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PARK15/FBXO7 is dispensable for PINK1/Parkin
mitophagy in iNeurons and HeLa cell systems
Felix Kraus1,2 , Ellen A Goodall1,2 , Ian R Smith1 , Yizhi Jiang1, Julia C Paoli1 , Frank Adolf2,3 ,

Jiuchun Zhang1, Joao A Paulo1 , Brenda A Schulman2,3 & J Wade Harper1,2,*

Abstract

The protein kinase PINK1 and ubiquitin ligase Parkin promote
removal of damaged mitochondria via a feed-forward mechanism
involving ubiquitin (Ub) phosphorylation (pUb), Parkin activation,
and ubiquitylation of mitochondrial outer membrane proteins to
support the recruitment of mitophagy receptors. The ubiquitin
ligase substrate receptor FBXO7/PARK15 is mutated in an early-
onset parkinsonian–pyramidal syndrome. Previous studies have
proposed a role for FBXO7 in promoting Parkin-dependent mito-
phagy. Here, we systematically examine the involvement of FBXO7
in depolarization and mtUPR-dependent mitophagy in the well-
established HeLa and induced-neurons cell systems. We find that
FBXO7�/� cells have no demonstrable defect in: (i) kinetics of pUb
accumulation, (ii) pUb puncta on mitochondria by super-resolution
imaging, (iii) recruitment of Parkin and autophagy machinery to
damaged mitochondria, (iv) mitophagic flux, and (v) mitochondrial
clearance as quantified by global proteomics. Moreover, global
proteomics of neurogenesis in the absence of FBXO7 reveals no
obvious alterations in mitochondria or other organelles. These
results argue against a general role for FBXO7 in Parkin-dependent
mitophagy and point to the need for additional studies to define
how FBXO7 mutations promote parkinsonian–pyramidal syndrome.

Keywords FBXO7; iNeurons; mitophagy; proteomics; ubiquitin ligase

Subject Categories Autophagy & Cell Death; Neuroscience;

Post-translational Modifications & Proteolysis

DOI 10.15252/embr.202256399 | Received 1 November 2022 | Revised 16 May

2023 | Accepted 1 June 2023 | Published online 19 June 2023

EMBO Reports (2023) 24: e56399

Introduction

Organelle quality control underlies cellular health and is often defec-

tive in disease and pathological states. Arguably, the best under-

stood such quality control pathway is mitophagy, wherein damaged

or supernumerary mitochondria are targeted for removal from the

cell via selective autophagy (Pickrell & Youle, 2015; McWilliams &

Muqit, 2017; Harper et al, 2018; Goodall et al, 2022). In this process,

individual organelles are marked for sequestration within a double-

membrane vesicle called an autophagosome, which then fuses with

a lysosome to facilitate the degradation of the organelle by resident

lysosomal hydrolases (Stolz et al, 2014; Dikic & Elazar, 2018). Multi-

ple forms of mitophagy have been reported, which differ in the

types of regulatory mechanisms involved in marking the organelle

for degradation, but these fall into two primary types—ubiquitin-

dependent and ubiquitin-independent (Pickrell & Youle, 2015;

Harper et al, 2018). Our understanding of ubiquitin-dependent mito-

phagy has been advanced by the discovery of a signaling pathway

composed of the PINK1 protein kinase and the Parkin (also called

PRKN) ubiquitin (Ub) E3 ligase, which marks damaged mitochon-

dria for elimination (Narendra et al, 2008). Parkin and PINK1 are

both mutated in early-onset recessive forms of Parkinson’s disease

and understanding how these enzymes work has been a major focus

of the field (Pickrell & Youle, 2015; Ng et al, 2021).

In healthy mitochondria, PINK1 is imported into the mitochon-

drial translocon and rapidly processed for degradation (Jin

et al, 2010; Yamano & Youle, 2013). In response to mitochondrial

damage—such as depolarization, accumulation of mitochondrial

misfolded proteins, or defects in mitochondrial fusion—PINK1 is

stabilized on the mitochondrial outer membrane (MOM) in associa-

tion with the translocon (Lazarou et al, 2012), where it can phos-

phorylate Ser65 on Ub already conjugated to proteins on the MOM

(Kane et al, 2014; Koyano et al, 2014; Ordureau et al, 2014; Kazlaus-

kaite et al, 2015; Wauer et al, 2015). Accumulation of phospho S65-

Ub (referred to henceforth as pUb) on the MOM promotes recruit-

ment of Parkin—a pUb-binding protein—thereby facilitating phos-

phorylation of Parkin on S65 of its N-terminal Ub-like (UBL) domain

and activation of its Ub ligase activity (Kane et al, 2014; Ordureau

et al, 2014; Kazlauskaite et al, 2015; Wauer et al, 2015; Gladkova

et al, 2018; Sauve et al, 2018). Parkin then ubiquitylates numerous

MOM proteins, resulting in both the accumulation of additional pUb

and further MOM protein ubiquitylation (Sarraf et al, 2013; Bingol

et al, 2014; Ordureau et al, 2020; Antico et al, 2021). MOM ubiquity-

lation then promotes recruitment of selective autophagy cargo

receptors including OPTN, CALCOCO2 (also called NDP52), and

SQSTM1 (also called p62) to facilitate the assembly of an
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autophagosome around the ubiquitylated organelle (Wong & Holz-

baur, 2014; Heo et al, 2015; Lazarou et al, 2015; Evans & Holzbaur,

2020). Thus, PINK1, Parkin, and pUb function in a positive feedback

loop to promote selective ubiquitylation and elimination of the dam-

aged organelle (Goodall et al, 2022). Removal of damaged mito-

chondria may be an important aspect of neuronal protection in both

neurodegenerative diseases and in aging, and understanding how

the PINK1/Parkin pathway functions in this regard is a central goal

of the field (Fang et al, 2019; Fleming et al, 2022).

Previous work (Burchell et al, 2013) concluded that FBXO7, the

product of an early-onset parkinsonian–pyramidal syndrome risk

gene also designated as PARK15 (Di Fonzo et al, 2009; Paisan-Ruiz

et al, 2010; Houlden & Singleton, 2012), is a positive modulator of

Parkin-dependent mitophagy (Appendix Fig S1A). FBXO7 is a mem-

ber of the F-box family of proteins, which assemble with SKP1,

CUL1, and RBX1 to form a modular SCF Ub ligase complex wherein

the F-box protein binds substrates (Jin et al, 2004). FBXO7 is charac-

terized by an N-terminal UBL domain, a central FP domain with

structural similarity to a domain in the proteasome inhibitory factor

PI31/PSMF1, followed by the F-box motif, and a C-terminal proline-

rich region (Kirk et al, 2008). Patient mutations in FBXO7 are found

in multiple regions of the protein (Di Fonzo et al, 2009; Paisan-Ruiz

et al, 2010; Houlden & Singleton, 2012). Initial studies on FBXO7

proposed a functional interaction with the PINK1/Parkin pathway

and concluded that FBXO7 functions as a positive regulator of mito-

phagy through direct interaction with Parkin and with PINK1

(Burchell et al, 2013). Depletion of FBXO7 by siRNA in cell lines

was reported to reduce depolarization-dependent loss in mitochon-

dria based on Western Blotting of matrix proteins and likewise to

reduce depolarization-dependent ubiquitylation of MFN1, a sub-

strate of Parkin (Burchell et al, 2013). However, studies that further

substantiate a functional link between FBXO7 and PINK1/Parkin-

dependent mitophagy are lacking, although FBXO7 depletion has

recently been reported to alter mitochondrial dynamics, mitochon-

drial ubiquitination threshold, or PINK1 levels (Huang et al, 2020;

Liu et al, 2020; preprint: Al Rawi et al, 2022; preprint: Sanchez-

Martinez et al, 2022).

Given the strong genetic association of FBXO7/PARK15 with

Parkinson’s Disease (Houlden & Singleton, 2012) and major

advances in our understanding of Parkin-dependent mitophagy

(Goodall et al, 2022) since initial links between FBXO7 and mito-

phagy were reported, we set out to elucidate how FBXO7 might

function within the positive feedback loop to promote mitophagy

(Appendix Fig S1A). Relevant advances include the identification of

pUb as a sentinel response to PINK1/Parkin activation (Kane

et al, 2014; Koyano et al, 2014; Ordureau et al, 2014; Kazlauskaite

et al, 2015; Wauer et al, 2015), the development of highly quantita-

tive mitophagic flux assays using a mitochondrially localized Keima

fluorescent reporter protein (Katayama et al, 2011; Lazarou

et al, 2015), and the development of genetically tractable iNeuron

systems for functional analysis of the Parkin pathway in neuronal

cell types (Ordureau et al, 2018, 2020). Unexpectedly, we find no

clear evidence of a role for FBXO7 in the kinetics of depolarization-

dependent pUb accumulation, or mitophagic flux in either iNeurons

or the conventional HeLa cell used extensively to examine PINK1/

Parkin-dependent mitophagy (Narendra et al, 2008). Moreover,

global proteomics of FBXO7�/� HeLa cells undergoing mitophagy

revealed no defect in mitochondrial elimination by autophagy.

Taken together with previous studies that did not identify Parkin–

FBXO7 interactions during mitophagy (Sarraf et al, 2013), these data

indicate that FBXO7 does not play a general role as a positive modu-

lator of PINK1/Parkin-dependent mitophagy in HeLa and iNeuron

systems. This work suggests that elucidation of FBXO7 biochemical

functions is needed to understand how it might contribute to sup-

pression of early-onset parkinsonian–pyramidal syndrome.

Results

A tool kit for functional analysis of cells lacking FBXO7

To test if FBXO7 is a pivotal amplifier of the PINK1/Parkin pathway,

we employed CRISPR-Cas9-based gene editing to generate knock-

outs for FBXO7 in HeLa HFT/TO-PRKN cells (Ordureau et al, 2015)

as well as HEK293T cells and confirmed insertion of a frameshift

mutation by sequencing and Western Blotting (Appendix Fig S1B–

F). HeLa HFT/TO-PRKN cells contain a DOX-inducible PRKN cas-

sette allowing regulated expression of Parkin to facilitate an analysis

of mitophagic flux in response to mitochondrial damage (Ordureau

et al, 2015). Three independent HeLa HFT/TO-PRKN FBXO7�/�

clones were identified (clones 27, 41, and 45; Appendix Fig S1C and

D). Two independent HEK293T cell lines lacking FBXO7 were trans-

duced with a lentivirus for stable expression of GFP-Parkin to facili-

tate pathway activation (Appendix Fig S1E and F). In parallel, we

generated two independent human ES cell clones lacking FBXO7 via

CRISPR-Cas9 (clones 52 and 89) (Appendix Fig S1G–I). Here, an ES

cell line harboring a DOX-inducible NGN2 gene was used, allowing

for conversion of these cells to cortical-like iNeurons over a 2 week

or greater time course (Zhang et al, 2013; Ordureau et al, 2020). We

have previously demonstrated that iNeurons derived from these

cells exhibit PINK1/Parkin-dependent mitophagic flux in response

to mitochondrial damage (Ordureau et al, 2020). Both clones

displayed normal karyotypes and the absence of FBXO7 was verified

using MiSeq sequencing (Appendix Fig S1H and I).

Robust depolarization-dependent Ub phosphorylation by PINK1
in cells lacking FBXO7

The earliest known event in Parkin-dependent mitophagy is accu-

mulation of PINK1 on the mitochondrial outer membrane followed

by rapid S65 phosphorylation of pre-existing Ub linked with mito-

chondrial proteins (Appendix Fig S1A), as has been worked out in

detail using the well-validated HeLa cell system with ectopically

expressed Parkin (Narendra et al, 2010; Lazarou et al, 2012;

Yamano & Youle, 2013; Kane et al, 2014). In the presence of Parkin,

Ub phosphorylation is enhanced as a result of increased Ub conjuga-

tion to mitochondrial proteins, thereby providing additional sub-

strate molecules for phosphorylation by PINK1 (Kane et al, 2014;

Koyano et al, 2014; Ordureau et al, 2014). To examine pUb accumu-

lation in the context of HeLa cells lacking FBXO7, we induced

Parkin expression (16 h) and then depolarized mitochondria for 1

or 6 h with antimycin A/Oligomycin A (AO), which inhibit Complex

III and Complex IV activity in the electron transport chain, respec-

tively. As expected, control HeLa cells display time-dependent accu-

mulation of pUb as measured by Western Blotting, but the absence

of FBXO7 had no impact on the extent of pUb accumulation, as
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assessed in all three FBXO7�/� cell lines in biological triplicate ana-

lyses (Fig 1A and B). In addition, we used CCCP (Carbonyl cyanide

m-chlorophenyl hydrazone) as an alternative to induce mitophagy

and found pUb levels in either HeLa and HEK293T cells were similar

in control and FBXO7�/� cells (Appendix Fig S1J and K).

Similarly, we assessed depolarization-dependent pUb accumula-

tion in the iNeuron system. control or FBXO7�/� ES cells were

converted to day 12 iNeurons and depolarized with AO in duplicate

(Fig 1C). pUb was detected by Western Blotting at 6 and 24 h and

was indistinguishable between WT and two independent FBXO7�/�

clones (Fig 1D). Taken together, these data do not support a univer-

sal role for FBXO7 in promoting the earliest step in mitophagy sig-

naling—PINK1-dependent Ub phosphorylation—in the HeLa cell

system or iNeurons.

Super-resolution imaging of pUb formation independent
of FBXO7

While depolarization-dependent Ub phosphorylation was not

impaired, we considered the possibility that the organization of pUb

on damaged mitochondria might be altered in cells lacking FBXO7.

To our knowledge, super-resolution microscopy has not been used

to examine the kinetics and spatial properties of pUb accumulation

in response to depolarization. We, therefore, optimized conditions

to monitor pUb via volumetric 3D-SIM super-resolution microscopy

in both HeLa and iNeuron systems (see Materials and Methods).

After AO treatment of HeLa cells for 1, 3, or 6 h, the mitochondria

matrix protein HSP60 and pUb were examined by super-resolution

imaging. In control cells at 1 h, fragmented mitochondria were often

proximal to pUb foci with an average volume of 5.71 lm3, which

were not observed in cells lacking PINK1 (Figs 2A–C and EV1). The

volume of pUb increased ~ 8-fold over 6 h (47.88 lm3), consistent

with the known feed-forward response (Figs 2B and EV1). At 6 h of

AO treatment, we observed a near complete coating of mitochon-

drial fragments with pUb, as quantified by the significant increase in

pUb object volume (Figs 2B and C and EV1). Consistent with analy-

sis of pUb by Western Blotting, two FBXO7�/� clones did not show

any significant differences in pUb recruitment, volume, or overall

morphological differences compared with the control cells, indicat-

ing that FBXO7 is not required for the feed-forward amplification of

PINK1/Parkin mitophagy after AO-treatment (Fig 2A–C). Analogous

super-resolution experiments in day 12 iNeurons with 0.5, 1, and

3 h of AO revealed similar results, with no obvious effect of FBXO7

deletion on pUb recruitment, volume, or overall morphology when

compared with WT iNeurons (Fig 2D–F; Appendix Fig S2A). As

expected (Ordureau et al, 2018, 2020), iNeurons lacking PINK1 did

Figure 1. Robust depolarization-dependent Ub phosphorylation by

PINK1 cells lacking FBXO7.

