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ARTICLE INFO ABSTRACT

Keywords: C-terminus of HSP70 interacting protein (CHIP) is an E3 ubiquitin ligase and HSP70 cochaperone. Mutations in

Mitophagy the CHIP encoding gene are the cause of two neurodegenerative conditions: spinocerebellar ataxia autosomal

STUB1 dominant type 48 (SCA48) and autosomal recessive type 16 (SCAR16). The mechanisms underlying CHIP-

Neurodegeneration . . . . . . . . .

SCA4S associated diseases are currently unknown. Mitochondrial dysfunction, specifically dysfunction in mitochon-

Ataxia drial autophagy (mitophagy), is increasingly implicated in neurodegenerative diseases and loss of CHIP has been
demonstrated to result in mitochondrial dysfunction in multiple animal models, although how CHIP is involved
in mitophagy regulation has been previously unknown. Here, we demonstrate that CHIP acts as a negative
regulator of the PTEN-induced kinase 1 (PINK1)/Parkin-mediated mitophagy pathway, promoting the degra-
dation of PINK1, impairing Parkin translocation to the mitochondria, and suppressing mitophagy in response to
mitochondrial stress. We also show that loss of CHIP enhances neuronal mitophagy in a PINK1 and Parkin
dependent manner in Caenorhabditis elegans. Furthermore, we find that multiple disease-associated mutations in
CHIP dysregulate mitophagy both in vitro and in vivo in C. elegans neurons, a finding which could implicate
mitophagy dysregulation in CHIP-associated diseases.
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Bettencourt et al., 2015; Kawarai et al., 2016; Hayer et al., 2017; Ret-
terer et al., 2016; Coutelier et al., 2017; Gazulla et al., 2018; Turkgenc
et al., 2018; Olszewska and Kinsella, 2020; Chiu et al., 2020). Both
SCA48 and SCAR16 result in significant degeneration of cerebellar
Purkinje neurons and are associated with a high prevalence of ataxia and
cognitive impairment as well as a wide range of additional symptoms
that vary from one patient to the next (Chen et al., 2020; Mol et al.,
2020; Roux et al., 2020; Bettencourt et al., 2015; Mylvaganam et al.,
2021).

The STUBI1 gene encodes C-terminus of HSP70 interacting protein
(CHIP), a cochaperone and an E3 ubiquitin ligase. CHIP is comprised of
an N-terminal tetratricopeptide repeat (TPR) region, which facilitates its
interaction with chaperones, including HSP70, an internal coiled-coil
domain, and a C-terminal Ubox domain, which mediates its E3 ubiq-
uitin ligase function (Ballinger et al., 1999). Utilizing both its TPR and
Ubox domains together, CHIP is capable of ubiquitinating chaperone-
bound substrate proteins and targeting them for degradation (Mylva-
ganam et al., 2021; Ballinger et al., 1999; McDonough and Patterson,
2003). While CHIP is largely described for its role in facilitating the
elimination of aberrant proteins, it has also been demonstrated to exert
regulatory control over a number of diverse cellular pathways (Mylva-
ganam et al., 2021).

Despite many CHIP functions being known (Mylvaganam et al.,
2021), how mutations in CHIP lead to neurodegeneration is currently
unclear. Animals lacking CHIP, which exhibit Purkinje neuron degen-
eration and ataxia (Shi et al., 2013; Shi et al., 2014; Palubinsky et al.,
2015), have mitochondrial dysfunction (Palubinsky et al., 2015; Lizama
et al., 2018; Dai et al., 2003; Yoo and Chung, 2018; Schisler et al., 2016)
as well as elevated levels of the proteins PTEN-induced kinase 1 (PINK1)
and Parkin within their brains (Palubinsky et al., 2015). PINK1 and
Parkin are both key regulatory proteins in the PINK1/Parkin mito-
chondrial autophagy (mitophagy) pathway, a process by which mito-
chondria are selectively degraded via macroautophagy. Proper
mitophagy regulation is crucial for cellular health as it facilitates the
basal turnover of mitochondria, which is necessary for maintaining a
healthy mitochondrial population, and is also responsible for removing
damaged or dysfunctional mitochondria (Palikaras et al., 2018). Dys-
regulation of the PINK1/Parkin-mediated mitophagy pathway is impli-
cated in multiple neurodegenerative diseases including Parkinson’s
disease (Hsieh et al., 2016; Geisler et al., 2010; Zhang et al., 2010),
Alzheimer’s disease (Fang et al., 2019; Ye et al., 2015; Martin-Maestro
et al., 2016), amyotrophic lateral sclerosis (Rogers et al., 2017; Palomo
et al., 2018) and spinocerebellar ataxia type 3 (Harmuth et al., 2022).

In the absence of mitochondrial stress, PINK1, a serine/threonine
kinase, is rapidly degraded by the proteasome (Yamano and Youle,
2013). Upon mitochondrial damage or dysfunction, PINK1 is stabilized
on the surface of damaged mitochondria and subsequently phosphory-
lates a number of substrates including the E3 ubiquitin ligase Parkin
(Matsuda et al., 2010). Phosphorylation of Parkin by PINK1 leads to
Parkin’s recruitment to mitochondria where it ubiquitinates several
outer mitochondrial membrane (OMM) proteins. Ubiquitinated OMM
proteins are recognized by the autophagy receptor protein microtubule-
associated protein 1 light chain 3 (LC3) which is fused to an isolated
membrane referred to as a phagophore (Youle and Narendra, 2011;
Tang et al., 2017; Gegg et al., 2010; Zhang et al., 2012). Following the
recognition of mitochondria by LC3, the phagophore extends around the
mitochondria, eventually enveloping it in a double membraned vesicle
referred to as a phagosome. The phagosome can then fuse with the
lysosome, resulting in the mitochondria being degraded by the hydro-
lytic enzymes and acidic environment present within the lysosomal
lumen (Grumati and Dikic, 2018).

While it is known that loss of CHIP induces mitochondrial dysfunc-
tion and elevates levels of PINK1 and Parkin, how it promotes mito-
chondrial dysfunction is currently unclear. We hypothesized that CHIP
may be involved in maintaining mitochondrial homeostasis by regu-
lating PINK1/Parkin-mediated mitophagy and that disease-associated
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mutations in CHIP dysregulate this pathway.
2. Materials and methods
2.1. Cell culture

U20S cells stably expressing GFP-Parkin or both GFP-Parkin and
mito-mKeima were a gift from Dr. Edward Fon and Dr. Matthew Tang
and were generated as previously described (Tang et al., 2017; Durcan
et al., 2014). U20S and HEK293T cells were maintained in Dulbecco’s
Modified Essential Media (Gibco, 11,965-092) supplemented with 10%
fetal bovine serum (Sigma, F2442), and 1% penicillin/streptomycin
(Gibco, 1,540,062) at 37 °C in 5% CO,.

