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Abstract

Cells selectively remove damaged or excessive mitochondria through mitophagy, a specialized form
of autophagy, to maintain mitochondrial quality and quantity. Mitophagy is induced in response to
diverse conditions, including hypoxia, cellular differentiation, and mitochondrial damage. However,
the mechanisms by which cells remove specific dysfunctional mitochondria under steady-state
conditions to fine-tune mitochondrial content are not well understood. Here, we report that
SCFFBXL4 "an SKP1/CUL1/F-box protein ubiquitin ligase complex, localizes to the mitochondrial
outer membrane in unstressed cells and mediates the constitutive ubiquitylation and degradation of
the mitophagy receptors NIX and BNIP3 to suppress basal levels of mitophagy. We demonstrate
that, unlike wild-type FBXL4, pathogenic variants of FBXL4 that cause encephalopathic mtDNA
depletion syndrome (MTDPS13), do not efficiently interact with the core SCF ubiquitin ligase
machinery or mediate the degradation of NIX and BNIP3. Thus, we reveal a molecular mechanism
that actively suppresses mitophagy via preventing NIX and BNIP3 accumulation and propose that
excessive basal mitophagy in the FBXL4-associated mtDNA depletion syndrome is caused by

dysregulation of NIX and BNIP3 turnover.
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Introduction

Mitophagy, otherwise known as mitochondrial autophagy, is the selective degradation of surplus,

aged, or damaged mitochondria via autophagy. In this process, mitochondria are engulfed in a
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double membrane vesicle, the autophagosome, which ultimately fuses with the lysosome for
degradation (Onishi et al, 2021; Pickles et al, 2018). Multiple distinct mitophagy pathways operate
in response to a range of different mitochondrial stressors or physiological cues, including
mitochondrial membrane depolarization (Jin et al, 2010; Narendra et al, 2008), hypoxia (Allen et al,
2013; Bellot et al, 2009; Sowter et al, 2001), or cellular differentiation (Esteban-Martinez et al,
2017; Sandoval et al, 2008; Schweers et al, 2007; Simpson et al, 2021). In addition, it is
increasingly recognised that mitophagy occurs under basal conditions (i.e., in the absence of induced
mitochondrial damage) (Lee et al, 2018; McWilliams et al, 2018). In contrast to stimulus-induced

mitophagy, the mechanisms by which cells regulate mitophagy at steady state are not understood.

Mitophagy is initiated by specific signals on the mitochondrial outer membrane that are thought to
serve as docking sites for the nascent autophagosome. Depolarization-induced mitophagy involves
the Parkinson’s disease proteins, Pink1 and Parkin, which cooperate to induce the ubiquitylation of
outer membrane proteins which indirectly induce autophagosome formation via autophagy adaptors
(Lazarou et al, 2015). In contrast, hypoxia-induced or developmentally programmed mitophagy are
triggered through the upregulation of mitophagy receptors NIX and BNIP3 that directly reside in the
mitochondrial outer membrane (Bellot et al., 2009; Esteban-Martinez et al., 2017; Novak et al,
2010; Sandoval et al., 2008; Schweers et al., 2007; Simpson et al., 2021; Zhang et al, 2008). NIX
and BNIP3 are approximately 50% homologous, and both contain an LC3-interaction motif (LIR),
an atypical BH3 domain, and a C-terminal transmembrane domain (required for localization in the
mitochondrial outer membrane). The LIRs of NIX and BNIP3 face the cytoplasm where they recruit
the LC3 proteins on the autophagosome (Hanna et al, 2012; Novak et al., 2010). NIX and BNIP3
are barely detectable at mitochondria in unstressed conditions but are upregulated through HIF1a.-
mediated transcription in response hypoxia and iron chelation to mediate mitophagy (Allen et al.,
2013; Sowter et al., 2001; Zhao et al, 2020).

Cullin-RING ligases (CRLs) comprise the largest family of multi-subunit E3 ligases (Harper &
Schulman, 2021; Lydeard et al, 2013). Each CRL complex contains one of 8 different Cullin
subunits, which act as assembly scaffolds, binding at their C-termini to a RING finger protein
(RBX1 or RBX2), which is required for binding to the E2 ubiquitin conjugating enzyme. To
recognize specific substrates, each CRL complex binds to adaptor proteins which recruit variable

substrate recognition proteins at their N-termini. The SCF (SKP1-CUL1-F-box protein) sub-family
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81  of CRLs (also known as CRL1 complexes) consist of the CUL1 backbone, the RBX1 RING subunit,
82  the adaptor protein SKP1, and one of 69 different F-box proteins in humans as a substrate binding
83  component (Duan & Pagano, 2021; Skaar et al, 2013), one of which is the mitochondria-localized F-
84  box protein, FBXL4.

85  In humans, pathogenic, bi-allelic FBXL4 variants result in encephalopathic mitochondrial DNA

86  (MtDNA) depletion syndrome (MTDPS13) (Ballout et al, 2019; Bonnen et al, 2013; Gai et al,

87  2013), a multi-system disease that presents with congenital lactic acidosis, neurodevelopmental

88  delays, poor growth, and encephalopathy (Bonnen et al., 2013; Gai et al., 2013). FBXL4-deficiency
89 leads to severe oxidative phosphorylation deficiency correlating with a quantitative loss of mtDNA
90  copy number (mtDNA depletion), hyper-fragmentation of the mitochondrial network and

91 diminished steady-state levels of mitochondrial proteins (Alsina et al, 2020; Ballout et al., 2019;

92  Bonnen et al., 2013; Gai et al., 2013; Sabouny et al, 2019). Despite the serious consequences of

93  FBXL4 deficiency, no mitochondrial substrates for FBXL4 have yet been identified.

94  Here, we report a mechanism whereby SCF-FBXL4 constitutively targets the mitophagy receptors
95 NIX and BNIP3 for degradation, restricting steady-state mitophagy. We found that MTDPS13-
96  associated pathogenic variants of FBXL4 are unable to efficiently mediate NIX and BNIP3

97  degradation. Our results suggest that the increased basal mitophagy and associated molecular

98  phenotypes in FBXL4-associated mtDNA depletion syndrome are caused by NIX and BNIP3

99  hyperaccumulation.

100 Results

101  HIFla is the master regulator of hypoxia- and iron chelation-induced mitophagy via transcriptional
102  upregulation of NIX and BNIP3 mitophagy receptors (Allen et al., 2013; Sowter et al., 2001; Zhao
103 etal., 2020). This pathway is antagonized by the activity of the CRL2-VHL ubiquitin ligase, which
104  mediates the polyubiquitylation and proteolytic degradation of HIF1a (lvan et al, 2001; Jaakkola et
105 al, 2001; Maxwell et al, 1999), thus suppressing mitophagy by preventing both HIF1a stabilization
106  and the consequent upregulation of BNIP3 and NIX. We investigated whether, in addition to CRL2-
107  VHL, other CRLs play a role in mitophagy regulation, possibly through targeting BNIP3 and NIX
108 for degradation directly. To do this, we inhibited the entire CRL family using MLN4924, an

109 inhibitor of Cullin Neddylation (Soucy et al, 2009), and removed the contribution of HIF1a using
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110  echinomycin, a HIF1a inhibitor (Kong et al, 2005). Mitophagy was assessed using the pH-sensitive
111  mito-Keima (mt-Keima) reporter and confocal microscopy to detect mito-lysosomes (Sun et al,

112 2017). To avoid contributions from Parkin-mitophagy, U20S or HeLa cells were used for

113  mitophagy assays, with low or no Parkin expression, respectively (Munson et al, 2022; Tang et al,
114 2017).

115  Cells treated with either the iron chelator deferiprone (DFP) or MLN4924, which are both

116  HIFla stabilizers (Allen et al., 2013), displayed robust mitophagy (Figure 1A and 1B), correlating
117  with the upregulation of NIX and BNIP3 (Figure 1C and EV1A-C, E). As expected, DFP-induced
118  mitophagy was eliminated by echinomycin treatment (Zhao et al., 2020); however, in contrast, we
119  found that MLN4924-induced mitophagy was only partially eliminated by echinomycin (Figure 1A
120 and 1B), demonstrating that one or more CRL(s) suppresses mitophagy via a HIF1a-independent
121 mechanism. Similarly, whilst echinomycin or depletion of HIF1a by SiRNA prevented the DFP-
122  induced increase in NIX and BNIP3 protein levels, it did not prevent the increase of NIX and BNIP3
123  protein levels in response to MLN4924 (Figure 1C and EV1C), demonstrating that one or more
124 CRL(s) contributes to the turnover of NIX and BNIP3 protein levels. Lastly, using BNIP3/NIX
125  double knockout (BNIP3/NIX DKO) cells, we established that mitophagy detected after MLN4924
126  treatment occurs through NIX and/or BNIP3 (Figure 1C, 1G, EV1B and Table EV1).