A Western Blot for pUb on HeLa control and FBXO7�/� cells after treatment
with AO for indicated times.

B Quantification of pUb signal relative to loading. Western Blots run in
triplicates from three independent clones. Error bars depict SD. Data from
three biological replicates. One-way ANOVA with multiple comparisons.
**P = 0.0011; ****P < 0.0001.

C Scheme depicting production of iNeurons for biochemical analysis.
D Western Blot for pUb on extracts from day 12 iNeuron control and FBXO7�/�

cells after treatment with BafA or AO for indicated times.
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not accumulate pUb (Fig 2D and E). These results were also con-

firmed in iNeurons treated with AO for 1 or 6 h using conventional

immunofluorescence and image analysis of HSP60 and pUb co-

localization (Fig 2G and H). To ensure that kinetic effects were not

obscured by overt depolarization, we reduced the concentrations of

AO used by ~ 10-fold, but again no defect in pUb recruitment to

mitochondria was observed (Appendix Fig S2B and C). These data

indicate that the absence of FBXO7 does not alter the ability of

PINK1-dependent pUb foci to accumulate on damaged mitochondria

in either HeLa or iNeuron systems.

Parkin and autophagy regulator recruitment in FBXO7�/� cells

Parkin recruitment depends upon the accumulation of pUb on dam-

aged mitochondria (Appendix Fig S1A; Okatsu et al, 2015). Given

that the existing model for FBXO7 in Parkin-dependent mitophagy

posited that Parkin and FBXO7 physically interact and that FBXO7

promotes Parkin function (Burchell et al, 2013), we directly tested

whether FBXO7 is required for Parkin recruitment to mitochondria

using the HeLa cell system. Control or FBXO7�/� cells were stably

transduced with a lentivirus expressing GFP-Parkin and subjected to

imaging with or without depolarization with AO (Fig EV2A). We

used CellProfiler (Stirling et al, 2021) to analyze the characteristics

of GFP-Parkin and mitochondria and their relationship to each

other. By segmenting out cytosolic and mitochondrially localized

Parkin, we could quantify alterations in Parkin abundance within

the mitochondrial mask as a measure of Parkin-translocation

(Fig EV2B). Our expectation was that a requirement for FBXO7 in

Parkin recruitment would result in reduced Parkin intensity within

the mitochondrial mask in response to depolarization. First, we

tested whether mitochondrial morphology (mitochondrial integrated

density [==mtIntDen] as proxy, stained with HSP60) is changing

after AO-treatment on a single-cell level. Under fed conditions, con-

trol and three FBXO7�/� clones displayed comparable mtIntDen.

Depolarization by AO led to the expected mitochondrial fragmenta-

tion and clustering, thus causing an increase in local HSP60 signal

and a right-shift in mtIntDen (Fig EV2C, top panel). This shift was

also observed to a similar extent in FBXO7�/� cells. Thus, both con-

trol and FBXO7�/� cells robustly respond to AO-induced mitophagy.

Next, we tested if Parkin intensities are increasing on mitochondria

on an “organelle object” level. As expected, mtIntDen did shift to

the right after AO-treatment, in line with previous experiments.

Parkin signal was comparable between the genotypes under fed

conditions, and increased in intensity after AO-treatment, consistent

with Parkin accumulation inside the mitochondrial area (Fig EV2C,

lower panel). This Parkin shift was observed in both control and

FBXO7�/� cell lines, arguing that FBXO7 is not universally required

for Parkin recruitment to damaged mitochondria.

Mitochondrial ubiquitylation by Parkin promotes recruitment of

downstream autophagy machinery, including the FIP200-ULK1 com-

plex and Ub-binding autophagy adaptors, ultimately leading to the

formation of an autophagosome (Heo et al, 2015; Lazarou

et al, 2015; Ravenhill et al, 2019; Vargas et al, 2019). Lipidation of

LC3 is associated with autophagosome formation and is thought to

contribute to recruitment of autophagy receptors (Chang et al,

2021). Depolarization of Parkin-expressing HeLa cells resulted in

recruitment of both p62 and FIP200 to mitochondria in a PINK1-

depenent manner, as revealed by immunostaining and confocal

imaging (Fig EV2D). However, FBXO7�/� cells were as proficient as

control cells in recruitment of p62 or FIP200 after 3 h or 16 h or

AO-induced mitophagy (Fig EV2D–G). Previous studies using

siRNAs targeting FBXO7 also reported that LC3 lipidation in

response to mitochondrial depolarization is defective compared with

non-depleted cells (Burchell et al, 2013). However, all three

FBXO7�/� HeLa cell clones underwent depolarization-dependent

LC3 lipidation to similar extents, consistent with a functional Parkin

pathway (Fig EV2H and I). Taken together, these data indicate that

FBXO7 is not universally required to promote either Parkin-

dependent recruitment to damaged mitochondria or subsequent

steps that depend upon Ub chain assembly on mitochondria such as

recruitment of autophagy machinery and initiation of LC3

lipidation.

To probe for early mitophagy initiation sites, we treated HeLa

control and FBXO7�/� cells with 3 h AO or CCCP and stain for the

mitochondrial protein Tom20 and WIPI2 (WD repeat domain

phosphoinositide-interacting protein 2; Katayama et al, 2011;

Lazarou et al, 2015). Loss of FBXO7 did not lead to a loss of mito-

phagy initiation, as WIPI2 foci were detectable in Control and

FBXO7�/� cell lines (Fig EV2J). Evaluation of WIPI2 foci normalized

per cell found no difference in foci number between Control and

two FBXO7�/� clones after 3 h CCCP treatment and a significant dif-

ference in only one of the two clones when treated with AO

(Fig EV2J and K). Next, we repeated our GFP-Parkin and pUb trans-

location measurement after mitophagy induction in HEK293T Con-

trol and FBXO7�/� cells stably expressing GFP-Parkin. Both

independent knockout clones displayed a robust response to 1 h AO

▸Figure 2. Super-resolution imaging of pUb formation independent of FBXO7.

A 3D-SIM images of HeLa control, PINK1�/� and FBXO7�/� cell lines after AO-induced mitophagy. Cells were stained for nuclear DNA (DAPI), mitochondria (HSP60)
and pUb. Zoom-ins of regions of interested are enlarged in the middle panel. 3D-surface renderings of insets are shown on the right. Scale bar = 5 or 1 lm.

B, C Evaluation of 3D-SIM images from HeLa datasets. The changes in pUb volume and minimal distances between mitochondria and pUb after mitophagy-induction
are plotted. Error bars depict SD from 8 to 14 measured cells per condition. Two-way ANOVA with multiple comparisons; ****P < 0.0001.

D 3D-SIM images of iN day 12 control, PINK1�/� and FBXO7�/� cell lines after AO-induced mitophagy. Cells were stained for nuclear DNA (DAPI), mitochondria
(HSP60) and pUb. Zoom-ins of regions of interest are enlarged in the middle panel. 3D-surface renderings of insets are shown on the right. Scale bar = 5 lm or
1 lm.

E, F Evaluation of 3D-SIM images from iNeuron datasets. The changes in pUb volume and minimal distances between mitochondria and pUb after mitophagy-
induction are plotted. Error bars depict SD from 7 to 14 measured cells per condition. One-way ANOVA with multiple comparisons, ****P < 0.0001.

G Confocal images of iNeuron d12 Control, PINK1�/� and FBXO7�/� cell lines after AO-induced mitophagy. Cells were stained for nuclear DNA (Hoechst33342),
mitochondria (HSP60) and pUb. Scale bar = 10 lm and 5 lm.

H Evaluation of pUb volume after mitophagy induction. Error bars depict SD from three biological replicates. One-way ANOVA with multiple comparisons;
****P < 0.0001.
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or CCCP, with both Parkin and pUb accumulating on mitochondria

(Fig EV2L). Quantifying the average pUb intensity showed a signifi-

cant increase in signal in Control and both knockout clones,

supporting the notion that FBXO7 is not essential for PINK1/Parkin

mitophagy (Fig EV2M). Taken together, our data from HeLa and

HEK293T cell lines suggest that FBXO7 is not essential for the initia-

tion and propagation of mitophagy.

Interaction network analysis of FBXO7�/�

In addition, we have not been able to reproduce a previously

reported association between overexpressed FBXO7 and PINK1

(Huang et al, 2020) in either HEK293T or HCT116 cells. Briefly, as

part of our BioPlex project (Huttlin et al, 2021), we ectopically

expressed PINK1-HA and performed interaction proteomics. While

we identified the known protein kinase chaperone HSP90 subunits

in association with PINK1, we did not detect FBXO7 (Fig EV3A;

Dataset EV1). Likewise, FBXO7 associated reciprocally with mem-

bers of the CUL1-SKP1-RBX1, the COP9/Signalosome, and both core

particle and regulatory subunits of the proteasome in HEK293T

and/or HCT116 cells, as expected (Bader et al, 2011; Vingill

et al, 2016; Liu et al, 2019), but neither PINK or Parkin were

detected (Fig EV3B; Dataset EV2) (Huttlin et al, 2021) (see Materials

and Methods). These results are consistent with our previous Parkin

interaction proteomics experiments that failed to demonstrate an

interaction with FBXO7 during mitophagy induction (Sarraf

et al, 2013). Among FBXO7 interacting proteins is PSMF1 (also

called PI31). We found that purified SKP1–FBXO7 complexes (with

or without CUL1 N-terminal domain [NTD]) can directly associate

with PSMF1, as examined using size exclusion chromatography and

analysis of fractions by SDS–PAGE (Fig EV3C and D). To our knowl-

edge, this is the first demonstration that FBXO7 assembled with

SKP1/CUL1 can bind directly to PSMF1.

Mitophagic flux in FBXO7�/� cells

A significant advance has been the development of mitophagy

reporters, which cumulatively measure flux of mitochondrial turn-

over through to the final stages of mitophagy: the fusion of

mitochondria-laden autophagosomes with lysosomes (Lazarou

et al, 2015). mKeima is a fluorescent protein that undergoes a pH-

dependent Stokes shift, and delivery of a Keima-tagged cargo from

the cytoplasm to the acidic interior of the lysosome can be

monitored by measuring the ratio of emission at 620 nm with maxi-

mal excitation at 440 or 586 nm under neutral or acidic conditions,

respectively, by flow cytometry or microscopy (Fig 3A). To monitor

differences in mitophagic flux upon deletion of FBXO7, we

employed mtKeima, an mKeima protein targeted to the mitochon-

dria via a COX8-matrix targeting sequence (Ordureau et al, 2020).

In Parkin-expressing HeLa cells, the ratio of acidic-Keima (mea-

sured with excitation at 561 nm and emission 620 nm) to neutral

Keima (ex. 405 nm, em. 603 nm) increases as cells are treated with

AO (Figs 3B and EV3E). This mitophagic flux is PINK1-dependent as

deletion of PINK1 abolishes this shift (Figs 3B and EV3E). As

expected, there is little flux without depolarization with AO, and

inhibition of the lysosomal V-ATPase with BafilomycinA1 (BafA)

restores the mtKeima acidic:neutral ratio to levels similar to that

observed in fed cells (Fig EV3E). In three FBXO7�/� clones, AO-

dependent mitophagic flux is similar to control cells with increasing

flux observed with increasing length of AO treatment (Figs 3B and

EV3E). We validated the mtKeima flux results using the mitochon-

drial DNA clearance assay (Heo et al, 2015; Lazarou et al, 2015).

Staining for mtDNA foci per cell after 24 h AO treatment in control

and FBXO7�/� HeLa cells showed a significant decrease in mtDNA

number in all samples (Fig 3C). The remaining mtDNA levels were

indistinguishable between control and FBXO7�/� cells (Fig 3C).

We also measured mtKeima foci and flux in control and

FBXO7�/� iNeurons at day 12 of differentiation (Fig 3D–G). As with

HeLa cells, red-shifted mtKeima foci increased ~ 2-fold after 6 h AO

treatment in control and FBXO7�/� cells (Fig 3D and E). Using flow

cytometry, mitophagic flux (normalized to BafA) after 6 and 24 h

AO treatment was comparable between control and FBXO7�/�

iNeurons, and was absent in PINK1�/� cells (Fig 3F). Additionally,

we investigated mtDNA turnover in d12 control and two indepen-

dent FBXO7�/� iNeuron clones. Within 6 h of depolarization of

iNeurons, we observed a reduction in the number of mitochondrial

DNA/cell, and the effect was independent of the presence or

absence of FBXO7 (Fig 3G). Taken together, these data indicate that

FBXO7 is not universally required for depolarization-dependent

mitophagic flux in either the HeLa or iNeuron systems.

Proteomic analysis of HeLa cells lacking FBXO7 during mitophagy

As an alternative to mtKeima for measuring mitophagic flux, we

examined the total proteome of depolarized HeLa cells with the

expectation that in control HeLa cells, mitochondrial turnover

▸Figure 3. Mitophagic flux in iNeurons and HeLa cells lacking FBXO7.

A Scheme depicting mitophagic flux assay using mtKeima. See text for details.
B Mean Acidic:Neutral mtKeima per-cell ratios measured by flow cytometry for HeLa cells expressing Parkin ndicating the number of hours treated with AO (Antimycin

A [5 lM] and Oligomycin [10 lM]); or 3 h with 25 nM BafilomycinA (BafA). Error bars depict SD from biological triplicate measurements from three independent
clones. Two-way ANOVA with multiple comparisons; ****P < 0.0001.

C Bar graph showing the number of mtDNA puncta/cell with or without treatment with AO (6 h) in HeLa control or FBXO7�/� cells. Error bars depict SD from triplicate
technical replicates from two independent clones. One-way ANOVA with multiple comparisons; ****P < 0.0001.

