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SUMMARY
Oxygen is toxic across all three domains of life. Yet, the underlying molecular mechanisms remain largely un-
known. Here, we systematically investigate the major cellular pathways affected by excess molecular oxy-
gen. We find that hyperoxia destabilizes a specific subset of Fe-S cluster (ISC)-containing proteins, resulting
in impaired diphthamide synthesis, purine metabolism, nucleotide excision repair, and electron transport
chain (ETC) function. Our findings translate to primary human lung cells and a mouse model of pulmonary
oxygen toxicity. We demonstrate that the ETC is themost vulnerable to damage, resulting in decreasedmito-
chondrial oxygen consumption. This leads to further tissue hyperoxia and cyclic damage of the additional
ISC-containing pathways. In support of this model, primary ETC dysfunction in the Ndufs4 KOmouse model
causes lung tissue hyperoxia and dramatically increases sensitivity to hyperoxia-mediated ISC damage. This
work has important implications for hyperoxia pathologies, including bronchopulmonary dysplasia,
ischemia-reperfusion injury, aging, and mitochondrial disorders.
INTRODUCTION

Approximately 2.5 billion years ago, the appearance of photo-

synthetic cyanobacteria led to the introduction of oxygen into

Earth’s atmosphere. This caused a mass extinction of species

that lacked mechanisms required for survival in an aerobic envi-

ronment.1,2 Over the last 500 million years, atmospheric oxygen

concentrations have fluctuated between 15% and 35%, with a

current value of 21% O2 at sea level. In response to such varia-

tions, organisms developed unique adaptive strategies. To avoid

oxygen toxicity, some bacteria retreated to anaerobic environ-

ments such as deep-sea hydrothermal vents or the hypoxic in-

testinal niche of symbiotic hosts.3,4 Other organisms developed

elaborate antioxidant defenses such as the glutathione redox

system and superoxide dismutases.5,6 During the Cambrian

Period when atmospheric O2 peaked at �35% O2, insects

became unusually large to limit oxygen diffusion to internal or-

gans.7,8 In higher organisms, the cardiovascular system evolved
to precisely control oxygen delivery using vascular networks and

hemoglobin as an oxygen-buffering system.

Thus, variations in oxygen tensions have driven responses to

both oxygen deprivation (hypoxia) and excess (hyperoxia).

Adaptation to hypoxia has been well-studied over the last few

decades. For example, the hypoxia inducible factor (HIF) system

marshals the primary transcriptional response to hypoxic envi-

ronments.9–12 By contrast, responses to hyperoxia have been

less explored, even though hyperoxia is toxic across all species

studied.13,14 In the 1970s, the earliest work on oxygen toxicity

showed that Escherichia coli (E. coli) grew poorly in hyperbaric

hyperoxia and became auxotrophic for branched chain amino

acids, demonstrating that specific cellular pathways might be

affected by oxygen.15–17 These early findings inspired our cur-

rent work on comprehensively understanding the cellular mech-

anisms of oxygen toxicity.

Higher organisms are also susceptible to oxygen toxicity, as

demonstrated by classic observations in animals and humans
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Figure 1. Genome-wide screen and proteomics identify pathways dependent on specific Fe-S cluster enzymes that are susceptible to

oxygen toxicity

(A) K562 cell counts after 4 days at 1.5%, 21%, and 50% O2 (***p < 0.001, ****p < 0.0001, unpaired t test with Welch’s correction, mean ± SEM).

(B) Genome-wide CRISPR screen design using Brunello library and exposure to 21% versus 80% O2 (n = 2 replicates).

(C) Cumulative growth of cells exposed to 21% versus 50% O2 throughout the screen, (n = 2 replicates).

(D) Gene ranking by essentiality in 21% versus 50% O2 (MAGeCK-MLE algorithm). Bar plots (right) showing ISC-containing proteins and ISC assembly proteins

relative to screen rankings.

(E) Enrichment analysis of buffering genes.

(legend continued on next page)
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from the late 19th century.18,19 In modern medicine, millions of

patients are treated with supplemental oxygen for acute and

chronic illnesses.20,21 In premature infants, this can result in

bronchopulmonary dysplasia, which can lead to chronic lung

disease and cor pulmonale.22,23 Additionally, neonatal hyperoxia

treatment can cause retinopathy of prematurity and blind-

ness.24,25 In the adult critical care setting, oxygen is one of the

most frequently used therapies—for example, high-flow nasal

cannula can deliver oxygen up to 100% fraction of inspired oxy-

gen (FiO2) at 60 L/min26,27 (Figure S1A). However, emerging clin-

ical data suggest that high-dose supplemental oxygen increases

infarct size after myocardial infarction and impairs cardiac func-

tion,28,29 prolongs intensive care unit (ICU) admissions, and may

increase mortality in mechanically ventilated patients.30–32

Outside the setting of supplemental oxygen, tissue hyperoxia

is implicated in a range of additional pathologies. For example,

ischemia-reperfusion injury and obstructive sleep apnea are

characterized by sudden bursts of oxygen.33,34 Additionally,

we recently showed that impaired electron transport chain

(ETC) activity leads to brain hyperoxia in a mouse model of mito-

chondrial neurodegenerative disease.35 The normalization of this

hyperoxia by inhaled hypoxia increases lifespan by 5-fold.36

Therefore, understanding the mechanisms of oxygen toxicity

will provide insights into numerous pathologies associated with

tissue hyperoxia. Motivated by such diverse biomedical implica-

tions, we set out to understand a fundamental question to human

health and biology—why is oxygen toxic?

Historically, researchers have focused on the macroscale ef-

fects of hyperoxia and the broad concept of ‘‘oxidative stress’’

such as increased superoxide levels.37 However, alleviating su-

peroxide levels genetically or pharmacologically is insufficient to

completely rescue oxygen toxicity.38–42 Therefore, further inves-

tigation is warranted to understand downstream consequences

of oxygen toxicity, as well as superoxide-independent

mechanisms.

Here, we investigate the precise effects of hyperoxia on

cellular metabolism and physiology. Using unbiased ap-

proaches, we demonstrate that four specific protein complexes

are particularly sensitive to degradation in hyperoxia both in vitro

and in vivo—DPH1/2, ERCC2, PPAT, and themitochondrial ETC.

Notably, each of these structures contains at least one [4Fe-4S]

cluster. Although there are over 60 Fe-S cluster (ISC)-containing

proteins, these complexes are the most oxygen-labile. The

downstream functional consequences include translational infi-

delity, impaired de novo purine synthesis, defective nucleotide

excision repair (NER), and disrupted mitochondrial bioener-

getics. Additionally, we propose a precise sequence of events

that unfold in hyperoxia. The ETC is the ‘‘weakest link’’ and the

first to be degraded as a function of time and oxygen. Hyper-

oxia-induced ETC degradation results in decreased tissue oxy-

gen consumption, leading to even greater tissue hyperoxia.
(F) Pie graph (left) and manually curated categories (right) of depleted proteins in

(G) Boxplot of different ISC-containing protein levels in 50% O2 relative to 21% O

(H) Volcano plot highlighting significantly depleted ISC-containing proteins in hyp

[purple]) (Benjamini-Hochberg adjusted p values). Labels included for signficantl

(I) Validation of cytosolic and nuclear ISC proteins sensitive to oxygen (21%–50%

(J) Validation of oxygen-sensitive ETC proteins (21%–50% O2) in K562 cells as a
This cycle of toxicity continues, ultimately damaging the addi-

tional ISC-containing pathways.

RESULTS

Genome-wide CRISPR screen and proteomics reveal
specific ISC-dependent cellular processes are inhibited
in hyperoxia
Local oxygen tensions vary across and within organs. Therefore,

we define ‘‘hyperoxia’’ as oxygen levels exceeding those to

which a system has adapted. Since immortalized cells have

beenmaintained in room air for generations, they display optimal

survival at 21% O2. We first determined the effect of hyperoxia

on K562 cell fitness. We found that 50% O2 dramatically impairs

growth (Figure 1A). Of note, 50% FiO2 in humans causes ultra-

structural lung damage.43 Additionally, this is a relevant O2 level

that is regularly achieved with non-invasive ventilation in patients

(Figure S1A). Thus, we chose this physiologically and clinically

relevant oxygen tension to detect the most sensitive pathways

in hyperoxia. As we have previously noted, hypoxic conditions

also result in impaired fitness at 1%O2, suggesting a ‘‘Goldilocks

principle of oxygen’’ where too little or too much oxygen is

toxic.44,45 Here, we set out to perform a genome-wide CRISPR

knockout (KO) screen to identify pathways affecting hyperoxia

cell fitness (Figure 1B). We generated a genome-wide pool of

K562 KO cells using the Brunello CRISPR library.46 Cells were

then split into 21% (normoxia) or 50%O2 (hyperoxia) (Figure 1B).

Samples were collected at 9 and 15 days post-treatment to track

the depletion or enrichment of each KO. We observed a

�10,000-fold selection pressure in hyperoxia over the screen

(Figure 1C), allowing for the identification of relative fitness in

hyperoxia versus normoxia.

We used the maximal likelihood estimate (MAGeCK-MLE) al-

gorithm to compute gene essentiality in normoxia versus hyper-

oxia.47 Genes were ranked based on their differential essentiality

(Figures 1D, S1B, and S1C; Table S1). ‘‘Buffering hits’’ include

KOs that cause a growth defect in normoxia but have epistatic

interactions with hyperoxia. These pathways are likely defective

in hyperoxia since the KO of these genes does not further exac-

erbate the hyperoxia growth defect. On the opposite side,

‘‘sensitizing hits’’ are genes that are specifically required for sur-

vival in hyperoxia (Figure S1E).

To determine which pathways are affected by hyperoxia, we

performed pathway enrichment analysis on the buffering genes.

This highlighted several processes, including purine/inosine

monophosphate (IMP) biosynthesis, ETC complex assembly,

diphthamide biosynthesis, and folate metabolism (Figure 1E).

Initially, these pathways appeared unrelated. However, upon re-

view of the literature, we learned that diphthamide synthesis

could only be reconstituted in vitro under anaerobic conditions

due to the presence of an ISC that is susceptible to oxidation.48
hyperoxia.

2.

eroxia with an FC < 0.5 ([2Fe-2S] proteins [blue], [4Fe-4S] proteins [red], both

y depleted proteins that are also buffeering hits in the CRISPR screen.

O2) in K562 cells.

function of time and O2.
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This led us to the key realization that the other affected pathways

also rely on essential steps catalyzed by ISC-containing pro-

teins. Moreover, genes involved in ISC assembly were more

essential under hyperoxia than normoxia (Figures 1D, S1D,

and S1E).

ISCs are evolutionarily conserved cofactors that contain two

ormore iron ions bridged by sulfide ions. Approximately 60+ pro-

teins are known to bind to an ISC. These enzymes are required

for diverse cellular functions, including redox reactions, amino

acid synthesis, and nucleotide metabolism.49 ISCs are sensitive

to oxidation, which can compromise their enzymatic activity.

However, it is unknown which ISCs are sensitive to molecular

oxygen, and if their damage is a major contributor to hyperoxic

pathologies. Additionally, the downstream consequences and

the in vivo relevance are unexplored.

In protein purification protocols, ISC-containing proteins are

unstable and precipitate under aerobic conditions.50,51 We

reasoned that if a similar phenomenon took place intracellularly

under hyperoxia, it might lead to protein aggregation and degra-

dation. To test this, we performed proteomics in K562 cells

exposed to 21% or 50%O2 for 6 days. Importantly, this revealed

a significant overlap between depleted proteins and buffering

hits in theCRISPR screen (Figure S1F; Table S2). Of the 75 signif-

icantly depleted proteins, 14 were ISC-containing proteins (Fig-

ure 1G) and most others were part of protein complexes that

contained these subunits. Notably, we found that proteins with

[4Fe-4S] clusters were most susceptible to hyperoxia-mediated

depletion (Figures 1G and 1H).

