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Summary

The heme-regulated kinase HRI is activated under heme/iron deficient conditions; however, the
underlying molecular mechanism is incompletely understood. Here, we show that iron deficiency-
induced HRI activation requires the mitochondrial protein DELE1. Notably, mitochondrial import
of DELE1 and its subsequent protein stability are regulated by iron availability. Under steady
state conditions, DELEZ1 is degraded by the mitochondrial matrix-resident protease LONP1 soon
after mitochondrial import. Upon iron chelation, DELE1 import is arrested, thereby stabilizing
DELEL1 on the mitochondrial surface to activate the HRI-mediated integrated stress response
(ISR). Ablation of this DELE1-HRI-ISR pathway in an erythroid cell model enhances cell death
under iron-limited conditions, suggesting a cell protective role for this pathway in iron-demanding
cell lineages. Our findings highlight mitochondrial import regulation of DELE1 as the core
component of a previously unrecognized mitochondrial iron responsive pathway that elicits stress
signaling following perturbation of iron homeostasis.
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eTOC blurb

Sekine and Houston et al. identified DELE1 as an iron-responsive molecule at mitochondria

that has cell protective roles via HRI-ISR pathway activation in iron-deficient conditions. The
mitochondrial import and subsequent degradation of DELE1 were regulated by intracellular iron
availability, demonstrating the general importance of import coupled-stress sensing mechanisms at
mitochondria.
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Introduction

The cytosolic kinase HRI is highly expressed in erythroid cells and governs the stress
response called integrated stress response (ISR) during terminal erythropoiesisl=3. Under
stress conditions, HRI phosphorylates the a. subunit of the translation initiation factor elF2
(elF2a.), thereby attenuating global mRNA translation, while activating the transcription
factor ATF4, a master regulator of the transcriptional response for the ISR. Early studies
using rabbit reticulocyte lysates revealed that the addition of hemin (heme) to the lysates
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reverses HRI-mediated translational inhibition 4=7. Subsequent in vitro studies using purified
HRI demonstrated that the direct binding of heme on HRI modulated the conformation

of HRI thereby suppressing its kinase activity 8-11, These findings led to a current model

of HRI regulation in which HRI is activated through dissociation of the inhibitory heme
from HRI when intracellular levels of heme decline. HRI knockout (KO) mice do not
exhibit significant erythroid abnormalities under standard dietary condition 12, However,
when challenged with an iron deficient diet, these mice develop a characteristic anemia with
globin aggregation in red blood cells 12. One potential explanation for these iron-dependent
in vivo effects is that iron deficiency concomitantly decreases heme levels, and this fall

in heme is the mechanism of HRI activation. However, such conjectures have remained
unproven.

It has been shown that various types of mitochondrial stress, such as membrane potential
loss, inhibition of OXPHQOS, and perturbation of mitochondrial proteostasis, activate the
ISR 13-15_ Recent cell genetic screens have demonstrated that HRI is required for the
mitochondrial stress-triggered ISR activation, and identified the mitochondria resident
proteins DELE1 and OMA1 as upstream regulators of HRI 16:17_ Upon treatment with
various mitochondrial stressors the mitochondrial protease OMAL cleaves DELE1, and the
cleaved form of DELEL is released into the cytosol where it interacts with HRI, activating
the ISR. Recent studies have indicated the importance of this pathway in /n7 vivo models

of mitochondrial cardiomyopathy 18-21, However, the functional link between this newly
identified mitochondria-dependent pathway and the classic heme-dependent HRI regulation
model remains unclear.

Accumulating evidence indicates that mitochondrial import of certain proteins is precisely
regulated in response to mitochondrial stress. Importantly, this regulation is often used

to signal mitochondrial stress to other subcellular compartments such as the cytosol and
the nucleus, which constitutes the “mitochondrial import-coupled stress response”. A well
characterized example of this is the Parkinson’s Disease (PD)-linked mitochondrial kinase
PINK1, whose import arrest and stabilization on the outer mitochondrial membrane (OMM)
upon mitochondrial depolarization triggers Parkin-mediated mitophagy 2224, Furthermore,
it has been shown in C. efegans that suppression of the mitochondrial import of the
transcription factor ATFS-1 by proteotoxic stress leads to the translocation of ATFS-1 to
the nucleus, which is central for the transcriptional response known as the mitochondrial
unfolded protein response (MtUPR) 25,

Here, we show another example of the mitochondrial import-coupled stress response.

We found that DELEZ1 is an iron responsive protein whose mitochondrial import and
subsequent protein stability are regulated by intracellular iron availability. The full-length
form of DELEL, stabilized by iron deficiency, interacted with and activated HRI on the
mitochondrial surface, suggesting that mitochondria are utilized as a site for triggering the
ISR when iron homeostasis is perturbed. Our findings point to a hitherto unappreciated
mitochondrial-based iron-monitoring system and also underscore the importance of
mitochondrial protein import regulation as a dynamic, stress-sensing mechanism.
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DELE1 is a short-lived protein that is degraded by LONP1 after mitochondrial import

Previous studies have suggested that the protein stability of DELE1 is post-translationally
regulated in cultured cells 26:27. To monitor endogenous DELE1 protein stability, we
performed cycloheximide (CHX)-chase experiments using HEK293T cells expressing an
endogenously HA-tagged DELE1, which overcame the difficulty of detecting endogenous
DELEZ1 using the currently available antibodies 16:17. Consistent with the recent study 27,
DELEZ1 underwent rapid degradation within minutes of CHX treatment (Figure 1A). In
contrast, expression levels of other mitochondrial proteins such as TOM40, TIM50 and
TIM23 did not change during this chase period (Figure 1A). This suggests that DELE1

is actively degraded under basal conditions. The proteasome inhibitor MG132 and the
autophagy inhibitor Bafilomycin Al did not enhance DELE1 expression (Figure 1B),
while these inhibitors accumulated their known substrates (the cleaved form of PINK1

for the proteasome and p62 for autophagy) 2228, indicating that DELE1 is likely degraded
independent of the proteasome and macroautophagy. We thus speculated that mitochondrial
proteases may be involved in its basal degradation and conducted a small scale screen using
siRNAs for reported mitochondrial proteases (Figures 1C and 1D) 2°. This targeted screen
found that knockdown of LONP1, the matrix-localized ATP-dependent serine protease

30, had the most pronounced effects on DELE1 (Figure 1D). LONP1 siRNAs increased
DELEL! at steady state, and almost completely prevented DELE1 degradation during the
CHX-chase (Figure 1E). We also observed partial restoration of DELEL expression in

cells with knockdown of AFG3L2 and SPG7, that comprise the matrix-facing m-AAA
protease (Figure 1D) 29, In contrast, none of the siRNAs for the inner mitochondrial
membrane (IMM) or intermembrane space (IMS) proteases affected DELE1 stability (Figure
1C). These observations suggest that DELE1 is degraded in the mitochondrial matrix
predominantly in a LONP1-dependent manner.

Iron deficiency stabilizes DELE1

LONP1 is known to function as a quality control protease that degrades misfolded and
oxidatively damaged proteins in the mitochondrial matrix 3°. It has also been shown

that LONP1 is actively involved in various mitochondrial processes through the regulated
proteolysis of specific substrates. Considering that DELEL1 is an activator of the heme-
responsive kinase HRI, we tested whether heme and iron-related stimuli affected LONP1-
mediated degradation of DELEL. We found that two iron chelators, deferoxamine (DFO)
and deferiprone (DFP) increased DELEL protein levels (Figure 2A). These compounds
have been shown to decrease both cytosolic and mitochondrial iron levels 31:32, and we
confirmed their effects by monitoring the increase in the cytosolic iron-responsive protein
IRP2 33 (Figure 2A). In contrast, neither heme (hemin) nor a heme biosynthesis inhibitor
(succinyl acetone, SA) affected DELEL expression, while the heme-responsive proteins
ALAS1 and HMOX1 were increased by SA and hemin, respectively (Figure 2A). Whereas
the mitochondrial uncoupler CCCP induced the cleavage of DELE1 as previously reported
16,17 DFO and DFP treatment appeared to promote stabilization of DELEL1, including

its full-length form (Figure 2A). Levels of a tetracycline (tet)-inducible DELE1-HA in
HelL a cells was also enhanced in a DFO dose-dependent manner, similar to the response
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of IRP2 (Figure 2B). CHX-chase experiments revealed that pre-treatment with DFO or
DFP significantly stabilized the full-length form of endogenous DELE1 following a CHX-
chase (Figure 2C). This was also observed for exogenously expressed DELE1-HA in
DELE1 KO HEK293T cells (Figures 2D and S1A). In contrast, pre-treatment with CCCP
stabilized DELEL, but as the cleaved form (Figure 2C). It is noteworthy that for unknown
reasons, the iron deficiency-induced accumulation of endogenously HA-tagged DELE1
was more prominently observed when cells were seeded at a lower cell density (Figure
S1B). Nevertheless, CHX-chase experiments clearly demonstrate that under iron-deficient
conditions, DELEL is stabilized at any cell density (Figure S1B). Collectively, this implies
that full-length DELEL1 stability is regulated by iron availability.

DELEL has a predicted mitochondrial targeting sequence (MTS) at its N-terminus and
the MTS cleavage site is predicted to be located after amino acid 23 by the web tool
MitoFates (Figure 2E) 34, which has been experimentally verified 2. We confirmed that
tet-induced DELE1 wild-type (WT) is localized to mitochondria (Figure 2E). Consistent
with previous reports 1617 a DELE1 mutant that lacked the predicted MTS (DELE1 d30)
partially prevented mitochondrial localization of DELE1, but deletion of the N-terminal
101 amino acids of DELE1 (DELE1 d101) almost completely blocked mitochondrial
localization (Figure 2E). These results suggest that mitochondrial localization of DELE1
is regulated by a longer N-terminal region encompassing the predicted MTS. Unlike DELE1
WT, the DELE1 d101 mutant lost the ability to accumulate in response to iron chelation
(Figure 2F), suggesting that DELEL responds to iron deficiency at mitochondria.

