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Stress response pathways detect and alleviate adverse conditions to safeguard cell
and tissue homeostasis, yet their prolonged activation induces apoptosis and
disrupts organismal health', How stress responses are turned off at the right time
and place remains poorly understood. Here we report a ubiquitin-dependent

mechanism that silences the cellular response to mitochondrial proteinimport stress.
Crucial to this processis the silencing factor of the integrated stress response (SIFI),
alarge E3 ligase complex mutated in ataxia and in early-onset dementia that degrades
both unimported mitochondrial precursors and stress response components.

By recognizing bifunctional substrate motifs that equally encode protein localization
and stability, the SIFI complex turns off a general stress response after a specific stress
event has been resolved. Pharmacological stress response silencing sustains cell
survival evenif stress resolution failed, which underscores the importance of signal
termination and provides aroadmap for treating neurodegenerative diseases caused
by mitochondrial import defects.

All cellsinour bodies must navigate dynamic environments that expose
them to toxins, temperature fluctuations or nutrient limitations. They
survive these adverse conditions by relying on conserved signalling
pathways known as stress responses' *. These pathways often modulate
basic processes, such as cell division, mRNA translation and metabo-
lism, to provide cells with time and resources to repair the damage’.

Although transient stress response activation enables cells to cope
with damage, persistent signalling indicates that a deleterious situation
cannotberesolved. Prolonged stress response activation accordingly
triggers apoptotic programmes that eliminate irreversibly damaged
and potentially tumorigenic cells®®. When cells face persistent stress
during ageing or in disease®’, continuous stress response signalling
caninduce unwanted cell death and compromise tissue integrity with
devastating consequences for organismal health. Stress response path-
ways must therefore be silenced as soon as conditions improve, but
how this occurs remains poorly understood.

Here we report that stress response silencing is an active and regu-
lated process that is tightly linked to human disease. The response to
mitochondrial protein import stress is terminated through a large E3
ligase that is mutated in ataxia and in early-onset dementia: SIFI. SIFI
acts by inducing the proteasomal degradation of both unimported
mitochondrial precursors and stress response components, which it
recognizes through shared sequence motifs that equally encode protein
localization and stability. Althoughinactivation of SIFI causes accumu-
lation of aggregation-prone proteins, pharmacological restoration of
stress response silencing was sufficient to restore the survival of SIFI
mutantcells. Our work therefore provides amechanistic basis for timely
stress response silencing and points to new approaches for treating
neurodegenerative diseases caused by mitochondrial import defects.

SIFI functions upon mitochondrial stress

We recently discovered that UBR4, an E3 ligase known for its role in
the N-end rule pathway®, helps degrade aggregation-prone nascent
polypeptides™. As mutations in UBR4 cause ataxia and early-onset
dementia”*®, we asked whether the quality control function of UBR4
safeguards specific pathways to ensure cellular homeostasis. We
therefore generated AUBR4 cells (Extended Data Fig. 1a) and used
them in a whole genome CRISPR-Cas9 synthetic lethality screen to
reveal genetic backgrounds that depend on this E3 ligase (Fig. 1a and
Supplementary Table1).

UBR4 was particularly important when mitochondrial function was
compromised (Fig.1b and Extended Data Fig. 1b). Most genetic inter-
actors of UBR4 controlled mitochondrial protein import (T/IMMSA,
TIMMSB, TIMM23 and PMPCB) or the biogenesis and function of the
electron transport chain (ETC) (TIMMDCI, HIGD2A and subunits
of ETC complexes) (Fig. 1b), which is required for the transport of
nuclear-encoded nascent polypeptides into mitochondria™. Nota-
bly, mutations in the genetic interactors TIMMS8A, PMPCB, NDUFAF3,
NDUFA11, NDUFC2 or NDUFS6 cause Mohr-Tranebjeerg syndrome,
childhood ataxia or Leigh syndrome. These neurodegenerative dis-
eases manifest similar symptoms to those seen in patients with UBR4
mutations® 7.

Validating our screen results, loss of mitochondrial import factors
or ETC components depleted mCherry-labelled AUBR4 cells from
mixtures with GFP-labelled wild-type (WT) cells (Fig. 1c). AUBR4 cells
were also sensitive to chemicals thatinduce mitochondrial stress, such
as CCCP, oligomycin, BTdCPU and arsenite, and they were depleted
when grown on galactose to enforce mitochondrial ATP production
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Fig.1| TheE3ligase SIFI protects cells during mitochondrialimportstress.
a, Outline of the syntheticlethality screen. sgRNA, singe guide RNA. b, AUBR4
cells are sensitive to theinhibition of mitochondrialimport or ETC function.
Darker grey dots represent the top 5% CasTLE score genes. ¢, Screen validation
by depleting hits in mixtures of GFP-labelled WT and mCherry-labelled AUBR4
cells, reported as (AUBR4gzna/ W Togrna)/(AUBR4 g cnrri /W Togenrri)- SSCNTRL,
control sgRNA. d, Chemical mitochondrial stress or growthin galactose-
depleted conditions selectively depletes AUBR4 cells, reported as

(Fig.1d). Compounds that compromise the integrity of the endoplasmic
reticulum or lysosome had no specific effects on AUBR4 cells (Fig. 1d).
Affinity purification of endogenous UBR4 showed abundant
interactions with the E3 ligase KCMF1 (Fig. 1e, Extended Data Fig. 2a
and Supplementary Table 2), as previously described®”. UBR4 also
bound calmodulin, the E2 enzyme UBE2A and—despite its cytosolic
localization—several proteins that functionin mitochondria. Recipro-
calimmunoprecipitation of endogenous KCMF1 confirmed its binding
to UBR4, calmodulin, UBE2A and mitochondrial proteins (Fig. 1e and
Extended Data Fig. 2a). Deletion of KCMF1, endogenous excision of a
DOC domainin UBR4required for KCMF1recruitment (Extended Data
Fig.2b,c) or deletion of the calmodulin-binding regionin UBR4 resulted
inthe same synthetic lethality as loss of UBR4, whereas the namesake
UBR domain was not required (Fig. 1f and Extended Data Fig. 2d).
We concluded that an E3 ligase complex that contains UBR4, KCMF1
and calmodulinsustains the survival of cells undergoing mitochondrial
import stress. As explained below, we refer to this E3 ligase as SIFI.

SIFI targets DELE1and HRI

To determine whether SIFI regulates mitochondrial import, we used
flow cytometry to monitor reconstitution of GFP after protein deliv-
ery to the mitochondrial matrix®. Similar to depletion of the channel
subunit TOMM40 or the mitochondrial chaperone HSPA9, loss of the
UBR4 genetic interactors TIMMSA, TIMMSB, TIMM13, TIMMDC1 or
HIGD2A inhibited mitochondrial import (Fig. 2a and Extended Data
Fig.3a,b), as did chemical stressors that depleted AUBR4 cellsin com-
petition experiments (Extended DataFig. 3¢c). However, UBR4 deletion
did notaffect this process (Fig.2a and Extended DataFig. 3b), which sug-
gested that SIFI does not target factors that mediate protein transport
into mitochondria.

(AUBR4;caiment! W Treatmend)/ (AUBR4 oniro/ W Teoneror) - €, Endogenous Flag-UBR4 and
KCMF1-Flagwere affinity purified, and binding partners were determined by
mass spectrometry. TSC,,.,, normalized total spectral counts. f, Cells lacking
KCMF1orthe endogenous KCMF1-binding, calmodulin-binding (CALM) or UBR
domains of UBR4 were depleted of TIMM8A and assessed by competition,
reported as (UBR4(Adomain)serumisa/ W Tsgrmmsa)/(UBR4(Adomain) genrey/
WTcnrr)- UBR4 domain map visualizing location of endogenous domain
deletions.

We therefore used protein stability reporters, as previously
described®?, toinitiate an unbiased search for SIFI substrates. cDELE1,
asensor of mitochondrialimport stress, and HRI, akinase involved in
the integrated stress response (ISR), were targeted by SIFI (Fig. 2b).
When cells experience mitochondrialimport stress, delayed transloca-
tion of DELE1 leads to cleavage by the protease OMA1 and release of a
DELE1fragment (cDELEI) into the cytoplasm. There, cDELE1 activates
HRIto phosphorylate elF2a and inhibit the translationinitiation factor
elF2 (refs.23-25), which canbe reversed by the phosphatases PPPIR15A
(alsoknown as GADD34) or PPP1R15B (also known as CReP)?*?. Linking
this pathway to SIFI function, loss of elF2q, the elF2 guanine nucleotide
exchange factor subunit EIF2B4 or CReP showed synthetic lethality
with UBR4 deletionin our screen (Extended Data Fig.3d). These results
were confirmed in cell competition assays (Extended Data Fig. 3e).
Notably, mutations in subunits of EIF2B cause leukoencephalopathy
with vanishing white matter, another disease that shows symptoms
reminiscent to those of patients with UBR4 mutations®,

cDELE1 and HRIwere also stabilized by loss of KCMF1 or deletion of
the KCMF1-binding and calmodulin-binding domainsin UBR4, whereas
the UBR domainin UBR4 or related quality control E3 ligases were not
required (Fig. 2c and Extended Data Fig. 3f). We noted that cDELE1
was lost after depletion of its binding partner HRI. However, deletion
of a central domain in DELE1 stabilized the orphan population and
thus highlighted the strong contribution of UBR4 to cDELE1 turnover
(Extended Data Fig. 3g). Western blotting showed that the levels of
endogenous HRI increased after loss of UBR4, KCMF1 or the KCMF1-
binding and calmodulin-binding domainsin UBR4 (Fig. 2d). By contrast,
mRNA levels of HRI or DELEI were not strongly affected (Extended
DataFig. 3h,i).

Asoverexpressionactivates HRlindependently of DELE1 (ref. 29), the
HRIreporter was degraded evenif DELE1 had been depleted (Extended
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Fig.2|SIFItargets DELE1and HRI. a, Top, outline of theimport assay. Bottom,
importassay using the model protein TRAP1in WT or AUBR4 cells lacking
TOMM40 (left) or the UBR4 genetic interactor TIMMDCI (right). Similar results
inn=3independentexperiments. Mito., mitochondrial; si, smallinterfering
RNAD, Stability reporter-based screen for UBR4 substrates identifies cleaved
DELEl1and HRI. Upper schematic: map of reporter construct with GFP-tagged
candidate substrate co-expressed with mCherry under control of aninternal
ribosome entry site (IRES). ¢, cDELE1 or HRI stability were monitored by flow
cytometry (UBR4-AKCMFI: KCMFI1-binding domain deleted inendogenous
UBR4; same for the other domains). Similar resultsinn =2 independent
experiments.d, Endogenous HRIincreases in cells lacking SIFI, as measured by
western blotting. Similar resultsinn =3 independent experiments.e, WT or

Data Fig. 3j). However, a HRI(K196R) variant that cannot be activated
through autophosphorylation® was protected against SIFI-dependent
degradation (Extended Data Fig. 3k), and UBR4 deletion selectively
delayed the turnover of phosphorylated and active endogenous HRI
(Fig.2e).Similarly, UBR4 deletion strongly stabilized the cDELE1 popula-
tion thatis produced during stress®*» (Fig. 2e). These findings suggest
that SIFI preferentially targets active HRIand cDELEL.

Both cDELE1 and HRIwere ubiquitylated by SIFlin vitro (Fig. 2f and
Extended Data Fig. 4a), which required the E2 enzymes UBE2A and
UBE2D3 and the KCMF1-binding and calmodulin-binding domains of
UBR4 (Fig. 2g and Extended Data Fig. 4b). In addition, UBR4 deletion
impaired the ubiquitylation of HRI in cells (Extended Data Fig. 4c).
SIFI modified HRI with predominantly K48-linked ubiquitin chains
that are recognized by the proteasome (Fig. 2h and Extended Data
Fig. 4d). Moreover, cDELE1 and HRI were stabilized by inhibitors of
the proteasome, but not the lysosome (Extended Data Fig. 4e). We
conclude that SIFI promotes the ubiquitylation and degradation of
cDELE1 and HRI, proteins that actively mediate the cellular response
to mitochondrial import stress.

Stress response silencing by SIFI

By monitoring the translation and abundance of the transcription fac-
tor ATF4, whichisinduced by HRI', we found that SIF1 does not prevent
spurious ISR activation (Fig. 3a-c and Extended Data Fig. 5a-e). How-
ever, UBR4 deletion strongly increased ATF4 inductionin cells exposed
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AUBR4 cells that expressed endogenously tagged DELEI-HA were exposed to
oligomycin (OM, 1 pM) before cycloheximide (CHX) and analysed by western
blotting. Where indicated, carfilzomib (CFZ) was added. Similar resultsinn=2
independent experiments. expo., exposure; FL, full length. f, >S-labelled
cDELE1(142-515)-SUMO or HRI(1-138)-SUMO were ubiquitylated by SIFI, E1,
UBE2A, UBE2D3 and ubiquitin (Ub). Similar resultsinn=3independent
experiments. IP,immunoprecipitation. g, SIFI-dependent ubiquitylation
requires UBE2A and UBE2D3. Similar resultsinn=2independent experiments.
h, SIFlassembles predominantly K48-linked ubiquitin chains. (KO, all Lys
mutated; K48only, only Lys48 present; K48R, only Lys48 mutated).

