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a b s t r a c t

Cathepsin D (CTSD) is a lysosomal aspartic protease and its inherited deficiency causes a severe pediatric
neurodegenerative disease called neuronal ceroid lipofuscinosis (NCL) type 10. The lysosomal dysfunc-
tion in the affected patients leads to accumulation of undigested lysosomal cargo especially in none-
dividing cells, such as neurons, resulting in death shortly after birth. To explore which proteins are
mainly affected by the lysosomal dysfunction due to CTSD deficiency, Lund human mesencephalic
(LUHMES) cells, capable of inducible dopaminergic neuronal differentiation, were treated with Pepstatin
A. This inhibitor of “acidic” aspartic proteases caused accumulation of acidic intracellular vesicles in
differentiating LUHMES cells. Pulse-chase experiments involving stable isotope labelling with amino
acids in cell culture (SILAC) with subsequent mass-spectrometric protein identification and quantifica-
tion were performed. By this approach, we studied the degradation and synthesis rates of 695 and 680
proteins during early and late neuronal LUHMES differentiation, respectively. Interestingly, lysosomal
bulk proteolysis was not altered upon Pepstatin A treatment. Instead, the protease inhibitor selectively
changed the turnover of individual proteins. Especially proteins belonging to the mitochondrial energy
supply system were differentially degraded during early and late neuronal differentiation indicating a
high energy demand as well as stress level in LUHMES cells treated with Pepstatin A.
© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Proteolysis is central for the homeostasis as well as survival of
neurons and therefore, for a proper function of the brain itself [1].
Aberrant states of certain proteins cause a variety of neurodegen-
erative disorders like Alzheimer's (AD), Huntington's (HD) or Par-
kinson's disease (PD). All of these neurodegenerative disorders
accumulate protein aggregates, which cannot be cleared from the
brain. Another group of neurodegenerative disorders is caused by
lysosomal dysfunction and called lysosomal storage diseases (LSDs)
[2,3]. These LSDs accumulate undigestedmaterial within lysosomes
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mainly due to impaired function of lysosomal hydrolases. The
clinical severity of LSDs depends on the degree of lysosomal
dysfunction ranging from mild retardation to death within hours
after birth.

The most common group of pediatric neurodegenerative dis-
eases in humans belonging to those LSDs are the neuronal ceroid
lipofuscinoses (NCLs) [4]. Those mainly recessively inherited NCLs
are categorized by the affected gene into at least 14 different sub-
types [4,5]. NCL type 10 is caused by a number of different loss-of-
function mutations in the human cathepsin D (CTSD) gene [6,7].
Notably, NCL type 10 represents one of the severe congenital NCL
subtypes, most often resulting in death of the patients shortly after
birth. CTSD belongs to the small group of aspartic proteases
together with cathepsin E (CTSE) and pepsinogenmainly present in
the gut [2]. In contrast to gastric pepsin, CTSD and CTSE are
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proteases catalyzing the hydrolysis of proteins in the acidic endo-
lysosomal compartment [8]. Mice with a constitutive deficiency of
CTSD present with NCL symptoms about three weeks after birth
and die on postnatal day 26 ± 1 [9]. Histological analysis of brains of
those mice revealed a substantial loss of neurons accompanied by
strong proliferation and activation of microglia and astroglia cells
(gliosis) [10,11]. Furthermore, CTSD-deficient mice presented with
an atrophy of their thymus as well as small intestine contributing to
the early death of mice [11,12]. CTSD deficiency restricted to the
neuroectoderm (mainly neurons) of mice showed only a slightly
delayed NCL phenotype compared to a constitutive CTSD deficiency
with neuronal loss accompanied by gliosis, atrophy of thymus as
well as small intestine and death on postnatal day 31.5 [11]. These
results demonstrate that the lysosomal dysfunction in neurons
seem to be the main driver of NCL type 10.

Therapeutic options for patients with NCL are very limited [13].
At the moment, enzyme replacement therapy (ERT) seems to
improve the outcome of patients with NCL. The only approved ERT
for NCL is the intraventricular administration of recombinant
tripeptidyl-peptidase 1 (TPP1) for patients with NCL type 2 [14].
That this strategy may also work for patients suffering from NCL
type 10 was shown by administering recombinant human CTSD
intracranial to constitutive CTSD-deficient mice, thereby reducing
the lysosomal storage phenotype in the brain and delaying the
neuropathological phenotype of CTSD-deficient mice compared to
untreated controls [13].

Although this therapeutic approach seems to be very promising
in restoring lysosomal function, generating more knowledge about
how CTSD affects proteolysis may offer new strategies to treat NCL
type 10. Therefore, our study focused on how CTSD inhibition may
affect protein turnover in a human neuronal differentiation model.
For that purpose, Lund human mesencephalic (LUHMES) cells [15]
were treated with Pepstatin A (PepA), an inhibitor of acidic aspartic
proteases (CTSD/CTSE), and protein turnover during early and late
neuronal differentiationwas analyzed using stable isotope labelling
with amino acids in cell culture (SILAC). This analysis demonstrated
that individual proteins were stabilized or destabilized upon Pep-
statin A administration instead of having an effect on overall
lysosomal proteolysis. Furthermore, this seems to be a very dy-
namic process, because a remarkable difference in the proteins
being stabilized or destabilized upon Pepstatin A treatment was
revealed between early and late neuronal differentiation of
LUHMES cells.
Table 1
Sequence of forward and reverse primers used for qRT-PCR.

