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SUMMARY
To maintain mitochondrial homeostasis, damaged or excessive mitochondria are culled in coordination with
the physiological state of the cell. The integrated stress response (ISR) is a signaling network that recognizes
diverse cellular stresses, including mitochondrial dysfunction. Because the four ISR branches converge to
common outputs, it is unclear whether mitochondrial stress detected by this network can regulate mitoph-
agy, the autophagic degradation of mitochondria. Using a whole-genome screen, we show that the heme-
regulated inhibitor (HRI) branch of the ISR selectively inducesmitophagy. Activation of the HRI branch results
in mitochondrial localization of phosphorylated eukaryotic initiation factor 2, which we show is sufficient to
induce mitophagy. The HRI mitophagy pathway operates in parallel with the mitophagy pathway controlled
by the Parkinson’s disease related genes PINK1 and PARKIN and is mechanistically distinct. Therefore, HRI
repurposes machinery that is normally used for translational initiation to trigger mitophagy in response to
mitochondrial damage.
INTRODUCTION

To maintain mitochondrial homeostasis, mitochondrial number

and quality must be monitored and regulated in cells. Mitoph-

agy is an autophagic process whereby excessive or damaged

mitochondria are degraded by hydrolases within the acidic

environment of the lysosome.1,2 The importance of this pro-

cess is indicated by the finding that two genes mutated in in-

herited forms of Parkinson’s disease, PTEN-induced putative

kinase protein 1 (PINK1) and PARKIN (Parkinson’s disease

protein 2 [PARK2]), function together in a key mitophagy

pathway.1,3 It has been suggested that the neurodegeneration

of Parkinson’s disease results from failure of mitochondrial

quality control. For mitophagy to safeguard mitochondrial

quality, the sensing of mitochondrial dysfunction should be

linked to the induction of mitophagy. Much progress has

been made identifying components mediating mitophagy,

but less is known about how cell surveillance systems inter-

sect with mitophagy.

To understand the mechanisms regulating mitochondrial ho-

meostasis, we performed a whole-genome screen to identify

factors regulating mitophagy induced by the iron chelator defer-

iprone (DFP). This screen unexpectedly identified multiple com-

ponents of the integrated stress response (ISR), specifically

those in the heme-regulated inhibitor (HRI) branch. The ISR is a

conserved, cell surveillance system with four branches that

respond to distinct cellular stresses.4 Upon sensing stress,

each branch has a central kinase that inhibits eukaryotic initiation
factor 2 (EIF2) by phosphorylating its a subunit. The resulting

reduction in EIF2 activity mediates two outputs: reduction of

global protein translation and enhanced expression of select

stress proteins. EIF2 is a GTP-binding protein that is a heterotri-

meric complex of subunits a, b, and g. During initiation of mRNA

translation, EIF2 in its GTP-bound state recruits the initiator Met-

tRNAi to the 40S ribosome. At the end of this process, the GTP is

hydrolyzed, and the released EIF2-GDP complex must be reac-

tivated by initiation factor eukaryotic translation initiation factor 2

subunit beta (EIF2B), which functions as a guanine nucleotide

exchange factor (GEF) for EIF2. Phosphorylation of the a subunit

of EIF2 by the ISR kinases causes EIF2 to change from a sub-

strate to a competitive inhibitor of EIF2B. Phosphorylated EIF2

(p-EIF2) binds strongly to EIF2B, thereby sequestering the latter

in an inhibited complex. The HRI and general control non-dere-

pressible 2 (GCN2) branches of the ISR are known to sensemito-

chondrial dysfunction,5–7 but it is unknown whether this detec-

tion is coupled to mitochondrial turnover.

Using a CRISPRi screen, we found that the HRI branch of the

ISR plays a critical role in regulating mitochondrial quality con-

trol. Our analysis indicates that DFP activates the HRI branch

to promote mitophagy. HRI activation results in accumulation

of p-EIF2 on mitochondria, and we show that this localization

is sufficient to trigger mitophagy. Although we identified the

role of HRI in DFP-induced mitophagy, the HRI pathway is an

important component in other forms of mitophagy, including

PINK1/PARKIN-mediated mitophagy and hypoxia-induced

mitophagy.
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Figure 1. CRISPRi screen identifies HRI com-

ponents as mitophagy factors

(A) Visualization of mitophagy with mito-mKeima.

Ratiometric imaging was used to detect mitochon-

dria in acidic compartments in HeLa cells express-

ing mito-mKeima. Red mitochondria have a high

acidic/neutral ratio. Scale bars, 10 mm.

(B) Quantification of mitophagy in mito-mKeima-

expressing K562 cells by analysis of the mKeima

acidic/neutral ratio with flow cytometry. Bafilomycin

A1 (BFA1) was used to block mitophagy.

(C) Workflow of the CRISPRi screen. Cells harboring

the CRISPRi library were treated with DFP to induce

mitophagy, and cells showing the 25% lowest and

highest levels of mitophagy were collected for

sgRNA analysis by deep sequencing.

(D) Volcano plot of sgRNAs from mitophagy screen.

For each sgRNA, the phenotype effect size is

plotted on the x axis and the p value on the y axis.

The dotted line indicates the threshold for hits based

on an integrated score for effect size and p value.9

Hits of interest are highlighted in magenta and

labeled.

(E) Confirmation of hits from mitophagy screen.

Flow cytometry of mito-mKeima was used to

quantify DFP-induced mitophagy after expression

of sgRNA against indicated genes (NT, non-target-

ing; mean ± SD, n R 4). The following p value des-

ignations are used in all figures: ****p% 0.0001; ***p

% 0.001; **p % 0.01; *p % 0.05; ns, p R 0.05.

See also Figure S1 and Table S1.
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RESULTS

The ISR is essential for DFP-induced mitophagy
The iron chelator DFP strongly induces mitophagy indepen-

dently of the PINK1/PARKIN pathway.8 We used a CRISPRi li-

brary screen9–11 to systematically identify factors required for

DFP-mediated mitophagy. K562 cells were engineered to ex-

press mito-mKeima, a mitophagy reporter residing in the mito-

chondrial matrix.12,13 mKeima is a pH-sensitive fluorophore dis-

playing a bimodal excitation spectrum, with excitation at the

440 nm peak predominant above pH 6 and excitation at the

586 nm peak predominant below pH 5, as in the lysosome (Fig-

ure S1A). Induction of mitophagy was readily detected in mito-

mKeima expressing cells after DFP treatment, by both fluores-

cence microscopy and flow cytometry (Figures 1A and 1B). As

expected, bafilomycin A1 (BFA1), an inhibitor of the H+-ATPase,

blocked mitophagy (Figure 1B). With flow cytometry, mitophagy

could be quantified at the single-cell level by dual excitation, ra-

tiometric imaging of mito-mKeima.12,13 DFP caused a dose-

dependent increase in cells with a high acidic/neutral ratio,

rising to �40% mitophagy at 1 mM DFP (Figure S1B). This

mitophagy was indeed triggered by loss of iron availability
2 Molecular Cell 84, 1–11, March 21, 2024
because it was abrogated by addition of

haemin, a porphyrin that coordinates Fe3+

(Figure S1C).

