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Abstract

Mitophagy is a fundamental quality control mechanism of mito-
chondria. Its regulatory mechanisms and pathological implications
remain poorly understood. Here, via a mitochondria-targeted
genetic screen, we found that knockout (KO) of FBXL4, a mitochon-
drial disease gene, hyperactivates mitophagy at basal conditions.
Subsequent counter screen revealed that FBXL4-KO hyperactivates
mitophagy via two mitophagy receptors BNIP3 and NIX. We deter-
mined that FBXL4 functions as an integral outer-membrane pro-
tein that forms an SCF-FBXL4 ubiquitin E3 ligase complex. SCF-
FBXL4 ubiquitinates BNIP3 and NIX to target them for degradation.
Pathogenic FBXL4 mutations disrupt SCF-FBXL4 assembly and
impair substrate degradation. Fbxl4/~ mice exhibit elevated
BNIP3 and NIX proteins, hyperactive mitophagy, and perinatal
lethality. Importantly, knockout of either Bnip3 or Nix rescues met-
abolic derangements and viability of the FbxI4 ™/~ mice. Together,
beyond identifying SCF-FBXL4 as a novel mitochondrial ubiquitin
E3 ligase restraining basal mitophagy, our results reveal hyperacti-
vated mitophagy as a cause of mitochondrial disease and suggest
therapeutic strategies.
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Introduction

Mitophagy is an essential mitochondrial quality control mechanism
that removes dysfunctional or excessive mitochondria by autop-
hagy. Mitophagy defects associate with neurodegeneration, aging,
cancer, and other pathophysiological conditions (Youle & Narendra,
2011; Moehlman & Youle, 2020; Onishi et al, 2021). Mammals have
evolved multiple mitophagy pathways to remove mitochondria
under various physiological and pathological conditions (Youle &
Narendra, 2011, Onishi et al, 2021). For example, the Parkinson’s
disease-related PINK1-Parkin pathway removes depolarized mito-
chondria and mitochondria with proteostatic stress (Narendra et al,
2008, 2010; Pickrell & Youle, 2015). The mitophagy receptors BNIP3
and FUNDCI1 mediate hypoxia-induced mitophagy (Zhang et al,
2008; Liu et al, 2012). The mitophagy receptor NIX mediates mito-
chondria elimination during erythrocyte maturation (Schweers et al,
2007; Sandoval et al, 2008). Moreover, characterizations of the
mtKeima and mitoQC reporter mice reveal that mitophagy is wide-
spread across tissues/organs at basal conditions (Sun et al, 2015;
McWilliams et al, 2016, 2018). However, the regulatory mechanisms
of basal mitophagy and their pathological implications remain
poorly characterized.

The loss-of-function mutations of FBXL4 cause severe mitochon-
drial diseases characterized by mtDNA depletion, respiratory defi-
ciency, lactic acidosis, encephalomyopathy, and multisystem
degeneration (Bonnen et al, 2013; Gai et al, 2013). FBXL4-KO mice
exhibit excessive mitophagy, reduction of mitochondrial mass, and
perinatal lethality (Alsina et al, 2020). Despite the striking pheno-
type, the pathogenic mechanisms of FBXL4 mutations remain mys-
terious, and the mechanism of mitophagy activation and its
pathological contribution in FBXL4-related diseases is unclear.

In this study, via a mitochondria-targeted CRISPR knockout
screen for regulators of basal mitophagy, we identify that FBXL4-KO
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hyperactivates mitophagy in cells and in vivo. Subsequent genetic
and biochemical characterizations reveal FBXL4 as a mitochondrial
ubiquitin E3 ligase that restrains mitophagy via degrading mito-
phagy receptors BNIP3 and NIX. Knockout of either Bnip3 or Nix
represses hyperactive mitophagy, corrects metabolic derangements,
and rescues viability of the Fbx[4™~ mice.

Results

A mitochondria-targeted CRISPR knockout screen for mitophagy
regulators

To monitor cellular mitophagy level, we exploited the mitoQC
reporter, which expresses a GFP-mCherry tandem protein targeted to
mitochondrial outer membrane (Allen et al, 2013). Under normal
condition, both GFP and mCherry are functional; when mitochondria
are engulfed by lysosome, GFP is quenched by acidic pH but
mCherry remains intact (Fig 1A). We established a HeLa
tetracycline-inducible mitoQC (TO-mitoQC) reporter cell line, trans-
formed the reporter line with Cas9 and a custom sgRNA library
targeting the MitoCarta2.0 inventory of nuclear-encoded mitochon-
drial genes (He et al, 2022), and induced mitoQC expression by
doxycycline treatment. Mitophagy level was analyzed by FACS-
based measurement of the mCherry/GFP fluorescence intensity ratio.
Cells with enhanced (top 25% with high ratio) and reduced (bottom
25% with low ratio) mitophagy were sorted and sequenced (Fig 1B).
Genes were ranked by calculating enrichment score (high-25% /low-
25%; Fig 1C and Dataset EV1). We focused on four top hits with
enhanced mitophagy (PPTC7, MFN2, FBXL4, and TMEM11) and one
hit with reduced mitophagy (MARCHS; highlighted in red, Fig 1C).
Retesting with the mitoQC reporter and with two independent
sgRNAs per gene verified the screen result (Fig EV1A).

We next analyzed mitophagy with the mtKeima reporter, a pH-
sensitive protein targeted to mitochondrial matrix (Katayama et al,
2011; Sun et al, 2015). Keima has an emission spectrum that peaks
at 620 nm and a bimodal excitation at 440 nm at neutral pH and at
586 nm at acidic pH (Fig EV1B). Mitophagy level was determined
by FACS-based measurement of emissions from 561 nm excitation
(acidic pH) and 405 nm excitation (neutral pH; Fig 1D). Knockout
of PPTC7, MFN2, and FBXL4 induced mitophagy but knockout of
TMEM11 and MARCHS did not affect mitophagy (Fig 1D). The mito-
phagy phenotypes of TMEM11-KO and MARCHS5-KO thus associate

Figure 1. Mitochondria-targeted CRISPR-Cas9 screen for mitophagy regulators.

A Schematic of the mitoQC reporter.

B Schematic of the screen process of mitophagy regulators.

C Volcano plot of the screen result. The top hits are highlighted in red.
D
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with the mitoQC reporter, which localizes to mitochondrial outer
membrane and may monitor additional mitochondrial quality con-
trol pathways. We thus used the mtKeima reporter in the following
studies.

FBXL4 deficiency hyperactivates mitophagy

We focused on the hit FBXL4 because of its disease association and
unknown pathological mechanism. Fluorescence imaging with
mtKeima showed that FBXL4-KO potently increased mitophagy in
HeLa cells (red-only mitolysosomes, Fig 1E). We confirmed the
identity of mitolysosomes by showing their colocalization with the
lysosome marker LAMP1-YFP (Fig EV1C). Quantitative analysis
showed that all the FBXL4-KO cells are mitophagy-positive whereas
only ~45% wild-type (WT) cells are mitophagy-positive (Fig 1E).
Mitolysosomes occupy ~25% of total mitochondria area in FBXL4-
KO cells, in contrast to 0.9% in WT cells (Fig 1E). FACS analysis
with mtKeima showed that the mitophagy level is < 5% in WT cells
but is increased to > 80% in FBXL4-KO cells (Fig 1F). All these phe-
notypes of FBXL4-KO cells were rescued by re-expressing FBXL4-
FLAG (Fig 1E and F). Moreover, mitophagy in FBXL4-KO cells was
blocked by knocking down FIP200 and Beclinl, two key autophagy
genes (Mizushima & Komatsu, 2011) (Fig EV1D and E).

We also generated another mitophagy reporter by anchoring
mCherry to mitochondrial outer membrane (Fig EV1F). Lysosomal
delivery of mitochondria causes reporter cleavage, releasing a free
mCherry protein, and such strategy was used in ER-phagy studies
(Liang et al, 2018). Immunoblot analysis showed that ~15% of the
reporter is cleaved in FBXL4-KO cells in contrast to 3.2% cleavage in
WT cells and in FBXL4-KO cells rescued with FBXL4-FLAG (Fig EV1G).

We further performed immunoblot analysis of mitochondrial pro-
teins and found that FBXL4-KO reduced the protein levels of
Tom?70, Tfam, and the respiratory complex subunits MTCO1, SDHB,
and NDUFBS8 (Fig EV1H). The reduction of mitochondrial proteins
in FBXL4-KO cells was rescued by re-expression of FBXL4 (Fig
EV1H) or by knocking out the autophagy gene BECLIN1 (Fig EV1I).
Taken together, FBXL4-KO hyperactivates mitophagy in HeLa cells.

FBXL4 deficiency post-transcriptionally upregulates BNIP3 and
NIX to hyperactivate mitophagy

To reveal the molecular mechanism underlying hyperactive mito-
phagy in FBXL4-KO cells, we performed a counter screen with the

Verification of screen hits by mtKeima-based FACS analysis of mitophagy. Upper: representative FACS analysis of mitophagy in Hela cells expressing sgNTC and
sgFBXL4. Bottom: quantitative analysis of mitophagy levels in HelLa cells expressing the indicated sgRNAs. The percentage of cells with high mitophagy level is indi-
cated in red. Two independent sgRNAs were used for each gene. NTC: nontargeting control.

