cell survival fraction and P7GS2 mRNA levels in NCI-H226 (a)

or HT-1080 (b) cells upon treatment with BQR (500 uM for NCI-H226 cells; 5 mM for
HT-1080 cells), following pretreatment with vehicle, ZVF (10 pM), and/or Lip-1 (10 uM)
for 24 hours. ¢, Cell viability measurement in HT-1080 cells treated with different doses
of RSL3 and co-treatment with LFM (100 uM) or TF (500 uM) for 4 hours, following
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pretreatment with vehicle or Lip-1 (10 pM) for 24 hours. d, Cell viability measurement

in HT-1080 cells treated with different doses of ML162 and co-treatment with BQR (500
UM), LFM (100 uM), or TF (500 uM) for 4 hours, following pretreatment with vehicle or
Lip-1 (10 uM) for 24 hours. e, Measurement of cell survival fraction and P7TGS2 mRNA
levels in HT-1080 cells upon treatment with RSL3 (1 uM) and/or BQR (500 puM) for 4
hours, following pretreatment with vehicle or Lip-1 (10 pM) for 24 hours. f, Cell viability
measurement in HT-1080 cells treated with different doses of SAS and co-treatment with
BOR (500 pM), LFM (100 puM) or TF (500 puM) for 4 hours, following pretreatment with
vehicle or Lip-1 (10 pM) for 24 hours. g, Cell viability measurement in HT-1080 cells
treated with different doses of erastin and co-treatment with BQR (500 pM), LFM (100 pM)
or TF (500 uM) for 4 hours, following pretreatment with vehicle or Lip-1 (10 uM) for 24
hours. h, MRNA levels of SLC7A11, GPX4, or ACSL4, as well as their protein levels were
measured in HT-1080 cells treated with BQR (500 pM), LFM (100 uM), or TF (500 uM) for
4 hours. i, GSH level measurement in HT-1080 cells upon treatment with BQR (500 uM),
LFM (100 uM), or TF (500 uM) for 2 hours. Data are presented as mean values +/- SD, n

= 3 independent repeats (a-i). Statistical analysis was performed using unpaired, two-tailed
t-test. Western blot is representative of two biological replicates (h). *P < 0.05, **P < 0.01,
***pP < 0.001, ****P < 0.0001. BQR, brequinar; LFM, leflunomide; TF, teriflunomide; ZVF,
N-benzyloxycarbonyl-val-ala-asp(o-me) fluoromethyl ketone; Lip-1, liproxstatin-1; SAS,
sulfasalazine; GSH, glutathione.

Nature. Author manuscript; available in PMC 2022 March 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mao et al.