2.2. Transfections

For overexpression experiments, cells were plated 24 h prior to all
plasmid transfections. Plasmids and Lipofectamine 2000 (Invitrogen,
11,668-019) were diluted in Opti-MEM (Gibco, 31,985-070) according
to manufacturer’s direction and added to cells in fresh complete media.

The following DNA expression constructs were used: pDONR201
(Invitrogen), pcDNA3.1 (Invitrogen, V79020), pEGFP-C3 (Clontech,
V012022), pDEST-FLAG (88), pcDNA3.1-Myc-CHIP (Yamano and
Youle, 2013), pEGFP-HSP70 (Addgene plasmid # 15215), pDest-565
(Addgene plasmid # 11520), and pDONR201-CHIP (Kalia et al., 2011).

For knockdown experiments, siRNA was transfected using RNAi
MAX Lipofectamine reagent (Invitrogen, 13,778-075) diluted in Opti-
MEM according to Manufacturer’s instructions. Transfections were
performed at the time the cells were plated and incubated for 24 h. After
the 24 h incubation, media was replaced with fresh complete media.
Cells were assessed 48 h after plating/transfection. siRNAs used were
siNTC (ThermoFisher, 4,390,843) sequence undisclosed and siCHIP
(ThermoFisher, s195026) sense sequence: 5‘-CGCUGGUGGCCGU-
GUAUUALtt-3’; antisense sequence: antisense: 5’-UAAUA-
CACGGCCACCAGCGgg-3.

2.3. Mutagenesis

Mutagenesis was performed to generate expression vectors for the
I53T and L275Dfs*16 CHIP mutants using the Q5 site-directed Muta-
genesis Kit (New England Biolabs, E0554S) according to manufacturer’s
instructions using the following primers. Primer sequences were
generated using the NEB BaseChanger software.

I53T-F: 3- GGCCGCGCGACCACCCGGAAC.

I53T-R: 3- GTAGCAGGCCGCCGCCTC.

L275Dfs*16-F: 3’-GACCCAGGAACAGCTCATCCCCAAC.

L275Dfs*16-R: 3- GGGGCTCCGGGTCACGGG.

Mutagenesis was performed on pDONR201-CHIP and the Gateway
LR Clonase II Enzyme mix (Invitrogen, 11791020) was used to move
pDONR201-CHIPs into pDEST-FLAG and pDEST-565 backbones ac-
cording to manufacturer’s specifications.

2.4. Parkin translocation

Parkin translocation was performed as previously described (De
Snoo et al., 2019). U20S GFP-Parkin cells were plated in Lab-Tek 2
Chambered Coverglass (ThermoFisher, 154534PK) and transfections
were performed as previously described. 48 h post siRNA transfection
and 24 h post plasmid transfection, cells were treated with 10 pM (siRNA
knockdown experiments) or 20 pM (plasmid overexpression experi-
ments) CCCP (Sigma, C2759) or DMSO (Sigma, D2650) for 1 h. Cells
were washed for 5 min with PBS (Sigma, D8537) and fixed with 4%
paraformaldehyde for 15 min. Cells were subsequently washed three
times and permeabilized with 0.2% TritonX-100 diluted in PBS for 15
min. Cells were then washed again 3 times and then blocked for 1 h at
room temperature in 5% bovine serum albumin in PBS. Primary
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antibodies diluted in blocking buffer were incubated at 4 °C overnight
with agitation. For overexpression, anti-TOMM20 (Abcam, rabbit
ab78547) and anti-Myc (Roche, mouse 11667149001) primary anti-
bodies were used. For knockdown, anti-CHIP (Sigma, mouse S1073) was
used instead of anti-Myc. The next day, cells were washed three times
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Technologies, S3023). A Zeiss LSM880 confocal microscope was used to
image slides at 20x magnification (Advanced Optical Microscopy Fa-
cility at Write Cell Imaging Facility). GFP-Parkin puncta colocalization
with TOMM20 was scored by eye by an individual blinded to treatment
conditions. A minimum of 150 cells were counted per condition.

and incubated for 1 h at room temperature with agitation with sec-
ondary antibodies diluted in blocking buffer. Alexa Fluor conjugated
secondary antibodies anti-mouse 555 (Life Technologies, a31570), and
anti-rabbit 647 (Life Technologies, a21245) were utilized. Following the
incubation, cells were washed twice followed by a 5 min incubation with
300 nM 4',6-Diamidino-2-Phenylindole (DAPI) in PBS. Cover slips were

2.5. Mito-mKeima mitophagy assay

Mito-mKeima mitophagy assay was performed as previously
described (De Snoo et al., 2019). U20S cells stably expressing GFP-
Parkin and ecdysone inducible mitochondrially targeted mito-mKeima

mounted with DAKO fluorescence mounting media (Agilent (mt-Keima), a pH-dependent fluorescence protein, were used. Cells
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Fig. 1. CHIP overexpression reduces PINK1/Parkin-mediated mitophagy in response to CCCP treatment. A) Representative Western blot of PINK1 protein levels
following CHIP overexpression and subsequent treatment with CCCP or DMSO. B) PINK1 protein levels in CCCP treated conditions were quantified with ImageJ and
normalized to actin. Data is represented as mean + SD of N = 5 independent experiments. Statistical analysis was performed using unpaired t-test. **p < 0.01. C)
Representative immunofluorescence of U20S cells expressing GFP-Parkin, transfected with EV or Myc-CHIP, and subsequently treated with 20 pM CCCP or DMSO for
1 h prior to fixing and permeabilization. Cells were stained for the mitochondrial marker TOMM20, Myc, and the nuclear marker DAPI. Scale bar is 50 pm. D)
Quantification of the percentage of cells with GFP puncta colocalized with TOMM20 was scored by eye and the scorer was blinded to treatment conditions. Bars
represent mean + SD of N = 3 independent experiments. Statistical analysis was performed using One-way ANOVA with Tukey’s post hoc test. **p < 0.01, ****p <
0.0001. E) Representative flow cytometry dot plots of U208 cells stably expressing GFP-Parkin and mt-Keima. Cells were transfected with EV or Myc-CHIP, treated
with 20 pM CCCP or DMSO for 4 h, and subsequently assessed by flow cytometry. X-axis is a measure of mt-Keima pH 7 (405 nm) and y-axis is a measure of mt-Keima
pH 4 (561 nm). Cells within the upper gate were quantified as undergoing mitophagy. F) Quantification of the average percentage of cells undergoing mitophagy.
Data is represented as mean + SD of N = 3 independent experiments. Each condition was performed in technical triplicate and the averaged value was used for each
independent experiment. Statistical analysis was performed using One-way ANOVA with Tukey’s post hoc test. **p < 0.01, ****p < 0.0001. CCCP: carbonyl cyanide
m-chlorophenylhydrazone; CHIP: C-terminus of HSP70 interacting protein; DAPI: 4',6-diamidino-2-phenylindole; DMSO: dimethyl sulfoxide; EV: empty vector; GFP:
green fluorescent protein; mt-Keima: mito-mKeima; PINK1: PTEN-induced kinase 1; TOMM20; translocase of the outer mitochondrial membrane 20. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were transfected as described previously. 24 h post plasmid trans- For each sample, 50,000 events were collected, and cells were gated for
fections and 48 h post siRNA transfection, cells were treated with 10 pM GFP-Parkin and mt-Keima expression. Mitophagy was assessed as the
Ponasterone A (BioShop, PON123.5) for 24 h to induce mito-mKeima percentage of cells displaying an elevated 561,/405 nm ratio as captured
expression. Cells were then treated with 20 pM CCCP or DMSO for 4 in the upper gate. This upper gate was defined by a control sample
h. Cells were subsequently harvested using 0.05% trypsin-EDTA (Ther- reflecting the baseline mitophagy seen in our system (3-5%), as we have
moFisher, 25200054), washed with PBS and analyzed using the LSR previously described (Tang et al., 2017; De Snoo et al., 2019; McLelland
Fortessa Cell Analyzer (BD Bioscience) (Figs. 1 and 2) or the CytoFLEX et al., 2018). Data was analyzed using FlowJo VX software as described
LX flow cytometer (Beckman Coulter) (Fig. 4) at the Princess Margret previously (Tang et al., 2017).