E Imaging analysis of mitophagy levels in the indicated Hela cells. Left: sequencing result of WT and FBXL4-KO cells and representative mitophagy images, white
arrows point to mitolysosomes (FBXL4-KO cells were not labeled because of the large numbers of mitolysosomes); middle: percentage of cells with mitophagy
(mitolysosome-positive); right: quantification of mitolysosome/mitochondria area. n: number of cells analyzed (middle); number of imaging areas (20-30 cells/area)

analyzed (right).

F FACS analysis of mitophagy levels in the indicated Hela cells. Left: representative FACS results; right: quantitative analysis of mitophagy levels.

Data information: Data are mean + SD from three biological replicates (D—F). Statistics: two-tailed unpaired Student’s t-test (D-F); ***P < 0.001.

Source data are available online for this figure.
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MitoCarta2.0 sgRNA library, using mtKeima as the reporter. Our
screen results showed that FBXL4-KO-induced mitophagy was inhib-
ited by the knockout of two mitophagy receptors BNIP3 and NIX
(Fig 2A and Dataset EV2). Immunoblot analysis showed that FBXL4-
KO greatly increased the protein levels of BNIP3 and NIX (Fig 2B).
Interestingly, the mRNA levels of BNIP3 and NIX were reduced by
50% in FBXL4-KO cells (Fig 2C), likely to counteract the hyperacti-
vated mitophagy. All the aberrant regulations of mitophagy recep-
tors in FBXL4-KO cells were rescued by FBXL4-FLAG re-expression
(Fig 2B and C).

We next knocked out BNIP3 and NIX individually or combina-
torically in WT and FBXL4-KO HeLa cells (Fig 2D). Fluorescence
imaging and FACS analysis with the mtKeima reporter showed that
individual knockout of BNIP3 and NIX partially inhibited mito-
phagy, and double knockout of BNIP3 and NIX completely blocked
mitophagy in FBXL4-KO cells (Fig 2E-H). Therefore, FBXL4-KO
hyperactivates mitophagy via BNIP3 and NIX.

MTCH2 encodes a mitochondrial outer-membrane protein regu-
lating apoptosis and metabolism (Gross, 2016) and is recently iden-
tified as a mitochondrial outer-membrane insertase for o-helical
proteins (Guna et al, 2022). MTCH2-KO also inhibited mitophagy in
FBXL4-KO cells (Figs 2A and EV2A and B). Immunoblot showed
that MTCH2-KO reduced the protein levels of BNIP3 and NIX in both
WT and FBXL4-KO cells (Fig EV2C). These results support BNIP3
and NIX as the central node to regulate excessive mitophagy in
FBXL4-KO cells.

FBXL4 is an integral mitochondrial outer-membrane protein

To understand how FBXL4 regulates BNIP3 and NIX, we firstly
determined the submitochondrial localization of FBXL4. We purified
mitochondria from HeLa cells stably expressing FBXL4-FLAG and
performed Protease K digestion with different mitochondrial prepa-
rations. With intact mitochondria, only outer-membrane proteins
exposed to the cytosol (Tom70) are cleaved. Swelling with hypo-
tonic buffer disrupts mitochondrial outer membrane but leaves
inner membrane intact, resulting in the cleavage of intermembrane
space proteins (Smac) and inner membrane proteins exposed to the
intermembrane space (Mitofilin). After lysis with Triton X-100, both
mitochondrial membranes are lysed, causing the cleavage of all the
mitochondrial proteins, including matrix proteins (Hsp60). FBXL4-
FLAG was cleaved by Protease K digestion in intact mitochondria
preparation (Lane 2, Fig 3A). We repeated digestion of intact mito-
chondria with trypsin and found that FBXL4-FLAG was also cleaved

Yu Cao et al

(Lane 7, Fig 3A). These results suggest FBXL4 as an outer-
membrane protein.

To determine whether FBXL4 is an integral membrane protein or
peripherally associates with mitochondria, we purified mitochondria
and performed alkaline extraction (Fujiki et al, 1982). Soluble and
peripheral proteins will be extracted to the soluble fraction by alka-
line pH, whereas membrane proteins remain integral to the mem-
brane and appear in the pellet fraction. At increasing pH from 10 to
12.5, FBXLA4-FLAG remained in the pellet (mitochondria) like the
integral membrane proteins Tom70 and Tim23 (Fig 3B). By contrast,
soluble proteins Smac and Hsp60 were extracted to the supernatant
fraction (Fig 3B). Therefore, FBXL4 is an integral mitochondrial
outer-membrane protein.

Determination of the transmembrane domain, targeting
sequence and topology of FBXL4

Analysis of FBXL4 protein sequence with the “DAS” transmembrane
prediction server (https://tmdas.bioinfo.se/) predicted that FBXL4
contains a putative transmembrane domain (TMD) at its N terminus
(highlighted in red box, Fig 3C). We noticed that the putative TMD
is followed by a stretch of positively charged arginine residues, a
typical feature of N-terminally anchored mitochondrial outer-
membrane proteins, such as Tom20 and Tom70 (Rapaport, 2003;
Fig 3D).

To determine whether the N-terminal sequence of FBXL4 truly
forms a mitochondrial outer-membrane targeting sequence, we
fused variable truncations of FBXL4 N-terminal sequence (amino
acids 1-24) to RFP and analyzed the subcellular localization of the
fusion proteins. Immunofluorescence imaging showed that amino
acids 1-12 targeted RFP to the cytosol, 1-19 (TMD) targeted RFP to
nonmitochondrial vesicular structures, whereas 1-23 and 1-24
(TMD + arginine stretch) targeted RFP to mitochondria (Fig 3E).
Protease K digestion experiment showed that FBXL4(1-23)-RFP
localized to mitochondrial outer membrane (Fig 3F). Therefore,
FBXL4 is an N-anchored mitochondrial outer-membrane protein
targeted by amino acids 1-23 (Fig 3G).

FBXL4 forms an SCF-FBXL4 ubiquitin E3 ligase complex and
associates with the UBXD8-VCP complex

FBXL4 contains an F-box domain and a C-terminal leucine-rich
repeats (LRR; Fig 4A). F-box is a protein domain that interacts with
the Skpl adaptor to form an Skpl-Cullinl-F-box (SCF) ubiquitin E3

Figure 2. FBXL4 deficiency post-transcriptionally upregulates BNIP3 and NIX to hyperactivate mitophagy.

A Volcano plot of the screen result of mitophagy regulators in FBXL4-KO Hela cells. Mitochondrial outer-membrane protein MTCH2 and mitophagy receptors BNIP3

and NIX are highlighted in red.

Immunoblot analysis of the indicated Hela cells. WT and FBXL4-KO Hela cells were rescued with vector or FBXL4-FLAG.

Immunoblot analysis of the indicated HelLa cells. B: BNIP3; N: NIX. Two clones were shown for each double and triple knockout cell.

B
C  gPCR analysis of BNIP3 and NIX in the indicated HelLa cells. The same cells in (B) were analyzed.
D
E

, F Representative live cell imaging (E) and quantitative analysis (F) of mitophagy levels in the indicated Hela cells. n: number of cells analyzed (left); number of

imaging areas analyzed (right).
G Representative FACS analysis of mitophagy levels in the indicated Hela cells.

H  FACS-based quantitative analysis of mitophagy levels in the indicated Hela cells.

Data information: Data are mean + SD from three biological replicates (C, F, H). Statistics: two-tailed unpaired Student’s t-test (C, F, H); **P < 0.01; ***P < 0.001.

Source data are available online for this figure.
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ligase complex (Bai et al, 1996; Petroski & Deshaies, 2005). We
aligned the F-box sequence of FBXL4 with that of multiple canonical
F-box proteins (Jin et al, 2004) and found that the four residues crit-
ical for Skpl binding (Bai et al, 1996) are perfectly conserved in
FBXL4 (Fig 4A). To determine whether FBXL4 forms an SCF
ubiquitin E3 ligase complex, we expressed WT or F-box mutant
FBXL4-FLAG, and HA-tagged Cullinl-3 in HeLa cells. Anti-FLAG

A
Purified mitochondria
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immunoprecipitation (IP) of FBXL4-FLAG pulled down endogenous
Skp1 and HA-Cullinl but not HA-Cullin2 or HA-Cullin3 (Lane 1 vs.

Lanes 5 & 6,
key residues

Fig 4B). Deleting the F-box (AF) or mutating the four
of F-box to alanine (4A) completely abolished FBXL4

interaction with Skpl and HA-Cullinl (Lane 1 vs. Lanes 2 & 3, Fig
4B). We recently reported that mitochondrial UBXD8-VCP complex

associates wi

th mitochondrial ubiquitin E3 ligases and mediates the
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Figure 3. FBXL4 is an integral mitochondrial outer-membrane protein.

The EMBO Journal

A Determination of the submitochondrial localization of FBXL4 by Protease K and trypsin digestion. Mitochondria from HelLa FBXL4-FLAG stable line were purified and
stored as intact mitochondria or treated with hypotonic swelling buffer or lysed with Triton X-100 buffer. Different mitochondrial preparations were then digested

with Protease K or trypsin.

