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SUMMARY
Ferroptosis, an iron-dependent form of nonapoptotic cell death mediated by lipid peroxidation, has been
implicated in the pathogenesis of multiple diseases. Subcellular organelles play pivotal roles in the regulation
of ferroptosis, but the mechanisms underlying the contributions of the mitochondria remain poorly defined.
Optic atrophy 1 (OPA1) is a mitochondrial dynamin-like GTPase that controls mitochondrial morphogenesis,
fusion, and energetics. Here, we report that human and mouse cells lacking OPA1 are markedly resistant to
ferroptosis. Reconstitution with OPA1 mutants demonstrates that ferroptosis sensitization requires the
GTPase activity but is independent of OPA1-mediated mitochondrial fusion. Mechanistically, OPA1 confers
susceptibility to ferroptosis by maintaining mitochondrial homeostasis and function, which contributes both
to the generation of mitochondrial lipid reactive oxygen species (ROS) and suppression of an ATF4-mediated
integrated stress response. Together, these results identify an OPA1-controlled mitochondrial axis of ferrop-
tosis regulation and provide mechanistic insights for therapeutically manipulating this form of cell death in
diseases.
INTRODUCTION

Ferroptosis is an iron-dependent form of oxidative cell death

caused by the unchecked accumulation of lipid hydroperoxides

that disrupt the integrity of cellular membranes.1,2 Emerging

studies have implicated ferroptosis as a promising therapeutic

target for the treatment of multiple degenerative diseases,

ischemic syndromes, and drug-resistant cancers.3–5 Ferroptosis

results from the imbalance between iron-dependent biochemical

reactions that generate lethal lipid hydroperoxides and antioxi-

dant mechanisms that suppress lipid peroxidation. When antiox-

idant defenses are compromised, membrane-incorporated

phospholipids (PLs) undergo excessive Fenton-reaction-driven

peroxidation, leading to membrane damage and cell death.

One of the main cellular defenses against ferroptosis is gluta-

thione peroxidase 4 (GPx4), a PL hydroperoxidase that catalyzes

the reduction of oxidized lipids using glutathione (GSH) as a

cofactor.6,7 GSH is a major cellular antioxidant required to main-
All rights are reserved, including those
tain redox homeostasis and is essential for GPx4 function.8

Cysteine, the rate-limiting amino acid in GSH biosynthesis, is

imported into cells in its oxidized form, cystine, through

the plasma-membrane-localized cystine/glutamate antiporter

known as system Xc
� (xCT).9 Decreases in cysteine abundance

exhaust intracellular GSH levels, rendering GPx4 incapable of

reducing cytotoxic lipid hydroperoxides.10 In addition to the

xCT-GSH-GPx4 axis, CRISPR-based screens have identified

GPx4-independent mechanisms centered around ferroptosis

suppressor protein 1 (FSP1)11,12 and GTP cyclohydrolase 1

(GCH1)13 that utilize coenzyme Q (ubiquinone) and tetrahydro-

biopterin (BH4), respectively, as endogenous, lipophilic-radical-

trapping antioxidants to protect against ferroptosis.

Execution of ferroptosis depends heavily on the intricate inter-

play between redox control, iron regulation, lipid metabolism,

and various metabolic pathways. Although the final step in

cell death may occur with disruption of plasma membrane or

endoplasmic reticulum (ER) integrity by lipid hydroperoxides,
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Figure 1. Loss of OPA1 protects against ferroptosis induced by cysteine deprivation, xCT inhibition, and GPx4 inhibition

(A and B) Immunoblot of OPA1 in (A) WT and Opa1�/� MEFs and (B) control and Opa1-deleted U2OS cells.

(C) Representative images of WT and Opa1�/� MEFs stained with NucBlue and SYTOX Green 24 h following cystine withdrawal. Scale bars, 100 mm.

(D and E) Quantification of SYTOX Green signal in (D) WT and Opa1�/� MEFs and (E) Opa1-deleted U2OS cells at the indicated times following cysteine

deprivation.

(F) Representative flow cytometry plot of SYTOX Green in WT and Opa1�/� MEFs treated with erastin (2 mM) for 24 h.

(G andH) Cell death quantified by SYTOXGreen staining in (G)WT andOpa1�/�MEFs and (H)Opa1-deleted U2OS cells treatedwith the indicated concentrations

of erastin for 24 or 36 h, respectively.

(I) Representative flow cytometry plot of SYTOX Green in WT and Opa1�/� MEFs treated with RSL3 (0.4 mM) for 24 h.

(legend continued on next page)
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membranes of organelles, including the ER, Golgi, peroxisome,

lysosome, and mitochondria, also contribute to the initiation

and propagation of lipid peroxidation.14,15 Recently, von Krusen-

stiern et al., used Raman spectroscopy to confirm the ER as a

primary site of lipid peroxidation during ferroptosis; however, in-

duction of lipid reactive oxygen species (ROS) in the lysosome or

mitochondria can trigger ferroptosis as well.16 As the subcellular

compartment where much of the fuel substrate oxidation and

oxidative phosphorylation (OXPHOS) takes place, mitochondria

are a major hub for ROS generation.17 Although ROS can func-

tion as signaling molecules, high levels become cytotoxic and

can induce oxidative cell death.18 Several studies have shown

that inhibition of mitochondrial ROS and, particularly mitochon-

drial lipid ROS, can attenuate ferroptosis, suggesting that

mitochondria can promote ferroptosis by directly potentiating

lipid peroxidation.19–23 Conversely, mitochondria also possess

inherent detoxification mechanisms that negatively regulate

ferroptosis. Emerging studies have shown that mitochondria-

localized GPx4 contributes to prevention of mitochondrial lipid

peroxidation and, subsequently, ferroptosis.24–26 Moreover, ubi-

quinone synthesis and distribution, mediated by mitochondrial

and cytosolic forms of steroidogenic acute regulatory protein

(StAR)-related lipid transfer domain protein 7 (STARD7), respec-

tively, provide protection against ferroptosis.27

Optic atrophy 1 (OPA1) is a dynamin-like GTPase localized to

the inner mitochondrial membrane (IMM) that mediates mito-

chondrial fusion, respiratory supercomplex assembly, cristae re-

modeling, mitochondrial DNA maintenance, and energetics.28,29

Given the critical role of OPA1 in controlling mitochondrial struc-

ture and energetics, we posited that OPA1 may serve as a nodal

point of ferroptosis regulation through modulation of mitochon-

dria-dependent mechanisms. Indeed, we found that loss of

OPA1 markedly suppresses ferroptosis in both mouse and hu-

man cells. Although the GTPase activity of OPA1 is required

for its ability to drive ferroptosis, its mitochondrial fusion function

is dispensable. Instead, loss of OPA1 promotes a ferroptosis-

resistant state by attenuatingmitochondrial lipid ROS generation

and inducing an activating transcription factor 4 (ATF4)-depen-

dent upregulation of the xCT-GSH-GPx4 pathway as part of

the integrated stress response. Collectively, these findings

establish OPA1 as an important regulator of ferroptosis and

reveal a key mitochondrial axis for control of this cell death

program.

RESULTS

Loss of OPA1 suppresses lipid peroxidation and
ferroptotic cell death
To study the role of OPA1 in ferroptosis, we utilized mouse em-

bryonic fibroblasts (MEFs) and human U2OS osteosarcoma
(J and K) Cell death quantified by SYTOX Green staining in (J) WT andOpa1�/�ME

of RSL3 for 24 or 36 h, respectively.

(L–N) Lipid peroxidation quantified using by C-11 BODIPY staining inWT andOpa

RSL3 (0.4 mM) treatment for 8 h.

(O–Q) Lipid peroxidation quantified using C-11 BODIPY staining in Opa1-deleted

(Q) RSL3 (4 mM) treatment for 16 h. All data represent mean ± SEM; n = 3 independ

Student’s t test or one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
cells. Loss of OPA1 in MEFs derived from germline Opa1�/�

mice and U2OS cells subjected to CRISPR-mediated excision

was confirmed by western blotting (Figures 1A and 1B). Ferrop-

tosis was induced by inactivating GPx4-dependent defense

mechanisms using three different approaches. First, we sub-

jected wild-type (WT) and OPA1-deficient MEFs and U2OS cells

to cysteine deprivation, which depletes intracellular GSH, an

essential cofactor of GPx4. Cell death was scored by loss of

plasma membrane integrity using SYTOX Green, a membrane-

impermeable dye. Although cysteine deprivation induced loss

of plasma membrane integrity in WT cells, this was markedly

reduced in OPA1-deficient cells (Figure 1C). Quantification of

the SYTOX Green signal using a fluorescence plate reader

demonstrated that cells lacking OPA1 are protected from

cysteine-deprivation-induced ferroptosis over the course of

24–36 h (Figures 1D and 1E).