Page 16
a bg HT-1080 c HT-1080 d
2 = 150 Cass® c
HT-1080 _ A498 _ RCC4 _ _ 7860 769-p §15 £ 18005 DHOgg'&Z:ﬁ S
3 %3 §31 33 4§13 212 & 120 =] iz
5 % 2% 2% %% . %% S 09 [¢ S 90 £s
§ 00 5028 38003 3838 581 < £ ° x5
299 2900 299 299 299 206 =~ 60 3
yEE S ETT §EZE §F X2 @ T I ] 2 -]
o o o O 0o o O oo O o o O O Qo =3 = "o
50—, g 03 $ 30 6L
Y |- = = = owoon & 0] [Py H R : 2
150— i 1 T Wisicii 2 B 5 s
130 [ | ]| Il Il |vincutin & 5 :‘3{1 ‘%‘: Vehicle Uridine
S 8o
oo
X X
oo
e HT-1080 A-498 RCC4 786-0 769-P f HT-1080 HT-1080
L3 == £, £3, M g3 ns 20 e 1204 ~ DHODH‘m = 100 5 12
Lo m ] £ ns g £ s €2 <1207 o o DHODHvoss i g S -
5 g 2§ g 3 § .5 Lo £ 100 § 8o 2% |—_—
82 g2 g2 82 4 2% £ 804 5 g €2 o L |
3 oM E 08 s It H % 1.04 [, 2 60 E g5 % [0
g . ° o o 2 J ° 3 404 5 40 z
g1 2 21 51 ¥ 51 5 Z 40 5 s 23 ¢
2 a2 2 205 = 2 S
o ° ° 8 20 s 20 RS
3 z S lsl = |[[° ] of = ) > g < e Py
ol L 2o lLILIEL ol Ll 3ol A sopl Il 1L e —— 3 ol LML & olfalll
w T T 2 T T » T T 7 i » T T » T T ® X E
S 3o 8 8 5 & g x5 ez E ML162(mmol) 855 g =3
© 9009 588 © oo © o9 ©oo Ce o © oo
I I £ X T T £ I £ T T I T X
a o [=N=] (== [==] oo o o ==
RSL3 RSL3
i HT-1080 HT-1080 HT-1080
i HT-1080 1z s ns. o HT-1080 k 3
HT-1080 2 15) Im 512 §_157 [ms % 3 g1
- - + + DHODHw 1207 $T1.2 28004 [T 88121 ¢ : = I 5
-+ + ACSL4* X 100 5E S € 2 e % 8 8 T 1.0
50| 2 509 s 5509 229 2
i —— DHODH = 804 - Cas9 35 2506 6 S5 35 £
197 [= = Jacsia g o0 e Réé’&*oj i F3e <3 5306 59 ca1 S08
i = 409 < DHODH'® ACSLA* LS xgos 2803 o] 2
100— | > e @ Vinculin - zg: @ 00 © ool < 00 15— B EN—|cPX4 go.o
z g H g -]
10° 102 104 % E:: A % :o:: °%§: % §: - 192_-—- ACSL4
8 8 150 Vinculin
RSL3(mmol) S § § 8 § § & § § 150 s ] Vincui
a o oo [==]
1 mg NCI-H226 n E‘f;éﬁ?z—i, ° NCI-H226
= o 4
NCI-H226 _ UMRC2 TK-10 UMRC6 HCT-8 E 1.2 H 157 BHODBHw 8 .18
m & ] " 8 2
§f i3 §g: i i3 Soodf % 10 256 |
1584 53838 5588 5588 ;5823 g £ g2
©00 00 900 200 860 =06 S 364
SEZZ SEZZ SZIZLI SZZ 8Z3Z £ & 5 ~ 3T
sounnoon - ao Saao 203 = 3e2
_l_“_"_H_“_‘ 3 €14
1= PHODH 5 00 < o & ol
B[ === = ][ —|[= s e]vincuin £ F § % 0 24 48 72 96 HEE
E x5 Time(hours) 2%x X
S 2o S 2o
oo oo
I X X
oo [=IN=]
P UMRC2 TK-10 UMRCE HCT-8
£ 60 £ 80 215 L8y — 2
T € . = = E3
H 2w 5 2w
3 40 H = S 10 s o
3 Faoq L. ] 5 540
820, 2 20 I—l~| of & H 8 20
3z z 2 ] k]
2 ol Ll 3 olen LI 8 plenLILL 5 o lop L
i%s its it s its
© oo © oo © oo © oo
X X X X I I E X
oo a o oo [==]

Extended Data Fig. 3. DHODH deletion sensitizes GPX4M9N cancer cellsto ferroptosisor
inducesferroptosisin GPX4 oW cancer cells.

a, DHODH protein levels in Cas9°"! and DHODHX® GPX4high cancer cell lines. b, DHO
activity measurement in Cas9°"! and DHODHK® HT-1080 cells. ¢, Measurement of cell
survival fraction in Cas9°" and DHODHK® HT-1080 cells upon treatment with vehicle

or uridine (50 uM). d, PTGS2 mRNA measurement in Cas9¢"! and DHODHK® HT-1080
cells. e, Lipid peroxidation measurement in Cas9¢"! and DHODH*® GPX4Migh cell lines as
indicated. f, Cell viability measurement in Cas9¢t"l and DHODHK® HT-1080 cells treated
with different doses of ML162 for 4 hours. g, Measurement of cell survival fraction and
PTGS2mRNA levels in Cas9c" and DHODHK® HT-1080 cells upon treatment with RSL3
(1 pMm) for 4 hours. h, Western blot analysis of DHODH and ACSL4 protein levels in
HT-1080 cells with indicated genotypes. i, Cell viability measurement in HT-1080 cells
with indicated genotypes treated with different doses of RSL3 for 4 hours. j, Measurement
of SLC7A11, GPX4, or ACSL4mRNA levels as well as their protein levels in Cas9¢t'!
and DHODHX® HT-1080 cells. k, GSH levels measurement in Cas9¢"l and DHODH¥®
HT-1080 cells. |, DHODH protein levels in Cas9¢" and DHODHK® GPX4!W cell lines. m,
DHO activity measurement in Cas9¢"l and DHODHX® NCI-H226 cells. n, Cell proliferation
measurement of Cas9°"! and DHODHK® NCI-H226 cells. 0, Measurement P7TGS2 mRNA
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levels in Cas9ctl and DHODHK® NCI-H226 cells. p, Lipid peroxidation measurement of
Cas9°t" and DHODHX® GPX4!oW cells. Cells were grown in medium supplemented with
Lip-1 (10 uM) (I, m) and/or uridine (50 uM) (a, b, d-p). Data are presented as mean values
+/- SD, n = 3 independent repeats (b-g, i-k, m-p). Statistical analysis was performed using
unpaired, two-tailed t-test. Western blot is representative of two biological replicates (a, h,
i, . *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRP, Cancer Therapeutics