B Analysis of the association of FBXL4 with membrane by alkaline carbonate extraction. Purified mitochondria from HelLa FBXL4-FLAG stable line were treated with
alkaline carbonate buffer at the indicated pH and then centrifuged to collect the supernatant and the pellet fractions. S: supernatant; P: pellet.

C “DAS” prediction of the transmembrane domain (TMD) of FBXL4. The red box highlights the putative TMD at FBXL4 N terminus.

D Analysis of the TMD and the flanking sequences of FBXL4, Tom20, and Tom70. Positively charged residues are highlighted in red; negatively charged residues are

highlighted in green. H.s.: Homosapien; R.n.: Rattus norvegicus.

E Identification of the mitochondrial targeting sequence of FBXL4. Indicated FBXL4 N-terminal sequences were fused to RFP and expressed in Hela cells to analyze their

subcellular localization.

F Determination of the submitochondrial localization of FBXL4(1-23)-RFP by Protease K digestion. Experiments were performed similarly as (A).

G Schematic of FBXL4 N-anchored to mitochondrial outer membrane.

Source data are available online for this figure.

degradation of substrates, including BNIP3 (Zheng et al, 2022).
Anti-FLAG IP of FBXL4-FLAG pulled down UBXD8 and VCP at
normal and proteasome inhibition (MG132 treatment) conditions
(Fig 4C). Taken together, FBXL4 forms an SCF-FBXL4 ubiquitin E3
ligase complex and associates with the UBXDS8-VCP complex at
mitochondrial outer membrane (Fig 4D).

The SCF-FBXL4 ubiquitin E3 ligase complex mediates the
ubiquitination and degradation of BNIP3 and NIX

F-box protein is the substrate-recruiting adaptor in the SCF ubiquitin
E3 ligase complex. We thus examined whether FBXL4 associates
with BNIP3 and NIX. We rescued FBXL4-KO HeLa cells with WT or
AF FBXL4-FLAG. Anti-FLAG IP showed that WT FBXL4-FLAG pulled
down Skpl but very few BNIP3 or NIX (Fig 4E), likely because the
two substrates are degraded. By contrast, FBXL4(AF)-FLAG clearly
pulled down BNIP3 and NIX but not Skp1 (Fig 4E). Notably, protein
samples from IP experiments lose the dimeric forms of BNIP3 and
NIX on immunoblot (Fig 4E). This is not an artifact because we
found that quick processing of fresh cell samples preserves the
dimeric forms of BNIP3 and NIX as shown in Fig 2B. But preserving
cells/tissues for extended time at —80°C and prolonged cell lysate
incubation at 4°C during IP experiment cause the loss of dimeric
forms, which is evident in Fig 4E and also in Figs 4F and G, 5D, 6C,
7C and EV5A and B.

To determine whether SCF-FBXL4 ubiquitinates BNIP3 and NIX,
we knocked in a 3 x FLAG tag to the BNIP3 or NIX locus in
FBXL4-KO HeLa cells. These knockin cell lines allow us to pull
down BNIP3 and NIX expressed at endogenous level. We rescued

the FLAG-BNIP3/NIX (knockin), FBXL4-KO, HA-ubiquitin lines
with WT or AF FBXL4 and treated cells with DMSO or MG132. IP
of FLAG-BNIP3 and FLAG-NIX showed that both proteins are not
ubiquitinated under basal and MG132-treated conditions in FBXL4-
KO cells (Lanes 7 & 10, Fig 4F and G). MG132 treatment stabilized
ubiquitinated forms of FLAG-BNIP3 and FLAG-NIX in cells expres-
sing WT but not AF FBXL4 (Lane 11 vs. Lane 12, Fig 4F and G).
These results demonstrate that FBXL4 ubiquitinates BNIP3 and
NIX.

The elevated protein levels of BNIP3 and NIX in FBXL4-KO cells
were rescued by WT FBXL4 but not by its F-box mutants (Fig 4H),
suggesting that other SCF subunits are essential for FBXL4 function.
We inducibly overexpressed a dominant-negative form of Cullinl
(DN-Cullin1), which lacks the C-terminal Rbx1 binding region (Wu
et al, 2000). DN-Cullinl overexpression did not affect the mRNA
levels of BNIP3 and NIX but increased their protein levels in WT
cells but not in FBXL4-KO cells (Fig EV3A and B). Functionally,
overexpression of DN-Cullinl activated mitophagy in WT cells but
not in BNIP3/NIX-DKO cells (Fig EV3C and D), demonstrating that
Cullinl inactivation activates mitophagy via BNIP3 and NIX. Taken
together, these results demonstrate that BNIP3 and NIX are sub-
strates of the SCF-FBXL4 complex.

Pathogenic mutations of FBXL4 disrupt the assembly of the
SCF-FBXL4 complex and impair the degradation of BNIP3 and
NIX to hyperactivate mitophagy

To examine whether patient-derived mutations of FBXL4 affect
mitophagy, we collected 10 mutations from the literature (Gai et al,

Figure 4. FBXL4 forms an SCF-FBXL4 ubiquitin E3 ligase complex to ubiquitinate and degrade BNIP3 and NIX.

A Alignment of F-box sequences. Critical residues for Skpl binding are highlighted in red.
B Immunoprecipitation analysis of the FBXL4-Skp1-Cullinl (SCF-FBXL4) complex. Hela cells were infected with lentiviruses expressing the indicated genes. AF: the

F-box deletion mutant of FBXL4-FLAG; 4A: FBXL4-4A mutant as shown in (A).

Immunoprecipitation analysis of the FBXL4-UBXD8-VCP complex. Hela cells expressing vector or FBXL4-FLAG were treated with DMSO or MG132 (20 pM) for 8 h.

Immunoprecipitation analysis of the association of FBXL4 with BNIP3 and NIX. FBXL4-KO Hela cells were rescued with GFP, FBXL4-FLAG, or FBXL4(AF)-FLAG.

C
D Schematic of the SCF-FBXL4-UBXD8-VCP complex at mitochondrial outer membrane.
E
F

Immunoprecipitation analysis of the ubiquitination of BNIP3. FLAG-BNIP3 (knockin), FBXL4-KO, and HA-ubiquitin (Ub) HeLa cells were rescued with WT or AF FBXL4

and treated with DMSO or MG132 (20 uM) for 8 h.

G Immunoprecipitation analysis of the ubiquitination of NIX. FLAG-NIX (knockin), FBXL4-KO, and HA-Ub Hela cells were treated the same as (F).
H Immunoblot analysis of the indicated Hela cells. FBXL4-KO Hela cells were rescued with vector, FBXL4-FLAG, FBXL4(4A)-FLAG, or FBXL4(AF)-FLAG.

Source data are available online for this figure.
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2013; Huemer et al, 2015; Bargy et al, 2016; El-Hattab et al, 2017)

(Fig 5A). Because three mutations (V140A, G149R,

localize to a region without domain annotation, we predicted 3D
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Fig 5A). All the FBXL4 mutations localize either to the B-sheet
(V140A, G149R, and D221H) or the LRR domain (R435L, L481P,
R482W, I551N, D565G, 1566M, and Q597P). We rescued FBXL4-KO
cells with WT or mutant FBXL4-FLAG. All the patient-derived
mutants, except G149R, failed to reduce BNIP3 and NIX levels (Fig
S5B) and could not repress hyperactivated mitophagy in FBXL4-KO
cells (Fig 5C). We then rescued the FLAG-BNIP3 (knockin), FBXL4-
KO, HA-ubiquitin cells with WT or mutant FBXLA4, treated cells with
MG132 to block FLAG-BNIP3 degradation, and immunoprecipitated
FLAG-BNIP3 to examine its ubiquitination status. FLAG-BNIP3
ubiquitination was apparently much less in cells expressing mutant
FBXL4 as compared to cells expressing WT FBXL4 (Fig EV4). These
results demonstrate that FBXL4 pathogenic mutants are defective in
substrate ubiquitination and degradation.

To understand how these pathogenic mutations affect SCF-
FBXL4 function, we firstly examined substrate binding. We intro-
duced these mutations to FBXL4(AF)-FLAG, which has stable inter-
action with substrates (Fig 4E), and rescued FBXL4-KO cells with
WT or mutant FBXL4(AF)-FLAG (Fig 5D). IP of WT and mutant
FBXL4(AF)-FLAG pulled down similar amounts of BNIP3 and NIX
(Fig SD), indicating FBXL4 pathogenic mutations do not interfere
with substrate binding.

We next examined whether the mutations affect FBXL4 interac-
tion with Skpl. We rescued FBXL4-KO cells with WT or mutant
FBXL4-FLAG (Fig SE). IP of WT and mutant FBXL4-FLAG pulled
down similar amounts of Skp1 (Fig 5E).