After transduction of the CRISPRi single

guide RNA (sgRNA) library, DFP-treated

cells containing the bottom and top 25%
mitophagy levels were isolated by fluorescence-activated cell

sorting (FACS), and the sgRNAs in those two populations were

quantified by deep sequencing to identify genes potentially

acting as positive and negative regulators of mitophagy, respec-

tively (Figure 1C). Notably, the bottom population showed

enrichment of sgRNAs for several components of the ISR

pathway,4,14 including HRI (also called EIF2AK1, eukaryotic

translation initiator factor 2 alpha kinase), DAP3-binding cell

death enhancer 1 (DELE1), overlapping with them-AAA protease

1 homolog (OMA1), and ATP-binding cassette sub-family B

member 7 (ABCB7, mitochondrial) (Figure 1D; Table S1). Previ-

ous studies showed that mitochondrial stress causes the mito-

chondrial metalloprotease OMA1 to cleave the intermembrane

space protein DELE1, generating a short fragment (S-DELE1)

that is released from mitochondria to activate the HRI kinase

(Figure 2A).6,7 HRI phosphorylates the EIF2a subunit of the

trimeric translation initiation factor EIF2. p-EIF2 promotes the

ISR, causing downregulation of general protein translation and

upregulation of transcriptional regulators like activating tran-

scription factor 4 (ATF4), activating transcription factor 3

(ATF3), and CCAAT/enhancer-binding protein (CHOP; also

known as DNA damage-inducible transcript 3 [DDIT3]) to induce



Figure 2. Iron chelation induces HRI, but mi-

tophagy does not require ATF4

(A) A cartoon depicting the HRI branch of the ISR.

Upon mitochondrial stress, the OMA1 metal-

loprotease cleaves DELE1 to generate a cleaved

fragment (S) that is released from mitochondria

and activates the kinase activity of HRI. HRI

phosphorylates EIF2a and causes EIF2 to form an

inhibited complex with its guanine nucleotide ex-

change factor EIF2B. Due to this depletion of

EIF2B activity, EIF2-GDP (labeled ‘‘D’’) cannot

be converted to its active GTP-bound state

(labeled ‘‘T’’).

(B) Induction of ISR by DFP. Control K562 cells

and DFP-treated cells were analyzed by western

blotting for the indicated proteins. b-ACTIN is the

loading control.

(C) Volcano plot of the genome-wide CRISPRi

screen indicating HRI (magenta) versus other key

factors (black) of the ISR.

(D) Effect of ATF4 knockdown on DFP-induced

mitophagy. After addition DFP for 24 h, mitophagy

was measured by flow cytometry in K562 cells

(mean ± SD, n = 3).

(E) Effect of translation inhibitors harringtonine

(Htn) and cycloheximide (CHX) on mitophagy.

See also Figure S2 and Table S1.
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a stress response (Figure 2A).4,14 ABCB7 is a mitochondrial iron

exporter required for DELE1 activation during iron chelation.15

Further supporting a role of the ISR, the population containing

highmitophagyshowedenrichmentofsgRNAs for several subunits

of the decameric EIF2B complex (Figure 1D; Table S1). As a gua-

nine nucleotide binding protein, EIF2 activity is dependent on

EIF2B, which functions as its GEF to convert EIF2-GDP to the

form active for translation, EIF2-GTP.4,14 The p-EIF2 is a potent

competitive inhibitor of EIF2B, and therefore ISR induction inhibits

EIF2 activity. Because EIF2B is required for activation of EIF2 and

forms a stable, inhibited complex with p-EIF2,16–18 loss of EIF2B

would prevent cycling of EIF2 into its active, GTP-bound state

and also result in higher levels of uncomplexed p-EIF2. Using indi-

vidual sgRNA knockdowns, we directly confirmed that the

CRISPRi hits within HRI pathway are true positives. Loss of HRI,

DELE1, or OMA1 reduced DFP-induced mitophagy levels, as

measured by flow cytometry of mito-mKeima, whereas loss of

the EIF2B subunits EIF2B3 or EIF2B4 resulted in elevated mitoph-

agy (Figures 1E and S1D–S1F). In addition to the mito-mKeima

assay, we monitored the levels of the mitochondrial inner mem-

brane protein TIMM50 (translocase of inner mitochondrial mem-

brane 50) as another measure ofmitophagy.Western blot analysis

of TIMM50 confirmed that DFP reduced mitochondrial content,

and this effect was reversed by HRI, DELE1, and OMA1 knock-

down (Figures S1G and S1H).

Besides the HRI pathway, our screen identified HIF1a as

important for DFP-inducedmitophagy, consistent with a previous

report (Figure S1I).19 Other hits previously implicated in mitoph-

agy include TOM22 (translocase of outer mitochondrial mem-

brane 22) and RAB7A (Ras-related protein Rab-7a).20,21 We did

not identify any known mitophagy receptors, likely because

such receptors are known to have redundant functions.22 Knock-
down of respiratory chain components (e.g., NDUFS4 and

UQCRB) or other critical mitochondrial proteins (e.g., POLRMT)

caused increased mitophagy, likely because the knockdowns in-

crease mitochondrial dysfunction (Figure S1I).

The HRI branch selectively triggers mitophagy
Given that knockdown of ISR components blocked DFP-

induced mitophagy, we reasoned that DFP treatment likely acti-

vated the ISR. Consistent with this idea, a recent report showed

activation of HRI by iron chelation in HEK293 and HeLa cells.15

We found that mitophagy induction by DFP was associated

with accumulation of both p-EIF2a and ATF4, two signatures

of the ISR (Figure 2B). Knockdown of either DELE1 or HRI

blocked this upregulation of ATF4 (Figure S2A).

ISR induction by phosphorylation of EIF2a results in global

reduction of translation initiation and activation of select tran-

scriptional programs by upregulation of ATF4 (Figure 2A).4,14

However, our CRISPRi screen did not show an effect for

ATF4 or other ISR upregulated genes such as ATF3, CHOP,

and GADD34 (growth arrest and DNA damage inducible 34;

also known as protein phosphatase 1 regulatory subunit 15A

[PPP1R15A]) (Figure 2C). Consistent with this result, we found

that knockdown of ATF4 in K562 cells by sgRNA was ineffec-

tive at preventing DFP-mediated mitophagy (Figures 2D

and S2B). We obtained similar results in HeLa cells. Knock-

down of DELE1, OMA1, and HRI suppressed DFP-induced

mitophagy, whereas knockdown of ATF4 did not (Fig-

ures S2C–S2G).

Because ATF4 is not required for HRI-mediated mitophagy,

we tested the role of reduced translation levels. Cycloheximide

(CHX) has been used in previous reports to mimic ISR-induced

translation reduction.7,23 Treatment of K562 cells with different
Molecular Cell 84, 1–11, March 21, 2024 3



Figure 3. HRI is the only ISR branch that trig-

gers mitophagy

(A) A schematic of the chemical reagents (rect-

angles on left) activating the four branches of the

ISR. Each branch contains a key kinase that

phosphorylates EIF2a to suppress global trans-

lation and activate ATF4 translation. Salubrinal

can also increase p-EIF2a by inhibiting phospha-

tases regulated by GADD34 and CReP.

(B) Mitophagy induction upon BTd and Sal treat-

ment and dependence on HRI. K562 cells were

treated with indicated concentrations of BTd or

Sal for 24 h, and mitophagy was quantified by

flow cytometry (mean ± SD, n = 3).