Target Primer forward (50-30) Primer reverse (50-30)

CTSD ATTCCCGAGGTGCTCAAGAA AAGCGATGTCCAGCAGTTTG
CTSE ACTAGCCCAGCCTGCAAGAC GGCCAACCACGGTTAGTCCTT
GAPDH CGACCACTTTGTCAAGCTCA AGGGGTCTACATGGCAACTG
KCNJ6 TGGCCAAGCTGACAGAATCCA CCTGGCCTGCTTAGGCAACT
NRG1 TGTGCAAGTGCCAACCTGGATT GGCGATGCAGATGCCGGTTA
SOX2 GAAGGATAAGTACACGCTGCCCG GCTGGTCATGGAGTTGTACTGC
Syn1 TCAGACCTTCTACCCCAATCA GTCCTGGAAGTCATGCTGGT
2. Materials and methods

2.1. Cell culture and treatments

LUHMES cells were cultured as previously described [15].
Shortly, Nunc™ flasks or well plates were coated with 1 mg/ml
Poly-L-Ornithine (Sigma-Aldrich) at 37 �C overnight, washed once
with sterile ddH2O and air-dried in aseptic conditions. Proliferation
medium (1x N-2 Supplement, 2 mM L-glutamine, 40 ng/ml re-
combinant human fibroblast growth factor (rhFGF) in advanced
DMEM/F-12) was used to culture the proliferating precursor
LUHMES cells and differentiation was induced by differentiation
medium (1x N-2 Supplement, 2 mM L-glutamine, 1 mM cyclic
adenosine monophosphate (cAMP), 2 ng/ml recombinant human
glial cell line-derived neurotrophic factor (rhGDNF), 1 mg/ml
Tetracycline in advanced DMEM/F-12). To inhibit aspartic proteases
(CTSD/E), cells were treated with 15 mM Pepstatin A or solvent
DMSO.
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2.2. qRT-PCR

RNA isolation and qRT-PCR was done as previously described
[16]. Shortly, cells were harvested and lysed using the Total RNA Kit
(peqGold). RNA was transcribed to cDNA using the iScript™ cDNA
Synthesis Kit (Bio-Rad). Transcribed cDNA was diluted, mixed with
SYBR™ Select Master Mix (Thermo Fisher Scientific) as well as
forward and reverse primers of Table 1 and finally measured in the
Real-Time PCR Detection System (Bio-Rad). Average of technical
replicates was normalized to GAPDH using the DCt method.

2.3. Aspartic protease activity assay

Aspartic protease activity assay was performed as previously
described [16]. Shortly, cells were harvested and resuspended in
sodium acetate buffer (100 mM sodium acetate, 1 mM EDTA, 0.05%
Brij 35, and 1 mM DTT in H2O, pH 4.0) and homogenized using the
Bioruptor sonication device (Diagenode). 25 mM of the fluorogenic
substrate Mca-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(Dnp)-D-
Arg-NH2 (Bachem, M � 2455) was mixed with the cell lysates of
similar protein concentration andmeasured everyminute for 1 h at
393 nm (excitation at 328 nm) using the EnSpire multimode plate
reader (PerkinElmer).

2.4. LysoTracker™ staining

LysoTracker™ staining was done as described previously [17].
Shortly, cells were detached, washed twice with DPBS and resus-
pended in FACS buffer (2% FCS, 5 mM EDTA in DPBS). Cells were
stained with LysoTracker™ Green DND-26 (1:10000; Thermo
Fisher Scientific) at 37 �C and 5% CO2 for 15 min, measured with the
CytoFLEX S (Beckman Coulter) and analyzed with FlowJo software
(BD Biosciences).

2.5. Stable isotope labelling with amino acids in cell culture (SILAC)
pulse-chase

For the SILAC experiment, LUHMES cells were cultured in me-
dium containing medium-labelled Lysine (13C6) and Arginine (13C6)
for at least 5 replication cycles. Two days prior starting neuronal
differentiation of LUHMES cells, 15 mM Pepstatin A or its solvent
DMSOwas added to the medium. To detect protein turnover during
early differentiation, the change to differentiation medium was
simultaneous with the exchange of medium-labelled amino acids
by heavy-labelled amino acids (pulse; Lys13C6,15N2; Arg13C6,15N4).
For the investigation of protein turnover during late neuronal dif-
ferentiation, the described pulse was done starting on day 4 of
differentiation. Samples for protein isolation were obtained 0 h,
12 h, 24 h and 48 h after each pulse (chase). Here, cells werewashed
once with DPBS and harvested in DPBS by a cell scraper and
transferred in an Eppendorf tube followed by centrifugation at



Table 2
Primary and secondary antibodies used for Western blot.