Given that SCF-FBXL4 is a membrane protein complex that may
have unidentified binding partners, we performed chemical cross-
linking with the reversible crosslinker DSP to stabilize the protein
complexes in cells (Kim et al, 2002) and then performed anti-FLAG
IP of WT, V104A and I551N FBXL4-FLAG. Mass spectrometry analy-
sis of immunoprecipitates identified that Cullinl had decreased
interaction with both V104A and IS5IN FBXL4-FLAG (Fig S5F and
Dataset EV3), indicating the two pathogenic mutations impair the
assembly of the SCF-FBXL4 complex. We thus analyzed other
FBXL4 mutants by DSP crosslinking and immunoprecipitation. We
were surprised to find that all these mutants pulled down similar
levels of Skpl but less Cullinl than WT FBXL4-FLAG (Fig 5G).
Together, these results suggest that FBXL4 pathogenic mutations
disrupt the assembly of the SCF-FBXL4 complex to impair the degra-
dation of BNIP3 and NIX.

The EMBO Journal

Fbxl4 deficiency increases the protein levels of BNIP3 and NIX
and hyperactivates mitophagy in vivo

We generated and characterized the Fbxl4-null mice to investigate
whether FBXL4 regulates BNIP3 and NIX, as well as mitophagy in vivo.
Fbxl4™/~ mice were normal, but ~80% of the FbxIl4~/~ mice died within
3 days after birth (Fig 6A). We thus collected tissue samples from PO
mice. Immunoblot analysis detected the accumulation of BNIP3 and
NIX in Fbxl4~~ muscle, heart, kidney, and liver (Fig 6B and Appendix
Fig S1). Only BNIP3 accumulated in Fbxl4~/~ lung, whereas neither
BNIP3 nor NIX accumulated in Fbxl4~/~ brain (Fig 6B and Appendix
Fig S1). Consistent with the accumulation of BNIP3 and NIX, we
observed significant reduction of mitochondrial proteins in Fbxl4~~
muscle, heart, kidney, liver, and lung (Fig 6B and Appendix Fig S1),
indicating the loss of mitochondrial mass. In addition to function as
mitophagy receptors, BNIP3 and NIX are pro-apoptotic BH3-only
proteins (Zhang & Ney, 2009). We thus examined the cleavage of
PARP, a classical substrate of Caspase-3/7 (Lazebnik et al, 1994).
PARP cleavage was potently induced by treating HeLa cells with
chemotherapeutic agent Actinomycin D, but was not observed in
Fbxl4~/~ tissues (Fig 6B). Therefore, the accumulation of BNIP3 and
NIX does not activate apoptosis in Fbxl4~/~ mice.

Patient-derived fibroblasts exhibited enhanced mitophagy as
measured by the mitoQC reporter (Alsina et al, 2020), but whether
Fbxl4-KO hyperactivates mitophagy in vivo remains unclear. We did
not choose to analyze the mitophagy level of the living Fbxl4~/~
mice because these mice may have unknown adaptations. Instead,
we exploited the CRISPR-Cas9 technology to knockout Fbxl4 in adult
mice (Platt et al, 2014; Liu et al, 2021b). We engineered an adeno-
associated virus (AAV) vector that dually expresses the mtKeima
reporter and sgRNA (AAV(mtKeima)-sgRNA) (Fig 6C). We delivered
AAV9(mtKeima)-sgFBXL4 or AAV9(mtKeima)-sgNTC (NTC: nontar-
geting control) to the Cas9-knockin mice (Fig 6C). Due to the lack of
FBXL4 antibody, we could not probe Fbxl4 knockdown efficiency.
But immunoblot analysis of mouse liver samples showed that AAV9
(mtKeima)-sgFBXL4 elevated the protein levels of BNIP3 and NIX
after 45 days of AAV delivery (Fig 6C), suggesting sgFBXL4 works.
Notably, the tissue samples were cryopreserved for extended time
and lost the dimeric forms of BNIP3 and NIX. We thus did not show
the high molecular weight region in the immunoblots of BNIP3 and
NIX to save space.

Figure 5. Pathogenic mutations of FBXL4 disrupt SCF-FBXL4 complex assembly and impair the degradation of BNIP3 and NIX to hyperactivate mitophagy.

A Schematic of FBXL4 domain organization and predicted structure by AlphaFold2.

B Immunoblot analysis of the indicated Hela cells. WT and FBXL4-KO Hela cells were rescued with vector, WT or mutant FBXL4-FLAG.

C FACS-based analysis of mitophagy levels in the indicated Hela cells. The same Hela cells in (B) were used. Left: representative FACS analysis; right: quantitative analy-
sis of mitophagy levels. The dashed red line marks the mitophagy level in FBXL4-KO cells rescued with FBXL4-FLAG.

D Immunoprecipitation analysis of FBXL4-substrate interaction. FBXL4-KO HelLa cells were rescued with vector, FBXL4(AF)-FLAG or mutant FBXL4(AF)-FLAG.

E Immunoprecipitation analysis of FBXL4-Skpl interaction. FBXL4-KO Hela cells were rescued with vector, WT or mutant FBXL4-FLAG.

F Analysis of the mass spectrometry results of immunoprecipitation with WT or mutant FBXL4-FLAG. FBXL4-KO HelLa cells expressing WT, V140A or IS51N FBXL4-FLAG
were subject to DSP crosslinking and anti-FLAG immunoprecipitation. The immunoprecipitates were analyzed by mass spectrometry. The Mascot score of immunopre-
cipitated proteins was plotted. Because of space limitation, six common proteins with Mascot score between 5,000 and 20,000 were removed. Cullinl, which has

decreased interaction with both FBXL4 mutants, is highlighted in red.

G Immunoprecipitation analysis of the integrity of the SCF-FBXL4 complex. Upper: FBXL4-KO Hela cells expressing vector, WT or mutant FBXL4-FLAG were crosslinked
with DSP and subject to anti-FLAG immunoprecipitation; lower: quantification of the ratio of Cullin1/FLAG band intensities.

Data information: Data are mean + SD from three biological replicates (C, G). Statistics: two-tailed unpaired Student’s t-test (C, G); *P < 0.05; **P < 0.01; ***P < 0.001;

ns, not significant.
Source data are available online for this figure.
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Figure 6. FbxI4 deficiency increases the protein levels of BNIP3 and NIX and hyperactivates mitophagy in vivo in mice.

A Viability of the indicated mice. n: number of mice analyzed.

B Immunoblot analysis of organs from the indicated mice at PO of age. Elevated BNIP3 and NIX levels are highlighted by red boxes; reduced mitochondrial proteins are
highlighted by blue boxes. Three mice for each genotype were analyzed. Protein samples from Hela cells treated with DMSO or Actinomycin D (ActD) were used as

positive control for PARP cleavage.

C Schematic of AAV-based gene knockout and mitophagy examination. Upper: schematic of the bicistronic AAV(mtKeima)-sgRNA vector that simultaneously expresses
mtKeima and sgRNA; Middle: schematic of delivering AAV9(mtKeima)-sgNTC or AAV9(mtKeima)-sgFBXL4 to the Cas9-knockin mice to generate the control mice and
hepatic Fbx/4-KO mice; below: immunoblot analysis of the indicated mouse liver at 45 days after AAV delivery. Three mice for each genotype were analyzed. Data are
mean + SD from three biological replicates. Statistics: two-tailed unpaired Student’s t-test; *P < 0.05.

D Live cell confocal imaging of mitophagy level in the indicated mouse liver at 45 days after AAV delivery. Left: representative images. The dashed line indicates cell
boundary. Right: quantitative analysis of mitophagy levels in hepatocytes. n: number of cells analyzed. Data are mean =+ SD. Statistics: two-tailed unpaired Student’s

t-test; ***P < 0.001.

Source data are available online for this figure.

We next dissected fresh liver samples and imaged mtKeima by
confocal microscopy. Mouse livers infected with AAV9(mtKeima)-
sgFBXL4 exhibited significantly higher mitophagy levels than
livers infected with AAV9(mtKeima)-sgNTC (Fig 6D). Collectively,
these results demonstrate that Fbx[4-KO increases the protein
levels of BNIP3 and NIX and hyperactivates mitophagy in vivo.

Knockout of either Bnip3 or Nix rescues mitochondrial content,
metabolic derangements, and viability of the Fbx/4-null mice

To determine whether hyperactivated mitophagy causes perinatal
lethality of the Fbxl4~/~ mice, we knocked out Bnip3 and Nix. Strik-
ingly, ~60% of the Fbxl4~~ Bnip3'/~ and Fbxl4™~ Nix"/~ mice and
~80% of the Fbxl4~~ Bnip3~~ and Fbxl4~/~ Nix~/~ mice survived
to the adulthood (Fig 7A). The oldest Fbxl4 Bnip3~~ mice were
over 340 days of age.

Most of the Fbxl4™~ mice died perinatally, and the < 20% living
Fbxl4~/~ mice were much smaller than WT mice at P30 (Fig 7B),
indicating developmental delay. Remarkably, the FbxI4~/~ Bnip3*/~,
Fbxl4~/~ Nix™~, Fbxl4~~ Bnip3~/~, and Fbxl4~/~ Nix~/~ mice had
similar body weight as WT mice at P30 (Fig 7B). Therefore, reduc-
ing BNIP3 or NIX rescues not only perinatal lethality but also devel-
opmental delay of the Fbxl4~/~ mice.