Upon analysis of the pathways containing the depleted pro-

teins, we found that these proteins are involved in mitochondrial

ETC, diphthamide synthesis, DNA damage repair, and purine

synthesis (Figures 1F and 1H). We observed a remarkable

congruence between the most depleted proteins (based on pro-

teomics) and most functionally affected pathways (based on the

CRISPR screen) in hyperoxia. We then performed an oxygen and

time dose-response analysis of the four most affected protein

complexes. More specifically, we exposed K562 cells to 30%–

50%O2 for 0–6 days, followed by western blotting. We validated

that hyperoxia leads to the loss of these specific ISC-containing

proteins (Figures 1I and 1J). Notably, ETC subunits are by far the

most sensitive to hyperoxia, showing depletion at moderate hy-

peroxia (30% O2) at 2 days. This is particularly intriguing as pa-

tients are regularly treated with such moderate hyperoxia

(Figure S1A).

Increased protein degradation is responsible for ISC
protein loss in hyperoxia
To determine the mechanism by which these proteins are

depleted in hyperoxia, we first investigated the corresponding

transcript levels. The mRNA levels of these genes were un-

changed in 50% O2 (Figure 2A). Next, we treated cells with

cycloheximide to block translation. Hyperoxic cells still had

higher depletion rates of the ISC-containing proteins, indicating

damage downstream of translation (Figure 2B). We then inves-

tigated mechanisms of protein degradation. We tested the role

of proteasomal degradation and autophagy using bortezomib

and bafilomycin, respectively. Treatment with these inhibitors

for 12 h in hyperoxia partially rescued cytosolic PPAT but not
4 Molecular Cell 83, 1–19, March 16, 2023
the other three protein complexes (Figures 2C and 2D). The

inducible knockdown (KD) of the proteasome subunit

(PSMA3) also rescued PPAT (Figures S2A, S2C, and S2E).

We next investigated the mechanism of ETC subunit degrada-

tion which occurs by proteases rather than the proteasome.52

We nominated 6 proteases localized to the matrix or inner

membrane of which only 2 are more essential in hyperoxia

(YME1L1 and CLPP) (Figures 1D, 2E, and S2B). We used

CRISPRi to knock down CLPP and YME1L1 (Figures S2C,

S2D, S2F, and S2G). CLPP KD partially rescued SDHB and

NDUFS1 protein levels, suggesting that CLPP contributes to

ETC protein degradation in hyperoxia (Figure 2E). Together,

our results demonstrate that proteasome- and autophagy-

mediated degradation contribute to the depletion of cytosolic

PPAT and the mitochondrial protease CLPP contributes to

ETC subunit degradation in hyperoxia.

Normalization of superoxide levels is insufficient to
rescue the hyperoxia-induced loss of specific ISC-
containing protein complexes
These results suggested that ISCoxidation leads toprotein unfold-

ing and degradation. The major reactive oxygen species (ROS)

formed frommolecular O2 is superoxide (O2
$� ).53 It has previously

been noted that O2
$-� can damage and inactivate ISC-containing

proteins, such as aconitase. Thus, we sought to determine if the

levels of the most oxygen-sensitive ISC-containing proteins could

be rescued by normalizing superoxide levels. K562 cells were

exposed to varying durations of 50% O2. As expected, hyperoxia

increased cytosolic and mitochondrial superoxide as detected by

dihydroethidium (DHE) andMitoSOX, respectively (Figures 2F and

2G).Cellswere treatedwith saturating levelsof the superoxidedis-

mutase mimetic, MnTBAP, (Figures S2H and S2I) which dramati-

cally reduced superoxide levels (Figures 2F and 2G). Yet, ISC pro-

teins from the four most sensitive pathways were not rescued

(Figure 2H). Saturating levels of H2O2 were also insufficient to

deplete the labile ISC-containing proteins (Figure S2O). Together,

our data show that superoxide is insufficient to explain protein

depletion of the four most oxygen-sensitive ISC-containing pro-

teins, suggesting thatmolecular oxygen itselfmight be the primary

culprit.

Identical ISC-containing proteins are degraded in a
mouse model of hyperoxic acute lung injury
Wenext assessed the physiological relevance of these pathways

in amurinemodel of hyperoxia-induced lung injury. The lungs are

at the highest risk of oxygen toxicity due to their direct exposure

to oxygen. In most mammals, including humans, exposure to

70% O2 or higher leads to respiratory distress and acute lung

injury.54–59 Up to 100% supplemental O2 with 60 L/min flow

can be delivered to patients non-invasively with a high-flow nasal

cannula. The pathological features of hyperoxic lung injury

resemble acute respiratory distress syndrome (ARDS), which is

characterized by diffuse alveolar damage, inflammation, atelec-

tasis, and microvascular coagulopathy, resulting in impaired gas

exchange and hypoxemia.60 Although lung oxygen toxicity has

been characterized at the macroscopic level, the effects of

excess O2 on ISC-containing proteins have not previously

been studied in this setting.
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Figure 2. Protein degradation leads to the depletion of specific ISC-containing proteins in hyperoxia that is not rescued by the normalization

of superoxide levels

(A) qPCR of relevant ISC genes in 21% versus 50% O2 (n = 3 biological replicates, unpaired t test with Welch’s correction).

(B) Levels of ISC proteins following exposure to 21% versus 50% O2 and cycloheximide treatment for 0–3 days.

(C and D) Levels of ISC proteins following exposure to 21% versus 50% O2 and to bortezomib or bafilomycin for last 12 h of oxygen exposure.

(E) Effects of inducible CLPP knockdown on select ETC protein levels (CI: NDUFS1; CII: SDHB).

(F and G) DHE and MitoSOX measurements of K562 cells treated with the CI inhibitor rotenone or 50% O2 for different time points. Cells were co-treated with

vehicle or MnTBAP (unpaired t test with Welch’s correction).

(H) Levels of ISC proteins following exposure to 21% versus 50% O2 and MnTBAP for 3 days. All experiments performed in biological triplicate. Bar plots show

mean ± SEM. *p < 0.05, **p < 0.01, ‘‘ns’’ not significant.
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To determine the effect of hyperoxia on the ISC-containing

proteins described above and their downstream pathways

in vivo, we exposed wild-type (WT) C57BL/6 mice to 80% O2.

Consistent with prior studies, hyperoxia led to significant body

weight loss (Figure 3B) and increased lung erythema and fluid
retention. H&E staining revealed increased fibrinous exudate

and hemoglobin infiltration (Figures 3A and S3A). There was a

time-dependent increase in Evans blue dye extravasation in

the lungs, reflecting increased vascular permeability of endothe-

lial cells (Figures 3A and 3D). We observed a significant increase
Molecular Cell 83, 1–19, March 16, 2023 5
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in the lung wet-to-dry (W:D) ratio, reflecting increased pulmonary

edema (Figure 3C). We then asked whether the ISC proteins

damaged in hyperoxic K562 cells were also affected in hyperoxic

lung tissue. Remarkably, we observed a complete validation of

these findings in vivo—the ISC-containing proteins (DPH1,

ERCC2/XPD, ETC subunits, and PPAT) in all four pathways

were depleted in hyperoxic lung tissue (Figures 3E and 3F).

The ETC subunits in complexes I and II were particularly sensi-

tive to hyperoxia and were degraded within 24 h of hyperoxia

exposure, thus implicating the ETC as the weakest link in hyper-

oxia toxicity (Figure 3H).

To interrogate the effects of hyperoxia on different cell types in

mouse lungs, we used immunofluorescence to assess the loss of

one of the most oxygen-labile ETC proteins, NDUFS1 (complex I

subunit) in specific lung cell types in mice exposed to 21%O2 or

80% O2 for 5 days. We found that NDUFS1 protein levels were

significantly depleted in alveolar epithelial type 1 (ATI) cells,

type 2 (ATII) cells, and endothelial cells, demonstrating that

each of these cell types is sensitive to oxygen toxicity

(Figures 3G and S3D).

Identical ISC-containing proteins are degraded in
primary human lung endothelial and epithelial cells
under hyperoxia
Next, we assessed the susceptibility of these specific ISC pro-

teins in various human lung cell types. We found that all four pro-

tein complexes were susceptible to hyperoxia in the BEAS-2B

human lung epithelial cell line and A549 human alveolar basal

epithelial cell line (Figures S3B and S3C). We then validated

our findings in primary cells taken from human lung donors—

ATII cells (Figure 3H) and endothelial cells (Figure 3I). ISC pro-

teins from all four pathways were decreased in hyperoxia. Our

findings support the known susceptibility of pulmonary endothe-

lial and alveolar epithelial cells to hyperoxia.37,61 We now identify

the molecular pathways that contribute to these macroscale

changes under hyperoxic conditions in primary human cells

and in vivo hyperoxic lung injury models. We focused our next in-

vestigations on the four most hyperoxia-sensitive pathways: (1)

diphthamide synthesis, (2) purine metabolism, (3) NER, and (4)

mitochondrial bioenergetics.

Hyperoxia depletes DPH1 and DPH2 and impairs
diphthamide synthesis
Diphthamide is a unique and understudied post-translational

modification of a histidine residue on eukaryotic elongation fac-

tor 2 (eEF2). Defects in DPH genes result in neonatal lethality.62
Figure 3. Hyperoxia induces acute lung injury in a mouse model and le

and human lung cells

(A) Whole lung images (top; scale bars, 500 mm), Evans blue extravasation (middle

WT mice exposed to normoxia and 80% O2, 1–5 days.

(B) Mouse body weights over time in 80% O2.

(C and D) (C) Wet-to-dry ratio and (D) Evans blue dye quantification in same sam

(E and F) Levels of ISC-containing non-ETC and ETC proteins from lung tissue fro

(G) Immunofluorescence (203) fromWTmice exposed to normoxia or 80%O2 for

cell markers (red): podoplanin (alveolar type I), lamp3 (alveolar type II), and cdh

NDUFS1 (scale bars, 10 mm). Representative images shown.

(H and I) Non-ETC and ETC ISC-containing proteins from primary human alveola

6 days. Data shown as mean ± SEM. **p < 0.01, ***p < 0.001.
Although the exact function of diphthamide is unknown, it has

been proposed to be required for translational fidelity.63 Diphtha-

mide is synthesized in a multi-step process, requiring 7 obligate

enzymes DPH1-7.64 Our genetic screen identified KOs in nearly

all these genes as buffering hits (Figure 4A). In matched prote-

omics, DPH1 and DPH2 were significantly depleted in hyperoxia

(Figure 4B). We confirmed that DPH1 and DPH2 protein levels

are highly sensitive to excess O2 (Figures 1I, 3E, 3H, and 3I).

The DPH1/DPH2 subunits form a heterodimer that contains a

[4Fe-4S] cluster as a cofactor48,65 (Figure 4C). Notably, the other

non-ISC-containing enzymes in diphthamide biosynthesis were

not depleted in hyperoxia, despite being hits in the genetic

screen. This result is consistent with the notion that knocking

out one gene in the pathway disrupts the entire pathway, result-

ing in the observed genetic epistasis.

We next sought to determine the downstream effects of hyper-

oxia on diphthamide synthesis. Diphthamide is the target of the

bacterial diphtheria toxin (DT), an enzyme that ADP-ribosylates

diphthamide on eEF2, thereby causing steric hinderance for

the ribosome and leading to cell death.66 WT cells in normoxia

showed a dose-dependent sensitivity to DT, whereas DPH1

and DPH2 KO cells were resistant to its toxicity. Similarly, hyper-

oxia conferred resistance to DT-mediated cell death in WT cells,

demonstrating that the diphthamidemodification is absent in hy-

peroxia due to the degradation of DPH1 and DPH2 (Figure 4D).

To more directly test whether hyperoxia affects diphthamide

synthesis, we visualized the modification with a custom assay

relying on biotinylated-NAD as the substrate for ADP-ribosyla-

tion by DT.67 In cells that contain eEF2-diphthamide, DT results

in biotinylation of diphthamide, which can be monitored with

HRP-streptavidin and western blotting. We observed a weak-

ened band in cells with DPH1 or DPH2 KO (relative to WT cells

in normoxia), as well as in WT cells treated with hyperoxia (Fig-

ure 4E). This assay confirmed that diphthamide synthesis is

impaired in hyperoxia due to the depletion of the DPH1/DPH2

ISC-containing protein complex.