Target Company Dilution

CYC1 Invitrogen, PA5-51550 1:500
NDUFS3 Abcam, ab183733 1:500
SUPV3L1 Proteintech, 12826-1-AP 1:500
TUBA Sigma-Aldrich, T9026 1:1000
IRDye® 800CW Donkey anti-Mouse IgG LI-COR, 926-32212 1:10000
IRDye® 680RD Donkey anti-Rabbit IgG LI-COR, 926-68073 1:10000

J. Schneider, J. Mitschke, M. Bhat et al. Biochimie 226 (2024) 35e48
300g for 5 min to generate a cell pellet.

2.6. Protein isolation

Proteins were isolated from cell pellets obtained from the above
described SILAC pulse-chase experiment as described previously
[18] using micro S-TRAP columns (PROTIFY) according to the
manufacturer's protocol [19]. Shortly, cell pellets were lysed in SDS
lysis buffer (5% SDS, 50 mM triethylammonium bicarbonate (TEAB),
pH 7.55) and sonicated for 1 s using a sample sonicator at 50%
amplitude (Branson W-450 D) followed by reduction and akylation
with 5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at
95 �C for 10 min and 20 mM chloracetamide (CAA) at 37 �C for
30min in the dark. Amaximum of 100 mg protein diluted in loading
buffer (100 mM TEAB in 90% methanol, pH 7.1) was acidified with
phosphoric acid and transferred on a column followed by washing
four times with loading buffer. Proteins were digested with 1 mg/
20 mg protein trypsin in 50 mM TEAB (pH 8) at 47 �C for 1 h. Elution
of generated peptides was done in three successive steps using first
50 mM TEAB (pH 8), then 0.2% formic acid and last 50% acetonitrile
with 0.2% formic acid. Peptide concentration was measured and
5 mg of each sample was vacuum-dried and stored at �80 �C until
mass spectrometric measurement.

2.7. Mass spectrometry (MS)

For MS measurement, vacuum dried peptides were resolubi-
lized in 0.1% (v/v) formic acid, sonicated for 5 min and centrifuged
at 20000 g for 10 min before transferring the supernatant to a
measurement tube. 800 ng of each sample, together with 200 fmol
of indexed retention time (iRT) peptides, were analyzed using a
nanoflow liquid chromatography (LC) system Easy-nLC 1000
(Thermo Fisher Scientific) equipped with a trapping column
(Acclaim™ PepMap™ 100) and an analytical column (200 cmmicro
pillar array columns (mPAC™), Thermo Fisher Scientific) tempered
to 45 �C. Samples were trapped at 200 bars with 100% buffer A (0.1%
v/v formic acid) and separated using a dynamic flow rate of
350e700 nL/min. A 120 min multistep gradient of 8%e55% buffer B
(80% v/v acetonitrile, 0.1% v/v formic acid) in buffer A was used for
separation, followed bywashing (100% buffer B) and reconditioning
of the column to 8% buffer B. The Easy-nLC 1000 system was
coupled online to a Q-Exactive plus mass spectrometer (Thermo
Fisher Scientific) via a Nanospray Flex Ionsource (Thermo Fisher
Scientific) with an applied voltage of 2.1 kV for electrospray ioni-
zation. The analytical column was coupled to a pulled, uncoated
Electrospray Ionization (ESI) emitter (10 mm tip inner diameter,
20 mm inner diameter, 7 cm length, CoAnn Technologies) via a
mPac™ Flex iON Connect ESI-MS interface (PharmaFluidics). The
mass spectrometer was operated in data dependent acquisition
mode and each MS scan was followed by a maximum of 16 MS/MS
scans (Top16 method). The mass range from 300 to 2000 m/z
(mass-to-charge ratio) was analyzed. MS1 resolution was set to
70000, automatic gain control (AGC) to 3e6 and maximum injec-
tion timewas set to 50 ms. MS2 resolutionwas set to 17500, AGC to
1e5 and maximum injection time to 80 ms using stepped
normalized collision energy (NCE) of 25 and 30 for fragmentation.

2.8. Western blot

Protein isolation, SDS-PAGE and wetblot were done as previ-
ously described [16]. For immunoblotting, the nitrocellulose
membranes were incubated with 3% BSA in PBS for 1 h followed by
incubation with primary antibodies of Table 2 overnight. After
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washing the membranes with PBST, secondary antibody was
applied for 1 h followed by washing. The membranes were
analyzed using the Odyssey DLx (LI-COR) and Image Studio Lite
software (LI-COR).

2.9. Data analysis, presentation and statistics

Data obtained from qRT-PCR, aspartic protease activity assay
and Lysotracker™ staining were visualized in line or bar charts
expressed asmean ± SEM ormeanþSEM, respectively. ForWestern
blot data, individual data points connected to the different condi-
tions of the corresponding biological replicate were shown. n
represents independent experiments. These statistical analyses
were done with OriginPro 2020 (OriginLab) with comparison of
two groups by two-sided one-sample t-test, two-sided paired-
sample t-test or one-way ANOVA.

Raw data obtained from the SILAC-based mass spectrometry
was analyzed using FragPipe pipeline (v17.1) [20e22] with a human
proteome database containing Uniprot sequences downloaded
from Uniprot on 05th May 2022 (21149 entries). Decoys for the
database search were generated using the implemented function in
the FragPipe database section. A precursor mass tolerance of 10/
10 ppm and fragment mass tolerance of 20 ppm was used. Tryptic
cleavage specificity with two missed cleavages was applied. Car-
bamidomethyl at cysteines was the only fixed modification,
whereas protein N-terminal and lysine acetylation was set as var-
iable modification with mass deltas corresponding to medium
(42.0106 Da) and heavy (46.03263 Da) isotopic labels. Quantifica-
tion was performed on MS1 level using the IonQuant, accounting
for the medium and heavy mass deltas introduced by SILAC label-
ing. Further analysis of the generated peptide list was performed
with R Space and visualized by OriginPro 2020 (relative fractional
labeling, venn diagram and heat maps) or the R package tidyverse
including ggplot [23] (change of protein stability; R-Scripts are
provided upon request by the corresponding author). The identified
stabilized or destabilized proteins upon Pepstatin A treatment for
each condition were clustered using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) [24].