We next collected tissue samples from WT, Fbxl4/~, Bnip3™~,
Fbxl4™~ Bnip3’/’, Nix™~ and Fbxl4~~ Nix™”~ mice at PO and
performed immunoblot analysis. In Fbxl4~/~ liver, the reduced pro-
tein levels of most mitochondrial proteins, such as Mitofilin and
Tfam, were rescued by both Bnip3-KO and Nix-KO, whereas the
reduced level of Tim23 was rescued by Bnip3-KO but not Nix-KO
(Fig 7C). Similarly, in Fbxl4~/~ heart, most mitochondrial proteins
were rescued by both Bnip3-KO and Nix-KO, whereas Cytochrome C
was rescued by Bnip3-KO but not Nix-KO (Fig EV5A). In Fbxl4 ™~
kidney, both Bnip3-KO and Nix-KO rescued mitochondrial proteins
to similar levels (Fig EVSB). Collectively, these results suggest that

Figure 7. Knockout of either Bnip3 or Nix rescues the Fbxl4~/~ mice.

A Viability of the indicated mice. n: number of mice analyzed.

Bnip3 and Nix have variable contributions to mitophagy in different
tissues/organs of the Fbxl4~/~ mice.

Finally, we analyzed PO liver metabolites to understand the effect
of reduced mitochondrial function on cellular metabolism. Cellular
ATP level was not altered in FbxI4~/~ liver, indicating bioenergetics
is largely normal. We observed that pyruvate, lactate and several
amino acids alanine, proline, tyrosine, isoleucine, and aspartate
greatly accumulated in Fbxl4 ™~ liver (Fig 7D), likely due to reduced
oxidation of these metabolites in mitochondria. Bnip3-KO and Nix-
KO, particularly the former, rescued these metabolic derangements
in Fbxl4™~ liver (Fig 7D).

Discussion

The regulatory mechanisms of mitophagy remain poorly character-
ized. Here, we reveal that FBXL4 forms a mitochondrial SCF-FBXL4
ubiquitin E3 ligase complex that ubiquitinates and degrades mito-
phagy receptors BNIP3 and NIX to control mitophagy at basal condi-
tions. It is noteworthy that BNIP3 and NIX are responsive to diverse
signals to regulate mitophagy. For example, BNIP3 and NIX are tran-
scriptionally induced by HIF1a under hypoxia and in tumors (Zhang
et al, 2008; Bellot et al, 2009; Vara-Pérez et al, 2021), NIX is induced
during erythrocyte maturation (Schweers et al, 2007; Sandoval et al,
2008), and BNIP3 is induced by FoxO3 during muscle atrophy
(Mammucari et al, 2007). Therefore, FBXL4 may regulate mitophagy
under diverse developmental and stress/pathological conditions.
The detailed molecular mechanisms of SCF-FBXL4 complex
assembly and substrate recognition remain unclear. It is reasonable
to predict that some FBXL4 pathogenic mutations may disrupt com-
plex assembly, and others may interfere with substrate binding. We
were surprised to find that all the tested FBXL4 mutants (V140A,
L481P, R482W, I551N, D565G, 1566M, and Q597P) impair complex
assembly (Fig 5G). Testing more FBXL4 pathogenic mutations in

B Body weight of the indicated male mice at P30. Data are mean =+ SD. Statistics: one-way ANOVA with the Tukey—Kramer test; *P < 0.05; ***P < 0.001.
C Immunoblot analysis of liver samples from the indicated mice at PO of age. Left: immunoblot analysis, three mice for each genotype were analyzed; right:
quantification of the ratio of mitochondrial protein/actin band intensities. Data are mean + SD from three biological replicates. Statistics: two-tailed unpaired Stu-

dent’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

D Metabolite analysis of liver samples from the indicated mice at PO of age. Three to five mice for each genotype were analyzed.

Source data are available online for this figure.
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future studies may reveal other types of pathogenic mechanisms.
Another important question is that whether BNIP3 and NIX degrada-
tion by SCF-FBXL4 is a constitutive or regulated process. BNIP3 and
NIX are subjected to post-translational modifications, such as phos-
phorylation (Onishi et al, 2021). Under hypoxia, phosphorylation of
BNIP3 at Ser 60/Thr 66 by JNK1/2 was suggested to inhibit protea-
somal degradation of BNIP3 and promote mitophagy (preprint: He
et al, 2020). It is interesting to examine whether phosphorylation of
BNIP3 and NIX regulates their degradation by SCF-FBXL4.

FBXL4 mutations cause severe multisystem degeneration in
human patients (Bonnen et al, 2013; Gai et al, 2013) and in knock-
out mice (Alsina et al, 2020). The underlying cause has been
unclear. Here, we provide clear in vivo evidence that abnormal
upregulation of BNIP3 and NIX causes lethality of the Fbxl4~~ mice
(Figs 6 and 7). Because FBXL4 pathogenic mutants are defective in
degrading BNIP3 and NIX (Fig 5), it is possible that hyperactive
mitophagy may cause pathogenesis and lethality in human patients.
Based on our results, rational design of therapeutic strategies can be
conceived. For example, patients may benefit from chemical
degraders of BNIP3 and NIX and from genetic approaches silencing
BNIP3 and NIX, such as gene editing, RNAi, and antisense oligos.
On the contrary, pharmacological approaches to promote mitochon-
drial biogenesis via targeting the PGC1 coactivators (Finck & Kelly,
2006; Spiegelman, 2007; Zhang et al, 2013) may also be helpful.
Correcting the metabolic defects of FBXL4-related patients is another
angle to tackle the disease. Pyruvate is among the top metabolites
that accumulate in the Fbxl4 ™~ mice (Fig 7D), indicating insuffi-
cient pyruvate catabolism may contribute to disease pathogenesis.
Consistent with this idea, chemical activation of pyruvate dehydro-
genase by dichloroacetate (DCA) improves symptoms in FBXL4-
mutant worm and zebrafish (Lavorato et al, 2022).

Mitophagy is an essential mitochondrial quality control mecha-
nism. Impairment of mitophagy compromises stress resistance
and diminishes lifespan extension by low insulin/IGF-1 signaling
(Palikaras et al, 2015). Mitophagy impairment is also implicated in
Parkinson’s disease (Pickrell & Youle, 2015). From this perspective,
mitophagy activators have been actively sought and tested in animal
models and human subjects for beneficiary effects (Hertz et al,
2013; Ryu et al, 2016; Andreux et al, 2019). Our results highlight
that mitophagy activation has an upper limit and surpassing this
limit may cause tissue/organ degeneration. Indeed, under stress
conditions, cells/animals transcriptionally activate mitophagy and
mitochondrial biogenesis together to accelerate mitochondrial
removal while maintaining mitochondrial mass (Palikaras et al,
2015; Liu et al, 2021a). Hence, coordinated activation of mitophagy
and mitochondrial biogenesis may be a better strategy to improve
mitochondrial quality control and maintain mitochondrial function.

Materials and Methods
Antibodies

BNIP3 (Abcam, ab109362; Abcam, ab10433; Cell signaling, 3769S),
NIX (Cell signaling, 12396S), FLAG (Sigma-Aldrich, F1804), HA
(Sigma-Aldrich, H6533), ACTIN (Sigma-Aldrich, A2066), TOM70
(Proteintech, 14528-1-AP), TOM20 (ABclonal, A19403), SMAC (Cell
signaling, 2954S), MITOFILIN (Proteintech, 10179-1-AP), HSP60
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(Cell signaling, 4870S), TIMM23 (Proteintech, 11123-1-AP), SKP1
(Cell signaling, 2156S), CUL1 (Proteintech, 12895-1-AP), Total
OXPHOS Cocktail (Abcam, ab110411), Cytochrome C (BD Biosci-
ences, 556433), mCherry (Easybio, BE2026), MTCH2 (Proteintech,
16888-1-AP), BECLIN1 (Cell signaling, 3495T), FIP200 (ABclonal,
A14685), TFAM (Abcam, ab131607), LONP1 (Proteintech, 15440-1-
AP), VDAC (Cell signaling, 4866S), PARP (Cell signaling, 9542S),
Donkey polyclonal anti-Rabbit IgG (H+L), HRP-conjugated (Jackson
ImmunoResearch, 711-035-152), Donkey polyclonal anti-Mouse IgG
(H+L), HRP-conjugated (Jackson ImmunoResearch, 711-035-151),
Goat polyclonal anti-Mouse IgG, Fcy fragment specific, HRP-
conjugated (Jackson ImmunoResearch, 115-035-008), Goat poly-
clonal anti-Mouse IgG, light chain specific, HRP-conjugated (Jack-
son ImmunoResearch, 115-035-174).