Similar resultsinn=2independent experiments. For gel source data,

see Supplementary Fig.1.

to mitochondrial stressors or had the import factor TIMMS8A deleted
(Fig. 3a-c and Extended Data Fig. 5a-e). Similar observations were
made in cells that lacked the KCMF1-binding or calmodulin-binding
domains of UBR4 or were devoid of KCMF1 entirely (Extended Data
Fig.5f,g). By contrast, UBR4 deletion did not affect ISR signalling caused
by endoplasmic reticulum stress (Extended Data Fig. 5h,i). Thus, SIFI
only restricts stress response signalling after it had been induced by
mitochondrialimport defects.

RNA sequencing (RNA-seq) and quantitative PCR with reverse tran-
scription (RT-qPCR) analyses confirmed that SIFIlimits ISR signalling
after TIMMSA deletion or exposure of cells to mitochondrial stressors
(Fig.3d, Extended DataFig. 5j and Supplementary Table 3). These results
were also observed in neurons that mimicked the cell type affected
in neurodegenerative disease (Extended Data Fig. 5k). To determine
whether SIFl restricts the amplitude or duration of ISR signalling, we
measured the time course of ATF4 inductionin cells exposed to mito-
chondrialstress. InWT cells, ATF4 levels increased in response to stress
butthendeclinedtolevels of untreated cells (Fig. 3e and Extended Data
Fig. 6a,b). When AUBR4 cells were treated with the same stressors, ATF4
peaked atsimilar levels but decreased much more slowly. These findings
indicate that SIFI specifically acts to turn off stress response signalling.

The phosphatases CReP and GADD34 complement SIFI by reversing
phosphorylation of the HRI target elF2a?*%. Cells lacking GADD34
showed amild delayinstress response silencing (Extended Data Fig. 6¢).
Conversely, CReP limited the extent of stress signalling, and its deple-
tion frequently led to ISR activation by stresses encountered during
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Fig.3|SIFIsilences the mitochondrial stressresponse. a, UBR4 deletion
amplifies ISR signalling after arsenite (5 pM, 16 h) or CCCP (10 uM, 8 h)
treatment, as detected by flow cytometry of uUORF-ATF4-gated GFP
translation. Upper schematic: map of ISR activation reporter, which
measures UORF-gated translation of GFP controlled by IRES-mCherry.
Similar resultsinn >2independent experiments.b, WT and AUBR4 cells
were treated with CCCP (16 h) and ATF4 was detected by western blotting.
Similar resultsinn =2independent experiments. ¢, Western blot of WT and
AUBR4 cells depleted of TIMMB8A treated with arsenite (5 uM, 16 h). Similar

growth in culture (Fig. 3f and Extended Data Fig. 6d). Cells lacking
both CReP and SIFI could neither prevent spurious ISR activation nor
turn off the stress response, which resulted in substantial ATF4 accu-
mulation (Fig. 3f and Extended Data Fig. 6¢-e). SIFI did not affect the
stability of eIF2a phosphatases (Extended Data Fig. 6f,g), which led
us to conclude that SIFI specifically restricts signal duration and thus
acts as asilencing factor of the ISR.

SIFI targets mitochondrial presequences

Deletion analyses showed that the amino-terminal domain of HRI
was required and sufficient for SIFI-dependent degradation (Fig. 4a).
AlphaFold2 modelling indicated that this domain contains two con-
served a-helices (Fig. 4b), the deletion or mutation of which elimi-
nated SIFI-mediated HRIubiquitylation and degradation (Fig. 4c,d and
Extended DataFig.7a). Conversely,a TAMRA-labelled HRI peptide could
be ubiquitylated by SIFlin vitro (Fig. 4e and Extended Data Fig. 7b),
and peptides encompassing each HRI helix were sufficient to prevent
ubiquitylation of the entire amino-terminal HRI domain (Extended
DataFig. 7c). HRI therefore possesses two helices that each can mediate
recognition by the E3 ligase SIFI.

resultsinn=2independent experiments.d, RNA-seq analysis of WT, AUBR4,
WT sgTIMM8A, AUBR4 sgTIMMS8A and arsenite-treated WT and AUBR4 cells.
e, WTand AUBR4 cells were treated with arsenite (5 pM), and ATF4 was
monitored by westernblotting. Quantification of n =4 independent experiments.
Datashownasthemean+s.e.m.f, WTand AUBR4 cells were depleted of CReP,
treated with arsenite (5 uM) and analysed by western blotting. Similar results
inn=4independent experiments. For gel source data, see Supplementary
Fig.1.

Regarding cDELEI, deleting residues at the new amino terminus of the
cleaved proteintogether withits orphan quality control motifimpeded
degradation (Fig. 4f and Extended Data Fig. 7d,e). An additional dele-
tion that overlapped with a helix similar to the HRI degrons that was
sufficient for SIFI-dependent ubiquitylation (Extended Data Fig. 7f)
further stabilized cDELEI, and the triple mutant was now protected
against degradation (Fig. 4f). Thus, SIFl recognizes multiple motifs
in cDELE]L, including an amino-terminal motif that is exposed after
cleavage and a helix with similarity to HRI degrons. All other top SIFI
substrates were rich in a-helices and might therefore be recognized
through related mechanisms (Extended Data Fig. 7g).

Notably, the helical HRI and cDELE1 degrons closely resembled
mitochondrial presequences that mediate protein transport into the
organelle (Extended Data Fig. 8a,b). These motifs accumulate in the
cytoplasm whenimportis compromised, which raised the possibility
that SIFlalso recognizes unimported mitochondrial proteins that are
knownto be aggregation-prone®*2, Indeed, SIFl ubiquitylated a TAMRA-
labelled presequence (Fig.4g), which it engaged through the same site
as the HRI degron (Extended Data Fig. 8c). By contrast, the E3 ligase
UBRS, which recognizes distinct aggregation-prone proteins'®®, did
not ubiquitylate presequences (Extended Data Fig. 8d).
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Fig.4|SIFItargets mitochondrial precursors. a, Stability of HRI variantsin WT
and AUBRA4 cells analysed by flow cytometry. Similar resultsinn > 3independent
experiments. b, AlphaFold2 model of the amino-terminal HRIdomain.

¢, Deletion of two helices protects HRlagainst UBR4-dependent degradation.
Similar resultsinn=3independent experiments.d, Autoradiography image of
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experiments. g, Ubiquitylation of a TAMRA-labelled presequence (MTS) peptide

The ubiquitylation of presequences depended on the calmodulinand
KCMF1subunits of SIFI (Fig. 4h and Extended Data Fig. 8e). Low-molec-
ular-weight conjugates formed by KCMF1-deficient SIFlindicated that
UBR4 initiates chain formation, whereas KCMF1 elongated or caused
branching of conjugates (Extended Data Fig. 8e). Presequences were
ubiquitylated with similar efficiency after chemical stress response
activation (Extended Data Fig. 8f), and they were modified with pre-
dominantly K48-linked conjugates (Fig. 4i and Extended Data Fig. 8g).
Accordingly, a presequence-containing proteinwas degraded by UBR4
and the proteasome (Extended Data Fig. 8h).

Competition, ubiquitylationand degradation experiments showed
that SIFl recognizes presequences in a similar manner to that of the
importmachinery (Extended Data Fig. 8h-k). To test whether degrada-
tion of a presequence-containing protein was coupled to localization,
we blocked import by depleting TIMMS8A, TIMMS8B or HSPA9. Both
conditions strongly destabilized the presequence-containing protein,
asitaccumulatedinthe cytoplasm,and UBR4 was partially responsible
forits clearance (Fig.4j,k). Similar UBR4-dependent destabilization of
apresequence-containing protein was observed when treating cells
with chemical mitochondrial stressors (Fig. 41). In cells with com-
promised import, deletion of UBR4 also increased the abundance of
presequence-containing mitochondrial precursors (Extended Data
Fig. 81). SIFI therefore not only degrades cDELE1 and HRI but it also
targets unimported mitochondrial proteins that accumulate in the
cytoplasm during import stress.
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by SIFI, E1, UBE2A and UBE2D3 was monitored by fluorescence imaging. Similar
resultsinn =3independentexperiments. h, Fluorescenceimage ofa TAMRA
labelled presequence ubiquitylated by SIFI purified from WT and AKCMF1cells.
Experiment was performed once. i, Fluorescence image of modificationof a
TAMRA-labelled presequence with ubiquitin mutants. Similar resultsinn =2
independentexperiments.j-1, Flow cytometry results for MTS. j, Depletion of
HSPA9 destabilizes a presequencereporter thatis partially dependent on SIFI.
Similarresultsinn=2independentexperiments. k, Depletion of both TIMMS8A
and TIMMSB (siTIMM8A/8B) destabilizes a presequence-GFP fusionin a SIFI-
dependent manner. Similar resultsinn =2independent experiments.1, Cells
were treated with oligomycin (1 uM, 16 h), and the stability of a presequence-GFP
fusion was determined by flow cytometry. Similar resultsinn =2independent
experiments. For gel source data, see Supplementary Fig. 1.

Converging degrons time ISR silencing

To probe the similarity between presequences and stress response
degrons, we asked whether these motifs could complement each other.
Deletion of both degrons in HRI led to the expected stabilization pro-
cess (Fig.5a). Insertion of a COX8A presequenceinto the original degron
position revealed that even a single presequence could restore HRI
degradation (Fig. 5a). Amutant presequence thatis not recognized by
the import machinery (Extended Data Fig. 8i,k) was unable to rescue
HRIdegradationin cells (Fig. 5a). Presequences that evolved to deter-
mine mitochondrial localization can therefore act as degrons within
astress response kinase activated by mitochondrial import defects.
Complementing these results, fusing helicalHRIand cDELE1 degrons
to GFP was sufficient to direct the hybrid proteins to mitochondria
(Fig. 5b). To assess the efficiency of mitochondrial targeting by degrons,
we exchanged the presequence of citrate synthase, a highly efficient
import cargo®, with the HRI degron and monitored import by flow
cytometry. Thisapproachrevealed that the HRI degron was as potent
in promotingimportas the physiological presequence (Fig. 5c). Similar
to presequences, stress response degrons can therefore be recognized
by both the import machinery and SIFI. We conclude that mitochon-
drial presequences and cDELE1 and HRI degrons are related bifunc-
tional motifs that equally encode proteinlocalization and stability. As
these motifs probably emerged in response to different evolutionary
pressures, we refer to such elements as ‘converging degrons’.
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d, Autoradiography image of SIFI-dependent ubiquitylation of HRI(1-138)-
SUMOinthepresence ofincreasing concentration of presequence. Similar
resultsinn=2independent experiments. e, Flow cytometry analysis of HRI

Our discovery of converging degrons raised the possibility that
mitochondrial precursors compete with cDELE1 or HRI for access
to SIFI to delay stress response silencing until import has been cor-
rected. Indeed, a presequence peptide inhibited the SIFI-dependent
ubiquitylation of HRIin a dose-dependent manner (Fig. 5d). Moreover,
increasing the cytoplasmiclevels of precursors by impairing import
protected DELE1 and HRI against degradation in cells (Fig. 5e and
Extended Data Fig. 8m-o0). Overexpression of mitochondrialimport
cargo accordingly induced the ISR dependent on a presequence,
DELE1 and HRI, but restricted by UBR4 (Fig. 5f and Extended Data
Fig. 8p). Onthe basis of these findings, we propose that unimported
mitochondrial precursors divert SIFI from DELE1 and HRI to sustain
ISR signalling until the stress event has been resolved. Converg-
ing degrons therefore couple stress resolution to stress response
silencing.

Keyrole of stress response silencing

As mutations in UBR4 cause ataxia and early-onset dementia’®, we
wished to determine whether aggregation of mitochondrial precur-
sors or prolonged stress signalling account for the deleterious conse-
quences of UBR4 deletion. Depletion of HRlor DELE1in AUBR4 cells was
sufficient to reduce ISR signalling in response to chemical stressors
(Extended Data Fig. 9a-d), whereas it did not affect mitochondrial

stabilityin WT and AUBR4 cells depleted of TIMM8A and TIMMS8B. Similar
resultsinn=2independent experiments. f, Overexpression of mitochondrial
precursorsinduces ISR signalling that depends on presequences and
restricted by UBR4, as monitored through the uORF-ATF4 reporter. Similar
resultsinn=2independent experiments. g, DELE1or HRIdepletion

rescues syntheticlethality after loss of UBR4 and TIMMSA. h, ISRIB rescues the
syntheticlethality after loss of UBR4 and mitochondrial importor ETC
assembly factors. Some competitions were performed at the same time as
experiments for Fig. 1cand some controls are therefore reshown. i, Model of
regulated stressresponse silencing by the E3 ligase SIFI. For gel source data,
see SupplementaryFig.1.

import (Extended DataFig. 9¢e). Notably, loss of HRI or DELE1 restored
the proliferation of AUBR4 cells subjected to mitochondrial import
stress (Fig. 5g). This was anoteworthy result, as HRIinhibition releases
the break on protein synthesis and thus increases the production of
aggregation-prone proteins. Persistent stress response signalling,
rather than accumulation of aggregation-prone proteins, therefore
compromises the fitness of SIFI mutant cells.