3. Results

3.1. Cathepsin D inhibition induces accumulation of acidic vesicles
in LUHMES cells

LUHMES cells are neuronal precursors, which were transfected
with a Tetracycline (Tet)-off system expressing v-myc for constant
proliferation [15,25]. Upon Tetracycline treatment, expression of v-
myc is abrogated resulting in stop of proliferation and subsequent
homogeneous differentiation of LUHMES cells into mature dopa-
minergic neurons after 5e6 days. During this process, the cells
establish a neuronal network by the formation of neurites (Fig. 1A).
We validated the differentiation status of LUHMES cells by exami-
nation of proliferation and neuronal differentiation markers. In



Fig. 1. Neuronal differentiation of LUHMES cells. (A) Outline of neuronal differentiation of LUHMES cells with microcopy pictures on indicated time points during differentiation.
LUHMES cells were treated with Tetracycline and became mature after 5e6 days of differentiation (outline created with BioRender.com). (BeE) Relative mRNA expression of SOX2
(B), NRG1 (C), KCNJ6 (D) and SYN1 (E) on day 0, 2, 4 and 6 of neuronal differentiation of LUHMES cells measured by qRT-PCR (n ¼ 3 independent experiments; One-way ANOVA). Bar
charts show all data points with mean þSEM and p-values.
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LUHMES cells, expression of the proliferation marker sex-
determining region (SRY)-box 2 (SOX2; Fig. 1B) was reduced,
whereas expression of the neuronal differentiation markers neu-
regulin 1 (NRG1; Fig. 1C), G protein-activated inward rectifier po-
tassium channel 2 (KCNJ6; Fig. 1D) as well as synapsin 1 (SYN1;
Fig. 1E) was upregulated upon neuronal differentiation induced by
tetracycline.

After demonstrating successful neuronal differentiation of the
in vitro model, we treated LUHMES cells with Pepstatin A (PepA)
inhibiting aspartic proteases (CTSD/CTSE) to model CTSD deficiency
that occurs in patients with NCL type 10 (Fig. 2A). The efficacy of
Pepstatin A was determined in an enzyme activity assay showing a
decrease in aspartic protease activity upon Pepstatin A treatment
with a concentration of 15 mM (Fig. 2B). Notably, CTSE mRNA was
not expressed in LUHMES cells, which was confirmed by detectable
CTSE levels in a human hepatocellular carcinoma cell line (Huh-7)
and colorectal cancer cell line (LoVo) expressing CTSE according to
The Human Protein Atlas (proteinatlas.org; [26]) (Fig. 2C). In
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contrast, for CTSD high mRNA expression with slight upregulation
upon neuronal differentiation was measured in LUHMES cells
(Fig. 2D). Due to the absence of CTSEmRNA expression, it is evident
that CTSE is not present in LUHMES cells and the inhibitory effect of
Pepstatin A is affecting CTSD rather than CTSE activity.

A hallmark of NCL remains the accumulation of lysosomes and
their engulfed material in cells. To test whether Pepstatin A treat-
ment during neuronal differentiation of LUHMES cells results in a
similar phenotype, LUHMES cells were stained with LysoTracker™
Green DND-26 to visualize the acidic compartment and quantified
by flow cytometry. Control cells were treated with the same
amount of DMSO used as solvent for Pepstatin A. The acidic
compartment was significantly increased upon use of Pepstatin A
during neuronal differentiation of LUHMES cells (Fig. 2E). There-
fore, treatment of human LUHMES cells with Pepstatin A during
neuronal differentiation seems to be a suitable in vitro model for
biochemical and molecular studies on NCL type 10.

http://proteinatlas.org
http://BioRender.com


Fig. 2. Treatment of LUHMES cells with Pepstatin A during neuronal differentiation. (A) Outline of neuronal differentiation of LUHMES cells and treatment with Pepstatin A (created
with BioRender.com). (B) Aspartic protease activity in LUHMES cells ± 15 mM Pepstatin A treatment (n ¼ 1 independent experiment). (CeD) Relative mRNA expression of CTSE (C)
and CTSD (D) on day 0, 2, 4 and 6 of neuronal differentiation of LUHMES cells measured by qRT-PCR (n ¼ 3 independent experiments). Expression levels in LUHMES cells were
compared to Huh-7 cells (light green; n ¼ 1 independent experiment) and LoVo cells (dark green; n ¼ 1 independent experiment). (E) Flow cytometry analysis of LysoTracker™
Green DND-26 staining of LUHMES cells ± 15 mM Pepstatin A on day 0, 2, 4 and 6 of neuronal differentiation (n ¼ 3 independent experiments, two-sided one-sample t-test). Line
charts show the mean ± SEM, bar charts show all data points with mean þSEM and p-value.
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Fig. 3. Protein turnover in LUHMES cells treated with Pepstatin A during early neuronal differentiation. (A) Outline of neuronal differentiation of LUHMES cells, treatment with
15 mM Pepstatin A and label switches (created with BioRender.com). (B) Change of relative fractional labelling for medium (light red: DMSO; light blue: PepA) and heavy label (dark
red: DMSO; dark blue: PepA) in LUHMES cells ± 15 mM Pepstatin A at 0 h, 12 h, 24 h and 48 h after switch to heavy label during early neuronal differentiation. (C) Venn diagram
showing detected proteins in three independent biological replicates of LUHMES cells used for SILAC experiment during early neuronal differentiation. (D) Heat map of protein
decay in LUHMES cells ± 15 mM Pepstatin A at 0 h, 12 h, 24 h, and 48 h after switch to heavy label during early neuronal differentiation. (n ¼ 3 independent experiments).
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3.2. Cathepsin D inhibition during early neuronal differentiation
does not affect bulk protein turnover in LUHMES cells

