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ABSTRACT

Increasing evidence suggests that induction of lethal macroautophagy/autophagy carries potential signifi-
cance for the treatment of glioblastoma (GBM). In continuation of previous work, we demonstrate that
pimozide and loperamide trigger an ATG5- and ATG7 (autophagy related 5 and 7)-dependent type of cell
death that is significantly reduced with cathepsin inhibitors and the lipid reactive oxygen species (ROS)
scavenger a-tocopherol in MZ-54 GBM cells. Global proteomic analysis after treatment with both drugs also
revealed an increase of proteins related to lipid and cholesterol metabolic processes. These changes were
accompanied by a massive accumulation of cholesterol and other lipids in the lysosomal compartment,
indicative of impaired lipid transport/degradation. In line with these observations, pimozide and loperamide
treatment were associated with a pronounced increase of bioactive sphingolipids including ceramides,
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glucosylceramides and sphingoid bases measured by targeted lipidomic analysis. Furthermore, pimozide
and loperamide inhibited the activity of SMPD1/ASM (sphingomyelin phosphodiesterase 1) and promoted
induction of lysosomal membrane permeabilization (LMP), as well as release of CTSB (cathepsin B) into the
cytosol in MZ-54 wild-type (WT) cells. Whereas LMP and cell death were significantly attenuated in ATG5 and
ATG7 knockout (KO) cells, both events were enhanced by depletion of the lysophagy receptor VCP (valosin
containing protein), supporting a pro-survival function of lysophagy under these conditions. Collectively, our
data suggest that pimozide and loperamide-driven autophagy and lipotoxicity synergize to induce LMP and
cell death. The results also support the notion that simultaneous overactivation of autophagy and induction
of LMP represents a promising approach for the treatment of GBM.

Abbreviations: ACD: autophagic cell death; AKT1: AKT serine/threonine kinase 1; ATG5: autophagy related 5;
ATG7: autophagy related 7; ATG14: autophagy related 14; CERS1: ceramide synthase 1; CTSB: cathepsin B; CYBB/
NOX2: cytochrome b-245 beta chain; ER: endoplasmatic reticulum; FBS: fetal bovine serum; GBM: glioblastoma;
GO: gene ontology; HTR7/5-HT7: 5-hydroxytryptamine receptor 7; KD: knockdown; KO: knockout; LAMP1:
lysosomal associated membrane protein 1; LAP: LC3-associated phagocytosis; LMP: lysosomal membrane
permeabilization; MAP1LC3B: microtubule associated protein 1 light chain 3 beta; MTOR: mechanistic target
of rapamycin kinase; RB1CC1: RB1 inducible coiled-coil 1; ROS: reactive oxygen species; RPS6: ribosomal protein
S6; SMPD1/ASM: sphingomyelin phosphodiesterase 1; VCP/p97: valosin containing protein; WT: wild-type.

Introduction GBM is the most aggressive malignant primary brain tumor in

Autophagy is an important, cellular waste disposal mechanism
that encloses old and damaged lipids, proteins and organelles
within double-membrane vesicles (autophagosomes) and trans-
ports them to the lysosomes for recycling into basic building
blocks. Under normal circumstances, autophagy has a pro-
survival function that helps cells cope with different stress condi-
tions like nutrient deprivation or a high burden of harmful mate-
rial such as damaged mitochondria [1,2]. However, an increasing
number of studies provide evidence that, when massively upregu-
lated, autophagy can also promote cellular demise, as described in
lower organisms and various types of cancer [3-6].

adults. Even with current standard therapy including surgical
resection and subsequent radiochemotherapy with temozolomide,
the prognosis for patients remains devastating with a median
survival of ~ 15 months [7,8]. Therapy sensitivity of GBM is
limited by an intrinsic resistance of these tumors to apoptotic
cell death [9,10]. Interestingly, several anticancer drugs, such as
AT-101, cannabinoids and the combination of imipramine +
ticlopidine have been described to trigger autophagic cell death
(ACD) in GBM [6,11-13]. Hence, especially in apoptosis-
refractory tumors such as GBM, the induction of ACD may
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represent an alternative or additive strategy to bypass therapy
resistance [14,15].