D Indicated hESCs expressing mtKeima were differentiated to iNeurons (day 12) and were subjected to image analysis. Scale bar, 5 lm.
E The number of red-shifted Keima foci per cell is plotted, where each dot represents the average foci-number per image stack, originating from 7 to 12 image stacks of

iNeuron differentiations. Error bars represent SD. One-way ANOVA with multiple comparisons; ***P = 0.0001, ****P < 0.0001.
F mtKeima mitophagy flux readout of indicated iNeuron genotypes. Cells were treated with AO for either 1 or 6 h and mitophagic flux measured by flow cytometry

(> 10,000 cells). Pooled data from biological replicates is shown, normalized to 6 h BafA treated cells.
G Bar graph showing the number of mtDNA puncta/cell with or without treatment with AO (6 h) in control or FBXO7�/� day 12 iNeurons. Error bars depict SD from

biological triplicate measurements from two independent clones and three differentiations. One-way ANOVA with multiple comparisons.
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would result in bulk loss of the mitochondrial proteome in depolar-

ized cells. Thus, control or FBXO7�/� HeLa cells expressing Parkin

were depolarized for 16 h in triplicate and total cell extracts

subjected to 18-plex Tandem Mass Tagging (TMT)-based proteomics

(Fig 4A; Dataset EV3 and EV4) (Li et al, 2021). Replicates were

highly correlated, with correlation coefficients greater that 0.95 and

Principal Component Analysis (PCA) revealed tight clustering of

replicates, with the major feature separating the samples being AO-

treatment (Appendix Fig S3A and B). Through hierarchical cluster-

ing (Appendix Fig S3C), we identified major alterations in the abun-

dance of mitochondria in response to depolarization (Fig 4B;

Appendix Fig S3D–I). Indeed, the majority of proteins annotated as

mitochondrial were found to have reduced levels in control cells in

response to depolarization, as indicated in the overlap of mitochon-

drial proteins on the volcano plots for the ~ 8,000 proteins quanti-

fied (leftward skew of red dots in Fig 4B, left panel). Importantly,

the patterns of protein abundance were indistinguishable from con-

trol for two independent FBXO7�/� cell lines, with a leftward skew

of mitochondrial proteins in the volcano plot (Fig 4B and C). In sim-

ilar fashion, ~ 4.3% of detected mitochondrial proteins were signifi-

cantly more abundant after AO treatment across all genotypes,

compared with ~ 67.9% of significantly decreased proteins. The plu-

rality (49%) of proteins with significantly decreased abundance was

shared between both knockout clones and the KO, supporting a

robust mitophagy response even in the absence of FBXO7 (Appen-

dix Fig S3J and K). When calculating the difference (delta = Δ log2
FC [16 h AO/Fed]) between FBXO7�/� and Control for each

detected protein and compare the ranked abundance of mitochon-

drial vs. all other proteins, mitochondrially localized proteins are

evenly distributed across the whole range, arguing that the prote-

ome of both Control and FBXO7�/� cells remodel in similar fashion

after mitophagy treatment (Appendix Fig S3L, green dots).

Proteins with altered abundance were enriched for mitochondrial

matrix, inner membrane, outer membrane and oxidative phosphory-

lation categories, consistent with autophagy of entire organelles

(Fig 4C). The behavior of other organelles and large protein com-

plexes were similar for both control and FBXO7�/� cells (Fig 4C).

Moreover, both FBXO7 clones displayed similar behavior to each

other and to the control, as indicated by correlation analysis (Pear-

son’s R = 0.82, 0.86, and 0.74, respectively; Fig 4D and E). These

results are consistent with the absence of a discernible alteration in

depolarization-dependent mitophagic flux in cells lacking FBXO7. A

previous report proposed that depletion of FBXO7 resulted in accu-

mulation of PINK1 proteins levels under basal conditions (Huang

et al, 2020), but in our experiments, PINK1 levels in the two

FBXO7�/� clones were unaffected based on TMT intensities

(Fig 4F).

Proteomic analysis of human ES cells lacking FBXO7
during neurogenesis

As an initial unbiased approach to examining FBXO7 function in

iNeurons, we performed 18-plex TMT proteomics on control and

two clones of FBXO7�/� cells at days 0, 4, and 12 of differentiation

(Fig 5A; Dataset EV5–EV8). We have previously demonstrated dra-

matic remodeling of mitochondria around day 4 of differentiation to

support a switch from glycolysis to oxidative phosphorylation,

which is accompanied by BNIP3L-dependent mitophagy of a frac-

tion of mitochondria (Ordureau et al, 2021). From the ~ 6,000 pro-

teins quantified across all replicates and conditions, we found

strong correspondence of control and FBXO7�/� cells, with PC1

being driven by differentiation (Appendix Fig S4A and B). FBXO7

itself was expressed at comparable levels across the time course but

was not detected in FBXO7�/� iNeurons, as expected (Appendix

Fig S4C). Remarkably, the abundance of the proteome was largely

immune to the loss of FBXO7 at both days 4 and 12 of differentiation

(Fig 5B–D; Appendix Fig S4D). Moreover, the abundance of mito-

chondrial proteins (including inner and out membrane and OXPHOS

components) were unchanged relative to control cells at day 4 or 12

of differentiation (Fig 5B; Appendix Fig S4D). Correlation analysis of

Control and FBXO7�/� cells [iNeuron d12 / hESC d0] did show high

similarity between the proteomes, as well as for subsets of mtUPR or

autophagy markers (Appendix Fig S4E and F).

Recent reports have directly linked L250P mutations in the

dimerization domain of FBXO7 to MiD49/MiD51, a core adapter

protein involved in mitochondrial fission (preprint: Al Rawi

et al, 2022). Indeed, DNM1L-mediated mitochondrial fission has

been previously indicated in the efficient scission of damaged parts

of mitochondria and protection of the remaining healthy mitochon-

drial network (Burman et al, 2017). Cells expressing FBXO7L250P

were found to have reduced levels of proteasome subunits as well

(preprint: Al Rawi et al, 2022). Our proteomic data from iNeurons

indicates no alterations in the abundance of proteasome subunits or

mitochondrial fission and fusion machinery (DNM1L, MFF, and

MiD51) in iNeurons lacking FBXO7 (Fig 5C and E). To test if loss of

FBXO7 causes in morphological changes in the mitochondrial net-

work, we stained day 12 iNeurons with for the matrix marker

HSP60 prior to image analysis (Fig 5F and G). However, we

▸Figure 4. Proteomic analysis of HeLa cells lacking FBXO7 during mitophagy.

A Workflow for analysis of total protein abundance in HeLa cells expressing Parkin with and without depolarization with AO (16 h). Cell extracts from triplicates were
digested with trypsin prior to 18-plex TMT labeling and analysis by mass spectrometry.

B Volcano plots [Log2 FC (16 h AO/Fed) versus -Log10(q-value)] for control or FBXO7
�/� cell lines with or without treated with AO (16 h). Red dots, mitochondrial pro-

teins; blue dots, autophagy proteins; green dots, proteasome proteins; gray dots, remainder of the proteome.
C Violin plots [Log2 (16 h AO/Fed)] of control or FBXO7�/� cells depicting alterations in the abundance of mitochondrial protein (left panel) or specific organelles or

protein complexes (right panel). Red line in violin plot depicts the median, dotted red lines depict the 25 and 75 quartiles. AF, assembly factors; ER, endoplasmic
reticulum; IMM, inner mitochondrial membrane; Mtx, mitochondrial matrix; OMM, outer mitochondrial membrane; OXPHOS, Oxidative Phosphorylation.

D Correlation plot of c27 and c41 FBXO7�/� clones. Log2FC (16 h AO for each clone relative to control cells) is plotted.
E Correlation plots [Log2 FC (16 h AO/Fed)] of the proteome of FBXO7�/�c27 or c41 clones against control. Red dots, mitochondrial proteins; blue dots, autophagy

proteins; gray dots, remainder of the proteome.
F PINK1 levels in control cells and in two FBXO7�/� clones were measured by TMT-proteomics in fed cells, from biological triplicates from two independent clones. Error

bars depict SD.
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observed no significant alterations in the number of mitochondria/

cell or the mean mitochondrial length in control or FBXO7�/�

iNeurons. The mean mitochondrial circularity was slightly reduced

in FBXO7�/� iNeurons treated with AO for 3 h (Fig 5F). Analogous

analyses of mitochondria and fission/fusion proteins also did not

reveal significant alterations in response to loss of FBXO7 in two

independent clones of HeLa cells (Fig 5H and I). However, there

was a ~ 10% decrease in the abundance of proteasome subunits in

HeLa cells lacking FBXO7 in the absence of depolarization, but an

increase after mitophagy induction (Appendix Fig S3E; Fig 4C). If

this response is a compensatory mechanism of the knockout cell

line to cope with cytotoxic insults is an intriguing idea. Last, we

examined whether FBXO7�/� is required for the maintenance of the

mitochondrial organelle pool during differentiation. Previous work

has shown significant metabolic rewiring during the differentiation

from hESC to iNeurons, including a switch from glycolysis to oxida-

tive phosphorylation as the cells main energy source (Ordureau

et al, 2021). Since this switch is accompanied by increased mito-

phagy, we set out to see if the absence of FBXO7 would lead to accu-

mulation of mitochondria and/or impair differentiation. FBXO7�/�

cells did not display obvious differences in the abundance of mito-

chondrial proteins, when normalized to day 0 (Fig 5B; Appendix

Fig S4D). Likewise, abundance of other organelles was unchanged

(Fig 5C). Finally, neither differentiation markers or autophagy pro-

teins displayed obvious changes in control versus the two FBXO7�/

� clones as measured by TMT-proteomics and displayed using a T2-

statstic (Ordureau et al, 2021; Appendix Fig S5A–F).

FBXO7�/� are susceptible to mtUPR

Last, we investigated the role of FBXO7 in response to the mitochon-

drial unfolding response (mtUPR) via treatment of the mitochondrial

HSP90 inhibitor Gamitrinib-triphenylphosphonium (G-TPP), which

is also known to induce protein misfolding in the matrix and acti-

vate the PINK1/Parkin pathway (Munch & Harper, 2016; Fiesel

et al, 2017; Kataura et al, 2023). We treated HeLa or HEK293T Con-

trol and FBXO7�/� cells expressing Parkin with 10 lM G-TPP (8 or

12 h) and examined pUb accumulation using Western Blot

(Fig EV4A and B). Cells lacking FBXO7 still responded to depolariza-

tion by activation of pUb accumulation, indicating that FBXO7 is

dispensable for PINK1/Parkin activation in response to mtUPR. Inter-

estingly, loss of FBXO7 did show increased pUb signal in all

knockout clones, suggesting that loss of FBXO7 may prime cells for

enhances mtUPR signaling to the PINK1/Parkin pathway. As an

orthogonal approach, GFP-Parking expressing HeLa Control and

FBXO7�/� were treated with G-TPP, and image analysis used to

examine the co-incidence of pUb and GFP-Parkin with mitochondria

(Fig EV4C). The average number of pUb after G-TPP was ~ 4–5

times lower compared to AO-treated cells, in line with the lower

acute mitotoxic nature of the drug (Fig EV4D). However, we

observed a ~ 10% increase in pUb foci in FBXO7�/� cells expressing

GFP-Parkin when normalized to all Parkin expressing cells

(Fig EV4E).

Next, we tested if Parkin is required for the FBXO7-mediated

changes in pUb recruitment after G-TPP treatment. HeLa HFT/TO-

PARK2 Control and FBXO7�/� cells were treated with G-TPP with-

out and with the addition of doxycycline, thus controlling for Parkin

expression. Immunofluorescence staining for pUb revealed the

absence of signal in cells lacking Parkin [(�) dox samples], while

Parkin-expressing cells responded to HSP90 inhibition with pUb foci

appearing after 8 h of treatment (Fig EV4F). Analysis of pUb inten-

sity over G-TPP treatment-timecourse suggested potential small dif-

ferences in pUb kinetics, especially during early states of G-TPP-

mediated stress (4–6 h of treatment), albeit variability between

FBXO7�/� clones was observed (Fig EV4G and H). After 8 h of G-

TPP, the normalized ratio of pUb/DNA intensities were on average

20% higher across the knockouts compared to control cells, consis-

tent with Western Blotting.

Discussion

Despite strong genetic evidence linking mutations in FBXO7 with

parkinsonian–pyramidal syndrome (Di Fonzo et al, 2009; Paisan-

Ruiz et al, 2010; Houlden & Singleton, 2012), our understanding of

the cellular roles of FBXO7 are limited. An early study reported bio-

chemical links between FBXO7 and PINK1/Parkin-dependent mito-

phagy in fibroblasts and SH-SY5Y cells, including interaction of

overexpressed FBXO7 with both PINK1 and Parkin (Burchell

et al, 2013). Using siRNA to deplete FBXO7, it was also concluded

that FBXO7 promotes Parkin’s ability to ubiquitylate the outer mito-

chondrial membrane substrate MFN1 and also promotes clearance

of mitochondria by autophagy. These biochemical and physiological

results led to the conclusion that FBXO7 functions as a biochemical

▸Figure 5. Proteomic analysis of human ES cells lacking FBXO7 during neurogenesis.

A Workflow for analysis of total protein abundance in ES cells undergoing NGN2-driven neurogenesis with or without FBXO7. Cell extracts were digested with trypsin
prior to 18-plex TMT labeling and analysis by mass spectrometry.

B Log2 FC for the indicated mitochondrial protein-groups in control or FBXO7�/� cells at days 0, 4, or 12 during neurogenesis is shown in violin plots.
C Log2 FC for the indicated cellular organelle proteins in control or FBXO7�/� cells at days 0, 4, or 12 during neurogenesis is shown in violin plots.
D Volcano plots [Log2 FC (FBXO7�/�/Control) versus -Log10(q-value)] for FBXO7

�/� (c52 and c89) and control cells at day 4 (left panel) or day 12 (right panel) of differ-
entiation. Proteins showing decreased or increased abundance are shown as blue or red dots.

E Relative abundance of DNM1L (Drp1), MFF, and FIS1 in control or FBXO7�/� cells at days 0, 4, or 12 during neurogenesis.
F, G Mitochondrial morphology in iNeurons (iN) was assessed using confocal imaging after staining cells with HSP60 to detect mitochondria and DAPI to identify nuclei,

in either fed cells or cells treated with AO (3 h) (left panel). The number of median # of mitochondria/cell, median mitochondrial length, and median mitochondrial
circularity is shown. Error bars depict SD from triplicates from three differentiations (9-12 image stacks each), as shown in panel I left, center, and right, respectively.
Two-way ANOVA with multiple comparisons; *P = 0.0416, ****P < 0.0001. Scale bar = 10 lm.

H Western Blot analysis on HeLa control and FBXO7�/� whole cell lysate, probed for the mitochondrial fission adapter MiD51.
I Relative abundance of DNM1L, MFF, MiD51, and FIS1 in WT (Control) or FBXO7�/� HeLa cells either in the fed state or after 16 h AO as determined from the

proteomics data in Fig 5A and B.
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amplifier of PINK1/Parkin-dependent mitophagy (Burchell

et al, 2013). However, follow-up studies have been limited, and the

field has experienced dramatic advances in the understanding of the

biochemical roles of Parkin and PINK1 in promoting mitochondrial

clearance by autophagy, thereby providing the tools to examine

potential roles of FBXO7 in the pathway.