Response Portal; DHO, dihydroorotate; GSH, glutathione.
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Extended Data Fig. 4. Analyses of genetic interactions between DHODH and GPX4 (or FSP1).
a, Western blotting analysis of GPX4 and DHODH protein levels in Sh¢t and GPX4s"

HT-1080 cells. b, Cell proliferation measurement of ShCt and GPX4s" HT-1080 cells.

¢, Cell viability measurement of Shct™ and GPX4sh HT-1080 cells treated with different
doses of LFM or TF for 4 hours. d, Measurement of cell survival fraction and PTGS2
mRNA levels in Shet" and GPX4s" HT-1080 cells upon treatment with BQR (500 pM) for
4 hours. e, Western blot analysis of GPX4 and DHODH protein levels in HT-1080 cells
with indicated genotypes. f, Measurement of P7GS52 mRNA levels in HT-1080 cells with
indicated genotypes. g, Cell proliferation measurement of DHODHX® in She"l or GPX4sh
HT-1080 cells. h, Western blot analysis of DHODH and FSP1 protein levels in HT-1080
cells with indicated genotypes. i, Cell viability measurement in Cas9°"! or DHODHK®
HT-1080 cells with indicated genotypes treated with different doses of RSL3 for 4 hours,
following pretreatment with vehicle or Lip-1 (10 uM) for 24 hours. j, Western blot analysis
of DHODH and FSP1 protein levels in HT-1080 cells with indicated genotypes. k, Cell
viability measurement in Cas9¢" or DHODHK® HT-1080 cells with indicated genotypes
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treated with different doses of RSL3 for 4 hours, following pretreatment with vehicle or
Lip-1 (10 uM) for 24 hours. |, Cell viability measurement in Cas9<t" or FSP1k° HT-1080
cells treated with vehicle or BQR (500 uM), and different doses of RSL3 for 4 hours. m,

Simplified schematic of DHODH protein and its mutants as indicated. n, Western blotting
showing DHODH protein levels in cytosolic and mitochondrial fractions from DHODHK®
HT-1080 cells that express the indicated DHODH constructs. o, DHO activity measurement
in DHODHKC HT-1080 cells that express the indicated DHODH constructs. p, Cell viability

measurement in DHODHK® HT-1080 cells that express the indicated DHODH constructs

treated with different doses of ML162 for 4 hours. g, Measurement of cell survival fraction,

lipid peroxidation and P7GS2mRNA levels in DHODHK HT-1080 cells that express the
indicated DHODH constructs upon treatment with RSL3 (1 uM). Cells were grown in

medium supplemented with uridine (50 uM) (e-I, n-q). Data are presented as mean values
+/- SD, n = 3 independent repeats (b-d, f, g, i, k, |, 0-q). Statistical analysis was performed
using unpaired, two-tailed t-test. Western blot is representative of two biological replicates

(a, e h,j,n). *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. LFM, leflunomide;