The discrimination of different cell death modalities and
the respective nomenclature used in this field of research is
still controversial. According to recommendations of the
Nomenclature Committee on Cell Death, the assignment of
“autophagy-dependent cell death” requires that cell death (i)
relies on an enhanced autophagic flux, (ii) should functionally
depend on more than one component of the autophagic
machinery and (iii) does not engage other regulated cell
death modalities such as apoptosis, necroptosis or ferroptosis
[16]. It has been suggested that during ACD, self-digestion
reaches a point beyond survival, and cells literally eat them-
selves to death, but the exact underlying mechanisms regulat-
ing and executing ACD remain elusive [6,17,18].

In a previous study, we performed a small scale screen with
the Enzo Screen-Well™ autophagy library to identify new
inducers of ACD in MZ-54 GBM WT cells compared to
MZ-54 ATG5 and ATG7 KO cells generated with CRISPR-
Cas9 [19]. Among the most effective compounds were loper-
amide hydrochloride (loperamide), an opioid receptor agonist
that also inhibits voltage-gated P/Q-type Ca®* channels
[20,21], and pimozide, an antipsychotic agent that antagonizes
D(2)/D(3) dopamine receptors and the HTR7/5-HT7
(5-hydroxytryptamine receptor 7) serotonin receptor [22,23].
Both drugs carry potential relevance as anticancer agents, but
a better understanding of their molecular effects in GBM will
be crucial before further clinical development. Therefore, the
major aim of this study was to investigate the underlying
mechanisms of ACD induction by these compounds and to
elucidate the determinants promoting the switch from pro-
survival autophagy into a death-promoting pathway. Here, we
demonstrate that both drugs act by synergistic over-activation
of autophagy and disruption of lipid homeostasis, culminating
in autophagy-dependent lysosomal membrane permeabiliza-
tion and glioma cell death.

Results

Loperamide and pimozide induce autophagy-dependent
cell death in GBM cells

To validate the induction of ACD by loperamide and
pimozide [19], cell death measurements were performed
by comparing MZ-54 WT cells with three different
CRISPR-Cas9 ATG5 and ATG7 KO cell lines. KO of
ATGS5 and ATG7 was confirmed by western blot analysis
(Fig. S1A). In addition, the MAP1LC3B/LC3B (microtubule
associated protein 1 light chain 3 beta)-II isoform was
undetectable in all KO cell lines, indicating complete func-
tional inhibition of autophagy (Fig. S1B and S1C). The
combination of imipramine hydrochloride (imipramine)
and ticlopidine hydrochloride (ticlopidine), which has
been described to induce ACD in GBM cells [13], served
as positive control. In line with previous data, imipramine
+ ticlopidine, pimozide and loperamide induced cell death
that was significantly reduced upon inhibition of autophagy
in ATG5 and ATG7 KO cells Figure 1(A-C) [19]. Similar
results were observed in LN-229 WT and ATG7 KO cells
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after pimozide or loperamide treatment (Fig. S2). Re-
expression of ATG7 in MZ-54 ATG7 KO cells reversed
the death-inhibitory effect of the ATG7 KO after imipra-
mine + ticlopidine, pimozide and loperamide treatment
(Fig. S3A and S3B). This further supports the notion that
this type of cell death depends on the autophagic
machinery.