127  Collectively, these results suggest that a CRL-based mechanism basally restricts mitophagy in cells,

128 in a HIFla-independent manner, possibly through post-translational regulation of BNIP3/NIX.

129  Next, to narrow down which cullin-RING ligase family is involved in turnover of NIX and BNIP3,
130  we examined the effect of disrupting individual cullin proteins using dominant-negative (DN)

131  versions. Expression of these proteins interferes with the function of the respective endogenous

132  cullin, resulting in the accumulation of their specific substrates (Emanuele et al, 2011; Simoneschi et
133  al, 2021). We transfected dominant-negative (DN) versions of CUL1, CUL3, CUL4A and CUL5
134  into cells, finding that the expression of DN-CULZ1, but not other DN-cullin proteins, increased the
135  steady-state levels and extended the half-lives of NIX and BNIP3 (Figure 1D). Furthermore, cells
136  expressing DN-CULL1 displayed an accumulation of NIX and BNIP3 at the mitochondria when

137  compared with either the surrounding untransfected cells or with cells expressing DN-CUL4 (Figure
138 1E). These findings indicate that NIX and BNIP3 mitophagy receptors are subject to SCF-ubiquitin
139  ligase-mediated turnover.
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140  CUL1 forms the backbone of 69 distinct SCF complexes, each containing a different F-box protein
141  (Skaar et al., 2013). To identify the specific F-box protein(s) targeting NIX and/or BNIP3 to the

142  SCF complex, we screened a partial siRNA library targeting F-box proteins for increased levels of
143 NIX and BNIP3 (Figure 1F, shows 4 of 11 tested). Of the F-box proteins assessed, the depletion of
144 FBXLA4 resulted in the greatest upregulation of both NIX and BNIP3 protein levels. To test whether
145  the half-life of NIX or BNIP3 is extended after depletion of FBXL4, we performed a cycloheximide-
146  chase assay and found that silencing of FBXL4 or CUL1 promoted the stabilization of both NIX and
147  BNIP3, whereas silencing of CUL4 did not (Figure EV2A). Similarly, the depletion of FBXL4 or
148  CUL1, but not CULA4, resulted in the upregulation of NIX and BNIP3 at mitochondria (Figure 1G-
149  H). In all, this data indicates that SCF-FBXL4 mediates the turnover of NIX and BNIP3 mitophagy

150  receptors under steady-state conditions.

151  FBXLA4 localizes to the outer mitochondrial membrane and controls the ubiquitylation and
152  turnover of NIX and BNIP3

153  To confirm that FBXL4 mediates the turnover of NIX and BNIP3, we generated FBXL4-deficient
154 U20S cell lines using CRISPR/Cas9-mediated gene disruption. The resulting FBXL4-deficient

155  clones contained a frameshift mutation leading to an early termination codon at position Arg209 (for
156  clone FBXL4-2G10) and a 5 amino acid deletion between Glu367-Glu372 (for clone FBXL4-1D4)
157  (Table EV1). Corresponding with increased stability of NIX and BNIP3 as assessed by

158  cycloheximide chase assay (Figure 2A), we found that both FBXL4-deficient cell lines displayed
159  significantly higher levels of NIX and BNIP3 at mitochondria (Figure 2B and 2C). Rescue

160  experiments demonstrated that inducible expression of FBXL4 tagged with HA at its C-terminus
161  (FBXL4HAC) in both FBXL4-deficient cell lines (FBXL4-2G10 and FBXL4-1D4) was able to

162  restore the elevated NIX and BNIP3 protein levels back to parental levels, further demonstrating that
163  FBXL4 mediates the turnover of NIX and BNIP3 (Figure EV2B and 3C). This downregulation of
164  NIX and BNIP3 by FBXL4 required FBXL4’s mitochondria-localisation sequence (MTS, amino
165  acids 1-29; see Figure EV4B for the localisation of FBXL44%1-29) and a functional F-box domain
166  (required to bind to SKP1 and CULL1 in the SCF core complex, see Figure 4C), indicating that

167  FBXLA4 activity depends on its mitochondrial localisation and its interaction with SKP1 and CUL1
168  (Figure 2D).
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169 NIX and BNIP3 have C-terminal transmembrane domains and localize to the mitochondrial outer
170  membrane (Figure EV3I). To determine if FBXL4 also localizes to the mitochondrial outer

171  membrane allowing it to promote the turnover of NIXX and BNIP3, we analyzed the localization of
172 FBXL4"A, Qur initial attempts to distinguish between outer membrane and inner membrane

173 localization were not definitive due to the small diameter of filamentous mitochondria in U20S

174 cells. We therefore treated cells with DFP, which promotes the formation of swollen and donut-

175  shaped mitochondria, to allow us to distinguish between mitochondrial substructures more easily.
176  We found that, in most cells, FBXL4"A-€ colocalized with TOM20, an outer mitochondrial

177  membrane protein, and on the outside of TIM50, an inner membrane protein (Figure 2E and EV2C).

178  This led us to conclude that FBXL4 predominantly localises to the mitochondrial outer membrane.

179  To further demonstrate spatial proximity between FBXL4 and both NIX and BNIP3, we used

180  proximity-dependent biotin identification (BiolD). BiolD uses a biotin ligase BirA, fused to a bait
181  (in this case either NIX or BNIP3), to biotinylate prey proteins within a ~10-nm labelling radius.
182  BiolD was chosen for its utility in the detection of interactions under denaturing conditions

183  (allowing for the solubilisation of mitochondrial membrane proteins) as well as in the detection of
184  weak or transient interactions prior to cell lysis. Cells stably expressing inducible BirA-tagged

185 BNIP3 or BirA-tagged NIX were incubated with biotin and biotinylated proteins were captured
186  using Streptavidin-coupled beads. In addition, we treated cells with MLN4924 to prevent CRL-
187  dependent degradation of NIX and BNIP3. Immunoblot analysis of the biotinylated proteins

188 isolated in the Streptavidin-pulldown revealed both BirA-BNIP3 and BirA-NIX, but not BirA-alone
189  control, associated with FBXL4"AC (Figure 2F), indicating that FBXL4 is co-located with NIX and
190 BNIPS.

191  We next tested whether NIX and BNIP3 are ubiquitylated in an FBXL4-dependent manner. To this
192  end, we co-transfected U20S cells with myc-tagged BNIP3 or myc-tagged NIX together with

193  FLAG-tagged TR-TUBE (Yoshida et al, 2015) and investigated whether they

194  coimmunoprecipitated. TR-TUBE is a tandem ubiquitin-binding entity that directly binds

195  polyubiquitin chains and protects them from proteasome-mediated degradation and thus can detect
196  ubiquitylated substrates. Immunoprecipitation of TR-TUBE showed a co-precipitating smear of
197  high-molecular weight species of myc-BNIP3 and myc-NIX reflecting their polyubiquitylation. The
198  ubiquitylated species induced by TR-TUBE and detected using the anti-myc antibody were
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199  dramatically reduced in the FBXL4 knockout cell line, indicating that ubiquitylation of both NIX
200 and BNIPS3 relies on the presence of FBXL4 (Figure 2G).

201  FBXLA4-deficiency promotes mitophagy through BNIP3/NIX stabilization

202  To test the hypothesis that the elevated levels of NIX and BNIP3 in FBXL4-deficient cells are

203  sufficient to induce mitophagy in basal conditions, we used the mt-Keima mitophagy assay

204  described in Figure 1. FBXL4-deficient U20S cell lines exhibited increased mitophagy compared
205  with parental cell lines and this was rescued by re-introducing FBXL4 (Figure 3A-C). Importantly,
206  the elevated mitophagy in FBXL4-deficient cells was reduced when NIX and BNIP3 were depleted
207 by siRNA, supporting that FBXL4 restricts BNIP3- and NIX-dependent mitophagy (Figure 3D-F).
208  Next, we examined if FBXL4 suppresses DFP-induced mitophagy. We found that FBXL4-deficient
209  cells treated with DFP (at increasing concentrations) exhibited substantially enhanced mitophagy
210 (and NIX and BNIP3 levels) compared to parental cells treated with DFP, suggesting that the

211  elevated levels of mitophagy receptors sensitises cells to DFP (Figure 3G-I).

212  To directly determine the effect of NIX and BNIP3 stabilization on mitophagy, we sought to

213  generate hyper-stable versions of NIX and BNIP3 mutants. Unlike F-box proteins that recognise
214 short degrons on their substrates (e.g. BTRCP), crystal structures of F-box proteins of the LRR

215  family (e.g. FBXL3) suggest that their interaction with substrates can occur over large surfaces

216  (Skaar et al., 2013; Xing et al, 2013), precluding the mapping of short degron sequences that disrupt
217  binding to FBXLA4. Therefore, to identify the respective regions in NIX and BNIP3 required for their
218  destabilization, we generated a series of deletion constructs for inducible expression in HeLa T-rex
219  Flp-in cells and identified stable mutants based on their higher levels and longer half-lives in the
220  presence of cycloheximide (Figure EV3A-EV3D). We identified several adjacent highly conserved
221  C-terminal regions in NI1X and BNIP3 that, when deleted, resulted in their stabilisation compared
222 with wild-type NIX and BNIP3. Specifically, the region of aa 151-184 in NIX and aa 161-225 in
223  BNIP3 contributed to their destabilization (Figure EV3C and EV3D, respectively).

