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ABSTRACT

While Parkinson’s disease has a multifactorial etiology, 5%-10% of cases present with identifiable disease-causing gene
mutations. Further investigation into these mutations is a way to identify underlying pathologic mechanism. One of the rare
Parkinson-associated genes is DNAJC13, coding for an endosome-associated protein. Several lines of evidence suggest that
disturbed endosomal pathways are instrumental in the development of Parkinson pathology. Recently, we have shown that
DNAJC13/RME-8 is a positive modulator of autophagy, a lysosome-associated degradative process. Here, we further charac-
terize the role of the disease-linked DNAJC13(N855S) mutant and perform biochemical, cell biological, co-localization, and
expression analysis by employing a newly established cell line with reduced DNAJC13 expression and by transiently expressing
the DNAJC13(N855S) mutant variant. We observed that the DNAJC13(N855S) variant is less stable than the wild-type protein
and might thus impact proteostasis. Furthermore, the protein has functional deficits as it cannot compensate for the impaired
autophagic activity in cells with chronically reduced DNAJC13 levels. In addition, the DNAJC13(N855S) showed a dominant
negative effect on the distribution of the cation-independent mannose-6-phosphate receptor without affecting overall cathepsin
D levels or activity. Lastly, we observed a decreased expression of several genes related to autophagy induction and biogenesis in
stable DNAJC13 knockdown cells. Our data point toward a loss-of-function mechanism of the DNAJC13(N855S) variant and
that chronically reduced DNAJC13 protein levels result in a reduced expression of genes largely involved in endosomal traffic
and autophagosome biogenesis. The DNAJC13(N855S) mutant might thus cause disease in part by its instability and in part by a
dominant negative effect on the autophagic pathway. These data support a pivotal role of endosomal pathway impairment in
Parkinson’s disease pathogenesis.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 | Introduction

Parkinson’s disease (PD) is a neurodegenerative disease pri-
marily characterized by its motor symptoms consisting of rigor,
tremor, and bradykinesia. Pathologically, PD is defined by loss
of dopaminergic neurons within the substantia nigra resulting
in insufficient dopamine release. One of the pathological hall-
marks of idiopathic and most genetic forms of the disease is the
appearance of so-called Lewy bodies. The prime constituent of
these aggregates is a-synuclein (a-Syn). Most PD cases occur
sporadically. Nonetheless, about 10% of all cases follow a
familial inheritance pattern (de Lau and Breteler 2006) and
more than 20 PD-related genes have been identified so far
(Blauwendraat et al. 2020).

One of the rare genes associated with PD is DNAJC13. The
DNAJC13(N855S) mutation was initially described in a Dutch-
German-Russian-Mennonite family (Vilarifio-Giiell et al. 2014),
although there are conflicting reports that mutations in the
TMEM?230 gene caused PD in this pedigree (Deng et al. 2016).
Nonetheless, several new mutations (DNAJC13 (R1382H) (Lin
et al. 2019), DNAJC13(D1670G) (Li et al. 2020);
DNAJC13(S1608R) (Gialluisi et al. 2021), DNAJC13(R903K)
(Gagliardi et al. 2018), DNAJC13(R1830C) (Trinh et al. 2019)
had been identified to cause PD in cohorts of different ethni-
cities in an autosomal-dominant inheritance fashion. The C.
elegans ortholog of human DNAJC13 gene was initially identi-
fied as receptor-mediated endocytosis 8 (RME-8) (Zhang
et al. 2001) and a significant set of data was generated in the C.
elegans model. Therefore, we use the term DNAJC13/RME-8
where appropriate. Human DNAJC13 encodes a protein of 2243
amino acids belonging to the group C of the heat shock protein
40 (HSP40)-related protein family containing a so-called
J-domain (Girard et al. 2005). Proteins with a J-domain inter-
act with heat shock cognate 70 (HSC70) and thereby largely
function as co-chaperons, as reviewed by Craig and Marszalek
(2017). DNAJC13/RME-8 carries the J-domain in a central
position flanked by two domains of unknown function to its N-
as well as to its C-terminal side, referred to as IWN-domains
(Figure 1A) (Girard et al. 2005; Zhang et al. 2001). The
N-terminus of the protein interacts with phosphatidylinositol-
3-phosphate  (PI(3)P), facilitating membrane association
(Fujibayashi et al. 2008; Xhabija and Vacratsis 2015).
DNAJC13/RME-8 is mainly localized at the early endosome
(Girard et al. 2005; Girard and McPherson 2008; Gomez-
Lamarca et al. 2015; Popoff et al. 2009; Shi et al. 2009; Zhang
et al. 2001) and physically interacts with sorting nexin 1 (SNX1)
(Popoff et al. 2009; Shi et al. 2009) and FAM21 (Freeman
et al. 2014) that belong to the retromer and the WASH complex
(Wiskott-Aldrich syndrome homolog), respectively. Although
the function of DNAJC13/RME-8 is not fully understood, sev-
eral lines of evidence suggest that DNAJC13/RME-8 is a key
factor in organizing microdomains within the early endosome
(Norris et al. 2017; Popoff et al. 2009; Shi et al. 2009), thus
mediating protein traffic to the recycling or the degradative
pathway (Freeman et al. 2014; Norris et al. 2017). Moreover,
DNAJC13/RME-8 is a positive modulator of autophagy
(Besemer et al. 2021; Swords et al. 2023). One line of evidence
suggests that DNAJC13/RME-8 is required for autophagic
lysosome reformation (Swords et al. 2023), whereby another
line of evidence demonstrates that DNAJC13/RME-8 affects the

traffic of ATG9A from endosomal compartments toward
the phagophore (Besemer et al. 2021). Interestingly,
overexpression of wild-type DNAJC13, but not the
PD-linked DNAJC13(N855S) mutant, enhanced autophagic
flux (Besemer et al. 2021).