(C) ISR induction by BTd and Sal. K562 cells were

treated with 10 mM BTd or 10 mM Sal for 24 h, and

the indicated proteins were analyzed by immu-

noblotting. For LC3B, the band labeled II is the

lipidated form that is induced during autophagy.

(D) Suppression of mitophagy by CReP over-

expression. Mitophagy was measured in K562

cells expressing GFP-CReP or control (GFP), after

treatment with the indicated compounds.

(E) Mitophagy levels in K562 cells upon 24 h treatment with reagents that activate distinct branches of the ISR. Bottom, immunoblotting of the corre-

sponding samples for p-EIF2a and b-ACTIN (loading control).

(F) Effect of HRI pathway on Sal-induced mitophagy. K562 cells expressing non-targeting (NT) sgRNA or sgRNA against indicated genes were treated with

vehicle (DMSO) or Sal, and mitophagy levels were quantified by flow cytometry (mean ± SD, n R 4).

See also Figure S3.
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concentrations and durations of CHX did not trigger mitophagy

(Figures 2E and S2H). Harringtonine (Htn), a translational inhibi-

tor that traps the ribosome near the initiation site,24,25 also failed

to trigger mitophagy (Figure 2E). Similar to DFP, both com-

pounds effectively suppressed translation, as indicated by a pur-

omycylation assay (Figure S2I).

Pharmacological activation of HRI with BTdCPU[1-[(Benzo[d]

[1,2,3]thiadiazol-6-yl)-3-(3,4-dichlorophenyl)urea); abbreviated

"BTd") resulted in a dose-dependent increase in mitophagy

that was highly dependent on HRI (Figures 3A and 3B). Treat-

ment of cells with salubrinal (Sal), an inhibitor of the EIF2a phos-

phatases containing the regulatory subunits CReP (constitutive

reverter of eIF2a phosophorylation; also known as protein phos-

phatase1 regulatory subunit 15B [PPP1R15B]) and GADD34,

also caused HRI-dependent activation of mitophagy

(Figures 3A and 3B). Both BTd and Sal treatments were associ-

ated with accumulation of ATF4 and p-EIF2a protein levels, as

well as lipidation of microtubule-associated protein 1 light chain

3 beta (LC3B), a marker for autophagy (Figure 3C). Consistent

with the Sal result, overexpression of its target CReP markedly

suppressed DFP-induced mitophagy (Figures 3D and S3A).

The opposing results with Sal and CReP suggest that the level

of p-EIF2a controls the level of mitophagy. Other drugs that

have been reported to activate the HRI branch (bortezomib,

MG132, and sodium arsenite) also showed mitophagy inducing

activity, although BTd was more effective (Figures S3B

and S3C).

With evidence that the central outputs of the ISR donot regulate

mitophagy, we sought to determinewhethermitophagy is specific

to theHRI branch. There are four ISRbranches, eachcontrolledby

a distinct kinase tailored to sense specific stresses.4,14 Besides

HRI, the other kinases are double-stranded RNA-dependent pro-
4 Molecular Cell 84, 1–11, March 21, 2024
tein kinase (PKR), PKR-like ER kinase (PERK), and GCN2 (Fig-

ure 3A). Responding to different stresses, these kinases all phos-

phorylate EIF2 on serine 51 of the EIF2a subunit to inhibit global

protein synthesis. Pharmacological activation of ISR signaling

can be achieved by increasing the level of EIF2a phosphorylation,

either by activating one of the four EIF2a kinases or by inhibiting

EIF2a dephosphorylation with Sal (Figure 3A). We compared the

HRI activatorBTd todrugs activating the threeother EIF2a kinases

(1H-Benzimidazole-1-ethanol, 2,3-dihydro-2-imino-alpha-[phe-

noxymethyl]-3-[phenylmethyl]-monohydrochloride [BEPP]), PKR;

CCT020312 [(CCT]), PERK; andhistidinol [Hst],GCN2). Thapsigar-

gin (Tg) and tunicamycin (Tun), which are inducers of endoplasmic

reticulum (ER)stress,wereusedasalternativedrugs toactivate the

PERKbranch.Whereas BTd, Sal, andDFP treatment substantially

increased mitophagy, the other EIF2a kinase activators as well as

Tg and Tun did not increase mitophagy over background (Fig-

ure 3E). However, all the ISR inducers were effective in elevating

p-EIF2a, indicating successful induction of the ISR. These

results are consistent with the results from the CRISPRi screen,

which identifiedHRI but noneof the other threeEIF2a kinases (Fig-

ure 2C). Consistent with reports linking these EIF2a kinases with

autophagy,26–29 the inducers all caused increases in LC3B lipida-

tion; however, they failed to induce mitophagy above the control

cells even in the presence of EIF2B knockdown (Figures S3D

and S3E).

Because HRI is the only branch of the ISR capable of inducing

mitophagy, we wondered whether the ability of Sal to induce mi-

tophagy in the absence of DFP was due to basal HRI activity in

K562 cells. We found that HRI knockdown abolished the ability

of Sal to induce mitophagy (Figure 3F). By contrast, knockdown

of DELE1, which mediates elevated levels of HRI activity, did

not reduce Sal-induced mitophagy. In addition, knockdown of



Figure 4. Recruitment of p-EIF2a to mito-

chondria triggers mitophagy

(A) Biochemical localization of p-EIF2a to mito-

chondria after DFP treatment. After the indicated

treatments, K562 cells were lysed, and mitochon-

drial (Mito) and cytosolic fractions (Cyto) were

analyzed by immunoblotting. TOM20,mitochondrial

marker; a-TUB, loading control.

(B) Quantification of p-EIF2a mitochondrial localiza-

tion. Mitochondrial localization was analyzed as in

(A) andquantifiedbydensitometry (mean±SD, n=3).

Values plotted were normalized to control cells.

(C) Immunofluorescent staining of p-EIF2a during

DFP-induced mitophagy. HeLa cells were treated

with DMSO, 2 mM Tg, or 1 mM DFP for 24 h and

analyzed with antibodies against p-EIF2a and

TOM20. Insets shows magnified image of the boxed

area.

(D) Quantification of the colocalization between p-

EIF2a and TOM20 signals (mean ± SD, n = 10). The

mean Mander’s coefficient was calculated from 10

images per experiment, and two-way ANOVA was

used for statistical analysis from 4 independent ex-

periments.

See also Figure S4.
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EIF2B3 or EIF2B4, subunits of the EIF2 GEF, caused dramatic

enhancement of mitophagy, with or without Sal. These results

indicate that K562 cells have substantial basal activity of HRI

that is independent of DELE1. This basal HRI activity allows mi-

tophagy to be induced by inhibition of EIF2a dephosphorylation

by Sal.

HRI activation results in mitochondrial localization of
p-EIF2
Our results show that only the HRI branch induces mitophagy

and that this induction is independent of the central outputs

of the ISR. Moving upstream along the ISR pathway, there

are two possibilities for specialization of the HRI branch. HRI

could phosphorylate another key substrate besides EIF2a, or

p-EIF2a generated by HRI could have different properties

compared with p-EIF2a generated by the other EIF2a kinases.

Our observation that EIF2B is a negative regulator of DFP-

mediated mitophagy strongly suggests that regulation occurs

at the level of p-EIF2a rather than the kinase. EIF2B strongly

binds p-EIF2, and its GEF activity is inhibited by complex for-

mation. Under DFP treatment, EIF2B knockdown would in-

crease the level of free p-EIF2. Moreover, the observations

that the phosphatase inhibitor Sal triggers mitophagy and the

phosphatase regulator CReP suppresses mitophagy indicate
that the phosphorylation state of EIF2a

is tightly linked to the level of mitophagy.