224 To test the hypothesis that stabilization of NIX or BNIP3 mimics FBXL4 deficiency, we next

225  induced the expression of the hyper-stable mutants of NIX or BNIP3 in mt-Keima-expressing HelLa
226  cells. In the absence of any external mitophagic triggers, we found that the inducible expression of
227  hyper-stable NIXA150-171 or NIXA170-184 resulted in approximately 2-fold increase in the mean
228  mitophagy ratio compared with wild-type NIX (Figure EV3E-F). Likewise, the inducible expression


https://doi.org/10.1101/2022.10.12.511867

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.12.511867; this version posted October 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

229  of BNIP3 stable mutants also triggered mitophagy when compared to wild-type BNIP3 (Figure
230 EV2G-H). Notably, all stable deletion mutants localized normally to mitochondria (Figure EV3lI).

231  Taken together, these results suggest that FBXL4 suppresses mitophagy by restraining the levels of
232  NIX and BNIP3 mitophagy receptors.

233  MTDPS13 patient-derived FBXL4 variants have impaired abilities to mediate NIX and BNIP3

234 turnover and restrict mitophagy

235  We tested whether the pathogenic FBXL4 variants responsible for MTDPS13 (OMIM # 615471)
236 interfere with FBXL4 function. FBXL4 possesses a typical F-box domain that associates directly
237  with SKP1, a C-terminal LRR (leucine-rich repeat) domain consisting of twelve repeats, and a

238  unique N-terminal B-sheet domain with a nine-stranded discoidin-like fold (Figure 4A, 4B and

239  EV4A). The N-terminal domain of FBXL4 is not found in other FBXL family members and is

240  predicted to form an intimate intramolecular interaction with the C-terminal LRR domain (Figure
241  4B). Most of the pathogenic mis-sense variations in FBXL4 are in its C-terminal LRR domain (the
242  putative substrate binding region). To test whether pathological FBXL4 variants are as efficient as
243  wild-type FBXL4 at mediating NIX and BNIP3 turnover, we performed rescue experiments in

244  FBXL4-deficient U20S cells complemented with either wild-type FBXL4 or MTDPS13-associated
245  FBXLA4 variants (Arg482Trp, Asp565Gly, Gly568Ala, GIn519*, and Arg435*, based on RefSeq
246 NM_001278716.2). Whereas wild-type FBXL4 was able to reduce the levels and half-lives of NIX
247  and BNIP3 to basal levels, the disease-associated FBXL4 variants displayed an impaired ability to
248  promote NIX and BNIP3 turnover (Figure 4C). The GIn519-term and ArgR435-term truncation

249  variants were expressed at significantly lower levels than wild-type FBXL4, however FBXL4

250  missense variants (Arg482Trp, Asp565Gly, Gly568Ala) were expressed at levels similar to wild-
251  type FBXL4, suggesting that their inability to degrade NIX and BNIP3 was not related to their
252  expression levels. Correlating with their inability to mediated NIX and BNIP3 turnover, FBXL4
253  pathogenic variants were also less effective at suppressing mitophagy when reconstituted into

254  FBXL4-deficient cells (Figure 4D and EV4B). Notably, despite their reduced function, the FBXL4
255  variants localized, like wild-type FBXL4, to mitochondria (Figure EV4C).

256  To explore how the disease-associated FBXL4 variants affect NIX and BNIP3 degradation, we next
257  examined the ability of FBXL4 variants to bind to SKP1 and CUL1, core members of the SCF
258  complex. Although the disease-associated variants are in the LRR region outside the F-box domain,
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259  we found that none of the variants was as effective as wild-type FBXL4 at binding to SKP1 and
260  CUL1 (Figure 4E). Mutations that affect substrate binding could impair SCF-FBXL4 complex
261  assembly, as is the case for FBXL3 which only assembles an SCF complex in the presence of

262  substrate (Yumimoto et al, 2013). Alternatively, the mutations could broadly affect protein folding
263  and in that way impede SCF assembly.

264  Finally, to determine if NIX and BNIP3 accumulate in patients with MTDPS13, we examined NIX
265 and BNIP3 levels in a fibroblast cell line derived from a patient homozygous for the p.Arg435*
266  FBXL4 variant (Alsina et al., 2020; Bonnen et al., 2013). NIX and BNIP3 levels were readily

267  detectable in this cell line but were downregulated when wild-type FBXL4-HA was reintroduced
268  (Figure 4F-G).

269  Taken together, our results suggest that MTDPS13-associated pathogenic FBXL4 variants have
270  impaired abilities to mediate the degradation of NIX and BNIP3 mitophagy receptors, resulting in

271  their accumulation and increased mitophagy.

272  Discussion

273  The cellular triggers promoting basal mitophagy are poorly understood. Here, we demonstrate that
274 FBXLA4 restricts the abundance of NIX and BNIP3 mitophagy receptors to suppress mitophagy in
275  basal conditions. Thus, NIX and BNIP3 are negatively regulated by two distinct CRLs: 1) the

276  CRL2-VHL complex which mediates the turnover of HIF1a and thereby inhibits NIX and BNIP3
277  transcription, and 2) the SCF-FBXL4 complex at the mitochondrial outer membrane. Our data

278  reveal that mitophagy is actively suppressed by the continuous degradation of NIX and BNIP3,
279  previously thought to be upregulated solely at the level of transcription. The multiple mechanisms
280  converging to regulate the abundance of NIX and BNIP3 have presumably evolved to ensure tight
281  regulation of mitophagy levels for the cell to respond precisely and rapidly to changes in metabolic

282  signals.

283  Dysregulation of FBXL4 function results in mtDNA depletion syndrome 13. Despite the serious
284  consequences of FBXL4 mutations (Alsina et al., 2020; Bonnen et al., 2013; Gai et al., 2013), the
285  molecular functions of the FBXL4 protein have remained elusive (i.e., no mitochondrial substrates

286  for FBXL4 have been previously identified). Our data uncover a mechanistic link between FBXL4

10
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287  and mitophagy in MTDPS13, demonstrating that MTDPS13-derived FBXL4 variants are defective
288  in mediating the turnover NIX and BNIP3 mitophagy receptors.

289  How FBXLA4 activity is regulated remains to be elucidated. It is an interesting prospect that FBXL4
290 localization or activity could be inhibited on specific mitochondria selected for mitophagy to allow
291 NIX and BNIP3 accumulation. Unlike the transcriptional regulation of NIX and BNIP3 via HIF1a,
292  such local regulation of FBXL4 (and thus NIX and BNIP3) would represent a mechanism to control
293  turnover of selected mitochondria, rather than global pools of mitochondria that are removed by
294  mitophagy for metabolic re-programming in response to hypoxia (Zhang et al., 2008). Similarly,
295  post-translational modifications on NIX and BNIP3 that stabilize them through disrupting their

296  recognition by SCFFBXL4 may occur on specific mitochondria, allowing selective targeting.

297  Notably, NIX and BNIP3 accumulate indiscriminately (i.e., non-selectively) on the outer membrane
298  of all mitochondria upon loss of FBXL4. However, only a proportion of tagged mitochondria

299  undergo mitophagy despite the stabilisation of NIX and BNIP3, implying that additional signalling
300 or stochastic events contribute to mitophagy induction. How mitophagy receptor stabilization

301  cooperates with other signalling mechanisms and the fission-fusion machinery to facilitate

302  mitophagy is unclear. Multiple mechanisms have been reported to facilitate mitophagy induction via
303  mitophagy receptors, e.g., phosphorylation (Chen et al, 2014; Liu et al, 2012; Rogov et al, 2017,
304 Wuetal, 2014) and dimerization (Marinkovic et al, 2021).

305  Future investigations will focus on understanding the precise mechanism by which FBXL4

306  recognises NIX and BNIP3. Although we did not yet identify the interface through which FBXL4
307  engages NIX and BNIP3, we were able to identify regions within NIX and BNIP3 that when

308  deleted, resulted in stabilisation of these proteins and consequently increased mitophagy in the
309 absence of overt mitochondrial stress. Whether these broad regions in the C-termini of NIX and
310  BNIP3 represent sites of potential sites of post-translational modifications that support ligase

311  recognition or access to the sites of ubiquitylation remains to be determined.