The retromer complex consists of two major subcomplexes, the
heterotrimeric part containing vacuolar protein sorting (VPS)
26, VPS35, and VPS29 acting as cargo selection complex and the
dimeric complex made up of varying SNX-BAR proteins (Cui
et al. 2018; Seaman 2021). The complex regulates retrograde
transport routes toward the Golgi apparatus or the cell surface
(Seaman 2021). Evidence indicates that the cargo selection is
not exclusively mediated by the VPS cargo selection complex
but also, at least for some cargoes like the cation-independent
mannose-6-phosphate receptor (CI-MPR), by the SNX dimer
(Kvainickas et al. 2017; Simonetti et al. 2017). The SNX proteins
induce membrane curvature, which results in membrane tu-
bulation and subsequently in budding vesicles (Harrison
et al. 2014; Kovtun et al. 2018; Lucas et al. 2016). In this context,
DNAJC13/RME-8 coordinates the activity of the WASH com-
plex by the interaction with the FAM21 tail (Freeman
et al. 2014). The WASH complex is a protein pentamer med-
iating actin filament network formation and thus membrane
dynamics. As increased tubulation upon lack of DNAJC13/
RME-8 was described early on (Popoff et al. 2009), mechanistic
insight came from the study on the physical interaction of
DNAJC13/RME-8 with FAM21 and SNX1, (Freeman
et al. 2014) showing the importance of DNAJC13/RME-8 in
WASH regulated membrane tubulation. As a retromer regula-
tor, DNAJC13/RME-8 also influences the trafficking of epi-
dermal growth factor receptor (EGFR) and the transferrin
receptor (Tf-R) (Fujibayashi et al. 2008; Girard and
McPherson 2008). Interestingly, the overexpression of
DNAJC13(N855S) seems to impair the transport of EGFR from
the early endosome to the late endosome as well as the traf-
ficking of Tf-R (Vilarifio-Giiell et al. 2013; Yoshida et al. 2018).
This seems to interfere with o-Syn homeostasis, since the
incubation of a-Syn on DNAJC13(N855S) mutated cells dis-
played an accumulation of a-Syn within the early endosomal
compartment (Yoshida et al. 2018).

Here, we characterized the properties of the PD-associated
DNAJC13(N855S) variant and analyzed the stability of the
protein. Furthermore, we investigated whether mutant
DNAJC13(N855S) interferes with the subcellular localization of
the CI-MPR and cathepsin D activity. We found that upon
mutant DNAJC13(N855S) expression, CI-MPR is distributed
more dispersedly within the cell, while not affecting its co-
localization with the trans-Golgi network. In contrast, the
mutant protein showed a reduced co-localization with CI-MPR
compared to DNAJC13(WT). Interestingly, this does neither
affect overall cathepsin D levels nor its activity within lysosome-
enriched fractions. Moreover, expression data show that genes
responsible for autophagosome membrane integrity and related
to ATG9A trafficking are downregulated in stable DNAJC13
knockdown cell lines and that the DNAJC13(N855S) mutant
cannot restore autophagic activity in these cells, supporting the
view that DNAJC13/RME-8 plays an important role in autop-
hagy. This might contribute to the pathomechanism in
DNAJC13-mediated PD.
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FIGURE 1 | Legend on next page.
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2 | Materials and Methods
2.1 | Cell Culture

All experiments were performed in human embryonic kidney
cell 293 (HEK293) line variants HEK-T and HEK-A. Cells were
cultured in Dulbecco’'s modified Eagle's medium with high
glucose (DMEM, Life Technologies, 41965062) supplemented
with 10% fetal calf serum (PAA Laboratories, A15-101), 1%
sodium pyruvate (Life Technologies, 1136-088), and a mixture
of antibiotics and antimycotics (Life Technologies, 15240-112)
in a humified atmosphere (37°C, 5% CO,). To establish stable
DNAJC13-knockdown lines, HEK293-T were transfected by
the calcium phosphate precipitation method as described
previously (Liebl et al. 2014), using shRNA plasmid
(#TRCN0000243950) from the TRC-library (Sigma-Aldrich).
Subsequently, cells were selected under puromycin (2 ng/uL;
Sigma-Aldrich, P8833) treatment and individual colonies were
picked. Clones with the most efficient knockdown were
selected.

For transient overexpression of DNAJC13(WT) or
DNAIJC13(N8558S), cells were transfected by the calcium phos-
phate precipitation method. Expression plasmids were gener-
ated and sequenced as described previously (Besemer
et al. 2021). Twenty-four hours after transfection, cultures were
washed and 48 h after transfection cells were used for experi-
ments. To block lysosomal acidification, cells were incubated
with 4 uM bafilomycin A; (LC Laboratories, B-1080) for 4 h.
Since bafilomycin A; is soluble in DMSO, controls were incu-
bated in corresponding concentrations of DMSO (Roth, A994.2).
To determine the half-life of DNAJC13, transiently transfected
cells were incubated with the translation inhibitor cyclohexi-
mide (4 uM, Calbiochem, 239764) for the times indicated.

2.2 | Western Blot

For protein analysis, cells were harvested in lysis buffer
(62.5mM Tris-HCl, 2% [w/v] SDS and 10% sucrose [pH 8],
EDTA-free protease [Roche, 04693159001] and phosphatase
inhibitor cocktails [Roche, 04906837001]). Lysates were soni-
cated twice with a tip sonicator at 60 Hz for 10 s on ice. Lysates

were directly analyzed or stored at —20°C over night. Equal
amounts of proteins were separated on 8% or 15% SDS-PAGE
gels and subsequently transferred onto a nitrocellulose mem-
brane. Before antibody incubation, membranes were blocked
with 4% (w/v) fat-free milk powder (Applichem, A0830) in
phosphate-buffered saline supplemented with 0.05% TWEEN20
(PBS-T). Proteins were detected by specific antibodies: SQSTM1
(Progen, GP62-C), LC3B (Novus, NB-100-2220), FLAG (Sigma,
F1804), tubulin (Sigma, T9026), SOD1 (Epitomics, 2018-1),
ATG9A (Abcam, ab108338), LAMP1 (Abcam, ab24170),
LAMP2A (Abcam, ab18528), cathepsin D (Abcam, ab75852),
p53 (Cell Signaling, 2524). A polyclonal antibody directed
against DNAJC13 was produced by Proteintech (Martinsried,
Germany) in rabbits immunized with the N-terminal peptide
RGKYKRVFSV. Subsequently, species-specific and horseradish
peroxidase-coupled secondary antibodies were applied (anti-
rabbit, Jackson Immuno Research, 711-035-152; anti-mouse,
Jackson Immuno Research, 715-035-151; anti-guinea pig,
Jackson Immuno Research, 706-035-148). Enhanced lumines-
cence signals were detected (Amersham Imager 600, GE) and
ImageJ was used for densitometric quantification.