Flow Cytometry Facility with 405 and 561 nm lasers and 610/20 filters.
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Fig. 2. CHIP knockdown increases PINK1/Parkin-mediated mitophagy in response to CCCP treatment. A) Representative Western blot of PINK1 protein levels in
U20S GFP-Parkin cells following CHIP knockdown and treatment with CCCP or DMSO. B) PINK1 levels in CCCP treated conditions were quantified using ImageJ
analysis and normalized to actin. Data is represented as mean + SD of N = 4 independent experiments. Statistical analysis was performed using unpaired t-test. *p <
0.05. C) Representative immunofluorescence of U20S cells expressing GFP-Parkin transfected with siNTC or siCHIP and treated with 10 pM CCCP or DMSO for 1 h
prior to fixing. Cells were permeabilized and stained for the mitochondrial marker TOMM20, CHIP, and the nuclear marker DAPI. Scale bar is 50 pm. D) Quanti-
fication of the percentage of cells with GFP puncta colocalized with TOMM20 was scored by eye while the scorer was blinded to treatment conditions. Bars represent
mean + SD of N = 3 independent experiments. Statistics performed using One-way ANOVA with Tukey’s post hoc test. ****p < 0.0001. E) Representative flow
cytometry dot plots of U20S cells stably expressing GFP-Parkin and mt-Keima. Cells were transfected with siNTC or siCHIP, treated with 20 pM CCCP or DMSO for 4
h, and subsequently assessed by flow cytometry. X-axis is a measure of mt-Keima pH 7 (405 nm) and y-axis is a measure of mt-Keima pH 4 (561 nm). Cells within the
upper gate were quantified as undergoing mitophagy. F) Quantification of the percentage of cells undergoing mitophagy. Data is represented as mean + SD of N = 3
independent experiments. Each condition was performed in technical triplicate and the averaged value was used for each individual experiment. Statistical analysis
was performed with One-way ANOVA with Tukey’s post hoc test. *p < 0.05, ****p < 0.0001. CCCP: carbonyl cyanide m-chlorophenylhydrazone; CHIP: C-terminus of
HSP70 interacting protein; DAPI: 4',6-diamidino-2-phenylindole; DMSO: dimethyl sulfoxide; GFP: green fluorescent protein; HMW: high molecular weight; mt-keima:
mito-keima; PINK1: PTEN-induced kinase 1; siCHIP: siRNA targeting CHIP; siNTC: non-targeting siRNA; TOMMZ20; translocase of the outer mitochondrial membrane
20. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.6. Western blot

Western blots were performed as previously described (Friesen et al.,
2020). Cells were collected with ice cold PBS and lysed using RIPA (50
mM Tris-HCl pH 7.4, 2 mM EDTA pH 8.0, 150 mM NacCl, 1% TritonX-
100) with cOmplete protease inhibitor (Sigma, 11836153001). Whole
cell lysates were prepared with 6 x Laemmli sample buffer (375 mM Tris
HCl, 9% SDS, 50% glycerol, 0.03% Bromophenol blue), boiled at 95 °C
for 10 min, and run on 10% SDS PAGE gels. Gels were transferred onto a
polyvinylidene fluoride (Bio-Rad, 1620177) membrane. Membranes
were blocked with 5% w/v milk in tris-buffered saline (TBS) with 0.1%
Tween20 (TBS-T) and probed with primary antibodies for 1 h at room
temperature or overnight at 4 °C. Membranes were washed three times
for 5 min at room temperature with TBS-T and then probed with sec-
ondary antibodies for 1 h at room temperature. Blots were washed three
times with TBS-T and visualized.

Antibodies used include anti-Flag M2 (Sigma, F3165), anti-Flag
(Sigma, F4725), anti-Actin (Sigma, A2066), anti-GFP (Life-
Technologies, A11120) anti-Myc (Roche, 11667149001), anti-Ub (Santa
Cruz, sc-8017), anti-GST HRP (GE Healthcare, RPN1236V), anti-PINK1
(Cell Signaling, 6946 s), anti-TOMM20 (Abcam, ab78547) and anti-
CHIP (Sigma, S1073).

Secondary antibodies used were: sheep anti-mouse HRP (GE
Healthcare, NA931), donkey anti-rabbit HRP (GE Healthcare, NA934),
donkey anti-rabbit IRDye 680RD (Li-Cor, 926-68073), and goat anti-
mouse IRDye 800CW (Li-Cor, 926-32210). For HRP-linked secondary
antibodies, signal was detected using Pierce ECL Western Blotting
Substrate (ThermoScientific, 32209) and developed on HyBlot CL
autoradiography film (Denville Scientific, E3018). IRDye secondary
antibodies were visualized with the Odyssey Infrared Imaging System
(Li-Cor, 9120).

2.7. Immunoprecipitation

Immunoprecipitations were performed as previously described (De
Snoo et al., 2019; Friesen et al., 2020). HEK293 cells were transfected,
collected, and lysed as described for Western blot analysis. 300 pg of
protein lysate was resuspended to 500 pl total volume with RIPA buffer
and was incubated at 4 °C overnight on a head-over-head rotator with 1
pg of anti-Flag M2 (Sigma, F3165) antibody. Subsequently, 50 pl of
Protein G Sepharose 4 Fast Flow (Cytiva, 17061801) was washed,
resuspended in RIPA, added to IPs, and incubated at 4 °C for 4 h on a
head-over-head rotator. IPs were centrifuged at 2000g for 5 min at 4 °C,
supernatant was removed, and 1 ml RIPA was added to resuspend beads.
Beads were washed 4 times. The final supernatant was removed and
beads were resuspended in Laemmli loading dye, boiled at 95 °C for 10
min, and subsequently assessed by Western Blot. Ten% of the amount of
protein used for each IP was loaded to Western blots as inputs.