312
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313 Materials and methods
314  Antibodies

315  Mouse monoclonal anti-TOM20 (clone 29; 612278) and mouse monoclonal anti-p27 (clone

316  57/Kipl/p27; 610242) were obtained from BD Biosciences. Mouse monoclonal anti-TIM50 (clone
317  C-9; sc-393678), mouse monoclonal anti-BNIP3 (clone ANa40; sc-56167), mouse monoclonal anti-
318  NIX (clone H-8; sc-166332), mouse monoclonal anti-vinculin (VCL, clone G-11; sc-55465), mouse
319  monoclonal anti-y—Tubulin (clone C-11; sc-17787), rabbit polyclonal anti-HDAC6 (sc-11420), and
320  mouse monoclonal anti-GFP (B-2, sc-9996) were obtained from Santa Cruz Biotechnology. Mouse
321  monoclonal anti-HA (clone 16B12; 901513) was obtained from BioLegend. Rabbit monoclonal anti-
322  BNIP3 (clone EPR4034; ab109362) was obtained from Abcam. Mouse monoclonal anti-Myc (clone
323  9B11; 2276S), mouse monoclonal anti-HA Alexa Fluor™ 488 conjugate (clone 6E2; 2350S), rabbit
324 monoclonal anti-NI1X (clone D4R4B;12396), rabbit monoclonal anti-HA (clone C29F4; 3724S),
325  rabbit monoclonal anti-LC3B (clone D11; 3868S) and rabbit monoclonal anti-HIF 1o (clone

326 D1S7W; 36169S) were obtained from Cell Signaling Technology. Rabbit polyclonal anti-CUL1
327  (718700) was obtained from Thermo Fisher Scientific. Mouse monoclonal anti-FLAG (clone M2;
328  F3165) and rabbit polyclonal anti-FLAG (SAB4301135) were obtained from Sigma-Aldrich. Rabbit
329  anti-SKP1 was generated in the Pagano laboratory (Pagan et al, 2015). Secondary donkey anti-

330 mouse IgG Alexa Fluor™ 488 (A21202), donkey anti-mouse 1gG Alexa Fluor ™ 555 (A31570),
331  donkey anti-mouse 1gG Alexa Fluor ™ 594 (A21203), donkey anti-mouse 1gG Alexa Fluor ™ 647
332  (A31571), donkey anti-rabbit IgG Alexa Fluor™ 488 (A21026), donkey anti-rabbit IgG Alexa

333  Fluor™ 555 (A31572), donkey anti-rabbit IgG Alexa Fluor™ 647 (A31573) were obtained from
334  Thermo Fisher Scientific. Goat anti-rabbit IgG Atto 647N (40839) was purchased from Sigma-

335  Aldrich.

336 DNA constructs

337 pCHAC-mt-mKeima was a gift from R. Youle (RRID: Addgene 72342) (Lazarou et al., 2015).

338  pLIX_402 was a gift from David Root (Addgene plasmid # 41394). MAC (BirA-Ha-Strep-tag 11)-N
339  was a gift from Markku Varjosalo (Addgene plasmid # 108078). FLAG-tagged TR-TUBE has been
340  previously published (Yoshida et al., 2015). pcDNAS/FRT/TO/FLAG-S-tag has been previously
341  published (Pagan et al., 2015). Dominant-negative Cullin constructs, including pcDNA3-Flag-HA-
342 DN-CULLIN1(1-252), pcDNA3-Flag-HA-DN-CULLIN3(1-240), pcDNA3-Flag-HA-DN-
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343  CULLINA4(1-237), and pcDNA3-Flag-HA-DN-CULLIN5(1-228) were generated by site-directed
344  mutagenesis. The pcDNA3.1(+)-N-Myc-BNIP3, pcDNA3.1(+)-N-Myc-NIX, pDONR-N-FLAG-
345  BNIP3, pDONR-N-FLAG-BNIP3A141-160, pPDONR-N-FLAG-BNIP3A161-192, pPDONR-N-

346 FLAG-BNIP3A193-225, pDONR-N-FLAG-BNIP3A181-203, pDONR-N-FLAG-NIX, pDONR-N-
347  FLAG-NIXA120-150, pDONR-N-FLAG-NIXA151-170, pDONR-N-FLAG-NIXA171-184,

348  pcDNA3.1(+)-C-HA-FBXL4, pcDNA3.1-C-eGFP-FBXL4, pDONR-C-HA-FBXL4 were generated
349 by Genscript®. pLV-FBXL4-C-HA:IRES:EGFP, pLV-FBXL4-C-HA-F-BOX

350 mut(LP283AA;LP297AA):IRES:EGFP, pLV-FBXL4-C-HA- AMTS(A1-29):IRES:EGFP, pLV-
351 FBXL4-C-HA(Asp565Gly):IRES:EGFP, pLV-FBXL4-C-HA(Arg482Trp):IRES:EGFP, pLV-

352  FBXL4-C-HA(GIly568Ala):IRES:EGFP, pLV-FBXL4-C-HA(Gly519 term):IRES:EGFP, pLV-
353 FBXL4-C-HA(Arg435 Term):IRES:EGFP were generated by VectorBuilder. The Gateway cloning
354  system (Thermo Fisher Scientific) was used to generate pcDNAS5/FRT/TO/FLAG and pL1X-402

355  based constructs.
356 CRISPR/Cas9-mediated genome editing

357  The pSpCas9 BB-2A-Puro (PX459) plasmid backbone was used to create the following guide RNA
358 (gRNA) plasmids (created by Genscript®): BNIP3 CRISPR gRNA plasmid (QRNA targeting

359 sequence: TCTTGTGGTGTCTGCGAGCG), NIX CRISPR gRNA plasmid (gRNA targeting

360 sequence: TAGCTCTCAGGTGTGTCGGG); and FBXL4 CRISPR gRNA plasmids (QRNA

361  targeting sequence: CAATTCAAGGCGTACTAATT; gRNA targeting sequence 2:

362 CCCCACAAATCTTATACGAC).

363  To generate CRISPR/Cas9 knockout (KO) cell lines, cells were transiently transfected with the

364  CRISPR gRNA plasmids targeting the gene(s) of interest. Twenty-four h post-transfection, cells

365  were selected with puromycin (Sigma) for 72 h. They were then diluted as one cell per well into 96-
366  well plates until single colonies formed. Successful editing was screened for by immunoblot analysis
367  and/or indirect immunofluorescence microscopy. Sanger sequencing was used to confirm the

368  presence of frameshift indels in the potential KO clones first identified by immunoblotting or

369 immunofluorescence screening. For this, genomic DNA was isolated using the salting out method
370  (Miller et al, 1988). In brief, cells were lysed in lysis buffer (50mM Tris HCL, SDS 1%) and

371  genomic DNA was precipitated following the adding of 5M NaCl, Proteinase K, and absolute

372  ethanol. Then, PCR was performed to amplify the targeted regions. The PCR product was subcloned
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373  into pCR™-BluntlI-TOPO® vector (Zero Blunt® TOPO® PCR cloning Kit, Invitrogen™) and

374 sequenced with M13 forward primer to characterize the indels (described in Appendix Table 1).

375  To validate BNIP3 knockout clones, a set of primers including BNIP3 forward (FWD) (5°-

376 GAGGAAGAGTTTGGCTCTGGCAGG-3’) and BNIP3 reverse (RVS) (5°-

377 CGGTGTATCCCTGATGGCAG-3’) was used. To validate NIX KO clones, a set of primers
378  including NIX FWD (5’-AGTGCAGAACATTTTGGGAGT-3’) and NIX RVS (5°-

379 AAATCACCCGTCTTCTGCGT-3’) was used. To check FBXL4 KO clones, two sets of primers
380 including FBXL4 FWD (Guidel- 5TTTTAGCCTAACCATTCATATTTCA-3 or Guide2- 5'-
381 CCTTAAGGGACCAGTAGATCTCA-3) and FBXL4 RVS (Guidel-

382 5'CTGCCAGCATTTTGGCTTAC-3' or Guide2- 5-CAATGCTCAATTACCGATGC-3') were
383 used.

384  Cell culture and chemicals

385  Cell lines were grown at 37°C in a humidified incubator containing 5% CO2. HeLa cells (ATCC
386 CCL-2), U20S (ATCC HTB-96) and HEK293T (ATCC CRL-3216) cells were maintained in

387  Dulbecco's modified Eagle’s medium/nutrient mixture F-12 GlutaMAX™ (DMEM/F-12; Thermo
388  Fisher Scientific) supplemented with 10% fetal bovine serum. Fibroblast cells derived from a patient
389  with homozygous p.Arg435* FBXL4 have been previously published (Bonnen et al., 2013) (Alsina
390 etal., 2020) and were cultured in DMEM/F-12 GlutaMAX™ with 20% FBS and 5 mg/mL

391  penicillin and streptomycin (Thermo Fisher Scientific). Where indicated, cells were treated with
392  cycloheximide (CHX; 100 pug/mL; 66-81-9), Deferiprone (DFP; 1 mM; 379409), DMOG (0.5 mM;
393 D3695) and Echinomycin (10 nM; SML0477), which were purchased from Sigma. MLN4924 (0.5
394  pM; 85923S) was obtained from Cell Signaling Technology. MG132 (10 uM; 474787) was

395 purchased from Merck.