To corroborate these findings, we used the small-molecule com-
pound ISRIB, which inactivates the ISR downstream of HRI**. ISRIB
was sufficient torestrain ISR activationin AUBR4 cells and in AKCMF1
cells (Extended Data Fig. 10a—-c) without correcting import defects
(Extended Data Fig. 10d). ISRIB similarly blunted ISR signalling in
UBR4-deficient stem cells or neurons (Extended Data Figs. Skand 10e).
Notably, ISRIB rescued AUBR4 cells that were exposed to mitochon-
drial stressors or lacked import factors such as TIMMS8A (mutated
in Mohr-Tranebjeerg syndrome) or PMPCB (deficient in childhood
ataxia) (Fig. 5Sh and Extended Data Fig. 10f). Similar results were
observedin WT cells that lacked TIMMS8A and thus mimicked condi-
tionsinMohr-Tranebjeerg syndrome (Extended Data Fig.10g). Phar-
macological stress response silencing therefore restores cell survival
evenifaggregation-prone proteins cannot be cleared. As derivatives
of ISRIB have entered clinical trials, these findings offer a path towards
treating neurodegenerative diseases caused by mitochondrial protein
import stress.
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Discussion

Our study demonstrated that stress response silencing is an active and
regulated process that requires a dedicated silencing factor: the E3
ligase SIFI. SIFI targets unimported mitochondrial precursors, the sen-
sor DELE1and the stress response kinase HRIthrough motifs thatequally
encode protein trafficking and degradation. Stress response silencing
therefore involves the monitoring of every step of the pathway through
related sequence elements, referred to as converging degrons (Fig. 5i).
As SIFl preferentially detectsactive HRIand cDELE1, we hypothesize that
degrons are exposed by phosphorylation-dependent conformational
changes in HRI*® and cleavage of DELEI1 (refs. 23-25), respectively.

Because unimported precursors and stress response components
possess similar degrons, competition for access to SIFI ensures that
stress response silencing is delayed until mislocalized proteins have
been cleared. Inthis manner, SIFI turns off the ISR after a specific stress
(thatis, mitochondrialimport defects) hasbeen addressed, even though
HRI can also be activated by protein aggregation, haem depletion or
pathogeninfection??*¥, The complexinformationencoded in converg-
ing degrons also enables SIFI to distinguish mitochondrial precursors
fromsequences that should not be targeted, such as positively charged
microtubule-binding or nuclear localization signals. Converging degrons
therefore endow cells with the capacity to accurately silence a broad
stress response after aspecificinsult had been resolved. However, if unim-
ported proteins cannot be cleared because of aggregation, continued
competition of converging degrons for SIFl access resultsin persistent
stress response signalling, with severe consequences for the cell.

Underscoring the importance of SIFI, mutation of UBR4 or several
geneticinteractors causes neurodegenerative pathologies with over-
lapping symptoms'®*%¥, Although mutant cells accumulate mislocal-
ized proteins, which are known to be aggregation-prone®*°, we found
that restoration of stress response silencing was sufficient to rescue
their survival. We therefore propose that pathologies driven by persis-
tentstressinductionor delayed stress response inactivation, including
early-onset dementia caused by UBR4 mutations, could benefit from
compound-induced stress response silencing. Notably, ISRIB restores
memory formation in certain diseases*, which suggests that stress
response silencing could boost both neuronal function and survival.
Asinactivation of akinase-dependent stress responseis probably more
feasible than removal of large aggregates, it will be worth assessing
whether pharmacological stress response silencing could similarly
help patients with other protein aggregation diseases.
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Methods

Datareporting

No statistical methods were used to predetermine sample sizes. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Mammalian cell culture

HEK293T and U20S cells were maintained in DMEM + Glutamax (Gibco,
10566-016) and10% FBS (VWR, 89510-186). All cell lines were purchased
directly from the UC Berkeley Cell Culture Facility, authenticated by
shorttandemrepeat analysis and were routinely tested for mycoplasma
contamination using a Mycoplasma PCR Detection kit (abmGood,
G238). All cell lines tested negative for mycoplasma. For growth in
galactose, DMEM with no glucose (Gibco, 11966025) was supplemented
with 20 mM galactose.

Plasmid transfections were performed using polyethylenimine
(PEIL; Polysciences 23966-1) at al:6 ratio of DNA (in pg) to PEI (inpl ata
1 mg ml™*stock concentration) or Lipofectamine 3000 transfection rea-
gent per the manufacturers’instructions (Thermo Fisher, L3000008).
siRNA transfections were performed using indicated siRNAs (at a final
concentration of 20 nM) and 3 pl (12-well plate) or 6 pul (6-well plate)
of RNAIMAX (Thermo Fisher, 13778150). siRNA sequences used in this
study are available in Supplementary Table 6. Lentiviruses were pro-
duced inHEK293T cells by co-transfection of lentiviral and packaging
plasmids using Lipofectamine 3000. Virus-containing supernatants
were collected 48 hand 72 h after transfection, supernatants were spun
down and concentrated using a Lenti-X concentrator (Takara, 631232),
aliquoted and stored at —80 °C for later use. For lentiviral transduction,
10° cells were seeded into 24-well plates and subjected to centrifugation
for 45 min at1,000g after addition of lentiviral particles and 6 pg ml™
polybrene (Sigma-Aldrich, TR-1003). HEK293T transduced cells were
drug-selected 24 h after infection with the following drug concentra-
tions when applicable: puromycin (1 pug ml™?; Sigma-Aldrich, P8833);
blasticidin (7.5 pg ml™; Thermo Fisher, A1113903); or hygromycin
(75 pg ml™%; Gibco,10687010).

Thefollowing lentiviral constructs were used to infecthuman embry-
onic stem (ES) cells: (1) lentivirus vector pLG15_UBR4_GFP (sgUBR4)
expressing GFP and the sgRNA sequence GGTCATCGAGAGGTAC-
CGGG under the mU6 promoter; (2) lentivirus vector pLG15_NC766_
mOrange (sgCNTRL) expressing mOrange and the control sgRNA
sequence GGGTGATGCGGACAGGCCCG under the mU6 promoter.
These lentiviruses were produced in HEK293T cells (American Type
Culture Collection, CRL-3216) by co-transfection with three helper
plasmids (pRSV-REV, pRRE and vesicular stomatitis virus G protein
expression vector) using PEI. Lentiviral particles were then filtered
through a 0.45 pm filter (EMD Millipore, SLFH05010), ultracentri-
fuged, resuspended in DMEM 100 times smaller than the original
volume and stored at —80 °C. Human H1 ES cells were maintained in
StemFlex medium (Thermo Fisher, A3349401) containing neomycin
(final concentration of 300 pg ml™; Thermo Fisher, 11811098) and
hygromycin (final concentration of 50 pg ml™; Sigma-Aldrich, H3274)
on plates coated with Matrigel (Corning, 354234). Human H1ES cells
were used as the parental line for genetic engineering. ES cells were
transfected with a piggybac vector with Ubc-dCas9-BFP-KRAB/EF1a-
rtTA-T2A-hygromycin and a Super PiggyBac Transposase Expression
vector (System BioSciences, PB210PA-1) by using Lipofectamine Stem
Transfection reagent (Thermo Fisher, STEM00001). After 1 week of
selection with 50 pg ml ™ hygromycin, BFP-positive ES cells were sorted
by FACS and plated in a serial dilution series. Individual clones were
picked under aninverted microscopeinatissue culture hood by man-
ual scraping. Clones that were 100% BFP positive in flow cytometry
analysis were selected and transfected with a piggybac vector with
TetO-Ngn2/EF1a-rtTA-IRES-NEO and a Super PiggyBac Transposase
Expression vector by using Lipofectamine Stem Transfection reagent.

Cells selected by 300 pg ml™” of neomycin for 2 weeks were used for
further experiments.

To generate UBR4 knockdown cells, cultures were briefly dissoci-
ated using accutase (Innovative Cell Technologies, AT104), replated
at a density of 5 x10° cells per well in a 6-well plate on Matrigel in the
presence of 10 uM of the ROCK inhibitor Y-27632 (Axon Medchem,
1683). At the same time as plating, lentivirus prepared as described
above (3 pl per well of a 6-well plate) was added. The day after plat-
ing, medium was changed to StemFlex medium without Y-27632, and
the following day, neomycin and hygromycin were reintroduced into
the medium. For analysis of ISR activation, cells infected with either
sgCNTRL or sgUBR4 lentivirus were treated with either O uM or 5 uM
sodiumarsenite (Fisher Scientific, 7142-16) for 8 hbothinthe presence
and absence of 200 nM ISRIB (Sigma Aldrich, SML0843). After treat-
ment, cells were dissociated using accutase, washed 3x with PBS and
pelleted by table-top centrifugation. Cell pellets were snap-frozenin
liquid nitrogen and stored at =80 °C until western blot analysis.

ForiNeurons experiments, induced pluripotent stem cells (iPS cells)
harbouring doxycycline-inducible murine neurogenin-2 (Ngn2) and
expressing dCas9-KRAB in the WTC-11background (gift from M. Ward,
NIH) were maintained in mTeSR plus (StemCell Technologies, 100-0276)
on Matrigel-coated plates (Corning, 356231). Guide RNAs (NTC: GTG
CACCCGGCTAGGACCGG; UBR4: GGGGAGCCGCAGTAGTACGA) were
cloned into the pMK1334 vector (gift from M. Kampmann, Addgene,
127965) and introduced to iPS cells by lentiviral transduction. Neuronal
differentiation was performed as previously described*. In brief, iPS
cellswere dissociated using accutase (StemCell Technologies, 07920)
and replated on Matrigel-coated plates in N2 induction medium con-
taining DMEM/F12 with Glutamax (Gibco, 10565018), 1x MEM NEAA
(Gibco,11140050), 1x N-2 supplement (Gibco, 17502048), doxycycline
(2 pg mI™) and Chroman I (50 nM; MedChem Express, HY-15392). N2
induction medium was changed daily, omitting Chroman I. After
48-72 h of exposure to doxycycline, pre-differentiated neurons were
dissociated by accutase treatment and replated onto poly-L-ornithine-
coated (Sigma Aldrich, P3655) 12-well plates at 5 x 10° cells per well in
neuronal maturation medium containing 50% BrainPhys (StemCell
Technologies, 05790),50% DMEM/F12 (Gibco, 11039021), 1x B-27 plus
supplement (Gibco, A3582801), GDNF, BDNF, NT-3 (10 ng ml each;
PeproTech, 450-10,450-02,450-03), mouse laminin (1 pg ml™; Gibco,
23017015), and doxycycline (2 pg ml™). After 3 days, a full medium
change was performed using neuronal maturation medium containing
100% BrainPhys without doxycycline. Drug treatments were conducted
onday 7 after replating onto poly-L-ornithine-coated plates.

Plasmids

Thelist of all constructs used in this study are provided in Supplemen-
tary Table 4. Most cloning was performed using Gibson assembly using
HIFIDNA Assembly master mix (NEB, E2621L).

Generation of CRISPR-cas9 genome edited cell lines
All CRISPR~-cas9 edited cell lines used in this publication were gener-
ated from HEK293T cells. sgRNA sequences were designed using the
onlineresource provided by IDT. DNA oligonucleotides for sgRNA and
their complementary sequence were phosphorylated (NEB, M0201),
annealed and ligated (NEB, M0202) into pX330. HEK293T cells were
culturedin a 6-well plate and transfected at 50% confluence with 2 pg
of px330 plasmids (and 1 pl of 10 uM single stranded donor oligonu-
cleotide when applicable) using Mirus TransIT-293 Transfection reagent
(Mirus, MIR2705). At 48 h after transfection, individual clones were
expanded in 96-well plates. Homozygous clones were screened by
PCR and DNA sequencing and confirmed by western blotting when
applicable.

HEK293T Flag-UBR4 and Flag-UBRS cells were generated as previ-
ously described™. For generation of AUBR4 cells, two sgRNAs were used
toremove exon 2with protospacer sequences 5’-ggttgatgatactatctacc-3’
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and 5’-ccttacctaggctaaccaag-3’. AKCMFI cells were generated in the
Flag-UBR4 background, two sgRNAs were used to remove exon 3 with
protospacer sequences 5'-tgtaatctcagctgctccgg-3’ and 5’-acggtatcat
tacactgagc-3’. For generation of KCMF1-Flag, we used the following
sgRNA: 5’-gaattgggatgtcatcaaag-3’and ssODN 5’-gctttagaaaacctaaatt
taaaagagagtaataaaggaaatgagcctccaccacctectettggegegecagactacaaa
gaccatgacggtgattataaagatcatgatatcgattacaaggatgacgatgacaagtgatga
catcccaattcgcagacaatgtcctctgtgetgtatttgecaatgaaagtggacaa-3'.

UBR4-AKCMF1 (A2333-2498), UBR4-AUBR (A1653-1725), UBR4-
ACALM (A4036-4131) were generated in the Flag-UBR4 background
with the following protospacer sequences that created in-frame
deletions: UBR4-AKCMF1: 5’-gggtttccaccaataccagc-3’ and 5’-ctgt
gacacacgctcactat-3’; UBR4-AUBR: 5’-caagccaccctttatagctc-3’and 5/-gtt
gactcgcaaatgacccg-3’; UBR4-ACALM: 5'-gagcgtgttaagataagcag-3’ and
5’-gagtgaccttaagctcaatg-3’.

AUBRS cellswere generated as previously described®. For generation
of ARNF126 cells, the following sgRNAs were used to remove exon 2:
5’-gccctccaggacccacgggtt-3’ and 57-getcttccagectcttcaac-3’.

DELE1-HA cells were generated using the following sgRNAs:
5’-gaaaggagtgttgtaagact-3’ and 5’-agtcttacaacactcctttc-3’and ssODN
5’-ctattcccccacacccctacccactggaaaggagtgttgtaagactaggttttggetacee
gtatgatgttccggattacgetggetacccatacgacgtcccagactacgetggetacceata
cgacgtcccagactacgcttaaggtgagataaaacatagtccctggtgectcttaggggeea

gagegggeaggagg-3'.