DELE1 is stabilized on mitochondria by an iron deficiency-dependent mitochondrial import

arrest

Treatment of iron chelators significantly decreased mitochondrial ISC-containing proteins
including SDHB and LIAS (Figure S2A), suggesting that iron deprivation affected the
mitochondrial ISC biosynthesis pathway. It has been reported that misfolded SDHB due

to the failure of 1SC insertion undergoes degradation by LONP1 3%, Indeed, LONP1
knockdown restored the expression of SDHB as well as that of LIAS in iron-chelated

cells (Figure S2A), suggesting that LONP1 mediates the degradation of these ISC proteins.
Thus, it appears that LONP1 is still active for degrading misfolded ISC proteins under

iron deficient conditions, although DELEL appears to escape from LONP1-mediated
degradation.

CCCP treatment induces cleavage of DELE1 by OMAL and that cleaved DELEL is
released into the cytosol 16:17. We confirmed this observation in our tet-on DELE1-HA
HeLa cells (Figure 3A). In contrast, we found that DELE1 was detected predominantly

on mitochondria after treatment with DFO (Figure 3A), indicating that DELE1 does not
substantially translocate to the cytosol during iron deficiency. This is consistent with the
observation that unlike CCCP, iron chelators do not induce cleavage of DELE1 to the same
extent as CCCP but rather stabilizes the full-length form of DELE1 (Figures 2A-2C). Cell
fractionation analysis of HEK293T cells expressing endogenously HA-tagged DELEL1 also
revealed that in iron-deficient conditions, the stabilized, full-length DELE1 was retained in
the mitochondrial fraction (Figure S2B). Moreover, under iron-deficient conditions, when
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cells were subsequently exposed to CCCP, the full-length form of DELE1 was able to be
converted into the OMAL1-cleaved form, indicating that at least during iron deficiency the
OMAL1 cleavage site (around reside 142 of DELE1) 17 is located in the IMS (Figure S2C).
To further determine the precise localization of DELE1 within mitochondria before and after
iron chelation, we performed a protease protection assays after a CHX chase by using crude
mitochondria isolated from endogenously HA-tagged DELE1 expressing HEK293T cells
(Figure 3B). When de novo protein synthesis was blocked with CHX, the balance of DELE1
shifted in favor of its MPP-cleaved form and it was largely protected from proteinase K in
isotonic (SEM) buffer, as expected. In contrast, under iron deficiency, a substantial amount
of the stabilized DELE1 showed a higher sensitivity to proteinase K in isotonic buffer
(Figure 3B), suggesting that the C-terminal region of these DELEL1 is exposed outside of the
OMM after iron deficiency. We thus hypothesized that the mitochondrial import of DELE1
may be arrested in response to iron deficiency. To monitor the entrance of the N-terminus

of DELEL into the matrix, the TEV sequence (that is recognized and cleaved by TEV
protease) was inserted after the predicted MTS of DELE1 [DELE1(TEV30)] (Figure 3C).
We expressed DELE1(TEV30) with or without a matrix-targeted TEV protease (Su9-TEV
protease) 36 in DELE1 KO HEK293T cells, and subsequently treated the cells with DFO. In
the absence of Su9-TEV protease, the N-terminal MTS of DELE1 should be cleaved by the
endogenous MTS-cleaving peptidase (MPP) in the matrix 2. In the presence of Su9-TEV
protease, the N-terminal 36 amino acids of DELE1 should be cleaved by Su9-TEV protease
(Figure 3C). Indeed, DELE1(TEV30) appeared as a doublet under steady state conditions
when resolved on an SDS-PAGE 7.5% acrylamide gel; the upper band was the full-length
form and the lower band was either the MPP- or TEV-cleaved form (Figures 3D and S2D).
Following iron chelation with DFO, cleavage of DELE(TEV30)-HA by matrix MPPs or
TEV was partially blocked (Figure 3D). These observations suggest that under iron deficient
conditions the N-terminal region of DELE1 reaches the matrix less readily than in the steady
state due to mitochondrial import arrest (Figure 3C). By separating endogenous DELE1
protein on SDS-PAGE at high resolution, we also confirmed that iron chelators stabilized
the full-length form, but not the MPP-cleaved form of endogenous DELEL, whereas LONP1
knockdown resulted in stabilization of both forms of DELE1 (Figures 3E and 3F). These
results suggest that this iron deficiency-induced mitochondrial import arrest of DELE1

may enable DELE1 to escape from MPP-mediated MTS cleavage and subsequent LONP1-
mediated degradation, thereby promoting the stabilization of full-length DELE1 (Figure
3C). Although our observations suggested that the stabilized, full-length DELE1 passed
through the IMS and OMM (Figures S2C and 3B), stable interactions between DELE1 and
TOM/TIM import channels were not observed, in contrast to PINK1 import arrest (Figure
S2E) 37-40

Mitochondrial membrane potential across the IMM provides a driving force for

the mitochondrial import of MTS-containing proteins 41. Consistently, mitochondrial
depolarization by CCCP therefore induced the accumulation of the full-length (MPP-
uncleaved) form of PINK1 2324 and Su9-DHFR, a model protein for MTS-mediated

import (Figures 3G and 3H). Although DELEL1 is cleaved by OMAL under CCCP-treated
conditions, the total amount of DELE1 protein increased (Figures 2A and 3I). This indicates
that like other mitochondrial proteins with a canonical MTS, the mitochondrial import
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of DELEL1 depends on mitochondrial membrane potential. In contrast, while DELE1

was stabilized by iron deficiency, both PINK1 and Su9-DHFR were insensitive to this
perturbation (Figures 3G and 3H). Thus, iron chelation-dependent import arrest is not a
general means of regulation for MTS-containing proteins and may be specific for DELEL.

DELE1 activates an HRI-mediated ISR following iron deficiency

We next examined the possibility that stabilized DELEL in response to iron deficiency
activates the HRI-ISR pathway. Treatment with the iron chelators DFO or DFP increased
phosphorylation of elF2a and expression of ATF4 in a time- and concentration-dependent
manner (Figures 4A and 4B). Flow cytometric quantitative analyses using an ATF4 reporter
indicated DFO-dependent translational upregulation of ATF4 (Figure 4C) 17. Furthermore,
the increase in ATF4 expression was attenuated by ISRIB, a chemical inhibitor of the

ISR (Figure S3A) 4243, The time course of ATF4 accumulation by iron chelation was
slower than that induced by CCCP (Figure 4A). However, ATF4 accumulation followed the
induction of IRP2 and was well correlated with the stabilization of DELE1, as well as with
the degradation of mitochondrial and cytosolic ISC proteins (Figure S3B). Concomitant iron
supplementation using high concentrations of ferric ammonium citrate (FAC) appeared to
counteract the effects of cytosolic and mitochondrial iron chelation by DFO, as indicated
by suppression of IRP2 accumulation and LIAS degradation, as well as induction of
mitochondrial Ferritin (FTMT) (Figure 4D). FAC treatment also abrogated DFO-induced
stabilization of endogenous DELE1 and ATF4 activation (Figure 4D). In contrast, the heme
biosynthesis inhibitor SA did not activate the ISR at least within the time points investigated
(Figure 4E). Addition of hemin to the culture media substantially increased the expression
of HMOX1 44 under DFO-treated conditions, but it did not overcome DFO-induced iron
deficiency (monitored by IRP2) (Figure 4F). Under this condition, hemin supplementation
less efficiently suppressed the iron chelation-induced stabilization of endogenous DELE1
and accumulation of ATF4 compared to FAC treatment (Figure 4F). Collectively, these
results suggest that iron is the primary factor in DFO-induced DELEL1 stabilization and ISR
activation.

Moreover, knockdown experiments revealed that both HR1 and DELE1 were required for
DFO and DFP-induced ISR activation in HeLa cells (Figures 4G, S3C and S3D). Genetic
ablation of DELE1 by CRISPR-Cas9 genome editing in HEK293 cells (Figure S1A)
suppressed iron chelation-induced ATF4 activation (Figures 4H and S3E), as well as the
transcriptional activation of classical ISR target genes including DD/73, ASNS, CTH and
CHACI (Figure 41). Exogenous reconstitution of DELE1 WT rescued the ISR activation
in DELE1 KO cells, while this was not observed when a DELE1 mutant lacking the
TPR2 domain was expressed (Figure 4J). The latter observation is consistent with previous
studies showing that the TRP2 domain of DELEL is required for activation of HRI under
mitochondrial stress 16:17, Thus, the DELE1-HRI pathway is required for the activation of
ISR in iron-deficient cells.

DELE1 on mitochondrial surface activates HRI

Iron chelators appear to activate the DELE1-HRI pathway in a mechanism distinct from
how HRI is activated during mitochondrial stress caused by CCCP. Indeed, unlike CCCP,
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neither DFO nor DFP induced mitochondrial depolarization (Figure 5A). OMAL is a
stress-responsive protease whose proteolytic activity is enhanced by mitochondrial stress-
inducing agents including CCCP 4546, Stress-dependent OMAL1 activation occurs through
self-cleavage that eventually leads to the degradation of OMA1 3647 Consistent with the
absence of mitochondrial depolarization (Figure 5A), iron chelators appeared not to induce
OMAL activation, which was monitored by the processing of OMAL itself, as well as

its known substrates OPA1 and PGAMS5 45:46:48.49 (Figure 5B). Moreover, knockdown of
OMAL did not suppress iron chelation-induced ISR activation in HEK293T or HeLa cells
(Figures 5C and 5D), indicating that OMAZ1 is not required for iron-deficiency-induced HRI
activation.