Interestingly, the ISR inhibitor ISRIB,

which does not affect p-EIF2a levels,30

had no effect on DFP-induced mitophagy

(Figure S3F).

Because it has been reported that active

DELE1 can be associated with the outer

mitochondrial membrane (OMM),15 we
speculated that the HRI pathway may result in accumulation of

p-EIF2 on the mitochondrion. To test this hypothesis, we used

biochemical fractionation to examine the subcellular localization

of p-EIF2a in DFP-treated cells versus control cells and Tg-

treated cells. Both DFP and Tg induced the ISR, as indicated

by increased p-EIF2a and ATF4 in total cell lysates. However,

DFP treatment resulted in notable accumulation of p-EIF2a in

the mitochondrial fraction, whereas Tg treatment resulted in p-

EIF2a localization almost exclusively in the cytosolic fraction

(Figure 4A). Total EIF2a levels were similar across different treat-

ments in the mitochondrial fraction. Quantification indicated a

severalfold increase in the mitochondrial p-EIF2a level upon

DFP treatment (Figure 4B). We found a similar enrichment of p-

EIF2a in the mitochondrial fraction of HeLa cells (Figure S4B).

Analysis of the subcellular fractions with an ER marker showed

no evidence of ER enrichment of p-EIF2a upon DFP treatment

(Figure S4C).

To independently test for mitochondrial localization, we exam-

ined the subcellular localization of p-EIF2a by immunofluores-

cence. We observed clear colocalization of p-EIF2a with the

OMM marker TOM20 in DFP-treated samples as opposed to

control or Tg-treated samples (Figure 4C). Not all p-EIF2a puncta

colocalized with mitochondria, so there may be non-mitochon-

drial localization of p-EIF2a also. In these experiments, we briefly
Molecular Cell 84, 1–11, March 21, 2024 5



Figure 5. Recruitment of phosphomimetric EIF2a to mitochondria is sufficient to induce mitophagy

(A) Schematic of experimental system for induced tethering of EIF2a to mitochondria. The top rectangle shows the two constructs that are expressed. The FRB-

hFis1 fusion protein is expressed on the OMM due to the mitochondrial targeting sequence of hFis1. The EIF2a fusion protein is cytosolic until rapalog is added.

Rapalog mediates heterodimerization between FKBP and FRB, thereby bringing the FKBP-GFP-HA-EIF2a fusion protein to the mitochondrial surface.

(B) Mitophagy induction in K562 cells upon recruitment of EIF2a to mitochondria. Control cells or cells expressing EIF2aWT, EIF2aS51A (phosphomutant), or

EIF2aS51D (phosphomimetic) were treated with ethanol (EtOH, vehicle) or rapalog and then analyzed for mitophagy by flow cytometry. For (B)–(D), mean ± SD is

shown; n = 3.

(C) Mitophagy induction in HeLa cells expressing EIF2 conditionally tethered to mitochondria by FRB-FKBP system. Experiment was performed as in (B), except

that HeLa cells were used.

(D) Similar to (B), except cells contained EIF2a targeted to peroxisomes by rapalog, due to expression of FRB fused to the peroxisomal targeting sequence of

PEX26. Cells also contained peroxisomally targeted mKeima, a reporter for pexophagy.

See also Figure S5.
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permeabilized the cells before fixation. This step disrupts ER

structure, so we could not directly test for ER localization in the

same experiment. However, mitochondrial structures in non-

permeabilized cells could be readily distinguished from the

endoplasmic reticulum (Figure S4A). Using the Mander’s coeffi-

cient to quantify colocalization of p-EIF2a and TOM20 staining,

we found a significant increase in colocalization of p-EIF2a

with mitochondria in DFP-treated samples (Figure 4D). Analo-

gous results were observed for Sal- and BTd-treated HeLa cells

(Figures 4D and S4D). Therefore, the orthogonal approaches of

biochemical fractionation and immunostaining support a mito-

chondrial enrichment of p-EIF2a.

Mitochondrial localization of p-EIF2 is sufficient to
trigger mitophagy
These results favor a model where accumulation of p-EIF2 on

mitochondria is a signal for mitophagy during HRI activation.
6 Molecular Cell 84, 1–11, March 21, 2024
To directly test this model, we set up a system in which

different forms of EIF2a could be conditionally tethered to the

mitochondrial surface. We took advantage of the ability of

rapamycin and its analogs (rapalogs) to induce heterodimer for-

mation between the FK506 binding protein (FKBP) and the

FKBP-rapamycin binding (FRB) domain of the mammalian

target of rapamycin (mTOR).31,32 We prepared K562 cells ex-

pressing FKBP-GFP-HA-EIF2a fusion constructs containing

wild-type (WT), phosphomimetic (S51D), or phosphomutant

(S51A) EIF2a, along with co-expression of FRB-Fis1 (FRB

anchored to the outer mitochondrial membrane [OMM]) (Fig-

ure 5A). As expected, clear mitochondrial localization of the

FKBP-GFP-HA-EIF2a fusion was induced upon addition of ra-

palog (Figures S5A and S5B). Accompanying this mitochondrial

localization, a substantial increase in mitophagy was measured

in K562 cells expressing EIF2aS51D but not in cells expressing

EIF2aWT or EIF2aS51A (Figure 5B). Importantly, EIF2aS51D



Figure 6. HRI is broadly required for mitoph-

agy

(A) Biochemical localization of p-EIF2a to mito-

chondria during PARKIN-mediated mitophagy.

HeLa cells expressing PARKIN were treated with

Tg or CCCP for 4 h, and subcellular fractionation

was performed to obtain a mitochondrial and

cytosolic fraction. Fractions were analyzed by

immunoblotting against the indicated proteins.

CCCP induces PARKIN-mediated mitophagy.

(B) Quantification of results in (A) (mean ± SD,

n = 2). Values plotted were normalized to control

cells.

(C) Immunofluorescent analysis of p-EIF2a during

PARKIN-mediated mitophagy.

(D) Quantification of colocalization of p-EIF2a with

mitochondria using Mander’s coefficient, per-

formed as in Figure 4D.

(E) Effect of HRI components on PARKIN-mediated

mitophagy. PARKIN-HeLa cells expressing the

indicated shRNA were treated with vehicle (DMSO)

or 10 mM CCCP for 24 h. Mitophagy was quantified

by flow cytometry (mean ± SD, n R 3).

(F and G) Effect of HRI components on hypoxia-

induced (F) and DMOG-induced mitophagy (G).

HeLa cells expressing shRNA against the indicated genes were induced to undergo mitophagy. Mitophagy was quantified by flow cytometry (mean ± SD,

n R 3).

See also Figure S6.
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triggered mitophagy only upon rapalog addition. Similar obser-

vations were also observed for HeLa cells expressing these

constructs (Figure 5C). Taken together, these results indicate

that phosphorylation and mitochondrial localization of EIF2a

are necessary and sufficient to trigger mitophagy.