Synthetic lethal whole-genome CRISPR-Cas9 screen

We followed a CRISPR-Cas9 screening protocol as previously
described**. In brief, pooled sgRNA viruses were obtained by trans-
fection of the Human GeCKO v2 library (Addgene, 1000000048)
into HEK293T cells together with lentiviral packaging plasmids using
Mirus TransIT-293 Transfection reagent. HEK293T WT and AUBR4
cellswere spinfected with the pooled sgRNA virus at amultiplicity of
infection of 0.3 with 8 ug ml™ polybrene in 12-well plates. Cells were
trypsinized and replated the next day onto 15-cm plates and selected
with puromycin (1 pg ml™) for 3 days, until the untransduced control
cells were all dead. After puromycin selection, cells were split and
seeded at a density of 2.5 x 10° cells per 15-cm plate and this marked
day 0. Cells were grown in DMEM + Glutamax with penicillin-strep-
tomycin (Gibco, 15070063) and split every 3 days until day 21, the
final day of the screen. Cells were cultured such that a representation
of atleast 500 cells per sgRNA element was maintained throughout
the screen. A total of 70 x 10° cells were collected at day 0 and day 21
for genomic DNA extraction, which was performed using a Zymo
Research Quick-gDNA MidiPrep kits (Zymo Research, D3100) accord-
ing to the manufacturer’s protocol. sgRNA-encoding regions were
amplified with Q5 High-Fidelity DNA polymerase (NEB, M0491). All
PCRsforagivensample were pooled, and 500 pl was used to perform
ampure bead clean-up with 0.65x and 0.9% cut-off values (Beckman
Coulter, A63881). Samples were run on a 8% TBE gel (Thermo Fisher,
EC6215BOX), gel purified and sequenced at the UC Berkeley Vincent
J. Coates Genomics Sequencing laboratory on a HiSeq4000. sgRNA
counts were processed using count_spacers.py**. Subsequently, Cas-
TLE* was run to identify top candidate genes that were synthetic
lethal or protective in AUBR4 cells compared with WT cells. We used
the non-expressed genes (as defined by having zero transcripts per
million (TPM) in HEK293T WT cells by RNA-seq analysis, n = 4,710) as
the negative control gene setinstead of non-targeting control guides
(sgNTCs) to run CasTLE. This allows for amuch more representative
background distribution because there are few sgNTCs in the lentiv2
library and they are known to introduce biases due to the absence of
cutting*®. To identify pathways enriched in the candidate genes, we
took genes in the 5% top CasTLE score with a negative CasTLE Effect
and ran Gene Ontology enrichment analysis (Cytoscape, ClueGO
v.3.7.1). CasTLE effects and scores are available in Supplementary
Tablel.

Mass spectrometry

Mass spectrometry was performed onimmunoprecipitates prepared
from 40 15-cm plates of endogenously Flag-tagged UBR4 or KCMF1
HEK293T cell lines (Supplementary Table 2). Cells were lysed in lysis
buffer 20 mMHEPES, pH 7.5,150 mM NaCl, 0.2% Nonidet P-40, benzo-
nase (Sigma-Aldrich, E1014), 1x complete protease inhibitor cocktail
(Roche, 11836170001),1x PMSF,10 mM NaF and1 mM sodium orthova-
nadate), lysed extracts were clarified by centrifugationat 21,000g and
bound to anti-Flag M2 affinity resin (Sigma-Aldrich, A2220) for 2 h at
4 °C.Immunoprecipitates were then washed 4x and eluted 3xat 30 °C
with 0.5 mg ml™ of 3xFlag peptide (Sigma, F4799) buffered in 1x PBS
plus 0.1% Triton X-100. Elutions were pooled and precipitated overnight
at4 °Cwith20% trichloroacetic acid. Spun down pellets were washed
3xwithanice-cold acetoneand 0.1 NHCl solution, dried, resolubilized
in8 Mureabufferedin100 mM Tris pH 8.5, reduced with TCEP, at afinal
concentration of 5 mM, (Sigma-Aldrich, C4706) for 20 min, alkylated
withiodoacetamide, atafinal concentration of 10 mM (Thermo Fisher,
A39271) for 15 min, diluted 4-fold with100 mM Tris pH 8.5, and digested
with 0.5 mg ml? of trypsin (Promega, v5111) supplemented with CaCl,
(atafinal concentration of 1 mM) overnight at 37 °C. Trypsin-digested
samples were submitted to the Vincent J. Coates Proteomics/Mass
Spectrometry Laboratory at UC Berkeley for analysis. Peptides were
processed using multidimensional protein identification technol-
ogy (MudPIT) and ran on a LTQ XL linear ion trap mass spectrometer.
To identify high-confidence interactors, CompPASS analysis*’ was
performed against mass spectrometry results from unrelated Flag
immunoprecipitates performedinourlaboratory. For Fig.1e, protein
spectral counts were normalized to the total spectral counts, multiplied
by10°,added 1and the log, was taken (log,((spectral counts,,,o,/total
spectral counts) x 10° +1). Proteins with more than 2 spectral counts
and a CompPASS z score >80% of max zscore in Flag-UBR4 sample
(Flag-UBR4 isanaverage of 2 biological replicates) or 3 spectral counts
and a CompPASS z score > 80% of max z score in Flag-KCMF1 sample
were plotted on ascatter plot. For Extended Data Fig. 2d, we normalized
valuesinasimilar manner but used spectral counts of the baitinstead of
total spectral counts. Asubset of theidentified interactors are plotted
inExtended DataFig. 2d. Total spectral counts and z scores computed
using CompPASS are available in Supplementary Table 2.

Growth competition assays

HEK293T and AUBR4 cells were transduced to express either GFP
or mCherry using the lentiviral pLVX-GFP-P2A-Blasticidin or pLVX-
mCherry-P2A-Blasticidin vector, respectively. For sgRNA depletion
competitionassays, 5 x 10* WT-GFP and 5 x 10* AUBR4-mCherry cells
were mixed in 24-well plates and spin-infected with lentiviral particles
as described above. After 24 h, viral supernatants were removed and
cells were expanded to 6-well plates and selected with puromycin for
5 days. Competition assays were conducted for 12 days after selection.
Whenindicated, ISRIB was added throughout the competition assay
after antibiotic selection. The percentage of mCherry* cells and GFP*
cells was determined using a BD LSRFortessa instrument, analysed
using FlowJo 10.8.1 and normalized to the sgCNTRL ratio. The ratio
of mCherry-labelled to GFP-labelled cells is reported as (AUBR4 zgna/
WTgrna)/(AUBR4 et/ W Tegentre) fOr €ach sgRNA tested.

For drug competition assays, 5 x 10* WT-GFP and 5 x 10* AUBR4-
mCherry cells were mixed in 6-well plates. The next day, indicated drugs
were added for 72 h. The ratio of mCherry*/GFP* cells was determined
using a BD LSRFortessa instrument, analysed using FlowJo 10.8.1and
normalized to the untreated sample. The ratio of mCherry-labelled to
GFP-labelled cellsis reported as (AUBR4catment/ W Tereatment)/ (AUBR4 o cror/
WT,onro)- FOr growth in DMEM + galactose, competition assays were
performed for11 days and the mCherry/GFP ratio was normalized to the
ratio of growthin DMEM + glucose. Gating strategies for flow cytometry
analysis are shown in Supplementary Fig. 2.



Drug treatments

For 3-day growth competition experiments with drug-treated cells, we
used the following drug concentrations: 2.5 pM sodiumarsenite (Ricca
Chemical, 714216); 2.5 pM oligomycin A (Santa Cruz Biotechnology,
sc-201551); 50 nM rotenone (Sigma-Aldrich, R8875-1G); 10 uM CCCP
(Cayman Chemicals, 25458); 5 uM BTdCPU (EMD Millipore, 324892);
10 nM thapsigargin (Sigma-Aldrich, T9033-.5MG); 100 nM tunicamy-
cin (Calbiochem, 65438010); 1.25 uM EN6 (Sigma-Aldrich, SML2689-
5MG)*%; 4 nM bafilomycin Al (Selleck Chemicals, S1413); and 40 nM
17-DMAG (Selleck Chemicals, S1142). For overnight drug treatments,
we used 5 pM sodium arsenite, 10 uM CCCP, 0.2 uM oligomycin, 5 pM
antimycin A (Santa Cruz Biotechnology, sc-202467) or otherwise indi-
cated in the figure legends. To inhibit the proteasome or autophagy,
we used 2 pM carfilzomib (Selleck Chemicals, S2853) for 6 hor 700 nM
bafilomycin Al for 6 h, respectively. ISRIB (Sigma-Aldrich, SML0843)
was used at a concentration of 200 nM.

Mitochondrialimport assay

Mitochondrial split-GFP import flow-cytometry-based assays meas-
uring reconstitution of GFP after transport of a GFP11-tagged protein
into the mitochondrial matrix were performed based on previously
describedimaging experiments?®. HEK293T and AUBR4 cells were trans-
fected with MTS-mScarlett-GFP1-10-IRES-Puro and seeded in 96-well
plates at a density of one cell per well and selected for individual clones
with random integration using puromycin selection. Single-cell clones
withidentical expression of mScarlett determined by flow cytometry
were selected and used for further experiments. Cells were transfected
with 0.5 pg of inducible GFP11reporter constructs (TRAP1-GFP11-IRES-
BFP, HMT2-GFP11-IRES-BFP or CS-GFP11-IRES-BFP) and 1.5 pg of empty
vector construct using Lipofectamine 3000. Expression was induced
by addition of doxycycline (1 ug ml™?) after 24 h. Flow cytometry was
performed after another 24 h of incubation using a BD LSRFortessa
instrument. Mitochondrial import was calculated as a function of the
GFP'/BFP*ratioinmScarlett’ cells. Gating strategies for flow cytometry
analysis are shown in Supplementary Fig. 2.

Protein stability reporter assay

The pCS2+-degron-GFP-IRES-mCherry reporter constructs were gen-
erated as previously described®. The ISR reporter was designed as
previously described®. All pCS2-degron-GFP-IRES-mCherry constructs
arelisted in Supplementary Table 4. Alibrary of GFP-tagged candidate
targets (associated with Fig. 2b) included proteins that are genetic and
physical interactors of SIFl as well as proteins anticorrelated with SIFI
subunitsin proteomics analyses* or across genetic screens (DepMap).
Cells were seeded in 6-well plates at a density of 200,000 cells. The
next day, 40 ng of reporter plasmid and empty vector up to 400 ng
total were transfected into HEK293T cells on 6-well plates using PEl and
collected for flow cytometry after 48 h. When siRNA depletions were
carried out, 200,000 cells were seeded in 6-well plates. The next day
siRNA transfections were performed using Lipofectamine RNAIMAX as
described above. The following day, 50 ng of reporter and empty vector
up to 500 ng total DNA were transfected using Lipofectamine 3000
according to the manufacturer’s instructions. After 24 h of reporter
transfection, cells were collected and processed for flow cytometry.
Cells were analysed using either aBD Bioscience LSR FortessaoraLSR
Fortessa X20, and the GFP/mCherry ratio was analysed using FlowJo.
Gating strategies for flow cytometry analysis are shown in Supple-
mentary Fig. 2.

Western blotting

For western blot analysis of whole cell lysates, cells were collected at
indicated time points by washing in PBS, pelleting and snap freezing.
Cellswerelysedin lysis buffer (150 mM NacCl, 50 mMHEPES pH 7.5and
1% NP-40 substitute) supplemented with Roche complete protease

inhibitor cocktail (Sigma, 11836145001), PhosSTOP phosphatase inhibi-
tor cocktail (Roche, 4906837001), carfilzomib (2 pM) and benzonase
(EMD Millipore, 70746-4) onice.Samples were then normalized to pro-
tein concentration using Pierce 660 nm Protein Assay reagent (Thermo
Fisher, 22660). Next, 2x urea sample buffer (120 mM Tris pH 6.8, 4%
SDS, 4 M urea, 20% glycerol and bromophenol blue) was added to the
samples. SDS-PAGE and immunoblotting were performed using the
indicated antibodies. Images were captured using a ProteinSimple
FluorChem M device.

Small-scaleimmunoprecipitations

Cells were collected after washing in PBS, pelleted and snap frozen.
Frozen pellets were resuspended in lysis buffer (40 mMHEPES pH 7.5,
100 mMNacl, 0.1% NP40, with Roche complete protease inhibitor cock-
tail (Sigma-Aldrich, 11873580001), PhosSTOP phosphatase inhibitor
cocktail (Roche, 4906837001), carfilzomib (2 pM, Selleckchem, S2853)
and benzonase (EMD Millipore, 70746-4). Lysates were incubated for
20 minonice and cleared by centrifugation for 20 minat21,000g, 4 °C.
Supernatants were normalized to volume and protein concentration,
and 5% of the sample was removed as input and the sample was added
toequilibrated anti-Flag-M2 Affinity Agarose Gel slurry (Sigma-Aldrich,
A2220) androtated for1-2 hat 4 °C. Beads were washed 3x and eluted
with 2x ureasample buffer. SDS-PAGE and immunoblotting were per-
formed using the indicated antibodies. Images were captured using a
ProteinSimple FluorChem M device.