With these tools, we set out to define where in the pathway

FBXO7 might operate to promote mitophagy. However, in both the

HeLa cells with overexpressed Parkin and iNeurons with a fully

endogenous PINK1/Parkin pathway, we failed to validate an essen-

tial role for FBXO7 in any of several steps in the pathway, including

pUb accumulation, Parkin recruitment to the mitochondrial outer

Figure 5.
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membrane, recruitment of autophagy machinery, mitophagic flux as

measured by mtKeima, and mitochondrial proteome degradation.

The finding that deletion of FBXO7 has no obvious effect on the

pathway with either endogenous or overexpressed Parkin in

iNeurons and HeLa cells indicates that FBXO7 does not play a gen-

eral or universally required role in the pathway. A previous study

largely based on overexpression concluded that FBXO7 may bind

and regulate PINK1 levels, with < 2-fold increases in PINK1 by

Western Blotting in FBXO7-depleted cells (Huang et al, 2020). How-

ever, our quantitative proteomics experiments (Fig 4) indicated that

deletion of FBXO7 has no effect on PINK1 abundance, consistent

with the finding that pUb accumulation in response to depolariza-

tion is unaffected in FBXO7�/� cells. Moreover, our previous inter-

action proteomics experiments did not identify either PINK1 in

association with overexpressed FBXO7 (Huttlin et al, 2021) or

FBXO7 in association with overexpressed Parkin (Sarraf et al, 2013).

Thus, our functional and biochemical results do not support a bio-

chemical linkage between FBXO7 and the PINK1/Parkin pathway. A

recent preprint (preprint: Sanchez-Martinez et al, 2022) examining

the Drosophila FBXO7 ortholog—nutcracker (ntc)—reported a

~ 50% reduction in basal mitolysosome number in ntc mutant larva,

but this effect appears to be independent of Pink1 and Parkin. Under

basal conditions using Keima reporters, we did not observe a reduc-

tion in basal flux in FBXO7�/� HeLa cells or iNeurons.

In order to broadly examine FBXO7�/� iNeurons for pathways

that are affected, we performed global proteomic analysis during

neurogenesis in vitro. However, we did not observe any alterations

in pathways linked with mitochondria, or other quality control path-

ways, although a reduction in the abundance of alcohol dehydroge-

nase enzymes among a small number of other proteins, was

observed. Whether these signatures are related to FBXO7 function

remains to be examined. While a recent study linked the L250P

mutation in the dimerization domain of FBXO7 with alterations in

proteins associated with mitochondrial fusion and fission (preprint:

Al Rawi et al, 2022), we did not observe alterations in either the

abundance of these proteins (MiD51, MFF, FIS1) nor did we observe

changes in mitochondrial morphology in either HeLa cells or

iNeurons lacking FBXO7. However, based on the G-TPP results, we

cannot exclude the possibility that stress response pathways distinct

from those examined here, and possibly in specific cell types, may

employ FBXO7 to promote mitochondrial health.

Previous studies demonstrated that ntc associates with compo-

nents of the core particle of the proteasome, as well as with

DmPI31 (Bader et al, 2011). Association of human FBXO7 with

proteasome components and PSMF1/PI31 have also been

observed in both focused studies and in our previous interaction

proteomic studies (Vingill et al, 2016; Huttlin et al, 2021; pre-

print: Al Rawi et al, 2022). In this context, PI31/DmPI31 and

FBXO7/ntc have been proposed to functionally link proteasome

trafficking via dynein motors in neuronal processes (Liu

et al, 2019). Of note, in our HeLa proteomics, proteasome pro-

teins appeared to be overrepresented in FBXO7�/� proteomes

after mitophagy treatment (Fig EV4I). Our interaction proteomics

analysis has also confirmed association of FBXO7 with PSMF1,

CRL, COP9/Signalosome, and proteasome core subunits, and dem-

onstrated that association of FBXO7-SKP1-CUL1NTD with PSMF1 is

a direct interaction (Fig EV3D and E). Further studies are

required to elucidate the relationship between FBXO7 and

parkinsonian–pyramidal syndrome, to understand any functional

relationships between FBXO7 and other Parkinson’s disease risk

alleles, and to examine whether FBXO7’s physical association

with the proteasome is linked with disease.

Materials and Methods

All details and catalog numbers can be found in the Reagents and Tools table. Protocols associated with this work can be found on proto-

cols.io (dx.doi.org/10.17504/protocols.io.kxygx99pwg8j/v2).

Reagents and Tools table

Reagent/resource Reference or source Identifier or catalog number

Experimental models

RosettaTM(DE3) pLysS Competent Cells Novagen 70956

https://www.emdmillipore.com/US/en/product/RosettaDE3-Competent-
Cells-Novagen,EMD_BIO-70954

H9 ES cells WiCell, Madison WI WA09

RRID: CVCL_9773

H9 ES cells + AAVS-NGN2 Ordureau et al (2020) RRID: CVCL_C4EK

H9 ES PINK1�/� + AAVS-NGN2 Ordureau et al (2020) RRID: CVCL_C4EM

H9 ES FBXO7�/� + AAVS-NGN2 This paper RRID: CVCL_C4EN

HeLa HFT/TO-PRKN Ordureau et al (2014) RRID: CVCL_C4EQ

HeLa HFT/TO-PRKN PINK1�/� Ordureau et al (2014) RRID: CVCL_C4ES

HeLa HFT/TO-PRKN FBXO7�/� This paper RRID: CVCL_C4ER

HEK293T ATCC RRID:CVCL_0063

HEK293T FBXO7�/� This paper RRID: CVCL_C7U0
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Reagents and Tools table (continued)

Reagent/resource Reference or source Identifier or catalog number

Recombinant DNA

pET-NLS-Cas9-6xHis Zuris et al (2015); Addgene Addgene #62934

RRID:Addgene_62934

gRNA_AAVS1-T2 Addgene Addgene #41818

RRID:Addgene_41818

pAAVS1-TRE3G-NGN2 Ordureau et al (2020) N/A

px459 Addgene Addgene #62988; RRID:Addgene_62988

hCAS9 plasmid Addgene Addgene #41815

RRID:Addgene_41815

pAC150-PBLHL-4xHS-EF1a – mtx-mKeimaXL Ordureau et al (2020) Dest vector: Addgene #48234

RRID:Addgene_48234

pCMV-hyPBase – hyperactive piggyBac
transposase

Yusa et al (2011) https://www.sanger.ac.uk/form/Sanger_CloneRequests

psPAX2 Addgene Addgene #12260

RRID:Addgene_12260

pMD2.G Addgene Addgene #12259

RRID:Addgene_12259

pHAGE-mt-mKeima Vargas et al (2019) Addgene #131626

RRID:Addgene_131626

pHAGE-GFP-Parkin Heo et al (2015) N/A

pGEX4T1-TEV-HsFbxo7-129-398/HsSkp1 This study

pRSF1b-His8-TEV-HsPI31-1-151 This study

pGEX4T1-TEV-HsCul1-1-410 Hopf et al (2022) https://pubmed.ncbi.nlm.nih.gov/35982156/

Antibodies

Anti-HSP60 Abcam ab128567

RRID:AB_11145464

Anti-FBXO7 (D8L4E) Cell Signaling Technology 57981S

RRID:AB_2799536

Anti-Tomm20 Abcam ab186735

RRID:AB_2889972

Anti-Phospho-Ser65-Ubiquitin Cell Signaling Technology 70973S

RRID:AB_2799795

Anti-beta-Actin Santa-Cruz sc-69879

RRID:AB_1119529

Anti-SQSTM Abnova H00008878-M01

RRID:AB_437085

Anti-FIP200 (D10D11) Cell Signaling Technology 12436S

RRID:AB_2797913

Anti-LC3B Cell Signaling Technology 2775S

RRID:AB_915950

Anti-DNA Progen 61014

RRID:AB_1541137

Anti-PCNA (PC10) Santa-Cruz Sc-56; RRID:AB_628110

Anti-MiD51 / MIEF2 ProteinTech 20164-1-AP

RRID:AB_10639522
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Reagents and Tools table (continued)

Reagent/resource Reference or source Identifier or catalog number

Anti-GFP (chicken) Thermo Fisher Scientific A10262

RRID:AB_2534023

Anti-WIPI2 BioRad MCA5780GA

RRID:AB_10845951

Anti-Rabbit IgG (H+L), HRP Conjugate Promega W4011; RRID:AB_430833

Anti-Mouse IgG (H+L), HRP Conjugate Promega W4021; RRID:AB_430834

Goat anti-mouse Alexa488 Thermo Fisher Scientific A-11001

RRID:AB_2534069

Goat anti-chicken Alexa488 Thermo Fisher Scientific A11039

RRID: AB_2534096

Goat anti-rabbit Alexa568 Thermo Fisher Scientific A-11011

RRID:AB_143157

Goat anti-rabbit Alexa647 Thermo Fisher Scientific A27040

RRID:AB_2536101

Oligonucleotides and sequence-based reagents

Primers for 50 AAVS junction PCR 50-ctctaacgctgccgtctctc-30 and
50-tgggcttgtactcggtcatc-30

N/A

Primers for 30 AAVS junction PCR 50-cacacaacatacgagccgga-30

and 50-accccgaagagtgagtttgc-
30

N/A

Primers for locus PCR add MiSeq Primers
FBXO7

50- tcctttttcagttagggcctagt-30

and 50- atgtctgtgttttgcttgcagt-
30

N/A

FBXO7 for deletion sgRNA ACCGATTCACTACAGAGCATGGG N/A

Chemicals, enzymes and other reagents

Oligomycin A Sigma-Aldrich 75351

Antimycin A Sigma-Aldrich A8674

Bafilomycin A Sigma-Aldrich B1793-10mg

Gamitrinib TPP hexafluorophosphate (G-TPP) MedChemExpress HY-102007A

Dithiothreitol (DTT) Gold Biotechnology DTT25

Trypsin Promega V511C

Lys-C Wako Chemicals 129-02541

Urea Sigma U5378

Formic Acid Sigma-Aldrich 94318

EPPS Sigma-Aldrich E9502

2-Chloroacetamide Sigma-Aldrich C0267

Adenosine 50 triphosphate, disodium,
trihydrate (ATP)

Thermo-Fisher Scientific 10326943

TCEP Gold Biotechnology TCEP2

PhosSTOP phosphatase inhibitor cocktail Roche 4906845001

Recombinant SpCas9 Zuris et al (2015); This paper N/A

100 × 21 mm Dish, Nunclon Delta Thermo Fisher Scientific 172931

Nunc Cell-Culture Treated 6-well Thermo Fisher Scientific 140685

Nunc Cell-Culture Treated 12-well Thermo Fisher Scientific 150628

Corning Matrigel Matrix, Growth Factor
Reduced

Corning 354230

Geltrex LDEV-Free Reduced Growth Factor
Basement Membrane Matrix

Thermo Fisher Scientific A1413202
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Reagents and Tools table (continued)

Reagent/resource Reference or source Identifier or catalog number

DMEM/F12 Thermo Fisher Scientific 11330057

Neurobasal Thermo Fisher Scientific 21103049

NEAA Life Technologies 11140050

GlutaMax Life Technologies 35050061

N-2 Supplement (100X) Thermo Fisher Scientific 17502048

Neurotrophin-3 Peprotech 450-03

Brain-derived neurotrophic factor (BDNF) Peprotech 450-02

Cultrex 3D Culture Matrix Laminin I R&D Systems 3446-005-01

B27 Thermo Fisher Scientific 17504001

B-27 Supplement (50X), minus antioxidants Thermo Fisher Scientific 10889038

Y-27632 Dihydrochloride (ROCK inhibitor) PeproTech 1293823

Accutase StemCell 7920

FGF3 in-house N/A

Insulin Human Sigma-Aldrich I9278-5ML

TGF-beta PeproTech 100-21C

holo-Transferrin human Sigma-Aldrich T0665

Sodium Bicarbonate Sigma-Aldrich S5761-500G

Sodium selenite Sigma-Aldrich S5261-10G

Doxycycline Sigma-Aldrich D9891

Puromycin Gold Biotechnology P-600-500

Hygromycin B Thermo Fisher Scientific 10687010

UltraPure 0.5M EDTA, pH 8.0 Thermo Fisher Scientific 15575020

DMEM, High Glucose, Pyruvate Thermo Fisher Scientific 11995-073

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140163

GlutaMAX Thermo Fisher Scientific 35050061

MEM NEAA Thermo Fisher Scientific 11140050

Trypsin-EDTA Sigma T4049-100ML

PBS Corning 21-031-CV

OptiMEM I reduced serum media Thermo Fisher Scientific 31985062

Cover Glasses VWR 16004-308

Marienfeld Precision cover glasses thickness
No. 1.5H (tol. � 5 lm) 18 × 18 mm

VWR 107032

6 Well glass bottom plate with high
performance #1.5 cover glass

Cellvis P06-1.5H-N

12 Well glass bottom plate with high
performance #1.5 cover glass

Cellvis P12-1.5H-N

24 Well glass bottom plate with high
performance #1.5 cover glass

Cellvis P24-1.5H-N

96 Well glass bottom plate with high
performance #1.5 cover glass

Cellvis P96-1.5H-N

16% Paraformaldehyde, Elecron-Mircoscopy
Grade

Electron Microscopy Science 15710

Paraformaldehyde 3% Glutaraldehyde 0.35%
in 0.1M Sodium Cacodylate, pH 7.4

Electron Microscopy Science 15949-50

DAPI (4’,6-Diamidino-2-Phenylindole,
Dihydrochloride)

Thermo Fisher Scientific D1306

Hoechst33342 Thermo Fisher Scientific H1399

DNA SPY555 Spirochrome N/A
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Reagents and Tools table (continued)

Reagent/resource Reference or source Identifier or catalog number

Vectashield Vector Laboratories H-1000-10

FluoroBrite DMEM Thermo Fisher Scientific A1896701

Falcon® 5mL Round Bottom Polystyrene Test
Tube, with Cell Strainer Snap Cap, 25/Pack,
500/Case

Corning 352235

NuPAGE 8%, Bis-Tris, 1.0 mm, Midi Protein
Gel, 12+2-well

Thermo Fisher Scientific WG1001BOX

NuPAGE Novex® 4–12% Bis-Tris Midi Protein
Gels, 20 well

Thermo Fisher Scientific WG1402BOX

NuPAGE Novex® 4–12% Bis-Tris Midi Protein
Gels, 26 well

Thermo Fisher Scientific WG1403BOX

NuPAGETM LDS Sample Buffer (4X) Thermo Fisher Scientific NP0008

Precision Plus ProteinTM KaleidoscopeTM

Prestained Protein Standards
BioRad 1610395

Revert 700 Total Protein Stain Kits for
Western Blot Normalization

LI-COR 926-11016

Immobilon-P Membrane, PVDF, 0.45 lm,
26.5 cm × 3.75 m roll

EMD Millipore IPVH00010

CriterionTM Cell/Plate Blotter System BioRad 1656024

Lipofectaime LTX Thermo Fisher Scientific 15338100

cOmplete, EDTA-free Protease Inhibitor
Cocktail

Milipore Sigma 11873580001

FastBreak Buffer Promega Inc V8571

GeneArt Precision gRNA Synthesis Kit Thermo Fisher Scientific A29377

PierceTM High pH Reversed-Phase Peptide
Fractionation Kit

Thermo Fisher Scientific 84868

PierceTM BCA Protein Assay Kit Thermo Fisher Scientific 23227

TMTpro 18plex Label Reagent Thermo Fisher Scientific A52045

Software

Prism GraphPad, v9.4.1 (Build 458) https://www.graphpad.com/scientific-software/prism/