We next investigated the functional consequences of DPH loss

on protein translation. Diphthamide is thought to promote transla-

tional fidelity by preventing �1 ribosomal frameshifts.68 To test

whether hyperoxia-mediated loss of diphthamide compromises

translation fidelity, we created a�1 frameshift luciferase reporter.

This reporter contains a fusion protein of firefly luciferase and re-

nilla luciferase with an intervening ‘‘slippery’’ sequence that

causes increased rates of �1 frameshifting.69 The firefly:renilla

luciferase ratio indicates the extent of frameshifting, whereby

higher values correspond to a greater frameshift (Figure 4F). We
ads to the degradation of specific ISC-containing proteins in mouse

; scale bars, 500 mm), and H&E (153) of lung (bottom; scale bars, 100 mm) from

ples (n = 5 per group, unpaired t test with Welch’s correction).

mWT mice exposed to normoxia and 80% oxygen, 1–5 days (n = 3 per group).

5 days, co-staining for the ISC-containing CI protein NDUFS1 (green) and lung

5/VE-cadherin (endothelial). DAPI (blue). White arrows (bottom row) point to

r type II cells and endothelial cells exposed to normoxia and 50% O2 for up to
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Figure 4. Hyperoxia degrades DPH1/DPH2 proteins, inhibits diphthamide biosynthesis, and increases ribosomal frameshifting

(A) DPH synthesis gene KOs are buffering hits.

(B) DPH1/2 Fe-S cluster-containing synthesis enzymes are depleted in hyperoxia (Benjamini-Hochberg adjusted p values).

(C) Role of the DPH enzymes in diphthamide biosynthesis on eukaryotic elongation factor 2 (eEF2). CRISPR screen hits (blue outline), proteomics hits (turquoise

box), and ISC are highlighted.

(D) Diphtheria-toxin (DT) resistance based on relative cell counts in K562 cells following KO of DPH1/DPH2 compared with normoxia and 50% O2.

(E) Diphthamide synthesis based on ADP-ribosylation assay (see schematic) in K562 cells under normoxia or hyperoxia after 6 days.

(F) Rates of �1 ribosomal frameshifting in K562 cells (*p < 0.05, **p < 0.01 by unpaired t test with Welch’s correction. Mean ± SEM).

(G) ADP-ribosylation assay in lung tissue from WT mice exposed to normoxia versus 80% O2 for 5 days (n = 3). Experiments performed in at least biological

triplicate.
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transfected the reporters into K562 cells exposed to 50% or 21%

O2 for 6 days and DPH1 or DPH2 KO cells in normoxia. Hyperoxic

WT cells and DPH KO cells showed increased �1 frameshifting,

which is consistent with the proposed role of diphthamide

(Figure 4F).

To test the in vivo physiological relevance of our findings, we

investigated diphthamide loss in hyperoxic mouse lung tissue

with the ADP-ribo-diphthamide western blot. We found that

lung homogenate from mice exposed to 80% O2 for 5 days

had reduced DT-induced biotinylation of diphthamide (Fig-
8 Molecular Cell 83, 1–19, March 16, 2023
ure 4G), demonstrating that hyperoxia-mediated degradation

of DPH1/2 impairs diphthamide synthesis in vivo. In summary,

hyperoxia depletes the ISC-containing DPH1/DPH2, impairing

diphthamide synthesis in vitro and in vivo, thereby resulting in

translational infidelity.

Hyperoxia depletes PPAT and impairs de novo purine
synthesis
Our pathway analysis highlighted genes involved in folate meta-

bolism and purine biosynthesis as being affected by hyperoxia
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based on the CRISPR screen (Figures 5A and S4A). A likely link

between folate/1C and purine biosynthesis is that purine synthe-

sis is the primary sink for 1C intermediates in proliferating cells.70

Proteomics revealed only one significantly depleted protein in

these pathways: PPAT, the rate-limiting enzyme in de novo pu-

rine biosynthesis (Figures 5B, 5C, and S4B). Consistent with

our overarching hypothesis, PPAT is the only ISC-containing

enzyme in these pathways (Figure 5C). We confirmed the deple-

tion of PPAT as a function of O2 dose and duration (Figures 1I,

3E, 3H, and 3I). Based on these findings, we reasoned that genes

in 1C metabolism and purine synthesis are buffering hits in hy-

peroxia due to the destabilization of PPAT.

Next, we assessed the effects of hyperoxia on 1Cmetabolism.

Dihydrofolate reductase (DHFR) is the first enzyme in this

pathway, catalyzing the conversion of dihydrofolate to tetrahy-

drofolate. We used methotrexate (DHFR inhibitor) to phenocopy

the loss of 1C metabolism. We found that methotrexate per-

turbed relative cell growth in 21% O2 WT cells, but not PPAT

KO cells. Similarly, WT cells exposed to 50%O2 were also resis-

tant, suggesting that 1C metabolism flux is decreased in hyper-

oxia (Figures 5D and S4C). These observations suggest that loss

of PPAT under hyperoxia impairs de novo purine biosynthesis

and decreases reliance on 1C metabolism.

To more generally assess this effect, we performed metabolo-

mics in PPAT KO and WT K562 cells in normoxia and hyper-

oxia.71We observed a significant overlap between changingme-

tabolites in normoxic PPAT KO cells and hyperoxic WT cells

(Figures 5E and S4D; Table S3). As expected, the overlapping

hits were enriched for purine metabolism intermediates (Fig-

ure S4E; Table S3), including the accumulation of phosphoribo-

syl diphosphate (PRPP), the upstream metabolite of PPAT

enzyme activity (Figure 5F). The levels of purine nucleotides

(IMP, AMP, and GMP) themselves were not affected. Of note,

purines can be synthesized either through the de novo synthesis

pathway or the salvage pathway. Thus, we predicted that the pu-

rine salvage pathway compensates for the loss of PPAT in prolif-

erating K562 cells. Consistent with this, levels of the salvage

pathway precursors, xanthosine, and xanthine were decreased

in both hyperoxic WT and normoxic PPAT KO cells (Figure 5F).

We next assessed the in vivo physiological relevance of

our findings. We performed metabolomics in lung tissue

from WT mice exposed to 80% O2 for 5 days and normoxic

controls. We observed a substantial depletion of the

purine nucleotides, AMP and GMP. Furthermore, the salvage

pathway intermediates xanthine and xanthosine were

also dramatically depleted (Figures 5G and 5H; Table S4).

Indeed, purine-related metabolites were by far the most
Figure 5. One carbon metabolism and purine synthesis are impaired in

(A) 1C metabolism and IMP biosynthesis gene KOs are buffering hits in the CRIS

(B) ISC-containing PPAT is depleted in hyperoxia (Benjamini-Hochberg adjusted

(C) Schematic of 1C/purine biosynthesis pathways, showing CRISPR screen hits

(D) Hyperoxia and normoxic PPAT KO confer resistance to methotrexate.

(E) Overlap of changing metabolites between hyperoxia-treated and normoxic P

(F) Purine synthesis and salvage pathway metabolite levels in 21% O2, 50% O2,

(G) Volcano plot showing depleted metabolites in lung tissue from mice exposed

(H) Metabolites in purine synthesis and salvage pathways in lung tissue from mice

show mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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depleted metabolites using this unbiased approach. In

contrast to proliferating cells, the salvage pathway is unable

to completely compensate for PPAT loss in lung tissue. These

results demonstrate that hyperoxia compromises de novo pu-

rine synthesis in vitro and in vivo due to the loss of the ISC-

containing protein PPAT.

Hyperoxia depletes ERCC2/XPD, resulting in increased
DNA damage and impaired nucleotide excision repair
We next turned our attention to the NER pathway since

ERCC2 was a top hit in the CRISPR screen and proteomics

(Figures 6A and 6B). ERCC2 encodes the protein XPD, which

is a [4Fe-4S]-containing protein that has helicase activity and is

required for NER (Figure 6C).72–75 We verified the time- and O2

dose-sensitivity of ERCC2/XPD in hyperoxia (Figures 1I, 3E,

3H, and 3I). Though prior work has shown that excess O2 in-

creases DNA damage, it has been assumed to be related to

non-specific oxidative stress.76–78 We utilized the comet assay

(single-cell gel electrophoresis) to detect DNAdamage at the sin-

gle-cell level. In this assay, increased DNAdamage results in less

supercoiling and the appearance of a ‘‘comet tail’’ upon gel

electrophoresis. This assay demonstrated increased damage

in WT cells exposed to UV light and normoxic ERCC2 KO cells.

Similarly, comet tails were observed in WT cells exposed to

hyperoxia (Figure 6D).

The comet assay measures steady-state levels of DNA

damage. In theory, this could be a consequence of increased

production of DNA damage or decreased DNA damage repair.

To distinguish between these possibilities, we performed a

transfection-based assay to specifically quantify the rate of

NER. We used UV light to introduce DNA damage (thymine di-

mers) into a luciferase-encoding plasmid (Figures 6E and

S5).79 The damaged plasmid was then transfected into cells,

and luciferase activity was measured as a readout of NER.

Based on this assay, normoxic ERCC2 KO cells have impaired

repair activity (Figure 6E). We similarly observed this impairment

in hyperoxia-treated WT cells.

Next, we tested the in vivo relevance of this finding. We iso-

lated single cells from lung tissue from mice exposed to 80%

O2 for 5 days and normoxic controls. Cells from hyperoxia-

treated mice had significantly increased DNA damage based

on the comet assay (Figure 6F). Although DNA damage has pre-

viously been linked to oxidative injury, it has been assumed that

this is due to increased rates of DNA damage production. Here,

we demonstrate that impaired DNA damage repair due to loss of

ISC-containing ERCC2/XPD is a significant contributor to this

phenotype in vitro and in vivo.
hyperoxia due to loss of ISC-containing PPAT

PR screen.

p values).

(blue outline), proteomics hits (turquoise box), and ISC.

PAT KO cells.

and PPAT KO (n = 4, unpaired t test with Welch’s correction).

to 80% O2 for 5 days relative to normoxia.

exposed to normoxia or 80% O2, 5 days (n = 7 mice each condition). Bar plots
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Figure 6. Nucleotide excision repair (NER) is compromised in hyperoxia due to depletion of ERCC2/XPD

(A) Gene KOs in the TFIIH complex involved in transcription-coupled NER are buffering hits.

(B) The ISC-containing protein XPD (encoded by ERCC2) is depleted in hyperoxia (Benjamini-Hochberg adjusted p values).

(C) Schematic of TFIIH multi-protein complex. CRISPR screen hits (blue outline), proteomics hits (turquoise box), and ISC.

(D) Representative comet images of cells exposed to 21% versus 50% O2, ERCC2 KO or UV light. DNA damage quantified based on comet tail (% tail DNA)

(unpaired t test with Welch’s correction). Scale bars, 500 mm.

(E) In vitro luciferase assay of NER in 50% O2, 21% O2, and ERCC2 KO. n = 3 replicates (unpaired t test with Welch’s correction. Mean ± SEM).

(F) Representative comet images of single cells isolated from lung tissue fromWTmice exposed to 21%versus 80%O2, 5 days. DNA damage quantified based on

DNA content in the comet tail. Scale bars, 400 mm. ***p < 0.001, ****p < 0.0001.
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Figure 7. Hyperoxia results in cyclic oxygen toxicity by damaging themitochondrial ETC, which leads to decreased oxygen consumption and

further tissue hyperoxia

(A) S-plot of ETC genes (red dots) relative to buffering and sensitizing hits (black dots).

(B) ETC proteins (red dots) are depleted in hyperoxia (Benjamini-Hochberg adjusted p values).

(C) Schematic of ETC (CI-V) depicting CRISPR screen hits (blue outline), proteomics hits (turquoise box), and ISCs.

(D) Basal and maximal oxygen consumption rates in hyperoxia versus normoxia in K562 cells (n = 3 replicates).