His-ubiquitinimmunoprecipitation

Five15-cm plates of WT HEK293T or AUBR4 cells were transfected 2 days
before collection with 2 pg of pcs2-HRI-3xFlag and 10 pg of pcs2-His-
ubiquitin per 15 cm plate. Cells were treated with carfilzomib (2 pM)
for 6 h, collected and flash frozen. Cells were lysed in 1 ml of 8 M urea
lysis buffer (8 M urea, 300 mM NacCl, 0.5% NP-40, 50 mM Na,HPO,,
50 mM Tris-HCI pH 8,10 mM imidazole, 10 mM N-ethylmaleimide
(Sigma-Aldrich, E3876), with Roche complete protease inhibitor cock-
tail (Sigma-Aldrich, 11873580001), PhosSTOP phosphatase inhibitor
cocktail (Roche, 4906837001), carfilzomib (2 uM, Selleckchem, S2853))
and incubated at room temperature for 20 min. Samples were soni-
cated at 20 Amp for 10 s (1 s on/1s off). Samples were centrifuged at
15,000g for 15 min at room temperature and supernatants were nor-
malized to volume and protein concentration. Next, 5% of the sample
was removed asinput and the sample was added to equilibrated Ni-NTA
resinand rotated for 4 h atroom temperature. Resin was washed twice
with wash buffer (8 Murea, 300 mM NacCl, 50 mM Na,HPO, and 50 mM
Tris-HCI pH 8) containing 20 mM imidazole and once with wash buffer
containing 40 mMimidazole, and eluted with Laemmli sample buffer
containing 200 mM imidazole. SDS-PAGE and immunoblotting were
performed using theindicated antibodies. Images were captured using
aProteinSimple FluorChem M device.

Antibodies

Thefollowing antibodies were used forimmunoblot analyses: anti-Flag
(mouse, clone M2, Sigma-Aldrich, F1804; dilution 1:1,000); anti-Flag
(rabbit, Cell Signaling Technology (CST), 2368; dilution 1:1,000);
anti-HA-tag (rabbit, C29F4, CST, 3724; dilution 1:1,000); anti-GAPDH
(rabbit, D16H11, CST, 5174; dilution 1:1,000); anti-a-tubulin (mouse,
DMIA, Calbiochem, CP06; dilution 1:1,000); anti-UBR4/p600 (rabbit,
A302, Bethyl, A302-277A; dilution 1:1,000); anti-UBR4/p600 (rabbit,
A302, Bethyl, A302-278A; dilution 1:1,000); anti-UBR4/p600 (rabbit,
A302, Bethyl, A302-279A; dilution 1:1,000); anti-PKR (mouse, B-10,
Santa Cruz, sc-6282; dilution 1:200); anti-GCN2 (mouse, F-7, Santa
Cruz, sc-374609; dilution 1:200); anti-PERK (mouse, B-5, Santa Cruz,
sc-377400; dilution 1:200); anti-UBE2A/B (mouse, G-9, Santa Cruz,
sc-365507; dilution 1:150); anti-ATF4 (rabbit, D4B8, CST, 11815S; dilu-
tion 1:1,000); anti-EIF2AK1 (rabbit, Proteintech, 20499-1-AP; dilution
1:1,000), anti-SSBP1 (rabbit, Proteintech,12212-1-AP; dilution 1:1,000);
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anti-TIM8A (rabbit, Proteintech, 11179-1-AP; dilution 1:500); anti-KCMF1
(rabbit, Sigma, HPA030383, dilution 1:1,000); anti-NIPSNAP3A (rabbit,
Thermo Fisher, PA5-20657; dilution1:1,000); anti-GADD34 (rabbit, Pro-
teintech 10449-1-AP, dilution 1:1,000); anti-CReP (rabbit, Proteintech
14634-1-AP; dilution 1:1,000); anti-ubiquitin (rabbit, CST, 43124; dilution
1:1,000); goat anti-rabbit IgG (H+L) HRP (Vector Laboratories, PI-1000;
dilution 1:5,000); sheep anti-mouse IgG (H+L) HRP (Sigma, A5906;
dilution 1:5,000); and goat anti-mouse IgG light-chain-specific HRP
conjugated (Jackson Immunoresearch, 115-035-174; dilution 1:5,000).
The following antibodies were used for immunofluorescence: anti-
TOM20 antibody (rabbit, Proteintech 11802-1-AP; dilution 1:500) and
secondary antibody goat anti-rabbit AF647 (Thermo Fisher, A21245;
dilution 1:500).

Invitro transcription/translation of substrates

Invitro synthesized substrates were all cloned into pCS2 vectors con-
taining a SP6 promoter, as previously described®’, and are summarized
in Supplementary Table 4. The SUMO tag was appended to HRI and
DELEI for solubility. *S-labelled substrates were generated by incu-
bating 2.5 pgof plasmid DNA in10 pl of wheat germ extract (Promega,
L3260) supplemented with 2 pM carfilzomib and 1 pl of *S-Met (Perki-
nElmer, NEGOO9HOOIMC) for 2 hat 25 °C. *S-labelled substrates were
used for in vitro ubiquitylation assays.

Invitro ubiquitylation assays

For in vitro ubiquitylation assays, human SIFI complex was purified
using anendogenous Flag-UBR4 HEK293T cellline. Eachin vitro ubiqui-
tylationreactionrequired material from 2.515-cm plates of Flag-UBR4
cells. Frozen cell pellets were lysed at 4 °C for 30 min in 1 ml of lysis
buffer per 10 15-cm plates (40 mM HEPES, pH 7.5, 5 mM KCl, 150 mM
NaCl, 0.1% Nonidet P-40,1 mM DTT, 1x complete protease inhibitor
cocktail, 2 pM carfilzomib and 4 pl of benzonase per 10 15-cm plates).
Lysed extracts were pelleted at 21,000g to remove cellular debris and
theclarified lysate was bound to anti-Flag M2 resin (20 pl of slurry per
2.515-cm plates of material) for 2 h rotating at 4 °C. UBR4-coupled
beads were washed 2x with detergent (40 mMHEPES, pH 7.5,5 mMKClI,
150 mMNacCl, 0.1% Nonidet P-40,1 mM DTT) and 2x without detergent
(40 MM HEPES, pH7.5,5 mMKCI, 150 mM NaCland 1 mM DTT). All liquid
was removed from the beads using a crushed gel loading tip before
addition of the in vitro ubiquitylation reaction.

In vitro ubiquitylation assays were performed in a 10 pl reaction
volume: 0.5 pl of 10 uM E1(250 nM final), 0.5 pl of 50 uM UBE2A (2.5 pM
final), 0.5 ulof 50 uM UBE2D3 (2.5 pM final), 1 pl of 10 mg ml™ ubiquitin
(1 mg ml™*final) (R&D Systems, U-100H), 0.5 pl of 200 mM DTT, 1.5 pl of
energy mix (150 mM creatine phosphate (Sigma-Aldrich,10621714001-
5G),20 mM ATP,20 mM MgCl,,2 mMEGTA, pHto 7.5 with KOH), 1 pl of
10x ubiquitylation assay buffer (250 mM Tris pH 7.5,500 mM NaCl and
100 mM MgCl,), 0.5 pl of 1 mg ml™ tandem ubiquitin binding entities
(TUBEs) were pre-mixed and added to 10 pl of UBR4-coupled bed resin.
Next, 3 pl of in vitro translated substrate or 1 pul of 100 pM TAMRA-
labelled peptide was added to the reactions. Competitor proteins or
peptides, or 1x PBS was added to reach final volume of 10 pl. Peptide
sequences used in thisstudy are summarizedin Supplementary Table 7.
Reactions were performed at 30 °C with shaking for 2 h. Reactions were
stopped by adding 2x urea sample buffer and resolved on SDS-PAGE
gelsbefore autoradiography. TAMRA-labelled peptide ubiquitylation
assayswere runon4-20% gradient gels (Thermo Fisher, EC6026BOX)
and imaged using a ProteinSimple Fluorchem M imager. To test ubiq-
uitin linkage specificity of SIFI, we used commercially available recom-
binant human ubiquitin mutants (R&D Systems, UM-K6R, UM-K11R,
UM-K27R, UM-K29R, UM-K33R, UM-K48R, UM-K480, UM-K63R, UM-
NOK, UM-K60, UM-K110, UM-K270, UM-K290, UM-K330 and UM-K630).
Elenzyme UBAlwas purified as previously described™. UBE2A, UBE2D3,
TUBE, TOM20 WT and TOM20(174S,V109S) recombinant proteins were
purified as described below.

Recombinant protein purification

Human UBE2A and UBE2D3 were cloned into a pET28a His-tagged
expression vector (pET28a-6xHis-UBE2A, pET28a-6xHis-UBE2D3) and
were expressed in LOBSTR-BL21(DE3)-RIL cells. TUBEs were expressed
from the pET28a-6xHis-TEV-HALO-4xUbiquilinUBA in LOBSTR-
BL21(DE3)-RIL cells. Proteinexpressionwasinduced at OD,,, = 0.6 with
250 pM IPTG for 16 h at 18 °C. Cells were lysed in lysis buffer (50 mM
HEPES pH 7.5,500 mM NacCl,10 mMimidazole,10% glycerol,5 mMBME,
1x PMSF (Sigma-Aldrich, P7626),1 mg ml™ lysozyme (Sigma-Aldrich,
L6876-10G) and benzonase) by sonication. Lysates were clarified by
centrifugation before 90 min ofincubation with equilibrated Ni-NTA
agarose beads (Qiagen, 20350). Beads were washed 3x in wash buffer
(50 MM HEPES pH 7.5,500 mM NacCl, 10% glycerol and 5 mM BME) with
increasing concentration of imidazole (20 mM, 40 mM and 60 mM).
Proteins were eluted in wash buffer and 250 mM imidazole and dia-
lysed overnight using dialysis cassettes (Thermo Fisher, 66380) in
storage buffer (50 mM HEPES pH 7.5,150 mM NaCl, 10% glycerol and
2mMDTT). TEV protease (at 1 ug:100 pg TEV to protein ratio, UC
Berkeley QB3 MacroLab) was added to the HALO-TEV-TUBEs during
dialysis. The next day, TUBE protein was bound to equilibrated Ni-NTA
agarose beads, and the flow-through was collected to remove TEV
protease and uncleaved proteins. Dialysed proteins were concen-
trated using Amicon Ultra-4 3 K (UBE2A, UBE2D3) and 10 K (TUBEs)
(Sigma-Aldrich, UFC800324, UFC801024), flash-frozen and stored
at -80 °C for future use.

His-SUMO-TEV-TOM20(62-128) and His-SUMO-TEV-
TOM20(62-128,174S,V109S) were cloned into a pET28a His-tagged
expression vector (pET28a-6xHis-SUMO-TOMM20, pET28a-6xHis-
SUMO-TOMM20(174S,V109S)) and were expressed in LOBSTR-
BL21(DE3)-RIL cells. Protein expression wasinduced at log phase with
250 pM IPTG for 16 h at 18 °C. Cells were lysed in lysis buffer (50 mM
HEPES pH 7.5,150 mM NaCl, 10 mM imidazole, 5 mM BME and 1 mM
PMSF) using a LM10 Microfluidizer. Lysate was clarified before 1 h of
incubation with equilibrated Ni-NTA agarose beads, and beads were
washed in wash buffer (50 mMHEPES pH 7.5,150 mM NacCl, 5 mM BME
and 20 mMimidazole) and proteins were eluted in wash buffer contain-
ing 250 mMimidazole, dialysed overnightindialysis cassettes in dialysis
buffer (50 mMHEPES pH 7.5,150 mM NaCland 5 mM BME) containing
TEV protease (at 1 ug:100 pg TEV to protein ratio, UC Berkeley QB3
MacroLab). The next day, dialysed protein was bound to equilibrated
Ni-NTA agarose beads, and the flow-through was collected to remove
TEV protease and uncleaved proteins. The flow-through wasrunon a
S75 column (50 MM HEPES pH 7.5,150 mM NaCland1 mM TCEP). Frac-
tions containing the proteins were run on Coomassie for validation,
concentrated with Amicon Ultra-4 3K, aliquoted, flash-frozen and
stored at —80 °C for future use.

RNA-seq sample preparation and analysis
WT sgCNTRL, AUBR4 sgCNTRL, WT sgTIMMSA, AUBR4 sgTIMMSA,
ISRIB-treated (200 nM, 16 h) AUBR4 sg TIMM&A and arsenite-treated
(5uM,16 h) WT sgCNTRL and AUBR4 sgCNTRL cells were collected after
washing in PBS, pelleted and snap-frozen. Three biological replicates
were processed for each condition. Total RNA was extracted using a
nucleospin RNA kit (Macherey-Nagel, 740955). Library preparation
and deep sequencing were performed by Novogene. In brief, mMRNA
was purified from total RNA using polyT oligonucleotide attached
magnetic beads. mRNA was fragmented and first-strand synthesis was
performed with random hexamers followed by second-strand cDNA
synthesis. This was followed by end repair, A-tailing, adapter ligation,
size selection, amplification and purification. Libraries were sequenced
by paired-end sequencing on an Illlumina NovaSeq sequencer.