2.3 | Immunocytochemistry

Cells were either grown on glass coverslips or Ibidi imaging
chambers, fixed with 4% (w/v) paraformaldehyde (Sigma,
P6148), and permeabilized with methanol (—20°C, 95%, 6 min),
following several washing steps with PBS (Sigma, D8537).
Coverslips were incubated with specific primary antibodies:
cation-independent mannose-6-phosphate receptor (CI-M6PR)
(Abcam, ab8093), trans-Golgi network protein 2 (TGN46) (ABD
Serotec, AHP500), early endosome Al (EEA1) (BD Biosciences,
610457), sorting nexin 1 (SNX1) (BD Biosciences, 611482),
transferrin-receptor (Tf-R) (Invitrogen, 13-6800), vacuolar pro-
tein sorting 35 (VPS35) (LSBio, LSB5909/55567), WAS protein
family homolog 1 (WASH) (millipore, ABS72). All of them were
washed with PBS and species-specific secondary antibodies
were applied (anti-mouse-Cy5 [Jackson Immuno Research,
715-175-150],  anti-sheep-sheep-Cy3  [Jackson = Immuno
Research, 713-165-147]). DAPI (Calbiochem, 382061) was used
to detect nuclei. The coverslips were mounted and imaged with
a Zeiss 710 confocal microscope. The unprocessed images were

FIGURE1 | The DNAJC13(N855S) mutant protein is instable. (A) Schematic representation of the structure of human DNAJC13 including four

identified PD-associated mutations. The human protein consists of four IWN-domains of repetitive amino acid sequences (isoleucine (I), tryptophan
(W), and asparagine (N)). The central J-domain enables the interaction with HSC70, whereas the very N-terminal site interacts with PI(3)P for
membrane association. The interaction site with FAM21 is located at the N-terminus, while the interaction with SNX1 has been specified to a
sequence between the J- and the IWN4-domains. (B) HEK293T cells were transfected with GFP-tagged DNAJC13 or DNAJC13(N855S). Twenty-
four hours after transfection, protein translation was inhibited by cycloheximide (4 uM) for indicated times. Equal amounts of protein were separated
on an 8% SDS-PAGE gel and after Western blotting, DNAJC13-GFP and p53 were detected with specific antibodies directed against GFP and p53,
respectively. Band intensities were quantified and normalized to protein levels at t,. The mean (+SD) out of four experiments is shown (C, D)
DNAIJC13-GFP/(C) and p53 (D) protein levels were determined after 8 h treatment and compared to to (#) and between DNAJC13-GFP groups (*)
(mean =+ SD; n =4, t-test: *p < 0.05; **p < 0.01; **p < 0.001). (E) HEK293T cells were transfected with GFP-tagged DNAJC13 or DNAJC13(N855S).
Forty-eight hours after transfection, the cells were lysed and total lysate (L) was divided into a soluble (S) and an aggregate-enriched fraction (P) by
centrifugation. Equal amounts of proteins were separated on an 8% SDS-PAGE gel and protein was detected with specific antibodies after Western
blotting. Endogenous superoxide dismutase 1 (SOD1) is a cytosolic protein characterizing the soluble fraction, histone H3 marks the aggregate-
enriched fraction. (F) Both DNAJC13 and DNAJC13(N855S) were barely detectable within the aggregate-enriched fraction compared to supernatant.
(G) The ratio of aggregate-enriched (P) and soluble (S) fraction does not show any difference between DNAJC13 wild-type and DNAJC13(N855S)
mutant (mean + SD; n =4; t-test: *p <0.05; **p < 0.01; ***p < 0.001).
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analyzed by ImageJ through defining the positively transfected
cell as the region of interest and then calculating Pearson’s
correlation (r) of two fluorescence signals, using the Coloc2-
tool. See figure legends for details related to the number of
biological replica and statistical analysis.

2.4 | Enzyme Activity Assay of Cathepsins

The activity of cathepsins was determined according to a
modified protocol established by Gumpper et al. (Gumpper
et al. 2019). In brief, after harvesting, cells were lysed in the
three-fold amount (w/v) of a cytosolic low salt buffer to preserve
lysosomal integrity (20mM Tris-HCl, 1mM EDTA, 1mM
EGTA, 1% glycerol, 2mM DTT, pH 7.8). Subsequently, the
suspension was centrifuged for 30 min (4°C, 13,000 g). To break
the lysosomal membrane, the pellet was resuspended using
double amount (w/v) of acid buffer (200 mM sodium-acetate,
50 mM NacCl, 0,1% TritonX-100, pH 5.0). The suspension was
sonicated twice for 10s at 60 Hz, following another centrifu-
gation (30 min, 4°C, 13,000 g). The supernatant was used for the
determination of lysosomal enzyme activity. The enzyme
activity of equal amounts of protein was determined by adding a
fluorogenic substrate and measuring the fluorescent signal over
time. Therefore, 1 ug of protein was diluted into enzyme activity
buffer (100 mM sodium acetate, 120 mM NaCl, 1mM EDTA,
pH 5.5) to a total volume of 50 uL in a light-protected microtiter
plate. For negative control, pepstatin A (0.1 mM; Merck,
516481), an inhibitor for cathepsin D and other aspartyl pro-
teases, was added. The plate was incubated for 15 min at 37°C
for equilibration. Subsequently, 50 uL of cathepsin D/E sub-
strate (20 uM; Enzo, BML-P145) diluted in activity buffer was
added and measurement was started immediately
(Varioscan Lux, ThermoFischer). Fluorogenic signals were
recorded every 30s for a total time of 1h (excitation 340 nm,
emission 420 nm). For quantification, the slope of the curve in
the linear range was determined. In a different set of experi-
ments, the activity of other cathepsins was determined as above
with some modifications: 7.5ug of protein from lysosome-
enriched preparations was diluted in enzyme activity buffer to a
total volume of 100 uL in a light-protected microtiter plate. For
negative control, the cysteine protease inhibitor (including
cathepsin B and L) E-64-D (final concentration 0.5 mM) was
used. Fifty microliters of fluorogenic substrate (40uM
benzyloxycarbonyl-Phe-Arg-[7-amino-4-methylcoumarine],
Enzo Life Sciences, BML-P139) was added to each well and
fluorogenic signals were recorded after equilibration for 5 min
at 37°C every 3 min with the Fluoroskan Ascent FL (Thermo
Labsystem) (excitation at 355 nm, emission at 460 nm).

2.5 | Cell Fractionation Assay

The method was performed as described earlier (Witan
et al. 2008) In brief, HEK293T cells were transiently transfected
with GFP-tagged DNAJC13 constructs by the calcium-
phosphate method. After 48 h, cells were extracted in PBS
supplemented with proteinase inhibitor cocktail (Roche,
04693159001) and sonicated. Lysates were separated by cen-
trifugation (17,000 g, 4°C, 15min). The supernatant was

collected and the pellet was washed one time. The final pellet
was resuspended in SDS-lysis buffer. Total lysate, supernatant
and pellet were separated on SDS-PAGE and analyzed by
Western blot.