RRID:SCR_002798

MassPike, In-house mass spectrometry data
analysis software

Huttlin et al (2010) N/A

Monocle Rad et al (2021) RRID:SCR_018685

SEQUEST Eng et al (1994) https://proteomicsresource.washington.edu/protocols06/sequest.php

Perseus (v1.6.5) Tyanova et al (2016) http://www.perseus-framework.org

RRID:SCR_015753

MitoCharta Rath et al (2021) MitoCarta (RRID:SCR_018165)

FiJi ImageJ 1.53t30 https://imagej.net/Fiji

RRID:SCR_002285

CellProfiler (v.4.2.1) Stirling et al (2021) https://cellprofiler.org

RRID:SCR_007358

ImageStudioLite v5.2.5 https://www.licor.com/bio/image-studio-lite/

RRID:SCR_013715

FlowJo v10.7.2 https://www.flowjo.com

RRID:SCR_008520

NIS Elements 5.21.3 (Build 1489) https://www.microscope.healthcare.nikon.com/products/software/nis-
elements

RRID:SCR_014329
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Reagents and Tools table (continued)

Reagent/resource Reference or source Identifier or catalog number

Imaris Oxford Instruments, v9.7 RRID:SCR_007370

Illustrator (v26.2.1) Adobe Inc. RRID:SCR_010279

Excel (v.4.2.0) Microsoft Inc. RRID:SCR_016137

R (4.2.0)/RStudio (2022.07.01 Build 554) https://www.rstudio.com/

RRID:SCR_000432

library(tibble) v3.1.8 https://cran.r-project.org/web/packages/tibble/tibble.pdf

library(ggVennDiagram) v1.2.0 https://cran.r-project.org/web/packages/ggVennDiagram/readme/README.
html#:~:text=ggVennDiagram%20maps%20the%20fill%20color,%
3Dsample(genes%2C350))

library(stringr) v1.4.0 RRID:SCR_022813

library(dplyr) v1.0.9 RRID:SCR_016708

library(ggsci) v2.9 https://github.com/nanxstats/ggsci

library(ggrepel) v0.9.1 RRID:SCR_017393

library(ggplot2) v3.3.6 RRID:SCR_014601

library(tidyverse) v1.3.2 RRID:SCR_019186

library(timecourse) V1.68.0 RRID:SCR_000077

UCSF ChimeraX version 1.4.dev202201050842
(2022-01-05)

https://www.cgl.ucsf.edu/chimerax/

RRID:SCR_015872

Snapgene (v.5.1.7) Dotmatics https://snapgene.com

RRID:SCR_015052

Other

Orbitrap Fusion Lumos Mass Spectrometer ThermoFisher Scientific IQLAAEGAAPFADBMBHQ

RRID:SCR_020562

Orbitrap Eclipse Tribrid Mass Spectrometer ThermoFisher Scientific FSN04-10000

RRID:SCR_020559

Easy-nLC 1200 ThermoFisher Scientific LC140

AerisTM 2.6 lm PEPTIDE XB-C18 100�A
250 × 4.6 mm

Phenomenex 00G-4505-E0

Sep-Pak C18 1cc Vac Cartridge, 50 mg Waters WAT054960

SOLA HRP SPE Cartridge, 10 mg Thermo Fisher Scientific 60109-001

EmporeTM SPE Disks C18 3M Bioanalytical Technologies 2215

NeonTM Transfection System Thermo Fisher Scientific MPK5000

ChemiDoc MP imaging system BioRad 12003154

RRID:SCR_019037

Nikon Ti w/ Yokagawa CSU-W1 spinning disk
confocal

Nikon Corporation https://www.microscope.healthcare.nikon.com/products/confocal-
microscopes/csu-series/csu-w1

Nikon Ti w/ Yokagawa CSU-X1 spinning disk
confocal

Nikon Corporation https://www.microscope.healthcare.nikon.com/products/confocal-
microscopes/csu-series/csu-x1

DeltaVision OMX V4 Applied Precision (GE
Healthcare)

https://sim.hms.harvard.edu/tech-specs/

Symphony A5 BD Biosciences https://www.bdbiosciences.com/en-us/instruments/research-instruments/
research-cell-analyzers/facsymphony

Attune NxT Thermo Fisher Scientific https://www.thermofisher.com/ca/en/home/life-science/cell-analysis/flow-
cytometry/flow-cytometers/attune-nxt-flow-cytometer.html

RRID:SCR_019590

€AKTApure system GE Healthcare/Cytiva https://www.cytivalifesciences.com/en/us/shop/chromatography/
chromatography-systems/akta-pure-p-05844
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Reagents and Tools table (continued)

Reagent/resource Reference or source Identifier or catalog number

Superdex 200 Increase 10/300 GL column Cytiva https://www.cytivalifesciences.com/en/us/shop/chromatography/
prepacked-columns/size-exclusion/hiload-superdex-200-pg-preparative-
size-exclusion-chromatography-columns-p-06283?s_kwcid=AL!14612!3!
614128999325!b!!g!!superdex%20200&dtid=ppc_google_17817864916_
143232689001&ps_kw=superdex%20200&extcmp=cy22498-se-paid-
hiload-superdex-200-sec-columns&adgrp=&gclid=EAIaIQobChMImrT2j_
aD_gIVfWxvBB1AYgKqEAAYASAAEgKTbPD_BwE

Cat no: 28989336

Methods and Protocols

Cloning and plasmid generation
The construction of lentiviral expression constructs used in this

study have been previously described: pHAGE-mt-mKeima in (Heo

et al, 2015), PB-mt-mKeimaXL (Ordureau et al, 2021) and pHAGE-

GFP-Parkin in (Ordureau et al, 2018).

Cell culture, generation of lentiviral stable cell lines
HeLa Flip-In T-Rex (HFT) expressing doxycycline-inducible WT-Parkin

(HeLa HFT/TO-PRKN-WT) cells (Heo et al, 2015) and HEK293T were

maintained in Dulbecco’s modified Eagle’s medium (DMEM), supple-

mented with 10% vol/vol fetal bovine serum (FBS), 5% vol/vol

penicillin–streptomycin (P/S), 5% vol/vol GlutaMAX and 5% vol/vol

Non-essential amino acids (NEAA) at 37°C, 5% O2. Unless otherwise

noted, we refer to independently grown and handled cultures as biolog-

ical replicates to distinguish from assays performed on identical sam-

ples (i.e. technical replicates).

Stable cell lines were generated using lentivirus generated from

HEK293T cells. pHAGE-mt-mKeima or pHAGE-eGFP-Parkin were

co-transfected in HEK293T cells together with the lentiviral vectors

pSpax2 and pMD2.1 using Lipofectaime LTX reagent (Thermo Fisher

Scientific, 15338100), according to manufacturer’s instructions.

Virus was harvested, filtered (0.45 lm) and added with 8 lg/ml

polybrene and target cells infected for 18 h. Antibiotic selection was

performed using 1 lg/ml puromycin or FACS sorting and cells veri-

fied using Western Blotting or fluorescence microscopy.

If not stated otherwise, Parkin expression in HeLa HFT/TO-PRKN

was induced using 2 lg/ml doxycycline o/n, and subsequent mito-

phagy induced using 5 lM Antimycin A/10 lM Oligomycin A

(==AO), 1 lM CCCP or 10 lM G-TPP for the indicated times.

H9 ES cells harboring the mitochondrial mt-mKeima flux reporter

(Ordureau et al, 2020) were generated by electroporation of 1 × 106

cells with 2.5 lg of pAC150-PiggyBac-matrix-mKeimaXL along with

2.5 lg of pCMV-HypBAC-PiggyBac-Helper, as described (Ordureau

et al, 2020). The cells were selected and maintained in E8 medium

supplemented with 50 lg/ml Hygromycin and Hygromycin was kept in

the medium during differentiation to iNeurons. Mitophagy was induced

with either 0.5 or 5 lMAntimycin A or 0.5 or 10 lMOligomycin A.

Gene-Editing and iNeuron differentiation
Generation of HeLa HFT cells lacking FBXO7�/� was facilitated

using CRISPR/Cas9 with target sites determined using CHOPCHOP

(Labun et al, 2019). Guide RNAs were ligated into the px459 plas-

mid (Addgene plasmid # 62988) and cells transfected using Lipofec-

taime LTX reagent (Thermo Fisher Scientific, 15338100), according

to manufacturer’s instructions. Two days post-transfection, single,

GFP positive cells were sorted into 96-well dishes containing 300 ll
full growth medium (composition as described above). Single cells

were allowed to grow into colonies, then duplicated for MiSeq anal-

ysis and maintenance. Knockout candidates were confirmed by

Western blot on whole cell lysates. The sgRNAs were generated

using GeneArt Precision gRNA Synthesis Kit (Thermo Fisher Scien-

tific) according to the manufacturer’s instruction and purified using

RNeasy Mini Kit (Qiagen). The sgRNA target sequence: ACCG

ATTCACTACAGAGCAT.

The PINK1�/� H9 cells used here, wherein sequences in exon 1

were deleted using CRISPR-Cas9 to create a null allele, were reported

previously (Ordureau et al, 2018). To generate FBXO7�/� H9 ES or

HeLa cells, 0.6 lg sgRNA was incubated with 3 lg SpCas9 protein

for 10 min at room temperature and electroporated into 2 × 105 con-

trol H9 cells using Neon transfection system (Thermo Fisher Scien-

tific). Mutants were identified by Illumina MiSeq and further

confirmed by Western blotting. For introduction of TRE3G-NGN2

into the AAVS1 site, a donor plasmid pAAVS1-TRE3G-NGN2 was

generated by replacing the EGFP sequence with N-terminal flag-

tagged human NGN2 cDNA sequence in plasmid pAAVS1-TRE3G-

EGFP (Addgene plasmid # 52343). Five micrograms of pAAVS1-

TRE3G-NGN2, 2.5 lg hCas9 (Addgene plasmid # 41815), and 2.5 lg
gRNA_AAVS1-T2 (Addgene plasmid # 41818) were electroporated

into 1 × 106 H9 cells. The cells were treated with 0.25 lg/ml Puro-

mycin for 7 days and surviving colonies were expanded and

subjected to genotyping.

Human ES cells (H9, WiCell Institute) were cultured in E8 medium

(Chen et al, 2011) on Matrigel-coated tissue culture plates with daily

medium change. Cells were passaged every 4–5 days with 0.5 mM

EDTA in 1× DPBS (Thermo Fisher Scientific). SpCas9 and AsCas12a/

AsCpf1 expression plasmids pET-NLS-Cas9-6xHis (Addgene plasmid #

62934) and modified pDEST-his-AsCpf1-EC, generated by deleting the

MBP sequence from plasmid pDEST-hisMBP-AsCpf1-EC (Addgene

plasmid # 79007), were transformed into RosettaTM(DE3)pLysS Compe-

tent Cells (Novagen), respectively, for expression. SpCas9 and

AsCas12a/AsCpf1 proteins were purified as described elsewhere

(Zuris et al, 2015; Hur et al, 2016). Briefly, cells expressing SpCas9

[0.5 mM isopropylthio-b-galactoside, 14-h induction] were lysed in

FastBreak buffer (Promega, Inc) and the NaCl concentration adjusted

to 500 mM. Extracts were centrifuged at 38,000 g for 10 min at 4°C

and the supernatant incubated with Ni-NTA resin for 1 h. The resin

was washed extensively with 50 mM Tris pH8.0, 500 mM NaCl, 10%

glycerol, 20 mM imidazole, and 2 mM TCEP prior to elution with this

buffer supplemented with 400 mM imidazole. Proteins were diluted

two volumes/volume in PBS and fractionated on a Heparin-Sepharose
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column using a 0.1–1.0 M NaCl gradient. Cas9-containing fractions

were stored in PBS, 20% glycerol, 2 mM TCEP at �80°C. AsCpf1

expression was induced similarly, and cells pelleted by centrifugation.

Cells were lysed by sonication in 50 mM HEPES pH7, 200 mM NaCl,

5 mM MgCl2, 1 mM DTT, and 10 mM imidazole supplemented with

lysozyme (1 mg/ml) and protease inhibitors (Roche complete, EDTA-

free). After centrifugation (16,000 g for 30 min), the supernatant was

incubated with Ni-NTA resin, the resin washed with 2 M NaCl, and

bound proteins eluted with 250 mM imidazole, and buffer exchanged

into lysis buffer lacking MgCl2 and imidazole prior to storage at

�80°C.

For human ES cell conversion to iNeurons, cells were expanded

and plated at 2 × 104/cm2 on Matrigel-coated tissue plates in

DMEM/F12 supplemented with 1× N2, 1× NEAA (Thermo Fisher

Scientific), human brain-derived neurotrophic factor (BDNF, 10 ng/

ml, PeproTech), human Neurotrophin-3 (NT-3, 10 ng/ml, Pepro-

Tech), mouse laminin (0.2 lg/ml, Cultrex), Y-27632 (10 lM,

PeproTech) and Doxycycline (2 lg/ml, Alfa Aesar) on day 0. On day

1, Y-27632 was withdrawn. On day 2, medium was replaced with

Neurobasal medium supplemented with 1× B27 and 1× Glutamax

(Thermo Fisher Scientific) containing BDNF, NT-3 and 1 lg/ml Doxy-

cycline. Starting on day 4, half of the medium was replaced every

other day thereafter. On day 7, the cells were treated with Accutase

(Thermo Fisher Scientific) and plated at 3–4 × 104/cm2 on Matrigel-

coated tissue plates. Doxycycline was withdrawn on day 10.

Western blotting
At the indicated times, ES cells, iNeurons, or HeLa cells were washed

on ice in 1× PBS, harvested and pellet wash with 1× PBS and resus-

pended in 8 M urea buffer (8 M urea, 150 mM TRIS pH 7.4, 50 mM

NaCl, PhosSTOP phosphatase inhibitor cocktail). Resuspended cell

lysates were sonicated for 10 s and debris pelleted at 13,000 rpm for

10 min. Protein concentration was determined by BCA assay

according to manufacturer’s instructions (Thermo Fisher Scientific,

23227). Indicated amounts of proteins were resuspended in 1×

LDS + 100 mM DTT and boiled for 10 min at 85°C. Equal amount of

protein and volume were loaded run on 4–20% Bis-Tris, 8% Tris-

NuPAGE gels for 5 min at 100 V, 5 min at 150 V and then run at

200 V for the required time. Gels were transferred via wet transfer sys-

tem onto PDVF membranes for Western Blotting. Chemiluminescence

and colorimetric images were acquired using a BioRad ChemiDoc MP

imaging system. Images from Western Blots were exported and ana-

lyzed using Image Lab and ImageJ/FiJi (Schindelin et al, 2012).