To exclude the possibility that other mechanisms also
using the LC3 conjugation machinery, in particular LC3-
associated phagocytosis (LAP) [24] are responsible for the
observed changes in cell death, different MZ-54 knockdown
(KD) cell lines were used. The imipramine + ticlopidine-,
pimozide- and loperamide-induced cell death was strongly
reduced compared to the control cells when autophagy-
specific genes were knocked down (RBICCI [RBI inducible
coiled-coil 1] and ATGI4 [autophagy related 14]), but not
when a LAP-specific gene (CYBB/NOX2 [cytochrome b-245
beta chain]) was depleted (Fig. S3C-H). To rule out a general
cell death resistance of ATG5 and ATG7 KO lines, cells were
treated with the common apoptosis inducer staurosporine
that elicited very similar cell death responses in WT cells
and ATG5 or ATG7 KO cells [19] Figure 1(D, Figure 1E).
Additionally, induction of the autophagic flux by loperamide,
pimozide and imipramine + ticlopidine was verified by using
MZ-54 WT, ATG5 and ATG7 KO cells stably transfected with
the reporter construct pMRX-IP-GFP-LC3B-RFP-LC3BAG.
FACS analysis revealed a robust induction of the
MAPILC3B switch from MAPILC3B-I to MAPILC3B-II
shown by a decrease in the EGFP:mRFP1 ratio that was
abrogated by genetic depletion of ATG5 or ATG7 and by the
addition of the late-stage autophagy inhibitor bafilomycin A,
(Figure 1(F-H), see also Fig. S4A). Next, we analyzed the
possible receptor dependency of loperamide- and pimozide-
induced ACD. Interestingly, the serotonin receptor HTR?7 is
commonly overexpressed in malignant glioma cells and pimo-
zide has been described to inhibit HTR7 receptor signaling
with high affinity [25]. The potential relevance of HTR?
receptor signaling for ACD was determined by using the
highly selective HTR7 receptor antagonist DR4485. Indeed,
similar to pimozide, DR4485 induced autophagy as well as cell
death that was diminished by KO of ATG5 and ATG?7 (Figure
11, S4B, and S4C). Furthermore, the selective HTR7 agonist
AS 19 could partially rescue pimozide-induced cell death,
suggesting a putative role of HTR7 signaling in pimozide-
induced ACD (Figure 1J). In contrast to pimozide, the ACD-
promoting effects of the opioid receptor agonist and voltage-
gated P/Q-type Ca** channel inhibitor loperamide appear to
be independent of its major receptor targets, because neither
treatment with the mu-opioid receptor agonist endomorphin-
1, nor inhibition of the voltage-dependent calcium channel
with verapamil were able to induce cell death in MZ-54 cells
(data not shown).

Loperamide and pimozide induce upregulation of
proteins involved in lipid metabolism

To investigate changes in the protein expression profile of
MZ-54 cells upon exposure to loperamide and pimozide,
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Figure 1. Determination of autophagic cell death upon treatment with loperamide and pimozide. (A-E) Flow cytometric analysis of cell death by measurement of
APC-ANXA5 binding and PI uptake. MZ-54 WT cells and three different CRISPR-Cas9 ATG5 and ATG7 KO cell lines were treated with 20 uM imipramine + 100 pM
ticlopidine (IM+TIC) (A), 12.5 uM loperamide (LOP) (B), 12.5 uM pimozide (PIMO) (C) for 48 h or with 3 uM staurosporine (STS) (D and E) for 6 h. A-E display total cell
death including only-APC-ANXA5-positive, only-Pl-positive and double-positive cells. DMSO was used as vehicle (Con, 48 h or 6 h, respectively). Data show mean +
SEM of at least three experiments with three replicates and 5,000-10,000 cells measured in each sample. Statistical significances were calculated with a two-way
ANOVA. (F-H) Flow cytometric analysis of the autophagic flux by measurement of the EGFP and mRFP1 signal. MZ-54 WT cells and ATG5 and ATG7 KO cells were
exposed to 20 uM imipramine + 100 pM ticlopidine (IM+TIC) (F), 15 uM loperamide (LOP) (G) or 15 uM pimozide (PIMO) (H) for 16 h alone or in combination with
bafilomycin A; (BAF). Data show mean + SEM of three experiments with three replicates and 5,000-10,000 cells measured in each sample. Statistical significances
were calculated with a two-way ANOVA. (I and J) Assessment of cell death as described above. (I) DR4485 was added in a concentration of 6 uM or 8 uM to MZ-
54 WT cells or the respective ATG5 and ATG7 KOs. DMSO (con) served as control. Data represent mean + SEM of three independent experiments with three replicates
and 5,000-10,000 cells measured in each sample. Statistical significances were calculated with a two-way ANOVA. (J) 10 pM AS 19 was added 2 h before MZ-54 WT
cells were treated with 12.5 uM pimozide (PIMO) for 40 h. DMSO (con) served as control. Data represent mean + SEM of four independent experiments with three
replicates and 5,000-10,000 cells measured in each sample. Statistical significances were calculated with a one-way ANOVA Significances between WT and KO cells
are depicted as P < 0.05: #, P < 0.01: ## or P < 0.007: ###.