TF, teriflunomide; BQR, brequinar; Lip-1, liproxstatin-1; MTS, mitochondrial targeting

sequence; DHOD domain, dihydroorotate dehydrogenase domain; Cyto, cytosolic; Mito,
mitochondrial.
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Extended Data Fig. 5. DHODH cooper ates with mitochondrial GPX4 to suppress ferroptosis.
a, Western blotting analyzing GPX4 levels in cytosolic and mitochondrial fractions in a

panel of cancer cell lines. b, Simplified schematic of cytosolic and mitochondrial GPX4
protein constructs. ¢, Western blotting showing GPX4 protein levels in cytosolic and
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mitochondrial fractions from GPX4s" HT-1080 cells that express the indicated GPX4
constructs. d, Cell viability measurement in GPX4s" HT-1080 cells that express the
indicated GPX4 constructs treated with different doses of LFM or TF for 4 hours. e,
Measurement of cell survival fraction, lipid peroxidation and P7GS2 mRNA levels in
GPX45" HT-1080 cells that express the indicated GPX4 constructs upon treatment with BQR
(500 pM). f, Western blotting showing GPX4 protein levels in GPX4s" cells that express

the indicated GPX4 constructs in a variety of cell lines. g, Cell viability measurement

in various GPX4s" cells that express the indicated GPX4 constructs treated with different
doses of BQR for 4 hours. Data are presented as mean values +/- SD, n = 3 independent
repeats (d, e, g). Statistical analysis was performed using unpaired, two-tailed t-test. Western
blot is representative of two biological replicates (a, c, f). *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Cyto, cytosolic; Mito, mitochondrial; MTS, mitochondrial targeting
sequence; GSH peroxidase, glutathione peroxidase; LFM, leflunomide; TF, teriflunomide;
BOR, brequinar.
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Extended Data Fig. 6. I nactivation of DHODH and GPX4 induces mitochondrial lipid
peroxidation.
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a, Western blot showing GPX4 protein levels in cytosolic and mitochondrial fractions
from NCI-H226 cells that express the indicated GPX4 constructs. b, Cell proliferation
measurement of NCI-H226 cells that express the indicated GPX4 constructs. ¢, Cell viability
measurement in NCI-H226 cells that express the indicated GPX4 constructs treated with
different doses of BQR, LFM or TF for 4 hours. d, Measurement of cell survival fraction,
lipid peroxidation and P7GS2mRNA levels in NCI-H226 cells that express the indicated
GPX4 constructs upon treatment with BQR (500 uM). e, Cell viability measurement in
Cas9°" or DHODHX® HT-1080 cells treated with different doses of ML162 for 4 hours,
following pretreatment with vehicle, TEMPO (10 uM), MitoTEMPO (10 pM), or Lip-1
(10 pM) for 24 hours. f, Cas9¢" or DHODHX® HT-1080 cells were treated with RSL3

(1 uMm) for 2 hours, then stained with mito-BODIPY. Oxidized mito-BODIPY (Green)
indicates mitochondrial lipid peroxidation (Scale bar = 5 pM). g, Mitochondrial lipid
peroxidation measurement in Cas9°"! or DHODHK® HT-1080 cells upon treatment with
RSL3 (1 uM) for 2 hours. h, Mitochondrial lipid peroxidation measurement in Shet"! or
GPX45" HT-1080 cells upon treatment with BQR (500 uM) for 2 hours. i, Mitochondrial
lipid peroxidation measurement of HT-1080 cells upon treatment with RSL3 (1 pM) and/or
BOR (500 uM), LFM (100 puM), or TF (500 uM) for 2 hours, following pretreatment with
vehicle or Lip-1 (10 uM) for 24 hours. j, Mitochondrial lipid peroxidation measurement
of HT-1080 cells upon treatment with ML162 (1 pM) and/or BQR (500 uM), LFM (100
UM), or TF (500 uM) for 2 hours, following pretreatment with vehicle or Lip-1 (10 uM)
for 24 hours. k, Mitochondrial lipid peroxidation measurement of DHODHK® HT-1080
cells that express the indicated DHODH constructs upon treatment with RSL3 (1 pM)

for 2 hours. |, m, Mitochondrial lipid peroxidation measurement in Cas9¢"! or DHODHK®
HT-1080 cells with indicated genotypes upon treatment with RSL3 (1 uM) for 2 hours,
following pretreatment with vehicle or Lip-1 (10 pM) for 24 hours. n, Mitochondrial

lipid peroxidation measurement in Cas9°"! or FSP1k° HT-1080 cells upon treatment with
RSL3 (1 pM) and/or BQR (500 uM) for 2 hours. o, Western blot analysis of DHODH