To obtain transcript abundance counts, sequencing reads were
mapped to the human reference transcriptome (GRCh38, Ensembl
Release 96) using Kallisto (v.0.48.0). Gene-level count estimates were



obtained by summing counts or TPMs across all transcripts froma
given gene. Differential gene-expression analysis was performed using
DESeq2 (ref. 52) ran on the Galaxy server (Galaxy v.2.11.40.7)* using
the WT sgCNTRL as control for allsamples. DESeq2 analysis results are
providedin Supplementary Table 3. Genes with >1 TPM were retained
for subsequent analysis. Genes significantly differentially expressed
(Padjusted < 0.05), showing at least a twofold change, in the WT sgC-
NTRL cells treated with sodium arsenite were selected. Hierarchical
clustering was performed in Custer (v.3.0)** and results were visualized
usingJava Treeview®. HEK293T WT sgCNTRLand WT sgHR/ treated with
oligomycin from ref. 23 (NCBI Gene Expression Omnibus (GEO) identi-
fier: GSE134986) were also clustered and used to isolate the upregulated
ISR genes cluster. Raw and processed data have been deposited to the
GEO under accession number GSE232191.

qPCR

Total RNA was purified using a nucleospin RNA kit (Macherey-Nagel,
740955). cDNA was generated using a RevertAid First Strand cDNA
Synthesis kit (Thermo Fisher Scientific, K1622) and RT-qPCRs were
performed onaLightCycler 480 Il Instrument (Roche) using 2x KAPA
SYBR Fast qPCR master mix (Roche, KK4602). Fold changes in expres-
sion were calculated using the AAC, method. gPCR primer sequences
are presented in Supplementary Table 5.

Immunofluorescence and confocal microscopy

U20S cells were seeded on 12-mm glass coverslips (Fisher Scientific,
1254580) at 100,000 cells per well in a12-well plate. Cells were trans-
fected the next day with pCS2-HRIhelix2-GFP-IRES-mCherry using
Lipofectamine 3000. Mediumwas changed 24 h after transfection. At
48 hafter transfection, cells were fixed in a solution of 4% paraformal-
dehyde in1x dPBS for 20 min, followed by permeabilization with 0.3%
Triton X-100in 1x dPBS for 20 min, and finally blocked with10% FBS in
1x dPBS for 30 min. Samples were probed with anti-TOM20 antibody
(1:500) for 3 hin1x dPBS, 10% FBS and 0.1% Triton X-100. Samples were
incubated with secondary antibody goat anti-rabbit AF647 (1:500,
Thermo Fisher, A21245) and stained with Hoechst 33342 (1:3,000,
Anaspec, 83218) for 1 h. Allsample processing was carried out at room
temperature. Coverslips were mounted onto microscope slides with
ProLong gold (Thermo Fisher, P36930) and imaged using a Zeiss LSM
900 with Airyscan 2 microscope. Images were captured with a x63
oil objective and Airyscan SR. Images were processed using Zen Blue
(Zeiss) Airyscan processing and Fiji.

Software and code for data analysis

The following freely or commercially available software and codes
were used to analyse data: FlowJo (v.10.8.1), GraphPad Prism (v.9),
ImageJ2 (v.2.9.0/1.53t), Cytoscape ClueGO (v.3.7.1), CasTLE (v.1.0),
Kallisto (v.0.48.0), DESeq2 (Galaxy v.2.11.40.7), Cluster 3.0 and Java
TreeView (v.1.1.6r4).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Source data forimmunoblots are provided in Supplementary Fig. 1.
Gatingstrategies for flow cytometry experiments are provided in Sup-
plementary Fig. 2. Source data for the CRISPR screen are provided in
Supplementary Table 1. Immunoprecipitation and mass spectrometry
source data (associated with Fig.1e and Extended Data Fig. 2d) are pro-
vided in Supplementary Table 2. RNA-seq data (associated with Fig. 3

and Extended DataFig.3h) have been depositedinto the GEO (accession
number GSE232191). Source data for this RNA-seq analysis are also pro-
vided in Supplementary Table 3. The human reference transcriptome
(GRCh38, Ensembl Release 96), which was used to align the RNA-seq
datacanbeaccessed at Ensembl (http://apr2019.archive.ensembl.org/
Homo_sapiens/Info/Index). The previously published RNA-seq data of
HEK293T WT sgCNTRL cells and sgHRI cells treated with oligomycin®
canbeaccessed at the GEO (accession number GSE134986). There are
norestrictions on data availability.

Code availability

Custom Python scripts used to plot Fig. 1b,e are available from the
corresponding author onrequest.
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Extended DataFig.1| UBR4 deletionsensitizes cells to mitochondrial interactors of UBR4.Screen hitsinthe top 5% CasTLE score and with negative
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UBR4 were used to establish successful deletion. b. GO analysis of genetic SupplementaryFig.1.



a Input IP: aFLAG Cc
npu Ll
0] o | t IP: aFLAG
&5 g 5 - -
§ & SRS 7 S, - L=
L R A 5,038 E_5Zx& U
So¢ & g € 6z%33a 8=533
kDa - kDa g B
o | ™ UBR4 iy ~ = @@=/ NPSNAP3A
e i - "= (CMF1 o - ® =& BE2A
20 ™ W UBE2A 50- ® == KCMF1
@ a o
25 = " NIPSNAP3A | W2 ®m® L CUBR4
371... -GAPDH NMeooeoee -GAPDH
Western Western
2200 2430 ® UBR4-AKCMF1
S ® UBR4-AUBR n purifi
_ protein purified
-  in FLAG-UBR4-IP:
o 4 UBR4
1995 2582 . UBEZA
. ie  KCMF1
Input IP: aFLAG . salmaiilin
VAL Ny QDL Ny e LONP1
s FEEFS L SEEF S .
RN ,@595",@5",\.\""39""&5\’ UBR4 . « |« SSBP1
L ragmen d
a STPL L sepgee | T T
Pl - ' log2 fold ch
nge
- - [ ) FLAGUBR4 0gziold C a
s - UBR4 mutant/wild
50 " . L b qfragments [UBR4 mutantwidtype]
50-
- & o & - 8888 KCMF1
3 e e e e -GAPDH

Western
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Similar resultsinn=3independent experiments.b. KCMF1bindstoaDOC
domainin UBR4.FLAG-tagged fragments of UBR4 were immunoprecipitated
from AUBR4 cells and co-precipitating endogenous KCMF1was detected

by Westernblotting. Similar resultsinn=2independent experiments.

c. Validation of the KCMF1domainin endogenous UBR4. The DOC domain of
UBR4 was excised from the endogenous UBR4locus (UBR4 was already fused
toaFLAG epitope) by CRISPR-Cas9 genome engineering. Similar approaches
were used to eliminate the endogenous UBR-and calmodulin-binding

regionsin UBR4. Endogenous wildtype or mutant UBR4 was affinity-purified,
and co-precipitating proteins were detected by Western blotting. Similar
resultsinn =3 independent experiments. d. Validation of mutant UBR4 by
mass spectrometry. The KCMF1- or calmodulin-binding domains, or the UBR
domain, were deleted in the endogenous locus of **°UBR4. Endogenous UBR4
complexes were affinity-purified and bound proteins were detected by mass
spectrometry. Changesininteractions for mutant celllines compared to
wildtype UBR4 are depicted for select proteins. Spectral counts were
normalized to bait (UBR4) spectral countsineachcellline. For gel source data,
see Supplementary Fig.1.
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Extended DataFig. 3| The SIFIcomplex targets cleaved DELE1and HRI.
a.Geneticinteractors of UBR4 control mitochondrial proteinimport.
Mitochondrialimport of GFP11-tagged HMT2 was monitored in WT cells stably
expressing mitochondrially targeted GFP(1-10). Geneticinteractors of UBR4 or
known proteinimportregulators were depleted with specific siRNAs. Similar
resultsinn=2independent experiments.b. UBR4 does notregulate
mitochondrial proteinimport. Import of GFP11-tagged TRAP1was analyzed
asabove.Whenindicated, AUBR4 cells were used or the geneticinteractors of
UBR4, TIMM13 and HIGD2A, were depleted using sgRNAs. Similar resultsin
n=3independent experiments.c. Chemical stressors that deplete AUBR4 cells
incompetitionassays, compromised mitochondrial proteinimport.

Import of GFP11-tagged HMT2 was analyzed in the presence of indicated drugs
CCCP(5 pM), arsenite (10 pM), OM (2.5 uM), Antimycin A (10 uM), BTdCPU

(10 uM) for 16 h by flow cytometry, as described above. Similar resultsinn =2
independent experiments.d. Depletion of elF2a, the eIF2B subunit EIF2B4, or
theelF2a phosphatase PPP1R15B causes synthetic lethality with loss of UBR4,
asseeninoursyntheticlethality screen described earlier. e. Validation of
syntheticlethality between EIF2B4 and PPP1R15B (CReP) by cell competition
assays. The second elF2a phosphatase PPP1R15A (GADD34) also shows weak
syntheticlethality with UBR4 deletion. f. HRIand cleaved DELE1 are degraded

through UBR4 and KCMF1, while the quality control E3 ligases UBR5 or RNF126
arenotrequired. E3ligases were deleted from 293 T cells by CRISPR/Cas9-
mediated genome engineering and the stability of HRIor cDELE1 was
monitored as GFP-tagged proteins by flow cytometry. Experiment performed
once, similar results obtained with siRNA depletions. g. Degradation of orphan
cDELE1, whichisnotbound to HRI, requires acentraldomainin cDELE1L. A
stability reporter expressing either cDELE1 or aninternal deletion resistant to
HRIdepletion (cDELE1*??67¢) were monitored by flow cytometry in either
wildtype or AUBR4 cells. Whenindicated, HRIwas depleted by specific sgRNAs.
Similar resultsinn=2independent experiments. h. Expression of HRlor DELE1
isnotinduced by mitochondrial stress, as seenby RNAseqin cells depleted of
TIMMS8A or treated with arsenite. Data was taken from RNAseq experiments
describedinFig.3d.i.Expression of HRIor DELElis notinduced by deletion of
UBR4 or KCMF1,as seen by qRT-PCR. Graph shows mean + SD of 3 independent
experiments.j. Degradation of an overexpressed wildtype HRIreporter
doesnotrequire DELEL. Stability of the HRIreporter was monitored in cells
treated with control siRNAs or siRNAs targeting DELEL, by flow cytometry.
Experiment performed once. k. Mutation of K196 in HRI, whichis required for
autophosphorylationand activation, prevents UBR4-dependent degradation,
asseenby flow cytometry. Similar resultsinn =3 independent experiments.
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Extended DataFig. 4 |The SIFlcomplex targets HRIand cDELE1 for
proteasomal degradation. a. HRIis ubiquitylated by the SIFlcomplex. The
SIFIcomplex was purified from 293 T cells expressing endogenously FLAG-
tagged UBR4. It wasincubated with *S-labeled HRI**3-SUMO or MBP-SUMO as
acontrol, respectively, E1, UBE2D3 and UBE2A as E2 enzymes, and ubiquitin.
Reaction products were visualized by autoradiography. Experiment
performed once. b. AllSIFIsubunits are required for HR1 ubiquitylation. SIFI
complexes were purified from cells expressing endogenously FLAG-tagged
UBR4.Whenindicated, cellswithinternal deletions of the KCMF1-binding
domain, the calmodulin-binding domain, or the UBRdomain inendogenous
UBR4 were used.>S-labeled HRI'*-SUMO, E1, UBE2D3, UBE2A and ubiquitin
were added, and reaction products were visualized by autoradiography.
Similar resultsinn=2independent experiments. c. The SIFlcomplex mediates
HRIubiquitylationin cells. Ubiquitin conjugates were purified under

denaturing conditions from cells expressing HRI""A and "*ubiquitin, and
modified HRIwas detected by FLAG Western blotting. Cells were treated with
proteasomeinhibitor (CFZ,2 pM) for 6 h prior to harvesting. Similar resultsin
n=2independent experiments.d. The SIFlcomplex modifies HRIwith
ubiquitin chains predominantly linked to K48 of ubiquitin. Ubiquitylation of
*S-labeled HRI"*8-SUMO was analyzed as described above, butin the presence
ofindicated ubiquitin mutants (KO: all Lys residues mutated to Arg; K6only:
allLys residues except for K6 mutated to Arg). Experiment performed once.
e.HRIand cDELElare degraded throughthe proteasome. Cells were analyzed
forlevels of stability reporters encoding HRI-GFP or cDELE1-GFP by flow
cytometry. The proteasome inhibitor carfilzomib (2 pM) or the lysosome
inhibitor bafilomycin A (700 nM) were added for 6 hasindicated. Similar
resultsinn=2independent experiments. For gel source data, see
SupplementaryFig.1.
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Extended DataFig. 5|See next page for caption.