2.6 | RNA-Quantification

To determine expression levels, mRNA was quantified by RT-
gqPCR. For RNA-extraction, the RNA-Miniprep Kit (Agilent
Technologies, 400800) was used. Concentration of nucleic acids
was determined by Nanodrop1000 (Peqlab). For the conversion
into cDNA the Omniskript RT Kit (Qiagen, 205113) was used
according to the manufacturer’s protocol. Following the Sen-
siFAST SYBR & Fluorescein Kit (Bioline, Bio-96020) protocol,
the PCR reaction was run with the iQ Real-Time-PCR Ther-
mocycler (BioRad). DNMT1 was considered as the house-
keeping gene. All primers used are listed in Table S1. Cycle-
threshold results were calculated about DNMT1 using the
REST2009 software (Pfaffl et al. 2002).

2.7 | Statistical Analysis

For results of all experiments determining protein levels vari-
ances were calculated, following Student’s t-test in case of
comparison of two groups and one-way ANOVA to compare
several groups. In case of one-way ANOVA, Bonferroni post hoc
correction was applied. The immunocytochemistry results were
analyzed by Image]. After determining a region of interest,
Pearson’s correlation was calculated. For comparison of two
conditions, Pearson’s correlation for each condition was com-
pared using Student’s f-test. All statistical calculations were
performed using GraphPad Prism 5. Statistics are detailed with
legends to every figure.

3 | Results

3.1 | The DNAJC13(N855S) Is Less Stable Than
DNAJC13(WT)

As a molecular basis for mutant DNAJC13(N855S) toxicity, a
loss of function, a gain of function, dominant negative effects, or
an unstable protein could be postulated. To test the latter, we
investigated if DNAJC13(N855S) is less stable compared to the
wild-type protein. Cells overexpressing GFP-tagged DNAJC13
were treated with cycloheximide to block protein synthesis for 8
h. Subsequently, protein levels of DNAJC13-GFP were deter-
mined by Western blot (Figure 1B,C) whereby p53
(Figure 1B,D) and HSP90 (Figure S1) served as controls for
short-lived and stable proteins, respectively. P53 is degraded via
the ubiquitin-proteasome pathway. After cycloheximide treat-
ment significantly less mutant protein was detected compared
to wild-type DNAJC13 (Figure 1C), suggesting that the
DNAJC13(N855S) is less stable compared to the wild-type
protein. Interestingly, degradation of p53 was independent of
DNAJC13 variant overexpression (Figure 1D), indicating that
the mutant DNAJC13(N855S) overexpression did not affect
proteasomal degradation.
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Accelerated degradation of the mutant DNAJC13 variant points knockdown of DNAJC13 has a comparable effect or whether
toward an instable protein that might result in the formation of =~ compensatory mechanisms are activated, we generated
protein aggregates. To analyze this in more detail, we per- HEK293T cells expressing shRNA directed against the 3'-
formed a centrifugation-based aggregation assay as described untranslated region (UTR) of the DNAJCI13 gene. These cells
earlier (Witan et al. 2008). Histone H3 and SOD1 served as displayed a consistent reduction of about 70% of DNAJC13
positive control for the aggregate-enriched and the soluble protein levels compared to untransfected controls (Figure 2A).
fractions, respectively. Both DNAJC13 variants were barely To determine whether autophagic flux is altered upon chroni-
detectable within the aggregate-enriched pellet (Figure 1E,F). cally reduced DNAJC13 protein levels, cells were treated with
The ratio of pellet/supernatant did not show any significant bafilomycin A; and the protein level of autophagic cargo (here
difference between wild-type and mutant protein (Figure 1G), p62/SQSTM1 for sequestosome 1) was analyzed. Bafilomycin A,
indicating no significant aggregation due to the point mutation. blocks the V-ATPase and thus the acidification of lysosomes,

which, in turn, results in a reduced fusion of lysosomes with

autophagosomes and impaired degradation of autophagic cargo.
3.2 | DNAJC13(N855S) Impairs Autophagy Therefore, the accumulation of autophagic cargo is a proxy for

the generation of autophagosomes and autophagic flux. In line
We previously demonstrated that transient overexpression of ~ With the data from transient knockdown of DNAJC13, the
DNAIJCI13 in naive cells, but not its mutant DNAJC13(N855S), stable HEK293T line showed a reduced autophagic activity
increased autophagic flux (Besemer et al. 2021). Furthermore,  (Figure 2B,C), indicating that the DNAJC13-mediated reduction
transiently reduced DNAJC13 protein levels resulted in an al- of autophagic activity is tolerated under steady-state conditions.
tered trafficking of ATG9A concomitant with a decreased au- ~ To investigate, whether the re-expression of DNAJC13 can
tophagic activity (Besemer et al. 2021). To test, whether a stable =~ compensate the reduced autophagic activity, knockdown cells
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FIGURE 2 | DNAJC13(N855S) cannot restore autophagic activity. (A) DNAJC13 protein levels of HEK293T cells stably transfected with a
shRNA-construct directed against the 3’-untranslated region of DNAJC13 were determined by Western blot. Tubulin served as loading control (mean
+ SD; n = 6; t-test, ***p < 0.001). (B) and (C) Naive HEK293T cells or HEK293T cells stably expressing DNAJC13 shRNA were transfected with empty
vector (mock), GFP-tagged DNAJC13 or DNAJC13(N855S). Forty-eight hours after transfection, cells were treated with bafilomycine A; (BafiA;:
4 uM) or DMSO for 4 h. (B) Equal protein amounts of total lysates were separated by SDS-PAGE and protein levels of DNAJC13, tubulin, and p62/
SQSTM1 were determined by Western blot. (C) Autophagic flux was determined by subtracting the signal intensities of DMSO-treated cells from
bafilomycine A;-treated cells and represented normalized to naive cells (mean + SD; n = 6; one-way-ANOVA, Bonferroni post hoc analysis: *p < 0.05;
#p < 0.01; **p < 0.001).
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were transiently transfected with plasmids harboring DNAJC13
or its mutant variant DNAJC13(N855S) cDNA, resulting in the
expression of comparable DNAJC13 protein levels (Figure S2A).
Indeed, after re-expression of DNAJC13, autophagic activity
was increased (Figure 2B,C). In contrast, upon re-expression
of DNAJC13(N855S) autophagic flux showed no statistically
significant increase and remained at a low level in knock-
down cells. These data are indicating that DNAJC13(N855S)
represents a loss-of-function mutation with respect to its
modulatory capacity in autophagosome biogenesis. It is of
note, that DNAJC13(WT) as well as the mutant variant did
not accumulate in autophagic vesicles (Figure S2B-D),
confirming our previous results in a transient knockdown sys-
tem (Besemer et al. 2021).