We used a pulse-chase variant of SILAC to determine the protein
turnover upon Pepstatin A treatment during early differentiation of
LUHMES cells. First, Lys13C6 and Arg13C6 isotopes replaced the
Lys12C6 and Arg12C6 in the cell culture medium, thereby labeling all
proteins with the 13C6 amino acids. This state will be further an-
notated as “medium label” (Fig. 3A). After five cell divisions,
treatment with Pepstatin A started two days prior to induction of
neuronal differentiation. To determine protein turnover during
early neuronal differentiation, isotope label switch accompanied
induction of neuronal differentiation. For this, the medium con-
taining Lys13C6 and Arg13C6 was changed for medium containing
the “heavy” amino acids Lys13C6,15N2 and Arg13C6,15N4. Cellular
proteins were isolated immediately at label switch (0 h) as well as
12 h, 24 h and 48 h after label switch. Subsequently, the proteins
were converted to tryptic peptides and analyzed by LC-MS/MS
mass spectrometry.

As expected, medium-labelled proteins declined, whereas
heavy-labelled proteins increased after the last label switch
(Fig. 3B). Equilibrium of medium and heavy labels was reached at
about 12 h after label switch. Interestingly, Pepstatin A treatment
caused no difference in general protein turnover as its curves
strongly overlap with the control condition. For further analysis,
only proteins present in all three independent biological replicates
(695 proteins) were included (Fig. 3C). To investigate the protein
decay, the ratio of medium-labelled (ML) to medium- and heavy-
labelled (HL) proteins for each time point (t) was calculated using
formula 1.

protein decay¼ intensity ML protein ðtÞ
intensity ML protein ðtÞ þ intensity HL protein ðtÞ

(1)

Protein decay was visualized by a heat map showing a reduction
of medium-labelled proteins (blue to red) during neuronal differ-
entiation as already indicated above (Fig. 3D). However, some
proteins demonstrated a difference in decay as a result of treatment
with Pepstatin A indicating selectively dysregulated proteolysis of
individual proteins.
3.3. Cathepsin D inhibition during early neuronal differentiation
increases the stability of proteins of the electron transport chain and
neurite outgrowth in LUHMES cells

Changes of protein stability upon Pepstatin A treatment during
early neuronal differentiation was measured using formula 2 and
again visualized in a heat map (Fig. 4 A). A change of the color to red
indicated a stabilization, whereas a shift to green indicated desta-
bilization of the respective protein upon Pepstatin A treatment.

protein stability¼protein turnover PepA ðtÞ
� protein turnover DMSO ðtÞ (2)

To identify the most stable as well as unstable proteins, the
mean of the protein stability at 12, 24 and 48 h of early neuronal
differentiationwas calculated for each protein and all proteins with
a value higher or lower than ±1x standard deviation (SD) were
categorized as stabilized or destabilized proteins upon Pepstatin A
treatment, respectively (Fig. 4B). In total, we identified 77 stabilized
proteins (red; Supplementary Table S1) and 74 destabilized pro-
teins (blue; Supplementary Table S2) and subjected them to STRING
41
analysis (stabilized proteins: Supplementary Fig. S1A; destabilized
proteins: Supplementary Fig. S1B). Analysis of the formed clusters
revealed clusters of affected proteins in mitochondria as well as in
the cytoskeleton (Fig. 4C). In mitochondria, proteins important for
the electron transport chain stabilized upon Pepstatin A treatment,
whereas proteins degrading mitochondrial mRNA were destabi-
lized. General changes in the cytoskeletonwere expected due to its
extensive rearrangement upon neuronal differentiation [27].
Nevertheless, Pepstatin A treatment increased the stability of pro-
teins important for neurite outgrowth and reduced the stability of
proteins maintaining actin cross-links as well as actin filaments
compared to control conditions. These results indicate a higher
energy demand and stronger efforts to build up a neuronal network
in LUHMES cells treated with Pepstatin A compared to controls.