Our immunoprecipitation assay revealed that the increase in DELEL upon iron chelation
coincided with more HRI binding to DELE1 (Figure 5E). We examined the subcellular
localization of the iron deficiency-induced interaction between HRI and DELE1 using a
proximity ligation assay (PLA) (Figures 5F and S4A). We observed robust increases in
PLA signals after DFO, DFP, or CCCP treatment (Figure S4A). In contrast, no PLA signals
were observed without expression of DELE1 (Figure S4A). These results indicate that
PLA signals were derived from the stimuli-dependent interaction between HRI and DELEL.
Strikingly, in iron-deficient conditions, the PLA signal was predominantly observed on,

or in close proximity to, mitochondrial strings (Figure 5F). In contrast, the PLA signal

was diffusely scattered over the cytosol under CCCP-treated conditions (Figure 5F). These
results suggest that DELE1 interacts with HRI predominantly on the mitochondrial surface
under iron deficient conditions, while this interaction occurs mainly in the cytosol under
CCCP-treated conditions.

We thus considered that the mitochondrial import arrest of DELEL (Figures 3B—3E) resulted
in retention of the C-terminal TPR domains on the mitochondrial surface, allowing for the
folding of the TPR domains able to subsequently interact with and activate cytosolic HRI.
To test if the cytosolic exposure of the DELE1 TPR domains on the mitochondrial surface

is sufficient for HRI activation, we tethered DELEL1 to the OMM by fusing DELE1(d101

or d200) with a signal sequence (SS) of the OMM-localized protein TOM20 (Figures 5G
and S4B), and examined whether this fusion protein can activate the HRI-ISR pathway. Both
OMM-tethered DELE1s [TOMM20(SS)-DELE1(d101) and TOMM20(SS)-DELE1(d200)]
were more stable than DELE1 WT under steady state conditions (Figure S4C), which is
consistent with our observation that DELE1 is degraded in the matrix (Figures 1D and 1E).
Also, unlike DELE1 WT, we did not observe iron deficiency-induced stabilization of these
DELE1 mutants (Figure S4C). In agreement with the ability of cytosolic full-length DELE1
to bind to HRI and trigger the ISR 27, expression of the OMM-tethered DELE1 alone
induced ATF4 expression without iron chelation (Figure 5G). Furthermore, knockdown

of HRI abrogated this ATF4 induction (Figure 5H). These results indicate that the OMM-
tethered DELE1 can act as a constitutively active form for ISR induction, supporting our
hypothesis that in iron deficiency, the exposure of the DELE1 TPR domains on the OMM is
sufficient to trigger the HRI-ISR pathway.
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Determination of critical factors that are required for the iron deficiency-induced ISR

activation

We next sought to identify critical domains in DELEL that are required for the iron
deficiency-induced DELE1 import arrest and subsequent HRI-ISR activation. Recent data
reveal that an a.-helix located between 80-106 amino acids (a.a.) (Figure 6A) hampers the
efficient translocation of DELE1 into the matrix, and thus promotes its OMA1-mediated
cleavage in the IMS under certain settings of mitochondrial stress 2. A DELE1 mutant

that lacks these amino acids, DELE1(d80-106), stabilized after iron deficiency and rescued
DFO-induced ISR activation in DELE1 KO cells (Figure S5A), suggesting that this region
is dispensable for the iron-deficient DELE1 response. We also created several other DELE1
mutants including a mutant whose MTS was substituted with PINK1’s MTS, PINK1(MTS)-
DELE1(d101), and deletion mutants lacking the intermediate region between the DELE1
MTS and TPR domains, DELE1(d102-200) and DELE1(d200-220), or lacking the entire
TPR domains, DELE1(dTPR1-7) (Figure S5B). Unexpectedly, all these DELE1 mutants
were able to accumulate in response to iron deficiency (Figures S5C and S5D), suggesting
that iron deficiency-induced DELEL1 stabilization may not be solely regulated through a
single domain or motif in DELE1. Nevertheless, we identified DELE1(d102-200) as a
unique mutant that did not rescue the iron deficiency-induced ISR activation (Figure 6B).
DELEZ1 (d102-200) localized in mitochondria before and after iron chelation (Figure S5E).
Unlike other DELE1 mutants lacking TPR domains, DELE1(d102-200) did not lose its
ability to bind HRI when expressed in the cytosol following deletion of the MTS (Figure
6C). However, DELE1(d102-200) lost the ability to interact with HRI in a DFO-dependent
manner (Figure 6D). These observations suggest that the TPR domains in this mutant may
not be fully exposed into the cytosol under iron deficient conditions. The 102-200 region of
DELEZ does not have any known domains or motifs except for the reported OMAL cleavage
site 17, and the latter half of this region is predicted to be disordered (Figure 6A). We thus
speculated that the length of this intermediate region between the MTS and TPR domains
might be important for DELE1 passing through the IMS and the OMM and fully exposing
the TPR domains to the cytosol when DELEL’s import is arrested (Figure 6G). Consistent
with this notion, 50 a.a. deletion either in the first half or the latter half of the 102-200 a.a.
[DELE1(d102-150) or DELE1(d150-200)] was able to rescue iron deficiency-induced ISR
activation in DELE1 KO cells (Figure 6E). Furthermore, replacement of the 102—200 region
of DELE1 with different length of amino acid linkers (20, 50, and 100 a.a.) derived from

an intrinsically disordered region of Nucleolin (Figure S5F) 20 demonstrated that a length
of more than 50 a.a. within this region was sufficient for this response (Figure 6F). These
results support our notion that in the setting of iron deficiency, DELEL import arrest enables
the protein to cytosolically expose its TPR domains, thereby facilitating interaction with
HRI on the mitochondrial surface (Figure 6G).

Next, we tried to identify external factors that are involved in the iron deficiency-induced
ISR activation. Recent studies have revealed that LONP1 physically and functionally
associates with mitochondrial import machineries 312, Thus, we examined the possibility
that LONP1 is involved in the iron deficiency-induced ISR activation through regulating
the DELE1 import status. However, we did not see any defects in iron deficiency-induced
ISR activation following LONP1 knockdown (Figure S6A). As previously reported 16, the
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LONP1 knockdown slightly activated the ISR at steady state (Figure S6A), which may
imply the presence of mitochondrial proteotoxic stress in LONP1-deficient cells, as LONP1
is a key quality control protease 3.

It has been suggested that the mitochondrial stress-activated ISR in mammalian cells is a
functional counterpart of mtUPR in C. elegans 145354 that is activated by mitochondrial
proteotoxic stress-induced mitochondrial import arrest of the transcription factor ATFS-1
25,55 HAF-1, the IMM-resident ATP-binding cassette (ABC) transporter, was identified as
a critical factor for the mitochondrial import arrest of ATFS-1 9556, In mammals, there are
three IMM-resident ABC transporters (ABCB7, ABCB8 and ABCB10) 57:58, To date, the
exact substrates of these transporters have not been fully determined, but, intriguingly, all
of these transporters are reported to play critical roles in the intracellular and mitochondrial
metabolism of iron-containing cofactors including ISC and heme 5%-65, We thus examined
whether these IMM ABC transporters are also involved in the iron depletion-induced ISR
activation. Knockdown of ABCB7 or ABCBS8, but not ABCB10, attenuated iron deficiency-
induced ATF4 expression (Figure 6H). Because ABCB8 knockdown severely impaired cell
growth, we focused our subsequent efforts on ABCB7. Notably, ABCB7 was selectively
required for the ISR activation by iron chelators DFO and DFP but not for that induced by
CCCP (Figure 61 and 6J). Furthermore, CHX-chase experiments revealed that stabilization
of DELEL1 in response to iron chelation was less efficient in ABCB7 knockdown cells
(Figures 6K and 6L). Moreover, similar results were obtained by the ablation of ISCU %6, a
matrix-resident essential scaffold component of the ISC assembly (Figures S6B and S6C).
As previously reported 667 we observed retardation of mitochondrial and/or cytosolic
ISC biosynthesis after 72 hours of siRNA treatments for ABCB7 or ISCU as evident

by decreases in mitochondrial and/or cytosolic ISC-containing proteins (Figure S6D).
These results suggest that with iron deficiency, a potential cross-talk may exist between
ISC biosynthesis and the DELE1-HRI-ISR pathway, presumably through modulating the
mitochondrial DELE1 import status.

DELE1-HRI-ISR pathway protects erythroid cells against iron deficiency-induced cell death

Lastly, to address the physiological significance of this iron-deficiency-activated DELE1-
HRI pathway, we focused on erythroid cells. These cells incorporate large amounts of

iron for hemoglobin synthesis, and therefore require tight regulation of intracellular iron
homeostasis 68. We employed murine erythroleukemia (MEL) cells as a well-established /n
vitro model of erythroid differentiation, and generated DELE1 or HR/ gene-deleted MEL
cells using CRISPR (Figure S7A). Culturing MEL cells with medium containing 2% DMSO
rapidly induces erythroid-like differentiation, as evident by elevated expression of erythroid
marker genes within 24 hours 89, It has been previously demonstrated that iron limitation
by DFO significantly suppresses erythroid differentiation of MEL cells 89. We found that
DFO treatment during the initial 24 hours of DMSO-stimulated differentiation increased
ATF4 expression, suggesting that iron-deficiency activates the ISR in differentiating MEL
cells (Figure 7A). This DFO-induced ATF4 expression was markedly suppressed in DELE1
KO as well as HRI KO MEL cells when compared with WT cells (Figures 7A and 7B).
Exogenous expression of DELE1 recovered ATF4 induction in iron-deficient DELE1 KO
MEL cells (Figure 7C). Furthermore, RNA sequencing analyses using these MEL cell lines

Mol Cell. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sekine et al.