2.8. Recombinant proteins

pDEST565-CHIP constructs were generated as previously described
and transformed into BL21(DE3) competent cells (NEB, C2527I) ac-
cording to manufacturer’s protocol. Protocol for the production of re-
combinant CHIP protein was modified from a protocol provided to us by
Dr. Matthew Scaglione (Umano et al., 2022). BL21(DE3) cells were
grown in lysogeny broth (LB) at 37 °C with shaking until OD600 = ~0.8.
Cells were then cooled in ice water, induced with 0.1 mM IPTG (Bio-
Shop, IPT001) and grown at 15 °C for 20 h. Cells were pelleted for 10
min at 2000 g, resuspended in modified NETN buffer (100 mM NaCl, 20
mM Tris-Cl pH 8.0, 0.5% v/v NP-40) with 1 mM PMSF (BioShop,
PMS123.5) and lysed by sonication 3x for 20 s. After sonication, sam-
ples were spun at 4 °C for 20 min at 20,000 g and the supernatant
containing recombinant protein was collected. GST-CHIP was purified
from the supernatant using glutathione Sepharose 4B (Cytiva,
17075601) according to manufacturer’s protocol. Eluted recombinant
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protein was concentrated using a 50 kDa MWCO centrifugal filter
concentrator (Amicon, UFC5050). Recombinant in vitro auto-
ubiquitination was performed using the Human CHIP Ubiquitin Ligase
Kit (R&D systems, K-280) according to manufacturer’s protocol but the
10x HSP70/HSP40 Mix and 10x luciferase substrates were replaced
with ddH20.

For imaging recombinant proteins, SDS PAGE gels were washed once
with ddH20 after running. Gels were then incubated for 1 h at room
temperature in SimplyBlue SafeStain (Invitrogen, LC6060) and then
washed overnight with ddH20. Gels were imaged using ChemiDoc gel
imaging system (Bio-Rad, 12003153).

2.9. C. elegans maintenance

C. elegans were maintained on nematode growth medium (NGM)
agar plates with the Escherichia coli OP50 strain used as worm food at
room temperature using standard strain maintenance techniques
(Brenner, 1974). The following worm strains were used: N2: wild-type
Bristol isolate, chn-1(by155)I, chn-1(tm2692)I, pink-1(tm1779)Il, pdr-
1(gk488)III, IR1864: N2; Ex001[pync-119TOMM-20::Rosella], IR2160:
N2; Ex002[prap-3DsRed::LGG-1;p;ap-3DCT-1::GFP; Pmyo-2GFP],
PHX5417: chn-1(syb5417)I and PHX5418: chn-1(syb5418)I.

CRISPR-Cas9 mutant C. elegans, chn-1(syb5417) and chn-1(syb5418),
were generated by SunyBiotech (SunyBiotech, n.d.). The N2 strain is
used as the canonical wild-type strain (Caenorhabditis Genetics Center
(CGQ), n.d.). Reporter expressing mutant lines as well as double mutant
lines were generated by crossing males with hermaphrodites using
standard techniques (Brenner, 1974). Worm lines utilized in this study
are summarized in Table 1.

2.10. C. elegans mitophagy

Mitophagy assessment was performed as described previously (Pal-
ikaras and Tavernarakis, 2017). One day old adult hermaphrodite
worms were utilized for mitophagy assessment. Worms were picked to
2% agarose pads with 20 mM levamisole (Santa Cruz, sc-205730 A) in
MO buffer (3 g/1 KHoPOy, 6 g/1 NagHPOy, 5 g/1 NaCl) and imaged using a
Zeiss LSM880 confocal microscope. For the C. elegans line IR2160: N2;
Ex002[p;qp-3DsRed::LGG-1;prap-3DCT-1::GFP; ppy02GFP], Z-stack images
taken at 63x magnification were captured of the tails of IR2160
expressing worms. Imaris (Oxford instruments) coloc tool was used to
quantify GFP co-localized with DsRed in the worm tail Z-stacks. IR1864:
N2; Ex001[pync.119TOMM-20::Rosella] reporter expressing worms were
imaged at 20x magnification. ImageJ was used to measure GFP and
DsRed pixel intensity in the heads of mtRosella expressing worms.

Table 1

C. elegans lines used for this study.
Genotype Reporter
WT N2 IR2160
chn-1(by155) IR2160
WT N2 IR1864
chn-1(by155) IR1864
chn-1(tm2692) IR1864
chn-1(syb5147) IR1864
chn-1(syb5148) IR1864
pink-1(tm1779) IR1864
pdr-1(gk488) IR1864
chn-1(by155);pink-1(tm1779) IR1864
chn-1(by155);pdr-1(gk488) IR1864

The WT N2 strain was used as the canonical WT strain. The
IR1864: N2; Ex001[pync.1190TOMM-20::Rosella] and IR2160: N2;
Ex002[prap-3DsRed::LGG-1;P;ap.3DCT-1::GFP; Pmyo.2GFP] worm
lines express pan-neuronal mitophagy reporters. chn-1: C-termi-
nus of hsp70 interacting protein; pdr-1: Parkinson’s disease
related-1/Parkin; pink-1: PTEN-induced kinase 1; WT: wild-type.
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2.11. Statistical analysis

All statistical analysis was performed using GraphPad Prism 9. ROUT
analysis was used to identify outliers.

3. Results
3.1. CHIP overexpression reduces PINK1/Parkin-mediated mitophagy

As CHIP has been demonstrated to be a regulator of Parkin activity
(Imai et al., 2002), and mitochondrial dynamics (Palubinsky et al.,
2015), we first sought to determine if CHIP is a regulator of PINK1/
Parkin-mediated mitophagy in vitro. To investigate the impact of CHIP
overexpression on PINK1/Parkin-mediated mitophagy, in vitro experi-
ments were performed in U20S cells stably expressing GFP-Parkin.
U20S cells are specifically reliant on the PINK1/Parkin pathway for
mitophagy (Tang et al., 2017; De Snoo et al., 2019), but do not express
detectable levels of endogenous Parkin protein, and thus require the
addition of Parkin for mitophagy induction (Tang et al., 2017; Durcan
et al., 2014).

To examine the effects of CHIP overexpression on PINK1 protein
levels, cells were transfected with a Myc-CHIP plasmid or empty vector
control. Transfected cells were treated with the mitochondrial depola-
rizing compound carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
or dimethyl sulfoxide (DMSO) vehicle control and lysates were analyzed
by Western blot (Fig. 1A). PINK1 protein was detectable by Western blot
in CCCP treated cells, but not in DMSO treated cells. In CCCP treated
cells, CHIP overexpression decreased PINK1 protein levels compared to
empty vector control (Fig. 1B).