(E) Proteomics data schematic of ETC complex I proteins from lung tissue of WT mice exposed to normoxia or 80% O2 (1 and 5 days), and WT mice exposed to

80% O2 for 5 days then returned to 21% O2 (n = 6 per group).

(F) Complex I/II activity frommitochondria isolated fromWTC57BL/6mice exposed to normoxia versus 80%O2 for 1–5 days (Tukey’s multiple comparisons test).

(G) Enrichment analysis of the most affected gene pathways in hyperoxia versus normoxia genome-wide CRISPR screen compared with previously published

genetic screens using piericidin A, antimycin A (ETC inhibitors), ethidium bromide (mtDNA replication inhibitor), and H2O2
80,81 using a hypergeometric test. Circle

radius represents the gene ratio of overlapping top buffering genes in gene sets.

(H) Relative in vivo lung tissue PO2measurements using Clark electrode from ventilatedmicewith various fractions of inspired oxygen (FiO2) following exposure to

21% versus 80% O2 for 3 and 5 days (unpaired t test with Welch’s correction).

(I) Evans blue dye extravasation (top; scale bars, 500 mm) and H&E images (bottom; scale bars, 100 mm) of lung tissue from WT and Ndufs4 KOmice exposed to

50% O2, 2 days.

(J) Lung wet-to-dry ratio from WT and Ndufs4 KO mice exposed to normoxia and 50% oxygen, 2 days (n = 3 per group).

(K) Evans blue dye quantification from the same samples as above.

(L) Relative lung tissue PO2measurements from ventilatedWT andNdufs4KOmice (P35–40) with a different fraction of inspired oxygen (FiO2) (unpaired t test with

Welch’s correction).

(M) ETC and non-ETC ISC-containing proteins from lung tissue in WT and Ndufs4 KO mice (P40–45) at 21% O2 (n = 3 WT; n = 4 Ndufs4 KO).

(N) Model of cyclic oxygen toxicity. Bar plots show mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Hyperoxia depletes ETC subunits and impairs ETC
function
We next focused on the effects of hyperoxia on the ETC. The

mitochondrial ETC is composed of 5 protein complexes (C1–
12 Molecular Cell 83, 1–19, March 16, 2023
C5) and enables efficient ATP production, among other key

metabolic roles. More than half of the ETC-encoding genes

were buffering hits in hyperoxia (Figure 7A). Additionally, we

found that hyperoxia depletes 43 of 60 detected ETC proteins
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(Figure 7B). Fe-S clusters are found in complexes 1, 2, and 3.

Additionally, a single Fe-Cu structure is found in complex 4.

Notably, the mitochondrial ETC exists in structures known as

supercomplexes, consisting of multiple ETC complexes (Fig-

ure 7C). Therefore, hyperoxia-mediated damage to ISC-contain-

ing proteins leads to the widespread depletion of ETC proteins,

likely due to the destabilization of mitochondrial complexes

and supercomplexes. We validated the proteomics findings

and found that protein levels of ETC subunits are rapidly

decreased in hyperoxia, even after 2 days ofmoderate hyperoxia

(30% O2) (Figures 1J, 3F, 3H, and 3I).

We then tested the functional consequences of this finding us-

ing the mitochondrial Seahorse assay in K562 cells exposed to

21% versus 50% O2 from 0–6 days. We found a progressive

decline in basal and maximal oxygen consumption rate (OCR

pmol/min) as a function of time in 50% O2, with >50% decline

in OCR even after 2 days (Figure 7D). These findings demon-

strate that hyperoxia-induced degradation of ETC protein

complexes impairs mitochondrial bioenergetics.

We then assessed the in vivo relevance inWTmice exposed to

80% O2 for 1 and 5 days. We performed whole lung proteomics

and found that specific substructuresofC1are themost depleted

in hyperoxia. C1 consists of threemodules—the NADH-oxidizing

N-module, the CoQ-containing Q-module, and the proton-

pumping P-module. A total of 8 ISCs are housed in the N and Q

modules of C1.82–84 In line with this, these modules were the

most depleted in our lung proteomics dataset in hyperoxia (Fig-

ure 7E). Non-ISC-containing subunitswere alsodepleted in these

models, suggesting secondary destabilization (Figures S6A and

S6B). To understand the reversibility of the phenomenon, we

analyzed the lung proteome of mice exposed to 80% O2 for

5 days, followed by recovery of these mice in 21% O2 for 1 and

5 days. Notably, the ETC subunit loss was reversible when

micewere returned to normoxia (Figures 7E, S6A, andS6B; Table

S5). To test the functional consequences of these findings, we

isolated mitochondria from hyperoxic mouse lung tissue

exposed to 21% O2 versus 80% O2 for 1–5 days. We observed

a progressive loss in complex I/II-mediated oxygen consumption

(Figure 7F), consistent with progressive ETC dysfunction due to

the loss of ISC-containing proteins in these ETC complexes

(Figure 7E).

Hyperoxia-mediated ETC dysfunction results in further
tissue hyperoxia and cyclic damage
Since hyperoxic lung samples displayed a severe loss of ETC

subunits, we hypothesized that hyperoxia toxicity andmitochon-

drial ETC dysfunction might have overlapping pathologies. That

is, whether the primary insult is hyperoxia or ETC inhibition, the

downstream consequences might be similar. To assess this,

we compared the results of our screen to previously published

CRISPR screens using ETC inhibitors—piericidin A (complex I

inhibitor), antimycin A (complex III inhibitor), and EtBr (mtDNA

replication inhibitor).80 We also included a H2O2 CRISPR

screen81 (Figure 7G). This analysis revealed a significant overlap

in the top buffering genes between hyperoxia and ETC inhibitors,

(Figure S7A) supporting the notion that both insults have similar

pathological mechanisms. Notably, there was minimal overlap

between hyperoxia and the H2O2 screen (Figure 7G). Addition-
ally, most known antioxidant enzymes were not hits in our

CRISPR screen or proteomics, further suggesting that hyperoxia

toxicity and primary ROS-inducing insults are not completely

synonymous (Figures S2M and S2N).

Of the ISC-containing proteins described, the ETC subunits

(particularly the N- and Q-modules of C1) were the most dramati-

cally affected—both in terms of oxygen dose and duration. In the-

ory, ETC dysfunction should lead to decreased oxygen consump-

tion in tissues. We predicted that such a decrease in oxygen

consumption should lead to further tissue hyperoxia, resulting in

a form of cyclic damage. To test this, we measured lung tissue

PO2 (using a 100-mm Clark electrode) in mice that had been

exposed to 80% O2 for 0–5 days. Of note, the average alveolar

size inmice is�60mm.85We found thatmiceexposed tohyperoxia

hadprogressively increasing lung tissuePO2over time (Figure 7H).

Ndufs4 KO mice have increased sensitivity to hyperoxic
ISC damage, causally demonstrating themodel of cyclic
oxygen toxicity
The above results supported our theory that the ETC (particularly

C1N- andQ-modules) is the first to be affected and themost sen-

sitive to hyperoxia. We therefore nominated the ETC as the weak-

est link in oxygen toxicity (Figures 7C and 7E). We hypothesized

that hyperoxia first damages the N- and Q-modules of C1, which

decreases mitochondrial oxygen consumption. This results in

further tissue hyperoxia, causing damage to additional ISCs. To

causally test this, we utilized a genetic mouse model of C1

N-module deficiency, the Ndufs4 KO. Though WT mice survive

in 50% O2 for greater than 2 years, Ndufs4 KO mice die within

72hdue to severepulmonary edemaand inflammatory cell infiltra-

tion (Figures 7I, 7J, and S7B).86 We found that Ndufs4 KO mice

experience severe endothelial dysfunction compared with WT

mice at 50% O2 based on Evans blue dye extravasation

(Figures 7I and 7K). Importantly, we also found that the same ISC

proteins thatweredepleted inWTmiceat80%FiO2weredepleted

even in21%FiO2 inNdufs4KOmice (Figure7M).Wereasoned that

ETC dysfunction inNdufs4KOmice increases levels of unusedO2

in lung tissue, resulting in higher local PO2 levels and ensuing oxy-

gen toxicity in other cell compartments. To test this, wemeasured

lung tissuePO2 using aClark electrode inWTandNdufs4KOmice

at P35–40 days. This revealed lung tissue hyperoxia inNdufs4 KO

mice across varying levels of inhaled oxygen tension (Figure 7L).

These data are consistent with a clinical study that showed that

venous PO2 is higher in patients with mitochondrial myopathy

when compared with healthy controls due to impaired O2

consumption.87

Together, these data support our model that hyperoxia causes

ETC dysfunction due to the degradation of ISC-containing sub-

units, leading to decreased tissue oxygen consumption and

further local hyperoxia. This progressive hyperoxia eventually

damages the additional ISC-containing protein complexes in

various subcellular compartments, compromising diphthamide

biosynthesis, purine biosynthesis, and NER (Figure 7N).

DISCUSSION

Oxygen is both essential and toxic for life. Although responses to

hypoxia have been extensively studied, the specific molecular
Molecular Cell 83, 1–19, March 16, 2023 13
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effects of hyperoxia are less understood. Though prior oxygen

toxicity research has focused on tissue-level phenomena such

as inflammation and non-specific oxidative injury, the molecular

mechanisms involved have not been determined.60,88 Thus, we

set out to answer a fundamental question in biology—why is ox-

ygen toxic?

Utilizing a genome-wide CRISPR-Cas9 screen, we identified

four cellular pathways that are the most susceptible to hyperoxia

due to the depletion of labile ISC-containing protein complexes

(1) diphthamide synthesis, (2) purine metabolism, (3) nucleotide

excision repair, and (4) the ETC. These findings were validated

in vivo, where cyclic damage to the ETC causes progressive tis-

sue hyperoxia.

In solution, researchers have proposed that oxygen oxidizes

[4Fe-4S] clusters, which could destabilize neighboring cysteines

and compromise protein stability.89 This likely explains why ISC-

containing proteins precipitate when purified in aerobic condi-

tions.48 However, this concept has not been studied in

eukaryotic cells ormammals. Our work demonstrates that oxida-

tion of specific ISC-containing proteins results in protein desta-

bilization both in vitro and in vivo. Though there are greater

than 60 ISC-containing proteins, we find that only a specific

subset is particularly susceptible to damage by oxygen. The

specificity may be due to biophysical parameters (e.g., pKa of

neighboring cysteines, solvent accessibility, local redox environ-

ment, and the relative positioning of cysteines).90 It is possible

that additional ISC-containing protein complexes are sensitive

at higher O2 concentrations or longer durations. In addition,

previous work has suggested that hyperoxia may affect ISC as-

sembly, alluding to an additive form of cyclic damage in extreme

hyperoxia.91,92

Our work points to a fascinating evolutionary conundrum—

oxygen is both a substrate and a toxin for the ETC. The original

insult can originate via tissue hyperoxia or primary mitochondrial

disease. In both scenarios, the cycle of damage ensues, result-

ing in the degradation of additional ISC-containing proteins.

Upcoming investigations will focus on testing the four most sen-

sitive pathways in additional models of mitochondrial disease,

aging, Parkinson’s, and ischemia-reperfusion injury.93 If the

same pathways are affected, future work will test the effects of

inhaled hypoxia on halting cyclic oxidative damage.

Moreover, large-scale meta-analyses and randomized control

trials demonstrate that excess supplemental oxygen worsens

outcomes in patients with myocardial infarction, cardiac arrest,

brain injury, and critical illness94–97—we hypothesize these

effects are partly due to tissue hyperoxia. In addition, supple-

mental oxygen is administered to millions of patients both

acutely and chronically (e.g., heart failure, chronic obstructive

pulmonary disease [COPD], COVID-19, etc.).95,98,99 Damage to

the identified ISCs might be a significant contributor to such

pathological states.