396  Cell line generation

397 FLAG-S-tagged BNIP3(WT), BNIP3(A141-160), BNIP3(A161-192), BNIP3(A193-225), and

398  BNIP3(A181-203), NIX(WT), NIX(A120-150), NIX(A151-170), NIX(A171-184), MAC-N, MAC-
399  BNIP3 and MAC-NIX were cloned into pcDNAS5/FRT/TO (Thermo Fisher). Constructs were co-
400 transfected with pOG44 into HelLa-T-rex Flp-in cells to generate inducible cell lines using Flippase
401  (Flp) recombination target (FRT)/FIp-mediated recombination technology in HeLa-T-rex Flp-in
402  cells, as previously described (Pagan et al., 2015). Twenty-four h post-transfection, cells were
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403  selected with Hygromycin B (400 pg/ml) for approximately ten days. HeLa-T-rex Flp-in cell-lines
404  were subsequently maintained in Hygromycin B (200 pg/ml). To induce expression, cells were
405  treated with 0.5 pg/mL doxycycline (Sigma; 10592-13-9).

406  To generate stably transfected cell lines, retrovirus (p)CHAC-mt-mKeima) and lentiviruses (for
407  pLix402 and pLV constructs) were packaged in HEK293T cells. HeL.a or U20S cells were
408 transduced with virus for 48 h with 10 pg/ml polybrene (Sigma), then optimized for protein

409  expression via fluorescence sorting or puromycin selection.
410  Transfection

411  Plasmid transfections were performed using Lipofectamine 2000 (Thermo Fisher Scientific) and
412  siRNA transfections were performed using Lipofectamine RNAIMAX (Thermo Fisher Scientific),
413  as per manufacturer’s instructions. ON-TARGETplus Non-targeting Control Pool (Dharmacon; D-
414 001810-01) was used as the siRNA control. ON-TARGETplus siCUL1 pool (L-004086-00),

415  siCUL2 pool (L-007277-00), siCUL3 pool (L-010224-00), siCUL4 pool (L-012610-00), siCUL5
416  pool (L-019553-00), siFBXL4 pool (L-013564-00), siHIF1a pool (L-004018-00), siFBXL5 pool (L-
417  012424-00), siFBX038 pool (L-018163-00), siFBXW12 pool (L-032001-00), siBNIP3 pool (M-
418  004636-01-0005) and siNIX pool (M-11815-01-0005) were purchased from Dharmacon™ (Horizon
419  Discovery).

420  Immunoblotting

421  Immunoblotting was performed as previously described (Pagan et al., 2015). In brief, cells were
422  harvested and subsequently lyzed in SDS lysis buffer (50 mM Tris and 2% SDS) at 97°C for 15

423  mins. Protein extracts were quantified using Direct Detect® Assay-free Cards (Merck;

424  DDACO00010) or Pierce Bicinchoninic Bcid (BCA) assay (Thermo Fisher Scientific; 23250) and
425  prepared for gel electrophoresis in Bolt™ LDS Sample Buffer (Invitrogen™; B0008). Equal

426  amounts of protein samples were resolved on SDS-PAGE (BOLT pre-cast 4-12% gradient gels,

427  Invitrogen™) and transferred onto methanol-activated Immobilon®-P PVDF Membrane (0.45 pum
428  pore size) (Merck; IPVH00010) using BOLT gel transfer cassettes and BOLT transfer buffer

429  (Invitrogen™; BT0006), according to the manufacturer’s instructions. The membranes were blocked
430  in 5% skim milk for 1 h at room temperature and then incubated with indicated primary antibodies
431  at 4°C overnight and secondary peroxidase-conjugated goat anti-rabbit or goat anti-mouse antibodies

432  for 1 h at room temperature. The chemiluminescence signal was acquired using Pierce ECL Western
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433  Dblotting substrate (Thermo Fisher Scientific; 32106) or Pierce SuperSignal West Femto Substrate
434 (Thermo Fisher Scientific; 34094) and ChemiDoc™ Imaging System (Bio-Rad).

435  Co-immunoprecipitation assays

436  Cells were lyzed in a Tris-Triton lysis buffer (50 mM Tris-Cl pH 7.5, 150 mM NacCl, 10% glycerol,
437 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 1 mM B-glycerophosphate and 1% Triton) containing
438  protease inhibitor cocktail (Rowe Scientific; CP2778) and PhosSTOP EASY pack Phosphatase

439 Inhibitor Cocktail (Roche; 4906837001) on ice for 30 minutes. Cell lysates were collected by

440  centrifugation at 14,000 rpm for 10 minutes at 4°C. To immunoprecipitate exogenously expressed
441  FLAG-tagged or HA-tagged proteins, cell lysates were incubated in a rotating incubator for 1 h at
442  4°C with bead-conjugated FLAG (Sigma; A2220), bead-conjugated HA (Thermo Fisher Scientific;
443  88837), respectively. The immunoprecipitates were washed with Tris-Triton lysis buffer 5 times
444 prior to elution with Bolt™ LDS Sample Buffer and Western blotting.

445  BiolD pulldown

446  Stable cells expressing doxycycline-inducible MAC(BirA-HA-Strep-tagll)-BNIP3, MAC-NIX, or
447  MAC-N were generated and subsequently transduced with pLV-FBXL4-C-HA. Cells grown in 10
448  cm dishes were treated with 50 uM Biotin for 24 h. Cell pellets were lyzed in RIPA lysis buffer (50
449  mM Tris-HCI pH 7.5, 150 mM NacCl, 1% NP-40, 1ImM EDTA, 1 mM EGTA, 0.1% SDS, protease
450 inhibitors, and 0.5% Sodium deoxycholate) at 4°C for 1 h on a rotator. Lysates were sonicated (2 x
451 10 second bursts with 2 seconds rest in between) on ice at 50% amplitude. Lysates were then

452  centrifuged for 30 min at 13,000 rpm at 4°C. Biotinylated proteins were captured using Pierce

453  Streptavidin Magnetic Beads (Thermo Fisher Scientific, 88817) at 4°C on a rotator for 3 h. Magnetic
454 beads collected on magnet for 1 minute between wash steps. The magnetic beads were washed with
455  RIPA buffer (minus deoxycholate) 4 times prior to elution with 25 mM biotin at 95°C.

456  TUBE Assay to detect polyubiquitylated proteins

457  Cells grown in 10 cm dishes were transiently transfected with 5 pg of FLAG-tagged TR-TUBE

458  (Yoshida et al., 2015) and 5 pg of myc-tagged BNIP3 or myc-tagged NIX. For immunoaffinity

459  purification of ubiquitylated proteins, cells were lyzed in Tris-Triton lysis buffer (50 mM Tris-Cl pH
460 7.5, 150 mM NacCl, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 1 mM -

461  glycerophosphate and 1% Triton) and harvested 48 h post-transfection. Whole-cell lysates were
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462  incubated for 1 h with ANTI-FLAG® M2 Affinity Gel (Sigma; A2220) followed by extensive
463  washing. Bead-bound proteins were eluted using Bolt™ LDS Sample Buffer.

464  Indirect Immunofluorescence

465  Adherent cells on coverslips were fixed in ice-cold methanol for 10 min at -20°C (for most

466  antibodies) or fixed in 4% PFA for 1 h (for BNIP3-ANa40 antibody). Fixed cell monolayers were
467  blocked with 2% BSA in PBS for 30 min to reduce non-specific binding. Cells were then

468  sequentially labelled with diluted primary antibodies and corresponding secondary antibodies for 1 h
469  at room temperature. Coverslips were mounted on glass microscope slides using Fluorescent

470  Mounting Medium (Dako; S3023) or Prolong Diamond Antifade Mountant (Thermo Fisher

471  Scientific; P36965). Images in Figure 2G and EV3I were acquired at room temperature using a

472  DeltaVision Elite inverted microscope system (GE Healthcare) using a x100/1.4NA Oil PSF

473  Objective from Olympus. Optical sections were processed using the SoftWorx deconvolution

474 algorithm. Images in Figure EV1E, EV2C-D were acquired using a Leica DMi8 SP8 Inverted

475  confocal microscope equipped with 63x Plan Apochromatic objective. STED images in Figure

476  EV2E were acquired using a Leica SP8 STED 3X Confocal Laser Scanning Microscope equipped
477  with a 93x Plan Apochromatic objective and STED depletion lasers. The acquired images were then
478  processed and exported using Huygens Deconvolution software. Images in Figure 1D, 2C and 2D
479  and EV4A, were acquired using a Zeiss LSM900 Fast AiryScan2 Confocal microscope with a 63x
480 C-Plan Apo NA 1.4 oil-immersion objective. Image deconvolution was performed using ZEN Blue
481 3D software (version 3.4).