Next, we tested whether MEFs and U2OS cells depleted of

OPA1 are protected against ferroptosis induced by small mole-

cules erastin and RAS-selective lethal 3 (RSL3), which inhibit

xCT and GPx4, respectively. Cell death was assessed by

SYTOX Green using flow cytometry. Loss of OPA1 conferred

resistance against erastin-induced (Figures 1F–1H) and RSL3-

induced (Figures 1I–1K) ferroptosis across a broad range of con-

centrations, although protection from erastin was noticeably

greater than that from RSL3. Because lipid peroxidation is the

hallmark and driver of ferroptotic cell death, we also measured

lipid peroxidation in these cells by flow cytometry using the

C-11 BODIPY dye. Consistent with the cell death results, cells

depleted of OPA1 exhibit markedly reduced levels of lipid perox-

idation upon cysteine deprivation, erastin treatment, or RSL3

treatment (Figures 1L–1Q). Taken together, these results demon-

strate that loss of OPA1 reduces lipid peroxidation and cell death

triggered by multiple inducers of ferroptosis, suggesting that

OPA1 is a positive regulator of this form of cell death.

GTPase activity is required for sensitization of cells to
ferroptosis by OPA1
OPA1 GTPase activity is required for its regulation of mitochon-

drial structure, fusion, and oxidative phosphorylation.30–32

Accordingly, we next investigated whether OPA1 GTPase activ-

ity is also required for the promotion of ferroptosis by OPA1. To

address this, we reconstituted Opa1�/� MEFs with retroviral

constructs that express either WT or K301A human OPA1, the

latter being a GTPase-defective mutant.31 Immunoblotting

showed similar expression levels of WT OPA1 and K301 OPA1

in reconstituted cells (Figure 2A). Consistent with its loss of

GTPase activity, the K301A mutant was unable to restore fused

mitochondrial morphology in Opa1�/� MEFs (Figures 2B and

2C). Next, we subjected these Opa1�/� MEFs cells that stably

express WT OPA1 or K301A OPA1 to conditions that induce
Fs and (K)Opa1-deleted U2OS cells treated with the indicated concentrations

1�/�MEFs following (L) cysteine deprivation, (M) erastin (2 mM) treatment, or (N)

U2OS cells following (O) cysteine deprivation, (P) erastin (10 mM) treatment, or

ent experiments. Statistical analysis was performed using unpaired, two-tailed

Molecular Cell 84, 1–17, August 22, 2024 3



A B C

D E F

G H I

J K L

Figure 2. GTPase activity is important for OPA1-mediated ferroptosis

(A) Immunoblot of OPA1 in indicated MEF cell lines.

(B) Representative images showing mitochondria stained with MitoTracker Deep Red in indicated MEF cell lines.

(C) Mitochondrial morphologies were categorized into long tubular, short tubular, or fragmented mitochondria and scored in the indicated MEF cell lines.

(D, G, and J) Representative images of indicated MEF cell lines stained with NucBlue and SYTOX Green following (D) cysteine deprivation, (G) erastin (2 mM)

treatment, or (J) RSL3 (0.4 mM) treatment for 24 h. Scale bars, 100 mm.

(legend continued on next page)
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ferroptosis, using cysteine deprivation, erastin, or RSL3 treat-

ment. In all three cases, we observed that WT OPA1, but not

the K301A OPA1 mutant, was able to restore cell death and lipid

peroxidation to Opa1�/� MEFs (Figures 2D–2L), indicating that

the GTPase activity is critical for the promotion of ferroptosis

by OPA1.

OPA1 promotion of ferroptosis occurs independently of
mitochondrial fusion
Mitochondria undergo dynamic cycles of fusion and fission to

maintain quality control and adapt to fluctuations in cellular con-

ditions. Modulation of mitochondrial dynamics can impact cell

proliferation, inflammation, ROS signaling, Ca2+ handling, lipid

transfer, and cell death.29,33 Independent groups have shown

that treatment of cells with ferroptosis inducers erastin or RSL3

can induce mitochondrial fragmentation,20,34,35 but the role of

mitochondrial dynamics has not been evaluated extensively in

ferroptosis. As OPA1 mediates fusion of the IMM, we asked

whether this function is important in its promotion of ferroptosis.

In humans, Opa1 gives rise to at least 8 alternatively spliced

transcripts that are differentially expressed in various tis-

sues.36,37 These isoforms can undergo full or partial proteolytic

cleavage to generate an IMM-bound long form of OPA1

(L-OPA1) or a short, soluble form of OPA1 (S-OPA1) that resides

in the space between the outer mitochondrial membrane

and IMM.28 The L and S forms of OPA1 can cooperate to pro-

mote mitochondrial fusion.38 However, while L-OPA1 alone

has some fusogenic activity, S-OPA1 alone is fusion

incompetent.31,32

To investigate the role of mitochondrial fusion in the sensitiza-

tion of ferroptosis by OPA1, we employed a cellular model in

which Opa1�/� MEFs were engineered to express both L- and

S-OPA1, L-OPA1 alone, or S-OPA1 alone (Figures 3A and 3B).

This was achieved by stably reconstituting Opa1�/� MEFs with

various OPA1 constructs. Reconstitution with OPA-1 isoform

1, which is partially cleaved at the S1 site, was used to express

both L- and S-OPA1. OPA1 isoform 1 with the S1 site deleted

was used to express only L-OPA1. OPA1 isoform 5, which un-

dergoes full cleavage at S3 site, was employed to express only

S-OPA1. Consistent with previous work,31,32 mitochondrial

fusion was fully rescued in cells expressing both L- and

S-OPA1, while a partial rescue resulted from expression of

L-OPA1 alone (Figures 3C and 3D). In contrast, S-OPA1 was un-

able to restore mitochondrial interconnectivity (Figures 3C

and 3D).

Next, we subjected these reconstituted cells to ferroptosis

induced by cysteine deprivation, erastin, or RSL3 treatment. If

the ability to promote mitochondrial fusion were important in

sensitization to ferroptosis by OPA1, one would predict that

sensitization would be most marked in Opa1�/� MEFs reconsti-

tuted to express both L-OPA1 and S-OPA1 and would be mini-

mal in cells expressing S-OPA1 alone. In contrast, we observed
(E, H, and K) Cell death quantified by SYTOX Green staining in the indicated MEF

RSL3 (0.4 mM) treatment for 24 h.

(F, I, and L) Lipid peroxidation quantified using C-11 BODIPY staining in indicated

(L) RSL3 (0.4 mM) treatment for 8 h. All data represent mean ± SEM; n = 3 indepe

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
similar magnitudes of cell death in each of these cell lines in

response to each of the ferroptosis stimuli (Figures 3E–3J). Simi-

larly, levels of lipid peroxidation induced during ferroptosis were

similar among the reconstituted cell lines (Figures 3K–3M). These

data indicate that the ability of OPA1 to sensitize cells to ferrop-

tosis is independent of its ability to promote mitochondrial

fusion, despite the fact that both processes require OPA1

GTPase activity.

Contribution of OPA1-mediatedmitochondrial structure
and energetics to the generation of mitochondrial ROS
and lipid ROS during ferroptosis
In addition to mediating mitochondrial fusion, OPA1 is also

a regulator of cristae ultrastructure, electron transport chain

(ETC) complex assembly, and oxidative phosphorylation.29,39

Unlike mitochondrial fusion, however, L-OPA1 and S-OPA1 are

individually capable of supporting cristae morphology, super-

complex integrity, and mitochondrial respiration.39 We first

confirmed that OPA1 deficiency results in cristae disorganization

(Figure 4A) and impaired assembly of mitochondrial respiratory

complexes I, III, IV, and V, but not complex II (Figures 4B–4F).

Expression of L-OPA1, S-OPA1, or both was able rescue the

cristae structure and complex assembly defects (Figures 4A–

4F). As expected,Opa1�/�MEFs also exhibited decreases in ox-

ygen consumption rate (OCR), which were partially rescued by

expression of L-OPA1, S-OPA1, or both (Figures 4G and 4H).

The ETC is a major source of ROS production in the mitochon-

dria. Given that previous studies have implicated mitochondrial

ROS and mitochondrial lipid ROS as potentiators of ferroptosis,

we investigated the role of OPA1 in mediating these oxidative

changes during ferroptosis. Mitochondrial ROS was assessed

using MitoSox, a commonly used sensor for mitochondrial su-

peroxide, and MitoPerOx, a mitochondria-targeted BODIPY

probe, was used to assess mitochondrial lipid ROS. Because in-

creases in mitochondrial membrane potential have previously

been shown to occur during ferroptosis,40 we first confirmed

that changes in MitoSox and MitoPerOx signals were not merely

reflective of changes in mitochondrial membrane potential. We

observed that co-treatment of WT cells with ferrostatin-1 (Fer-

1) suppressed erastin-induced increases in mitochondrial ROS

(Figure S1A) and mitochondrial lipid ROS (Figure S1B) without

affecting mitochondrial membrane potential (Figure S1C). This

result indicates that MitoSox and MitoPerOx are indeed

measuring changes in mitochondrial ROS and lipid ROS inde-

pendently of membrane potential. Using these validated chemi-

cal sensors, we found that cysteine deprivation and erastin treat-

ment induce mitochondrial ROS and mitochondrial lipid ROS in

WT cells, but not in Opa1�/� MEFs cells (Figures 4I–4L). Re-

expression of L-OPA1, S-OPA1, or both in Opa1�/� MEFs

restored ROS production following cysteine deprivation and era-

stin treatment (Figures 4I–4L). In contrast, OPA1 loss did not pre-

vent accumulation of mitochondrial ROS or mitochondrial lipid
cell lines following (E) cysteine deprivation, (H) erastin (2 mM) treatment, or (K)

MEF cell lines following (F) cysteine deprivation, (I) erastin (2 mM) treatment, or

ndent experiments. Statistical analysis was performed using one-way ANOVA.
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ROS with direct GPx4 inhibition by RSL3 (Figures S2A and S2B).