Chemicals and reagents

Sodium pyruvate (Sigma-Aldrich, P5280), Uridine (Sigma-Aldrich,
U3003), Doxycycline hyclate (Dox, Sigma-Aldrich, D9891), Poly-
brene (Sigma-Aldrich, 107689), Polyethylenimine (Polysciences,
23966-2), Opti-MEM™ (GIBCO, 31985070), Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO, C11965500BT), Fetal bovine
serum (FBS, GIBCO, 10091148; Gemini, 900-108), Penicillin and
streptomycin (Pen Strep, GIBCO, 15140122), Puromycin (InvivoGen,
ant-pr-1), Blasticidin (InvivoGen, ant-bl-1), Geneticin (G-418,
Amresco, e859-5), Hygromycin B (Sigma-Aldrich, 31282-0409),
PhosSTOP (phosphatase inhibitor, Roche, 4906837001), cOmplete™,
EDTA-free Protease Inhibitor Cocktail (Roche, 4693132001), Phenyl-
methanesulfonyl fluoride (PMSF, Sigma-Aldrich, P7626), and
Dithiobis (succinimidyl propionate; DSP, Thermo Scientific, 22585).

Recombinant DNA

Recombinant DNA used and generated in this paper is listed in
Appendix Table S1.

Cell lines and cell culture

HeLa and HEK293T were cultured in DMEM supplemented with 10%
Fetal Bovine Serum and 1% penicillin—streptomycin. Both cell lines
were incubated in tissue culture incubators at 37°C with 5% CO,.

Mice

Rosa26-Cas9 knockin mice were purchased from The Jackson Labo-
ratory. Fbxl4~~ mice and Bnip3™~ mice were purchased from
GemPharmatech (Nanjing, Jiangsu, China). Nix ™~ mice were gener-
ated by CRISPR-Cas9 genome editing technology and embryonic
microinjection (sgRNA sequences in Appendix Table S2). Fbxl4"/~
mice were crossed with Bnip3™~ mice and Nix ™/~ mice, respec-
tively, to generate the Fbxl4/'Bnip3™~ mice and Fbxl4 ™/ Nix™/~
mice. Animals were maintained under a 12-h light/dark cycle and
on a standard chow diet at the specific pathogen-free (SPF) facility
at the National Institute of Biological Sciences, Beijing. Mice were
weighed at 30 days of age. All mouse experiments were carried out
following the national guidelines for housing and care of laboratory
animals (Ministry of Health, China) and performed in accordance
with institutional regulations after review and approval by the
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Institutional Animal Care and Use Committee at National Institute
of Biological Sciences, Beijing.

Lentivirus production and generation of stable cell lines

Lentivirus was packaged by transfecting plasmids and lentiviral
packaging vectors into HEK293T cells with 70% confluency using
polyethylenimine (PEI) at a ratio of 1 ug plasmid: 5 ul PEI (1 mg/ml).
For each well of a six-well plate, a total of 2 pg plasmids (plas-
mids: psPAX2: pMD2.G = 5:3:2) was used. Forty-eight hours later,
the supernatants were collected and filtered through a 0.45 pm fil-
ter. Targeted cells were infected with lentivirus in the presence of
8 pg/ml polybrene for 48 h. Infected cells were selected by 2 pg/ml
puromycin (for FUIPW vector), 20 pg/ml blasticidin (for plenti-
Tet-On vector), 2.5 mg/ml G418 (for pLVX vector), or 200 pg/ml
hygromycin (for plenti-Hygro vector) supplemented medium for
4 days. Gene expression was validated by immunoblotting.

Generation of knockout and knockin cell lines

The sequences of gRNAs are listed in Appendix Table S2. For single
knockout clones, annealed gRNAs of target genes were ligated into the
pX458 vector. The plasmids were transiently transfected into HeLa
cells using PEI as the transfection reagent. Two days later, GFP-
positive cells were sorted into 96-well plate (one cell per well) by flow
cytometry with the BD FACSAria Fusion. Single clones were grown
for 2-3 weeks, and the resultant colonies were expanded and exam-
ined by immunoblotting and sequencing. For pool knockout, annealed
gRNAs were ligated into the lentiCRISPR v2 vector. The plasmids were
used to package lentivirus to infect the targeted cells as described pre-
viously. Infected cells were selected by 2 ng/ml puromycin for 48 h,
and the knockout efficiency was determined by immunoblotting. For
FLAG knockin cells, annealed gRNAs of target genes were also cloned
into the pX458 vector. The HMEJ donor containing the FLAG
sequence flanked by 800-bp homology arms complementary to the
knockin site with PAM mutation was inserted into pBM16A T-vector
(Yao et al, 2017). For each well of a six-well plate, a total of 2 pg plas-
mids (pX458:donor = 1:1) was used. After 48 h, GFP-positive HeLa
cells were sorted into 96-well plates (one cell per well) by flow cyto-
metry with the BD FACSAria Fusion. FLAG knockin clones were
examined by immunoblotting and confirmed by DNA sequencing.

CRISPR knockout screen

Lentiviral human mitoCarta2.0 CRISPR knockout library was gener-
ated as described (He et al, 2022). A total of 5 x 10° HEK293T cells
were plated in 10-cm dishes. The following day, 10 pg of plasmids
containing the sgRNA library, psPAX2, and pMD2.G at a mass ratio
of 5:3:2 were transfected into HEK293T cells using the PEI transfec-
tion reagent. After 48 h, lentivirus was harvested, aliquoted, and fro-
zen at —80°C. HeLa cells stably expressing cas9 and doxycycline-
inducible mitoQC or mtkeima reporter were generated by lentiviral
infection. The cas9-expressing reporter cells were infected with pack-
aged sgRNA library at a multiplicity of infection (MOI) of approxi-
mately 0.3, keeping coverage of 1,000 cells per sgRNA on average.
After 24 h of virus transduction, cells were selected for 7 days in the
medium supplemented with 1 pg/ml puromycin, 50 pg/ml uridine,
and 3 mM pyruvate and maintained at 1000x coverage during each
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passage. Then, the positively transduced cells were treated with Dox
for 48 h followed by culturing in Dox-free medium for 24 h. Cells
were then collected for flow cytometry. Top 25% of cells with
the strongest mitophagy and bottom 25% of cells with the lowest
mitophagy were sorted (2.3 x 10° cells for each sample).

Genomic DNA was extracted by Phenol/chloroform extraction.
For the first step of sgRNA amplification, six PCRs (each containing
2.5 pg genomic DNA) with primer-OCY581-NGS-Lib-KO-Fwd-first-
step and OCY582-NGS-Lib-KO-Rev-first-step were performed using
NEBNext® Ultra™ 1I Q5® Master Mix (New England Biolabs,
MO0544L). The first-step PCR products were recovered with QIAquick
Gel Extraction Kit (Qiagen, 28706) and used as DNA templates for
six PCRs (each containing 2 ng purified first-step PCR products) with
primer-OCY583-NGS-Lib-KO-Fwd-second-step and OCY (584-589)-
NGS-Lib-KO-Rev-barcode. The second-step PCR products were sepa-
rated by a 2% agarose gel, purified, and sequenced by Nova-seq 150-
bp paired-end sequencing (Anoroad, Beijing, China).

Analysis of screen results

Raw reads were trimmed using Trim Galore v0.6.6 (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/) with default
settings. The MAGeCK (0.5.9.3) was used to analyze the screening
data. We used the MAGeCK “count” command to generate read
counts and normalized using median normalization of all samples.
The raw read counts of all sgRNAs for all samples were merged into
a count matrix. We next used MAGeCK “test” command to identify
the top negatively and positively selected sgRNAs or genes with
default settings with software available from https://sourceforge.
net/projects/mageck/.

Mitophagy assay

HeLa cells stably expressing a doxycycline (Dox)-inducible mitoQC
or mtKeima reporter were treated with 2 pg/ml Dox for 48 h and
subsequently without Dox for 24 h unless otherwise indicated. After
treatment, cells were trypsinized and filtered by a 40 um filter for
flow cytometry. Flow cytometry was performed using the BD
FACSAria Fusion with a BV605 detector for neutral pH and a PE-
Texas Red detector for acidic pH. Data analysis was performed using
FlowJo V10. 10,000 cells were analyzed per condition, and all statis-
tical analyses were performed using data from at least three biologi-
cal replicates.

For live cell imaging of mtKeima, cells were cultured in 35 mm
glass-bottom culture dish (NEST, 801002) and treated with Dox for
48 h and subsequently without Dox for 24 h. Samples were imaged
without fixation by a NIKON A1l + SIM confocal microscope with a
60x oil objective (CFI Plan Apochromat Lambda; NA1.40; Nikon).

For mCherry cleavage assay, cells stably expressing a
doxycycline-inducible mCherry-FIS1'°""152 reporter were cultured in
a 6-well plated and lysed for immunoblot after doxycycline treat-
ment. The statistical analyses were performed using data from three
biological replicates.

Immunofluorescence and confocal microscopy

HeLa cells were grown on glass coverslips and treated as described
previously. After washing with PBS for 3 x 10 min, cells were fixed

The EMBO journal 42: 11303312023 15 of 20


https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://sourceforge.net/projects/mageck/
https://sourceforge.net/projects/mageck/

The EMBO Journal

with 4% paraformaldehyde in PBS for 30 min at room temperature,
permeabilized with 0.1% Triton X-100 in PBS for 30 min, blocked
with 10% BSA in PBS for 30 min, and then stained with primary
antibodies diluted in 10% BSA overnight at 4°C. After washing with
PBS for 3 x 10 min, cells were stained with Alexa-Fluor—conjugated
secondary antibodies (1:500 dilution in PBS with 10% BSA) for
60 min at room temperature. Coverslips were then washed with
PBS for 3 x 10 min and mounted onto slides with Fluoromount-G
(SouthernBiotech, 0100-01). Fluorescent samples were examined
with a NIKON Al + SIM confocal microscope with a 60x oil objec-
tive (CFI Plan Apochromat Lambda; NA1.40; Nikon).