and FSP1 protein levels in cytosolic (cyto) and mitochondrial (mito) fractions of HT-1080
cells with indicated genotypes. p, Cell viability measurement in Cas9¢"! or DHODHK®
HT-1080 cells with indicated genotypes treated with different doses of RSL3 for 4 hours,
following pretreatment with vehicle or Lip-1 (10 uM) for 24 hours. g, Mitochondrial

lipid peroxidation measurement in Cas9¢"! or DHODHK® HT-1080 cells with indicated
genotypes upon treatment with RSL3 (1 uM) for 2 hours, following pretreatment with
vehicle or Lip-1 (10 uM) for 24 hours. r, Mitochondrial lipid peroxidation measurement
of GPX4sh HT-1080 cells that express the indicated GPX4 constructs upon treatment
with BQR (500 puM) for 2 hours. s, Mitochondrial lipid peroxidation measurement of
NCI-H226 cells that express the indicated GPX4 constructs upon treatment with BQR
(500 uM) for 2 hours. Cells were grown in medium supplemented with uridine (50 uM)
(e-g, k-q). Data are presented as mean values +/— SD, n = 3 independent repeats (b-e,
g-n, p-s). Statistical analysis was performed using unpaired, two-tailed t-test. Western blot
is representative of two biological replicates (a, 0). Images are representative of at least

n =5 imaged cells (f). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Cyto,
cytosolic; Mito, mitochondrial; BQR, brequinar; LFM, leflunomide; TF, teriflunomide;
BOR, brequinar; TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxy; MitoTEMPO, 2-(2,2,6,6-
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tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl) triphenylphosphonium chloride; Lip-1,

liproxstatin-1; Mito-C11, fluorescent mitochondria-targeted lipid peroxidation probe.
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Extended Data Fig. 7. DHODH regulation of ferroptosisrelatesto itsfunction to reduce CoQ to

CoQH> in mitochondria.
a, Cell viability measurement in HT-1080 cells treated with different doses of FIN56 al

co-treatment with BQR (500 uM), LFM (100 uM) or TF (500 uM) for 4 hours, followi

nd
ng

pretreatment with vehicle or Lip-1 (10 uM) for 24 hours. b, Measurement of cell survival
fraction, mitochondrial lipid peroxidation and P7TGS2 mRNA levels in HT-1080 cells upon

treatment with vehicle, FIN56 (50 uM) and/or BQR (500 pM), following pretreatment
vehicle or Lip-1 (10 uM) for 24 hours. c, Western blot analysis of COQ2 and DHODH

with

protein levels in HT-1080 cells with indicated genotypes. d, Total CoQ measurement in
Cas9ct! or COQ2K0 HT-1080 cells. e, Total CoQ measurement in HT-1080 cells that were

treated with vehicle or 4-CBA (5 mM) for 24 hours. f, Cell viability measurement in C

aSgctrl

or DHODHK® HT-1080 cells with indicated genotypes treated with different doses of RSL3

for 4 hours, following pretreatment with vehicle or Lip-1 (10 uM) for 24 hours. g, Cell

viability measurement in Cas9¢t"! and DHODHK® HT-1080 cells with indicated genotypes

treated with different doses of ML162 for 4 hours, following pretreatment with vehicle
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or Lip-1 (10 uM) for 24 hours. h, Cell viability measurement in Cas9°" or DHODHK®
HT-1080 cells treated with different doses of RSL3 for 4 hours, following pretreatment
with vehicle, 4-CBA (5 mM), or 4-CBA (5 mM) + Lip-1 (10 uM) for 24 hours. i, Cell
viability measurement in Cas9¢"! and DHODHX® HT-1080 cells treated with different doses
of ML162 for 4 hours, following pretreatment with vehicle, 4-CBA (5 mM) and Lip-1

(10 pM) for 24 hours. j, Mitochondrial lipid peroxidation measurement in Cas9¢t"! or
DHODHX® HT-1080 cells upon treatment with RSL3 (1 uM), following pretreatment with
vehicle, 4-CBA (5 mM), or 4-CBA (5 mM) + Lip-1 (10 uM) for 24 hours. k, Simplified
schematic showing how DHODH couples the oxidation of DHO to OA to the reduction of
CoQ to CoQHj in the mitochondrial inner membrane. |, CoQ/CoQH, ratio measurement