Expression, purification and analysis of SKP1-FBXO7 complexes
All constructs were prepared utilizing standard molecular biological

techniques and verified by Sanger sequencing. The cDNAs coding

for HsFbxo7-129-398 and Skp1 preceding a second RBS were cloned

into pGEX4T1 as previously described for other substrate receptor/

Skp1 complexes (Schulman et al, 2000) (pGEX4T1-TEV-HsFbxo7-

129-398/HsSkp1). The cDNA coding for HsPI31-1-151 (with N-

terminal TEV cleavable His8-tag) was cloned into pRSF1b (pRSF1b-

His8-TEV-HsPI31-1-151). For co-expression of Fbxo7/Skp1/PI31

complexes both plasmids were co-transformed into E. coli BL21

Rosetta (DE3). Cultures were grown in Terrific Broth medium, and

at an OD600 of 0.8 expression was induced with 0.5 mM IPTG, and

E. coli were further cultured at 18°C for 16 h. Fbxo7/Skp1/PI31

complexes were purified by sequential standard GST and His-affinity

chromatography. Affinity tags were cleaved by incubation with

TEV protease at 4°C for 16 h, and the complexes were further

purified by preparative size exclusion chromatography (SEC) in

buffer A (25 mM HEPES pH7.5 (KOH), 150 mM NaCl, 1 mM DTT)

on a Superdex 200 Increase 10/300 GL column. Fractions of inter-

est were pooled, aliquoted, snap frozen in liquid N2, and stored at

�80°C until further usage. HsCul1-1-410 was expressed as GST-

fusion protein and purified as described previously (Hopf et al,

2022).

Analytical size exclusion chromatography (SEC)
Analytical SEC was carried out on an €AKTApure system (GE Health-

care) equipped with a Superdex 200 Increase 10/300 GL column

(Cytiva), in buffer A (25 mM HEPES pH7.5 (KOH), 150 mM NaCl,

1 mM DTT). In brief, samples (100 ll at a concentration of 45 lM)

of HsCul1-1-410, HsFbxo7-129-398/HsSkp1/HsPI31-1-151, or

HsFbxo7-129-398/HsSkp1/HsPI31-1-151 + HsCul1-410 (preincu-

bated at 37°C for 10 min before loading) were applied to the column

with a flow rate of 1 ml/min, UV absorbance was recorded at

280 nm, fractions of 200 ll were collected, and analyzed by SDS–

PAGE.

Proteomics
Proteomics—General sample preparation

Sample preparation of proteomic analysis of whole-cell extract from

HeLa, hESC, NPC, and iNeurons was performed according to previ-

ously published studies (Ordureau et al, 2020, 2021). Cells were

harvested on ice and plates were washed twice with 1× PBS and

detached in 1× PBS using cell scraper. After pelleting at 2,000 rpm

for 5 min at 4°C, cells were washed 2× with 1× PBS and resus-

pended in 8 M urea buffer (composition stated above). After sonifi-

cation for 10 s, resuspended cells were pelleted for 10 min at

13,000 rpm. Protein concentration was determined using BCA kit

(Thermo Fisher Scientific, 23227).

Unless otherwise noted, proteomics and data analysis was

performed as described (Ordureau et al, 2020, 2021). Briefly, pro-

tein extracts (100 lg) were subjected to disulfide bond reduction

with 5 mM TCEP (room temperature, 10 min) and alkylation with

25 mM chloroacetamide (room temperature, 20 min). Methanol–

chloroform precipitation was performed prior to protease digestion.

In brief, four parts of neat methanol were added to each sample

and vortexed, one part chloroform was then added to the sample

and vortexed, and finally three parts water was added to the

sample and vortexed. The sample was centrifuged at 6,000 rpm

for 2 min at room temperature and subsequently washed twice

with 100% methanol. Samples were resuspended in 100 mM EPPS

pH8.5 containing 0.1% RapiGest and digested at 37°C for 8 h with

Trypsin at a 100:1 protein-to-protease ratio. Samples were acidified

with 1% formic acid for 15 min and subjected to C18 solid-phase

extraction (SPE) (Sep-Pak, Waters).

Proteomics—Quantitative proteomics using TMT

Tandem mass tag labeling of each sample (50 mg peptide input)

was performed by adding 5 ll of the 25 ng/ml stock of TMTpro

reagent along with acetonitrile to achieve a final acetonitrile concen-

tration of approximately 30% (v/v). Following incubation at room

temperature for 1 h, the reaction was quenched with hydroxylamine

to a final concentration of 0.5% (v/v) for 15 min. The TMTpro-
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labeled samples were pooled together at a 1:1 ratio. The sample was

vacuum centrifuged to near dryness, and following reconstitution in

1% FA, samples were desalted using C18 SPE (50 mg, Sep-Pak,

Waters), according to manufacturer protocol.

Dried TMTpro-labeled peptides (~ 300 lg) were resuspended in

10 mM NH4HCO3 pH 8.0 and fractionated using basic pH reverse

phase HPLC (Wang et al, 2011). Briefly, samples were offline frac-

tionated over a 90 min run, into 96 fractions by high pH reverse-

phase HPLC (Agilent LC1260) through an Aeris peptide xb-c18 col-

umn (Phenomenex; 250 mm × 3.6 mm) with mobile phase A

containing 5% acetonitrile and 10 mM NH4HCO3 in LC-MS grade

H2O, and mobile phase B containing 90% acetonitrile and 10 mM

NH4HCO3 in LC-MS grade H2O (both pH 8.0). The 96 resulting frac-

tions were then pooled in a non-continuous manner into 24 frac-

tions (as outlined in figure S5 of Paulo et al, 2016) and sets of 12

fractions (even or odd numbers) were used for subsequent mass

spectrometry analysis. Fractions were vacuum centrifuged to near

dryness. Each consolidated fraction was desalted via StageTip, dried

again via vacuum centrifugation, and reconstituted in 5% acetoni-

trile, 1% formic acid for LC-MS/MS processing.

TMT proteomics samples were subjected to analysis using a

Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher

Scientific, San Jose, CA) online with Proxeon EASY-nLC1200 liquid

chromatography (Thermo Scientific). Peptides were resuspended in

5% ACN/5% FA and 10% of the samples were loaded on a 35 cm

analytical column (100 mm inner diameter) packed in-house with

Accurcore150 resin (150 �A, 2.6 mm, Thermo Fisher Scientific, San

Jose, CA) for LC-MS analysis. Peptide separation was performed

with a gradient of acetonitrile (ACN, 0.1% FA) from 3 to 13% (0–

83 min) and 13 to 28% (80–83 min) during a 90 min run.

For the HeLa TMTpro proteomic samples, LC-hrMS/MS was

combined with three optimized CV parameters on the FAIMS Pro

Interface to reduced precursor ion interference (Schweppe

et al, 2019). Data-dependent acquisition (DDA) was performed by

selecting the most abundant precursors from each CV’s (�40/�60/

�80) MS1 scans for hrMS/MS over a 1–1.5 s duty cycle (1 s/1.5 s/

1 s respectively). The MS1 scan parameters include a 400–1,600 m/

z mass range at 60,000 resolution (at 200 Th) with 4 × 105 auto-

mated gain control (AGC) (100%), and a maximum injection time

(max IT) of 50 ms. Precursors (z = 2–5) were isolated with 0.7 Th

(quadrupole), fragmented with high-energy C-trap dissociation

(HCD) at 36 normalized collision energy (NCE), and subjected to

hrMS/MS on the Orbitrap at 50,000 resolution (at 200 Th), 120 ms

max IT, fixed first mass 110 Th, and 1.0 × 105 AGC (200%). Precur-

sors were placed on 90 s dynamic exclusion (� 10 ppm) to prevent

redundant sampling.

In the iNeuron TMTpro experiments, the same FAIMS and MS1

parameters were implemented (with 1.25 s duty cycle/CV for DDA)

with the Multi-Notch SPS-MS3 acquisition method (McAlister

et al, 2014), to further reduce ion interference in TMT reporter

quantification (Paulo et al, 2016). Most abundant precursors (with

120 s dynamic exclusion � 10 ppm) were selected from MS1 scans,

isolated using the quadrupole (0.6 Th isolation), fragmented with

collision-induced dissociation (CID) at 35 NCE, and subjected to

MS/MS in the ion trap (turbo scan speed, 35 ms max IT, 1.0 × 104

AGC). Using Real Time Search analysis software (Erickson

et al, 2019; Schweppe et al, 2020), a synchronous-precursor-

selection (SPS) API-MS3 scan was collected on the top 10 most

intense b- or y-ions from the matched peptide identification (deter-

mined by an online search of its respective MS/MS scan). MS3 scans

were performed on the Orbitrap (AGC 2.0 × 105; NCE 55; max IT

250 ms, 50,000 resolution at 200 Th). To increase quantitative sam-

pling (MS3 scans) of proteins during each mass spectrometry injec-

tion, a 2 peptide per protein per sample closeout was set. This

ensures no more than two peptide-spectrum matches per protein

(that pass quality filters) are subjected to MS3 scans, reducing

redundant protein MS sampling and potentially increasing proteome

depth (Schweppe et al, 2020).

Proteomics data analysis

Mass spectrometry raw data were converted to mzXML and monoi-

sotopic peaks were reassigned using Monocle (Rad et al, 2021).

Mass spectra were database searched using Sequest algorithm

(2019.01 rev. 5; Eng et al, 1994) against the Human Reference Prote-

ome Uniprot database appended with sequences of common con-

taminates and reverse sequences of proteins as decoys, for target-

decoy competition (Elias & Gygi, 2007). Sequest search parameters

include: 50 ppm precursor tolerance, 0.9 Da product ion tolerance,

trypsin endopeptidase specificity (C-terminal to [KR], 2 max missed

cleavages), static modifications on peptide N-terminus and lysines

with TMTpro tags (+304.207 Da) and carbamidomethylation on cys-

teines (57.021 Da), and variable modification of oxidation on methi-

onines (+15.995 Da). Peptide-spectrum matches were filtered at 2%

false discovery rate (FDR) using linear discriminant analysis

(Huttlin et al, 2010), based on XCorr, DeltaCn, missed cleavages,

peptide length, precursor mass accurracy, fraction of matched prod-

uct ions, charge state, and number of modifications per peptide

(additionally restricting PSM Xcorr > 1 and peptide length > 6). Fol-

lowing a 2% protein FDR filter (Savitski et al, 2015), PSMs reporter

ion intensities were quantified (most intense centroid within

0.003 Da of theoretical TMT reporter mass), filtered based on a pre-

cursor isolation specificity > 0.5, and filtered by a summed signal-

to-noise across TMT channels > 100.

Protein quantification was performed via the summation (weighted

average) of its constituent PSMs’ reporter intensities and TMT chan-

nels were normalized for protein input to total TMT channel intensity

across all quantified PSMs (adjusted to median total TMT intensity for

the TMT channels) (Plubell et al, 2017). Log2 normalized summed pro-

tein reporter intensities were compared using a Student’s t-test and P-

values were corrected for multiple hypotheses using the Benjamini–

Hochberg adjustment (Benjamini & Hochberg, 1995). Resultant q-

values and mean log2 fold changes between conditions were used to

generate volcano plots. Hotelling T2 analysis was performed using the

normalized summed protein reporter ion intensities and the timecourse

(v. 1.66.0; Tai, 2022) package in R.

The annotation list for the subcellular localization of organellar

protein markers was derived from previously published high confi-

dence HeLa dataset (Itzhak et al, 2016; “high” & “very high” confi-

dence) and additional manual entries (Ordureau et al, 2021).

MitoCharta 3.0 (Rath et al, 2021) was used for mitochondrial anno-

tation, whereas annotations for ribosome and autophagy compo-

nents were used from previous studies (An et al, 2020).

Transcription factor and neuronal development markers were based

on previously published databases and publications (Lambert

et al, 2018; Ordureau et al, 2021). Figures were generated using a

combination of Excel, R (v.4.2.0) in RStudio (2022.07.01 Build 554),
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Perseus (v1.6.5; Tyanova & Cox, 2018), GraphPad Prism (v9.1.0),

and Adobe Illustrator (26.2.1).

The Dataset EV3–EV8 contains the quantified proteins as well as

associated TMT reporter ratio to control channels used for quantita-

tive analysis. The TMT reporter channel assignment used for this

study are added to each table.

Interaction proteomic analysis

For interaction analysis of FBXO7 and PINK1, interaction proteo-

mics data from the Bioplex Interactome (Huttlin et al, 2021) was

extracted for HEK293T and HCT116 samples (Dataset EV1 and

EV2). The number of replicates in which a peptide-spectral match

(PSM) mapped to PINK1’s or FBXO7’s the Bioplex 3.0 interactomes

was plotted via a network diagram in R (packages to add from R

include; igraph 1.3.1, tidygraph 1.2.1, and ggraph 2.0.5).

Microscopy
Macros and pipelines used in this work can be found on GitHub

(https://github.com/harperlaboratory/FBXO7.git) or Zenodo (https://

zenodo.org/record/7803294).

Live-cell confocal microscopy for mitophagic flux analysis over

differentiation (mt-mKeimaXL)

For quantitative Keima-flux analysis (Ordureau et al, 2020), hESC

were seeded on day 4 of differentiation into 6-well 1.5 high-

performance glass bottom plates (Cellvis, P06-1.5H-N) and further

differentiated in the vessel for the indicated times until reaching

appropriate confluency and imaged. iNeurons were imaged using a

Yokogawa CSU-W1 spinning disk confocal on a Nikon Eclipse Ti-E

motorized microscope. The system is equipped with a Tokai Hit

stage top incubator and imaging was performed at 37°C, 5% CO2

and 95% humidity under a Nikon Plan Apo 60×/1.40 NA immersion

oil objective lens. For ratiometic imaging, mtKeimaXL were excited

in sequential manner with a Nikon LUN-F XL solid state laser com-

biner ([laser line—laser power]: 445–80 mW, 561–65 mW) using a

Semrock Di01-T445/515/561 dichroic mirror. Fluorescence emis-

sions were collected through a Chroma ET605/52 m [for 445 nm]

and a 568 Chroma ET605/52 m [for 561 nm], filters, respectively

(Chroma Technologies). Confocal images were acquired with a

Hamamatsu ORCA—Fusion BT CMOS camera (6.5 lm2 photodiode,

16-bit) camera and NIS-Elements image acquisition software. Con-

sistent laser intensity and exposure time were applied to all the sam-

ples, and brightness and contrast were adjusted equally by applying

the same minimum and maximum display values in ImageJ/FiJi

(Schindelin et al, 2012). Image quantification was performed in

ImageJ/FiJi using custom-written batch-macros.