3.4. Cathepsin D inhibition during late neuronal differentiation
does not affect bulk protein turnover in LUHMES cells

To detect protein turnover at later stages of neuronal differen-
tiation, we modified the pulse-chase SILAC approach to a label
switch after four days of differentiation (Fig. 5A). As in the early
differentiation experiments, the medium-labelled proteins
declined, while the heavy label increased over time with no effect
of Pepstatin A treatment on general protein turnover (Fig. 5B).
However, the loss of Lys13C6 and Arg13C6 peptides and the corre-
sponding gain of heavy label was slower in late differentiationwith
label equilibrium at about 32 h after label switch compared to 12 h
during early differentiation. In total 680 proteins were detected in
three independent biological replicates, which were used for
further analysis (Fig. 5C). Protein decay was calculated according to
formula 1 and visualized using a heat map (Fig. 5 D). The heat map
also shows the generally slower protein decay during late differ-
entiation, as most proteins identified after 12 h remained blue and
turn mainly red 48 h after the label change. Nevertheless, we also
found differences in protein decay of individual proteins upon
Pepstatin A treatment during late neuronal differentiation.

3.5. Cathepsin D inhibition during late neuronal differentiation
affects mitochondrial energy production and increases the stability
of proteins of the vesicular transport system in LUHMES cells

Again, protein stability was calculated according to formula 2
and shown in a heat map demonstrating how individual proteins
change as a result of Pepstatin A treatment (Fig. 6A). The data of all
identified proteins were examined for stabilized or destabilized
proteins (Fig. 6B). These analyses yielded 72 stabilized (red;
Supplementary Table S3) and 73 destabilized proteins (blue;
Supplementary Table S4), which were used for further exploration
by the STRING algorithms (stabilized proteins: Supplementary
Fig. S2A; destabilized proteins: Supplementary Fig. S2B). The
STRING analysis revealed an interesting phenomenon in mito-
chondria (Fig. 6C). During early neuronal differentiation proteins
belonging to the electron transport chain were stabilized, however
during late differentiation, this class of proteins was destabilized,
while proteins responsible for fatty acid oxidation and anti-
oxidative actions were stabilized upon Pepstatin A treatment.

We validated these results by analyzing the protein levels of
NDUFS3 stabilized and SUPV3L1 destabilized during early differ-
entiation due to the use of Pepstatin A in the SILAC turnover study
(Fig. 4C). In fully differentiated LUHMES cells NDUFS3
(Supplementary Fig. S3A) levels showed a tendency to be increased,
whereas SUPV3L1 (Supplementary Fig. S3B) expression was
reduced upon Pepstatin A treatment. Additionally, we analyzed the
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protein levels of CYC1, which was stabilized during early differen-
tiation (Fig. 4C), but destabilized during late differentiation (Fig. 6C)
upon treatment with Pepstatin A in the SILAC turnover experi-
ments. A tendency to decreased protein expression was measured
in mature LUHMES cells upon Pepstatin A treatment
(Supplementary Fig. S3C), which is in line with the results of the
SILAC experiments performed during late neuronal differentiation.

In total 15 proteins were identified which were initially stabi-
lized during early and destabilized during late neuronal differen-
tiation upon Pepstatin A treatment or vice versa (Supplementary
Table S5). Only two proteins each remained stable or unstable
due to the use of Pepstatin A during early as well as late neuronal
differentiation. Furthermore, we measured an expected increase in
the stability of proteins belonging to the vesicular transport system.
Especially the higher stability of the lysosomal proteins LAMP1 and
SCARB2 indicates that the observed lysosomal storage phenotype
in NCL patients develops during late differentiation of neurons,
because no lysosomal proteins were found stabilized and LAMP1
was even destabilized during early neuronal differentiation
(Supplementary Fig. S1A; Supplementary Table S5). Analysis of
LAMP1 protein levels in proliferating (d0), early differentiated (d2)
and late differentiated (d6) LUHMES cells verified the increased
stability in Pepstatin A-treated mature neurons compared to con-
trols, whereas no change of LAMP1 levels was measured in pre-
cursors and immature neurons (Supplementary Fig. S3D). High
LAMP1 protein levels due to a loss of function of CTSD seem to
persist shown by analysis of a whole brain lysate of a Ctsd-deficient
mouse compared to a control mouse (Supplementary Fig. S3E).

Interestingly, only three other proteases were identified to be
differentially stabilized upon Pepstatin A treatment during late
neuronal differentiation, all being involved in the Ubiquitin-
Proteasome System (UPS) (Supplementary Fig. S3F). The ubiquitin
carboxyl-terminal hydrolase 7 (USP7), a deubiquitinating enzyme
[28], was stabilized upon Pepstatin A treatment. In contrast, the
proteasome subunit alpha type 2 (PSMA2), a proteolytic compo-
nent of the 20S core proteasome complex [29], and tripeptidyl-
peptidase 2 (TPP2), a N-terminal tripeptidase acting downstream
of the proteasome [30], were destabilized due to the use of Pep-
statin A. This indicates that both major protein degradation path-
ways, autophagy using lysosomes as well as the UPS, are
dysregulated due to Pepstatin A treatment during late neuronal
differentiation of LUHMES cells.

4. Discussion

Cathepsin D is the most abundant lysosomal protease [1,31]. It is
central for the homeostasis of neurons as impaired proteolytic ac-
tivity of CTSD causes the severe neurodegenerative disorder NCL
type 10 leading to death of patients within hours after birth [6,7]. In
our study, we investigated the impact of CTSD inhibition on protein
turnover during neuronal differentiation. The human LUHMES cell
line was used as model for the differentiation of neuronal precursor
cells into dopaminergic neurons [15]. To model CTSD deficiency at
selected stages of the process, we treated LUHMES cells during
defined time periods of neuronal differentiation (Figs. 1Ae3A and
5A) with Pepstatin A, an inhibitor of aspartic proteases active in the
acidic milieu.