Page 11

revealed that upregulation of ISR target genes (such as ATF4, DDIT3, TRIB3, MTHFDZ,
and SLC3A2) by iron chelation was significantly attenuated in both DELE1 KO and HRI
KO cells (Figures 7D and 7E and Table S1). This indicates that the DELE1-HRI pathway is
required for iron-deficiency-induced ISR activation in differentiating MEL cells. Moreover,
we found that DELE1 KO and HRI KO cells exhibited higher cell death following 48 hours
of DFO treatment (Figure 7F). Collectively, these findings suggest that the DELE1-HRI
mediated ISR plays a crucial role in protecting erythroid cells from cell death following a
perturbation of iron homeostasis.

Discussion

Based on these findings, we propose a following model of DELE1-mediated HRI
activation under low iron conditions (Figure 7G). Under steady state conditions where
enough iron is available, DELEL1 is constitutively degraded by the matrix-resident protease
LONP1 soon after mitochondrial import, thereby maintaining low steady-state levels of
DELEZ1 expression (Figure 7G, left). When intracellular iron availability is limited, the
mitochondrial import of DELEL is arrested (Figure 7G, right, step 1). This iron deficiency-
induced mitochondrial import arrest of DELE1 enables DELEL1 to escape from LONP1-
mediated degradation (Figure 7G, right, step 2). As a consequence, full-length DELEL1 is
stabilized at mitochondria with its C-terminal domain exposed to the cytosol, and thereby
allowing the TPR domains to fold and interact with HRI (Figure 7G, right, step 3). The
stabilized, full-length form of DELEL passes through the IMS and the OMM through an
unknown mechanism. Importantly, the iron deficiency-induced activation of DELE1-HRI-
ISR pathway does not require OMA1-mediated DELE cleavage (Figures 5C and 5D).
Recent work uncovered that mitochondrial import stress (e.g., knockdown of mitochondrial
import machineries or overexpression of mitochondrial precursor proteins) activates DELE1-
HRI-ISR pathway 27. Of note, ISR activation in this context also does not require OMA1,
and it can be mediated by full-length DELEL1 that accumulates in the cytosol. Therefore,
DELEL appears to activate the HRI-ISR pathway without OMA1-mediated cleavage under
certain conditions when its C-terminal TPR domain has physical access to cytosolic HRI.

Recent studies have revealed the importance of mitochondrial import regulation in

sensing various mitochondrial perturbations and triggering appropriate stress responses, as
represented by the PINK1/Parkin-mediated mitophagy triggered by PINK1 import arrest 22
and the mtUPR in C. elegans triggered by ATFS-1 import arrest 2. Notably, expression of
both proteins is kept at a low level in the absence of stress by constitutive degradation. In
both cases, the stress-dependent import arrest enables them to escape from this degradation
to elicit a stress response. The constitutive degradation of these proteins appears to be an
energy-consuming process but allows a rapid response to stress sensed within mitochondria.
Similar to PINK1 and ATFS-1, DELE1 import arrest underscores this general mechanism
of mitochondrial stress sensing, in this case to sensing intracellular iron deficiency to
activate the ISR. Particularly, our findings demonstrated the mechanistic similarity between
the ATFS-1-dependent mtUPR and the DELE1-dependent ISR: namely, the requirement

of LONP1 for steady state degradation of the stress sensor and ABC transporters for the
stress-dependent activation.
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Similar to ATFS-1, a previous report suggests that the DELE1-HRI-ISR pathway is activated
by mitochondrial proteotoxic stress. LONP1 deletion or mitochondrial chaperone inhibitor-
mediated ISR activation was shown to be dependent on DELE1 16, It is noteworthy that iron
chelation may also cause mitochondrial proteotoxic stress. Under iron-limited conditions,
the biosynthesis of ISC is impaired, generating unfolded or misfolded ISC proteins in the
mitochondrial matrix, which can become substrates for LONP1 (Figure S2A) 3°. Therefore,
the accumulation of misfolded I1SC proteins by iron deficiency may increase the substrate
burden on LONP1, thereby decreasing the ability of LONP1 to degrade DELE1. This could
be an alternative explanation for how iron deficiency-induces DELEZ1 stabilization. Although
we do not exclude this possibility, our results support the notion that iron chelation-induced
DELEL stabilization does not solely result from the loss of LONP1 function. First, LONP1
knockdown and iron chelation stabilize different species of DELE1 (Figure 3E). LONP1
knockdown stabilized both the full-length and the MPP-cleaved form of DELE1 while iron
chelation predominantly stabilized the full-length form. Therefore, iron deficiency prevents
DELEL1 to reach the mitochondrial matrix regardless of the LONP1 activity status. Second,
although LONP1 knockdown cells exhibited slightly higher ATF4 levels at steady state, we
still observed iron chelator-dependent induction of ATF4 in these cells (Figure S6A). These
observations indicate the existence of an additional layer of regulation, namely the DELE1
import regulation, leading to more robust activation of ISR under iron deficient conditions,
compared to LONP1 inactivation alone.

There are few examples of proteins whose mitochondrial import is regulated by iron. In
our study, iron deficiency-dependent import arrest was observed only for DELE1, but not
for two other MTS-containing proteins we tested (Figures 3G and 3H). A recent report
identified that FTMT, a mitochondrial ferritin, may also be subject to import arrest in iron
deficiency, and that this regulation may be related to its role in iron depletion-induced
mitophagy 32. It has been demonstrated that ATFS-1 is activated by 2. aeruginosa infection,
in addition to the mitochondrial proteotoxic stress 70. Intriguingly, the exposure of worms
to P, aeruginosa strains lacking siderophore, a bacterial toxic compound that has an iron-
chelating activity, resulted in less mtUPR activation than that induced by wild-type £~
aeruginosa 0. Thus, it is tempting to speculate that ATFS-1 import might also be sensitive to
bacterial toxin-mediated iron chelation, and possibly to other iron-deficient conditions.

We observed that the ablation of ABCB7 and ISCU, components involved in ISC
metabolism, attenuated iron deficiency-induced ISR activation and DELEZ1 stabilization
(Figures 61-6L and S6B-S6C). Given lack of ABCB7 and ISCU impaired the maturation
of mitochondrial ISC-containing proteins (Figure S6D), it is tempting to speculate that
their common target, mitochondrial ISC, regulates the import of DELEL. However,

as intracellular iron-cofactor metabolism pathways are highly interconnected, several
alternative mechanisms are possible. Loss-of-function mutations in ABCB7 cause X-linked
sideroblastic anemia with ataxia, highlighting its importance in erythrocyte maturation 64,
Consistently, ABCB?7 was also reported to be involved in heme biosynthesis through its
interaction with ABCB10 and FECH, two critical components in heme metabolism °.
However, the contribution of heme in DELE1 import regulation may not be significant, as
the effect of hemin on iron deficiency-induced DELEZ1 stabilization was modest (Figure
4F) and knockdown of ABCB10 did not suppress ISR activation by DFO (Figure 6H).
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Alternatively, it is possible that perturbed intracellular and/or mitochondrial iron metabolism
in ABCB7- or ISCU-deficient cells may affect the DELE1 stability. It has been reported

that the ablation of ABCB7 (and ABCBS8) results in mitochondrial iron overload 5%:65.71,
The ablation of ISCU also affects the intracellular iron metabolism 7. Nevertheless, either
scenario supports our conclusion that DELE1 responds to changes in intracellular iron
availability.

A pro-survival role for the HRI-ISR pathway in erythroid cells has been well established

12 Analysis of HRI KO mice fed an iron-deficient diet has indicated that the HRI-mediated
ISR suppresses translation of globin in order to prevent toxic aggregation of heme-deficient
globin under heme-limited conditions caused by iron deficiency, thereby protecting erythroid
progenitors. By using DMSO-stimulated MEL cells as an erythroid cell model, we also
indicated a cell protective role for the DELE1-HRI-ISR pathway in the setting of iron
deficiency (Figure 7F). It has been reported that the DELE1-HRI-ISR pathway also act as a
cell death promoter in some contexts. For example, the deletion of DELE1 or HRI prevented
cell death under mitochondrial stress induced by CCCP 6. We observed DFO-induced ISR
activation was relatively weak and slow compared to the CCCP-induced ISR (Figure 4A).
We also showed different subcellular localizations of the DELE1-HRI interaction between
iron chelation (mitochondrial surface) and CCCP (the cytosol) (Figure 5F). Thus, temporal
and spatial regulation of this pathway might be important for determining cellular outcomes
under various stress conditions.

The iron-dependent mitochondrial import regulation of DELE1 and its critical role in

the activation of HRI we described in this study represent a previously unrecognized
mitochondrial-based iron sensing mechanism connecting mitochondria to the cytosolic ISR.
Mitochondria are the major iron containing subcellular compartment, as they harbor the
biosynthetic pathways for two major iron cofactors, heme and ISC. Therefore, it is not
surprising that mitochondria would have their own iron monitoring system, in addition to the
well-characterized iron homeostasis mechanism governed by cytosolic IRP1/2 33,

Limitations of the study

Due to technical difficulties of compartment specific iron depletion, it has not been
determined whether mitochondrial or cytoplasmic iron deficiency alone is sufficient to
cause DELE1 import arrest. Our attempts using DELE1 deletion and chimera mutants
indicated the complexity of the mechanism of DELE1 import arrest. To further delineate
this mechanism, identification of DELELX interacting molecules as well as targets of iron

or other iron-containing small molecules during this process will be required. Although

we demonstrated that iron chelators predominantly stabilized the DELE1 full-length form,
we also observed accumulation of a small fraction of a DELE1 short-form, which had a
similar molecular size to the OMA1-cleaved form (Figure 2A), but was generated in an
apparent OMA1-independent manner (Figure 5C). As this DELE1 short-form was released
into the cytosol (Figure S2B), we cannot rule out the partial contribution of this form to iron
deficiency-induced ISR activation.
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STAR Methods

Resource availability

Lead Contact—Further information and requests for reagents will be fulfilled by Lead
Contact Shiori Sekine (sekine@pitt.edu).