In addition to the oxygen-labile ISC proteins we identify, there

are likely additional contributors to oxygen-mediated cellular

toxicity. We find that superoxide is insufficient to explain the

degradation of the four most oxygen-sensitive ISC-containing

protein complexes. However, SOD1 and SOD2 are sensitizing

hits in our CRISPR screen (Figure S2M), suggesting that super-

oxide likely contributes to hyperoxia toxicity through damage
14 Molecular Cell 83, 1–19, March 16, 2023
of additional biomolecules. Notably, molecular oxygen can

diffuse across membranes, whereas superoxide typically acts

where it is formed. Other antioxidant enzymes (e.g., catalase)

and NRF2 targets are not hits in our screen and are unlikely to

be principal drivers of ameliorating hyperoxia toxicity100,101

(Figures S2K–S2N). Thus, our work suggests that antioxidant

therapies are unlikely to be curative, furthermotivating our efforts

to understand the downstream metabolic consequences of hy-

peroxia toxicity.

Several key unanswered questions remain. How are damaged

ISC-containing proteins repaired? Our in vivo proteomics data

show that ETC subunit depletion is reversible through unknown

signaling cascades. We identified the mechanism of protein

degradation for a subset of depleted proteins. More comprehen-

sively, which protein quality control mechanisms mitigate hyper-

oxia damage? Based on the oxygen dose-response experiments

and thehyperoxia sensitivity ofNdufs4KOmice, theETCappears

to be the most susceptible to hyperoxia toxicity. Can we target

the weakest link for therapeutic benefit, thereby preventing the

cyclic damage that follows? Prior work has shown that a single

amino acid substitution in the ISC-containing fumarate nitrate

reduction protein in E. coli increases cluster stability, protecting

it under aerobic conditions.102 Furthermore, our genetic screen

identified >200 sensitizing genes in hyperoxia— the loss of these

genes aggravates growth defects in hyperoxia, suggesting that

these genes are essential for hyperoxic cell fitness.

Based on the above concepts, we propose that every individ-

ual has an optimal oxygen ‘‘set-point’’ based on genetic back-

ground, age, altitude, and underlying co-morbidities. Along

these lines, we recently found that ETC C1 deficiency leads to

brain hyperoxia, which is mitigated by inhaled hypoxia.35,36

Others have discovered that the mouse model of Friederichs’s

ataxia has impaired ISC biogenesis, which can be partially

rescued by inhaled hypoxia.103 Based on our findings, we nomi-

nate additional disorders that might be susceptible to hyperoxia

such as xeroderma pigmentosum (ERCC2/XPD loss),104 diph-

thamide-deficiency syndrome (DPH1/2 loss),105 and other ETC

deficiencies. Moreover, genetic variants in any of 60+ ISC-con-

taining protein complexes may increase susceptibility to oxida-

tive protein destabilization.

For the past several decades, oxygen research has focused on

hypoxia sensing and adaptations, such as PHD-HIF and

mTORC1 signaling.44,106 However, hyperoxia sensing mecha-

nisms are poorly understood. Given our evolutionary origins in

both hypoxic and hyperoxic environments, it is highly likely that

there are conserved hyperoxia sensing pathways that allow cells

to adapt to such conditions. Furthermore, little is known about

physiologic adaptations to hyperoxia and the consequences of

chronic oxygen toxicity, which could be relevant for aging and

chronic cardiopulmonary diseases that require long-term, high

FiO2 therapy.

Limitations of the study
In this manuscript, we validate ISC protein susceptibility to oxy-

gen toxicity in ATII and endothelial cells. Future studies should

assess additional lung cell types. We performed the genome-

wide CRISPR KO screen in the highly tractable K562 cell line,

then performed targeted experiments in more relevant in vitro
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and in vivo experimental systems. Genome-wide CRISPR

screens in primary lung cells are not currently technically

feasible, though would complement the current study once

tractable. Though we distinguish the effects of oxygen and su-

peroxide, future work should investigate the mechanisms by

which specific free radicals differentially affect individual ISCs.
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M., Gauthier, C., Jacques, P.É., Li, S., and Xia, J. (2021). MetaboAnalyst

5.0: narrowing the gap between raw spectra and functional insights.

Nucleic Acids Res. 49, W388–W396. https://doi.org/10.1093/nar/

gkab382.
110. Gilbert, L.A., Horlbeck, M.A., Adamson, B., Villalta, J.E., Chen, Y.,

Whitehead, E.H., Guimaraes, C., Panning, B., Ploegh, H.L., Bassik,

M.C., et al. (2014). Genome-scale CRISPR-mediated control of gene

repression and activation. Cell 159, 647–661. https://doi.org/10.1016/j.

cell.2014.09.029.

111. Fang, X., Neyrinck, A.P., Matthay, M.A., and Lee, J.W. (2010). Allogeneic

human mesenchymal stem cells restore epithelial protein permeability in

cultured human alveolar type II cells by secretion of angiopoietin-1.

J. Biol. Chem. 285, 26211–26222. https://doi.org/10.1074/jbc.M110.

119917.

112. Doneanu, C., Chen, W., and Mazzeo, J. (2011). UPLC/MS monitoring of

water-soluble vitamin Bs in cell culture media in minutes. https://www.

waters.com/webassets/cms/library/docs/720004042en.pdf.

113. Sinha, M., and Lowell, C.A. (2016). Isolation of highly pure primary mouse

alveolar epithelial type II cells by flow cytometric cell sorting. Bio Protoc.

6, e2013. https://doi.org/10.21769/BioProtoc.2013.

114. Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdóttir, H.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Antibodies for western blotting see Table S6 This paper N/A

Bacterial and virus strains

Brunello Human CRISPR Knockout Pooled Library Doench et al.46 73179-LV

Chemicals, peptides, and recombinant proteins

Diphtheria Toxin Millipore Sigma D0564

6-Biotin-17-NAD Trevigen 4670-500-01

Lipofectamine LTX Thermo Fisher 15338100

Methotrexate hydrate Sigma-Aldrich A6770

Cycloheximide NETA SCIENTIFIC Inc RPI-C81040-1.0

Bortezomib Sigma-Aldrich 5043140001

Bafilomycin A1 Sigma-Aldrich 19-148

Critical commercial assays

Comet Assay Kit Abcam ab238544

Dual-Glo Luciferase Assay System Promega E2920

CellTiter-Glo Luminescent Cell Viability Assay Promega G7573

Deposited data

Genome-wide CRISPR KO screen under hyperoxia This paper GEO: GSE224583; SRA: PRJNA931848

ETC inhibition CRISPR KO screen To et al.80 N/A

H2O2 CRISPR KO screen Dubreuil et al.81 N/A

K562 proteomics This paper MassIVE: MSV000091206

Hyperoxia lung proteomics This paper MassIVE: MSV000091206

K562 metabolomics under hyperoxia

or PPAT KO

This paper MetaboLights: MTBLS7039

Hyperoxia lung metabolomics This paper MetaboLights: MTBLS7039

Unprocessed blots, gel, and images This paper https://doi.org/10.17632/ykcyz2sdx2.1

Experimental models: Cell lines

K562 cells ATCC CCL-243; RRID: CVCL 0004

293T cells ATCC CRL-3216; RRID: CVCL 0063

A549 cells ATCC CCL-185; RRID:CVCL_0023

BEAS-2B cells UCSF Cell Culture Core Facility CCLZR050

HPAEC cells Promocell C-12241

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory IMSR_JAX: 000664

B6.129S4-Ndufs4tm1.1Rpa/J Jackson Laboratory IMSR_JAX:027058

Oligonucleotides

Primer sequences for qPCR see Table S6 This paper N/A

sgRNA sequences for generating KO

cells see Table S6

This paper N/A

Recombinant DNA

lentiCRISPR v2 Sanjana, Shalem

and Zhang107
52961

HIV-1 minus one frameshift reporter This paper pAGH10 (Addgene #198224)

Ty1 plus one frameshift reporter This paper pAGH11 (Addgene #198225)
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pGL3 Luciferase Reporter Promega E1751

pSV-b-Galactosidase Promega E1081

Software and algorithms

MAGeCK 0.5.8 Li et al.108 https://sourceforge.net/projects/mageck/

MAGeCKFlute 0.99.18 Wang et al.47 https://doi.org/10.18129/B9.bioc.MAGeCKFlute

MaxQuant software v1.5.5.1 Max Planck Institute

of Biochemistry

https://www.maxquant.org/

Compound Discoverer 3.1 Thermo Fisher https://www.thermofisher.com/us/en/

home/industrial/mass-spectrometry/

liquid-chromatography-mass-spectrometry-

lc-ms/lc-ms-software/multi-omics-data-

analysis/compound-discoverer-software.html

MetaboAnalyst 5.0 Pang et al.109 https://www.metaboanalyst.ca

COMET Score 2.0 Rex Hoover http://rexhoover.com/index.php?id=cometscore
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RESOURCE AVAILABILITY

Lead contact
d Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Isha

H. Jain (Isha.Jain@gladstone.ucsf.edu).
Materials availability
d Plasmids generated in this study have been deposited to Addgene (pAGH10 – RlucFluc minus 1 HIV-1 (#198224); pAGH11-

RlucFluc plus 1Ty1 (#198225)).
Data and code availability
d Raw sequencing data for the CRISPR screen have been deposited to SRA (PRJNA931848). Raw data for proteomics studies

have been deposited to MassIVE database (MSV000091206). Raw data for metabolomics have been deposited to

MetaboLights (MTBLS7039). They are publicly available as of the date of the publication. Unprocessed images of western

blots, gels, and microscopy can be accessed from Mendeley Data: https://doi.org/10.17632/ykcyz2sdx2.1.

d No original code was generated for this manuscript.

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

Cell lines
K562 (ATCC CCL-243), 293T (ATCC CRL-3216), and A549 (ATCC CCL-185) cells were purchased from ATCC. K562 cell line with

doxycycline-inducible KRAB-dCas9 construct was a gift from Luke Gilbert Lab at UCSF, generated by Gilbert et al.110 K562 and

293T cells were maintained in DMEM (Gibco/Life Technologies 11995073) supplemented with 10% FBS (Corning/Fisher Scientific

MT35015CV) and 1% penicillin-streptomycin-glutamine (Fisher Scientific 10378016). A549 cells were maintained in F-12K medium

(ATCC 30-2004) supplemented with 10%FBS and 1%penicillin-streptomycin-glutamine. BEAS-2B (CCLZR050) cells were obtained

from UCSF Cell Culture Core Facility, and were maintained in Bronchial Epithelial Cell Growth Medium (BEGM) with Bullet Kit (Lonza

CC-3170). Human pulmonary artery endothelial cells (HPAEC, Promocell C-12241) were maintained in Endothelial Cell Growth Me-

dium (PromoCell C22010). Human alveolar Type II epithelial (AT II) cells were isolated from human lungs declined for transplantation

by the Northern California Transplant Donor Network as previously described.111 Cells were plated at 13 106 cells/well on collagen

I-coated Transwell plates with a pore size of 0.4 mmand a surface area of 0.33 cm2 (Corning CLS3495, Sigma). Cells weremaintained

in DMEM high glucose 50%/F-12 50% mix supplemented with 1% penicillin-streptomycin, 1% fungisome and 0.1% gentamicin.

72 hr after seeding, the culture media in the upper compartment was removed and the cells were grown in an air-liquid interface.

All cells weremaintained in cell culture incubators (37�C, 5%CO2). The oxygen tension in the hyperoxia cell culture incubator (50%

O2) was created by mixing compressed air, 100% CO2, and 100% O2 (Praxair). All experiments with wildtype (WT) cells or

CRISPR-Cas9 mediated knockouts were performed within 20 passages upon receipt. All experiments with primary lung cells
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were performed within 6 passages upon receipt. Cells were maintained at a density between 1 x 105 cell/ml to 1 x 106 cell/ml for all

experiments. Mycoplasma tests were performed quarterly on all cell lines.

Animal model
C57BL/6J (#000664) malemice and B6.129S4-Ndufs4tm1.1Rpa/J (#027058) were purchased from Jackson Laboratory. Upon delivery,

themice were housed in the UCSF animal facility. Progenies from the B6.129S4-Ndufs4tm1.1Rpa/J strain were genotyped andweaned

from mothers at 21-25 d of age. Ndufs4+/+ and Ndufs4+/- mice were indiscriminately used as healthy controls as there was no

apparent phenotypical difference between these genotypes.