In order to understand if changes in CHIP impacted mitophagy, we
next assessed the effects of CHIP overexpression on Parkin recruitment
to mitochondria, an early step in the PINK1/Parkin mitophagy pathway.
U20S GFP-Parkin cells were transfected with Myc-CHIP or empty vector
control and subsequently treated with CCCP or DMSO control prior to
being fixed and stained. Parkin recruitment to the mitochondria was
quantified by examining the colocalization of GFP-Parkin puncta with
the OMM protein translocase of the outer mitochondrial membrane 20
(TOMM20) (Fig. 1C). CHIP overexpression reduced the percentage of
cells with Parkin recruitment to the mitochondria in response to CCCP
treatment compared to empty vector control (Fig. 1D), indicating an
impairment in early mitophagy in CHIP overexpressing cells.

Given that CHIP negatively regulates PINK1 levels and Parkin
translocation to mitochondria, we next examined the effects of CHIP on
subsequent mitochondrial turnover by utilizing the mito-mKeima (mt-
Keima) reporter (Tang et al., 2017; De Snoo et al., 2019; Durcan et al.,
2014; Sun et al., 2017; Yi et al., 2019). Mt-Keima is a mitochondrial
targeted pH-sensitive fluorescent protein which undergoes a shift in
fluorescence excitation spectra when exposed to the acidic lysosomal
lumen (Katayama et al., 2011), allowing for the measurement of lyso-
somal engulfment of mitochondria. U20S GFP-Parkin cells stably
expressing mt-Keima were transfected with Myc-CHIP or empty vector
and subsequently treated with CCCP or DMSO control prior to being
collected and analyzed by flow cytometry (Fig. 1E). In line with our
Parkin recruitment findings, CHIP overexpression decreased the per-
centage of cells undergoing mitophagy in response to CCCP treatment
compared to empty vector control treated cells (Fig. 1F). Overall, our
results demonstrate that CHIP overexpression leads to a reduction in
PINK1/Parkin-mediated mitophagy.

3.2. CHIP knockdown increases PINK1/Parkin-mediated mitophagy

To exclude the possibility that the observed effects of CHIP on
mitophagy are exaggerated due to overexpression of exogenous CHIP,
we tested if knockdown of endogenous CHIP enhances PINK1/Parkin-
mediated mitophagy. U20S GFP-Parkin cells were transfected with
short interfering RNA (siRNA) targeting CHIP (siCHIP) or with a non-
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targeting control siRNA (siNTC), treated with CCCP or DMSO control,
and analyzed by Western blot (Fig. 2A). As above, PINK1 was not
detectable by Western blot in DMSO treated conditions. Following
treatment with CCCP, CHIP knockdown increased PINK1 protein levels
compared to siNTC control (Fig. 2B).

Next, we evaluated the effects of CHIP knockdown on Parkin
recruitment to the mitochondria. U20S GFP-Parkin cells were trans-
fected with siCHIP or siNTC and treated with CCCP or DMSO control
prior to being fixed and stained (Fig. 2C). Knockdown of CHIP increased
the percentage of cells with Parkin puncta localized to mitochondria
compared to siNTC control treated cells in response to CCCP treatment
(Fig. 2D).

Lastly, we assessed the impact of CHIP knockdown on mitophagy.
U20S GFP-Parkin cells expressing mt-Keima were transfected with
siNTC or siCHIP and treated with CCCP or DMSO control prior to being
collected and analyzed by flow cytometry (Fig. 2E). CHIP knockdown
significantly increased the percentage of cells undergoing mitophagy in
response to CCCP treatment compared to siNTC transfected control cells
(Fig. 2F). These findings demonstrate that CHIP acts as a negative
regulator of Parkin recruitment to mitochondria and PINK1/Parkin-
mediated mitophagy.

3.3. Loss of CHIP increases neuronal mitophagy in C. elegans in a PINK1/
Parkin-dependent manner

As we have demonstrated that CHIP is a negative regulator of PINK1/
Parkin-mediated mitochondrial turnover and that its knockdown en-
hances mitophagy, we next sought to determine the impact of the loss of
CHIP on mitophagy in neurons utilizing Caenorhabditis elegans as a
model organism. To evaluate the effects of loss of CHIP on mitophagy in
neurons, transgenic C. elegans lines expressing neuronal-specific re-
porters, IR2160 and IR1864 (Tang et al., 2017; Palikaras and Tav-
ernarakis, 2017), were utilized. Reporter-expressing chn-1(by155)
worms, which possess a loss of function mutation within the gene
encoding CHN-1, the C. elegans homologue of CHIP, were generated by
crossing chn-1(by155) worms with reporter-expressing worms.

First, the localization of phagosomes to mitochondria was assessed
utilizing the IR2160 reporter worm line. The IR2160: N2; Ex002[p;ab-
3DsRed::LGG-1;prab-3DCT-1::GFP; pmyo-2GFP] reporter worm line ex-
presses a DsRed tagged LGG-1 (a C. elegans homologue of LC3) as well as
a GFP tagged DCT-1 (an OMM protein). Using this reporter, phagosome
recruitment to the mitochondria is quantified by the colocalization of
the phagosome marker DsRed-LGG-1 with the mitochondrial marker
GFP-DCT-1. IR2160 reporter-expressing wild-type (WT) and chn-1
(by155) worms were picked to agarose pads with anaesthesia and
imaged by confocal fluorescence microscopy (Fig. 3A). chn-1(by155)
worms displayed a significant increase in GFP colocalized to DsRed
compared to WT control worms, indicating an elevation in the colocal-
ization of mitochondria with phagosomes in the neurons of animals with
loss of CHIP (Fig. 3B).

As phagosome recruitment to mitochondria was elevated in chn-1
(by155) worms compared to control, we next utilized the IR1864 re-
porter worm line to determine whether mitophagy is also elevated in
worms with loss of CHIP function. The IR1864: N2; Ex001[pync-
119TOMM-20::Rosella] worm expresses mtRosella, a protein comprised
of a pH-stable DsRed fused to a pH-sensitive GFP, fused to the OMM
localized protein TOMM-20. Under neutral pH conditions, mtRosella
displays both GFP and DsRed fluorescence but, following the engulfment
of mitochondria within the acidic lysosomal lumen, GFP signal is
quenched while DsRed fluorescence is retained. Using this reporter, a
decrease in GFP/DsRed intensity ratio indicates increased levels of
lysosomal engulfment of mitochondria. IR1864 reporter-expressing
worms were picked to agarose pads with anaesthesia, imaged using
confocal fluorescence microscopy, and GFP and DsRed intensity was
measured in worm heads (Fig. 3C). chn-1(by155) worms displayed a
significant decrease in GFP/DsRed intensity ratio compared to WT
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[Prab-3DsRed::LGG-1;P;ap.3DCT-1::GFP; pryo.2GFP] worm line which expresses DsRed-LGG-1 (a phagophore marker) and GFP-DCT-1 (a mitochondrial marker) was
crossed into chn-1(by155) worms. Adult day 1 worms were picked to agar pads with anaesthesia and confocal fluorescence microscopy was utilized to take Z-stack
images at 63x magnification. Maximum intensity projections and colocalization images of WT and chn-1(by155) worm tails were generated using Imaris software.
Scale bar is 40 pm B) Quantification of the percentage of GFP signal colocalized with DsRed in tail Z-stacks was performed using the Imaris coloc tool. Bars represent
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quenched, resulting in only DsRed fluorescence. Adult day 1 worms were picked to agar pads with anaesthesia and imaged at 20x magnification using confocal
fluorescence microscopy. GFP and DsRed pixel intensity were quantified in worm heads using ImageJ software and used to calculate GFP/DsRed pixel intensity ratio.
Scale bar is 50 pm. D) Bars represent mean =+ SD of N = 4 independent experiments. Each dot represents an individual worm. Statistical analysis was performed using
Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 0.05, ****p < 0.0001. chn-1: C-terminus of HSP70 interacting protein; DCT-1: DAF-16/FOXO-
controlled germline tumor affecting-1/mitochondrial marker; GFP: green fluorescent protein; LC3: microtubule-associated protein 1 light chain 3; LGG-1: C. elegans
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worms, indicating that mitophagy is elevated in worms with loss of CHIP
compared to WT controls (Fig. 3D). Taken together, our findings indi-
cate that neuronal mitochondria co-localize with phagosomes and un-
dergo mitophagy at enhanced rates in worms with loss of CHIP.