These findings demonstrate that the accumulation of mitochon-

drial ROS and lipid ROS induced by deficient cysteine impor-

tation (whether resulting from cysteine deprivation or xCT

inhibition) is OPA1-dependent, while the accumulation of mito-

chondrial ROS and lipid ROS induced by GPx4 inhibition is inde-

pendent of OPA1. This differential dependence of mitochondrial

ROS and mitochondrial lipid ROS accumulation on OPA1 may

explain why Opa1�/� MEFs are more resistant to ferroptosis

induced by erastin compared with RSL3 (Figures 1G and 1J).

Upregulation of the xCT-GSH-GPx4 pathway mediates
ferroptosis resistance in OPA1-depleted cells
Despite differences in the magnitude of the effect, OPA1 defi-

ciency nevertheless confers resistance to RSL3-induced ferrop-

tosis as well as to erastin-induced ferroptosis. For this reason,

we sought additional mechanisms by which OPA1 deficiency

mediates this resistance and their applicability to cysteine-depri-

vation-, erastin-, and RSL3-induced ferroptosis. Because the

xCT-GSH-GPx4 pathway is a central defense mechanism that

abrogates accumulation of lethal lipid peroxides and subsequent

ferroptotic cell death, we assessed whether this pathway is

altered with OPA1 loss. We found that Slc7a11, the gene that en-

codes xCT, is transcriptionally upregulated in both OPA1-

depleted MEFs (Figure 5A) and U2OS cells (Figure 5B) and that

glutamate release, an indicator of xCT activity, is also increased

in these cells at baseline (Figures 5C and 5D). Both of these

changes were reversed by re-expression of OPA1 in Opa1�/�

MEFs. Cysteine is the rate-limiting amino acid required for syn-

thesis of GSH, which serves as an essential cofactor for GPx4

function. Consistent with increases in xCT activity and, therefore,

cystine uptake, we detected increased levels of GSH in OPA1-

depleted MEFs and U2OS cells at baseline, which remained

elevated upon erastin treatment (Figures 5E and 5F). In addition

to elevated GSH pools, cells lacking OPA1 also had higher levels

of GPx4 protein (Figures 5G and 5H), which were not attributable

to changes in transcription (Figures S3A and S3B). Reductions in

GPx4 protein abundance during ferroptosis have been shown to

be mediated by decreases in translation and/or protein stabil-

ity.41–44 Similarly, we observed a time-dependent decrease in

GPx4 levels during erastin and RSL3 treatment. Importantly,

however, GPx4 levels remained higher in OPA1-depleted cells

compared with WT cells over the time course of ferroptosis,

consistent with GPx4 contributing to resistance to killing in

response to both stimuli (Figures 5I and 5J). To test whether in-
Figure 3. OPA1 regulates ferroptosis independently of mitochondrial f
(A) Schematic of OPA1 variants expressed inOpa1�/� MEFs. MTS, mitochondrial

cleavage site; MID, middle domain; GED, GTPase effector domain.

(B) Immunoblot of OPA1 in indicated MEF cell lines.

(C) Representative images showing mitochondria stained with MitoTracker Deep

(D) Mitochondrial morphologies were categorized into long tubular, short tubular

(E, G, and I) Representative images of the indicated MEF cell lines stained with N

treatment, or (I) RSL3 (0.4 mM) treatment for 24 h. Scale bars, 100 mm.

(F, H, and J) Cell death quantified by SYTOX Green staining in the indicated MEF

RSL3 (0.4 mM) treatment for 24 h.

(K, L, and M) Lipid peroxidation quantified using C-11 BODIPY staining in the

treatment, or (M) RSL3 (0.4 mM) treatment for 8 h. All data represent mean ± SEM;

way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
creases in xCT in OPA1-depleted cells is responsible for confer-

ring ferroptosis resistance, we used two independent short

hairpin RNAs (shRNAs) to knockdown Slc7a11 transcripts in

Opa1�/� MEFs to levels comparable to those in WT MEFs (Fig-

ure 5K). Upon Slc7a11 knockdown,Opa1�/�MEFs became sus-

ceptible to erastin-induced ferroptosis (Figures 5L and 5M) and,

interestingly, to RSL3-induced ferroptosis as well (Figures 5N

and 5O). It is understandable that, by decreasing cystine uptake

and GSH levels, Slc7a11 knockdown would resensitize Opa1�/�

MEFs to erastin-induced ferroptosis. However, given that RSL3

induces ferroptosis by directly inhibiting GPx4, which is down-

stream of GSH depletion, it was not immediately clear why

Slc7a11 knockdown would also restore RSL3-induced ferropto-

sis in Opa1�/� MEFs. A previous study showed that cysteine

availability is coupled to GPx4 translation and that limiting

cysteine can decrease GPx4 protein levels, thereby exacer-

bating RSL3-induced ferroptosis.41 To this end, we immunoblot-

ted for GPx4 and found that increases in GPx4 protein levels in

Opa1�/� MEFs were reversed with Slc7a11 knockdown (Fig-

ure S3C). Together, these data reveal that upregulation of the

xCT-GSH-GPx4 pathway with OPA1 loss is important to resis-

tance to ferroptosis induced by both xCT or GPx4 inhibition.

Along with the xCT-GSH-GPx4 pathway, coenzyme Q (ubiqui-

none)-mediated mechanisms provide another major cellular

defense against ferroptosis. However, immunoblotting showed

no difference in levels of ubiquinone-related proteins, FSP1, di-

hydroorotate dehydrogenase (DHODH), and STARD7, between

WT and Opa1�/� MEFs at baseline or when treated with erastin

or RSL3 (Figures S4A and S4B). Moreover, levels of CoQ10, a

predominant form of coenzyme Q, were also unchanged (Fig-

ure S4C). These results indicate that CoQ-mediated mecha-

nisms are unlikely to be involved in ferroptosis resistance

conferred by OPA1 loss.

Induction of ATF4-dependent integrated stress
response is necessary for the ferroptosis-resistant
state of OPA1-depleted cells
To gain insight into the link between OPA1 loss and transcrip-

tional upregulation of Slc7a11, we performed RNA sequencing

(RNA-seq) on Opa1�/� MEFs and Opa1�/� MEFs reconstituted

with OPA1. RNA-seq analysis of these two otherwise isogenic

cell populations using 4 replicates per group revealed approxi-

mately 740 genes that were differentially expressed (Figures

S5A and S5B). Ingenuity pathway analysis (IPA) identified

numerous enriched signaling pathways, including mitochondrial
usion
targeting sequence; TM, transmembrane domain; S1, S1 cleavage site; S3, S3

Red in indicated MEF cell lines.

, or fragmented mitochondria and scored in the indicated MEF cell lines.

ucBlue and SYTOX Green following (E) cysteine deprivation, (G) erastin (2 mM)

cell lines following (F) cysteine deprivation, (H) erastin (2 mM) treatment, or (J)

indicated MEF cell lines following (K) cysteine deprivation, (L) erastin (2 mM)

n = 3 independent experiments. Statistical analysis was performed using one-
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dysfunction and GSH-redox pathways (Figure S5C). Further un-

biased analysis of upstream transcriptional regulators of differ-

entially expressed genes revealed several candidates previously

reported in an Opa1-deleted context, including ATF4 and nu-

clear factor kB (NF-kB),45,46 and also unreported candidates

including SOX4 and KLF4 (Figure 6A). Among the top transcrip-

tional regulators, ATF4, which possessed the highest activation

Z score and one of the highest false discovery rate (FDR) scores

(Figures 6A and 6B), is of particular interest due to its previously

reported relationship to both OPA145,47 and ferroptosis.48–50

ATF4 is a key transcriptional activator of the integrated stress

response, which facilitates cellular adaptation to diverse

stresses, including mitochondrial dysfunction.51,52 Differentially

expressed genes predicted to be upregulated by ATF4 include

canonical ATF4-target genes Chac1, Ddit4, Fgf21, and

Slc1a452,53 as well as genes related to ferroptosis resistance,

including Slc7a11, Cth, and Psph54,55 (Figure 6C). Accordingly,

we next examined whether ATF4 abundance is increased in

MEFs and U2OS cells depleted of OPA1.