To determine whether p-EIF2a recruitment is sufficient to

trigger autophagic degradation of any organelle, we set up an

analogous system to target p-EIF2a to peroxisomes. Although

rapalog treatment successfully caused peroxisomal targeting

(Figure S5C), it failed to induce pexophagy, in contrast to starva-

tion (Figure 5D). These results suggest that some feature of

mitochondria, in addition to p-EIF2a targeting, is required for or-

ganellar degradation.

HRI activation is important for other forms of mitophagy
Although we discovered the role of HRI in DFP-mediated mi-

tophagy, which is PARKIN-independent,8 we wondered

whether this pathway is relevant for other forms of mitophagy.

Due to its relevance to Parkinson’s disease, PARKIN-depen-

dent mitophagy is the most widely studied pathway for mito-

chondrial degradation.1 To trigger PARKIN-mediated mitoph-

agy, we treated HeLa cells stably expressing PARKIN with

CCCP (carbonyl cyanide 3-chlorophenylhydrazone) to disrupt

the mitochondrial membrane potential. PARKIN-mediated mi-

tophagy was associated with activation of the HRI branch, as

indicated by generation of p-EIF2a and the cleaved form of

DELE1 (Figures 6A, S6A, and S6B).6,7 We found accumulation

of p-EIF2a with mitochondria by both biochemical fractionation

(Figures 6A, 6B, and S6C) and immunofluorescence

(Figures 6C and 6D). Knockdown of DELE1, HRI, or OMA1 sup-

pressed mitophagy to baseline (Figure 6E), indicating that the

HRI branch is essential for PARKIN mitophagy.
We also tested the involvement of the HRI branch in hypoxia-

and dimethyloxallyl glycine (DMOG, which induces pseudohy-

poxia)-induced mitophagy, which do not involve PINK1/PAR-

KIN.33,34 As with PARKIN-mediated mitophagy, hypoxia- and

DMOG-induced mitophagy were associated with an increase

in p-EIFa that was reduced by HRI and DELE1 knockdown (Fig-

ure S6A). It should be noted that a previous study found that

DELE1 knockdown prevented HRI activation but did not reduce

p-EIF2a levels.7 This discrepancy could be due to the specific

stress conditions used. Hypoxia- and DMOG-induced mitoph-

agy were substantially reduced by knockdown of DELE1, HRI,

and OMA1 (Figures 6F and 6G). They were also associated

with p-EIF2a accumulating on mitochondria (Figures S6D

and S6E).

HRI-mediated mitophagy is mechanistically distinct
from ubiquitin-mediated mitophagy
The finding that HRI is important for PARKIN-mediated mitoph-

agy provides an opportunity to determine the stage of mitophagy

at which HRI functions, given that this form of mitophagy has

been well-characterized. We found that HRI inhibition did not

prevent either PARKIN recruitment to mitochondria (Figure 7A)

or PINK1 accumulation (Figure 7B). In addition, it did not prevent

accumulation of phospho-ubiquitin, a hallmark of PARKIN-medi-

atedmitophagy (Figure 7B). HRI inhibition did not prevent forma-

tion of LC3B-GFP puncta with CCCP treatment (Figure S7A).

However, it did result in a clear reduction in the association of

LC3B-GFP with mitochondria, indicating a defect in the recruit-

ment of autophagosomes to mitochondria (Figures 7C and

S7A). A similar defect in recruitment of LC3B-GFP puncta

to mitochondria was observed for DFP-induced mitophagy

(Figures 7C and S7B). Taken together, these results show that
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Figure 7. HRI and PINK1/PARKIN pathways

are mechanistically distinct

(A) Subcellular localization of PARKIN, after appli-

cation of CCCP. PARKIN-expressing HeLa cells

were transducedwith control (NT) shRNAor shRNA

against HRI and treated with vehicle or CCCP for 1

h. TOM20 is a mitochondrial marker.

(B) PINK1 and phospho-ubiquitin levels in HeLa

cells. Cells expressed control or HRI shRNAs and

were treated with vehicle or CCCP as indicated.

BFA1 was used to block autophagy.

(C) Colocalization of LC3B-GFP, a marker for au-

tophagosomes, with TOM20 (mitochondria). Cells

expressed control or HRI shRNAs andwere treated

with CCCP or DFP as indicated. The JACoP (Just

Another Colocalization Plugin) plugin of Fiji was

used to determine colocalization.

(D) Effect of HRI on mitophagy levels of cells ex-

pressing ubiquitin chains targeted to the mito-

chondrial surface. HeLa cells constitutively ex-

pressing the indicated shRNAs were transiently

transfected with mitochondrial EGFP or OMM-

2Ub-KO, a plasmid expressing a dual ubiquitin

chain targeted to the OMM.35 Mitophagy was

quantified by flow cytometry (mean ± SD, n R 3).

(E) Phospho-ubiquitin levels in K562 cells upon recruitment of phosphomimetic EIF2a to mitochondria. Cells expressing FRB-Fis1, or FRB-Fis1 with EIF2aS51A or

EIF2aS51D, were treated with vehicle (EtOH) or rapalog, and then analyzed by western blotting for phospho-ubiquitin. ACTIN was used as loading control.

See also Figure S7.
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HRI is not required for the sensing andmarking of defective mito-

chondria. However, recruitment of autophagosomes to the

marked mitochondria is reduced in the absence of HRI function.

It is important to determine whether HRI and PINK1/PARKIN

function in the same or separate biochemical pathways. We

used a previously reported system to overexpress ubiquitin

chains on the OMM, which mimics the key output of the

PINK1/PARKIN pathway.35 The ubiquitin chains were sufficient

to drive mitophagy, and HRI knockdown was unable to block

this effect (Figure 7D). In addition, the induction of mitophagy

by recruitment of phosphomimetic eIF2a to mitochondria was

not associated with an increase in phospho-ubiquitin (Figure 7E).

Therefore, along with PINK1/PARKIN, HRI is required for CCCP

induction of mitophagy, and the two pathways are mechanisti-

cally distinct.

DISCUSSION

The ISR has four kinases that act as sensors for distinct cellular

stresses. These four ISR branches all cause the dual outputs of

global reduction in protein translation and activation of ATF4

translation. However, these two common outputs do not affect

mitophagy. We found that HRI is the only one out of the four

branches that promotes mitophagy, consistent with its ability

to sense mitochondrial stress.6,7 This observation indicates

that the output of the ISR can be tailored to the specific stress.

Of note, the GCN2 branch of the ISR has been shown to be acti-

vated with certain forms of mitochondrial dysfunction,5 but we

did not detect activation of mitophagy by this branch.

Our results suggest that the level of p-EIF2 is critical for mi-

tophagy. This concept is supported by the ability of Sal, an

EIF2a phosphatase inhibitor, to activate mitophagy. Conversely,
8 Molecular Cell 84, 1–11, March 21, 2024
overexpression of the EIF2a phosphatase regulator CReP sup-

pressed mitophagy. We also identified multiple subunits of

EIF2B as inhibitors of DFP-induced mitophagy in our CRISPRi

screen. Because EIF2B and p-EIF2 form a stable complex, we

suggest that EIF2B sequesters p-EIF2 into a complex that is

inactive for mitophagy. Although the level of p-EIF2a is critical,

simply increasing EIF2 phosphorylation is not sufficient, as evi-

denced by the inability of non-HRI kinases to induce mitophagy.