Hyperoxia (60 or 80% O2) was created by mixing N2 (Airgas) and O2 (Airgas, Praxair) inside a glovebox. The gas flow rates were

carefully controlled by gas regulators, and the O2 and CO2 levels were continuously monitored with wireless sensors. Soda lime

(Fisher Scientific, A1935236) was placed inside the glovebox to absorb CO2 to prevent excess CO2 accumulation. All experiments

were performed on C57BL/6J mice between the ages of 8-12 weeks. All animal studies were approved by the Institutional Animal

Care & Use Committee (IACUC) Program at UCSF.

METHOD DETAILS

Genome-wide CRISPR KO screen
The genome-wide CRISPR screen was performed in K562 cells as previously described.45 Briefly, 1.20 x 108 cells were diluted to

1.50 x 106 cells/mL and mixed with 4 mg/mL polybrene. Cells were plated in 12-well plates and infected with the Brunello Human

CRISPR Knockout Pooled Library (Addgene, #73179-LV) at an MOI of 0.3.46 The plates were centrifuged at 1,000 x g for 2 hr at

32�C for spinfection. Infected cells were selected with 2 mg/mL puromycin (Sigma-Aldrich, P8833) for 24 hr, then pooled in magnetic

spinner flasks (Corning, 3561). Five days after infection, 4.0 x 107 cells were passaged in complete media without puromycin (P0) into

separate spinner flasks and placed into either 21% or 50% O2 cell culture incubators. Cells were subsequently passaged every

3 days during the 15-day screen. Cells were collected, pelleted, and frozen at every passage (P0 to P5). The experiment was per-

formed in biological duplicate. Samples from P0 (day 0), P3 (day 9) and P5 (day 15) were sequenced. Genomic DNA was extracted

from cell pellets with the Blood and Cell Culture DNA Maxi Kit (Qiagen, 13323). The sgRNAs were amplified by PCR. PCR products

were then pooled and purified with AMPure XP beads (Beckman Coulter, A63880). Equal amounts of each sample were pooled and

sequenced at UCSF Center for Advanced Technology (CAT) using the Illumina HiSeq platform.

Proteomics
Sample processing and LC-MS/MS was performed by Sanford Burnham Prebys using the Tandem Mass Tag (TMT) system for the

cell samples, and data-independent acquisition for lung tissues (see below).

Label-free proteomics for lung tissues

C57BL/6Jmice (n = 6 per group) were exposed to room air or 80%O2. For the recovery groups, themice were exposed to 80%O2 for

5 days first and then returned to room air. Tissues were perfused with cold DPBS (Corning). Lung tissues were collected and flash

frozen with liquid nitrogen. Lung tissues were lysed in 8M urea, 50 mM ammonium bicarbonate, and 24 U/100mL benzonase with

vigorous shaking. Lysate was centrifuged at 14,000 x g for 10 minutes to remove debris and protein concentration of the supernatant

was determined using bicinchoninic acid (BCA) protein assay (Thermo Scientific, 23225). Proteins were reduced with 5 mM tris

(2-carboxyethyl) phosphine (TCEP) at 30�C for 60 min. Subsequently, protein lysates were alkylated with 15 mM iodoacetamide

(IAA) in the dark at room temperature for 30 min. Next, 50 mM ammonium bicarbonate was added to dilute urea to 1 M, and protein

lysates were mixed with ammonium bicarbonate and digested with mass spec-grade trypsin/Lys-C mix (1:25 enzyme/substrate ra-

tio) overnight. The digested samples were loaded onto AssayMap reverse-phase resin small pore (C18) cartridges on an Agilent

AssayMap Bravo platform. Samples were acidified with 0.1% formic acid (FA) and peptides were eluted with 60% acetonitrile

(ACN) and 0.1% formic acid. Finally, the organic solvent was removed in a SpeedVac concentrator.

Prior to LC-MS/MS analysis, dried peptides were reconstituted with 2%ACN, 0.1% FA and concentration was determined using a

NanoDropTM spectrophometer (ThermoFisher). Samples were then brought to the same concentration and spiked with iRT (Bio-

gnosys). The samples were analyzed by LC-MS/MS using a Proxeon EASY-nanoLC system (ThermoFisher) coupled to an Orbitrap

Fusion Lumosmass spectrometer (Thermo Fisher Scientific). Peptides were separated using an analytical C18 Aurora column (75mm

x 250mm, 1.6 mmparticles; IonOpticks) at a flow rate of 300 nL/min (60�C) using a 118-min gradient: 2% to 6%B in 1min, 6% to 23%

B in 72min, and 23% to 34%B in 45min (A=0.1%FA; B=80%ACN: 0.1%FA). Themass spectrometer was operated in positive data-

independent acquisition mode. MS1 spectra were measured in the Orbitrap in a mass-to-charge (m/z) range of 350 – 1100 with a

resolution of 120,000 at 200 m/z. Automatic gain control target was set to 4 x 105 with a maximum injection time of 50 ms. The in-

strument was set to fragment (HCD) 56 x 10m/z precursor isolation window DIA spectra with a 0.5 m/z window overlap, ranging from

400 to 900 m/z (15,000 resolution, normalized AGC target 500% and maximum inject time 20 ms). All samples were acquired using

block randomization to avoid bias.

TMT proteomics for cell samples

K562 cells were plated in 10-cm dishes andmaintained in 21% or 50%O2 for 6 days. Equal number of cells were harvested and were

flash frozen with liquid nitrogen. Three independent biological replicates were collected. Cell samples were lysed and processed with
e3 Molecular Cell 83, 1–19.e1–e9, March 16, 2023
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the same protocol above. Following drying, equal amounts of peptides were used for TMT labeling using a TMT-to-peptide ratio of

3:1. Peptides were reconstituted directly in 50% ACN in 50 mM HEPES (pH 8.5) containing one of the TMT tags from the TMT10plex

reagent (Thermo Fisher). Labeled peptide samples were then pooled and dried using a SpeedVac system and subsequently recon-

stituted in 0.1% FA for desalting using a C18 TopTip (PolyLC, Columbia, MD) according to the manufacturer’s recommendation. The

organic solvent was removedwith a SpeedVac system. Dried pooled sample was reconstituted in 20mMammonium formate pH�10

and fractionated using aWaters Acquity BEH C18 column (2.1 x 15 cm, 1.7 mmpore size) mounted on anM-Class Ultra Performance

Liquid Chromatography (UPLC) system (Waters). Peptides were then separated using a 35-min gradient: 5% to 18%B in 3 min, 18%

to 36%B in 20min, 36% to 46%B in 2min, 46% to 60%B in 5min, and 60% to 70%B in 5min (A=20mMammonium formate, pH 10;

B = 100%ACN). A total of 36 fractions were collected and pooled in a non-contiguousmanner into 18 total fractions. Pooled fractions

were dried in a SpeedVac concentrator prior to mass spectrometry analysis.

Dried peptide fractions were reconstituted with 2% ACN, 0.1% FA and analyzed by LC-MS/MS using a Proxeon EASY nanoLC

system (Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). Peptides

were separated using an analytical C18 Aurora column (75 mm x 250 mm, 1.6 mm particles; IonOpticks) at a flow rate of 300 ml/

min using a 75-min gradient: 1% to 6% B in 1 min, 6% to 23% B in 44 min, 23% to 34% B in 28 min, and 27% to 48% B in 2 min

(A= FA 0.1%; B=80% ACN: 0.1% FA). The mass spectrometer was operated in positive data-dependent acquisition mode. MS1

spectra were measured in the Orbitrap with a resolution of 60,000 (AGC target: 4e5; maximum injection time: 50 ms; mass range:

from 350 to 1500 m/z). The instrument was set to run in top speed mode with 3 s cycles for the survey and the MS/MS scans. After

a survey scan, tandemMSwas performed in the Ion Routing Multipole HCD-Cell on the most abundant precursors by isolating them

in the quadrupole (Isolation window: 0.7 m/z; charge state: + 2-7; collision energy: 35%). Resulting fragments were detected in the

Orbitrap at a resolution of 50,000 (First mass: 110 m/z; AGC target for MS/MS: 1e5; maximum injection time: 105 ms). The dynamic

exclusion was set to 20 s with a 10 ppm mass tolerance around the precursor and its isotopes.

Generation of CRISPR KO and inducible CRISPRi cell lines
The plasmid containing lentiCRISPRv2 backbone (AddGene #52961) was digested and ligated with sgRNAs (Table S6) as previously

described.107 The CRISPRi backbone plasmid was a gift from the Martin Kampmann Lab at UCSF. The backbone plasmid was di-

gested and ligatedwith sgRNAs (Table S6). Lentiviruseswere generated by co-transfecting HEK293T cells (ATCCCRL-3216) with the

packaging plasmids pVSVg (AddGene 8454) and psPAX2 (AddGene 12260). Transduction was performed by spinfection as

described previously36 inWT K562 for CRISPR KO and K562 expressing dCas-KRAB fusion protein for CRISPRi. Cells were selected

in culture media containing puromycin (2 mg/mL) for 2 days.

For CRISPRKO, theCas9-induced double-strand breaks are known to induce non-homologous end joining (NHEJ) which results in

random indels; therefore, the knockout cells likely consist of a heterogeneous mixture of mutants, including hypomorphs. To avoid

enriching for hypomorphic mutants, all experiments with pools of knockouts were performed within 18 days post spinfection.

Western blotting
For protein extraction, K562 cells and lung tissues were lysed with ice-cold RIPA buffer (ThermoFisher PI89901) supplemented with

cOmplete Protease Inhibitor Cocktail (Roche). Lung tissues were homogenized using the Qiagen Tissue Lyser II (30 Hz, 1 min) and

steel beads (Qiagen) in RIPA buffer, followed by sonication. Equal amounts of protein (20-30 mg) were mixed with 6X Laemmli SDS

sample buffer (Fisher Scientific, AAJ61337AD). Samples were boiled at 95�C for 5 min. Protein lysates were loaded on SDS-PAGE

gels (Bio Rad Mini-PROTEAN� TGX�) and run at constant voltage. Proteins were transferred onto PVDF membranes using Trans-

Blot Turbo (Bio Rad, 1704157) according to the manufacturer’s instructions. Membranes were blocked with 2% non-fat milk (Gen-

esee Scientific Corporation 20-241) in TBST (Fisher Scientific 28360) for 1 hr at RT on a rocker. The membranes were probed with

primary antibodies overnight at 4�C. The corresponding secondary antibodies were applied to the membranes in 5% non-fat milk for

1 hr at RT. The antibodies and concentrations are listed in Table S6. Bands were visualized using ECL (Fisher Scientific PI32106) ac-

cording to the manufacturer’s instructions. All experiments were conducted in biological triplicates. One representative western blot

is shown for each experiment.

Antioxidant treatment and superoxide measurement
MnTBAP (Millipore Sigma, #475870) was dissolved in 75 mM NaOH. K562 cells were treated with various doses of MnTBAP. The

maximal tolerated concentration (500 mM) was chosen for superoxide measurement.

MitoSOX Red (Thermo Fisher M36008) was dissolved in DMSO, stock 2.5 mM. Cells were exposed to 21 or 50%O2with or without

500 mM MnTBAP for up to 3 days. Equal number of cells were resuspended in basal media with or without MnTBAP. MitoSOX was

added to each solution for a final concentration of 5 mM and incubated at 37�C for 20 minutes. DHE (Thermo Fisher D11347) was

dissolved in DMSO, stock 5mM. Cells were exposed to 21 or 50%O2with or without 500 mMMnTBAP for up to 3 days. Equal number

of cells were pelleted for each condition. Cells were resuspended in basal media with or without MnTBAP. DHE was added to each

solution for a final concentration of 10 mM and incubated at 37�C for 60 minutes.