ATF4 abundance is translationally upregulated during the inte-

grated stress response by bypassing of its upstream inhibitory

open reading frames when global translation is impaired by

phosphorylation of eukaryotic initiation factor 2a (eIF2a). Immu-

noblot analysis of OPA1-depleted MEFs and U2OS cells indeed

showed increases in the abundance of phosphorylated eIF2a

and ATF4 (Figures 6D and 6E). To assess the ATF4 dependence

of increases in the expression of putative target genes in

response to OPA1 depletion, we depleted ATF4 using two inde-

pendent shRNAs (Figure 6F). Knockdown of ATF4 reversed in-

creases in the expression of Slc7a11, Cth, Fgf21, and Psph,

each encoding a negative regulator of ferroptosis (Figure 6G).

Further, knockdown of ATF4 resensitized Opa1�/� MEFs to fer-

roptosis in response to erastin and RSL3 (Figures 6H–6K). In

contrast to the ATF4-dependent induction of Slc7a11 inOpa1�/�

cells, knockdown of Slc7a11 did not affect activation of the inte-

grated stress response and increases in ATF4 in cells lacking

OPA1, suggesting that the regulation between ATF4 and xCT

is not bidirectional (Figure S6). In summary, these data demon-

strate that an ATF4-dependent integrated stress response,

resulting in the upregulation of multiple negative regulators of

ferroptosis, is critical for resistance to both erastin- and RSL3-

induced ferroptosis conferred by loss of OPA1.

Mitochondrial stress can be relayed by the OMA1-DELE1-HRI

pathway to induce ATF4 activation.56 To assess whether this

signaling cascade is responsible for activating the integrated

stress response in the absence of OPA1, we knocked down

Oma1, Dele1, and Hri individually in Opa1�/� MEFs (Figure S7A)
Figure 4. OPA1 regulates levels of mitochondrial ROS and mitocho

ferroptosis

(A) Electron microscopy images of mitochondrial cristae in indicated MEF cell lin

(B–F) Immunoblots and quantifications of BN-PAGE showing (B) complex I, (C) com

MEF cell lines. SC, supercomplex; o, oligomer; d, dimer; m, monomer.

(G) Cellular oxygen consumption rates (OCRs) measured using Seahorse extrac

(H) OCR parameters, including basal respiration, ATP production, maximal respir

(I and J) (I) Mitochondrial ROS quantified usingMitoSox staining and (J) mitochond

cell lines following cysteine deprivation for 8 h.

(K and L) (K) Mitochondrial ROS and (L) mitochondrial lipid peroxidation in the ind

SEM; n = 3 independent experiments. Statistical analysis was performed using o
and found a reduction in the level of Slc7a11 transcripts (Fig-

ure S7B). Protein levels of phosphorylated eIF2a, ATF4, and

GPx4 were also decreased in these cells (Figure S7C). As with

ATF4 knockdown, genetic inhibition of the OMA1-DELE1-HRI

pathway resensitized Opa1�/� MEFs to erastin- and RSL3-

induced ferroptosis (Figures S7D–S7G).

OPA1 deficiency significantly alters global lipid profile
Lipids play vital roles in forming the building blocks of cellular

membranes, acting as signaling molecules and participating in

energy metabolism.57 In addition to functionally interacting

with lipids within the IMM,58 OPA1 has been shown to directly

or indirectly influence lipid metabolism.59–61 To identify the

impact of OPA1 on global lipid signatures, we performed

untargeted mass spectrometry-based lipidomics on WT and

Opa1�/� MEFs. This approach allowed us to detect approxi-

mately 200 lipid species whose levels were differentially altered,

which we categorized into the following classes: PLs, lyso-PLs

(lysoPLs), glycerolipids (GLs), free fatty acids (FAs), and sphingo-

lipids (SpLs). PL levels were most differentially altered with

changes observed in both directions with Opa1 loss (Figure 7A).

During ferroptosis, polyunsaturated FA-containing PLs (PUFA-

PLs), in particular, are known to be highly susceptible to perox-

idation due to the bis-allylic hydrogen that is flanked by double-

bonded carbons and, thereby, provide the necessary substrates

for generation of lipid peroxides.62,63 Conversely, monounsatu-

rated FA-containing PLs (MUFA-PLs) reduce accumulation

of lipid ROS at the plasma membrane.64 Accordingly, we further

differentiated the PLs into PUFA-PLs andMUFA-PLs (Figures 7B

and 7C) to better characterize the differences within these sub-

classes. In the PUFA-PLs, we observed species that are both en-

riched and depleted in the Opa1�/� MEFs (Figure 7B). Similarly,

this was also true for the lysoPLs, the byproducts of oxidized PLs

(Figure S8A). On the other hand, the majority of differentially

altered MUFA-PLs were significantly enriched in the Opa1�/�

MEFs (Figure 7C), suggesting that the accumulation of MUFA-

PLs may also have a potential role in ferroptosis suppression.

Like MUFA-PLs, GLs, free FAs, and SpLs were also enriched

in the Opa1�/� MEFs (Figures S8B–S8D).

DISCUSSION

OPA1 is a ubiquitously expressed protein that plays important

roles in regulating mitochondrial structure, genomic integrity,

OXPHOS, and interconnectivity.39 In this study, we demonstrate

that OPA1 plays a critical role in sensitizing cells to ferroptosis

and elucidate underlying mechanisms. This effect of OPA1 on
ndrial lipid ROS during cysteine-deprivation- and erastin-induced

es. Scale bars, 200 nm.

plex II, (D) complex III, (E) complex IV, and (F) complex V levels in the indicated

ellular flux analysis in the indicated MEF cell lines.

ation, and spare capacity. Data represent mean ± SEM; n = 8 wells per group.

rial lipid peroxidation, quantified usingMitoPerOx staining in the indicatedMEF

icated MEF cell lines treated with erastin (2 mM) for 8 h. Data represent mean ±

ne-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Loss of OPA1 upregulates the xCT-GSH-GPx4 pathway to suppress erastin- and RSL3-induced ferroptosis

(A–D) Slc7a11 mRNA levels in the indicated (A) MEFs and (B) U2OS cells. Glutamate release assay in the indicated (C) MEFs and (D) U2OS cells untreated or

treated with erastin.

(E and F) Total glutathione levels in the indicated (E) MEFs and (F) U2OS cells not treated or treated with erastin.

(G and H) Immunoblot of GPx4 levels in the indicated (G) MEFs and (H) U2OS cells.

(I and J) Immunoblot of GPx4 levels in WT and Opa1�/� MEFs treated with (I) erastin (2 mM) and (J) RSL3 (0.4 mM) for indicated times.

(K) Slc7a11 mRNA levels following shRNA-mediated knockdown in Opa1�/� MEFs.

(legend continued on next page)
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ferroptosis is directionally opposite to its cytoprotective role in

apoptosis,65,66 a finding that highlights the complex roles of

mitochondria as mediators of distinct forms of cell death.

Given that OPA1 GTPase activity is vital in controlling mito-

chondrial shape and function, we investigated whether this

GTPase activity is needed for OPA1 to sensitize cells to ferropto-

sis. Ferroptosis susceptibility was restored to Opa1�/� MEFs by

reconstitution of WT OPA1, but not the GTPase-inactive K301A

mutant, demonstrating that the GTPase activity is, in fact, impor-

tant for this function. Because OPA1 GTPase activity is also

critical for the ability of OPA1 tomediate IMMevents duringmito-

chondrial fusion, we postulated that increases in mitochondrial

interconnectivity may be important for the sensitization of ferrop-

tosis by OPA1. However, our analysis of OPA1 mutants with dif-

ferential abilities to support mitochondrial fusion, all of which

were GTPase competent, demonstrated that the promotion of

mitochondrial fusion is not required for OPA1 to sensitize cells

to ferroptosis.

Mitochondrial ROS and lipid ROS contributes to the initiation

and execution of ferroptosis.16,21,25 We found that loss of OPA1

markedly decreasedmitochondrial ROS and lipid ROS accumula-

tion in response tocysteinedeprivationorxCT inhibitionbyerastin,

correlating with changes in cristae structure, ETC complexes, and

mitochondrial respiration. However, the accumulation of mito-

chondrial ROS and lipid ROS in response to GPx4 inhibition with

RSL3 was independent of OPA1, which could explain why loss

of OPA1 does not protect from GPx4 inhibition as completely as

fromcysteinedeprivationorxCT inhibition.Further, theseobserva-

tionssuggest thatcysteinedeprivation/xCT inhibitionandRSL3 in-

hibition induceaccumulationofmitochondrial superoxideand lipid

peroxides through distinct mechanisms. Additionally, our results

offer a potential explanation for the findings of Gao et al. demon-

strating that inhibition ofmitochondrial ETCactivity or tricarboxylic

acid cycle blocks only cysteine deprivation/xCT-inhibition-

induced ferroptosis, but not GPx4-inhibition-induced ferropto-

sis.40 Further investigation will be needed to understand the

various mechanisms by which cysteine deprivation/xCT inhibition

versusGpx4 inhibition promote the accumulation ofmitochondrial

ROS and lipid ROS in ferroptosis.