Extended DataFig.5|The SIFIcomplexsilences theintegrated stress
response. a. Deletion of UBR4 increases ISR signalingin response to cells being
treated with oligomycin (0.2 uM) for 16 hor BTdCPU (7.5 uM) for 8 h. ISR
activation was monitored by flow cytometry using the uUORF-ATF4 reporter
described above. Similar resultsinn =2independent experiments. b. UBR4
deletionincreases ISR signaling. Wildtype or AUBR4 cellswere treated for16 h
withincreasing concentrations of arsenite and analyzed for ATF4 levels by
Westernblotting. Similar resultsinn =2independent experiments. c. Deletion
of UBR4 increases ISR signalingin cells treated for 16 hwithincreasing
concentrations of BTACPU, as monitored by Western blots detecting ATF4.
Similarresultsinn=2independent experiments. d. UBR4 deletionincreases
ISRsignalingincells treated for 16 hwithincreasing concentrations of
antimycin A, asdetected by ATF4 expression. Similar resultsinn=2
independent experiments. e. Deletion of TIMM8A induces ATF4 accumulation
morestronglyin AUBR4 cells. WT or AUBR4 cells depleted of TIMM8A were
treated with antimycin A (0.6 pM) for 16 h. Similar resultsinn =2 independent
experiments. f. Deletion of KCMF1 increases ISR signaling to a similar extent as
UBR4 deletion, as detected using the uORF-dependent ISR reporter in flow
cytometry. Cells were treated with OM (0.2 pM) for 8 h. Similar resultsinn=2
independent experiments g. Deletion of KCMF1- and calmodulin-binding
domainsintheendogenous UBR4locusincreasesISRsignalinginresponse to

SuMsodiumarsenite for 16 h, as determined by flow cytometry using the uORF-

dependentISRreporter.Similar resultsinn=2independent experimentsh.
UBR4 does notrestrict ISR signaling in response to endoplasmic reticulum

stress. Wildtype or AUBR4 cells were treated with thapsigargin or tunicamycin
for 8 hand analyzed for ATF4 levels by Western blotting. Experiment performed
once.i.ERstressactivation by thapsigargin does notinduce DELE1cleavage.
Cellswere treated with thapsigargin (1 M) or oligomycin (1 pM) for the
indicated times. Experiment performed once. j. UBR4 deletionincreases ISR
signaling, asread out by ATF4 activation. Wildtype or AUBR4 cells were either
treated with S pM sodium arsenite (left panel) or depleted of TIMMSA (right
panel) and expression of established ATF4 target genes was determined by
qPCR. Graphshows mean + SD of 3independent experiments. k. UBR4
depletionincreases ISR signalingin neurons derived frominduced pluripotent
stem cells by NGN2 activation. Differentiation was ensured by qRT-PCR against
OCT4 and B3-tubulinand ISR target gene expression was measured by qRT-PCR.
Asindicated, either 5 pM sodium arsenite or ISRIBwere added. Graph shows
mean + SD of 3independent experiments. Statistical significance was
determined using atwo-tailed Student’s t-test. *p < 0.05,**p < 0.01, ***p < 0.001
and ****p <0.0001. Exact p-Values: OCT4:sgCNTRL p <0.0001; sgUBR4
p<0.0001.33-tubulin:sgCNTRL p=0.0046; sgUBR4 p = 0.0014. VEGFA:
sgUBR4 arsenite vs. unt. p=0.0011; sgUBR4 arsenite vs. sgCNTRL arsenite
p=0.0052;sgUBR4 arsenite/ISRIB vs. sgUBR4 arsenite p = 0.0242. DDIT4:
sgUBR4 arsenite vs. unt. p <0.0001; sgUBR4 arsenite vs. sgCNTRL arsenite
p=0.0143; sgUBR4 arsenite/ISRIB vs. sgUBR4 arsenite p < 0.0001. ASNS:
sgUBR4 arsenite vs.unt. p=0.0004; sgUBR4 arsenite vs. sgCNTRL arsenite
p=0.0089;sgUBR4 arsenite/ISRIB vs. sgUBR4 arsenite p=0.0236.For gel
source data, see Supplementary Fig. 1.
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Extended DataFig. 6 | The SIFl complex silences the cellular response to
mitochondrialimportstress. a. The SIFl complex limits signal duration, not
amplitude. Wildtype or AUBR4 cells were treated with 5 uM sodium arsenite
and celllysates were analyzed for ATF4 levels by Western blotting over time.
Quantification of 4 independent experiments shownin Fig.3e.b. The SIFI
complexalso limits signal duration after ISR activation with 5 pM antimycin A
(AM). Celllysates were analyzed as described above. Similar resultsinn=3
independent experiments. c. The SIFIcomplex, not the GADD34 phosphatase,
mediates stress responsesilencinginresponse to arsenite. WT or AUBR4 cells
were depleted of GADD34, asindicated, and treated with 5 uM arsenite. At
different times, samples were analyzed for ATF4 expression by Western
blotting. Similar resultsinn =2independent experiments.d. The SIFlcomplex,
not the CReP phosphatase, mediates stress response silencing after antimycin

Atreatment. WT or AUBR4 cells were depleted of CReP, as indicated, and
treated with 0.6 pM antimycin A. At different times, samples were analyzed for
ATF4 expression by Westernblotting. Similar resultsinn =2independent
experiments. e. The SIFlcomplex, not the GADD34 phosphatase, mediates
stress response silencinginresponse to antimycin A. WT or AUBR4 cells were
depleted of GADD34, asindicated, and treated with 0.6 pM antimycin A. At
different times, samples were analyzed for ATF4 expression by Western
blotting. Similar resultsinn =2independent experiments. f. The SIFlcomplex
doesnot mediate degradation of GADD34, as shown by a GADD34 stability
reporterin flow cytometry. Similar resultsinn=2independent experiments.
g. The SIFIcomplex does not mediate degradation of CReP, asshown by a CReP
stability reporterin flow cytometry. Similar resultsinn=2independent
experiments. For gel source data, see SupplementaryFig. 1.
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Extended DataFig.7|See next page for caption.




Extended DataFig.7|The SIFI complex detects helical degronsin HRIand
DELE1. a. Deletion or mutation of two helices in HRl at the same time, but not
manipulation of asingle helix, protects HRIfrom UBR4-dependent
degradation. The stability of indicated mutants was analyzed in wildtype or
AUBR4 cells by flow cytometry using the GFP/mCherry-based degradation
reporter.Similarresultsinn>2independentexperiments.b. The SIFlcomplex
ubiquitylates asingle HRIpeptideirrespectively of whether the SIFlcomplex
was purified from control cells or cells treated with arsenite (40 pM for 4 h).
Experiment performed once. c. Peptides encompassing asingle HRI helix
compete for ubiquitylation of the entire amino-terminal HRIdomain (residues
1-138).%S-labeled HRI'*8-SUMO was incubated with affinity-purified SIFI
complexes, E1, UBE2A and UBE2D3, and ubiquitin.200 uM of purified peptides
encompassing the helices comprising degronlordegron2, respectively, were
added, andreaction products were analyzed by autoradiography. Similar

resultsinn=2independent experiments d. Changing the amino-terminus of
cleaved DELE1does not affect its stability, as seen by flow cytometry. Similar
resultsinn =2independent experiments e. Capping of the amino-terminus of
cleaved DELE1 with threonine, anamino acid notrecognized by the N-end rule,
does not changeits stability, as seen by flow cytometry. Similar resultsinn =2
independentexperiments.f. A helical DELE1 degron similar to HRI helices s
ubiquitylated by the SIFIcomplex asa TAMRA-labeled peptide, while a distinct
DELE1 peptide was not modified. Similar resultsinn =2independent
experiments. g. Other top SIFIsubstrates are mostly composed of a-helices.
Thesstability of top SIFIsubstratesidentified in our screen was analyzedin
wildtype or AUBR4 cells by flow cytometry, using our degradation reporters.
Similar resultsinn >2independent experiments. AlphaFold2 models of each
substrate are shown below. For gel source data, see Supplementary Fig. 1.
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Extended DataFig. 8| The SIFIcomplex recognizes mitochondrial
presequences. a.Helical degronsin HRland cDELE1 resemble mitochondrial
presequencesinamino acid composition (left panel) and structure (right
panels).Presequences were aligned with COBALT (https://www.ncbi.nlm.nih.
gov/tools/cobalt/re_cobalt.cgi). The structures of the HRI degron and the
presequences of citrate synthase (CS) or COQ9 are AlphaFold2 models. The
DELE1helixis fromits cryo-EMstructure®and the ALDH2 presequenceisiits
actual structure when bound to TOMM20%. b. A prediction algorithm for
mitochondrial presequencesidentifies the helical HRIand cDELE1 degrons.
Internal MTS sequences were predicted using iMLP: iMTS-L predictor service

(https://csb-imlp.bio.rptu.de/). Ascoreabove O is predictive of aninternal MTS.

Orange shaded boxes correspond toidentified degronsin HRIand DELE1.
c.Thesecond HRIdegron (helix 2) efficiently competes with mitochondrial
presequences for access to the SIFlcomplex. ATAMRA-labeled COX8A
presequence peptide (10 pM) was incubated with affinity-purified SIFI
complex, E1, UBE2A and UBE2D3, and ubiquitin. As indicated, 100 pM of
purified peptides encompassing the helices comprising degron1or degron 2
were added, and reaction products were analyzed after gel electrophoresis by
fluorescence. Similar resultsinn=2independent experimentsd. The SIFI
complex, but not the quality control E3 ligase UBRS5, ubiquitylates a
presequence peptide. Ubiquitylation was analyzed as described above.
Experiment performed once. e. Theentire SIFlcomplex is required for
presequence ubiquitylation. ATAMRA-labeled COX8A presequence peptide
wasincubated with affinity-purified SIFlcomplex purified from WT cells or
cellscarrying deletions of the endogenous KCMF1binding-, calmodulin-, or
UBR-domains in UBR4.E1,UBE2A and UBE2D3, and ubiquitin were added and
reaction products were analyzed after gel electrophoresis by fluorescence.
Similar resultsinn=2independent experiments.f. The SIFlcomplex
ubiquitylates a TAMRA-labeled presequence peptideirrespectively of whether
theE3ligase had been purified from control cells or cells treated with arsenite
(40 pM for 4 h).g. The SIFIcomplex modifies presequences with ubiquitin
chains predominantly composed of K48-linkages. ATAMRA labeled COX8A
presequence peptide was incubated with SIFIcomplex, E1, UBE2A and UBE2D3
and theindicated ubiquitin mutants (ubi-KO: all Lys residues mutated to Arg;
ubi-Kéonly:all Lys residue except for K6 mutated to Arg), and reaction products
were analyzed asabove. Experiment performed once. h. The COX8A

presequenceisaSIFl-dependent degradation signal. The presequence was
cloned asafusionto GFPinto the degradationreporter and assessed for its
effects on proteinstability by flow cytometry. Asindicated, the proteasome
inhibitor carfilzomib (CFZ) or the lysosome inhibitor bafilomycin A (BafA) were
added. Note that only the cytoplasmic fraction of this fusion protein can be
targeted viaSIFland the proteasome. Similar resultsinn=2independent
experiments.i.Afusionbetween a COX8A presequence peptide carrying
mutationsinfour Leuresidues and GFPis not degraded through UBR4, the
proteasome or the lysosome, as determined by flow cytometry. Similar results
inn=2independentexperiments.j. The mitochondrialimportreceptor
TOMM20 competes with the SIFl complex for recognition of mitochondrial
presequences. ATAMRA-labeled COX8A presequence was incubated with
increasing concentrations of the cytoplasmic domain of TOMM20 or
TOMM20"7#V19% whichisincapable of binding presequences. The SIFIcomplex,
E1,E2s,and ubiquitinwereadded, and ubiquitylation was monitored by gel
electrophoresis and fluorescence imaging. Experiment performed once.

k. Mutation of presequence residues required for TOMM20 binding also
ablates ubiquitylation by the SIFIcomplex. Similar resultsinn =2 independent
experiments. l.Importinhibition leads to accumulation of mitochondrial
precursor proteins that still contain their presequence. UBR4 deletion further
increases precursor abundance, as seen by Westernblotting after expressing of
HA-tagged mitochondrial proteinsin either WT or AUBR4 cells treated with
mitochondrialimportblocker oligomycin (1M, 16 h) and ISRIB. Similar results
inn=2independentexperiments. m. Inhibition of mitochondrial protein
importupondepletion of TIMM16 stabilizes HRI. Similar resultsinn=2
independentexperiments. n.Inhibition of mitochondrial proteinimportupon
depletion of TIMM16 stabilizes cDELE1, as determined by flow cytometry.
Similar resultsinn =2independent experiments. 0. Deletion of UBR4 partially
stabilizes apresequencereporter ifimport was prevented by TIMM16
depletion, asseenby flow cytometry. Similar resultsinn =2independent
experiments. p. Activation of ISR signaling in AUBR4 cells upon overexpression
ofthe mitochondrial protein NIPSNAP1is dependenton HRland DELE1. HRIand
DELE1were depleted by specific siRNAs and ISR activation was monitored using
the uORF-ATF4 reporter using flow cytometry. Whenindicated, NIPSNAP1was
overexpressed. Similar resultsinn=2independent experiments. For gel source
data, see Supplementary Fig.1.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig.9 |HRIand DELE1 mediate stressresponse signaling
without affecting mitochondrial proteinimport. a. Depletion of HRI
suppressesincreased ISRactivationin AUBR4 cells treated with 5 pM sodium
arsenite for 16 h, as monitored by Western blotting using antibodies against
ATF4.Similar resultsinn=2independent experiments. b. Depletion of HRl or
DELE1suppressesincreased ISRactivationin AUBR4 cells treated with 25 uM
oligomycin for 8 h,as monitored by Western blotting using antibodies against
ATF4.Similar resultsinn=2independent experiments. c. Depletion of HRI or
DELE1suppressesincreased ISRactivationin AUBR4 cells treated with 0.6 pM
antimycin Afor 16 h, as monitored by Western blotting using antibodies against
ATF4.Similar resultsinn=2independent experiments.d. Depletion of HRI or

DELElsuppressesincreased ISR activationin AUBR4 cells treated with 5pM
BTdCPU for 8 h, as monitored by Westernblotting using antibodies against
ATF4.Similar resultsinn=2independent experiments. e. Depletion of HRIand
DELE1bysiRNA does not restore mitochondrial proteinimportin cells lacking
TIMMDCI. Wildtype or AUBR4 cells were depleted of TIMMDC1 using specific
sgRNAs, asindicated. Mitochondrial proteinimport was monitored by
reconstitution of GFP upon expression of TRAP1-GFP11 co-expressed with BFP
in cells stably expressing GFP(110) in the mitochondrial matrix. GFP formation
uponsuccessfulimport was monitored by flow cytometry. Experiment was
validated using the alternative mitochondrialimport substrate HMT2-GFP11.
For gelsource data, see Supplementary Fig.1.
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Extended DataFig.10|Stressresponsesilencingrestores cell survival.
a.Pharmacological stress response silencingin cells lacking UBR4 or KCMFI
through ISRIB. Wildtype, AUBR4, or AKCMFI cells were treated with SpuM sodium
arsenite for16 hand, asindicated, ISRIB. ATF4 levels were monitored by Western
blotting. Similar resultsinn=2independent experiments. b. ISRIB inhibits
stressresponse activationin cells that were lacking UBR4 or KCMF1and were
treated with antimycin A (0.6 pM) for 16 h. Similar resultsinn =2 independent
experiments. c.ISRIBinhibits stress response activationin cells that were
lacking UBR4 or KCMF1and were treated with BtdCPU (5 uM) for 8 h. Similar
resultsinn=2independent experiments. d.ISRIB does notrestore
mitochondrial proteinimportin cells depleted of TIMM13. Import was
measured upon GFP reconstitution by flow cytometry, as described above.