3.3 | Expression of DNAJC13(N855S) Alters
CI-MPR Trafficking

DNAIJC13 is functionally linked to the retromer complex
through its direct interaction with SNX1 (Figure 1A) (Popoff
et al. 2009; Shi et al. 2009). Substantial evidence suggests that
the retromer complex plays a prominent role in PD patho-
genesis, as mutations in VPS35, a core component of the com-
plex, cause familial forms of PD (Vilarifio-Giiell et al. 2011) and
a-Syn degradation is retromer-dependent (Miura et al. 2014).
One major cargo of retromer-dependent trafficking is the CI-
MPR. Impairment of CI-MPR transport affects the localization
of acidic hydrolases such as cathepsin D to the lysosome (Miura
et al. 2014). Interestingly, cathepsin D is the lysosomal hydro-
lase cleaving the bulk part of a-Syn (Cullen et al. 2009; Sevlever
et al. 2008). To investigate whether DNAJC13(N855S) expres-
sion affects the localization of retromer cargoes such as CI-
MPR, HEK293A cells were transfected with GFP-tagged
DNAJC13 or DNAJC13(N855S). When comparing the localiza-
tion of wild-type DNAJC13 and DNAJC13(N855S), we did not
observe an overt mislocalization of the mutant protein com-
pared to DANJC13(WT) (Figure 3A; Figure S3). Both GFP-
tagged proteins co-localize with SNX1 and VPS35, components
of the retromer complex, as well as with WASH1, which is part
of the WASH complex. Furthermore, both proteins are associ-
ated with the early endosome, but not with the late endosome
as they co-localize with EEA1 but not with RAB7, respectively
(Figure S3). Our data confirm previous observations, that
DNIJC13(N855S) and the mutant localize at the recycling en-
dosome (Fujibayashi et al. 2008; Girard et al. 2005; Yoshida
et al. 2018). The CI-MPR is one of the prominent retromer
cargoes, which shuttles between the Golgi complex and en-
dosomal compartments. Under steady-state conditions and the
expression of DNAJC13-GFP, the majority of the CI-MPR
was accumulated in the perinuclear region, representing the
Golgi apparatus. CI-MPR and DNAJC13-GFP partially
colocalized (Figure 3A), indicating a partial localization of the
CI-MPR at endosomal membranes. In contrast, expression
of DNAJC13(N855S) resulted in a more dispersed distribution
of CI-MPR concomitant with reduced co-localization of
DNAJC13(N855S) and CI-MPR (Figure 3A). This is in line
with recent data presented by Yoshida and co-workers (Yoshida
et al. 2024). Dispersed CI-MPR distribution was previ-
ously recognized upon transient DNAJC13/rme-8 knockdown

(Besemer et al. 2021; Girard et al. 2005; Popoff et al. 2009). A
redistribution of CI-MPR was also observed upon expression of
the VPS35(D620N) mutant. In contrast to the expression of
DNAJC13(N855S), CI-MPR is more concentrated in the peri-
nuclear space and seems to be trapped in the Golgi apparatus
upon mutant VPS35(D620N) expression (Follett et al. 2014). To
analyze Golgi-association upon DNAJC13(N855S) expression,
co-localization of CI-MPR and the trans-Golgi network marker
TGN46 was determined. Interestingly, co-localization of CI-
MPR and TGN46 was comparable between DNAJC13(WT) and
DNAJC13(N855S) expression (Figure 3B). These data indicate
that DNAJC13(N855S) affects CI-MPR localization differently
than VPS35(D620N).

3.4 | Altered CI-MPR Distribution Does Not Lead
to Altered Processing of Cathepsin D

a-Syn is known to be degraded by autophagy as well as by
lysosomes. In terms of lysosomal degradation, the bulk part of
a-Syn is cleaved by cathepsin D (Munsie et al. 2015; Sevlever
et al. 2008), which is transported as a precursor by the CI-MPR
toward the lysosome (Tayebi et al. 2020). It is of note that
cathepsin activity is inhibited in cell and animal models that
show a-Syn aggregation (Drobny et al. 2023). Since recycling of
the CI-MPR is mediated by the retromer complex and the
trafficking of cathepsin D is CI-MPR-dependent, we analyzed
the influence of DNAJC13 on cathepsin D localization and
activity. The lysosomal enriched fractions from DNAJC13 stable
knockdown and control cells were LAMP1 and LAMP2A pos-
itive, whereas tubulin and DNAJC13 were not identified by
Western blot (Figure S4A), indicating proper separation of
lysosomal fractions. Interestingly, protein levels of cathepsin D
remained unchanged comparing total lysates (Figure S5) or
lysosome-enriched fractions (Figure 3C,D). As a measure for
cathepsin D processing, the ratio of mature cathepsin D and
pro-cathepsin D was determined in lysosomal-enriched frac-
tions (Figure 3C,E). Based on this measure, the processing of
cathepsin D was not altered in stable knockdown cells com-
pared to controls. Furthermore, the re-expression of
DNAJC13(WT) or its mutant variant in cells with reduced
DNAIJCI13 levels did not significantly alter cathepsin D levels
when analyzing total lysates (Figure S5). To determine
cathepsin D activity, the cleavage of a fluorogenic substrate
specific for cathepsin D/E by lysosome-enriched fractions was
determined. The signal was detected over time, whereby the
slope of the graph represents cathepsin D/E activity. Cathepsin
D/E activity was not affected by reduced DNAJC13 levels in
two independent clones (Figure 3F,G). Furthermore, in
a second set of experiments employing a substrate specific
for different cathepsins like cathepsin B, C, L, and K, the
activity of these cathepsins was independent of DNAJC13
protein levels as well (Figure S4C,D). Both experiments
were controlled by the specific inhibitors pepstatin A
(cathepsin D and other aspartyl proteases) and E-64-D
(cysteine proteases), respectively. It is of note that expres-
sion and protein levels of LAMP2A, an adapter for
chaperone-mediated autophagy, remained unchanged in
DNAJC13 knockdown cells, even during re-expression of
wild-type or mutant DNAJC13 (Figure S5).
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3.5 | Stable Knockdown of DNAJC13 Leads to
Downregulation of Genes Associated With
Vesicular Fusion- and Budding Dynamics

Different sets of evidence, including from our lab, suggest an
involvement of DNAJC13 in retromer-dependent trafficking
and in modulating autophagy (Besemer et al. 2021; Swords
et al. 2023). However, the distinct role of DNAJC13 in these
processes remains at least in part elusive. Although several lines
of evidence demonstrate whole genome transcriptional changes
under conditions of impaired retromer function (Connor-
Robson et al. 2019; Daly et al. 2023; Y. Liu et al. 2021; Mishra
et al. 2022), we intentionally performed an expression profiling
of autophagy- and endosome-related genes (Table S1) and
compared wild-type to stable DNAJC13 knockdown cells under
basal conditions to gain further insight on the role of DNAJC13
in autophagy. While it is formally possible that some expression
changes might be caused by off-target effects of the DNAJC13
shRNA, several controls, including HSP90 and p53, argue
against a global transcriptional dysregulation in response to the
stable expression of this ShARNA.