OPA1 loss, in addition to preventinggeneration ofmitochondrial

lipid ROS, results in upregulation of a central ferroptosis defense

mechanism—the xCT-GSH-GPx4 pathway. We found that xCT

is transcriptionally upregulated in OPA1-depleted MEFs and

U2OS cells, and others have reported this same observation in

OPA1-deficient multipotent stem cells.67,68 The increased xCT-

mediated cystine uptake results in elevated levels of GSH that

enable the peroxidase activity of GPx4, thereby attenuating

cysteine-deprivation- or xCT-inhibition-induced ferroptosis. Addi-

tionally, we observed that levels of GPx4 protein are increased in

OPA1-depleted cells, both under baseline conditions and during

both erastin-induced and RSL3-induced ferroptosis. Our data

show that these increases in GPx4 protein are dependent on in-

duction of xCT in OPA1-depleted cells, consistent with prior ob-
(L andM) (L) Cell death assessedwith SYTOXGreen staining and (M) lipid peroxida

with erastin (2 mM).

(N and O) (N) Cell death and (O) lipid peroxidation in the indicated MEF cell lines t

experiments. Statistical analysis was performed using two-tailed Student’s t tes
servations that increased cysteine availability augments GPx4

translation.41 The observed increases in GPx4 protein levels pro-

vides an explanation as to why OPA1 loss protects against not

only cysteine deprivation or xCT inhibition-induced ferroptosis

but also against ferroptosis induced by direct pharmacological in-

hibition of GPx4 by RSL3. Given that elevations in GPx4 protein

levels in OPA1-depleted cells are comparable in the contexts of

both of these sets of ferroptosis inducers, the fact that OPA1

loss is ultimately less protective against GPX4 inhibition as

compared with xCT inhibition suggests, again, that the differential

OPA1 dependence of mitochondrial lipid ROS generation elicited

by xCT inhibition versus RSL3 inhibition may be responsible.

Our data demonstrate that the upregulation of the xCT-GSH-

GPx4 pathway is dependent on increases in Slc7a11 transcrip-

tion. Thus, RNA-seq was performed to further understand the

transcriptomic landscape that could mediate this effect. Our

IPA of RNA-seq data revealed ATF4, an activator of the inte-

grated stress response, as a top upstream transcriptional regu-

lator activated in Opa1�/� MEFs, which is consistent with pre-

vious studies showing that mitochondrial stress, caused by

inhibition of OXPHOS, mitochondrial DNA damage, or proteo-

toxicity, can trigger an integrated stress response.52,69,70

Indeed, knockdown of ATF4 reversed increases in ferropto-

sis-suppressing genes, including Slc7a11, and resensitized

Opa1�/� MEFs to ferroptosis, indicating that the ATF4-medi-

ated integrated stress response serves as the molecular link

between OPA1 loss and the upregulation of the xCT-GSH-

GPx4 pathway. These findings are in keeping with studies

demonstrating that metabolic stresses, including glucose star-

vation or OXPHOS inhibition, can curtail ferroptosis induction

through adaptive mechanisms.49,71,72 Early in the discovery of

ferroptosis, Dixon et al., showed that erastin can activate as-

pects of the ATF4-mediated integrated stress response, but

the exact role of ATF4 in ferroptosis was not explored in

detail.54 Subsequent studies revealed that ATF4 induction

can upregulate anti-ferroptosis programs to suppress ferropto-

sis.48–50,73 However, in contrast, Kalkavan et al. recently re-

ported that drug-resistant cancer cells are sensitized toward

ferroptosis in an ATF4-dependent manner.74 These direction-

ally divergent sets of observations are consistent with the cur-

rent concept that, although ATF4 generally elicits a pro-survival

stress response, the integrated stress response can also

become maladaptive and induce cell death, perhaps in

response to excessive or prolonged exposure to unfavorable

conditions.75 Therefore, whether ATF4 induction acts as a fer-

roptosis-inhibiting or ferroptosis-promoting mechanism likely

depends on the cellular and environmental context.

Using unbiased lipidomics, we found that OPA1 affects the

remodeling of a wide variety of lipid classes, including PLs,

lysoPLs,GLs, freeFAs,andSpLs. The increase inGLs, inparticular

triacylglycerols, is consistent with the findings of a previous study

showing accumulation of triacylglycerols inOpa1�/� MEFs.60 The

enrichment of free FAs in Opa1�/� MEFs supports an alternative
tion assessedwith C-11BODIPY staining in the indicatedMEF cell lines treated

reated with RSL3 (0.4 mM). All data represent mean ± SEM; n = 3 independent

t or one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. Ferroptosis-resistant state promoted by OPA1 loss is dependent on an ATF4-mediated integrated stress response

(A) Top ten induced transcriptional regulators determined by ingenuity pathway analysis in Opa1�/� + OPA1 versus Opa1�/� MEFs.

(B) Bubble plot showing ATF4 as an upstream regulator in Opa1�/� + OPA1 versus Opa1�/� MEFs.

(C) Heatmap of differentially expressed genes predicted to be ATF4 target genes.

(D and E) Immunoblot showing increases in p-eIF2a and ATF4 in (D) MEFs and (E) Opa1-deleted U2OS cells.

(F) Immunoblot of ATF4 following knockdown in Opa1�/� MEFs.

(G) mRNA levels of ATF4-regulated genes in the indicated MEF cell lines.

(H and I) (H) Cell death assessed with SYTOX Green staining and (I) lipid peroxidation assessed with C-11 BODIPY staining in the indicated MEF cell lines treated

with erastin (2 mM).

(J and K) (J) Cell death and (K) lipid peroxidation measured in indicated MEF cell lines treated with RSL3 (0.4 mM). All data represent mean ± SEM; n = at least 3

independent experiments. Statistical analysis was performed using two-tailed Student’s t test or one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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function of OPA1 in activating lipolysis, as characterized by the

Tasken group.59 Loss of OPA1 also resulted in differential abun-

dance of PUFA-PL subtypes compared with WT cells but, more

intriguingly, MUFA-PLs, the lipid inhibitors of ferroptosis, were

more enriched in Opa1�/� MEFs. This raises the possibility that
12 Molecular Cell 84, 1–17, August 22, 2024
accumulation ofMUFA-PLs inOpa1�/�MEFsmay act in conjunc-

tionwith inductionof thexCT-GSH-GPx4pathwayand inhibitionof

mitochondrial lipid ROS to provide additional protection from fer-

roptosis, but this hypothesis requires further investigation. It is un-

clearprecisely howthecompositionofPLs is regulatedbyOPA1.A



A B

C

Figure 7. OPA1 regulates remodeling of phospholipids associated with ferroptosis susceptibility

(A) Heatmaps of significantly changed phospholipids.

(B) Heatmaps of significantly changed polyunsaturated fatty-acid-containing phospholipids (PUFA-PLs).

(C) Heatmaps of significantly changed monounsaturated fatty-acid-containing phospholipids (MUFA-PLs). Scale corresponds to FDR-corrected p < 0.05 with

fold change threshold = 2.
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recently published study showed thatOPA1mediates proximity of

mitochondria and ER contact sites (MERCs) in an ATF4-depen-

dent manner.76 MERCs provide trafficking sites for transfer of cal-

cium, lipids, proteins, andmetabolites between the twoorganelles
that are essential for cellular function.77,78 Therefore, OPA1-

dependent remodeling of PLs may occur through modulation of

lipid transfer and biosynthesis mediated by MERCs, implicating

a mitochondria-ER crosstalk.
Molecular Cell 84, 1–17, August 22, 2024 13



ll
Article

Please cite this article in press as: Liang et al., OPA1 promotes ferroptosis by augmenting mitochondrial ROS and suppressing an integrated stress
response, Molecular Cell (2024), https://doi.org/10.1016/j.molcel.2024.07.020
OPA1 plays an important role in maintaining normal physio-