Materials availability—All constructs or cell lines generated in this study are available
from the lead contact upon request and completion of a Material Transfer Agreement.

Data and code availability—AlIl RNA seq data have been deposited at SRA under the
accession number PRINA970328. Raw images were deposited to Mendeley Data (DOI:
10.17632/7p8w52928v.1). All data are publicly available as of the date of publication.
Accession numbers and DOI are listed in the key resources table.

This paper does not report original code.

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: HEK293T and HelLa cells were cultured

in DMEM (Gibco) supplemented with 10% FBS (VWR Life Science), 10 mM HEPES
(Gibco), 1 mM Sodium pyruvate (Gibco), non-essential amino acids (Gibco) and GlutaMAX
(Gibco). MEL cells (F4N, Sigma) were cultured in RPMI Medium 1640 with L-Glutamine
and 25 mM HEPES (Gibco) supplemented with 10% FBS and 1 x Penicillin Streptomycin
Solution (Corning). MEL cell differentiation was induced by using this RPMI medium with
2% Dimethyl sulfoxide (DMSO) (Santa Cruz).

Method Details

Transfection and reagents—For RNA interference, 20 nM Stealth siRNAs (Thermo
Fisher Scientific) or 5 nM Silencer select siRNAs were transfected using Lipofectamine
RNAI max transfection reagent (Thermo Fisher Scientific) during cell seeding. For transient
transfection of plasmids, X-tremeGENE 9 DNA Transfection Reagent (Sigma-Aldrich)

was used according to the manufacturer’s protocol. All the siRNAs and reagents used in

this study are listed in Table S2. Following concentration was used for each drug unless
otherwise indicated in the figures: 10 pg/ml cycloheximide; 10 uM MG132; 200 nM
Bafilomycin Al (Baf. Al); 1 mM Deferoxamine (DFQO); 1 mM Deferiprone (DFP); 10

UM CCCP (for HEK293T); 20 uM CCCP (for HeLa); 20 uM Hemin; 1 mM succinyl acetone
(SA); 1 ug/ml Doxycycline; 20 nM TMRM.

Plasmids—All plasmids construction was performed by PCR amplification (CloneAmp
HiFi PCR Premix) using the appropriate primers followed by In-Fusion HD Cloning system
(Takara) into the EcoRl site of the pLVX-puro vector (Clontech) or into the BamHI/Notl
site of the pRetroX-Tight-puro vector (Clontech). The original vector of the C-terminally
HA-tagged Su9-TEV protease was gifted from Dr. Thomas Langer 36, and sub-cloned into
the Hindl11-Xhol site of pcDNA3.1 (+) 72. The mammalian Tag (-) PINK1 expression
vector was gifted from Dr. Noriyuki Matsuda 3. For subcloning of TOM20 (SS)-DELE1
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(d101)-HA or TOM20 (SS)-DELE1 (d200)-HA into pLVX-puro vector, the N-terminal 90
bp of Auman TOMMZ0and linker sequence 5’- ggtggatctggaggttctggtgga -3’ were inserted
before the DELE1 (d101) or DELE1 (d200)-coding sequence, respectively. For subcloning
of PINK1 (MTS)-DELE1 (d101)-HA into pLVX-puro vector, the N-terminal 102 bp of
human PINKI were inserted before the DELE1 (d101)-coding sequence. For replacing

the 102-200 region of DELE1 with different length of linkers derived from nucleolin, the
nucleotide sequences of human nucleolin coding from V46 to S65 (20 a.a.), to K95 (50 a.a.),
or to S145 (100 a.a.) were PCR amplified using the NCL-GFP plasmid 74 as a template,

and were inserted into pLVX-puro vector together with the PCR fragments covering DELE1
N-terminal (1-101 a.a.) or C-terminal (201-515 a.a.) regions by In-Fusion assembly. All the
plasmids used in this study are listed in key resources table.

Generation of cell lines—The generation of the endogenously HA-tagged DELE1
expressing HEK293T cells was described previously 18. To generate stably transfected cell
lines, lentiviruses (for plasmids within pLVX-puro vectors) and retroviruses (for plasmids
within pRetroX-Tight-puro vector) were packaged in HEK293T cells. HeLa cells were
transduced with viruses with 10 pg/ml polybrene (Sigma) then optimized for protein
expression via antibiotics selection. For generating the Tet-on DELE1-HA stable HelL a cell
line 7> and the Tet-on Su9-DHFR-3xFlag stable HeLa cell line 72, Retro-X-Tet-on Inducible
Expression System (Clontech) was used according to the manufacturer’s instruction. For
generating the Tet-on DELE1-HA / Mito-BFP stable HeLa cell line, Tet-on DELE1-HA
stable cells were transduced with a previously reported lentiviral Mito-BFP (Addgene
plasmid #49151) /8. For generating the ATF4 reporter cell line (ATF4_uORF_mApple-
stable HelLa cells), HeLa cells were transduced with a previously reported lentiviral

ISR reporter pXG237 containing two ATF4 upstream open reading frames upstream of
mApple 17 (Addgene plasmid #141281). A clonal cell line was produced by single-cell
sorting into a 96-well plate. For generating the DELE1 KO HEK?293T cell lines, the
lentiCRISPRV2 system 77~79 was used. Two sgRNAs were designed to target the 5’ and
3’ intron region of Exon2 of the DELE1 gene as shown in Figure S1; 5’ intron region
(5’-ggagaccagcagaatcacat-3’) and 3’ intron region (5’-ctcatttcctcccctagtca-3’). After the
infection of lentiviruses that express hSpCas9 and DELE1 sgRNAs, infected cells were
selected via the treatment with 500 pg/ml puromycin (Sigma) for 24 hours. The selected
cells were subjected to single colony isolation in 96-well plates. Genomic DNA of the
DELE1 KO clones (#24 and #51) used in this study were extracted with the Genotyping
Buffer [100 mM Tris-HCI pH 8.0, 5 mM EDTA, 200 mM NacCl, 0.1% SDS, 0.2 mg/ml
proteinase K (Thermo Fisher Scientific)] and PCR amplified using a pair of primers
(forward, 5’-gtccaatggcaggagatggt-3’; reverse, 5’-aggctatcaagtaggggcaaag-3’) to confirm
the deletion. For generating DELE1 KO and HRI KO MEL cell lines, similar strategies
were used with sgRNAs; DELE1 guide #1 (5’-TGAGACCCATCTGAACTGGT-3’),
DELE1 guide #2 (5’-CAGGTTCCCACGGTTCAAAG-3’), HRI guide

#1 (5’-CTGTCTCACCATCATACTTG-3’), and HRI guide #2 (5’-
ATTTAAACACCTGTTTGGAG-3’). All the cell lines used in this study are described in
key resources table.
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Immunoblotting (IB)—The procedure for 1B was previously described . Cells were
lysed with 1x NUPAGE LDS sample Buffer (Thermo Fisher Scientific) supplemented with
10 mM Dithiothreitol (DTT) (Sigma), and boiled at 98 °C in the bench-top thermal mixer
shaking at 1,300 rpm for 15 min. Approximately, 30 — 50 ug of protein per samples were
separated on an SDS-PAGE (either 7.5 %, 10 %, or 4-20% gradient) Mini-PROTEAN
TGX Precast Gel (Bio-Rad) or Criterion TGX Gel (Bio-Rad) and then transferred to

a nitrocellulose membrane (Bio-Rad) or a PVDF membrane (Bio-Rad). The membrane
was blocked with Odyssey Blocking Buffer (LI-COR) and incubated with the indicated
primary antibodies at 4°C overnight. After washing with PBS-T (PBS + 0.05% Tween-20),
the membrane was incubated with HRP-conjugated secondary antibodies (Thermo Fisher
Scientific) and washed again with PBS-T. Detection was performed with ECL substrates
(Thermo Fisher Scientific) and iBright CL1000 Imaging System (Thermo Fisher Scientific).
All the antibodies used in this study are described in key resources table.

Immunocytochemistry (ICC)—ICC was performed as previously described °. Cells
were seeded into Lab-Tek Chambered Coverglass with 4 wells (Thermo Fisher Scientific).
Cells were rinsed with PBS and fixed with PBS containing 4% formaldehyde (Thermo
Fisher Scientific) for 15 min at room temperature. Cells were permeabilized with PBS
containing 0.1% Triton X-100 for 10 min at room temperature. Blocking was performed
using PBS containing 2% BSA (2%BSA/PBS) for 30-60 min at room temperature. For
immunostaining, cells were incubated with the indicated primary antibodies, diluted in
2%BSA/PBS, overnight at 4C° and with secondary antibodies (Alexa Fluor, Thermo Fisher
Scientific), diluted in 2%BSA/PBS, for about 2 hours at room temperature. Cells were
imaged using a 63 x /1.4 NA oil immersion objective on Leica SP8 LIGHTNING Confocal
Microscope (Leica). All the antibodies used in this study are described in key resources
table.

Immunoprecipitation (IP)—For immunoprecipitation, cells were lysed with 1% Triton
Buffer [1% Triton-X100, 150 mM NaCl, 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, and
protease inhibitors (cOmplete, Sigma)]. After centrifugation, the lysate was incubated with
anti-HA Magnetic beads (Pierce) for 20 min at 4C°. After washing the beads with 1% Triton
Buffer 4 times, immunoprecipitants were eluted from the beads by boiling for 3 min with

1x NUPAGE LDS sample Buffer (Thermo Fisher Scientific) supplemented with 10 mM
Dithiothreitol (DTT) (Sigma) for 3 min. The samples were subjected to the immunoblotting
analysis. For DSP cross-linking IP, cells were incubated with 0.1 mM DSP (Thermo Fisher
Scientific)-containing ice-cold PBS for 30 min at 4C°. After removing the DSP solution, the
cross-linking reaction was stopped by adding 20 mM Tris-HCI (pH 7.4) for 15 min at 4C°.
After washing cells with ice-cold PBS for 3 times, cells were lysed with IP lysis buffer [20
mM Tris-HCI pH7.5, 150 mM NaCl, 10 mM EDTA pH8.0, 1% Na-DOC, 1% Triton X-100,
and protease inhibitors (cOmplete, Sigma)], and were subjected to immunoprecipitation
assay described above.