Experimentwas validated using the alternative mitochondrialimportsubstrate
HMT2-GFP11. e.ISRIBrescues ISR activationin human embryonic stem cells. As
indicated, UBR4 was depleted by sgRNAs. Sodium arsenite (1.25 pM) and/or
ISRIB were added for 8 hand ATF4 activation was monitored by Western
blotting. Similar resultsinn=2independent experiments. f. Pharmacological
silencing of the ISRwith ISRIB rescues the syntheticlethality between UBR4
deletion and chemical mitochondrial stressors. Cell competition assays were
performed as described above. Some competitions were performed at the same
time as for Fig.1d and are therefore re-reshown from Fig. 1d. g. Pharmacological
silencing of the ISRwith ISRIB rescues the cells depleted of the disease gene
TIMMSA. Cell competition assays were performed as described above. For gel
source data, see SupplementaryFig.1.
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All software used is freely/comercially available: FACSDiva (Version 9.0)

Data analysis All software used is freely/comercially available: FlowJo (Version 10.8.1), GraphPad Prism (Version 9), ImageJ2 (Version 2.9.0/1.53t),
Cytoscape ClueGO (v3.7.1), CasTLE (v1.0), Kallisto (v.0.48.0), DESeq?2 (Galaxy Version 2.11.40.7), Cluster 3.0, Java TreeView (v.1.1.6r4).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Source data for immunoblots are provided in Supplementary Fig. 1. Gating strategies for flow cytometry experiments are provided in Supplementary Fig. 2. Source
data for the CRISPR screen are provided in Supplementary Table 1. Immunoprecipitation and mass spectrometry source data (associated with Fig. 1e and Extended
Data Fig. 2d) are provided in Supplementary Table 2. RNA-seq data (associated with Fig. 3 and Extended Data Fig. 3h) have been deposited into the GEO (accession




number GSE232191 ). Source data for this RNA-seq analysis are also provided in Supplementary Table 3. The human reference transcriptome (GRCh38, Ensembl
Release 96), which was used to align the RNA-seq data can be accessed at Ensembl (http://apr2019.archive.ensembl.org/Homo_sapiens/Info/Index ). The previously
published RNA-seq data of HEK293T WT sgCNTRL cells and sgHRI cells treated with oligomycin[23] can be accessed at the GEO (accession number GSE134986 ).
There are no restrictions on data availability.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender This study does not involve human participants, their data or their biological material

Reporting on race, ethnicity, or | This study does not involve human participants, their data or their biological material
other socially relevant

groupings

Population characteristics This study does not involve human participants, their data or their biological material
Recruitment This study does not involve human participants, their data or their biological material
Ethics oversight This study does not involve human participants, their data or their biological material

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No methods to predetermine sample size for experiments were used. A minimum of 500X coverage per sgRNA was used throughout the
whole-genome CRISPR/Cas9-screen to ensure adequate representation of individual sgRNAs. Sample sizes for other experiments were chosen
based on data from previous publications (Oh et al., Nature 2020; Yau et al., Cell 2017), robustness of the assay and technical and economical
considerations.

Data exclusions  No data were excluded.

Replication Biological replicates were performed and have been indicated in the figure legends as independent experiments. For experiments without
biological replicates, the hypothesis was validated using an alternative experimental setup (different technique, ...) to address the same
question.

Randomization  Not applicable, there was no subjective rating of data involved in our study. Randomization is not applicable for most standard cell culture
based assays and in vitro biochemical experiments.

Blinding Not applicable, there was no subjective rating of data involved in our study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Plants

Antibodies

Antibodies used Following antibodies were used for immunoblot analyses: anti-Flag (mouse, Clone M2, Sigma-Aldrich, F1804, dilution 1:1000), anti-
Flag (rabbit, Cell Signaling Technology (CST), 2368, dilution 1:1000), anti-HA-Tag (rabbit, C29F4, CST, 3724, dilution 1:1000), anti-
GAPDH (rabbit, D16H11, CST, 5174, dilution 1:1000), anti-a Tubulin (mouse, DM1A, Calbiochem, CP06), dilution 1:1000, anti-UBR4/
p600 (rabbit, A302, Bethyl, A302-277A, dilution 1:1000), anti-UBR4/p600 (rabbit, A302, Bethyl, A302-278A, dilution 1:1000), anti-
UBR4/p600 (rabbit, A302, Bethyl, A302-279A, dilution 1:1000), anti-PKR (mouse, B-10, Santa Cruz, sc-6282, dilution 1:200), anti-
GCN2 (mouse, F-7, Santa Cruz, sc-374609, dilution 1:200), anti-PERK (mouse, B-5, Santa Cruz, sc-377400, dilution 1:200), anti-UBE2A/
B (mouse, G-9, Santa Cruz, sc-365507, dilution 1:150), anti-ATF4 (rabbit, D4B8, CST, 11815S, dilution 1:1000), anti-EIF2AK1 (rabbit,
Proteintech, 20499-1-AP, dilution 1:1000), anti-SSBP1 (rabbit, Proteintech, 12212-1-AP, dilution 1:1000), anti-TIM8A (rabbit,
Proteintech, 11179-1-AP, dilution 1:500), anti-KCMF1 (rabbit, Sigma, HPA030383, dilution 1:1000), anti-NIPSNAP3A (rabbit,
ThermoFisher, PA5-20657, dilution 1:1000), anti-GADD34 (rabbit, Proteintech 10449-1-AP, dilution 1:1000), anti-CReP (rabbit,
Proteintech 14634-1-AP, dilution 1:1000), anti-Ubiquitin (rabbit, Cell Signaling Technology (CST), 43124, dilution 1:1000) goat anti-
rabbit IgG (H+L) HRP (Vector Laboratories, PI-1000, dilution 1:5000), Sheep anti-mouse 1gG (H+L) HRP (Sigma, A5906, dilution
1:5000), goat anti-mouse 1gG light chain specific HRP conjugated (Jackson Immunoresearch, 115-035-174, dilution 1:5000). Following
antibodies were used for immunofluorescence: anti-TOM20 antibody (rabbit, Proteintech 11802-1-AP, dilution 1:500), secondary
antibody goat anti-rabbit AF647 (ThermoFisher, A21245, dilution 1:500).
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Validation Antibodies validated by knockdown/-out shown in this study: anti-UBR4/p600 (rabbit, A302, Bethyl, A302-277A, validated for WB in
human cells, see Extended Data Fig 1a), anti-UBR4/p600 (rabbit, A302, Bethyl, A302-278A, validated for WB in human cells, see
Extended Data Fig 1a), anti-UBR4/p600 (rabbit, A302, Bethyl, A302-279A, validated for WB in human cells, see Extended Data Fig 1a),
anti-PKR (mouse, B-10, Santa Cruz, sc-6282, validated for WB in human cells, see Extended Data Fig 9a-d), anti-GCN2 (mouse, F-7,
Santa Cruz, sc-374609, validated for WB in human cells, see Extended Data Fig 9a-d), anti-PERK {mouse, B-5, Santa Cruz, sc-377400,
validated for WB in human cells, see Extended Data Fig 9a-d), anti-EIF2AK1 (rabbit, Proteintech, 20499-1-AP, validated for WB in
human cells, see Extended Data Fig 9a-d), anti-TIM8A (rabbit, Proteintech, 11179-1-AP, validated for WB in human cells, see Fig 3c
and Extended Data Fig 5e), anti-KCMF1 (rabbit, Sigma, HPA030383, validated for WB in human cells, see Extended Data Fig 10a-c),
anti-GADD34 (rabbit, Proteintech 10449-1-AP, validated for WB in human cells, see Extended Data Fig 6¢ + 6e), anti-CReP (rabbit,
Proteintech 14634-1-AP, validated for WB in human cells, see Extended Data Fig 6d and Figure 3f)

Antibodies validated by manufacturer: anti-Flag (mouse, Clone M2, Sigma-Aldrich, F1804, https://www.sigmaaldrich.com/US/en/
product/sigma/f1804, used in 8252 publications, previously validated in our lab on recombinant proteins), anti-Flag (rabbit, Cell
Signaling Technology (CST), 2368, https://www.cellsignal.com/products/primary-antibodies/dykddddk-tag-antibody-binds-to-same-
epitope-as-sigma-s-anti-flag-m2-antibody/2368, used in 722 publications, previously validated in our lab on recombinant proteins),
anti-HA-Tag (rabbit, C29F4, CST, 3724, https://www.cellsignal.com/products/primary-antibodies/ha-tag-c29f4-rabbit-mab/3724,
used in 2406 publications, previously validated in our lab on recombinant proteins), anti-GAPDH (rabbit, D16H11, CST, 5174, https://
www.cellsignal.com/products/primary-antibodies/gapdh-d16h11-xp-rabbit-mab/5174, used in 5800 publications, detected protein at
correct size in this study), anti-a Tubulin (mouse, DM1A, Calbiochem, CPO6, https://www.sigmaaldrich.com/US/en/product/mm/
cp06, used in 673 publications, detected protein correct size in this study), anti-UBE2A/B (mouse, G-9, Santa Cruz, sc-365507,
https://www.scbt.com/p/ube2a-b-antibody-g-9, used in >10 publications, detected protein at correct size in this study), anti-ATF4
(rabbit, D4B8, CST, 11815S, https://www.cellsignal.com/products/primary-antibodies/atf-4-d4b8-rabbit-mab/11815, used in 703
publications, detected protein at correct size and induced upon ISR induction in this study), anti-NIPSNAP3A (rabbit, ThermoFisher,
PA5-20657, https://www.thermofisher.com/antibody/product/NIPSNAP3A-Antibody-Polyclonal/10751-1-AP, validated by
manufacturer for IP, IF, WB and IHC, detected protein at correct size in this study), , anti-Ubiquitin (rabbit, Cell Signaling Technology
(CST), 43124, https://www.cellsignal.com/products/primary-antibodies/ubiquitin-e4i2j-rabbit-mab/43124, used in 42 publications,
recognizes endogenous levels of free ubiquitin and polyubiquitinated proteins. This antibody is able to detect free ubiquitin, linear
polyubiquitin (M1-linked), and homotypic polyubiquitin chains consisting of K6, K11, K27, K29, K33, K48 and K63 linkages. validated
by manufacturer for western blotting applications.), anti-TOM20 antibody (rabbit, Proteintech 11802-1-AP, https://www.ptglab.com/
products/TOM20-Antibody-11802-1-AP.htm, used in 224 publications, specifically stained outer mitochondrial membrane in this
study).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T and U20S cells were purchased from the Berkeley Cell Culture Facility. iPSCs originated from the lab of M. Ward
(NIH). Male human embryonic stem cells (ESCs) line H1: WiCell Research Institute, Inc. (WAO1).

Authentication All cell lines were authenticated by short tandem repeat analysis.




Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Flow Cytometry

All cell lines were routinely tested biweekly for mycoplasma contamination using the Mycoplasma PCR Detection Kit (abm,
G238) and consistently tested negative.

No commonly misidentified cell lines were used in this study.

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument
Software

Cell population abundance

Gating strategy

HEK293T cells were trypsinized and resuspended in PBS for flow cytometry.
BD LSR Fortessa, BD LSR Fortessa X20
FACSDiva (Version 9.0), FlowJo (Version 10.8.1)

For all assays, cells populations were determined using fluorescent markers. Non-fluorescent populations were clearly
separated from those with fluorescent markers. Sufficient events were ensured for all populations.

Initial gating steps include identification of live cells (SSC-A/FSC-A) followed by identification of single cells (FSC-H/FSC-A). The
further gating strategy depends on the experimental setup:

- For cell competition assays mCherry+ and GFP+ populations were determined and ratios were calculated.

- For protein stability assays a derived parameter (GFP/mCherry) was plotted as a histogram to the mode within the GFP+/
mCherry+ population to represent stability of GFP-tagged proteins controlled by mCherry expression ensured an IRES.

- For mitochondrial protein import assays in the next gating step, mScarlett+ cells (stably expressing MTS-GFP1-10) were
selected. Then, a derived parameter (GFP/BFP) was plotted as a histogram to the mode within the GFP+/BFP+ population to
represent mitochondrial import measured by reconstitution of GFP controlled to BFP expression ensured by an IRES.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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