logical function in vivo79–81; however, inhibition of OPA1 may

be beneficial in certain pathological contexts. In skeletal mus-

cle, Opa1 deficiency prevents age-induced and diet-induced

obesity and insulin resistance82 and, in the liver, depletion of

OPA1 ameliorates liver damage in nonalcoholic steatohepatitis

(NASH)83,84 and protects against acetaminophen-induced

toxicity.70 Because ferroptosis has been implicated in the

development of NASH and drug-induced liver failure,85,86 it is

possible that the beneficial outcomes of OPA1 inhibition in

the liver are associated with ferroptosis suppression. As

such, OPA1 holds promise as a potential therapeutic target

for ferroptosis inhibition in relevant diseases. Recent studies

have also shown that OPA1 is required for tumor growth in

xenograft models87–89 and that OPA1 overexpression enables

cancer cells to acquire an OXPHOS-dependent resistance to

chemotherapies.90,91 Moreover, in several human malig-

nancies, including breast and pancreatic cancers, higher

OPA1 expression is correlated with poor prognosis and patient

survival.87,92 Given our data showing OPA1 as a positive regu-

lator of ferroptosis, drug-resistant cancers that are highly

dependent on OPA1-controlled metabolism may be more sus-

ceptible to ferroptosis. In such cases, high expression of OPA1

might serve as a predictive biomarker for the cancer’s respon-

siveness to ferroptosis-targeted therapy. In contrast, downre-

gulation of OPA1 in cancer cells may be an oncogenic tactic

to evade ferroptosis induced by cell-intrinsic signals or anti-

tumor immunity. Furthermore, upregulation of xCT or ATF4,

which we demonstrate in OPA1-depleted cells, has been

shown to support tumorigenesis by enabling cancer cell sur-

vival in hypoxic or nutrient-deprived microenvironments.75,93

In conclusion, our studies unravel an OPA1-dependent cell

state that linksmitochondrial homeostasis to ferroptosis suscep-

tibility. This dependency involves distinct mechanisms that

include mitochondria’s intrinsic ability in generating ROS via

OXPHOS and extrinsic signaling with the nucleus to activate

an ATF4-mediated integrated stress response. Although the

GTPase activity is required for OPA1 to sensitize cells to ferrop-

tosis, ferroptosis occurs independently of OPA1-mediated mito-

chondrial fusion. These findings provide a deeper understanding

of the regulatory network linking mitochondrial structure-func-

tion and ferroptotic cell death that may guide future therapeutic

efforts to mitigate or trigger ferroptosis in various disease states.

Limitations of the study
We have demonstrated that OPA1 promotes ferroptosis in both

mouse and human cells, but additional studies will be required to

explore the role of OPA1-mediated ferroptosis in vivo, including

in the various disease paradigms discussed above. Second, we

show that OPA1 is necessary for mitochondrial ROS generation

during ferroptosis induced by cysteine deprivation or xCT inhibi-

tion with erastin, but not by direct GPx4 inhibition with RSL3.

Additional studies will be needed to define what are likely distinct

mechanisms of mitochondrial ROS generation in different con-

texts of ferroptosis induction. Finally, our lipidomics analysis

has identified several OPA1-dependent lipid signatures, the

functional importance of which—with respect to ferroptosis

sensitivity—will require further investigation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-OPA1 BD Biosciences Cat# 612606; RRID: AB_399888

Mouse monoclonal anti-DRP1 BD Biosciences Cat# 611739; RRID: AB_399215

Rabbit monoclonal anti-GPx4 Abcam Cat# ab125066; RRID: AB_10973901

Rabbit polyclonal anti-FSP1 Proteintech Cat# 20886-1-AP; RRID: AB_2878756

Rabbit polyclonal anti-DHODH Proteintech Cat# 14877-1-AP; RRID: AB_2091723

Rabbit polyclonal anti-STARD7 Proteintech Cat# 15689-1-AP; RRID: AB_2197820

Rabbit monoclonal anti-phospho-eIF2a Cell Signaling Cat# 3398; RRID: AB_2096481

Rabbit monoclonal anti-eIF2a Cell Signaling Cat# 5324; RRID: AB_10692650

Mouse monoclonal anti-ATF4 Santa Cruz Biotechnology Cat# sc-390063; RRID: AB_2810998

Mouse monoclonal anti-a-Tubulin Sigma-Aldrich Cat# T6074; RRID: AB_477582

Rabbit monoclonal anti-NDUFS1 Abcam Cat# ab169540; RRID: AB_2687932

Mouse monoclonal anti-SDHA Abcam Cat# ab14715; RRID: AB_301433

Mouse monoclonal anti-UQCRC1 Sigma-Aldrich Cat# SAB2702301

Rabbit polyclonal anti-Cox IV Cell Signaling Cat# 4844; RRID: AB_2085427

Rabbit polyclonal anti-ATPB Abcam Cat# ab128743; RRID: AB_2810299

Bacterial and virus strains

NEB Stable Competent E. Coli New England Biolabs Cat# C3040H

Chemicals, peptides, and recombinant proteins

Erastin Cayman Chemicals Cat# 17754

(1S,3R)-RSL3 Cayman Chemicals Cat# 19288

Ferrostatin-1 Cayman Chemicals Cat# 17729

SYTOX Green Nucleic Acid Stain Thermo Fisher Scientific Cat# S7020

NucBlue Live ReadyProbes Reagent Thermo Fisher Scientific Cat# R37605

BODIPY 581/591 C11 Thermo Fisher Scientific Cat# D3861

MitoPerOx Cayman Chemicals Cat# 18798

MitoSox Thermo Fisher Scientific Cat# M36008

MitoTracker Deep Red Thermo Fisher Scientific Cat# M22426

Tetramethylrhodamine,

Ethyl Ester, Perchlorate (TMRE)

Thermo Fisher Scientific Cat# T669

X-tremeGENE HD Sigma-Aldrich Cat# XTGHP-RO

Lenti-X Concentrator Takara Bio Inc Cat# 631232

T4 Polynucleotide Kinase New England Biolabs Cat# M0201L

Bsmbl-v2 New England Biolabs Cat# R0739L

T4 DNA Ligase New England Biolabs Cat# M0202L

Critical commercial assays

Glutamate-Glo Assay Promega Cat# J7021

CellTiter-Blue Cell Viability Assay Promega Cat# G8081

Glutathione Assay Kit Cayman Chemicals Cat# 703002

RNAeasy Plus Kit Qiagen Cat# 74134

Superscript IV VILO Kit Thermo Fisher Scientific Cat# 11756050

Power SYBR Green Master Mix Thermo Fisher Scientific Cat# 4367659

CyQuant Cell Proliferation Assay Thermo Fisher Scientific Cat# C7026

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA sequencing This study GSE269167

Lipidomic data This study MTBLS10544

Western blots and microscopy images This study https://doi.org/10.17632/cp8cvzx22z.1

Experimental models: Cell lines

WT MEFs ATCC Cat# CRL-2991; RRID: CVCL_L690

Opa1-/- MEFs ATCC Cat# CRL-2995

HEK293T ATCC Cat# CRL-3216

U2OS CRISPR Ctrl This study N/A

U2OS sgOPA1 #1 This study N/A

U2OS sgOPA1 #2 This study N/A

Oligonucleotides

Refer to Table S1 This study Table S1

Recombinant DNA

pMD2.G Addgene Cat# 12259

psPAX2 Addgene Cat# 12260

gag/pol Addgene Cat# 14887

pMSCV-empty vector Addgene Cat# 68469

pMSCV-OPA1 WT Addgene Cat# 26047

pMSCV-OPA1 K301A Lee et al.31 N/A

pMSCV-L-OPA1 (isoform 1DS1) Song et al.37 N/A

pMSCV-S-OPA1 (isoform 5) Song et al.37 N/A

LentiCRISPRv2 Addgene Cat# 52961

LentiCRISPRv2 non-targeting gRNA This study N/A

LentiCRISPRv2 human OPA1 gRNA #1 This study N/A

LentiCRISPRv2 human OPA1 gRNA #2 This study N/A

Control shRNA Addgene Cat# 1864

Mission mouse Slc7a11 shRNA #1 Sigma-Aldrich Cat# TRCN0000079426

Mission mouse Slc7a11 shRNA #2 Sigma-Aldrich Cat# TRCN0000079427

Mission mouse Atf4 shRNA #1 Sigma-Aldrich Cat# TRCN0000301721

Mission mouse Atf4 shRNA #2 Sigma-Aldrich Cat# TRCN0000071726

Mission mouse Oma1 shRNA Sigma-Aldrich Cat# TRCN0000031080

Mission mouse Dele1 shRNA Sigma-Aldrich Cat# TRCN0000179419

Mission mouse Hri shRNA Sigma-Aldrich Cat# TRCN0000235940

Software and algorithms

ImageJ National Institutes of Health RRID: SCR_003070; https://imagej.net/ij/

Prism v9 GraphPad RRID: SCR_002798; https://www.graphpad.com/

Seahorse XF Cell Mito Stress

Test Report Generator

Agilent https://www.agilent.com/en/product/

cell-analysis/real-time-cell-metabolic-

analysis/xf-software/seahorse-xf-cell-

mito-stress-test-report-generators-740899

FlowJo FlowJo, LLC RRID: SCR_008520; https://www.flowjo.com/

MetaboAnalyst v5 MetaboAnalyst software RRID: SCR_015539; https://www.metaboanalyst.ca/

R R project RRID: SCR_001905; https://www.r-project.org/

Other

DMEM Thermo Fisher Scientific Cat# 11965092

FluoroBrite DMEM Thermo Fisher Scientific Cat# A1896702

DMEM no glutamine, methionine, and cystine Thermo Fisher Scientific Cat# 21013024

McCoy’s 5A Medium Thermo Fisher Scientific Cat# 16600082
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Richard N.