On the level of cell phenotype, the experiments demonstrated
an accumulation of vesicles originating from the acidic
Fig. 4. Protein stability in LUHMES cells treated with Pepstatin A during early neuronal differ
at 0 h, 12 h, 24 h, and 48 h after switch to heavy label during early neuronal differentiation. (B
12 h, 24 h and 48 h after switch to heavy label during early neuronal differentiation. Class
lower than ±1x standard deviation (SD), respectively. (C) Clusters from STRING analysis dur
cells upon Pepstatin A treatment averaged over 12 h, 24 h and 48 h after label switch. (n ¼
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compartment, such as lysosomes, especially in late stages of dif-
ferentiation. Likewise, we found stabilization of multiple proteins
belonging to lysosomes as well as to the vesicular system including
the endoplasmic reticulum (ER) and Golgi apparatus in the protein
turnover experiments performed during late neuronal differentia-
tion. High LAMP1 levels, a lysosomal membrane protein, were also
verified in Pepstatin A-treated mature LUHMES cells (d6) as well as
a whole brain lysate of a Ctsd-deficient mouse compared to con-
trols. Importantly, NCL type 10 patients harboring mutations that
impair the catalytic activity of CTSD show the same principal
clinical symptoms as patients with mutations that abolish the
expression of CTSD [2,3,7]. Thus, inhibition of CTSD by Pepstatin A
seems to be sufficient to recapitulate a loss of CTSD activity as well
as total protein expression as evident in patients with NCL type 10.
This validates the suitability of LUHMES cells as a human in vitro
model to investigate how inhibition of CTSD affects protein turn-
over in cells undergoing neuronal differentiation.

Interestingly, overall protein turnover is identical comparing
Pepstatin A treatment with the solvent (DMSO) treated control
condition during both early and late neuronal differentiation. A
similar phenotype was previously shown in fibroblasts derived
from constitutive Ctsd-deficient or control mice [12]. In this paper,
the release of [35S]methionine from metabolically labelled cellular
proteins showed no difference between Ctsd knock-out and treat-
ment of wildtype cells with Pepstatin A for up to 6 days. These
results indicate that lysosomal bulk proteolysis is not affected by
CTSD inhibition or CTSD deficiency in a human or murine in vitro
model, respectively. Further, it has been reported that lysosomal
protease deficiency can cause a STAT3-dependent induction of
other lysosomal proteases and other hydrolases, which compen-
sates the initial impairment of lysosomal proteolytic capacity [32].
For example, quiescent Ctsd�/� breast cancer cells upregulate
cathepsin L and are able to produce high levels of essential amino
acids derived from proteolysis [16]. Therefore, we hypothesized
that CTSD deficiency dysregulates the stability of certain individual
proteins.

Notably, a previous proteomic study analyzed synaptosomes
isolated from the cerebrum of three Ctsd�/� mice at postnatal day
24 using shotgun proteomics [33]. This analysis of the steady state
of these synapses revealed differential expression levels of proteins
belonging to the energy metabolism, cytoskeleton, vesicular
transport system, mitogen-activated protein kinase (MAPK) and
transforming growth factor b (TGFb) signaling upon CTSD defi-
ciency. Interestingly, similar clusters like mitochondria (energy
metabolism), cytoskeleton and vesicular (transport) system came
also up in our pulse-chase SILAC experiment for early and/or late
neuronal differentiation. However, with our approach wewere able
to analyze dynamic changes of protein stability within these clus-
ters during different stages of neuronal differentiation and gained
insights into the complexity of disease development.

In our study, we observed more than 70 proteins being stabi-
lized or destabilized upon Pepstatin A treatment during early as
well as late neuronal differentiation. STRING analysis revealed that
especially mitochondrial proteins seem to be affected by CTSD in-
hibition. During early differentiation, Pepstatin A treatment
enhanced the stability of proteins belonging to the electron trans-
port chain. However, this class of proteins together with proteins of
the tricarboxylic acid cycle (TCA) are destabilized during late dif-
ferentiation, while proteins important for fatty acid oxidation are
entiation. (A) Heat map of protein stability in LUHMES cells upon Pepstatin A treatment
) Change of protein stability in LUHMES cells upon Pepstatin A treatment averaged over
ification into stabilized proteins (red) and destabilized proteins (blue) being higher or
ing early neuronal differentiation with stabilized and destabilized proteins in LUHMES
3 independent experiments).



Fig. 5. Protein turnover in LUHMES cells treated with Pepstatin A during late neuronal differentiation. (A) Outline of neuronal differentiation of LUHMES cells, treatment with 15 mM
Pepstatin A and label switches (created with BioRender.com). (B) Change of relative fractional labelling for medium (light red: DMSO; light blue: PepA) and heavy label (dark red:
DMSO; dark blue: PepA) in LUHMES cells ± 15 mM Pepstatin A at 0 h, 12 h, 24 h and 48 h after switch to heavy label during late neuronal differentiation. (C) Venn diagram showing
detected proteins in three independent biological replicates of LUHMES cells used for SILAC experiment during late neuronal differentiation. (D) Heat map of protein decay in
LUHMES cells ± 15 mM Pepstatin A at 0 h, 12 h, 24 h, and 48 h after switch to heavy label during late neuronal differentiation. (n ¼ 3 independent experiments).
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stabilized. This tendency was verified on protein level by analyzing
three mitochondrial proteins, which were stabilized or destabilized
upon Pepstatin A treatment in this SILAC turnover study. How does
CTSD exert this regulation of energy production in mitochondria?