Immunoblotting

Cultured HeLa cells were washed once with PBS and scraped off to
collect cell pellets. For mouse samples, neonatal mouse tissues were
dissected out and snap-frozen in liquid nitrogen. Tissues were
weighed and homogenized with the tissue homogenizer (DHS life
science, Q24RC) at 6.5 m/s for 1 min at 4°C. Homogenization was
performed for two times with 1-min interval on ice. Both types of
samples were lysed for 30 min on ice with FLAG Lysis Buffer
(50 mM Tris—-HCI, pH 8.0, 1 mM EDTA, 1% Triton X-100, 150 mM
NaCl, 10% Glycerol, 10 mM NaF) supplemented with 1x cOmplete,
EDTA-free protease inhibitor cocktail and 1x PhosSTOP phospha-
tase inhibitor cocktail. The lysates were then centrifuged at 15,000 g
for 10 min at 4°C to collect the supernatant. Protein concentrations
were determined by Bradford assay kit (Sigma-Aldrich, B6916).
Lysates were mixed with 5x sample buffer (250 mM Tris—HCI, pH
6.8, 50% glycerol, 5% 2-mercaptoethanol, 10% SDS, 0.08% Bromo-
phenol Blue) followed by boiling at 98°C for 10 min. Protein sam-
ples (5-30 pg in amount) were separated on SDS-PAGE gels and
transferred to nitrocellulose membranes. Membranes were incu-
bated with primary antibodies in 5% nonfat milk in PBST overnight
at 4°C. Membranes were washed three times in PBST for 5 min once
after blotting with primary antibodies. Then, the membranes were
incubated with corresponding secondary HRP-conjugated antibodies
for 1 h at room temperature. Membranes were washed three times
in PBST before visualization with ECL reagents.

qPCR

HeLa cells were cultured in 6-cm dishes and treated as described.
Cells were then lysed in 1 ml TRIzol reagent (Invitrogen, 15596026)
and incubated at room temperature for 5 min. 0.2 ml chloroform
was added and fully mixed. After incubating for 2 min, samples
were centrifuged at 12,000 g for 15 min at 4°C. Then, 500 pl RNA-
containing aqueous phase was transferred to a new tube and
another 500 pl isopropanol was added to it. The mixture was incu-
bated at —20°C for 6 min and at room temperature for 10 min. RNA
pellet was collected by centrifuging at 12,000 g for 10 min at 4°C
and washed with 75% ethanol. The RNA pellet was air-dried for
10 min and resuspended in nuclease-free HO. RNA was converted
into cDNA using 5 x All-In-One RT Master Mix (Applied Biological
Materials Inc., G490) following the manufacturers’ instructions and
diluted 20 times with nuclease-free H,O. Quantitative PCR was
performed using Taq Pro Universal SYBR gPCR Master Mix
(Vazyme, Q712-03) in a CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad) with three biological replicates. The relative gene
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expression levels were normalized to ACTB. Primers used for gPCR
are listed in Appendix Table S2.

Submitochondrial localization analysis

HeLa cells cultured in six 15-cm dishes were scraped to collect cell
pellets. Cell pellets were then resuspended with 7 ml homogeniza-
tion buffer (20 mM HEPES/KOH, pH = 7.4, 220 mM mannitol,
70 mM sucrose, 1 mM EDTA, 0.5% (W/V) BSA) supplemented with
1 mM PMSF and protease inhibitor cocktail and incubated for
20 min on ice. Cells were homogenized by a Teflon potter (Glas-
Col) rotating at 600 rpm by moving the pestle up and down for five
repeats. Cell homogenates were centrifuged at 3,200 g for 5 min at
4°C. This step was repeated at least three times to completely dis-
card cell debris and the nuclear fraction. Supernatants were divided
into seven aliquots and subsequently transferred to 1.5 ml Eppen-
dorf tube, followed by centrifugation at 18,000 g for 10 min at 4°C
to pellet mitochondria. The mitochondrial pellets were washed by
resuspending the pellet with 1 ml homogenization buffer and centri-
fuged again to wash out the protease inhibitors.

For six mitochondrial aliquots, two were resuspended in 300 pl
homogenization buffer, two were resuspended with 300 pl hypo-
tonic swelling buffer (10 mM HEPES/KOH, pH 7.4, 1 mM EDTA),
and two were resuspended with 300 pl homogenization buffer
supplemented with 0.5% (V/V) Triton X-100 and then left on ice for
10 min after resuspension. One aliquot of each treatment was treated
with proteinase K (66.7 pg/ml) for 20 min on ice, while the other ali-
quot was left untreated as control. The seventh aliquot was resus-
pended with homogenization buffer as above, followed by treatment
with trypsin (25 ng/ml) for 30 min at room temperature. The mito-
chondrial proteins were then precipitated by 300 pl 30% TCA (W/V)
and incubated on ice for 10 min. The mitochondrial proteins were
collected by centrifuging at 18,000 g for 10 min at 4°C. The protein
pellets were washed with 1 ml 100% ethanol and centrifuged again.
The pellets were dissolved in 100 pl sample buffer (60 mM Tris—
HCI, pH 6.8, 7% glycerol, 2% 2-mercaptoethanol, 2% SDS, 0.02%
Bromophenol Blue) and boiled at 98°C for 10 min. Ten microliter
sample was used for immunoblotting.

Analysis of the membrane association of proteins

Mitochondria were isolated as described previously and divided into
five aliquots. Mitochondrial pellets were resuspended in 800 pl
freshly prepared Na,CO3 (100 mM) with pH values of 10, 11, 11.5,
12, and 12.5, respectively, and incubated for 30 min on ice. The sol-
uble and insoluble fractions were separated by centrifugation at
100,000 g at 4°C for 1 h. The supernatant soluble fractions were pre-
cipitated by 800 ul TCA and dissolved in 70 pl sample buffer as
described previously. The insoluble pellets were dissolved in 100 pl
sample buffer. Both fractions were boiled at 98°C for 10 min. Ten
microliter sample was used for immunoblotting.

Immunoprecipitation
HelLa cells expressing FLAG-tagged baits were cultured in a 10-cm
dish, washed once with PBS, and scraped to collect cell pellets. Cell

pellets were lysed by 1 ml FLAG Lysis Buffer supplemented with
1 mM PMSF, 1x protease inhibitor cocktail and 1x phosphatase
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inhibitor for 30 min on ice. Cell extracts were centrifuged at
15,000 g for 10 min at 4°C to remove cell debris. Supernatants were
incubated with 8 pl anti-FLAG agarose beads (Sigma-Aldrich,
A2220) for 6 h at 4°C. The beads were washed five times with the
FLAG lysis buffer and eluted with 60 ul FLAG lysis buffer supple-
mented with 2 mg/ml FLAG peptide (ChinaPeptides), 1x protease
inhibitor cocktail and 1x phosphatase inhibitor overnight at 4°C.
The eluted products were boiled at 98°C for 10 min and analyzed by
immunoblotting.

For analyzing the interaction between FBXL4-3FLAG and
UBXDS8-VCP, buffer A (50 mM HEPES-KOH, pH 7.5, 50 mM Mg
(OAc)2, 70 mM KOAc, 0.2% Triton X-100, 0.2 mM EDTA, 10%
glycerol) was used instead of the FLAG lysis buffer.

DSP crosslinking and LC-MS analysis of proteins

FBXL4-KO HeLa cells stably expressing WT, V140A, or I551N
FBXL4-FLAG were cultured in twelve 15-cm dishes, respectively.
Collected cell pellets were resuspended with 6 ml DSP Lysis Buffer
(40 mM HEPES, pH 7.5, 120 mM NaCl, 1 mM EDTA, 1% Triton
X-100) supplemented with 2 mM DSP (Thermo Scientific, 22585),
2 mM ATP, 1 mM PMSF, 1x protease inhibitor cocktail and 1x
phosphatase inhibitor for 30 min on ice. The lysates were diluted
with 18 ml DSP Lysis Buffer supplemented with 1x protease inhibi-
tor cocktail, 1x phosphatase inhibitor and 2 mM ATP. Crosslinking
reactions were quenched by adding 6 ml 1 M Tris-HCl, pH 7.4
followed by additional 30 min incubation on ice. Cell extracts were
centrifuged at 15,000 g for 10 min at 4°C to remove cell debris.
Supernatants were incubated with 100 ul anti-FLAG agarose beads
for 6 h at 4°C. The beads were washed by rotating at 4°C for 5 min
with DSP Lysis Buffer for the first time, DSP Lysis Buffer supple-
mented with 0.5 M NaCl for two times, and DSP Lysis Buffer for
two additional times. The beads were eluted with 80 pl DSP Lysis
Buffer supplemented with 2 mg/ml FLAG peptide, 1x protease
inhibitor cocktail and 1x phosphatase inhibitor overnight at 4°C.
The eluted products were boiled at 98°C for 10 min.