Kitsis (richard.kitsis@einsteinmed.edu).

Materials availability
All unique reagents generated by this study are available from the lead contact either without restriction or with a completedMaterials

Transfer Agreement.

Data and code availability
d RNA-seq data has been deposited at GEO and will be publicly available as of the date of publication. Accession numbers are

listed in the key resources table. Lipidomic data has been deposited at MetaboLights and will be publicly available as of the

date of publication. Accession numbers are listed in the key resources table. Western blots and microscopy images have

been deposited in Mendeley Data will be publicly available as of the date of publication. The DOI is listed in the key resources

table.

d This study did not produce any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
WTMEFs,Opa1-/- MEFs andHEK293Tswere cultured in Dulbecco’sModified Eagle’sMedium (DMEM) supplementedwith 10% (v/v)

FBS, 2 mML-glutamine, and 100 units/mL penicillin/100 ug/mL streptomycin. U2OS cells were cultured in McCoy’s 5AMedium sup-

plementedwith 10% (v/v) FBS and 100 units/mL penicillin/100 ug/mL streptomycin. All cells were cultured in a 37�C incubator in pres-

ence of 5% CO2.

METHOD DETAILS

Lentivirus production and transduction
To produce lentivirus, packaging vectors pMD2.G (Addgene) and psPAX2 (Addgene) were used. To produce retrovirus, packaging

vectors pMD2.G (Addgene) and gag/pol (Addgene) were used. HEK293T cells were transfected with packaging vectors and insert

vector using X-tremeGENE HD (Sigma-Aldrich) according to the manufacturer’s protocol. Supernatant was collected and concen-

trated using Lenti-X Concentrator (Takara Bio Inc) and stored at -80�C until ready to use. MEFs and U2OS were infected with either

lentivirus or retrovirus containing 0.8 ug/mL polybrene. Beginning 48 h post-infection, MEFs and U2OSwere subjected to puromycin

(2.5 ug/mL) treatment for 4 d to eliminate un-infected cells.

General cloning
Oligonucleotides encoding non-targeting and OPA1 targeting guide sequences were cloned into the lentiCRISPRv2 construct.

LentiCRISPRv2 was digested with Bsmbl-v2 (NEB) and sgRNA oligonucleotides were annealed with T4 Polynucleotide Kinase

(NEB). Hybridized oligonucleotides were ligated into Bsmbl-digested lentiCRISPRv2 with T4 DNA Ligase (NEB). Ligation products

were transformed into NEB Stable Competent E. Coli and plasmids were purified from bacterial cultures. Non-targeting and

OPA1 targeting gRNA sequences in the lentiCRISPRv2 construct was confirmed by sanger sequencing.

Cell death assays
For flow cytometry, MEFs and U2OS cells were seeded at a density of 6x104 and 5x104 cells, respectively, per well in a 12-well plate

and grown overnight before treatments. To induce ferroptosis, MEFs were treated with 2 mM erastin or 0.4 mM RSL3 for 24 h, and

U2OS cells were treated with 10 mMerastin or 4 mMRSL3 for 36 h unless stated otherwise in figure legends. For cysteine withdrawal,

culture medium was replaced with cystine-free DMEM for 24 and 26 hours for MEFs and U2OS cells, respectively. At the end of the

indicated time points, cells were stained with 10 nM SYTOXGreen for 15min at room temperature and processed for flow cytometry.

Cell death was determined by cells with green fluorescence at Ex/Em wavelengths of 488nm/525nm. Each biological group consists

of three technical replicates and at least 10,000 events were analyzed per replicate. The data were analyzed using FlowJo Software.

For plate readermeasurements,MEFs andU2OS cells were seeded at a density of 6x103 and 5x103 cells, respectively, per well in a

96-well plate, and grown overnight. The next day, culture mediumwas replaced with cystine-free DMEM for the indicated time points

in the figure legend before the cells were stained with 10 nM SYTOX Green for 15 min at room temperature. Cell death was deter-

mined by total green fluorescent units per well. Each biological group consists of three technical replicates.
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In experiments where microscopy images were taken, NucBlue Live ReadyProbes Reagent was added to stain for live and

dead cells.

Lipid peroxidation measurements
MEFswere treated with cystine-free DMEM, 2 mMerastin or 0.4 mMRSL3 for 8 h to induce lipid peroxidation. U2OS cells were treated

with cystine-free DMEM, 10 mM erastin or 4 mM RSL3 for 16 h to induce lipid peroxidation. Afterwards, cells were stained with 2 mM

C-11 BODIPY for 30 min at 37�C and harvested for flow cytometry. Lipid peroxidation was determined in cells with green fluores-

cence at Ex/Em wavelengths of 488nm/525nm. Each biological group consists of three technical replicates and at least 10,000

events were analyzed per replicate. The data were analyzed using FlowJo Software.

Mitochondrial ROS and lipid ROS measurements
MEFs were treated with cystine-free DMEM, 2 mM erastin or 0.4 mM RSL3 for 8 h. For mitochondrial superoxide, cells were stained

with 5 mMMitoSox Red for 10 min at 37�C. For mitochondrial lipid peroxidation, cells were stained with 200 nMMitoPerOx for 30 min

at 37�C.
Cells were washed and harvested for flow cytometry. Mitochondrial superoxide and mitochondrial lipid peroxidation were deter-

mined at Ex/Em wavelengths of 510nm/610nm and 488nm/525nm, respectively. Each biological group consists of three technical

replicates and at least 10,000 events were analyzed per replicate. The data were analyzed using FlowJo Software.

Mitochondrial morphology analysis by confocal microscopy
MEFs were seeded at a density of 2.5x105 cells in 35 mm glass bottom dishes (Matek Corporation). The next day, cells were stained

with 250 nM Mitotracker Deep Red for 15 min at 37�C. After incubation, cells were washed with DPBS and placed in FluoroBrite

DMEM supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 100 units/mL penicillin/100 ug/mL streptomycin and 10mM HEPES

for imaging. Images were captured using a 100x oil objective on a confocal microscope (Nikon CSU-W1 Spinning Disk Confocal).

Cells were classified into three categories based on their overall mitochondrial morphology: long tubular, short tubular or fragmented.

At least 100 cells were counted per group in each experiment.

Seahorse assay for OCR measurements
MEFs were seeded at a density of 1x104 cells per well in Seahorse XF96 V3 PS cell culture microplate (Agilent, 101085-004) the day

before seahorse assay. Prior to the start of assay, cells were incubated with an assay medium (XF DMEM supplemented with 1 mM

pyruvate, 2 mM glutamine, 10 mM glucose) in a 37�C non-CO2 incubator for 1 h. Standard assay conditions for seahorse were used,

including injections of 1.5 mMoligomycin, 1 mMFCCP, 2 mM rotenone, 4 mMantimycin. Normalization to cell count was performed for

each well using CyQuant Cell Proliferation Assay. OCR values were determined using Agilent’s Seahorse XF Cell Mito Stress Test

Report Generator.

Electron microscopy
MEFs were seeded in 60 mm plates and allowed to reach 80% confluency overnight. The next day, samples were fixed with 2.5%

glutaraldehyde, 2% paraformaldehyde in 0.1 M cacodylate buffer and post-fixed with 1% osmium tetroxide followed by 2% uranyl

acetate, dehydrated through a graded series of ethanol and embedded in LX112 resin (LADD Research Industries, Burlington VT).

Ultrathin sections were cut on a Leica Ultracut UC7, stained with uranyl acetate followed by lead citrate and viewed on a JEOL

1400 Plus transmission electron microscope at 120kv.

Glutamate release assay
MEFs and U2OS cells were seeded at a density of 1x104 cells per well in a 96-well plate. The next day, cells were washed with PBS

before being treated with 2 mM erastin (for MEFs) or 10 mM erastin (for U2OS) in FBS-free FluoroBrite DMEM. After 1 h incubation,

glutamate release from cells were measured in the extracellular media using the Glutamate-Glo Assay (Promega). Glutamate levels

were normalized to cell viability measured by the CellTiter-Blue Cell Viability Assay (Promega).

Glutathione measurements
MEFs were seeded at a density of 2.5x105 cells per well in a 6-well plate and grown overnight before treating with vehicle or 2 mM

erastin the next day. U2OS cells were seeded at a density of 5x105 cells per well in a 60mmplate and grown overnight before treating

with vehicle or 10 mMerastin the next day. Cells were harvested by cell scraper and lysed by sonication. Glutathione levels were quan-

tified using the Glutathione Assay Kit (Cayman Chemicals). Total levels of glutathione were normalized to protein concentrations as

determined by Bradford’s reagent.