To determine whether the increase in neuronal mitophagy observed
in worms with loss of CHIP is dependent on PINK1 and Parkin, the
IR1864 reporter was crossed into pink-1(tm1779) and pdr-1(gk488)
worms, which possess null allele deletion mutations in the genes
encoding the C. elegans homologues of PINK1 and Parkin, respectively.
Reporter-expressing double mutant worm lines chn-1(by155);pink-1
(tm1779) and chn-1(by155);pdr-1(gk488) were also generated by
crossing. pdr-1(gk488) worms exhibited a significantly increased GFP/

DsRed intensity ratio compared to WT worms, indicating that loss of
Parkin results in a reduction in neuronal mitophagy (Fig. 3D). pink-1
(tm1779) worms also displayed an increased GFP/DsRed intensity ratio
compared to WT worms. Additionally, double mutant chn-1(by155);
pink-1(tm1779) and chn-1(by155);pdr-1(gk488) worms displayed a
significantly increased GFP/DsRed intensity ratio compared to chn-1
(by155) worms, indicating that neuronal mitophagy is reduced in dou-
ble mutant worms compared to chn-1(by155) worms (Fig. 3D). This
finding indicates that the increase in neuronal mitophagy observed in
chn-1(by155) worms is dependent on both PINK1 and Parkin.
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3.4. Disease-associated mutations in CHIP impair function including
mitophagy regulation in vitro

As many disease-associated CHIP mutations have been demonstrated
to reduce CHIP function, namely E3 ubiquitin ligase activity and/or
cochaperone function (Pakdaman et al., 2021; Umano et al., 2022;
Kanack et al.,, 2018; Madrigal et al., 2019), we hypothesized that
disease-associated mutations will also have an impaired ability to
negatively regulate mitophagy.

For this study, two patient-identified disease-associated CHIP mu-
tations were selected for assessment: the TPR missense mutation I53T
(Chen et al., 2020) and the Ubox frameshift mutation L275Dfs*16 (Genis
et al., 2018; Lieto et al., 2020; Palvadeau et al., 2020; Magri et al., 2022;
Barbier et al., 2022) (Table 2, Fig. 4A). Both the I53T and L275Dfs*16
mutations display an autosomal dominant pattern of inheritance and are
associated with a high prevalence of ataxia and cognitive impairment.
For both I53T and L275Dfs*16, cerebellar atrophy has been observed in
all tested patients. The L275Dfs*16 mutation is the most frequently re-
ported disease-associated CHIP mutation in patients and has currently
been identified in 5 unrelated kindreds of different ethnic backgrounds.

Since CHIP is an E3 ubiquitin ligase, we first assessed the effects of
the disease-associated mutations on E3 function. To assess E3 ubiquitin
ligase function, GST-tagged recombinant WT and mutant CHIP proteins
were generated and an in vitro auto-ubiquitination assay was performed.
The L275Dfs*16 frameshift mutation, which results in a deletion of a
portion of the Ubox domain, was unable to ubiquitinate itself, indicating
an impairment in E3 ubiquitin ligase function (Fig. 4B). Conversely, the
I53T CHIP mutant maintained the ability to auto-ubiquitinate.

Next, as CHIP is an HSP70 cochaperone, we assessed the ability of
disease-associated CHIP mutants to interact with HSP70. HEK293 cells
were co-transfected with GFP-HSP70 and FLAG-CHIP expression con-
structs or empty vector control. Subsequently, immunoprecipitation of
CHIP was performed utilizing an anti-FLAG antibody (Fig. 4C). Muta-
tions in CHIP did not result in changes in CHIP protein levels (Fig. 4D).
Similarly to other mutations within the TPR domain (Kanack et al.,
2018), the I53T CHIP mutant displayed a significant reduction in HSP70
interaction compared to WT CHIP (Fig. 4E). Conversely, the L275Dfs*16
mutation maintained the ability to interact with HSP70.

We next assessed the effects of disease-associated CHIP mutations on
PINK1 protein levels and mitophagy. U20S GFP-Parkin cells were
transfected with FLAG-CHIP expression constructs or empty vector
control prior to being treated with either CCCP or DMSO. PINK1 protein
levels were assessed by Western blot (Fig. 4F). Unlike WT CHIP, disease-
associated CHIP mutants were not associated with a reduction in PINK1
protein levels following CCCP treatment compared to empty vector
control (Fig. 4G).

To assess mitophagy, U20S GFP-Parkin cells stably expressing mt-
Keima were transfected with FLAG-CHIP expression constructs or
empty vector control, treated with CCCP, and collected and analyzed by
flow cytometry as described above (Fig. 4H). Overexpression of WT
CHIP significantly decreased the percentage of cells undergoing
mitophagy in response to CCCP treatment compared to empty vector
control treated with CCCP (Fig. 4I). Interestingly, the expression of
either I53T or L275Dfs*16 CHIP mutants was not sufficient to decrease
the percentage of cells undergoing mitophagy in response to CCCP
treatment compared to empty vector control (Fig. 4I).

Table 2
SCA48-associated mutations utilized for in vitro analysis.
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3.5. Both I53T and L275Dfs*16 disease-analogous mutations elevate
neuronal mitophagy in C. elegans

To determine whether I53T or L275Dfs*16 disease-associated CHIP
mutations have an altered ability to regulate mitophagy in vivo, CRISPR-
Cas9 was utilized to generate C. elegans lines with endogenous disease-
analogous mutations within the chn-1 gene. The analogous mutations
for I53T and L275Dfs*16 in human CHIP are I32T and L233Yfs*2 in
CHN-1 respectively (Table 3, Fig. 5A). CHN-1 I32T (chn-1(syb5417))
and CHN-1 L233Yfs*2 (chn-1(syb5418)) CRISPR mutant worm lines
were generated and utilized for experiments as homozygous mutants.