proteomes were analyzed by a Tandem- Mass Tag -approach.
A total of 6,298 proteins were quantified in all samples, of
which 204 and 214 proteins were significantly increased and
146 and 142 proteins were significantly reduced following
loperamide and pimozide treatment, respectively (Figure 2).
A list displaying all significantly changed proteins is presented
in Table S1. Among the significantly upregulated GO (gene
ontology) terms, we found autophagy- and lysosome-related
protein clusters, which is in accordance to the increased
autophagic flux induced by loperamide and pimozide.
Another strongly upregulated GO term was “vesicle-
mediated transport”, linking autophagy with dysregulations
of lipid transport and metabolism [26-28]. Among the
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downregulated protein clusters, relevant GO terms were
“mitotic cell cycle” (GO:0000278) as well as nucleic acid
metabolic processes, pointing to growth inhibition by the
compounds.

Remarkably, String analyses [29] revealed that treatment
with both compounds led to a strong and robust increase of
the GO term for “lipid metabolic processes” (GO:0006629)
and the reactome pathway “cholesterol biosynthesis” (HSA-
191,273). In brief, out of the top 50 significantly upregulated
proteins by loperamide treatment, 13 (26%) were related to
cholesterol metabolism and 18 (36%) were associated with
lipid metabolic processes. Similar effects were obtained for
pimozide-treated cells, with 9 proteins (18%) out of the top
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Figure 2. Whole proteome analysis of loperamide- and pimozide-treated MZ-54 glioma cells. (A and B, left panel) Volcano plots displaying the protein ratios (log2)
of TMT-labeled proteome data as a function of the -log p-value. MZ-54 cells were exposed to 12.5 pM loperamide (LOP; A) or 12.5 uM pimozide (PIMO; B) for 24 h.
Experiments were performed in duplicates and a total of 6,298 proteins were quantified in all samples. Significantly up- or downregulated proteins with p < 0.01 are
each depicted in purple or light blue, proteins with no significant expression changes are shown in gray. (A and B, right panel) Bioinformatic analyses using String
[29] revealed that significant reduction of the GO-term “mitotic cell cycle” (GO:0000278; upper left; pink) and a significant enrichment of the GO-terms “response to
ER-stress” (GO:0034976; lower left; turquoise), “vesicle-mediated transport” (G0:0016192; upper right; purple) and “lipid-metabolic process” (GO:0006629; lower right;
blue). Additionally, the KEGG-pathway “phagosome” (hsa04145; upper middle; dark blue) and the reactome-pathway “cholesterol biosynthesis (HSA-191,273; lower

middle; green) were significantly enriched after both treatments.
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50 upregulated proteins being involved in cholesterol meta-
bolism and 14 (28%) being related to lipid metabolic pro-
cesses. Interestingly, treatment with loperamide or pimozide
induced an upregulation of the proteins SCARBI1 (scavenger
receptor class B member 1), APOB (apolipoprotein B), LDLR
(low density lipoprotein receptor), HMGCR (3-hydroxy-
3-methylglutaryl-CoA reductase), APP (amyloid beta precur-
sor protein), APLP2 (amyloid beta precursor like protein 2),
FDFT1 (farnesyl-diphosphate farnesyltransferase 1) and
HMGCS1 (3-hydroxy-3-methylglutaryl-CoA synthase 1), all
belonging to the GO term “cholesterol metabolic processes”.
These findings indicate that treatment with these compounds
strongly affects lipid turnover and/or trafficking, specifically
involving cholesterol.

Loperamide and pimozide impair lipid trafficking

It has been previously described that upregulation of proteins
involved in cholesterol metabolism may be caused by impaired
lipid trafficking because decreased cholesterol levels in the cyto-
sol promote the constitutive activation of the transcription factor
SCAP/SREBP (SREBF chaperone) [30]. Of note, four of the
proteins upregulated by loperamide and pimozide that were
related to cholesterol metabolic processes, namely HMGCR,
LDLR, HMGSC1 and FDFTI, are directly regulated by
SREBF2/SREBP2 (sterol regulatory element binding transcrip-
tion factor 2) [31]. In line with these observations, several lipid
storage diseases are associated with high expression of proteins
involved in cholesterol metabolism. These diseases, e.g.
Niemann-Pick disease type A-C or Gaucher disease, are char-
acterized by the accumulation of lipids in lysosomes and late
endosomes owing to mutations of lysosomal enzymes involved
in lipid trafficking or catabolism [30,32,33].