in NCI-H226 cells that were treated with BQR (1 mM) for 2 hours. m, Cell viability
measurement in Cas9°" and DHODHX® HT-1080 cells treated with different doses of
ML162 for 4 hours, following pretreatment with vehicle, MitoQ (10 pM), MitoQH, (10
uM), or Lip-1 (10 pM) for 24 hours. n, Mitochondrial lipid peroxidation measurement

of Cas9°"! or DHODHK® HT-1080 cells upon treatment with RSL3 (1 M) for 2 hours,
following pretreatment with vehicle, MitoQ (10 uM), MitoQH2 (10 uM), or Lip-1 (10 uM)
for 24 hours. o, Lipid peroxidation measurement of Cas9¢"! and DHODHX® HT-1080 cells
upon treatment with RSL3 (1 pM) for 2 hours, following pretreatment with vehicle, MitoQ
(10 uM), MitoQH; (10 uM), or Lip-1 (10 uM) for 24 hours. Cells were grown in medium
supplemented with uridine (50 uM) (c, d, f-j, m-0). Data are presented as mean values

+/- SD, n = 3 independent repeats (a, b, d-j, |-0). Statistical analysis was performed using
unpaired, two-tailed t-test. Western blot is representative of two biological replicates (c). *P
<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. BQR, brequinar; LFM, leflunomide;
TF, teriflunomide; 4-CBA, 4-Carboxybenzaldehyde; DHO, dihydroorotate; OA, orotate;
FMN, oxidized flavin mononucleotide; FMNH,, reduced flavin mononucleotide; CoQHo,
reduced coenzyme Q; CoQ, oxidized coenzyme Q; OCR, oxygen consumption rate;
MitoQ, [10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenyl-
phosphonium, monomethanesulfonate; MitoQH,, [10-(2,5-dihydroxy-3,4-dimethoxy-6-
methylphenyl)decyl] triphenyl-phosphonium, monomethanesulfonate; Lip-1, liproxstatin-1.
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Extended Data Fig. 8. The effect of mitoQ and mitoQH» on RSL 3- and BQR-induced ferroptosis
in avariety of cel lines.

a, GPX4, DHODH and FSP1 protein levels in indicated cell lines were determined by
western blotting. b-j, Cell viability measurement in 293T (b), Hela (c), Jurkat (d), SW620
(e), U-87 MG (f), A549 (g), NCI-H1437 (h), MDA-MB-436 (i), and MDA-MB-231 (j)
cells treated with different doses of RSL3 with vehicle or BQR (500 puM) for 4 hours,
following pretreatment with vehicle, MitoQ (10 uM), MitoQH, (10 uM), or Lip-1 (10
uM) for 24 hours. k, CoQ/CoQHj, ratio measurement in HT-1080 cells that were treated
with myxothiazol (10 pM) for 2 hours. |, Cell viability measurement in Cas9" and
DHODHK® HT-1080 cells treated with different doses of RSL3 for 4 hours, following
pretreatment with vehicle or myxothiazol (1 uM) for 24 hours. m, CoQ/CoQHj ratio
measurement in A549 cells that were treated with myxothiazol (10 pM) for 2 hours. n,
Cell viability measurement in A549 cells treated with different doses of RSL3 with or
without BQR (500 puM) for 4 hours, following pretreatment with vehicle or myxothiazol
(1 puM) for 24 hours. o, Western blot analysis of DHODH and ciAOX protein levels in
HT-1080 cells with indicated genotypes. p, Mitochondrial lipid peroxidation measurement
of HT-1080 cells with indicated genotypes upon treatment with RSL3 (1 uM) for 2

hours. Cells were grown in medium supplemented with uridine (50 uM) (I, o, p). Data
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are presented as mean values +/— SD, n = 3 independent repeats (b-n, p). Statistical
analysis was performed using unpaired, two-tailed t-test. Western blot is representative of
two biological replicates (a, 0). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
MitoQ, [10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenyl-
phosphonium, monomethanesulfonate; MitoQH,, [10-(2,5-dihydroxy-3,4-dimethoxy-6-
methylphenyl)decyl] triphenyl-phosphonium, monomethanesulfonate; Lip-1, liproxstatin-1.
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Extended Data Fig. 9. DHODH inhibitor selectively suppressesGPX4'°Wtumor growth.
a, Weight measurement of ShCt and GPX4S" HT-1080 xenograft tumors with the indicated