A defined set of genes appeared downregulated, but none of
them, except HSPA8 (HSC70), were upregulated (Figure 4). The
increased expression of HSPA8 (HSC70), although not signifi-
cant, could suggest a compensatory mechanism considering
DNAIJCI13 acting as a co-chaperone of HSC70. Nonetheless, the
list of downregulated genes included autophagy-activating and
autophagy-inhibiting genes, suggesting the activation of com-
pensatory mechanisms. On the one hand, we found AMPK,
ULK2, and ULK3 downregulated that, when activated, induce
autophagic flux on different regulatory levels. On the other
hand, the expression levels of MTOR, a central inhibitor of
autophagy, and TBC1D14, an inhibitor of ATG9A vesicle traffic,
were downregulated, suggesting an increase in autophagic flux
via reduced inhibition.

Within the group of endosome-related genes, the small GTPase
RAB33B and LAMP3 were significantly downregulated
(Figure 4). Interestingly, RAB33B promotes autophagic flux by
regulating the fusion of the autophagosome with the lysosome
(Itoh et al. 2011), whereas LAMP3 inhibits autophagy (Tanaka
et al. 2022). It is of note that the expression of genes related to
the retromer and WASH complex as well as other genes directly

interacting with DNAJC13 were not affected by DNAJC13
knockdown (Figure 4; Figure S6A,B). Finally, two genes of the
autophagy core machinery instrumental in autophagosomal
biogenesis, ATG2 and MAPILC3A, were downregulated. ATG2
interacts with ATG9A and regulates its retrograde recycling
(Reggiori et al. 2004; Wang et al. 2001), whereas LC3A is
mediating membrane integrity of autophagosomes (Javed
et al. 2023). To exclude a clonal effect, the significantly regu-
lated genes were verified in an independent DNAJC13 knock-
down clone (Figure S6).

4 | Discussion

It is a matter of debate whether DNAJC13(N855S) mediates
toxicity by a loss of function or by the acquisition of a toxic
quality. Our data support the view that loss of DNAJC13
function(s) is at least partially responsible for cellular toxicity.
On the one hand, DNAJC13(N855S) is less stable than the wild-
type protein (Figure 1) resulting in reduced protein levels. On
the other hand, mutant DNAJC13 is functionally impaired re-
garding its ability to positively modulate autophagy. This is
supported by data that the re-expression of the mutant protein
cannot restore the autophagic flux phenotype in cells with
chronically reduced DNAJC13 protein levels (Figure 2). Fur-
thermore, the transient overexpression of DNAJC13(N855S) did
not result in the formation of aggregates (Figure 1), suggesting
that the mutant variant is not an intrinsically aggregation-prone
protein and might interfere with cellular homeostasis in this
way. Nonetheless, DNAJC13 has been colocalized with a subset
of Lewy bodies in patient tissues (Vilarifio-Giiell et al. 2013)
suggesting that the mutant protein might get trapped in ag-
gregates under conditions of continued cellular stress in an aged
tissue. Further investigations are necessary to analyze how the
change of side chains from asparagine to serine modifies pro-
tein stability.

The observation that aggregated a-Syn, even when applied ex-
tracellularly, inhibits its lysosomal degradation (Drobny
et al. 2023; Hoffmann et al. 2019), and the identification of
several PD-associated genes related to the endo-lysosomal sys-
tem point toward a significant role of this pathway in the
pathogenesis of the disease (Vidyadhara et al. 2019). One of
these genes is DNAJC13, coding for a protein that interacts with

FIGURE 3 | Overexpression of DNAJC13 (N855S) alters the subcellular co-localization of CI-MPR with DNAJC13, without affecting the

cathepsin D processing or activity. HEK293A cells were transfected with GFP-tagged DNAJC13 variants. After 48 h, cultures were fixed and co-
stained with CI-MPR (A) or CI-MPR and the trans-Golgi network marker TGN46 (B) with appropriate fluorescent secondary antibodies. Co-
localization of GFP with CI-MPR (A) and TGN46 with CI-MPR was analyzed on confocal images and Pearson’s correlation was determined. Only
transfected cells were considered (see box in (B), left panels, showing GFP-positive cells) (mean + SD; n =30 individual cells from at least three
independent experiments; t-test: *p < 0.05; **p <0.01; ***p <0.001) (scale bar: 20 um). (C) Lysosome-enriched fractions were characterized by
Western-Blot analysis showing cathepsin D and its precursor proteins pro-cathepsin D and prepro-cathepsin D. (D) Quantification of the Western
blot in C: Cathepsin D protein levels in stable DNAJC13-knockdown cells were normalized to untransfected cells (mean + SD; n = 4, t-test: *p < 0.05;
ns not significant). (E) The ratio of cathepsin D and pro-cathepsin D is unchanged despite knockdown of DNAJC13 (mean + SD; n =4, t-test:
*p < 0.05; ns not significant) (F/G). Lysosome-enriched fractions of wild-type cells and two independent DNAJC13 knockdown clones were incubated
with a specific fluorogenic substrate for cathepsin D/E. The linear increase of fluorescence over time (slope of the graph within lines) is a measure for
the activity of the enzyme. (F) Shown is one representative experiment with technical triplicates. Pepstatin A is a specific inhibitor for cathepsin D
and other aspartyl proteases and serves as negative control. (G) Each experiment was performed with technical triplicates. The slopes of mutant cells
were normalized to controls. The enzymatic activity of cathepsin is independent of DNAJC13 protein levels. (mean + SD; n =4, t-test: *p < 0.05; ns
not significant).
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the retromer as well as with the WASH complex. Retromer-
mediated dysfunction of endo-lysosomal dynamics is an emer-
ging pathomechanism of PD, resulting in the appearance of a-
Syn accumulations (Yoshida and Hasegawa 2022). One possible
mechanism might be an inefficient transport of cathepsin D,
which facilitates a-Syn lysosomal degradation. Whereas a-Syn
itself enters the lysosome via LAMP2A and is degraded by
chaperone-mediated autophagy (Cui et al. 2018) cathepsin D is
directed toward the lysosome in a retromer-dependent manner
via CI-MPR (Arighi et al. 2004; Cui et al. 2018; Sevlever
et al. 2008). In the case of the PD-related VPS35(D620N)
mutation (Vilarifio-Giiell et al. 2011), a disrupted recycling of
CI-MPR was observed, which is supposedly due to perturbed
interaction between retromer and WASH complex (McGough
et al. 2014; Zavodszky et al. 2014).