To elucidate our hypothesis that cholesterol transport was
altered upon treatment with the autophagy-inducing drugs
loperamide, pimozide and imipramine + ticlopidine, choles-
terol was stained with filipin IIT in combination with the
lysosomal marker LAMP1 (lysosomal associated membrane
protein 1) (Figure 3A). While filipin III staining of vehicle-
treated cells was weak and evenly distributed throughout the
cells, exposure to the cholesterol synthesis inhibitor U18666A,
loperamide and pimozide resulted in a strong colocalization
of filipin III puncta with anti-LAMP1, indicating a massive
accumulation of cholesterol in the lysosomes. The steroidal,
cationic amphiphile U18666A has been previously shown to
inhibit intracellular cholesterol trafficking out of the lysoso-
mal/endosomal compartment, suggesting that impaired cho-
lesterol transport contributes to the phenotype of loperamide-
and pimozide-treated cells [34].

Interestingly, increasing amounts of cholesterol in the
cytosol have been reported to negatively regulate autophagy
via MTOR (mechanistic target of rapamycin kinase) and
AKT1 signaling. Conversely, restricting the availability of
cytosolic cholesterol by impairing its transport is accompa-
nied with the induction of autophagy [35,36]. We found that
imipramine + ticlopidine, loperamide and pimozide effec-
tively decreased MTOR signaling [19], AKT1 and RPS6KB1

(ribosomal protein S6 kinase Bl) signaling, shown by
a decrease of phosphorylated AKT1 at Ser473 and phosphory-
lated RPS6 (ribosomal protein S6) at Ser240/244 (Figure 3B
and S5A). In accordance with these observations, addition of
water-soluble cholesterol (cholesterol-methyl-p-cyclodextrin)
increased phospho-AKT1 and phospho-RPS6 levels after
treatment with all three compounds (Figure 3C and S5B)
and suppressed the MAPILC3B switch upon exposure to
loperamide and pimozide (Figure 3D). Based on these find-
ings, we conclude that decreased cytosolic cholesterol might
promote the autophagy-inducing effect of loperamide and
pimozide in MZ-54 glioma cells.

Of note, previous screens by Kornhuber et al. [37,38]
revealed that imipramine, loperamide and pimozide are func-
tional inhibitors of SMPDI, a lysosomal enzyme that catalyzes
the conversion of sphingomyelin to phosphorylcholine and
ceramide. These compounds get trapped in the lysosome
owing to their lipophilic and weakly basic properties, even-
tually impairing binding of SMPDI1 to the lysosomal mem-
brane, leading to detachment of SMPD1 and its subsequent
inactivation [38,39]. Consequently, the inactivation of SMPD1
reduces de novo synthesis of ceramides. Consistent with these
reports, we could confirm a significant decrease of SMPD1
activity by loperamide, pimozide and imipramine + ticlopi-
dine (Figure 3E). Of note, it has been reported that accumula-
tion of sphingomyelin due to SMPDI inhibition is
accompanied by lysosomal damage and a late-stage block in
the autophagy pathway [40]. It should be pointed out that loss
of SMPD1 function leads to Niemann Pick disease, but
a moderate reduction of its activity may be of therapeutic
value [41].