The HRI branch uniquely triggers mitophagy due to the genera-

tion of p-EIF2 on mitochondria. The HRI branch responds to

mitochondrial stress by cleaving and releasing DELE1 frommito-

chondria.6,7 DFP treatment has been recently reported to addi-

tionally stall the import of DELE1 into mitochondria, causing

accumulation of full-length DELE1 on the mitochondrial sur-

face.15 Our subcellular fractionation experiments (Figure S6B)

suggest that both long and short forms of DELE1 are largely

associated with mitochondria. DELE1 and HRI have been shown

to physically interact on the surface of mitochondria,15 providing

an attractive explanation for how activation of the HRI pathway

would cause phosphorylation of EIF2a on mitochondria. Further

analysis of DELE1, HRI, and EIF2a trafficking will yield further

mechanistic understanding of how mitochondrial accumulation

of p-EIF2a occurs. The ability of our FRB-FKBP system to condi-

tionally activate mitophagy indicates that the targeting of p-EIF2

to mitochondria is sufficient to drive mitophagy. Therefore, the

HRI pathway has co-opted a translation initiation factor into a

second role as a mitophagy signal. However, the targeting of

p-EIF2 to peroxisomes did not induce pexophagy, indicating

that some additional feature of mitochondria, along with p-EIF2

localization, is involved in promoting organellar degradation.

Although we initiated these studies using a PARKIN-indepen-

dent form of mitophagy, the HRI pathway plays a critical role in a
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broad range of mitophagy conditions. In addition to iron chela-

tion, the HRI pathway is responsible for a substantial portion of

the mitophagy induced by PINK1/PARKIN, DMOG, and hypoxia.

The involvement of HRI in PINK1/PARKIN-mediated mitophagy

is notable because this pathway appears to be specialized and

distinct from basal mitophagy.36,37 Although HRI is required for

PINK1/PARKIN-mediated mitophagy, many of the early steps

involved in marking mitochondria for degradation—including

PINK1 accumulation, PARKIN recruitment to mitochondria,

and accumulation of phospho-ubiquitin—occur independently

of HRI.

It is important to address how HRI inhibition can reduce

PINK1/PARKIN mitophagy without affecting accumulation of

phospho-ubiquitin, given that ubiquitination of the mitochondrial

surface recruits autophagy receptors and has been shown to be

sufficient to induce mitophagy.35,38 Overexpression of ubiquitin

chains on the mitochondrial surface mimics the downstream

event of PINK1/PARKIN activation that drives mitophagy. We

find that HRI inhibition does not interfere with this purely ubiqui-

tin-driven mitophagy. In a related experiment, we show that

recruitment of phosphomimetic eIF2a to mitochondria is suffi-

cient to induce mitophagy but does not result in phospho-ubiq-

uitin accumulation. These two experiments mechanistically

disentangle PINK1/PARKIN from HRI and suggest they promote

separate, parallel pathways of mitophagy.

In most experimental models of PINK1/PARKIN mitophagy,

PARKIN is overexpressed, and mitochondrial membrane depo-

larization is used as the trigger. Under these experimental con-

ditions, we find that the HRI pathway is simultaneously acti-

vated and contributes substantially to the final level of

mitophagy. When HRI is inhibited, the PINK1/PARKIN system

is still able to promote mitochondrial phospho-ubiquitin, but

the levels are apparently insufficient to result in much mitoph-

agy. In the previous studies demonstrating that mitophagy

could be induced solely by expression of outer membrane

ubiquitin chains,35 the experimental systems were optimized

by overexpression and likely generate levels of phospho-ubiq-

uitin or mitophagy receptor recruitment exceeding those under

endogenous conditions. Our results show that the DELE1/HRI

pathway is activated under a broad range of mitochondrial

stresses, including DFP, mitochondrial membrane depolariza-

tion, hypoxia, and DMOG. In the case of PINK/PARKIN mitoph-

agy triggered by mitochondrial membrane depolarization, we

propose that activation of DELE1/HRI induces a pathway of mi-

tophagy in parallel to that of PINK1/PARKIN. In this view, what

is commonly thought to be PINK1/PARKIN-mediated mitoph-

agy actually consists of a component intrinsic to PINK1/

PARKIN and a second component mediated by HRI. It remains

to be determined whether these pathways act additively or

synergistically.

Limitations of the study
Our findings onmitophagy have relied on cultured cells, primarily

K562 and HeLa cells. It will be important to examine the role of p-

EIF2a in mitophagy in other cell types and in intact tissues with

animal models. The use of animal models would also allow the

examination of endogenous mitophagy, whereas our studies

have utilized artificial triggers, such as DFP, to induce mitoph-
agy. The HRI activator BTd used in this study has recently

been shown to additionally cause mitochondrial depolariza-

tion.39 More experiments will be needed to understand the

mechanismwhereby p-EIF2 on themitochondrial surface results

in recruitment or initiation of autophagosomes. In particular, it

will likely be important to identify binding partners of p-EIF2 on

mitochondria. Finally, it remains possible that mitochondrial

p-EIF2 has effects on the translation of mitochondrially localized

proteins whosemRNAs are translated close to the mitochondrial

surface.40–42
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by lead contact, David C. Chan

(dchan@caltech.edu).

Materials availability
Plasmids generated in this study will be deposited to Addgene or available from the lead contact.

Data and code availability
d The raw data files for images have been deposited at Mendeley and are publicly available as of the date of publication. The DOI

is listed in the key resources table. The dataset from the CRISPRi screen is provided in Table S1.

d This paper does not report original code.

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

All data are available in the main text or the supplemental information.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and generation of cell lines
K562 cells were grown in RPMI-1640 with 25 mM HEPES, 2.0 g/L NaHCO3, and 0.3 g/L L-glutamine supplemented with 10% FBS,

2 mM glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin. Cells were maintained between 0.25-1 x106 cells/ml. HEK293T

and HeLa cells were grown in DMEM supplemented with 10% FBS, 100 units/ml penicillin and 100 mg/ml streptomycin. All cell lines

were grown at 37�C and 5% CO2.

METHOD DETAILS

Plasmids
For construction of pHAGE-FKBP-GFP-HA-EIF2a, the EIF2S1 sequence was obtained from the plasmid eIF2a1 (Addgene, 21807).

Point mutations were introduced into EIF2awith overlap extension PCR-based mutagenesis. PCR primers were designed to add an

HA tag at the N terminus of EIF2S1 sequence. The final inserts were cloned into the SalI/BamHI sites of pHAGE-FKBP-GFP-NDP52

(Addgene, 135296).46 Plasmids were obtained from the following sources: Mito-mKeima (S. Yamashita); DELE1-HA (L. Jae); pHAGE-

BFP-P2A-FRB-Fis1 (R. Youle); pcDNA3.1(+)_T20(1-49)-YFP-2Ub(KO)-3HA (K. Yamano and N. Matsuda)35; FLAG_hPPP1R15B_4-

713_mCherry_UK1298 (D. Ron).47

For creating the peroxisome targeting FRB fragment, pLX208 CMV sTurboID (C)-HA-FRB-ERM (Addgene, 153007) was double

digested with MluI and BstbI to remove the ER transmembrane domain and create the linearized backbone. The tail-anchored

sequence from PEX26 cDNA was ligated into the backbone.

The CReP-GFP plasmid was made by first linearizing pUltra (Addgene, 24129) by single digestion with AgeI. The CReP sequence

was amplified from FLAG_hPPP1R15B_4-713_mCherry_UK1298 (Addgene, 80707) and inserted into the pUltra backbone byGibson

Assembly.