treatments. b-d, Representative immunochemical images from Shet! and GPX4sh HT-1080
xenograft tumors with the indicated treatments (Scale bar = 20 pM) (b); staining scores of
cleaved - caspase 3 (c) and ki67 (d) are also shown. e, Weight measurement of NCI-H226
xenograft tumors with the indicated treatments. f, Weight measurement of TC632, TC629, or
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TC494 PDXs tumors with the indicated treatments. g, Volumes of Cas9¢"l and DHODHK®
NCI-H226 xenograft tumors with the indicated treatments at different time points (days).
h, Weight measurement of Cas9¢tl and DHODHK® NCI-H226 xenograft tumors with

the indicated treatments. i, Weight measurement of HT-1080 xenograft tumors with the
indicated treatments. j-l, Representative immunochemistry images of HT-1080 xenograft
tumors with the indicated treatments (Scale bar = 20 pM) (j); staining scores of cleaved

- caspase 3 (k) and ki67 (I) are also shown. m, Volumes of TC629 PDXs tumors with

the indicated treatments at different time points (days). n, Weight measurement of TC632
and TC629 PDX tumors with the indicated treatments. o, Mice weight measurement of
all cell line xenografts or PDXs with different treatments at different time points (days)

as indicated. Box plots indicate median, minima and maxima of the distributions (a, ¢, f,
h, i, n). Data are presented as mean values +/- SD,n=8 (a, €, g-i),n=5(c, d, k, I)

or n = 6 independent tumors (f, m, n). n = 4 for nude mice weight and n = 8 for NSG
mice weight (0). Statistical analysis was performed using unpaired, two-tailed t-test. Images
are representative of n = 5 images (b, j). *P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001. BQR, brequinar; Lip-1, liproxstatin-1; H&E, hematoxylin and eosin; 4-HNE,
4-Hydroxynonenal; SAS, sulfasalazine; PDX, patient-derived xenograft.
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Extended Data Fig. 10. The working model depicting how GPX4, FSP1, and DHODH suppress
ferroptosis at different subcellular compartments.

See discussion in main text for detailed description. PLOOH, phospholipid hydroperoxide;
PLOO -, phospholipid hydroperoxyl radical; GSH, reduced glutathione; GSSH, oxidized
glutathione; NAD(P)H, reduced nicotinamide adenine dinucleotide (phosphate); NAD(P)

*, oxidized nicotinamide adenine dinucleotide (phosphate); CoQ, oxidized coenzyme

Q; CoQH,, reduced coenzyme Q; FMNHo>, reduced flavin mononucleotide; FMN,

oxidized flavin mononucleotide; Asp, aspartate; C-P, carbamoyl phosphate; P, phosphate;
C-Asp, N-Carbamoyl-L-aspartate; DHO, dihydroorotate; OA, orotate; PRPP, phosphoribosyl
pyrophosphate; PPi, inorganic pyrophosphate; OMP, orotidine 5’-monophosphate; CO,,

carbon

Supplementary

dioxide; UMP, uridine 5’-monophosphate..

Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Metabolomicslink DHODH to ferroptosis.

a, b, Fold changes in C-Asp (a) and uridine (b) induced by RSL3 (10 uM) or ML162 (10
UM) for 2 hours in HT-1080 cells. ¢, 2°N-UMP levels in HT-1080 cells treated with RSL3
(10 uM) and/or liproxstatin-1 (Lip-1; 10 uM) for 2 hours. d, e, Cell viability in NCI-H226
(d) or HT-1080 cells (e) treated with RSL3 for 4 hours following pretreatment with vehicle,
C-Asp (100 uM), DHO (100 uM), OA (100 uM), or uridine (50 uM) for 48 hours. f, g, Cell
viability in NCI-H226 (f) or HT-1080 cells (g) treated with brequinar (BQR) for 4 hours
following pretreatment with Lip-1 (10 uM) and/or Z-VAD-FMK (ZVF; 10 pM) for 24 hours.
h, i, Lipid peroxidation in NCI-H226 (h) or HT-1080 (i) cells treated with BQR (500 uM),
following pretreatment with vehicle, ZVF (10 uM), and/or Lip-1 (10 uM) for 24 hours. j,
Cell viability in HT-1080 cells treated with RSL3 and BQR (500 uM) for 4 hours. k, Lipid
peroxidation in HT-1080 cells treated with RSL3 (1 uM) and/or BQR (500 uM) for 2 hours,
following pretreatment with vehicle or Lip-1 (10 uM) for 24 hours. Data are presented as
mean values +/— SD, n = 3 independent repeats (a-k). Statistical analysis was performed
using unpaired, two-tailed t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2. DHODH deletion promotes ferroptosis.