Western blotting
SDS-PAGE

Cells were lysed using RIPA buffer supplemented with protease inhibitors. After centrifugation of cell debris, 30-40 mg of protein

lysate was loaded for SDS-PAGE. For western blotting, PVDFmembranes incubated with primary antibody overnight at 4�C followed
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by secondary antibody at room temperature for 1 h. Primary antibodies used include OPA1 (BD Biosciences, 612606; 1:1000), DRP1

(BD Biosciences, 611739; 1:1000), GPx4 (Abcam, ab125066; 1:1000), FSP1 (Proteintech, 20886-1-AP; 1:1000), DHODH (Protein-

tech, 14877-1-AP; 1:1000), STARD7 (Proteintech, 15689-1-AP; 1:1000), phospho-eIF2a (Cell Signaling, 3398; 1:1000), eIF2a (Cell

Signaling, 5324; 1:2000), ATF4 (Santa Cruz Biotechnology, sc-390063; 1:100), and a-Tubulin (Sigma-Aldrich, T6074; 1:5000).

BN-PAGE

Cells were harvested by scraper and suspended in sucrose buffer for lysis with dounce homogenizer. After removal of cell debris,

mitochondria was isolated from total lysate by centrifugation at 10,000g for 15 min at 4�C. 30 mg of mitochondria was permeabilized

with extraction buffer (5% digitonin; 4x BN sample buffer; protease inhibitors; water) for 15 min and then centrifuged at 10,000 g for

10 min at 4�C. Supernatants containing mitochondrial supercomplexes were incorporated in LB buffer (5% G-250; 4x BN sample

buffer; water) and loaded in blue native (BN) gel. For western blotting, PVDF membranes incubated with primary antibody overnight

at 4�C followed by secondary antibody at room temperature for 1 h. Primary antibodies used include NDUFS1 (Abcam, ab169540;

1:5000), SDHA (Abcam, ab14715; 1:5000), UQCRC1 (Sigma-Aldrich, SAB2702301; 1:1000), Cox IV (Cell Signaling, 4844; 1:1000),

and ATPB (Abcam, ab128743; 1:5000).

RNA extraction and RT-PCR
Total RNA was extracted from cultured cells using the RNeasy Plus Kit (Qiagen), according to the manufacturer’s instructions. Total

RNA was reverse transcribed into cDNA using the Superscript IV VILO Kit (Thermo Fisher Scientific). RT-PCR was performed with

25 ng of cDNA and Power SYBR Green Master Mix (Thermo Fisher Scientific) using standard conditions for comparative CT on

the ViiA 7 Real-Time PCR System. The house keeping gene, Rpl39, served as an internal control for normalization of target

mRNA genes.

RNA-sequencing and analysis
Library preparation and Illumina sequencing

RNA processing and sequencing were outsourced to Azenta (MD, USA). Total RNA was extracted from cells using the RNeasy Mini

Kit (Qiagen) following the manufacturer’s instructions. After RNA integrity was checked using Agilent Tapestation 4200, RNA

sequencing libraries were prepared using the NEBNext Ultra II RNA Library Prep Kit according to the manufacturer’s instructions.

mRNAwere enrichedwithOligod(T) beads and then fragmented for 15min at 94�C.Next, cDNAwere synthesized, ligated to universal

adapters and amplified by PCR. Sequencing library quality and quantity was verified on the Agilent Tapestation and Qubit 4 Fluorom-

eter, respectively. The library samples were subjected to two rounds of 150bp Paired End (PE) sequencing on the HiSeq 4000

(Illumina).

Data analysis

Illumina sequencing reads were de-multiplexed using Illumina’s bcl2fastq 2.17 software. After raw data quality check and adapter

removal, the trimmed reads were aligned to the mouse reference genome (GRCm38) on ENSEMBL using the STAR aligner

v.2.5.2b. The estimated transcript counts were calculated using feature Counts of the Subread package v.1.5.2 from the BAM files.

Differential gene expression analysis between the Opa1-/- and Opa1-/- + Opa1 samples was performed using DESeq2. Genes with

FDR adjusted p values < 0.05 and absolute log2 fold change > 1 following the Wald test were considered as differentially expressed

genes. For pathway analysis, we used Ingenuity Pathway Analysis software utilizing all differentially expressed genes.

Lipidomics
Sample preparation

MEFs (five independent biological replicates per condition) were seeded in 150 mm culture dishes at a density of 5x106 per dish. The

next day, the cells were washed with cold PBS (2x) and harvested using a cell scraper. Cell pellets were collected by centrifugation at

800 g and snap-frozen on dry ice before storing at -80�C. Lipids were extracted from each cell pellet as described previously.71

Briefly, samples were homogenized in ice-cold methanol containing SPLASH� LIPIDOMIX� Mass Spec Standard (Avanti Polar

Lipids, Inc.) using glass bead homogenizer tubes. After homogenization, samples were transferred to fresh glass vials containing

850 ml of cold methyl-tert-butyl ether and vortex-mixed for 30 s. Next, 200 ml of ice-cold water was added, and the samples were

incubated on ice for 20 min. After centrifugation (3,000 r.p.m. for 20 min at 4 �C), the lipid-containing upper phase was collected

and dried down under a gentle stream of nitrogen gas. A mixture of 2-propanol/acetonitrile/water (4:3:1, v/v/v and 0.01% butylated

hydroxytoluene) was used to reconstitute the dried samples before LC–MS analysis. A quality control sample (QC) was prepared by

combining 50 ml of each sample to assess the reproducibility of the features through the runs.

Liquid-chromatography-mass-spectrometry conditions

Lipids were separated using an Acquity UPLC CSH column (2.1 3 100 mm, 1.7 mm) over a 20-min gradient elution on a Waters Acq-

uity UPLC I-Class system. Mobile phases A - acetonitrile/water (60:40, v/v) - and B - 2-propanol/acetonitrile/water (85:10:5, v/v/v) -

contained 0.1% acetic acid and 10 mM ammonium acetate. Following the injections, the gradient was held at 40% mobile phase B

for 2 min. At 2.1 min, it reached 50%B, then increased to 70% B in 12 min, at 12.1 min changed to 70%B and at 18 min increased to

99% B. The eluent composition returned to the initial condition in 1 min, and the column was re-equilibrated for an additional 1 min

before the next injection was performed. The oven temperature was set at 55 �C and the flow rate was 400 ml/ min.
e5 Molecular Cell 84, 1–17.e1–e6, August 22, 2024



ll
Article

Please cite this article in press as: Liang et al., OPA1 promotes ferroptosis by augmenting mitochondrial ROS and suppressing an integrated stress
response, Molecular Cell (2024), https://doi.org/10.1016/j.molcel.2024.07.020
The SYNAPT G2-Si -Q-ToF mass spectrometer was operated in both positive and negative electrospray ionization modes. For the

positive mode, a capillary voltage and sampling cone voltage of +2 kV and 32 Vwere used. The source and desolvation temperatures

were kept at 120 and 500 �C, respectively. Nitrogen was used as the desolvation gas with a flow rate of 800L/h. For the negative

mode, a capillary voltage of -1.5 kV and a cone voltage of 30 V was used. The source temperature was 120 �C, and the desolvation

gas flow was set to 800 L/h. The data were collected in duplicates in data-independent (MSE) mode over the mass range m/z: 50 to

1,200 Da. The quality control sample was also acquired in enhanced data-independent ion mobility (HDMSE) in both positive and

negative modes for enhancing the structural assignment of lipid species. The electrospray ionization source settings for ion mobility

were the same as described above. The traveling wave velocity was set to 650 m/s, and the wave height was 40 V. The helium gas

flow in the helium cell region of the ion-mobility spectrometry cell was set to 180mL/min. Nitrogen, used as the drift gas, was held at a

flow rate of 95L/min in the ion-mobility spectrometry cell. The low collision energy was set to 4 eV, and the high collision energy was

ramped from 25 to 65 eV in the transfer region of the T-Wave device to induce the fragmentation ofmobility-separated precursor ions.

Data preprocessing and analysis

All of the raw files acquired viaMassLynx software (Version 4.1,Waters) were imported to Progenesis QI software (Waters, Non-linear

Dynamics) and aligned against the QC reference, followed by peak extraction and retention time alignment for each compound. The

structural elucidation and validation of significant features were first obtained by searching monoisotopic masses against the

Lipid MAPS (https://www.lipidmaps.org/) with a mass tolerance of 5 ppm. Fragment ion information obtained by tandem MS

(UPLC–HDMSE) was used for the further structural elucidation of significantly changed lipid species. HDMSE data were processed

using MSE data viewer (version 1.3, Waters Corp.). Multivariate statistical analyses and the heatmap were performed using

MetaboAnalyst (version 5.0) and also in an R environment. Group differences were calculated using Welch’s t test. p values were

corrected for multiple hypothesis testing, and an FDR of 0.05 or less was considered significant.

QUANTIFICATION AND STATISTICAL ANALYSIS

Investigators were not blinded to the sample identities during data collection or analysis. All data are represented by at least 3 inde-

pendent experiments. The quantified data with statistical analysis were performed using GraphPad Prism (v9) software. Unpaired

two-sided Student’s t test was used to compare two groups and one-way ANOVA was used to compare 3 or more groups. p values

are indicated in figures and figure legends. P < 0.05 was considered statistically significant.
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