Protein samples were separated by SDS-PAGE (migrating into
the separation gel for 2 cm). The SDS-PAGE gels were stained by
Coomassie Blue G250 overnight at room temperature and destained
with H,O on the second day. The 2-cm gel containing all the pro-
teins were cut and in-gel digested with sequencing-grade trypsin
(10 ng/ul trypsin, 50 mM ammonium bicarbonate, pH 8.0) over-
night at 37°C. Peptides were extracted with 5% formic acid/50%
acetonitrile and 0.1% formic acid/75% acetonitrile sequentially and
then concentrated to ~20 pl. The extracted peptides were separated
by a precolumn (100 pm x 2 c¢cm) packed with 3 pm spherical C18
reversed-phase material (Dr. Maisch, GmbH, Germany) and analyti-
cal capillary column (100 um x 15 c¢cm) packed with 1.9 um spheri-
cal C18 reversed-phase material (Dr. Maisch, GmbH, Germany). A
Waters nanoAcquity UPLC system (Waters, Milford, USA) was used
to generate the following HPLC gradient: 0-8% B in 10 min, 8-30%
B in 30 min, 30-80% B in 15 min, 80% B in 5 min (A = 0.1% formic
acid in water, B =0.1% formic acid in acetonitrile). The eluted pep-
tides were sprayed into an LTQ Orbitrap Velos mass spectrometer
(ThermoFisher Scientific, San Jose, CA, USA) equipped with a nano-
ESI ion source. The mass spectrometer was operated in data-
dependent mode with one MS scan followed by 10 HCD (High-
energy Collisional Dissociation) MS/MS scans for each cycle.
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Database searches were performed on an in-house Mascot server
(Matrix Science Ltd., London, UK) for protein mass spectrometric
analysis. The search parameters are as follows: 10 ppm mass toler-
ance for precursor ions; 0.1 Da mass tolerance for product ions; two
missed cleavage sites were allowed for trypsin digestion, and the fol-
lowing variable modifications were included: oxidation on methio-
nine, Acetyl (Protein N-term).

Adeno-associated virus (AAV) packaging and hepatic
mitophagy measurement

The AAV packaging and injection method was described previously
(Liu et al, 2021b) with slight modification. Nontargeted control
(NTC) gRNA or a tandem cassette of three gRNAs targeting Fbxl4
was cloned into AAV-U6-gRNA-CAG-mtKeima-WPRE-hGHpA (mod-
ified from Addgene, 60229) under the U6 promoter. The gRNA
sequences are listed in Appendix Table S2. AAV-pro 293T cells were
transfected with gRNA vectors along with AAV packaging vectors
AAV2/9 and pAdDeltaF6 using the PEI MAX transfection reagent
(Polysciences, 24765). Seventy-two hours after transfection, cell pel-
lets were harvested by cell lifter (Biologix, 70-2180) and suspended
in 1x Gradient Buffer (10 mM Tris-HCI, pH = 7.6, 150 mM NaCl,
10 mM MgCl2). Cells were lysed by five repeated cycles of liquid
nitrogen freezing, 37°C water bath thawing and vortex. Then,
benzonase nuclease (50 U/ml, Sigma-Aldrich, E1014) was added to
cell lysates and incubated at 37°C for 30 min to eliminate cellular
DNA. Centrifuge the cell lysate at 21,130 g for 30 min at 4°C and
carefully transfer the supernatant to a prebuild iodixanol step gradi-
ents (15, 25, 40, and 58%, Sigma-Aldrich, D1556) for ultracentrifu-
gation purification at 288,000 g for 4 h, 4°C. Accurately insert the
needle ~1-2 mm below the interface between the 40 and 58 % gradi-
ent and extract all the 40% virus-containing layer. Purified AAV9
was concentrated using Amicon filters (EMD, UFC801096) and for-
mulated in phosphate-buffered saline (PBS) supplemented with
0.01% Pluronic F68 (GIBCO, 24040032). Virus titers were deter-
mined by qPCR using a linearized AAV plasmid as a standard.

At P35, Rosa26-Cas9 knockin mice were randomly assigned to
receive an intravenous injection of 200 pl of the NTC or Fbxl4-
targeting AAV9 virus (1.5 x 10'° genome copies/pl) through retro-
orbital injection. Forty-five days after AAV injection, mice were
sacrificed. Mouse livers were collected in multiple aliquotes. One
aliquote was immediately washed with PBS, placed into 35 mm
glass-bottom culture dish containing PBS, and examined with a
NIKON A1 + SIM confocal microscope with a 60x oil objective. The
other aliquotes were snap-frozen in liquid nitrogen and stored at
—80°C for immunoblotting.

Extraction and LC-MS analysis of metabolites from mouse livers

PO mouse livers were dissected out and snap-frozen in liquid nitro-
gen. Livers were weighed and resuspended with ice-cold acetonitrile
(Sigma-Aldrich, 34851)/methanol (Sigma-Aldrich, 34860)/water
(4/4/2) (20 pl/mg). Tissues were homogenized at 6.5 m/s for 1 min
at 4°C in the tissue homogenizer (DHS life science, Q24RC) followed
by ice incubation for 2 min. Repeat homogenization and cooling for
2 times. Equal volume of tissue homogenates was transferred to
new Eppendorf tubes. Tissue homogenates were centrifuged at
20,000 g for 10 min at 4°C, and the supernatants were transferred to
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new Eppendorf tubes. The supernatants were dried by a Speedvac
vacuum concentrator at 4°C. The dried samples were stored at
—80°C and analyzed within 24 h. The remaining pellets were
dissolved in 0.1 M KOH by shaking at 4°C overnight. Protein con-
centration was measured by Bradford. The metabolic data were nor-
malized to protein concentration.

Authentic reference standard compounds were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of 1 mg/ml
were prepared in water. Working solutions of 10, 20, 50, 100, 200,
500, 1,000, 2,000, 5,000, and 10,000 ng/ml were obtained by serial
dilution of stock solutions in methanol/water (1:1). Samples were
resuspended in 100 pl 50% methanol and filtered through 0.45 um
filters. The standard solutions and biological extracts were trans-
ferred to 250 pl inserts in auto-sampler vials, and 6 pl of each sam-
ple was injected to LC-MS.

The LC-MS analysis was performed using a Thermo Vanquish
UHPLC coupled to a Thermo Q Exactive HF-X hybrid quadrupole-
Orbitrap mass spectrometer. A Merck ZIC-cHILIC column
(2.1 x 100 mm, 3 pm) was used for separation. The mobile phases
consisted of 10 mM ammonium acetate in 5/95 ACN/water (A) and
10 mM ammonium acetate in 95/5 ACN/water (B). The following
gradient was applied: 0-5 min, 99% B; 5-20 min, 99-20% B; 20—
21 min, 20-99% B; 21-25 min, 99% B. The flow rate was 0.5 ml/min,
and the column temperature was 40°C. Full-scan mass spectra
were acquired in the range of m/z 66.7 to 1,000 with the following
ESI source settings: spray voltage 3.5 kV, aux gas heater tempera-
ture 380°C, capillary temperature 320°C, sheath gas flow rate
35 units, aux gas flow gas 10 units in the positive mode, and spray
voltage 2.5 kV, aux gas heater temperature 380°C, capillary tem-
perature 320°C, sheath gas flow rate 30 units, and aux gas flow
gas 10 units in the negative mode. MS1 scan parameters included
resolution 60,000, AGC target 3e6, and maximum injection time
200 ms. The results were analyzed using Thermo Scientific
Xcalibur software.

Quantification

For immunoblot quantifications, the intensity of level of immuno-
blotting bands was measured with the ImageJ software. For measur-
ing mitolysosome area/mitochondria area, the area of mitolysosome
and mitochondria was measured with the ImageJ software. Quantifi-
cation results are represented as the mean =+ standard deviation
(SD).

Statistical analyses

All the statistical details of experiments can be found in the figure
legends. GraphPad Prism 8 was used to analyze the data. Data were
presented as the mean + standard deviation (SD) unless otherwise
indicated. Sample size (n) indicates biological replicates from a sin-
gle representative experiment. For mouse study, sample size (n)
indicates data from a distinct mouse. For mtKeima-based analysis of
the percentage of cells with mitophagy, sample size (n) indicates
the number of cells analyzed. For mtKeima-based analysis of mitoly-
sosome area versus mitochondria area, sample size (1) represents
the number of imaging areas analyzed in cell culture experiments
and the number of cells analyzed in AAV experiments. The results
of all experiments were validated by independent repetitions. For

18 of 20 The EMBO journal ~ 42: 113033 | 2023

Yu Cao et al

comparing two groups, statistical significance was determined using
a two-tailed unpaired Student’s t-test; For comparing multiple
groups, statistical significance was determined by one-way ANOVA
using Tukey—Kramer test. P-values are denoted in figures as not sig-
nificant [ns], *P < 0.05, **P < 0.01, ***P < 0.001.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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