We observed a peripheral dispersion of CI-MPR upon the
transient knockdown of DNAJC13 (Besemer et al. 2021) and the
overexpression of DNAJC13(N855S) in normal HEK293 cells
(Figure 3A,B), confirming recent data from Yoshida and co-
workers (Yoshida et al. 2024). It is of note that the persistent
knockdown of DNAJC13 did not lead to altered lysosomal
cathepsin D levels nor to a reduced activity of cathepsin D in
lysosomal fractions (Figure 3C-G). This phenotype seems to
differ from the one observed under VPS35(D620N) expression.
In this case, the distribution of CI-MPR is either unchanged
(Kvainickas et al. 2017; Simonetti et al. 2017; Tsika et al. 2014)
or getting trapped within the Golgi apparatus (Follett
et al. 2014), followed by a disrupted transport of pro-cathepsin
D to the lysosome (Follett et al. 2014). However, peripheral
dispersion of CI-MPR similar to the herein observed effect was
described upon knockdown of components of the WASH
complex (Gomez and Billadeau 2009) and the knockdown of
SNX1 (Kvainickas et al. 2017). Furthermore, SNX has a function
in CI-MPR trafficking which is independent of the core VPS-
trimer (Kvainickas et al. 2017; Simonetti et al. 2017). Bearing in
mind that the knockdown of DNAJC13 as well as the expression
of DNAJC13(N855S) resulted in increased SNX1-positive en-
dosomal tubulation (Follett et al. 2019; Freeman et al. 2014), it
appears reasonable that DNAJC13 might participate in co-
ordinating the WASH complex- and SNX1-dependent export of
CI-MPR from the early toward the Golgi apparatus.

In line with this hypothesis, we identified several down-
regulated genes under stable knockdown conditions of
DNAIJCI13, all of them playing a crucial role in vesicular fusion
and budding dynamics or being directly involved in autopha-
gosome formation (Figure 4). All of the regulated genes are
involved in ATGY9A trafficking as will be discussed below, and
all, but one of these, namely TBC1D14, largely have a positive
effect on autophagy. Interestingly, the regulated genes seem-
ingly do not reside in the early endosome in the context of
ATGY9A trafficking. It is of note, that loss of retromer or
retromer-associated proteins like VPS35, SORL1, or LRRK2
result in cell type-specific transcriptional changes (Connor-
Robson et al. 2019; Daly et al. 2023; Y. Liu et al. 2021; Mishra
et al. 2022). Although it seems unlikely that retromer proteins
act as transcription factors, a common theme mediating tran-
scriptional changes is an impairment of cell surface receptors
recycling with might, at least in part, explain the cell type
specificity (Mishra et al. 2022; Rahman et al. 2020). In addition,

a recycling-independent function of retromer is linked to the
regulation of the lysosome-associated transcription factor TFEB.
Here, retromer is involved in maintaining endosomal RAB7
domains. RAB7 governs cytosolic mTORC-association with and
phosphorylation of TFEB which translocates into the nucleus
upon lysosomal stress or retromer dysfunction (Kvainickas
et al. 2019).

LC3A is a member of the ATGS8 protein family and, among
other functions, interacts with the mitophagy-receptor FUNDC
(L. Liu et al. 2012) and contributes to the integrity and the
sealing of autophagosomal membranes by interacting with the
ESCRT-I component VPS37A (Graef 2018). It is now tempting
to hypothesize that DNAJC13 affects LC3A by interfering with
the trafficking of VPS37A as DNAJC13 has been shown to
balance ESCRT-driven assembly of recycling and degradative
sub-endosomal domains (Norris et al. 2017). ATG2A was shown
to promote vesicular fusion, supported by its rod-shaped
structure (Graef 2018). It localizes on the pre-autophagic
structure and lipid droplets (Velikkakath et al. 2012), and
directly interacts with ATG9A (Wang et al. 2001). More spe-
cifically, ATG2 and ATG9A are located at the interface between
the endoplasmic reticulum and the phagophore (Gémez-
Sanchez et al. 2018) where they form a heterotetrameric com-
plex facilitating lipid flow toward the phagophore and the
equilibration of its lipid bilayer (Van Vliet et al. 2022). In
addition, ATG2 regulates the retrograde recycling of ATG9A
(Wang et al. 2001). TBC1D14 which is believed to be a GAP
(GTPase-activating proteins) for the RAB family of small
GTPases, is a key player in regulating ATG9A trafficking
through the recycling endosome and in maintaining the so-
called ATG9 compartment (Lamb et al. 2016; Longatti
et al. 2012). It negatively regulates ATG9A transport toward the
phagophore and thus autophagic flux (Lamb et al. 2016). The
reduced expression of TBCI1D14 in cells with persistently
reduced DNAJC13 levels might be a compensatory mechanism
and a consequence of an altered endosomal subdomain archi-
tecture. Moreover, TBC1D14 overexpression displayed a dis-
ruption of Tf-R traffic through the recycling endosome
(Longatti et al. 2012) comparable to a knockdown of DNAJC13
(Girard et al. 2005). RAB33B is facilitating Golgi stack organi-
zation and is part of the traffic machinery from the Golgi
apparatus toward the endoplasmic reticulum (S. Liu and
Storrie 2012). RAB33B is additionally directly involved in au-
tophagosome formation through physical interaction with
ATG16L (Itoh et al. 2008) and recruitment of the ATG5-12/16L-
complex to phagophores (Pantoom et al. 2021). LAMP3 is a
lysosomal protein and considered a risk factor for PD
(Pihlstrom et al. 2013). The knockdown of LAMP3 as well as its
overexpression disrupt autophagic degradation (Dominguez-
Bautista et al. 2015; Tanaka et al. 2022). The molecular basis for
this is not fully understood. On the one hand, overexpression of
LAMP3 seems to inhibit the fusion of autophagosomes and
lysosomes which results in an accumulation of autophagosomes
(Tanaka et al. 2022). On the other hand, the knockdown of
LAMP3 inhibits the autophagy induction after proteasomal
inhibition but not after general autophagy induction through
amino acid starvation (Dominguez-Bautista et al. 2015).