a, High DHODH expression correlates with resistance to GPX4 inhibitors (RSL3, ML162,
and ML210) in cancer cells. Plotted data were mined from the CTRP database. Plotted
values are Pearson’s correlation coefficients. Box plots indicate median, 10th and 90th
percentiles, and minima and maxima of the distributions. b, Cell viability in Cas9ctr!

and DHODHX® HT-1080 cells treated with RSL3 for 4 hours. ¢, Lipid peroxidation in
Cas9°" and DHODHK® HT-1080 cells treated with RSL3 (1 uM) for 2 hours. d, Lipid
peroxidation in Cas9°" and DHODHX® NCI-H226 cells. e, Cell survival fraction in Cas9¢"!
and DHODHX® NCI-H226 cells treted with vehicle, uridine (50 pM), and uridine (50 pM)
+ Lip-1 (10 pM) for 24 hours. f, Cell viability in She" and GPX4s" HT-1080 cells treated
with BQR for 4 hours. g, Lipid peroxidation in She! and GPX4s" HT-1080 cells treated
with BQR (500 puM) for 2 hours. h, Lipid peroxidation in HT-1080 cells with indicated
genotypes. i, Cell survival fraction in HT-1080 cells with indicated genotypes treated with
vehicle, uridine (50 uM), and uridine (50 pM) + Lip-1 (10 uM) for 24 hours. Cells were
grown in uridine supplemented medium (50 uM) (b-d, h). Data are presented as mean values
+/- SD, n = 3 independent repeats (a-i). Statistical analysis was performed using unpaired,
two-tailed t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 3. DHODH suppresses mitochondrial lipid peroxidation.

a, b, Cell viability in HT-1080 cells with indicated genotypes treated with RSL3 (&) or
BQR (b) for 4 hours. ¢, d, Cell viability in Cas9¢t"! (c) or DHODHX® (d) HT-1080 cells
treated with RSL3 for 4 hours, following pretreatment with vehicle, TEMPO (10 uM),
MitoTEMPO (10 uM), or Lip-1 (10 uM) for 24 hours. e, f, Mitochondrial lipid peroxidation
in Cas9! (e) or DHODHK (f) HT-1080 cells treated with RSL3 (1 uM) for 2 hours
following pretreatment with vehicle, TEMPO (10 uM), MitoTEMPO (10 pM), or Lip-1 (10
uUM) for 24 hours. g, CoQ/CoQHj5 ratio in HT-1080 cells treated with BQR (1 mM) for 2
hours. h, i, Cell viability in Cas9°"! (h) or DHODHK® (i) HT-1080 cells treated with RSL3
for 4 hours, following pretreatment with vehicle, MitoQ (10 uM), MitoQH> (10 uM), or
Lip-1 (10 uM) for 24 hours. j, Cell viability in HT-1080 cells with indicated genotypes
treated with RSL3 for 4 hours. Cells were grown in 50 uM uridine supplemented medium
(a, c-f, h-j). Data are presented as mean values +/- SD, n = 3 independent repeats (a-j).
Statistical analysis was performed using unpaired, two-tailed t-test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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Fig. 4. DHODH inhibitor treatment suppressestumor growth through inducing ferroptosis.
a, b, e g, |, Tumor volumes of Shet"l (a) and GPX4S" (b) HT-1080 xenografts, NCI-H226

xenografts (e), TC632 (g, 1), TC629 (h) or TC494 (i) PDXs, or HT-1080 xenografts (j)
with indicated treatments at different days. c, d, k, Immunochemistry scoring of 4-HNE
staining in Shet"! (c) and GPX4s" (d) HT-1080 xenograft tumors, or HT-1080 xenograft
tumors (k) with indicated treatments. f, GPX4 protein levels in different PDX models. Data
are presented as mean values +/- SD,n=8(a, b, €,j), n=5(c, d, k) or n = 6 independent
tumors (g-i, ). Statistical analysis was performed using unpaired, two-tailed t-test. Western
blot is representative of two biological replicates (f). *P < 0.05, **P < 0.01, ***P < 0.001,
**%*%P < 0.0001.
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