In brief, raw confocal images of mitochondrial targeted mt-

mKeimaXL were divided [ex:561 nm/ex:445 nm] resulting in a ratio-

metic image of only acidic Keima-puncta. These signals were

subjected to background subtraction (rolling kernel size 25, sliding

paraboloid) and converted to binary objects. The “Analyze

Particles. . .” command (pixel size exclusion: 0.5-∞, exclude edge

objects) was used to measure foci-abundance and other morphologi-

cal parameters. Results for each image-stack saved as .csv files,

together with the original ratiometic .tiff file for QC purposes. Unless

stated otherwise all images represent z-projections. Statistical analy-

sis and plotting of microscopy data was performed in Prism (v9.1.0,

GraphPad).

Immunocytochemical analysis

iNeurons or HeLa cells were fixed with warm 4% paraformaldehyde

(Electron Microscopy Science, #15710, purified, EM grade) in PBS at

37°C for 30 min and permeabilized with 0.5% Triton X-100 in PBS

for 15 min at room temperature. After three washes with 0.02%

Tween20 in PBS (PBST), cells were blocked for 10 min in 3% BSA-

1× PBS at room temperature and washed again three times in PBST.

Cells were incubated for 3 h in primary antibodies in 3% BSA-1×

PBS and washed three times with PBST. Secondary antibodies

(Thermo Scientific, 1:400 in 3% BSA-1× PBS) where applied for 1 h

at room temperature. To stain nuclei, Hoechst33342 (1:10,000) was

added for 5 min to cells in PBST and final three washes performed

before mounting in Vectashield (Vector Laboratories, H-1000-10).

Primary and secondary antibodies used in this study can be found

in the Reagents and Tools table.

Fixed-cell microscopy—General acquisition parameters

Immunofluorescently labeled Hela or iNeurons (antibodies indi-

cated in figures and figure legends and details in Reagents and

Tools table) were imaged at room temperature using a Yokogawa

CSU-W1 spinning disk confocal on a Nikon Eclipse Ti-E motor-

ized microscope equipped with a Nikon Plan Apochromat 40×/

0.40 NA air-objective lens, Nikon Apochromat 60×/1.42 NA oil-

objective lens and a Plan Apochromat 100×/1.45 NA oil-objective

lens. Signals of 405/488/568/647 fluorophores were excited in

sequential manner with a Nikon LUN-F XL solid state laser com-

biner ([laser line—laser power]: 405 nm–80 mW, 488 nm–

80 mW, 561 nm–65 mW, 640 nm–60 mW) using a Semrock Di01-

T405/488/568/647 dichroic mirror. Fluorescence emissions were

collected with Chroma ET455/50 m [405 nm], 488 Chroma

ET525/50 m [488 nm], 568 Chroma ET605/52 m [561 nm], 633

Chroma ET705/72 m [640 nm] filters, respectively (Chroma Tech-

nologies). Confocal images were acquired with a Hamamatsu

ORCA-Fusion BT CMOS camera (6.5 lm2 photodiode, 16-bit) cam-

era and NIS-Elements image acquisition software. Consistent laser

intensity and exposure time were applied to all the samples, and

brightness and contrast were adjusted equally by applying the

same minimum and maximum display values in ImageJ/FiJi

(Schindelin et al, 2012).

Microscopy-based mitochondrial morphology measurements in

iNeurons

For quantitative measurement of mitochondrial morphology in d12

iNeurons under fed or mitophagy conditions, HeLa cells were

seeded on 6-well 1.5 high-performance glass bottom plates (Cellvis,

P06-1.5H-N) and mitophagy induced for the indicated time dura-

tions. Alternatively, hESC were seeded on day 4 of differentiation

into 6-well 1.5 high-performance glass bottom plates (Cellvis, P06-

1.5H-N) and differentiated in the vessel into iNeurons and mito-

phagy induced for the indicated time durations. Cells were fixed and

stained as described above. Z-stacks were acquired with a Nikon

Plan Apo 100×/1.45 NA oil-objective lens and with the parameters

stated above. Image quantification was performed in ImageJ/FiJi

using custom-written batch-macros.

Statistical analysis and plotting of microscopy data was

performed in Prism (v9.1.0, GraphPad). Primary and secondary

antibodies used in this study can be found in the Reagents and Tools

table.

� 2023 The Authors EMBO reports 24: e56399 | 2023 21 of 26

Felix Kraus et al EMBO reports

https://github.com/harperlaboratory/FBXO7.git
https://zenodo.org/record/7803294
https://zenodo.org/record/7803294


Microscopy-based mtDNA turnover measurements in HeLa and

iNeurons

For quantitative measurement of mtDNA turnover after AO-induced

mitophagy, HeLa cells were seeded on 6-well 1.5 high-performance

glass bottom plates (Cellvis, P06-1.5H-N) and mitophagy induced

for the indicated time durations. Alternatively, hESC were seeded on

day 4 of differentiation into 6-well 1.5 high-performance glass bot-

tom plates (Cellvis, P06-1.5H-N) and differentiated in the vessel into

iNeurons and mitophagy induced for the indicated time durations.

Cells were fixed and stained as described above, but primary anti-

body incubation with aDNA (1:200) was performed overnight. Z-

stacks were acquired with a Nikon Plan Apo 100×/1.45 NA oil-

objective lens and with the parameters stated above. Image quantifi-

cation was performed in ImageJ/FiJi using custom-written batch-

macros. In brief, both aDNA and nuclear signals were converted to

binary files and the nuclear signal subtracted from the aDNA signal,

resulting in an image stack containing only the mtDNA intensities.

The “Analyze Particles. . .” command (pixel size exclusion: 0.05–3,

exclude edge objects) was used to measure morphological features

and results for each image-stack saved as .csv files, together with

the analyzed binary-mask overlay .tiff file for QC purposes. Number

of mtDNA signals were normalized to cell number found in the

same image stack. Statistical analysis and plotting of microscopy

data was performed in Prism (v9.1.0, GraphPad). Primary and sec-

ondary antibodies used in this study can be found in the Reagents

and Tools table.

Microscopy-based measurements of p62 recruitment in HeLa

For quantitative measurement of p62 recruitment to mitochondria,

HeLa control and knockout cells were seed in 1.5 high-performance

glass bottom plates and doxycycline added over night to induce Parkin

expression. Mitophagy was induced using Oligomycin A/Antimycin A

for 16 h in full DMEM in presence of doxycycline. Cells were fixed and

stained as stated above and imaged using a Nikon Plan Apo 60×/

1.42 NA air-objective lens and with the parameters stated above. 8 lM
z-stacks were taken for each selected field of view.

Image quantification was performed in ImageJ/FiJi using

custom-written batch-macros. The p62 channel was filtered (Gauss-

ian Blue, sigma = 2) and converted into binary files using the Inter-

modes thresholding method. p62 spots were counted using the

“Analyze Particles. . .” function (pizel size exclusion: 0.1–30,

exclude edge objects) and results for each image-stack saved as .csv

files, together with the analyzed binary-mask overlay .tiff file for QC

purposes. The DAPI channel was used to count nuclei for per cell

normalization. Statistical analysis and plotting of microscopy data

was performed in Prism (v9.1.0, GraphPad). Primary and secondary

antibodies used in this study can be found in the Reagents and Tools

table.

Microscopy-based pUb-coverage measurements of mitochondria

in iNeurons

For quantitative measurement of pUb coverage over mitochondria

AO-induced mitophagy, hESC were seeded on day 4 of differentia-

tion into 6-well 1.5 high-performance glass bottom plates (Cellvis,

P06-1.5H-N) and differentiated in the vessel into iNeurons and mito-

phagy induced for the indicated time durations. Cells were fixed and

stained as described above, using anti-HSP60 to label mitochondria

and anti-pUb (Ser65) to label pUb. 3–5 10 lm thick z-stacks per

replicate per sample were acquired using a Nikon Plan Apo 60×/

1.42 NA air-objective lens and with the parameters stated above.

Image quantification was performed in ImageJ/FiJi using

custom-written batch-macros. In brief, mitochondrial signal was fil-

tered (Gaussian Blur, sigma = 2), converted into binary files and

holes in the resulting mask filled. pUb channel was thresholded into

a binary file (Triangle method); these masks were measured using

the “Analyze Particles. . .” command (pixel size exclusion: 0.5-∞,

exclude edge objects) and results for each image-stack saved as .csv

files, together with the analyzed binary-mask overlay .tiff file for QC

purposes. % of mitochondrial pUb coverage was calculated and nor-

malized to [t] = 6 h AO. Statistical analysis and plotting of micros-

copy data was performed in Prism (v9.1.0, GraphPad). Primary and

secondary antibodies used in this study can be found in the

Reagents and Tools table.

Microscopy-based evaluation of Parkin translocation and mitophagy in

FBXO7�/� cell lines

For quantitative measurement of Parkin translocation kinetics in

FBXO7�/� cell lines, stable HeLa or HEK293T cell lines expressing

GFP-Parkin were created. WT and knockout cell lines were

seeded into 12, 24 or 96-well 1.5 high-performance glass bottom

plates (Cellvis, P12/24/96-1.5H-N) 2 days prior to experimental

manipulation. Mitophagy was induced as described above using

Antimycin A/Oligomycin A or CCCP for 1 h. Treated and control

(fed) cells were fixed as described above, stained for mitochon-

dria (HSP60), Parkin (GFP), and DNA (SpyDNA-555) and 8 lm z-

stacks were acquired with a Nikon Plan Apo 60×/142 NA oil-

objective lens and with the parameters stated above. HEK293T

cells were stained for mitochondria (HSP60), Parkin (GFP), and

DNA (Hoechst) and 8 lm z-stacks were acquired with a Nikon

Plan Apochromat 40×/0.40 NA air-objective lens, using the HCA-

module in NIS-Elements.

For quantitate single-cell analysis, a total of ~ 240 (HeLa) or 135

(HEK293T) randomly xy-marked stacks were acquired, and MIPs

used for subsequent analysis. CellProfiler (Stirling et al, 2021) was

used for the quantitative analysis of single-cells and mitochondrial

objects (segmentation and analysis pipelines can be found on

GitHub). Plotting of microscopy data was performed in Prism

(v9.1.0, GraphPad) and R using the following libraries: tidyverse,

dplyr, tibble, viridis, ggplot2, ggridges, ggsci. Primary and second-

ary antibodies used in this study can be found in the Reagents and

Tools table.

Microscopy-based evaluation pUb recruitment after G-TPP treatment

in HeLa FBXO7�/� cell lines

For quantitative measurement of pUb recruitment to mitochondria

after G-TPP treatment, HeLa cell lines were seeded into 96-well 1.5

high-performance glass bottom plates (Cellvis, 96-1.5H-N) 2 days

prior to experimental manipulation. Cells were treated for the indi-

cated times and fixed and immunofluorescently labeled as described

above. Cells were stained for pUb, Parkin (GFP) and DNA

(Hoechst33342) and 8 lm z-stacks were acquired with a Nikon Plan

Apochromat 40×/0.40 NA air-objective lens, using the HCA-module

in NIS-Elements.

9 stacks of randomly selected field of views were taken and MIPs

used for analysis using CellProfiler. Plotting of microscopy data was

performed in Prism (v9.1.0, GraphPad). Primary and secondary
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antibodies used in this study can be found in the Reagents and Tools

table.

Immunocytochemical sample preparation for 3D-SIM

Sample preparation and SIM acquisition guidelines from (Kraus

et al, 2017) were used as a basis for the super-resolution analysis of

pUb spreading after mitophagy induction. iNeurons or HeLa cells were

seeded on 18 × 18 mm Marienfeld Precision cover glasses thickness

No. 1.5H (tol. � 5 lm). Cover glasses were coated, if necessary, for

hESC/iNeuron culture as described above. After experimental manipu-

lation, cells were fixed with warm paraformaldehyde 3% Glutaralde-

hyde 0.35% in 0.1 M Sodium Cacodylate, pH 7.4 (Electron Microscopy

Science) at 37°C for 30 min and permeabilized with 0.5% Triton X-100

in PBS for 15 min at room temperature. After three washes with

0.02% Tween20 in PBS (PBST), cells were blocked for 10 min in 3%

BSA-1×PBS at room temperature and washed again three times in

PBST. iNeurons were incubated overnight in primary antibodies in 3%

BSA-1×PBS and washed three times with PBST. Secondary antibodies

(Thermo Scientific, 1:400 in 3% BSA-1×PBS) where applied for 1 h at

room temperature. To stain nuclei, DAPI was added for 5 min to cells

in PBST, washed three times for 5 min in 1×PBST before a post-

fixation in 4% paraformaldehyde was performed. After 2 washes in

PBST, coverslips were washed once in 1×PBS and mounted in Vecta-

shield (Vector Laboratories, H-1000-10) on glass slides. Primary and

secondary antibodies used in this study can be found in the Reagents

and Tools table.

3D-SIM microscopy—acquisition parameters

3D-SIM microscopy was performed on a DeltaVision OMX v4 using

an Olympus 60×/1.42 NA Plan Apo oil objective (Olympus, Japan).

The instrument is equipped with 405, 445, 488, 514, 568 and

642 nm laser lines (all ≥ 100 mW) and images were recorded on a

front-illuminated sCMOS (PCO Photonics, USA) in 512x512px image

size mode, 1× binning, 125 nm z-stepping and with 15 raw images

taken per z-plane (5 phase-shifts, 3 angles). Raw image data was

computationally reconstructed using CUDA-accelerated 3D-SIM

reconstruction code (https://github.com/scopetools/cudasirecon)

based on (Gustafsson et al, 2008). Optimal optical transfer function

(OTF) was determined via an in-house build software, developed by

Talley Lambert from the NIC/CBMF (GitHub: https://github.com/

tlambert03/otfsearch, all channels were registered to the 528 nm

output channel, Wiener filter: 0.002, background: 90).

3D-SIM microscopy—pUb—mitochondria 3D renderings & analysis

3D renderings of 3D-SIM images were performed in UCSF Chimera

X (https://www.cgl.ucsf.edu/chimerax/) using 32-bit .tiff image

stacks. Image channels were sequentially imported and visualized

as surfaces using the “Volume Viewer” tool. Surface representations

were cleaned up using the “High dust” command, based on size fil-

tering thresholding.

3D-analysis of HeLa and iNeuron datasets from 3D-SIM datasets

was performed using Imaris (Oxford Instruments, v9.7). After

converting all multi-color .tiff to native .ims files, import into Imaris

Arena and global background subtraction, mitochondrial and

pUb objects were segmented from seeds (XY starting diameter:

0.08 lm == pixel size of images), segmented based on automatic

thresholding with local background subtraction and splitting of

touching objects (0.4 lm). Objects were piped into Imaris Vantage

module for further analysis. In Vantage, nearest neighbor distances

of pUb to pUb and between pUb and mitochondria, as well as vol-

ume of segmented objects were computed. This pipeline was tested

on WT control cells and then applied for batch processing on all

other genotype to allow for unbiased segmentation and analysis. On

average, 10 cells were analyzed per genotype per condition (121

total) for HeLa cells, and 12 cells (139 total) for iNeurons.