To assess how these disease-analogous mutations affect neuronal
mitophagy in C. elegans, CHN-1 I32T and CHN-1 L233Yfs*2 mutant
worms were crossed with the IR1864 mtRosella mitophagy reporter line
and reporter-expressing worms were imaged utilizing confocal fluores-
cence microscopy (Fig. 5B). Reporter-expressing WT and chn-1 loss of
function deletion worm lines, chn-1(by155) and chn-1(tm2692), were
utilized as controls. All chn-1 mutant worm lines, including the disease-
analogous CRISPR mutant worms, displayed a significant increase in
neuronal mitophagy compared to WT control worms (Fig. 5C). Despite
its analogous human mutation maintaining the ability to regulate
mitophagy in vitro in response to stress, the I32T mutation in C. elegans
did result in an increase in neuronal mitophagy. These findings indicate
that, in C. elegans, disease-analogous mutations in either the TPR or the
Ubox domain can increase neuronal mitophagy compared to WT worms.

4. Discussion

In the present study, we demonstrate that in vitro overexpression of
CHIP decreased PINK1 protein levels, suppressed Parkin recruitment to
mitochondria and reduced mitophagy in response to CCCP treatment.
Furthermore, knockdown of endogenous CHIP increased PINK1 protein
levels, Parkin localization to mitochondria and mitophagy in response to
CCCP treatment. Taken together, we identify CHIP acts as a negative
regulator of PINK1/Parkin-mediated mitophagy in vitro. Consistent with
our in vitro findings, we found that worms with loss of CHIP displayed
elevated levels of neuronal mitophagy in vivo and this increase was
dependent on both PINK1 and Parkin. Additionally, we demonstrate that
the disease associated CHIP mutation I53T has impaired HSP70 inter-
action, and the L275Dfs*16 mutation has impaired E3 ubiquitin ligase
function. Interestingly, overexpression of either the I53T or L275Dfs*16
mutant were not sufficient to reduce PINK1 protein levels or mitophagy
in response to CCCP treatment in vitro. Additionally, C. elegans pos-
sessing endogenous CRISPR mutations analogous to either I53T or
L275Dfs*16 displayed elevated neuronal mitophagy. Overall, we
demonstrate that CHIP has a role in negatively regulating mitophagy
and disease-associated mutations in CHIP may result in dysregulation of
this pathway.

As CHIP negatively regulated PINK1 protein levels, a key initiator of
PINK1/Parkin-mediated mitophagy, we propose that CHIP negatively
regulates mitophagy by reducing PINK1 protein levels. Moreover,
disease-associated CHIP mutants, which were unable to reduce PINK1
protein levels, failed to hinder mitophagy. A previous study demon-
strated that CHIP ubiquitinates PINK1 in an HSP70-dependent manner,
promoting its proteasomal degradation in HEK293 cells and mouse
embryonic fibroblasts (MEFs) (Yoo and Chung, 2018), which may
explain how CHIP negatively regulates PINK1 protein levels in our

CHIP mutation (RefSeq NP_005852.2) STUBI mutation (RefSeq NM_005861.4)

Type of Mutation # of patients identified # of kindreds identified

p.I53T
p.L275Dfs*16

c158 T >C
€.823_824delCT

Missense 4 1
Frameshift deletion 13 5

Mutations in the CHIP protein and cDNA (STUBI mutation) chosen for this study are listed. CHIP: C-terminus of HSP70 interacting protein; del: deletion; fs: frameshift;
SCAA48: spinocerebellar ataxia autosomal dominant type 48; STUB1: STIP1 homology and Ubox containing protein 1.
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Fig. 4. Disease-associated mutants have impairments in function, including the ability to negatively regulate mitophagy. A) Schematic diagrams of WT, I53T and
L275Dfs*16 CHIP proteins. The position of the selected variants is shown in red. Diagram was generated using DOG 2.0 software. B) Purified recombinant GST-CHIP
proteins were utilized in an in vitro auto-ubiquitination assay and assessed by Western blot. Blot is representative of N = 3 independent experiments. C) HEK293 cells
were co-transfected with GFP-HSP70 and FLAG-CHIP constructs. Inputs were 10% of total protein used for each IP. IP with anti-FLAG antibody was probed for GFP.
D) Quantification of FLAG-CHIP proteins was quantified using ImageJ and normalized to actin. Bars represent mean =+ SD of N = 5 experiments. Statistical analysis
was performed using One-way ANOVA. E) Quantification of GFP-HSP70 levels immunoprecipitated by anti-FLAG immunoprecipitation. Bars represent mean + SD of
N = 5 individual experiments. Statistical analysis was performed using One-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01. F) Representative Western
blot of PINK1 protein levels in U20S GFP-Parkin cells following overexpression of WT and mutant FLAG-CHIP proteins followed by treatment with CCCP or DMSO.
G) PINK1 levels in CCCP treated conditions were quantified using ImageJ analysis and normalized to actin. Data is represented as mean + SD of N = 4 independent
experiments. Statistical analysis was performed using One-way ANOVA with Tukey’s post hoc test. *p < 0.05. H) Representative flow cytometry dot plots from U20S
GFP-Parkin mt-Keima cells transfected with EV or FLAG-CHIP expression plasmids. Cells were treated with DMSO or 20 pM CCCP for 4 h and subsequently analyzed
by flow cytometry. X-axis is a measure of mt-Keima pH 7 (405 nm) and y-axis is a measure of mt-Keima pH 4 (561 nm). Cells within the upper gate were quantified as
undergoing mitophagy. I) Quantification of the percentage of cells undergoing mitophagy. Bars represent mean + SD of N = 3 independent experiments. Each
condition was performed in technical triplicate and mean value was used for each independent experiment. Statistical analysis was performed with One-way ANOVA
with Dunnett’s multiple comparisons test compared to EV + CCCP. *p < 0.05, ***p < 0.001, ****p < 0.0001. CCCP: carbonyl cyanide m-chlorophenylhydrazone;
CHIP: c-terminus of HSP70 interacting protein; DMSO: dimethyl sulfoxide; EV: empty vector; fs: frameshift; GFP: green fluorescent protein; HSP70; heat shock
protein 70; IP: immunoprecipitation; mt-Keima: mito-mKeima; SCA48: spinocerebellar ataxia autosomal dominant type 48; TPR; tetratricopeptide repeat region; WT:
wild-type. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3
Analogous disease-associated mutations in C. elegans.
CHIP mutation (RefSeq STUBI mutation (RefSeq Type of Mutation CHN-1 mutation (RefSeq chn-1 mutation (RefSeq
NP_005852.2) NM_005861.4) NP_491781.2) NM_059380.6)
p.I53T c158T>C Missense p.I32T c105T >C
p.L275Dfs*16 ¢.823_824delCT Frameshift deletion p.L233Yfs*2 ¢.697_698delCT