RNA Isolation and quantitative PCR (qPCR)—Procedures for RNA isolation and
subsequent gPCR were described previously 7>. All expression levels were normalized
to that of RPS18 mRNA. The following gPCR primers were used; RPS18, (forward)
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5’-cttccacaggaggcctacac-3’ and (reverse) 5’-cgcaaaatatgctggaacttt-3’; DELEI, (forward)
5’-cccactggaaaggagtgttg-3’ and (reverse) 5’-acccacaggctccctctt-3'; ABCB7, (forward)
5’-ccacacagacccaaaagaag-3’ and (reverse) 5’-caccacccaaaaatcccag-3’; DD/T3, (forward)
5-TCTTGACCCTGCTTCTCTG-3’ and (reverse) 5’-TCTTCCTCCTCTTCCTCCTG-3’;
ASNS, (forward) 5’-GAAGAACACAGATAGCGTGG-3’ and

(reverse) 5’-GGCAGAGACAAGTAATAGGAAG-3’; CTH, (forward) 5’-
TTCCTGCCACACTTCCAAC-3’ and (reverse) 5’-TGCTGCCACTGCTTTTTC-3’;
CHACI, (forward) 5’-GAGGGATAGTAGGGCATGAG-3’ and (reverse) 5’-
CAGACAGACAGAGGGACAAG-3.

Flow cytometry—To determine mitochondrial membrane potential, 20 nM TMRM
(Thermo Fisher Scientific) was directly added to cell culture media and incubated for 15
min. Cells were washed and replaced with normal medium followed by flow cytometry
analysis using Attune NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific). To
determine cell viability, Propidium iodide (Thermo Fisher Scientific) was added to cell
culture media and incubated for 15 min, followed by flow cytometry analysis. For the flow
cytometry analysis of the ATF4 reporter cell line (ATF4_uORF_mApple-stable HelL a cells),
mApple was measured on an Amnis CellStream flow cytometer (Luminex), using a 561 nm
laser for excitation and a 611/31 bandwidth filter for emission. Data was analyzed from the
fcs files using a custom Python 3 script and the FlowCytometryTools library.

Crude mitochondrial isolation and protease protection assay—HEK293T were
treated with 10 pg/mL cycloheximide (CHX, Sigma-Aldrich, C4859) for 30 min after
pre-treatment with 1 mM deferoxamine (DFO, Cayman Chemicals, 14595) or H,O for

16 hours. HEK293T cells were scraped from cell culture plates and resuspended in cold
homogenization buffer (220 mM mannitol, 70 mM sucrose, 20 MM HEPES/KOH pH 7.4,
1 mM EDTA). Mitochondria were isolated using a syringe (25G x 5/8””/ g 0.50 x 16

mm, B. Braun, 4657853) and differential centrifugation: to remove nuclei and intact cells,
two centrifugation steps at 700 x g for 10 min and 5 min at 4 °C were performed. The
supernatant was then centrifuged at 8000 x g for 15 min at 4 °C. The mitochondrial

pellet was resuspended in SEM Buffer and protein concentration was determined by
Bradford Assay. For proteinase K digestion, 50 ug mitochondria per reaction were used.
After an additional centrifugation step at 8000 x g for 10 min at 4 °C, the mitochondria
were resuspended in SEM Buffer (10 mM MOPS-Tris pH 7.2, 250 mM sucrose, 1 mM
EDTA), EM buffer (10 mM MOPS-Tris pH 7.2, 1 mM EDTA), or SEM buffer + 0.5%
TritonX-100 and incubated on ice for 10 min. For digestion, Proteinase K (50 pg/mL;
Sigma-Aldrich, P6556) was added and incubated for 10 min on ice. To stop the reaction,

1 mM final concentration phenylmethansulfonylfluorid (PMSF, Sigma-Aldrich, P7626) was
added. After 15 min final incubation, SDS sample buffer was added, and samples were
boiled at 95 °C for 10 min.

Proximity Ligation Assay (PLA)—PLA was performed by using Duolink In Situ PLA
Probe Starter Kit (DU092101, Sigma) according to the manufacturer’s instruction and the
previously described method 8. For PLA, cells were grown on cover glasses (CAROLINA,
633029). Cells were fixed, permeabilized, and blocked with 0.2% BSA in PBS for 1 hour at
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room temperature (RT), and then incubated with the following primary antibodies overnight
at 4C°; anti-HRI rabbit antibody (Proteintech, 20499-1-AP) and anti-HA mouse antibody
(Cell Signaling, 2367). After washing with PBS, samples were incubated with PLA probes
(DUQ092101, Sigma) for 1 hour at 37C°. After washing with buffer A [0.01 M Tris-HCI
(pH 7.4), 0.15 M NacCl, 0.05% Tween 20], samples were incubated with ligation mix
(DUQ092101, Sigma) for 30 min at 37C°. After washing with buffer A, samples were
incubated with polymerase mix (DU092101, Sigma) for 100 min at 37C°. After sequential
washing by buffer B [0.2 M Tris-HCI (pH 7.4), 0.1 M NaCl] and buffer C (10 times
dilution of buffer B with water), cover glasses were mounted with ProLong Gold Antifade
Mountant (Invitrogen, P36934) onto a glass microscopic slide (VWR, 48311-703). Cells
were imaged using a 63 x /1.4 NA oil immersion objective on Leica SP8 LIGHTNING
Confocal Microscope (Leica).

RNA-sequencing—Total RNAs were isolated using RNeasy Mini Kit (Qiagen) and
reverse-transcribed to cDNA using iScript cDNA Synthesis Kit (Bio-Rad) according to

the manufacturer’s instruction. RNA sequencing and the data analysis were performed
through the commercial service provided by MedGenome, Inc (Foster City, USA). lllumina
TruSeq stranded mRNA kit was used to prepare libraries according to the manufacturer’s
instructions. The resulting libraries were sequenced on NovaSeq 6000 using paired-end 100
base pair sequencing at the depth of 40M reads per sample.

Quantification and Statistical Analysis

Statistical significances were determined using Prism software (GraphPad Software, Inc.) as
indicated in the Figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Under steady state, DELE1 is degraded by matrix-resident LONP1 soon after
import.

DELEL import is arrested in iron deficiency, which stabilizes it on
mitochondria.

The stabilized DELEZ1 full-length form activates HRI at the mitochondrial
surface.

DELE1-HRI-ISR protects erythroid cells from iron deficiency-induced cell
death.
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Figure 1. DELEL is a short-lived protein that is degraded by LONP1 after mitochondrial import.
(A) Endogenous DELE1-HA expressing HEK293T cells were treated with cycloheximide

(CHX) for the indicated time periods. Cell lysates were analyzed by immunoblotting (IB)
with the indicated antibodies. HSP90 is shown as a loading control.
(B) IB for lysates of endogenous DELE1-HA HEK293T cells treated with MG132 or
Bafilomycin Al (Baf. Al) for 7 hours.
(C-E) IB for lysates of endogenous DELE1-HA HEK293T cells transfected with the

indicated siRNAs for 72 hours and treated with CHX for the last 2 hours before harvest.

*: non-specific bands.
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Figure 2. Iron deficiency stabilizes DELEL.
(A) Endogenous DELE1-HA HEK293T cells were treated with Deferoxamine (DFO),

Deferiprone (DFP), CCCP, Hemin or succinyl acetone (SA) for 16 hours. The lysates were
analyzed by immunaoblotting (IB) with the indicated antibodies.

(B) IB for lysates of tet-on DELE1-HA stable HelLa cells treated with the indicated
concentration of DFO for 16 hours. Doxycycline was added 8 hours prior to DFO treatment
to induce the expression of DELE1-HA.

Mol Cell. Author manuscript; available in PMC 2024 June 15.

l« DELE1 (WT)-HA
s % < DELE1 (d101)-HA



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sekine et al.

Page 27

(C) 1B for lysates of endogenous DELE1-HA HEK?293T cells pre-treated with either DFO,
DFP for 16 hours, or CCCP for 1.5 hours, and subsequently subjected to the CHX chase at
the indicated time periods.

(D) HEK293T DELE1 knockout (KO) cells (clone #24) were transiently infected with
lentivirus expressing DELE1-HA. After 24 hours, cells were treated with DFO for 16 hours
and were subsequently subjected to the CHX chase at the indicated time periods. Cell lysates
were analyzed by IB.

(E) Immunocytochemistry (ICC) for Tet-on DELEL (wild-type, WT)-HA, DELEL1 (delta 30,
d30)-HA, DELE1 (delta 101, d101)-HA stable HeLa cells. Scale bars; 25 pm. A schematic
representation of the domain structure of DELEL is shown at the bottom.

(F) 1B for lysates of tet-on DELE1 WT-HA or DELE1 d101-HA stable HelLa cells were
treated with DFP for 16 hours. Doxycycline was added 8 hours prior to DFO treatment to
induce the expression of DELE1 WT-HA or DELE1 d101-HA.

See also Figure S1.
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Figure 3. DELEL is stabilized on mitochondria by an iron deficiency-dependent mitochondrial
import arrest.

(A) Tet-on DELE-HA stable HelL a cells were treated with DFO or CCCP for 16 hours.

The subcellular localization of DELE1-HA was determined by immunocytochemistry (ICC).
Scale bars; 10 um. Line profiles for the indicated fluorescent intensities determined along
the white lines are shown to the right. (B) Crude mitochondrial fractions were isolated

from Endogenous DELE1-HA HEK293T cells that were treated with CHX for 30 min

with or without the pre-treatment with DFO for 16 hours, and were subjected to /n vitro
proteinase K protection assay at the indicated proteinase K concentration in the indicated
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buffer conditions. Sensitivities of endogenous DELE1-HA and other mitochondrial marker
proteins to proteinase K were determined by immunoblotting (I1B).