Rotenone was used a positive control for both experiments. Cells were washed with HBSS without phenol red (Thermo Fisher,

#14025076) twice, transferred to flow cytometry tube through 35 mm cell strainer, and kept on ice in the dark. Both MitoSOX and

DHE signals were measured via flow cytometery with 405 nm excitation and 610 +/- 20 nm emission using 600LP LongPass mirror.
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10K eventsweremeasured in technical duplicate. All reagents were pre-equilibrated in 21%and 50%O2 prior to use in the assay. The

cells in 50% O2 were cultured and handled in a glove box with gas control for all steps until transferred to flow cytometry tubes.

ADP-ribosylation assay
The assay was performed as previously described66,67 with modifications. Diphtheria toxin (DT) (Millipore Sigma, D0564) was mixed

9:1 with 10 mg/ml trypsin (Sigma-Aldrich T7168, in H2O) for 15 min, resulting in nicking of full-length DT (1 mg/ml). The reaction was

stopped with saturated cOmplete Protease Inhibitor Cocktail solution (Sigma-Aldrich 11697498001, 1 tablet/ml dissolved in H2O).

K562 cells with DPH1 KO, DPH2 KO or Dummy sgRNAweremaintained in 21%or 50%O2 incubators for 6 days. Upon harvesting,

cells were lysedwith RIPA buffer (ThermoFisher PI89901) supplementedwith cOmplete Protease Inhibitor Cocktail. Lung tissues har-

vested from mice exposed to room air or 80% O2 for 5 days were homogenized using the Qiagen Tissue Lyser II (30 Hz, 1min) and

steel beads (Qiagen) in RIPA buffer supplemented with cOmplete Protease Inhibitor Cocktail, followed by sonication. Following lysis,

the protein extract from cells or tissues (200 mg) was mixed with 2 mg nicked diphtheria toxin in ADP-ribosylation buffer (20 mM Tris-

HCl, pH 7.4; 1 mM EDTA; 50 mM Dithiothreitol) with 10 mM 6-Biotin-17-NAD (Trevigen 4670-500-01, 250 mM) in a total volume of

120 ml. The mixture was incubated at 25�C for 30 min. The reaction was stopped with 6X SDS sample buffer. Samples were boiled

for 5 min. Both in vitro and in vivo experiments were performed in biological triplicates.

Diphtheria toxin (DT) sensitivity assay
K562 cells with DPH1 KO, DPH2 KO, or Dummy sgRNAwere plated at 1 x 105 cell/ml in 10-cm dishes andmaintained in 21% or 50%

O2 incubators for 6 days. The cells were passaged on day 3 to prevent confluency. Cells were treated with DT (Sigma D0564) for

3 days in their corresponding oxygen levels. Cell numbers were determined by CellTiter-Glo (Promega G7573) according to the man-

ufacturer’s instructions. Experiments were performed in 3 independent biological replicates.

Translational fidelity assay
Dummy cells (with 6-day pre-treatment under 21% or 50% O2), DPH1 KO, and DPH2 KO were plated into 12-well plates. The cells

were transfectedwith theHIV-1 or Ty1 expression vectors shown in Figure 4F using Lipofectamine LTX (Life Technologies, 15338100)

according to the manufacturer’s instructions. The cells were incubated in their corresponding oxygen conditions for 48 hr. The cells

were harvested, washed with DPBS, and resuspended in 160 ml DPBS at room temperature. Equal volumes of cell suspension were

plated into opaque 96-well assay plates in duplicate. The firefly and luciferase luminescence were measured using the Dual-Glo

luciferase assay (Promega E2920) according to the manufacturer’s instructions. The ratios of firefly to renilla luminescence were

calculated to quantify ribosomal translational frameshifts. The experiment was performed in 6 independent biological replicates.

Methotrexate treatment
Dummy and PPAT KO cells were generated from K562 cells with the sgRNA sequences listed in Table S6. Dummy cells were pre-

treated with 21% or 50%O2 for 6 days. Cells were seeded on opaque clear-bottom 96-well plates at a starting density of 1 x 104 cell/

ml. Methotrexate hydrate (Sigma-Aldrich, A6770) was dissolved in 1M NaOH and then diluted with DPBS. Cells were treated with

methotrexate for 3 days under normoxia (21% O2) or hyperoxia (50% O2). Cell viability was determined by CellTiter-Glo (Promega

G7573) according to the manufacturer’s instructions. The experiment was performed in 3 independent biological replicates.

Metabolomics
Dummy cells were plated at 1 x105 cell/ml and subjected to 6-day exposure of 21% or 50% O2. PPAT KO cells were collected 7-

9 days after infection. Equal number of cells from 4 independent biological replicates were collected. Lung tissues were harvested

from C57BL/6J mice exposed to room air or 80% O2 for 5 days. Samples were flash frozen in liquid nitrogen.

Metabolomics was performed byMsOmics (Vedbaek, Copenhagen). The samples were split equally and dried under nitrogen flow

for the measurements of polar and semi-polar metabolites. The analysis was performed using a Thermo Scientific Vanquish LC

coupled to Thermo Q Enactive HFMS. The metabolites were ionized by an electrospray ionization interface. The data were acquired

from both positive and negative ion modes. UPLC for polar and semi-polar metabolites was carried out using protocols slightly modi-

fied from Hsiao et al. and Doneunu et al., respectively.71,112 Peak areas were annotated and quantified using Compound Discoverer

3.1 (Thermo Scientific).

Comet cellular DNA damage
Dummy and ERCC2 KO cells were generated from K562 cells with the sgRNA sequences listed in Table S6. As a positive control,

K562 cells were exposed to UV light for 1 hr in a cell culture hood. Male WT mice (n=3 per condition) were exposed to 21% or

80% O2 for 5 days. Mice were sacrificed following isoflurane anesthesia. Single cells from the lung were isolated from the lungs

as described previously.113 The cell pellet was resuspended in ice cold PBS for the comet assay.

Cellular DNA damage was measured by the comet assay in alkaline solution according to the manufacturer’s instructions (Abcam

238544). The slides for in vitro and in vivo samples were imaged with a Nikon Spinning Disk epifluorescent microscope and a Zeiss

Observer Z1 inverted fluorescent microscope, respectively. At least 35 randomly selected nucleoids were analyzed per in vitro sam-

ple and at least 150 nucleoids were analyzed per mouse sample using Comet Score 2.0 software. Data are presented as percent of
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DNA in the comet tail; the intensity of the comet tail relative to the comet nucleoid head indicates the extent of DNA damage, including

DNA single- and double-strand breaks, alkali labile DNA adducts, and themajority of apurinic/apyrimidinic sites. The experiment was

performed in 3 independent biological replicates.

Nucleotide excision repair (NER) efficiency
TheNER efficiency assaywasmodified from the host cell reactivation assay.79 The pGL3 vector (Promega E1751) was diluted in ster-

ile water and subjected to various degrees of UV irradiation (0-7500 mJ/cm2 x 100) to induce DNA damage using the Stratalinker UV

Crosslinker Model 2400 (265-nm UV light bulb). 200 ng of DNA was amplified by PCR (Ex Taq DNA polymerase, Takara Bio) and run

on an 1% agarose gel to verify UV-induced damage of the plasmid. The vector irradiated at 1500 mJ/cm2 x 100 was used for the

following experiments.

K562 cells (dummy under 21% O2, dummy under 6 days 50% O2 exposure, and sgERCC2 under 21% O2) were transfected in

6-well plates. On the day of transfection, 5 x 105 cells were plated in growth medium without antibiotics. 4.5 mg of the pGL3 reporter

vector and 0.5 mg of the pSV b-galactosidase vector (Promega E1081) weremixedwith 500 mLOpti-MEM I reduced serummedia (Life

Technologies, #31985062). Undamaged pGL3 plasmid DNA was used as a positive control for each sample. The PLUS reagent

(Thermo Fisher 15338100, 5 mL) was added and the resulting mixture was incubated for 10 min at RT. For each well of cells, Lipofect-

amine LTX (Thermo Fisher 15338100, 13.75 mL) was added into the diluted DNA solution and the mixture was incubated at RT for 25

min to form DNA-lipofectamine LTX complexes. The resulting complexes were added to each well. Cells were incubated at 37�C for

48 hours post-transfection.

Cell pellets were resuspended in 1X Reporter Lysis Buffer (Promega E4030). The luciferase activities were quantified according to

the manufacturer’s instructions. To quantify the expression of b-galactosidase, the cell lysates were mixed with breaking buffer

(0.2 M Tris-HCl, 0.2 M NaCl, 0.01 M Mg acetate, 0.01 M 2-mercaptoethanol, 5% glycerol, pH 7.6), Z buffer (0.06 M Na2HPO4,

0.04 M NaH2PO4, 0.01 M KCl, 0.001 M MgSO4, 0.05 M 2-mercaptoethanol, pH 7.0) and 4 mg/mL o-Nitrophenyl-b-D-galactosidase

(ONPG) in milli-Q H2O as previously described.79 The resulting mixtures were incubated at 28�C until the solution turned visibly yel-

low. The absorbance was measured at 420 nm at the same time for all samples. The experiment was performed in 3 independent

biological replicates.

To calculate the relative transcription-coupled repair (TCR) capacities, the luciferase RLU was divided by the b-galactosidase

expression to correct for transfection efficiency. TCR was quantified by dividing TCR capacities of damaged wells to undam-

aged wells.

Mitochondrial respiration of K562 cells
K562 cells were exposed to 21% or 50%O2 for 2, 4, and 6 days. Cell-Tak (25 mg/mL) was added to the Seahorse XFe96 Cell Culture

Plates to optimize cell adherence. Prior to the assay, 1.20 x 105 cells were plated per well. The plates were centrifuged at 600 x g for 5

min at 4�C. The assay media was composed of DMEM Powder (Sigma, D5030), 5 mM HEPES, 30 mM NaCl, 0.3 mg/L Phenol Red,

8 mM glucose, 2 mM pyruvate, and 0.2 mM glutamine (pH 7.4). Port A of the Seahorse XFe96 Sensor Cartridges was loaded with

oligomycin (final conc. = 1.5 mM). Both ports B and C were loaded with FCCP (final conc. = 0.6 mM). Port D was loaded with piericidin

A and antimycin A (final conc. = 1 mM for both). The experiment was performed in 3 biological replicates and 10 technical replicates.

Basal and maximal respiration were calculated by subtracting piericidin/antimycin-insensitive respiration:

BasalOCR = averageðOCRBaselineÞ � min
�
OCRðPiericidin+AntimycinÞ

�

MaximalOCR = maxðOCRFCCPÞ � min
�
OCRðPiericidin+AntimycinÞ

�

qPCR
RNA was extracted from K562 cells with TRIzol Reagent (Thermo Fisher, 15596026) or RNeasy Mini Kit (Qiagen, 74104), and was

reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, 205311) according to the manufacturer’s instructions.

The qPCR reactions were performed using gene-specific qPCR primers (Table S6C) and Maxima SYBR Green/ROX qPCR Master

Mix (Thermo Fisher, K02222) on the QuantStudio 5 real-time PCR machine (Applied Biosystems). Relative gene expression was

calculated using the delta-delta Ct method. Expression of all genes was normalized to expression of the housekeeping gene,

HPRT1. The experiments were performed in 3 biological replicates and 3 technical replicates.

Protein depletion mechanisms
For the cycloheximide (CHX) assay, cells were treated with 50 mg/ml CHX (Neta Scientific, RPI-C81040-1.0) for 0, 1, 2, or 3 days at

37�C under 21% or 50% O2. For the proteasome and autophagy inhibition experiments, to avoid cell toxicity, cells were pretreated

with different O2 tensions prior to the drug treatment. More specifically, cells were first exposed to 21% or 50%O2 for 36 hr and then

treated with bortezomib (Sigma-Aldrich 5043140001) or Bafliomycin A1 (Sigma-Aldrich 19-148) under respective oxygen tensions for

12 hr.
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For the inducible CRISPRi experiments, cell lines with dummy or sgRNAs were pre-treated with 100 nMdoxycycline for 48 hr. Sub-

sets of cells were harvested for qPCR to validate the KD. The rest of the cells were replated and subjected to 21%or 50%O2 for 72 hr.

The concentration of doxycycline was adjusted to 100 nM daily assuming a half-life of 24 hr.