The sgRNAs were generated by cloning of annealed oligonucleotides into the lentiviral CRISPRi/a-v2 vector (Addgene, 84832) di-

gested with BstXI/BlpI.9 The protospacer sequences were: DELE1 #1, 5’ GAAGCGCGAGACCAACCCTT 3’; DELE1 #2, 5’

GTAGCCGCTGTCCCAAGGGT 3’; HRI #1, 5’ GATCGGAGTGTGGCAGTGCT 3’; HRI #2, 5’ GTAGCTGCAGCATCGGAGTG 3’;

EIF2B3, 5’ GAGATCGCTGGGAGCGGTTG 3’; EIF2B4, 5’ GCTGAGGGCGATGGCTGCTG 3’; OMA1, 5’ GCGAGTAGGATC

GTGCCCAG 3’; ATF4, 5’ GGACGAAGTCTATAAAGGGC 3’; Non-targeting (NT), 5’ GGCTCGGTCCCGCGTCGTCG 5’.

For RNA interference, retroviral transduction was used to express shRNAs from the H1 promoter. The target sequences were:

DELE1, 5’ GCAGAGAGCTGTGAAATATCT 3’; OMA1, 5’ GGAAGCTATTCCTTGGTTTGA 3’; HRI, 5’ GCATGAACCAAAC

CCACTTCG 3’; ATF4 #1, 5’ GGAGATCCAGTACCTGAAAGA 3’; ATF4 #2, 5’ GATCCAGTACCTGAAAGATTT 3’; Non-targeting

(NT), 5’ GACTAGAAGGCACAGAGGG 3’.
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Drug, hypoxia, and starvation treatments
Cells were treated with following reagents for 24 h unless otherwise stated: 1000 mM DFP or as specified (Fujifilm Wako Chemicals,

324-65151), 10 mM CCCP (Sigma, C2759), 1000 mM DMOG (Cayman Chemical, 71210), 1 mM bafilomycin A1 (Cayman Chemical,

11038), 1 mMCCT020312 (Sigma, 324879), 2 mM thapsigargin (Sigma, T9033), 10 mM tunicamycin (Sigma, T7765), 500 mM histidinol

(Cayman Chemical, 18739), 10 mM BEPP (Sigma, B2938), 10 mM or as specified BTdCPU (Sigma, 324892), 100-1000 nM ISRIB

(Sigma, SML0843), 1-50 mg/ml cycloheximide as specified (Sigma, C1988), 10 mM Salubrinal or as specified (Sigma, SML0941),

20 mM Z-VAD-FMK (Cayman Chemical, 14463), 10 mM Harringtonine (Cayman Chemical, 15361), 5 mM Bortezomib (Sigma,

5043140001), 25 mM MG132 (Sigma, 474790), 400 mM sodium arsenite (Sigma, S7400). All CCCP treatments (10 mM) were done

in presence of 20 mM Z-VAD-FMK.

For hypoxia experiments, HeLa cells were seeded for 12 h. Cells were fed with fresh media and placed in a hypoxia chamber. 1%

O2 was passed through the hypoxia chamber for 5 mins to saturate the hypoxia chamber before quickly closing. For starvation ex-

periments, HeLa cells were grown for 24 h to reach �70% confluence. Then cells were cultured in fresh media for 12 h before they

were washed twice with 1X Hanks’ balanced salt solution (HBSS) and finally incubated in 1X HBSS for 4 h.

Lentiviral and retroviral transduction
For stable expression of lentiviral and retroviral constructs in HeLa and K562 cells, the calcium phosphate method was used to trans-

fect HEK293T cells with packaging plasmids (pVSV-G and pD8.9; lentiviral) or pUMVC (retroviral), and lentiviral or retroviral expres-

sion constructs. Fresh media was added 12 h after transfection. 48-72 h after transfection, the supernatant was collected and flash

frozen. HeLa cells or K562 cells were transduced in the presence of 8 mg/mL polybrene (Sigma, H9268). After recovery, cells were

directly used in experiments or optimized for expression by FACS.

Antibodies
The following antibodies were used in this study: ATF4 (1:1000), EIF2B3 (1:2000), EIF2B4 (11332–1-AP, 1:1000), EIF2a (1:1000),

p-EIF2a (1:1000), a-GFP (1:1000), LC3B (1:1000), OMA1 (1:500), HRI/EIF2AK1 (1:3000), TIMM50 (1:2000), TOM20 (1:1000), PINK1

(1:1000), Phospho-Ubiquitin (Ser65) (1:1000), a-Puromycin (1:1000), a-TUB (1:2000), b-ACTIN (1:10000). Secondary antibodies

used for immunoblotting were: goat anti-mouse IgG (H+L)-HRP (1:10000) and goat anti-rabbit IgG (H+L)-HRP (1:10000). Primary an-

tibodies used for immunofluorescence were: p-EIF2a (1:100), TOM20 (1:100), HSP60 (1:1000), PEX14 (1:100), PARKIN (1:500), LC3B

(1:50), a-GFP (1:100). Secondary antibodies used for immunofluorescence were donkey anti-mouse IgG AlexaFluor 488 (1:500),

donkey anti-rabbit IgG AlexaFluor 555 (1:500), anti-goat IgG AlexaFluor 568 (1:500). Western blots were incubated with chemilumi-

nescent substrate and detected using a Chemidoc imager (Bio-Rad Laboratories). Densitometry was used to quantify pEIF2a and

TOM20 bands in the mitochondrial fraction with background correction. TOM20 levels were used for normalization.

Puromycylation assay
K562 cells were treated with requisite reagents such that there were�500,000 cells/ml at the point of harvest. Puromycin (1 mM) was

added 10 mins before harvest. Western blots were probed with anti-Puromycin antibody (1:1000) overnight at 4 �C.

Flow cytometry
Mitophagy in K562 or HeLa cells expressingmito-mKeimawas quantified by flow cytometry. Cells were harvested, washed oncewith

ice cold PBS, then resuspended in flow cytometry buffer (2.5 mg/ml fraction V BSA, 10 mMHEPES, 1 mMMgCl2, 50 mg/ml DNAse 1

in 1X HBSS (Thermo Fisher Scientific, 14175079) at pH 7.4) before analysis on a CytoFLEX S (Beckman Coulter). Flow cytometry data

was analyzed in FlowJo v10.8 Software (BD Life Sciences). The mKeima acidic/neutral ratio was plotted, and the ratio threshold for

mitophagy was set so that control cells had a baseline of 5% or less.

For quantifying mitophagy induced by expression of ubiquitin chains on the OMM, cells were transiently transfected with expres-

sion plasmids with Lipofectamine 3000. These cells were treated with DMSO or 100 nM BFA1 at 24 h after transfection. After 48 h,

these cells were prepared for flow cytometry as detailed above. Data were collected from GFP/YFP positive cells. The mitophagy

levels obtained were normalized by the corresponding BFA1-treated values.

qPCR
Total RNA was extracted from 13106 cells using RNeasy mini kit (Qiagen, 74104). 200 ng of total RNA was used for cDNA synthesis

by SuperScript III First-Strand Synthesis System for RT-PCR (Thermo Fisher Scientific, 18080-400) according to the manufacturer’s

protocol. Quantitative PCR amplification was done with primers forDELE1 (Forward: 5’ AGGCTGTGACTTCCATTCAG 3’, Reverse: 5’

TCGCCACTCTTCATGTTCTC 3’) and b-ACTIN (Forward: 5’ TCATCACCATTGGCAATGAG 3’, 5’ ACTTCATGATGGAGTTGAAG 3’),

using Brilliant III Ultra-Fast SYBR�GreenQPCRMasterMix (Agilent, 600882). Fold changes were calculated using theDDCtmethod.