Unless stated otherwise, all images depicted in figures are

maximum-intensity projections.

Flow cytometry-based measurement of mitophagic flux

HeLa HFT/TO-PRKN cells of the indicated genotype (control,

PINK1�/�, FBXO7�/�) expressing mtKeima (Heo et al, 2015) were

seeded into 12-well dishes. Upon reaching 60% confluency, 2 lg/ml

doxycycline was added to induce Parkin expression for at least 8 h

before depolarization of mitochondria. Following Parkin induction,

cells were treated with Antimycin A (5 lM) and Oligomycin

(10 lM) for the indicated number of hours. Bafilomycin A (25 nM,

Sigma-Aldrich, B1793)-treated samples were treated for 3 h. Control

cells were fed 3 h before experimental manipulation. To harvest

cells for analysis, each well was washed with 1 ml PBS then treated

with 100 ll of 0.25% trypsin for 3 min at room temperature, resus-

pended in 300 ll of DMEM with 10% FBS. 200 ll of each sample

was transferred to a flat-bottom 96-well plate for analysis by flow

cytometry.

hESCs were seeded at day 4 into coated 6-well dishes and differ-

entiated. At day 12, mitophagy was induced with Antimycin A

(5 lM) and Oligomycin (10 lM) or Bafilomycin A (25 nM, Sigma-

Aldrich, B1793) for the indicated number of hours. Control cells

were fed 2 h before experimental manipulation. Cells were dissoci-

ated from the wells using Accutase and resuspended in 600 ll ND2
medium +10 lM Y27632 and filtered through a cell strainer cap tube

(Corning, 352235).

Analysis of a population of at least 10,000 cells was performed

on an Attune NxT (Thermo Fisher Scientific) detecting neutral

mtKeima signal with excitation at 445 nm and emission 603 nm

with a 48 nm bandpass and acidic mtKeima with 561 nm excitation

and emission 620 nm and a 15 nm band pass. mtKeima ratio was

analyzed as previously described (An & Harper, 2018). Briefly,

acidic:neutral Keima ratios were measured by gating a population of

well-behaved single cells using forward and side scatter, followed

by calculation of acidic:neutral mtKeima ratio on a per-cell basis in

FlowJo Software (FlowJo, LLC).

Quantification and statistical analysis
Unless stated otherwise all quantitative experiments were performed

in triplicate and average with SEM or SD as indicated in legends

reported. All the numerical data used in plots can be found in

Dataset EV9.

Data availability

Proteomic data and analysis files part of this study are deposited at

ProteomeXchange Consortium by the PRIDE partner (Deutsch

et al, 2020; Perez-Riverol et al, 2022). The PRIDE project identifica-

tion number is PXD037797. Macros and pipelines used in this work

can be found on GitHub (https://github.com/harperlaboratory/
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FBXO7.git) or Zenodo (https://zenodo.org/record/7803294). Raw

files associated with this work are deposited on Zenodo (https://

zenodo.org/record/7803294).

Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Super-resolution pUb detection in HeLa cells in response to mitochondrial depolarization.

3D-SIM images of HeLa control, PINK1�/� and FBXO7�/� cell lines after 1 h, 3 h, or 6 h, AO-induced mitophagy (related to Fig 2A and B). Cells were stained for nuclear DNA
(DAPI), mitochondria (HSP60) and pUb. Note that 1 h AO panel is reused from Fig 2A for side-by-side comparison. Scale bar = 5 lm or 1 lm.
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▸Figure EV2. Parkin and autophagy regulator recruitment in FBXO7�/� cells.

A Overview of methods for analysis of Parkin recruitment to damaged mitochondria.
B Cells were imaged for GFP-Parkin, nuclei, and mitochondria and segmented to facilitate analysis of Parkin recruitment to mitochondria in single cells/mitochondrial

organelles.
C Std mitochondrial signal vs. Parkin intensity and Std Parkin vs. mitochondria with or without 1 h AO-induced mitophagy are shown. Data from three replicates,

including a total of 238 image stacks, containing 16,888 cells and 237,848 mitochondrial objects.
D Recruitment of p62 to mitochondria (not stained) in control or FBXO7�/� HeLa cells with or without treatment with AO (16 h) was examined by confocal imaging.

Scale bar = 10 and 5 lm.
E, F Quantification of cells in panel (D). Assays were performed in biological triplicate with 4 image stacks taken per repeat. n = 6,712 cells. Error bars depict SD from

triplicate experiments from two independent clones. One-way ANOVA with multiple comparisons; ***P = 0.0002, *P = 0.0355, **P = 0.0029, ****P < 0.0001.
G Quantification of number of p62 foci normalized per cell in control, PINK1�/� and FBXO7�/� cells with or without 3 h AO treatment. Assays were performed in

biological triplicate with 4 image stacks taken per repeat. n = 12,646 cells. Error bars depict SD from triplicate experiments from two independent clones. One-way
ANOVA with multiple comparisons; ****P < 0.0001.

H Control or FBXO7�/� HeLa cells expressing Parkin were either left untreated or incubated with AO for 1 or 6 h and extracts subjected to Western Blotting with a-
LC3B and a-Actin as a loading control.

I The ratio of LC3B lipidation (LC3B-II/LC3B-I) was quantified from triplicate experiments from three independent clones. One-way ANOVA with multiple comparisons.
*P = 0.0104.

J Immunofluorescence staining of WIPI2 (magenta) and Tom20 (gray) in HeLa Control and FBXO7�/� cells after mitophagy induction. Arrows depict WIPI2 foci on the
mitochondrial staining. Scale bar = 10 lm (overview) and 10 lm (insets).

K Evaluation of mitochondrially localized WIPI2 foci per cell based on images shown in (J). Data based on 15 image stacks from three technical replicates of two
independent clones. One-way ANOVA with multiple comparisons. *P = 0.0331.

L Immunofluorescence staining of HEK293T Control and FBXO7�/� cells expressing GFP-Parkin for HSP60 (mitochondria, magenta), pUb (gray) and GFP (Parkin, green)
after mitophagy induction for indicated times. Scale bar = 10 lm. Number of individual cells analyzed per condition is indicted in the right bottom of each image.

M Analysis of pUb intensity (left) and Parkin intensity (right) in the mitochondrial mask. Error bars depict SEM from three biological replicates from two independent
clones. 2-way ANOVA with multiple comparisons; **P = 0.001, ****P < 0.0001.
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Figure EV2.
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▸Figure EV3. Interaction analysis of FBXO7.

A Interaction network analysis of PINK1 (left) and FBXO7 (right) based on interaction proteomics data from our BioPlex Interactome (Huttlin et al, 2021) (see Materials
and Methods for details). Figure key can be found beneath panel.

B Summary of major interactions observed for FBXO7 in the context of the relevant protein complexes.
C Size-exclusion chromatography traces of indicated FBXO7 complexe on Superdex 200 Increase 10/300 GL.
D SDS–PAGE gel analysis of fractions of SKP1-FBXO7 complexes. Box colors match traces from (C).
E Ridgeline plots of mtKeima-shift analysis by flow cytometry in HeLa control, PINK1�/� and FBXO7�/� cell lines treated with AO at the indicated times. All lines are

normalized to the BafA sample.
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Figure EV4. Analysis of FBXO7�/� response to G-TPP.

A Western Blot for pUb of HeLa Control and FBXO7�/� cells after mitophagy induction using G-TPP for indicated times.
B Western Blot for pUb of HEK293T Control and FBXO7�/� cells after mitophagy induction using G-TPP for indicated times.
C Immunofluorescence images of HeLa Control and FBXO7�/� cells after G-TPP treatment. Staining for Parkin (GFP, green) and pUb (gray) are shown. Scale

bars = 10 lm.
D, E Evaluation of mitophagic response to G-TPP in Hela Control and FBXO7�/� cells, based on images from (C). Ø (average) number of pUb per image stack are plotted.

Number of analyzed cells for each condition is indicted in (D). Error bars depict SEM. (E) Ratio of pUb-positive mitochondria in GFP-Parkin-positive cells divided by
total number of GFP-Parkin-positive cells as proxy for mitophagy induction rate is plotted. Ø (average) % numbers for each genotype are indicted above the plot.
Error bars depict SEM.

F Immunofluorescence images of HeLa Control and FBXO7�/� cells after G-TPP timecourse treatment � doxycycline (= Parkin expression). Staining for pUb
(magenta) is shown. Scale bars = 25 lm.

G, H Quantification of pUb/DNA integrated density normalized to 0 h treatment within genotype. Panel (H) depicts the measurements sorted by treatment time. N
(cells) analyzed per condition is indicated at the bottom of the graph. Error bars depict SEM.

I Ranked protein abundance of Δ log2 (KO[16 h AO/Fed]—Control [16 h AO/Fed]) for FBXO7�/� clone 27 (top) and clone 41 (bottom). Proteasomal annotated
proteins are depicted red, all other detected proteins in gray.
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Appendix Figure S1: Tool kit for analysis of HeLa cells and iNeurons lacking FBXO7. 
(A) Working model summarizing the suggested modes of action of FBXO7 in PINK1/Parkin 
mitophagy. (B) Schematic for generation of FBXO7-/- in HeLa and hESC cell lines. (C) Western 
Blot analysis on HeLa control and FBXO7-/- whole cell lysate. (D) Targeting of gRNA sequence 
within FBXO7 gene along with the sequences of alleles A and B. MiSeq analysis of the three 
HeLa clones (c27, c41, c45) used for this study are shown. (E) Western Blot analysis of 
HEK293T control and FBXO7-/- whole cell lysate. (F) MiSeq analysis of the two HEK293T 
clones (c19 and c37). (G) Western Blot analysis on hESC control and FBXO7-/- whole cell 
lysate. Asterisk indicates non-specific band. (H) Targeting of gRNA sequence within FBXO7 
gene along with the sequences of alleles A and B. MiSeq analysis of the two clones (c52, c89) 
used for this study are shown. (I) Karyotype analysis of FBXO7-/- c52 and c89 hESCs. (J) 
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Western Blot of HeLa Control and FBXO7-/- cells after mitophagy induction using CCCP for 
indicated times. (K) Western Blot of HEK293T Control and FBXO7-/- (expressing GFP-Parkin) 
after mitophagy induction after indicated times. 
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Appendix Figure S2. Super-resolution pUb detection in iNeurons in response to 
mitochondrial depolarization. (A) 3D-SIM images of iNeurons day 12 control, PINK1-/- and 
FBXO7-/- cell lines after AO-induced mitophagy. Cells were stained for nuclear DNA (DAPI), 
mitochondria (HSP60) and pUb. Related to Figure 2D. Scale bar = 5 µm or 1 µm. (B) Confocal 
images of iNeurons day 12 control, PINK1-/- and FBXO7-/- cell lines after AO-induced 
mitophagy with lower AO concentrations. Cells were stained for nuclear DNA (DAPI), 
mitochondria (HSP60) and pUb. (C) Evaluation of images depicted in B. Error bars depict S.D. 
from 12 image stacks measured per condition. One-way ANOVA with multiple comparisons. 
Scale bar = 10 µm and 5 µm. 
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Appendix Figure S3. Proteomic analysis of HeLa cells lacking FBXO7 during 
mitophagy. (A,B) Correlation plots (panel A) and PCA analysis (panel B) for ~8000 proteins 
quantified by TMT proteomics in individual replicates for the experiment outlined in Figure 4A. 
(C) Hierarchical clustering of 8000 proteins quantified in the experiment outlined in Figure 4A. 
(D,E) Violin plots [Log2 (control / FBXO7-/-)] for FBXO7-/- c27 and c41 cells depicting alterations 
in the abundance of mitochondrial proteins (left panel) or specific organelles or protein 
complexes (right panel). (F) Venn diagrams depicting the overlap in the number of proteins 
whose levels are reduced (left panel) or increased (right panel) for the data shown in Figure 
4B are shown. Proteins whose abundance is significantly reduced upon AO treatment are 
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enriched for the mitochondrial organelle (right panel), as expected for cells undergoing 
mitophagy. (G) GO-term enrichment analysis of genes significantly down in both Control and 
FBXO7-/- after 16 h AO mitophagy. (H,I) GO-term enrichment analysis of unique genes 
significantly down (panel H) or up (panel I) in FBXO7-/- after 16 h AO mitophagy. (J,K) Venn 
diagrams depicting the overlap in the number of mitochondrial proteins whose levels are 
significantly increased (J) or decreased (K) are shown. The plurality of proteins which are 
significantly decreased, are shared in all cell lines. (L) Ranked protein abundance of ∆ Log2 
(KO[16 h AO/Fed] – Control [16 h AO/Fed]) for FBXO7-/- clone 27 (top) and clone 41 (bottom). 
Mitochondrial annotated proteins are depicted green, all other detected proteins in grey. 
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Appendix Figure S4. Proteomic analysis of human ES cells lacking FBXO7 during 
neurogenesis. (A) Hierarchical clustering and correlation plots of control and FBXO7-/- c52 
(top) or c89 (bottom) at indicated days of differentiation in the experiment outlined in Figure 
5A. (B) PCA analysis of whole cell proteomic samples from control and FBXO7-/- cells. 
Triplicates for each timepoint and genotype were used. (C) FBXO7 peptide abundance in 
control and FBXO7-/- cells at indicated days of differentiation. (D) Violin plots [Log2 (control / 
FBXO7-/-)] for FBXO7-/- c89 cells depicting alterations in the abundance of mitochondrial 
proteins. (E,F) Correlation plot of d12 / d0 of Control vs FBXO7-/- cells (E: clone 52; F: clone89). 
Autophagy and mtUPR proteis are plotted on the right. Pearson’s r correlation and R2 of KO 
vs Ctrl are indicated on the top left corners. 
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Appendix Figure S5. Comparison of human ES cell neurogenesis with or without 
FBXO7. (A) Hotelling plots (Log10 T2 statistic versus Log2 FC day 12/day 0) of control (left 
panel) or FBXO7-/- c52 hES cells undergoing differentiation. Selected neurogenesis factors 
are indicated. (B) The relative abundance of selected proteins is shown in the lower 
histograms at day 0, 4 and 12 of differentiation. (C,D) Hotelling plots similar to A,B for control 
and FBXO7-/- c89. (E) Patterns of changes in the abundance of autophagy proteins in control 
(left panel) and FBXO7-/- (right panel) day 12 iNeurons relative to day 0 cells displayed on a 
Hotelling plot. (F) Cluster analysis of control and FBXO7-/- cells comparing day 12 of 
differentiation to day 0. Individual clusters are displayed on Hotelling plots for each genotype. 
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