Lysosomes are not only important degradation machineries for
proteins but also for organelles like mitochondria [34]. In this
process called mitophagy, dysfunctional mitochondria are engulfed
by autophagosomes, which fuse with lysosomes and are thus
degraded. In an in vitro model of Alzheimers disease, reduced
mitophagy was accompanied by low mitochondrial energy pro-
duction and a loss of synaptic protrusions [35]. Enhancing
mitophagy restored the energetic status of diseased neurons,
demonstrating that mitophagy removes dysfunctional mitochon-
dria to maintain a pool of functional mitochondria. However, no
proteins contributing to mitophagy were identified in our SILAC
approach. Nevertheless, the stabilization of proteins involved in the
electron transport chain upon Pepstatin A treatment during early
neuronal differentiation in our study may represent the accumu-
lation of dysfunctional mitochondria and/or a compensatory
mechanism to overcome the metabolic deficit due to defective
mitophagy.

In general, the electron transport chain rather than fatty acid
oxidation produces most of the energy used by neurons [36],
because neurons have a limited capacity to deal with cytotoxic
reactive oxygen species (ROS) generated by all pathways for cellular
respiration [37]. Surprisingly, CTSD-inhibited LUHMES cells stabi-
lize proteins involved in fatty acid oxidation during late neuronal
differentiation, which may compensate and provide more sources
for the limited energy produced by electron transport chain during
early neuronal differentiation. In line with this, superoxide dis-
mutase 2 (SOD2) is also stabilized to clear the neurons from ROS
indicating higher levels of these harmful molecules due to dysre-
gulatedmitochondrial energy production [38]. A study in HeLa cells
demonstrated that ROS production is also accelerated by CTSD
knockdown due to leakage of iron from dysfunctional lysosomes
into the cytosol, which may contribute to the stabilization of SOD2
in our system [39].

Interestingly, mitochondrial function seems to be important for
the neuronal differentiation process. A study revealed that neuro-
blast cells with dysfunctional mitochondria showed an impairment
of neuronal differentiation [36]. These cells upregulate fatty acid
oxidation due to a limited energy supply, which seems to favor a
proliferative cell state of the neuroblast cells. Our result suggest a
similar mechanism, because during early neuronal differentiation,
many proteins involved in neurite and axonal outgrowth, which is
part of the neuronal differentiation process, were stabilized upon
Pepstatin A treatment. However, during late differentiation, when
CTSD-inhibited LUHMES cells switched to fatty acid oxidation, this
cluster disappeared from the STRING analysis. These results
demonstrate the complexity and connection of various pathways
leading to the phenotype observed in vitro and in vivo.

Another important pathway identified to be differentially sta-
bilized upon Pepstatin A treatment only during late neuronal dif-
ferentiation was the UPS. Here, the deubiquitinating enzyme USP7
was stabilized due to Pepstatin A reducing the pool of potential
proteins for proteasomal degradation [28]. In contrast, PSMA2
responsible for proteolytic cleavage of proteins in the 26S protea-
some [29] as well as TPP2 cleaving tripeptides from N-termini of
already processed proteins leaving the proteasome [30] were
Fig. 6. Protein stability in LUHMES cells treated with Pepstatin A during late neuronal differe
at 0 h, 12 h, 24 h, and 48 h after switch to heavy label during late neuronal differentiation. (B
12 h, 24 h and 48 h after switch to heavy label during late neuronal differentiation. Classifica
than ±1x standard deviation (SD), respectively. (C) Clusters from STRING analysis during late
Pepstatin A treatment averaged over 12 h, 24 h and 48 h after label switch. (n ¼ 3 indepen
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destabilized in our experiments. Since UPS and autophagy facili-
tating lysosomes for protein degradation are the two major path-
ways to degrade proteins in a cell, one would expect that they
compensate for each other in case of failure of one of the pathways
[40]. However, the regulation seems to be more complex and it was
shown that impairment of autophagy as expected by inhibiting a
major lysosomal hydrolase like CTSD as in our experiments can
have either activating or inhibiting effects on the proteasome
dependent on the defect in autophagy. In our experiments, inhi-
bition of CTSD by Pepstatin A seems to reduce the activity of the
proteasome, which may also contribute to the stabilization of some
of the identified proteins and therefore, be only indirectlymediated
by the lysosomal dysfunction.

5. Conclusion

Taken together, our results demonstrate that the LUHMES cell
line in combination with Pepstatin A treatment to inhibit CTSD
activity is a suitable model to study NCL type 10 in vitro. Notably,
Pepstatin A treatment did not change lysosomal bulk proteolysis
neither during early nor late neuronal differentiation. Instead, in-
dividual proteins belonging to different compartments and path-
ways in the cell were dysregulated upon Pepstatin A treatment. The
most prominent change was observed for mitochondrial proteins
indicating a failure of energy production in CTSD-inhibited cells.
Therefore, we hypothesize that mitochondrial dysfunction upon
CTSD inhibition is a driving force for the successive loss of neurons
in CTSD-deficient mice and patients with NCL type 10.
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