Analyzing the expression of several kinases involved in regu-
lating autophagy, we observed that AMPK and MTOR levels

11 of 16

85U8017 SUOWILIOD BAEa.D 8|qeol(dde au Aq peusenob ae S9ole YO @S JO s3I 10} A%eud1T8UIUO 8|1 UO (SUORIPUOD-PUE-SWLBIW0 A8 | 1M ARIq 1 Ul UO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/90/62] U0 Akl 8ulluO A8]IM ‘ZUR N YeUlo!|qIgsTeIS RAIUN AQ 7200, d0l/Z00T 0T/10p/w00 A8 |1 Azeiq1jeuljuo//sdny Wwouy pepeojumod ‘2 ‘5202 ‘259260T



were reduced in DNAJC13 knockdown cells. AMPK and MTOR
are sensors for energy and nutrient supply, respectively,
whereby their activities having opposing effects on autophagy.
AMPK positively regulates autophagy by directly activating
ULK1/ULK2 and by inhibiting MTOR (Alers et al. 2012).
Interestingly, the ULK1-dependent localization of ATGY9A
depends on the AMPK-mediated phosphorylation of ULK1
(Mack et al. 2012). Active MTOR phosphorylates ULK1 and
ULK2 at different sites than AMPK resulting in autophagy
inhibition (Hosokawa et al. 2009). It is of note that ULK2 but
not ULK1 showed reduced expression levels in DNAJC13
knockdown cells. ULK1 and ULK2 share a high homology in
the catalytic and the C-terminal domains. They both form a
complex with FIP200 and ATG13 (Chan et al. 2009; Jung
et al. 2009), locate on the omegasome (Chan et al. 2007; Cheong
and Klionsky 2008) and regulate the phosphorylation of pro-
teins containing PI(3)P-effector domains, such as ATG2
(Papinski et al. 2014). Despite redundant functions within the
autophagy pathway under some conditions (Lee and
Tournier 2011; McAlpine et al. 2013), ULK1 and ULK2 display
specific functions in certain cell types and adult tissues (Chan
et al. 2007; Demeter et al. 2020; Harris et al. 2022). ULK2
knockdown in HEK293 cells did not alter general autophagic
flux (Chan et al. 2007) but it might be involved in special types
of selective autophagy in these cells (Demeter et al. 2020). ULK3
belongs to the ATG1 protein family of kinases like ULK1/ULK2.
Besides promoting budding dynamics by phosphorylation of the
ESCRT-III-complex (Caballe et al. 2015), it regulates autophagy
independent of ULK1/2 in drosophila melanogaster (Braden and
Neufeld 2016). ULK3 is upregulated upon serum starvation and
its overexpression increases autophagic flux (Goruppi
et al. 2017; Young et al. 2009). Interestingly, the starvation-
induced ULK3 activity inhibits LC3B expression by

DNMT3A-mediated methylation of the LC3B promotor
(Gonzalez-Rodriguez et al. 2022).

Besides its role in autophagy induction, MTOR activity is
involved in regulating the autophagic lysosome reformation
(ALR) (Nanayakkara et al. 2023). The observed reduced levels
of MTOR transcripts in DNAJC13 knockdown cells, might
impair ALR and thus, as a feedback loop, autophagic flux.
Recent evidence suggests that DNAJC13 is also directly
involved in ALR (Swords et al. 2023). DNAJC13/RME-8
knockdown in mammalian neuronal culture and in so-called
ALM neurons of C. elegans resulted in reduced autophagic flux
concomitant with elongated autolysosomal tubules. The for-
mation of these elongated tubules might be mediated by the role
of DNAJC13/RME-8 as a co-chaperone for HSC70 controlling
clathrin dynamics (Swords et al. 2023).

In summary, all genes that were downregulated upon chroni-
cally reduced DNAJC13 levels are closely related to the for-
mation of autophagosomes and/or ATGY9A trafficking
(Figure 5). This is consistent with our previous observations
that the transient knockdown of DNAJC13 affected ATG9A
localization at the recycling endosome and resulted in a reduced
co-localization of ATG9A with LC3B (Besemer et al. 2021).
Considering missing evidence concerning a physical interaction
between DNAJC13 and ATGY9A (data not shown), ATG9A
mislocalization through reduced DNAJC13 levels might be
caused by its interference with the conserved budding
machinery. DNAJC13 is involved in clathrin dynamics and af-
fects clathrin distribution, possibly by its co-chaperone activity
(Chang et al. 2004; Girard et al. 2005). Having said this, the lack
of DNAJC13/RME-8 resulted in an accumulation of clathrin in
the endosomal compartment, with in turn jeopardizes ALR
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ULK2 o
F|P2:JG13
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ATG5-12/16 P 4
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FIGURE 5 | Functional interaction of regulated genes in stable DNAJC13 knockdown cells. The expression of a set of genes (boxed; see Figure 4)

related to vesicle transport and autophagosome biogenesis was downregulated in cells with persistent reduced DNAJC13 protein levels compared to

normal HEK293 cells. Interestingly, none of the analyzed genes were upregulated. Genes in green and red boxes positively and negatively affect

autophagy, respectively. See text for details.
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(Swords et al. 2023), highlighting the role of DNAJC13/RME-8
in recycling processes in the early endosomal compartment and
thereby affecting autophagy. Moreover, as DNAJC13 is central
in forming endosomal microdomains (Norris et al. 2017; Norris
et al. 2022), reduced DNAJC13 levels might affect domain
organization and protein sorting of the recycling endosome.
This might directly interfere with ATG9A trafficking or affect
the distribution of one or several components regulating
ATGY9A function and transport. It is of note that the
DNAIJC13(N855S) variant is not able to compensate for these
effects upon transient expression and might thus impair one
route of a-Syn degradation.
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Supporting Information
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Supporting Information section.

Supplemental Figure 1: HSP90-levels are stable upon inhibition of
translation independent of DNAJC13 variant expression. Supplemental
Figure 2: DNAJC13 itself is not a client of autophagic degradation.
Supplemental Figure 3: The mutation in DNAJC13(N855S) does
not result in an overt altered subcellular localization. Supplemental
Figure 4: Cathepsin D levels or cathepsin D activity in lysosomal en-
riched fraction are not affected by knockdown of DNAJC13. Supple-
mental Figure 5: Cathepsin D, LAMP2A-level and the processing of pro-
cathepsin D remain unaffected under stable knockdown (KD) of
DNAJC13 and re-expression of wildtype DNAJC13 or DNAJC13(N855S).
Supplemental Figure 6: The downregulation of the identified genes
upon stable knockdown of DNAJC13 can be validated in other inde-
pendent DNAJC13 knockdown cell lines. The mRNA-expression of
DNAJC13 associated genes remains largely unchanged. Table 1: Primer
for RQ-PCR.
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