Disease-associated mutations in the CHIP protein and STUB1 cDNA chosen for analysis are listed alongside their analogous mutations in the C. elegans chn-1 protein and
gene. cDNA: complementary DNA; CHIP: C-terminus of HSP70 interacting protein; CHN-1: C-terminus of HSP70 interacting protein (C. elegans); del: deletion; fs:
frameshift; STUB1: STIP1 homology and Ubox containing protein 1.
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L233Yfs*2 CHN-1 (chn-1(syb5418)) encodes a Ubox frameshift mutation which is analogous to the human L275Dfs*16 mutations and results in a truncation of the
Ubox domain and shortening of the total protein. The position of the selected variants is shown in blue. Figure was generated using DOG 2.0 software. B) The IR1864:
N2; Ex001 [punc-119TOMM-20::Rosella] worm line, which expresses the mtRosella mitophagy reporter protein pan-neuronally, was crossed with chn-1 mutant worm
lines. MtRosella is comprised of a pH-stable DsRed fused to a pH sensitive GFP. Under physiological conditions, mitochondria are at a neutral pH and mtRosella
possesses both DsRed and GFP fluorescence, but within the acidic lysosomal environment, GFP signal is quenched, resulting in only DsRed fluorescence. Adult day 1
worms were picked to agar pads with anaesthesia and live worms were imaged at 20 x magnification using confocal fluorescence microscopy. Scale bar is 100 pm. C)
GFP and DsRed pixel intensity were quantified within worm heads using ImageJ software. All chn-1 mutant worms displayed a significantly decreased GFP/DsRed
pixel intensity ratio compared to WT worms, indicating a significant increase in neuronal mitophagy. Bars represent mean + SD of N = 3 independent experiments.
Each dot represents an individual worm. Statistical analysis was performed using Kruskal-Wallis test with Dunn’s multiple comparisons test. **p < 0.01, ****p <
0.0001. CHIP: c-terminus of HSP70 interacting protein (Human); CHN-1; c-terminus of HSP70 interacting protein (C. elegans); CRISPR: clustered regularly inter-
spaced short palindromic repeats; fs: frameshift; GFP: green fluorescent protein; LOF: loss of function; SCA48: spinocerebellar ataxia autosomal dominant type 48;
TOMM-20: translocase of the outer mitochondrial membrane 20; TPR: tetratricopeptide repeat region; WT: wild-type. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

system. As both HSP70 interaction and E3 ubiquitin ligase function were CHIP was demonstrated to reduce macroautophagy (Sha et al., 2017),
required for CHIP to promote the proteasomal degradation of PINKI, while in HEK293 and N2a cells, knockdown of CHIP was observed to
this may explain why both tested disease-associated mutations displayed result in an increase in macroautophagy (Guo et al., 2015). Further
an impaired ability to reduce PINK1 protein levels and to negatively investigation is required to understand how CHIP may regulate macro-
regulate mitophagy. Nevertheless, further investigation is required to autophagy, and whether this plays a role in CHIP-mediated regulation of
dissect out the exact mechanism by which CHIP negatively regulates mitophagy.

PINK1/Parkin-mediated mitophagy. It is also possible that CHIP may Since disease-associated CHIP mutations resulted in dysregulation of
regulate PINK1/Parkin-mediated mitophagy through multiple mecha- mitophagy both in vitro and in vivo in C. elegans neurons, this may sug-

nisms including by regulating macroautophagy. In MEFs, knockout of gest that mitophagy dysregulation could be a component of CHIP-
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associated diseases. It has been previously demonstrated that Purkinje
neurons display high levels of basal mitophagy compared to other
neuronal subtypes (McWilliams et al., 2016) and that elevated
mitophagy was observed to precede neuron loss in a rat model of Pur-
kinje neuron degeneration (Chakrabarti et al., 2009). These findings
suggest that Purkinje neurons are vulnerable to mitophagy dysregula-
tion, which could explain their specific susceptibility in CHIP-associated
diseases.

While we found CHIP acted as a negative regulator of PINK1/Parkin-
mediated mitophagy in both U20S cells and C. elegans neurons, differ-
ences were observed in mitophagy activation between these systems. In
C. elegans, loss of CHIP significantly elevated mitophagy in neurons,
while in cells, treatment with a mitochondrial stressor was necessary to
observe changes in mitophagy in response to altered CHIP expression.
Why loss of CHIP increases neuronal mitophagy in worms without any
additional stressors, but the addition of a mitophagy-inducing com-
pound was necessary to observe an increase in mitophagy in U20S GFP-
Parkin cells following CHIP knockdown, is not clear. It is possible that,
because siRNA-mediated knockdown does not entirely eliminate the
target protein, the remaining CHIP protein impairs the initiation of
mitophagy, and that the complete loss of CHIP is required to increase
mitophagy without the addition of a mitophagy-inducing compound.
Interestingly, in C. elegans, loss of function mutations in either PINK1 or
Parkin significantly reduced basal neuronal mitophagy compared to WT
control, while in U20S GFP-Parkin cells we have preciously demon-
strated that basal mitophagy is not significantly altered following the
knockdown of PINK1 or in the absence of Parkin (De Snoo et al., 2019).
As loss of PINK1 or Parkin significantly decreased basal mitophagy in
worm neurons, this may indicate that some basal PINK1/Parkin-
mediated mitophagy is occurring in C. elegans neurons, which does not
appear to be the case in U20S GFP-Parkin cells. Although PINK1 /Parkin-
mediated mitophagy has been overwhelmingly implicated in stress-
induced, but not basal, mitophagy (McWilliams et al., 2018; Liu et al.,
n.d.; Lee et al., 2018), low levels of basal PINK1/Parkin-mediated
mitophagy has been reported in certain cell types (Lee et al., 2018;
Cornelissen et al., 2018). Taken together, it is possible that differences in
relative levels of basal mitophagy may explain the differences observed
between C. elegans neurons and U20S cells in this study. Conversely, it
may be the case that the mitophagy reporters utilized in C. elegans are
more sensitive than the assays utilized in U20S GFP-Parkin cells,
allowing for changes in mitophagy in C. elegans neurons to be detected
without the addition of a mitophagy-inducing stressor. Despite the dif-
ferences observed between C. elegans neurons and U20S cells in this
study, CHIP acted as a negative regulator of mitophagy in both models.

Our study identifies CHIP as a negative regulator of mitophagy both
in vitro and in vivo. Moreover, we show that disease-associated mutations
in CHIP can result in dysregulation of mitophagy in vivo. Currently, there
are no therapeutic strategies for the treatment of CHIP-associated dis-
eases. Our results suggest that mitophagy regulation could be a valuable
strategy for the development of novel disease-modifying treatments for
CHIP-associated neurodegeneration.
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