(C) Schematic representation for the TEV cleavage assay. Suppression of the proteases-
mediated cleavage of DELE1 by import arrest (upper panel). Insertion of the TEV cleavage
sequence after the predicted MPP cleavage site of DELE1 [DELE1(TEV30)] (lower panel).
(D) DELE1 KO cells were transfected with the TEV sequence-inserted DELE1
(DELE1(TEV30)-HA) with or without the matrix-targeted TEV protease (Su9-TEV
protease-HA). After 24 hours, cells were treated with DFO for the indicated time periods.
Cell lysates were separated in an SDS-PAGE 7.5% polyacrylamide Midi gel and analyzed by
IB.

(E) 1B for lysates of endogenous DELE1-HA HEK293T cells treated with CHX for 30

min with or without pre-treatment of DFO for 16 hours (lane 1-4), or transfected with the
indicated siRNAs for 72 hours, and subsequently treated with CHX for 30 min (lane 5-10).
(F) Knockdown efficiency of indicated proteins in (E) determined by IB.

(G to 1) HeLa cells transiently transfected with tag (=) PINK1 (G), Tet-on Su9-
DHFR-3xFlag stable HeL a cells (H), or Tet-on DELE1-HA stable HeLa cells (I), were
treated with DFO, DFP or CCCP for 16 hours. Doxycycline was added 8 hours prior to DFO
treatment to induce the expression of Su9-DHFR-3xFlag (H) or DELE1-HA (1). Cell lysates
were analyzed by IB. *; non-specific bands.

See also Figure S2.
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Figure 4. DELEL1 activates an HRI-mediated ISR following iron deficiency.
(A, B) HEK293T cells were treated with DFO, DFP or CCCP for the indicated time periods

(A) or were treated with the indicated concentrations of DFO for 16 hours (B). Cell lysates
were analyzed by immunoblotting (IB) with the indicated antibodies.

(C) ATF4 reporter (ATF4 uORF mApple)-expressing HelLa cells were treated with the
indicated concentrations of DFO for 16 hours and were subjected to flow cytometry
analysis. Data are shown as mean + S.D. (N=4). ***P = 0.0001 (One-way ANOVA followed
by Dunnett’s multiple comparison’s test).
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(D) 1B for lysates of endogenous DELE1-HA HEK?293T cells treated with DFO with or
without ferric ammonium citrate (FAC) for 16 hours.

(E) 1B for lysates of HelL a cells treated with the indicated compounds for 16 hours.

(F) IB for lysates of endogenous DELE1-HA HEK?293T cells treated with DFO for 16 hours
in the presence or absence of hemin.

(G) IB for lysates of HelLa cells transfected with indicated siRNAs for 72 hours, and treated
with DFO, DFP, or CCCP for the last 16 hours.

(H) IB for lysates of HEK293T WT or DELE1 KO cell lines (clone #24 and #51) treated
with DFO, 1 mM DFP, or CCCP for 16 hours. The lysates were analyzed by IB.

(1) Quantitative PCR for ISR target gene expression in HEK293T WT or DELE1 KO
(clone #24) cells treated with DFO for 16 hours. Shown are mean + S.D. (N=3). ****
P<0.0001, *** P<0.001, and ** P<0.01 (One-way ANOVA followed by Turkey’s multiple
comparison).

(J) DELEL(WT)-HA or DELE1(d246-272)-HA was expressed in DELE1 KO HEK293T
cells (clone #24) through lentivirus infection for 40 hours. Cells were treated with DFO for
the last 16 hours before harvest. Cell lysates were analyzed by IB.

See also Figure S3.
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Figure 5. DELE1 on mitochondrial surface activates HRI.
(A) Flow cytometry analysis to determine mitochondrial membrane potential in HeLa cells

treated with either DFO, DFP or CCCP for 16 hours, and with TMRM for the last 15 min.
(B) HeLa cells were treated with either DFO, DFP or CCCP for 16 hours. Cell lysates were
analyzed by immunoblotting (IB) with the indicated antibodies.

(C, D) IB for lysates of endogenous DELE1-HA HEK293T cells (C) or HeLa cells (D)
transfected with indicated siRNAs for 72 hours, and treated with DFO or DFP for the last 16
hours before harvest. *; non-specific bands.

Mol Cell. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sekine et al.

Page 33

(E) Endogenous DELE1-HA was immunoprecipitated with anti-HA antibody from the
indicated HEK293T cells with or without 16 hours of DFO treatment. The samples were
subjected to IB. IP; immunoprecipitation.

(F) Proximity Ligation Assay (PLA) between overexpressed DELE1-HA and endogenous
HRI. Tet-on DELE1-HA stable HeLa cells that stably express Mito-BFP were treated with
DFO or DFP for 20 hours, or CCCP for 4 hours, under Doxycycline-added conditions, and
were subjected to PLA. White arrow heads indicate representative PLA signals that were
observed exactly on or close proximity to mitochondria. Scale bars; 5 um. Magnified merge
images of the squared area are shown to the right. Low magnification images are shown in
Figure S4A.

(G) DELE1-HA or the OMM-tethered DELE1 [TOM20(SS)-DELE1(d101)-HA] or
TOM20(SS)-DELE1(d200)-HA] was expressed in DELE1 KO HEK293T cells (clone
#24) through lentivirus infection for 44 hours. Cells were treated with DFO for the

last 20 hours or CCCP for the last 4 hours before harvest. Cell lysates were analyzed

by IB (upper panel). Schematic representation of TOM20(SS)-DELE1(d101)-HA and
TOM20(SS)-DELEL1 (d200)-HA (lower panel). The OMM-targeting signal of TOM20 is
shown as a blue box.

(H) IB for lysates of DELE1 KO HEK293T cells transfected with indicated siRNAs for 48
hours, and infected with the OMM-tethered DELE1-HA-expressing lentiviruses for the last
24 hours before harvest.

See also Figure S4.
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Figure 6. Determination of critical factors that are required for the iron deficiency-induced ISR
activation.

(A) A schematic representation of DELE1 domain structures. See text for details.

(B) DELEL (WT) or DELE1 deletion mutants that lacked indicated regions were expressed
in DELE1 KO HEK293T cells through lentivirus infection for 40 hours. Cells were

treated with DFO for the last 16 hours before harvest. Cell lysates were analyzed by
immunoblotting (I1B).

Mol Cell. Author manuscript; available in PMC 2024 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sekine et al.

Page 35

(C) The indicated DELE1 deletion mutants were transiently transfected in DELE1 KO
HEK?293T cells. After 24 hours, cells were lysed and each DELE1 was immunoprecipitated
with anti-HA antibody. The samples were subjected to IB. IP; immunoprecipitation.

(D) DELE1 WT or d102-200 were transiently infected in DELE1 KO HEK293T cells (clone
#24). Cells were subsequently treated with DFO for the last 20 hours before harvest. Each
DELE1 was immunoprecipitated with anti-HA antibody. Samples were subjected to IB.

(E, F) DELE1 WT or DELEZ1 deletion mutants that lacked indicated regions (E) or linker-
inserted DELE1(d102-200) mutants (F) were expressed in DELE1 KO HEK293T cells
through lentivirus infection for 40 hours. Cells were treated with DFO for the last 16 hours
before harvest. Cell lysates were analyzed by IB.

(G) A model for the role of 102-200 a.a. region of DELEL in HRI activation during iron
deficiency. See text for details.

(H) 1B for lysates of HeLa cells transfected with indicated siRNAs for 72 hours, and treated
with DFO for the last 16 hours.

(1) IB for lysates of HelL a cells transfected with indicated siRNAs for 72 hours, and treated
with DFO, DFP, or CCCP for the last 16 hours.

(J) Knockdown efficiency of ABCB?7 in (I) determined by quantitative PCR (qPCR).

(K) Endogenous DELE1-HA HEK293T cells were transfected with indicated siRNAs for 72
hours. Cells were treated with DFO for 16 hours, followed by the CHX chase for the last 30
min before harvest. Cell lysates were analyzed by IB. *; non-specific bands.

(L) Knockdown efficiency of ABCB7 in (K) determined by qPCR.

See also Figure S5 and Figure S6.
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Figure 7. DELE1-HRI-ISR pathway protects the erythropoietic cell lineage against ferroptosis.
(A, B) MEL wildtype (WT), two independent DELE1 KO (clone #3 and clone #8), and HRI

KO (clone #1) cells were cultured with 2% DMSO-containing medium in the presence or
absence of DFO for 24 hours. Cell lysates were analyzed by immunoblotting (IB) with the
indicated antibodies. HSP90 in (A) and NCL in (B) are shown as loading controls.

(C) IB for lysates of WT, DELE1 KO, or DELE1(WT)-HA-transfected DELE1 KO MEL
cells. Cells were treated with DFO for the last 24 hours before harvest.
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(D) MEL WT, DELE1 KO, and HRI KO cells were cultured with 2% DMSO-containing
medium in the presence or absence of DFO for 24 hours. Cell lysates were subjected to
RNA sequencing analysis. Differences between WT and HRI KO (X axis) or WT and
DELE1 KO (Y axis) in log, fold changes (FC) of each gene expression before and after iron
chelation (DFO/mock) are plotted. Representative ISR target genes are shown in magenta.
(E) Relative mRNA expression of representative ISR target genes selected from the RNA
sequencing data.

(F) MEL WT, DELE1 KO (clone #3 and #8), and HRI KO (clone #1) cells were cultured
with 2% DMSO-containing medium in the presence or absence of DFO for 48 hours. Dead
cells were determined by flow cytometry for Propidium iodide (PI) positive cells. Data are
shown as mean + S.D. (N=5-6). ***P<0.001 and **P<0.01 (One-way ANOVA followed by
Turkey’s multiple comparison).