482  Protein structural prediction, modelling and visualisation

483  The structural predictions of human FBXL4 (Q9UKAZ2) was performed using the AlphaFold2

484  neural-network (Jumper et al, 2021) implemented within the freely accessible ColabFold pipeline
485  (Mirdita et al, 2022). For each modelling experiment ColabFold was executed using default settings
486  where multiple sequence alignments were generated with MMseqs2 (Mirdita et al, 2019) to produce
487  five separate models per structure that were then subjected to energy minimisation with Amber

488  (Eastman et al, 2017). In this instance, we verified that AlphaFold2 would produce a reliable

489  predicted complex of the FBXL4 adaptor bound to SKP1 and the N-terminal region of CULL. For
490  producing images, structures were rendered with Pymol (Schrodinger, USA; https://pymol.org/2/).
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491 mt-Keima assay

492  The mt-Keima assay was performed as previously described (Sun et al., 2017). Dual-excitation

493  (561/458 nm) images were acquired using a Leica DMi8 SP8 Inverted confocal microscope

494 equipped with a 63x Plan Apochromatic objective and environmental chamber (set to 5% CO:2 and
495  37°C). Quantitative analysis of mitophagy with mt-Keima was performed with Image J/Fiji

496  software. Single cells were segregated from fields of view by generating regions of interest (ROI).
497  The selected ROI was cropped and split into separate channels, prior to threshold processing. The
498  fluorescence intensity of mt-Keima 561 nm (lysosomal signal) and mt-Keima 458 nm

499  (mitochondrial signal) at the single-cell level were measured and the ratio 561 nm/458 nm was

500 calculated. Three biological replicates were performed for each experiment, with >50 cells analyzed

501  per condition for each repeat.
502  Statistical analysis

503 Data were analyzed and using GraphPad Prism 9.0 software. The centre lines and error bars on
504  graphs represent the mean of the averaged independent replicates +/- standard deviation. P values
505  were calculated using one way ANOVA with post-hoc multiple comparisons, as described in the

506  figure legends.
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Table S2.
SOURCE or IDENTIFIER or
REFERENCE WEBSITE
Deposited Data
Human FBXL1-SKP1-CUL1-Rbx1-ARIH] Protein Databank | PDB ID 7B5M
Ub-CKS1B cryoEM structure (PDB)
Human FBXL4 sequence Uniprot QIUKAZ2
Human SKP1 sequence Uniprot P63208
Human CUL1 sequence Uniprot Q13616
Software
Pymol Schrodinger, USA.| https://pymol.org/2/

AlphaFold2 and AlphaFold2-Multimer

(Evans et al, 2022;
Jumper et al., 2021

https://github.com/deepmi
/alphafold

ColabFold

(Mirdita et al., 2027

https://colab.research.goog
.com/qgithub/sokrypton/Col
bFold/blob/main/AlphaFol
.Ipynb?authuser=3

Multalin (sequence alignment)

(Corpet, 1988)

http://multalin.toulouse.inr

fr/multalin/multalin.html

ESPRipt (alignment colouring)

(Robert & Gouet,
2014)

https://espript.ibcp.fr/ESPr
t

Protein-Sol Patches (surface electrostatics)| (Hebditch & https://protein-
Warwicker, 2019) | sol.manchester.ac.uk/patch

Consurf (protein surface conservation) (Ashkenazy et al, | https://consurf.tau.ac.il
2016)
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Figures and Figure Legends

Figure 1. Identification of SCF-FBXL4 as a negative regulator NIX and BNIP3 stability
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A) Cullin-RING ligases suppress mitophagy in a HIF1a-independent manner. Inhibition of
HIF1a with echinomycin prevents DFP-induced mitophagy but does not prevent MLN4924-
induced mitophagy. U20S cells stably expressing mt-Keima were treated for 24 h, as indicated
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695 (DFP 1 mM; MLN4924 0.5 uM; Echinomycin 10 nM) and analyzed by live-cell confocal

696 microscopy. The emission signal obtained after excitation with the 458 nm laser (neutral pH) or
697 561 nm laser (acidic pH) is shown in cyan or mpl inferno, respectively.

698 B) Quantification of A. Mitophagy is represented as the ratio of mt-Keima 561 nm fluorescence
699 intensity to mt-Keima 458 nm fluorescence intensity for individual cells normalised to the mean
700 of the untreated condition. Translucent grey dots represent measurements from individual cells.
701 Colored circles represent the mean ratio from independent experiments. The centre lines and bars
702 represent the mean of the averaged independent replicates +/- standard deviation. N=3.

703 C) Cullin-RING ligase(s) negatively regulate NIX and BNIP3 protein levels in a HIF1 -

704 independent manner. Inhibition of HIF1a with echinomycin prevents the increase of NIX and
705 BNIP3 in response to DFP, but not MLN4924. U20S cells were treated with the indicated drugs
706 for the specified times. Total-cell lysates were subject to immunoblotting as shown.

707 D) Expression of dominant-negative (DN) Cullin 1 results in an increase in the levels and half-
708 life of NIX and BNIP3 protein. HeLa-T-REx-Flp-in cells were transfected with FLAG-HA-tagged
709 dominant-negative CUL1, CUL3, CUL4A and CULS5 or an empty vector, as indicated. 24 h post-
710 transfection, cells were treated with cycloheximide for 3 h. Cell lysates were immunoblotted with
711 the indicated antibodies.

712 E) Expression of dominant-negative (DN) Cullin 1 results in the accumulation of NIX and

713 BNIP3 at mitochondria. U20S cells were transfected with FLAG-HA-tagged DN-CUL1 or

714 FLAG-HA-tagged DN-CUL4 and immunostained for both HA and either NIX or BNIP3. An
715 orange line marks the edge of the individual cells expressing the dominant-negative cullin

716 protein. Scale bars = 10 pum.

717 F) Screening F-box proteins for changes in NIX and BNIP3 protein stability. NIX and BNIP3
718 are stabilized by depletion of CUL1 and FBXL4 (but not other F-box proteins). U20S cells were
719 transfected with the indicated siRNAs. Total-cell lysates were subject to immunoblotting as

720 shown.

721 G) Depletion of FBXL4 and CULL1 results in NIX accumulation at mitochondria. U20S cells
722 were transfected with non-targeting SiRNA, CUL1 siRNA or FBXL4 siRNA. Cells were fixed
723 and stained with the indicated antibodies.

724 H) Depletion of FBXL4 and CUL1 results in BNIP3 accumulation at mitochondria. U20S cells
725 were transfected with non-targeting SiRNA, CUL1 siRNA or FBXL4 siRNA. Cells were fixed
726 and stained with the indicated antibodies.

727

728 P values were calculated based on the mean values from independent experiments using one-way

729 ANOVA (*P<0.05, **P<0.005, ***P<0.001, ****P<0.0001). Scale bars =20 um.
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730 Figure EV1. Identification of SCF-FBXL4 as a negative regulator NIX and BNIP3
731 stability
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733 A) NIX and BNIP3 protein levels increase in response to DFP or MLN4924 treatment. U20S
734 cells were incubated with DFP (1 mM) or MLN4924 (0.5 uM) for the indicated times. Total cell
735 lysates were subject to immunoblotting as shown.

736 B) NIXand BNIP3 protein levels increase at mitochondria in response to DFP or MLN4924
737 treatments. U20S cells were treated with DFP or MLN4924 for 24 h, fixed and stained with the
738 indicated antibodies and MitoTracker Red.

739 C) Depletion of HIF1a with sSiRNA prevents the increase of NIX and BNIP3 in response to
740 DFP, but not MLN4924. U20S cells were transfected with non-targeting sSiRNAs (NT si) or
741 siRNAs targeting HIF1a. Cells were treated with DFP or MLN4924 for 24 h prior to harvesting
742 for immunoblotting.

743 D) MLN4924-induced mitophagy requires NIX and BNIP3. Parental HeLa or BNIP3/NIX

744 double knockout (BNIP3/NIX DKO) HeLa cells expressing mt-Keima were treated for 24 h, as
745 indicated. Cells were analyzed by live cell confocal microscopy, as described in A.

746 E) Quantification of D was performed as described in B. Dark grey translucent dots represent
747 measurements from individual parental HeLa cells. Light grey translucent dots represent

748 measurements from individual BNIP3/NIX DKO cells. N=4.

749 F) Analysis of NIX and BNIP3 protein levels in HeLa parental or BNIP3/NIX double knockout
750 (BNIP3/NIX DKO) cells after MLN4924, DMOG, or DFP treatment. Total-cell lysates were
751 subject to immunoblotting as shown.