Confocal microscopy and post-imaging processing
Confocal fluorescence images were acquired using an inverted Zeiss LSM 710 confocal microscope with a 63X Plan Apochromat

objective. All images were processed using Fiji. All image modifications were performed on entire images and were performed iden-

tically between samples. Before analyzing the co-localization between TOM20 and p-EIF2a, the nuclear signal for p-EIF2a was
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removed post-imaging using the DAPI channel. The Mander’s coefficient algorithm in Fiji was run on at least 10 images per exper-

iment, and 2-way ANOVA was used for statistical analysis from 4 independent experiments.

For quantifying the percentage of LC3B-GFP puncta colocalized with TOM20, ROIs containing cells expressing LC3B-GFP immu-

nostained for GFP and TOM20were selected randomly. Five images per experiment were randomly captured for each condition with

a minimum of 2 cells per image (n = 3). To analyze the images Fiji and its plugins were used. We used the JACoP Fiji plugin for detect-

ing colocalization based on the distance between the centroids of the spots.48 Colocalization was normalized by the total number of

LC3B-GFP particles. The particle analysis plugin from Fiji was used to determine the total number of LC3B-GFP puncta.

Sample preparation for immunofluorescence
For immunofluorescence, HeLa cells were seeded on multi-chambered coverglass bottomed dishes (Thermo Fisher Scientific,

154534). For HeLa cells expressing PARKIN, dishes were coated with poly-L-lysine. All cells were allowed to adhere for 24 h.

Post treatment cells were briefly permeabilized with digitonin buffer (0.001% digitonin, 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid [HEPES], 150 mM NaCl, 2 mM MgCl2, 2 mM EDTA, 320 mM sucrose, pH 7.4) for 2 mins at 37�C as

described previously.49 Digitonin-treated cells were fixed with 4% paraformaldehyde for 15 mins at 37�C. After fixation, cells

were permeabilized with 0.1% Triton X100 in phosphate-buffered saline (PBS) at room temperature (RT). After blocking with 1%

BSA in PBS for 30 mins at RT, cells were incubated with primary antibodies for 2 h at RT. After 4 washes of 5 mins each with

PBS, cells were stained with AlexaFluor-555 (or 488) coupled secondary antibody for 1 h at RT and then washed with PBS. Slides

were mounted with Fluoro-Gel (Electron Microscopy Sciences, 17985). For HSP60 immunostaining, PARKIN and GFP immunostain-

ing, the same protocol was used, except that the digitonin permeabilization step was omitted. In case of LC3B immunofluorescence,

fixation with 4% paraformaldehyde for 10 min at room temperature was followed by permeabilization with 50 mg/ml digitonin

for 5 min.

Rapalog-induced FRB-FKBP dimerization assay
The FRB-FKBP system as described previously46 was adapted to achieve mitochondrial or peroxisomal recruitment of EIF2aWT, EI-

F2aS51A and EIF2aS51D. 2XFKBP was fused to GFP and HA tagged EIF2aWT, EIF2aS51A and EIF2aS51D in the pHAGE lentiviral vector.

For mitochondrial or peroxisomal recruitment assays, cells were treated with 500 nM rapalog for 24 h. Cells were analyzed by flow

cytometry or immunostaining.

CRISPRi screen
The genome-wide CRISPRi screenwas performed in duplicate as described previously.9,10 The hCRISPRi-v2 library targeting 18,905

genes (5 sgRNAs per gene,) was transduced into 400million K562-CRISPRi-mito-mKeima cells at a multiplicity of infection (MOI) < 1.

This MOI corresponds to 25-30% BFP-positive cells at 48 h post infection. Cells were grown in 0.5-1 L of media in 1 L spinner flasks.

48 h after spin-infection with the genome-wide library, sgRNA-positive cells were selected with 1 mg/mL puromycin for three days.

Cells were fed with fresh media containing puromycin every 24 h. Post selection, cells were allowed to recover for two days, treated

with 1 mM DFP for 24 h, and sorted on a BD FACS Aria Fusion Cell Sorter. During sorting, cells were stained with SYTOX Green

(Thermo Fisher Scientific, S34860) to remove any dead cells and gated for BFP, as well as for the acidic and neutral mito-mKeima

signal. Cells were sorted based on the acidic/neutral ratio of this final gated population. 25million cells with either the highest (25%) or

lowest (25%) acidic/neutral ratio were collected, pelleted, and flash frozen. An unsorted cell population with similar cell numbers was

also pelleted and flash frozen. Genomic DNA was purified using the Nucleospin Blood XL kit and amplified by index PCR with bar-

coded primers. The resulting guide library (�264 bp) was purified using SPRIselect beads (Beckman Coulter, B23318). After quality

check of the purified DNA, sequencing was performed with an Illumina HiSeq2500 high throughput sequencer. Sequencing reads

were aligned to the CRISPRi-v2 library sequences, counted, and quantified.9 Generation of negative control genes and calculation

of phenotype scores andMann-Whitney p values were performed as described previously.9,10 Gene-level phenotypes, p values, and

counts are available in Table S1.

Subcellular fractionation
Mitochondrial isolation from K562 and HeLa cells was adapted from an established protocol.50 After centrifuging cells at 300 g for

5 mins, the cell pellet was washed once in mitochondria isolation buffer (MIB: 210 mM mannitol, 70 mM sucrose, 5 mM HEPES

pH 7.4, 10 mM EDTA) after addition of 1X HALT protease inhibitor cocktail (Thermo Scientific, 78439). The pellet was resuspended

in MIB and incubated on ice for 10 minutes. Cells were then lysed with a glass Dounce homogenizer with a tight-fitting pestle for 50

strokes. An aliquot was removed for protein quantification to normalize samples. The cell lysate was pelleted at 1000 g for 5 minutes

to remove nuclei and unbroken cells, and then the supernatant was transferred to a clean tube. This step was repeated twice. Nuclei-

free cell lysate was then centrifuged at 10,000 g for 10 minutes. The supernatant was removed to a separate tube and the mitochon-

dria-containing pellet (Mito) was washed once in MIB and resuspended in a small volume (50-100 ml) of isolation buffer. To generate

the crude cytosolic fraction (Cyto), supernatant from the previous step was centrifuged at 20,000 g for 30 mins. To isolate the ER

enriched fraction, the post-10,000 g supernatant was centrifuged at 100,000 g, and the pellet was resuspended in isolation buffer.

The supernatant thus obtained was a clarified cytosolic fraction (Cyto-II). To normalize mitochondrial samples, the protein concen-

tration was measured using the DC Protein assay (BioRad).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Pairwise comparisons weremade using the Student’s t-test. All data are represented asmean ± s.d. ****, p%0.0001; ***, p%0.001; **,

p%0.01; *, p%0.05; ns, pR0.05. For the experiments involving colocalization, 2-way ANOVA was used for statistical analysis from a

minimum of 3 independent experiments.

ADDITIONAL RESOURCES

No additional resources were generated by this study.
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