(G) A proposed model of the iron-deficiency-induced mitochondrial import regulation of
DELEL1 and the subsequent activation of the HRI-ISR pathway. See text for details.

See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA Cell Signaling 2367S; RRID:AB_10691311
TOM40 Proteintech 18409-1-AP; RRID:AB_2303725
TIM50 Santa Cruz sc-393678; RRID:AB_2714191
TIM23 BD Biosciences 611222; RRID:AB_398754
HSP90 Santa Cruz SC-7947; RRID:AB_2121235
HSP90 Cell Signaling 4874S; RRID:AB_2121214
PINK1 Cell Signaling 6946S; RRID:AB_11179069

p62 Abcam abh56416; RRID:AB_945626
LONP1 Proteintech 66043-1-1g; RRID:AB_2881494
LONP1 Novus Biologicals NBP1-81734; RRID:AB_11002818
aTubulin Sigma T6199; RRID:AB_477583

IRP2 Cell Signaling 37135S; RRID:AB_2799110
ALAS1 Abcam ab154860

HMOX1 GeneTex GTX101147; RRID:AB_1950502
OMA1 Santa Cruz sc-515788; RRID:AB_2905488
TOM20 Santa Cruz sc-17764; RRID:AB_628381
MPPa Sigma HPA021648; RRID:AB_1855491
MPPB Proteintech 16064-1-AP; RRID:AB_2167122
M2 Sigma F1804; RRID: AB_262044
ATF4 Cell Signaling 11815S; RRID:AB_2616025
phospho-eif2a Cell Signaling 3398; RRID:AB_2096481
total-eif2a Cell Signaling 5324; RRID:AB_10692650
LIAS Proteintech 11577-1-AP; RRID:AB_2135972
SDHB Proteintech 10620-1-AP; RRID:AB_2285522
PPAT Proteintech 15401-1-AP; RRID:AB_2166532
FTMT Abcam ab66111

OPA1 BD Biosciences 612607; RRID:AB_399889
PGAMS5 Thermo Fisher Scientific | PA5-57894; RRID:AB_2645430
HRI Proteintech 20499-1-AP; RRID:AB_10697665
ISCU Proteintech 14812-1-AP; RRID:AB_2280362
NCL Cell Signaling 14574; RRIS:AB_2798519
TRAP1 Cell Signaling 92345: RRID:AB_2800183

Bacterial and virus strains

N/A

Biological samples

N/A

Chemicals, peptides, and recombinant proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER
Cycloheximide (CHX) Cayman Chemical 14126

MG132 Sigma C2211
Bafilomycin Al (Baf. A1) Cayman Chemical 11038
Deferoxamine (mesylate) (DFO) Cayman Chemical 14595
Deferiprone (DFP) Cayman Chemical 20387

cccp Sigma C2759

Hemin chloride Cayman Chemical 16487
Succinyl acetone (SA) MedChemExpress HY-W010184
Proteinase K Sigma P6556

Ferric ammonium citrate (FAC) Sigma RES20400-A7
Erastin Cayman Chemical 17754
trans-ISRIB Cayman Chemical 16258
Doxycycline Sigma D9891

DSP (dithiobis(succinimidyl propionate)) Thermo Fisher Scientific | 22585
X-tremeGENE 9 DNA transfection reagent Roche 6365787001
Lipofectamine RNAi max transfection reagent Thermo Fisher Scientific | 13778075
Tetramethylrhodamine, Methy! Ester, Perchlorate (TMRM) | Thermo Fisher Scientific | T668

Critical commercial assays

Duolink In Situ PLA Probe Starter Kit Sigma DU092101
Deposited data

Raw images This study Mendeley Data (DOI: 10.17632/7p8w52928v.1)
RNA seq data This study SRA (accession number: PRINA970328)
Experimental models: Cell lines

HEK293T ATCC CRL-3216
Hela ATCC CCL-2.2
Endogenous DELE1-HA HEK293T Fessler et al., 2020 N/A

Tet-on DELE1-HA stable HeLa Houston et al., 2021 N/A

Tet-on Su9-DHFR-3xFlag stable HeLa Sekine et al., 2019 N/A

DELE1 KO HEK293T clone #24 This study N/A

DELE1 KO HEK293T clone #51 This study N/A
ATF4_uORF_mApple-stable HeLa This study N/A

Tet-on DELE1-HA / Mito-BFP stable HelLa This study N/A

MEL Millipore Sigma FAN

DELE1 KO MEL clone #3 This study N/A

DELE1 KO MEL clone #8 This study N/A

HRI KO MEL clone #1 This study N/A

Experimental models: Organisms/strains

N/A

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER
Stealth RNAI Negative Control Med GC Duplex #2 Thermo Fisher Scientific | 12935112
Silencer Select Negative Control #1 sSiRNA Thermo Fisher Scientific | 4390843
Stealth RNAi PARL Thermo Fisher Scientific | HSS183080
Stealth RNAi OMAL Thermo Fisher Scientific | HSS132976
Stealth RNAi YMELL Thermo Fisher Scientific | HSS116546
Stealth RNAI HtrA2 Thermo Fisher Scientific | HSS146986
Stealth RNAi LONP Thermo Fisher Scientific | HSS113887
Silencer Select LONP #1 Thermo Fisher Scientific | s17902
Silencer Select LONP #2 Thermo Fisher Scientific | s17903
Stealth RNAi CLPP Thermo Fisher Scientific | HSS112033
Stealth RNAi AFG3L2 Thermo Fisher Scientific | HSS116886
Stealth RNAi SPG7 Thermo Fisher Scientific | HSS110137
Stealth RNAi MPPa Thermo Fisher Scientific | HSS118357
Stealth RNAi MPPb Thermo Fisher Scientific | HSS114169
Silencer Select HRI #1 Thermo Fisher Scientific | s25822
Silencer Select HRI #2 Thermo Fisher Scientific | s25823
Silencer Select DELE1 #1 Thermo Fisher Scientific | s18966
Silencer Select DELE1 #2 Thermo Fisher Scientific | s18967
Silencer Select ABCB7 #1 Thermo Fisher Scientific | s855
Silencer Select ABCB7 #2 Thermo Fisher Scientific | s857
Silencer Select ABCB8 Thermo Fisher Scientific | s22104
Silencer Select ABCB10 Thermo Fisher Scientific | s23857
Silencer Select ISCU #1 Thermo Fisher Scientific | s23909
Silencer Select ISCU #2 Thermo Fisher Scientific | s23908
Recombinant DNA

pLVX-puro-DELE1-HA Houston et al., 2021 N/A
pLVX-puro-DELE1 (TEV30)-HA This study N/A
pcDNAZ3.1 (+) Su9-TEV protease-HA Sekine et al., 2019 N/A
pRetroX-Tight-Pur-DELE1-HA Houston et al., 2021 N/A
pRetroX-Tight-Pur-DELE1(d30) -HA This study N/A
pRetroX-Tight-Pur-DELE1(d101)-HA This study N/A
pRetroX-Tight-Pur-pSu9-DHFR-tev-3xFlag Sekine et al., 2019 N/A

pCMV (d1) PINK1 (Tag-) Okatsu et al., 2012 N/A
pLVX-puro-PINK1-HA This study N/A
lentiCRISPR v2-hygro-human DELE1 (Guide#1) This study N/A
lentiCRISPR v2-hygro-human DELE1 (Guide#2) This study N/A
pXG237 Guo et al., 2020 Addgene #141281
pLVX-puro-DELE1(d246-272)-HA This study N/A
pLVX-puro-TOMM20(ss)-DELE1(d101)-HA This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLVX-puro-TOMM20(ss)-DELE1(d200)-HA This study N/A
pLVX-puro-DELE1(d102-200)-HA This study N/A
pLVX-puro-DELE1(d200-220)-HA This study N/A
pLVX-puro-DELE1(d101)-HA This study N/A
pLVX-puro-DELE1(d101/d102-200)-HA This study N/A
pLVX-puro-DELE1(d101/dTPR1)-HA This study N/A
pLVX-puro-DELE1(d101/dTPR2)-HA This study N/A
pLVX-puro-DELE1(d101/dTPR3)-HA This study N/A
pLVX-puro-DELE1(d101/dTPR4)-HA This study N/A
pLVX-puro-DELE1(d101/dTPR5)-HA This study N/A
pLVX-puro-DELE1(d102-150)-HA This study N/A
pLVX-puro-DELE1(d150-200)-HA This study N/A
pLVX-puro-DELE1(d102-200 + linker 20)-HA This study N/A
pLVX-puro-DELE1(d102-200 + linker 50)-HA This study N/A
pLVX-puro-DELE1(d102-200 + linker 100)-HA This study N/A
lentiCRISPR v2-puro-mouse DELE1(Guide#1) This study N/A
lentiCRISPR v2-puro-mouse DELE1 (Guide#2) This study N/A
lentiCRISPR v2-puro-mouse HRI (Guide#1) This study N/A
lentiCRISPR v2-puro-mouse HRI (Guide#2) This study N/A

Mito-BFP Friedman et al., 2011 Addgene #49151
pLVX-puro-DELE1(d80-106)-HA This study N/A
pLVX-puro-PINK1(MTS)-DELE1(d101)-HA This study N/A
pLVX-puro-DELE1(dTPR1-7)-HA This study N/A

pLVX-puro Clontech 632164
pRetroX-Tight-Pur Clontech 632104
pRetroX-Tet-On Advanced Clontech 632104
lentiCRISPR v2-puro Sanjana et al., 2014 Addgene #52961
lentiCRISPR v2-hygro Stringer et al., 2019 Addgene #98291

Software and algorithms

BioRender

N/A

https://app.biorender.com/user/signin

Other

N/A
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