752 G) NIX and BNIP3 are upregulated and stabilized by depletion of FBXL4 and CUL1. U20S
753 cells were transfected with non-targeting SiRNA, CUL1 siRNA or FBXL4 siRNA. Cells were

754 treated with cycloheximide for the indicated time prior to immunoblotting with the specified
755 antibodies.

756

757
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Figure 2. FBXL4 localizes to the mitochondrial outer membrane and controls the turnover

and ubiquitylation of NIX and BNIP3
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immunoblotting.
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765 B) NIX accumulates at mitochondria in FBXL4-deficient cells. FBXL4-deficient cells (clone
766 2G10) were fixed and stained with MitoTracker Red and with antibodies to NIX (green). Scale
767 bar =10 um.

768 C) BNIP3 accumulates at mitochondria in FBXL4-deficient cells. FBXL4-deficient cells (clone
769 2G10) were fixed and stained with MitoTracker Red and with antibodies to BNIP3 (green). Scale
770 bar =10 um.

771 D) Re-expression of FBXL4 into FBXL4-deficient CRISPR lines destabilizes NI1X and BNIP3
772 and this depends on FBXL4’s mitochondrial targeting sequence and F-box domain. U20S

773 FBXL4 KO (2G10) cells were rescued with wild-type FBXL4-HA or variants lacking either the
774 mitochondrial targeting sequence (FBXL4-AMTYS) or the F-box domain (FBXL4-F-box mut)
775 variants. Cells were treated with cycloheximide for 3 h prior to harvesting.

776 E) FBXL4 localizes to the mitochondrial outer membrane. Cells transfected with FBXL4-HA-C
777 were treated with DFP for 24 h. Cells were stained with an anti-HA-tag antibody (to recognize
778 FBXL4) and either TOM20 (an outer mitochondrial membrane protein) or TIM50 (an inner

779 mitochondrial membrane protein). Scale bar =5 um.

780 F) FBXL4 is a proximity interactor of NIX and BNIP3. Cells expressing inducible BirA-BNIP3,
781 BirA-NIX and BirA control were transduced with a lentiviral vector expressing FBXL4, as

782 indicated. Cells were treated with doxycycline for 48 h (to induce BirA-bait protein expression),
783 biotin for 24 h (for the biotinylation reaction), and, where indicated, MLN4924 for 24 h (to

784 stabilise NIX and BNIP3). Streptavidin-coupled beads were used to capture the biotinylated

785 proteins. FBXL4 was specifically detected in the eluate from BirA-BNIP3 and BirA-NIX, but not
786 BirA-alone. *Non-specific band.

787 G) NIX and BNIP3 polyubiquitylation depends on FBXL4. U20S or U20S-FBXL4 KO (2G10)

788 cells were co-transfected with TR-TUBE and either myc-BNIP3 or myc-NIX, as indicated. Cell
789 lysates obtained 48 h post-transfection were immunoprecipitated with anti-FLAG antibody, and
790 the immunoprecipitates were analyzed by immunoblotting. The line on the left marks a ladder of

791 bands corresponding to polyubiquitylated myc-BNIP3 or myc-NIX.
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792 Figure EV2. FBXL4 localizes to the mitochondrial outer membrane and controls the
793 turnover and ubiquitylation of NIX and BNIP3
794
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796 A) Re-expression of FBXL4 into FBXL4-defective CRISPR lines rescues the levels of NIX and
797 BNIP3 in multiple FBLX4 deficient clones. FBXL4-deficient 2G10 and FBXL4-deficient 1D4
798 cell lines were stably transduced with a doxycycline-inducible FBXL4-HA construct. Cells were
799 treated with doxycycline for the indicated times prior to immunoblotting with the specified

800 antibodies.

801 B) FBXL4 localizes to the mitochondrial outer membrane. U20S cells transfected with FBXL4-
802 HA-C were untreated (UT) or treated with DFP for 24 h. Two colour STED super-resolution

803 microscopy of mitochondria was performed with anti-HA-tag antibody (to recognize FBXL4)
804 and either TOM20 (an outer mitochondrial membrane protein) or TIM50 (an inner mitochondrial
805 membrane protein). Scale bar =1 um.

806
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807 Figure 3. FBXL4-deficiency promotes mitophagy through BNIP3/NIX stabilization
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809 A) Mitophagy increases upon FBXL4 disruption and is rescued by the induction of HA-FBXLA4.

810 U20S mt-Keima FBXL4 KO clones (2G10 and 1D4) expressing doxycycline-inducible wild-type
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811 FBXL4-HA were treated with doxycycline for 72 h. The emission signal obtained after excitation
812 with the 458 nm laser (neutral pH) or 561 nm laser (acidic pH) is shown in cyan or mpl inferno,
813 respectively.

814 B) Quantification of A. Mitophagy is represented as the ratio of mt-Keima 561 nm fluorescence
815 intensity divided by mt-Keima 458 nm fluorescence intensity for individual cells normalised to
816 the parental condition. Translucent grey dots represent measurements from individual cells.

817 Colored circles represent the mean ratio from independent experiments. The centre lines and bars
818 represent the mean of the independent replicate means +/- standard deviation. N=3.

819 C) Corresponding cells from (3A) were harvested for immunoblotting to analyze the extent of
820 NIX and BNIP3 reduction by induction of FBXL4-HA.

821 D) BNIP3/NIX depletion by siRNA reduces mitophagy after FBXL4 disruption. U20S mt-Keima
822 cells and U20S mt-Keima FBXL4 KO 2G10 cells were transfected with siRNAs targeting both
823 NIX and BNIP3 (siBNIP3/NIX) or non-targeting SiRNA (siNT). Live-cell confocal microscopy
824 was performed to visualise mitophagy. UT=untransfected.

825 E) Quantification of D. N=3.

826 F) Corresponding cells from (3D) were harvested for immunoblotting to analyze the extent of
827 NIX and BNIP3 reduction by siRNA.

828 G) FBXL4-deficient cells are ultra-sensitive to DFP-induced mitophagy. U20S mt-Keima cells
829 and U20S mt-Keima FBXL4 KO 2G10 were treated with DFP at specified concentrations for 24

830 h and analyzed by live-cell confocal microscopy.

831 H) Quantification of G. N=3.

832 I) Cells from (3G) were lyzed and immunoblotting was performed.

833

834 P values were calculated from the mean values from independent experiments using one-way

835 ANOVA (*P<0.05, **P<0.005, ***P<0.001, ****P<0.0001). Scale bars =20 um.
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Figure EV3. NIX and BNIP3 stabilization promotes mitophagy
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A) Schematic representation of full-length NIX and its deletion mutations.

B) Schematic representation of full-length BNIP3 and its deletion mutations.
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840 C) C-terminal deletion fragments in NIX have increased steady state and stability compared
841 with wild-type NIX. Hela-Flp-In NIX knockout cells expressing inducible FLAG-NIX-WT,
842 FLAG-NIXA120-150, FLAG-NIXA151-170, and FLAG-NIXA171-184 were treated with
843 cycloheximide (CHX) for the indicated time. Cells were then lyzed and analysed by
844 immunoblotting. Red asterisks denote the size of NIX or its deletion mutants.
845 D) C-terminal deletion fragments in BNIP3 have increased steady state and stability compared
846 with wild-type BNIP3. HeLa Flp-in BNIP3 knockout cells expressing inducible FLAG-BNIP3-
847 WT, FLAG-BNIP3A160-183, FLAG-BNIP3A181-203, BNIP3A201-225 were treated with CHX.
848 Red asterisks denote the size of BNIP3 or its deletion mutants.
849 E) Inducible expression of hyperstable NIX mutants increases mitophagy. Hela Flp-in Keima
850 cells stably expressing inducible NIX or deletion mutants were treated with doxycycline for 48 h
851 and mitophagy was evaluated using live-cell confocal fluorescence microscopy. The emission
852 signal obtained after excitation with the 458 nm laser (neutral pH) or 561 nm laser (acidic pH) is
853 shown in cyan or mpl inferno, respectively.
854 F) Quantification of E. N=3.
855 G) Inducible expression of hyperstable BNIP3 mutants increases mitophagy. Hela Flp-in
856 BNIP3/NIX DKO Keima cells stably expressing BNIP3 deletion mutants were treated with
857 doxycycline for 48 h and mitophagy was evaluated using live-cell confocal fluorescence
858 microscopy.
859 H) Quantification of G. N=3.
860 I) FLAG-BNIP3/NIX and deletion mutants localize to the mitochondria. HeLa-Flp-in cells
861 expressing inducible FLAG-NIX/BNIP3-wild-type or deletion mutants were stained for
862 MitoTracker (red) and FLAG antibodies (green).
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863
864 J) Alignment of NIX and BNIP3 orthologues outlining conserved residues. The LC3-interacting
865 region, non-canonical BH3 region, and the trans-membrane domain are shown. The blue boxes
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represent regions of conservation. White letters on a red background are strictly conserved, and
red letters are highly conserved.