Lung pathology
Age-matched male C57Bl/6 mice were exposed to room air (21% O2) or hyperoxia (80% O2). Mice (n = 3 for each condition) were

euthanized by CO2 inhalation followed by cervical dislocation. Ndufs4 KO and control mice were exposed to 50% O2 for 48 hrs.

The lungs were perfused via the right ventricle with ice cold PBS for 2 mins. The lungs were inflated with 1 ml of 4% PFA. The

lung tissues were fixed in 4% paraformaldehyde (Thermo Fisher, 50-980-495) at 4�C overnight, washed with ice cold PBS, and

then placed in 30% sucrose solution at 4oC for 2-3 days. The lung tissues were blocked in OCT and frozen immediately at -80�C.
H&E staining was performed by the Core Histology Facility at Gladstone Institutes (San Francisco, CA, USA) or UCSF Histology

Core (San Francisco, CA, USA).

Evans blue dye extravasation
Mice were anesthetized with isoflurane. 50 mL of Evans blue dye (30mg/ml in 0.9% normal saline; Sigma-Aldrich E2129) was injected

into the retro-orbital sinus. Themicewere sedated for 20mins under isoflurane.Micewere then sacrificed. The lungswereperfused via

the right ventricle with ice-cold PBS for 1 min. The entire right lung was carefully removed and weighed. The entire left lung was care-

fully removed and weighed, then flash frozen in liquid nitrogen. The right lung was placed in a heat block at 60�C for 24 hrs and re-

weighed to obtain the dry weight and to calculate the wet:dry ratio. In order to quantify the Evans blue dye from the left lung, 250

mL of formamidewas added to the lung sample and placed in an orbital shaker, 300 rpmat 30�Covernight. The tubeswere centrifuged

at 5000 x g x 10 mins and the supernatant was removed. The supernatant was quantified using a 96 well microplate, absorbance

OD620 nm.

Lung immunofluorescence
Age-matchedmale C57Bl/6mice exposed to room air (21%O2) or hyperoxia (80%O2) were euthanized by isoflurane followed by cer-

vical dislocation (n = 3 for each condition). Lung tissues were perfused with ice-cold PBS for 1 min, followed by 4% PFA in PBS for 1

min. Lung tissues were inflated with 1 mL 4% PFA and immersed in 4% PFA for 1 hr at room temperature. Lung tissues were then

washed with ice-cold PBS twice, and coated with 30% sucrose in PBS for 5 min. The tissues were injected with 1 mL of OCT

each, mounted in OCT, and frozen at -80�C. Tissue were cut at 10 mm per section using a cryostat.

Tissue slides were immersed in pre-heated R&D System Antigen Retrieval Reagent Basic (R&D System 950510) for 20 min in a

Coplin jar in a water bath at 95�C for antigen retrieval. Following a wash with PBS, slides were incubated in permeabilization buffer

(1% donkey serum, 0.1% Triton X-100 in PBS) for 10 min, and blocked with blocking buffer (1% BSA, 5% donkey serum in PBS) for

1 hr at room temperature. Tissue sections were incubated with primary antibodies (Table S6) in the incubation buffer (1% BSA, 1%

donkey serum, and 0.01% sodium azide in PBS) overnight at 4�C in a dark humidified chamber and with secondary antibodies

(Table S6) in the incubation buffer for 1 hr at RT in the dark. To minimize the background signal, the sections were bathed with 1X

TrueBlack� Lipofuscin (Biotium 23007) for a few seconds. Tissue sections were mounted with an anti-fade mounting media (Vector

Laboratories H-1200). Staining was visualized using a fluorescence microscope.

Lung tissue PO2 measurement
MaleC57Bl/6micewere exposed to normoxia (21%O2) or hyperoxia (80%O2) for 3 or 5 days.Male and femaleNdufs4KOand control

mice were exposed only to normoxia and experiments were performed at p35-40. Mice from different groups were randomized at the

timeof lung tissuePO2measurements.Micewereanesthetizedwith isoflurane (inductionat 2-4%,maintenanceat 0.5-2%)andplaced

on an intubation platform (Kent Scientific). Mice were endotracheally intubated, moved to a flat surface, and mechanically ventilated

with theMiniVent Type 845 (Hugo Sachs Electronik, Harvard Apparatus). The stroke volumewas set to 250 mL and the ventilation rate

was set to 150 strokes/min. The FiO2was set to 1.0 (100%O2) at timeof intubation.Once successful intubation and adequate sedation

were verified, FiO2 was reduced to 0.8. Left thoracotomy was performed to expose the lower portion of the left lung. Lung PO2 levels

weremeasuredwith a 100mm-diameter PO2 probe (UnisenseOX-100-011893, Denmark). The probewaspolarized for at least 2 hours

prior to the experiments. The probe was calibrated in anoxic solution (0 mmHg) and atmospheric O2 solution (160 mmHg), and mea-

surements were obtained inmV. The probe was positioned in amicromanipulator and inserted into the left lower lobe.Measurements

were obtainedwith themice ventilated at different FiO2 targets (0.3 – 0.8). Eachmeasurement was recorded after the readingwas sta-

ble for 30 seconds. During each measurement, the depth of anesthesia was reduced by lowering the isoflurane concentration to 0.5-

1% to minimize the impact of anesthesia on lung PO2. The mice were sacrificed following the experiment.

ETC activity in lung tissues
C57Bl/6 mice were housed in normoxia (21%) or hyperoxia (80%) (n = 3 for each treatment group). Mice were euthanized with iso-

flurane and cervical dislocation. Lung tissues were immediately harvested and placed on ice. Mitochondria were isolated from lung

tissues within 1.5 hours of lung tissue harvest. Mitochondrial isolation buffer (MSHE) was composed of 70 mM sucrose, 210 mM

mannitol, 5 mM HEPES, 1 mM EGTA, and 0.5% (w/v) fatty acid-free BSA (pH 7.2). Tissues were homogenized with Dounce cell
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homogenizer. The nuclear fractionwas removed following centrifugation at 1,000 x g for 10min at 4�C. To isolatemitochondria, tissue

lysate was centrifuged at 20,000 x g for 10 min at 4�C. The isolated mitochondria were resuspended with MSHE and the protein con-

centration was quantified using the Pierce� Rapid Gold BCA protein assay kit (Thermo Scientific A53225).

Enzymatic activities of mitochondrial ETC Complexes I, II, and IV were measured using the Seahorse XF96 Analyzer. Equal

amounts of mitochondria (7.5 mg) were plated on Seahorse cell culture plates. Plates were centrifuged at 2,000 x g for 10 min at

4�C. The assay media was composed of 1 X MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2mM

HEPES, and 1 mM EGTA), 10 mg/mL Cytochrome c, and 10 mg/mL alamethicin (pH 7.4). The assay media was pre-warmed at

37�Cand added to the culture plate prior to the assay. Tomeasure the activity of ETCComplex I, Port A of the Seahorse XFe96 sensor

cartridge was loaded with NADH (final concentration = 1.43 mM). To measure the activity of ETC Complex II, Port A of the cartridge

was loaded with succinate (final concentration = 1.43 mM) and piericidin A (final concentration = 0.29 mM). Port B was loaded with

piericidin A (final concentration = 2.5 mM) and antimycin A (final concentration = 5.0 mM). To measure Complex IV activity, Port C was

loaded with ascorbic acid (final concentration = 1.11 mM) and N,N,N0,N0-tetramethyl-p-phenylenediamine (TMPD, final concentra-

tion = 0.56 mM). Port D was loaded with azide (final concentration = 50 mM). Each sample had 5 technical replicates. Oxygen con-

sumption rates (OCR) were measured 3 times following each injection.

Enzymatic activities of Complexes I and II were calculated by subtracting theminimal OCR following the injection of azide, from the

maximal OCR following the injections of the respective substrates.

Complex I Activity = maxðOCRNADHÞ � minðOCRAzideÞ
Complex II Activity = maxðOCRSuccinate+PiericidinÞ � minðOCRAzideÞ

QUANTIFICATION AND STATISTICAL ANALYSIS

CRISPR screen analysis
First, raw sequencing reads from next-generation sequencing were aligned and quantified using the MAGeCK algorithm.47 Second,

the data were analyzed using a maximum likelihood estimate (MAGeCK-MLE) to compute the gene essentiality under perturbation

(50% O2) and control (21% O2) conditions.
108 We used MAGeCK-MLE to model both conditions and passage numbers to estimate

the effects of perturbation and control on sgRNA abundance as beta scores. To account for different proliferation rates under the two

conditions, we normalized the beta scores with a list of 625 core essential genes.47 The genes were ranked based on differential gene

essentiality (Db = bHyperoxia � bNormoxia). Genes with Db>averageðDbÞ+ 23SDðDbÞ were considered ‘‘buffering genes.’’ Genes with

Db<averageðDbÞ � 23SDðDbÞ were considered ‘‘sensitizing genes.’’ Pathway enrichment analysis was performed using the ‘Enri-

chAnalyzer’ function and the hypergeometric test in the R package MAGeCKFlute.47 Buffering and sensitizing genes were mapped

against the Gene Ontology database.114

TMT proteomics data analysis
For the TMT proteomics, the mass spectra were analyzed with MaxQuant software (1.5.5.1). MS/MS spectra were annotated using

the UniProt protein sequence database and GPM cRAP sequences (retrieved in January 2020). The mass tolerance for the precursor

mass and product ions was set to 4.5 ppm and 0.5 Da, respectively. Themaximumprecursor ion charge state was set to 7. The cutoff

for the target-decoy-based false discovery rate (FDR) was set to 1% to filter spectrum and protein with low confidence.

The protein abundance was median normalized and was log2-transformed to stabilize the variance. Next, the means for each pro-

tein were compared with the unpaired t-test (Python SciPy v1.5.0) and the adjusted p-values were computed with the Benjamini-

Hochberg method (Python statmodels v0.12.2).

DIA proteomics data analysis
For the label-free proteomics in mouse lung tissues, raw files were processed with SpectronautTM (Biognosys, v14.9.201124.47784)

software using directDIA mode against a curated mouse Uniprot proteome without isoforms (17,027 entries, retrieved in January

2020) with standard settings with some modifications. The IDPicker algorithm was picked for protein inference.

Spectronaut-obtained feature intensities were log2-transformed and loess-normalized to account for systematic errors. Differential

expression analysis was performed using unpaired t-test (Python SciPy v1.5.0).

Metabolomics data analysis
The abundance of metabolites in K562 cells was normalized by cell count. A total of 476 uniquemetabolites were quantified in cells. If

the same metabolites were detected following polar and semi-polar extraction methods, the results with higher means across all

samples were used for downstream analyses. For lung metabolomics, a total of 158 metabolites were quantified. The normalized

abundance was log2-transformed. The means for each metabolite across conditions were compared with the unpaired t-test, and

the adjusted p-values were computed with the Benjamini-Hochberg method.
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For the PCA analysis, the normalized metabolite abundance was scaled and the PCA was performed using the Scikit-learn pack-

age (v0.24.1) in Python. The number of dimensions was set to 3. Enrichment analysis was performed with theMetaboAnalyst 5.0 web

server.109 The metabolites that were significantly enriched or depleted in both dummy 50% O2 and sgPPAT were compared to the

KEGG database using the overrepresentation test.

CRISPR screen comparisons
The top 500 buffering genes in our hyperoxia genome-wide CRISPR KO screen were compared to the top 500 buffering genes from

the previously published genome-wide CRISPRKO screens with hydrogen peroxide81 and ETC inhibitors.80 The hypergeometric test

was performed to compare enrichment of the four pathways. The similarity of the top buffering genes across different perturbations

was represented by the Jaccard index (the size of the intersection divided by that of the union of two gene sets), as well as the number

of overlapping genes.

Statistical analysis for functional assays
Data from the functional assays are reported as mean +/- SEM. All the comparisons between two groups were analyzed using the

unpaired t-test with Welch’s correction. Comparisons of multiple groups were performed with Tukey’s multiple comparisons. The

analyses and plots were generated using GraphPad Prism 9. P-values less than 0.05 were considered statistically significant.
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