For data in F and H, mitophagy is represented as the ratio of mt-Keima 561 nm fluorescence
intensity divided by mt-Keima 458 nm fluorescence intensity for individual cells normalised to
the wild-type condition. Translucent grey dots represent measurements from individual cells.
Colored circles represent the mean ratio from independent experiments with > 50 cell analyzed
per condition per replicate. The centre lines and bars represent the mean of the independent
replicate means +/- standard deviation. P values were calculated using a one-way ANOVA.
(*P<0.05, **P<0.005, ***P<0.001). ns = not significant. Scale bars = 20 um.
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876 Figure 4. MTDPS13 patient-derived FBXL4 variants do not efficiently assemble into an
877 SCF complex have impaired abilities to mediate NI1X and BNIP3 turnover
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879 A) Schematic representation of domain structure of FBXL4. Pathological variants tested herein

880 are shown in red.
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881 B) Alphafold2 structural modelling of FBXL4 and its complex formation with SCF components
882 SKP1 and CULL. Pathogenic variants of FBXL4 indicated in magenta spheres. The pale pink
883 section of the LRRs represents the region deleted by the truncation deletions (Arg435).

884 C) FBXL4 patient variants are less efficient than wild-type FBXL4 in mediating NIX and BNIP3
885 downregulation and destabilization. U20S FBXL4 KO (2G10) cells were rescued with

886 constructs expressing wild-type FBXL4-HA, FBXL4(F-box mut), FBXL4(AMTSaal-29) or

887 specified patient variants. Cells were treated with cycloheximide for 3 h prior to harvesting.

888 Samples were lyzed, and immunoblotting was performed. GFP serves as a marker of transduction
889 efficiency/transgene expression. EV = empty vector.

890 D) FBXL4 patient variants are less efficient than FBXL4-wild-type at suppressing mitophagy.
891 U20S mt-Keima cells, U20S mt-Keima FBXL4 KO 2G10 cells and 2G10 cells rescued with the
892 specified FBXL4 constructs were analyzed by confocal microscopy to quantify mitophagy.

893 Mitophagy is represented as the ratio of mt-Keima 561 nm fluorescence intensity divided by mt-
894 Keima 458 nm fluorescence intensity for individual cells normalised to untreated U20S cells.
895 Translucent grey dots represent measurements from individual cells. Colored circles represent the
896 mean ratio from independent experiments. The centre lines and bars represent the mean of the
897 independent replicates +/- standard deviation. P values were calculated based on the mean values

898 using a one-way ANOVA (*P<0.05, **P<0.005, ***P<0.001, ****P<0.0001). N=4.
899 E) FBXL4-Arg482Trp, FBXL4-Asp565Gly, FBXL4-Gly568Ala patient variants are less efficient

900 than FBXL4-wild-type at assembling into a complex with SKP1 and CUL1. FBXL4-KO cells
901 expressing wild-type FBXL4-HA or FBXL4 variants were harvested and lyzed. Whole-cell

902 extracts were subjected to immunoprecipitation (IP) with anti-HA agarose beads and

903 immunoblotting, as indicated.

904 F) Reconstitution of FBXL4-HA into FBXL4-deficient patient fibroblast cells causes down-

905 regulation of NIX and BNIP3. FBXL4-deficient patient fibroblasts (derived from patients

906 harboring homozygous non-sense mutation in FBXL4 at pArg435*) were transduced with

907 doxycycline-inducible FBXL4-HA constructs. Cells were harvested at the indicated times

908 following doxycycline induction. Immunoblotting was performed as indicated.

909 G) Reconstitution of FBXL4-HA into FBXL4-deficient patient fibroblast cells causes down-

910 regulation of NIX and BNIP3. FBXL4-deficient patient fibroblasts were transduced with FBXL4-
911 HA. Cells were stained with MitoTracker, fixed and co-immunostained with antibodies to HA (to
912 detect FBXL4) and either NIX or BNIP3. Scale bar = 20 um
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913 Figure EV4. MTDPS13 patient-derived FBXL4 variants do not efficiently assemble into an
914 SCF complex have impaired abilities to mediate NI1X and BNIP3 turnover
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915
916 A) Alignment of FBXL4 orthologues outlining conserved residues.

917 B) FBXL4 patient variants are less efficient than FBXL4-wild-type at suppressing mitophagy.
918 U20S mt-Keima cells, U20S mt-Keima FBXL4 KO 2G10 cells and U20S mt-Keima FBXL4
919 KO 2G10 cells rescued with FBXL4 constructs were analyzed by confocal microscopy. The
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920 emission signal obtained after excitation with the 458 nm laser (neutral pH) or 561 nm laser
921 (acidic pH) is shown in cyan or mpl inferno, respectively. Quantification is shown in Figure 4C.
922 C) Localization of FBXL4 variants. FBXL4 KO cells expressing FBXL4-HA wildtype or
923 specified variants were fixed and stained for HA (to detect FBXL4 in green) or TOM20
924 (magenta).
925
926 Scale bars = 20 pum.
927
CRISPR Cell line Name Gene Symbol Uniprot GenelD/ Location Targeting strategy CRISPR gRNA ::pllhll.llique Mutation Protein Impact

c.[349A>G,351_352insGTCAATTGGAG
CTCCTTCAAGCTGGCTTCTATGACCTTTC
GACATGTTCCCTTCATTCTTTGAACAATT
Ip-in NI I & .| i
Hela Flp-in NIX KO Clone 103 NIX 060238 665/ NC_000008.11  Targets Exon 3 TAGCTCTCAGGTGTGTCGGG 21 CCTTACTTGCCAGCAAAACAAGATGTTC p-[S117Gfs*11]

CAGGCTCACCTTATACTTTCCCTGGTCCA

TCCCTAGAATCATCA
p.[S135Rfs*39]
Hela Flp-in NIX BNIP3/NIX BNIP3 (made Targets Exon 3 c[398 AD10elbc [395CHA A04deI) p.[P133Hfs*42]
double knockout Clone 3C9 sequentially in Q12983 664/ NC_000010.11 TCTTGTGGTGTCTGCGAGCG 52 (BNIP3) BNIP3
(BNIP3 KO in NIX1D3KO line) NIX 1D3 line) p.[5117Gfs*11]
(NIX)
U20S FBXL4 KO Clone 2610 FBXLA QIUKA2 26235/NC_000006.12 Targets Exon 5 CCCCACAAATCTTATACGAC 121 c[615C>T, 616G>T, 617_618insT]; p.[R206Ffs*5
U20S FBXL4 KO Clone 1D4 FBXL4 QUKA2 26235/NC_000006.12 Targets exon 7 CAATTCAAGGCGTACTAATT 121 ¢[1126_1140del] [E367_L380]
928 : g p
929
930 Table EV1. Description of indels detected in the specific CRISPR-Cas9 generated knockout cell
931 lines. Indel mutations and their corresponding mutated proteins (protein impact column) are
932 formatted according to Human Genome Variation Society (http://varnomen.hgvs.org/).The
933 numbers after the asterisks represent the number of amino acids made from the first amino acid
934 changed to the first stop codon encountered.
935
936
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Table Appendix 1.

CRISPR Cell line Name Gene Symbol  Uniprot GenelD/ Location Targeting strategy CRISPR gRNA :;::::U MAUe  \utation Protein Impact
c.[349A>G,351_352insGTCAATTGGAG
CTCCTTCAAGCTGGCTTCTATGACCTTTC
Hela Flp-in NIX KO Clone 1D3 NIX 060238 665/ NC_000008.11 Targets Exon 3 TAGCTCTCAGGTGTGTCGGG 21 Calea LU AL AN LAt AT p.[S117Gfs*11]
CCTTACTTGCCAGCAAAACAAGATGTTC
CAGGCTCACCTTATACTTTCCCTGGTCCA
TCCCTAGAATCATCA
p.[S135Rfs*39]
- Targets Exon 3 .[P133Hfs*42
Hela Flp-in NIX BNIP3/NIX BNIP3 [rr.lade. g ¢ [398_401del]:c.[398C>A 404del] p.[ 1
double knockout Clone 3C9 sequentially in Q12983 664/ NC_000010.11 TCTTGTGGTGTCTGCGAGCG 5 2 (BNIP3) BNIP3
(BNIP3 KO in NIXID3KO line)  NIX 1D3 line) p.[6117Gfs*11]
(NIX)
U20S FBXL4 KO Clone 2G10 FBXL4 Q9UKA2 26235/NC_000006.12 Targets Exon 5 CCCCACAAATCTTATACGAC 121 c.[615C>T, 616G>T, 617_618insT]; p.[R206Ffs*5
U20S FBXL4 KO Clone 1D4 FBXL4 QSUKA2 26235/NC_000006.12 Targets exon 7 CAATTCAAGGCGTACTAATT 121 c.[1126_1140del] p.[E367_L380]
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