Moreover, we hypothesized that lysosomes massively
filled with lipids are prone to lysosomal membrane damage
due to increased oxidative stress. Indeed, assessment of
lipid-ROS levels with the lipid peroxidation sensor
BODIPY™ 581/591 Cl1 revealed that loperamide, pimo-
zide and the positive control H,O,, but not imipramine +
ticlopidine significantly increased cellular lipid-ROS levels,
which was antagonized by addition of the lipid-ROS sca-
venger a-tocopherol (Figure 3F). In line with these find-
ings, a-tocopherol strongly diminished loperamide and
pimozide-induced cell death, clearly pointing to an impor-
tant role of lipid-ROS in loperamide and pimozide-induced
cellular demise (Figure 3G). In general, increased cellular
ROS levels may be attributed to endoplasmatic reticulum
(ER) stress, mitochondrial damage, or elevated expression
of NAD(P)H quinone dehydrogenase oxidases. In contrast
to our recent findings on the autophagy/mitophagy inducer
AT-101 [42], loperamide and pimozide failed to induce
mitochondrial depolarization (data not shown), suggesting
that elevated ROS levels upon loperamide and pimozide
treatment are not linked to gross mitochondrial damage.
Of note, our proteomic analysis also did not show any signs
of elevated NAD(P)H quinone dehydrogenase oxidases, but
revealed a significant increase of the GO-term “response to
ER-stress” (GO:0034976) (Figure 2) following treatment
with loperamide and pimozide, suggesting that increased
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Figure 3. Determination of altered lipid trafficking in imipramine + ticlopidine, loperamide and pimozide-treated MZ-54 cells. (A) Microscopic analysis of cholesterol
accumulation in the lysosomes. Cholesterol was marked with filipin Ill and lysosomes were stained with anti-LAMP1. MZ-54 cells were treated with 1.25 pM U18666A
as positive control, 20 pM imipramine + 75 pM ticlopidine (IM+TIC), 12.5 pM loperamide (LOP), 12.5 uM pimozide (PIMO) or DMSO (Con) for 18 h. At least three
images were taken per experiment at 60x magnification and three independent experiments were performed (scale bar: 50 um). Arrows display colocalization of
filipin 1ll and LAMP1. (B-D) Immunoblot analysis of phospho-AKT1 and AKT1 protein expression (B and C) and of MAP1LC3B switch (D). GAPDH was used as
housekeeper. MZ-54 cells were treated with 20 uM imipramine + 100 uM ticlopidine (IM+TIC), 15 uM loperamide (LOP) or 15 pM pimozide (PIMO) for the indicated
time periods (6 h, 16 h, 24 h) alone or in combination with 10 pg/mL cholesterol-methyl-p-cyclodextrin. DMSO was used as control (Con). Experiments were
performed two to three times. (E) Assessment of SMPD1 activity upon treatment with 20 uM imipramine + 75 pM ticlopidine (IM+TIC), 12.5 uM loperamide (LOP) or
12.5 uM pimozide (PIMO) for 16 h. The bar chart represents the fold-change of mean fluorescent intensity (MFI) per pg protein compared to control. (F) Assessment
of lipid-ROS levels by flow cytometric analysis of MZ-54 cells stained with the lipid peroxidation sensor BODIPY™ 581/591 C11. Cells were exposed to 15 pM pimozide
(PIMO), 15 puM loperamide (LOP), 20 uM imipramine + 100 uM ticlopidine (IM+TIC), 100 uM H,0, (positive control) or DMSO (Con) for 16 h alone or in combination
with 100 pM a-tocopherol (a-TOC, added to the cells 1 h before the other treatments). Data represent the fold-change of BODIPY™ 581/591 C11 MFI compared to
control. (G) Quantification of cell death by flow cytometric analysis of APC-ANXAS5 binding and Pl uptake. MZ-54 cells were treated with 20 uM imipramine + 75 uM
ticlopidine (IM+TIC), 12.5 uM loperamide (LOP), 12.5 pM pimozide (PIMO) or DMSO (Con) for 48 h in the presence or absence of 100 pM a-tocopherol (a-TOC, added
to the cells 1 h before the other treatments). Total cell death was calculated by summing up only-APC-ANXA5-positive, only-Pl-positive and double-positive cells. E,
F and G represent mean + SEM of at least three independent experiments performed in triplicates (5,000-10,000 cells measured in each sample). Statistical
significances were calculated with a two-way ANOVA.
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cellular ROS levels might indeed be linked to ER-stress
induced by these drugs.

Loperamide and pimozide strongly increase cellular
ceramides

The observed derangement of cholesterol pointed to per-
turbed lipid homeostasis as a major contributing mechanism
for loperamide- and pimozide-dependent ACD. To further
assess the role of lipids, we focused on sphingolipids, which
are crucial for lysosome biology and sensitive to lysosomal
dysfunctions leading to accumulation of pathological species
under stress conditions. Several studies have shown that cer-
amides, which belong to the group of bioactive sphingolipids,
are capable of inducing autophagy as well as cell death [43—-
43-46]. Intriguingly, targeted lipid analyses of loperamide and
pimozide-treated MZ-54 cells revealed a massive increase of
nearly all measured ceramides and glucosylceramides, and
sphingoid bases (Figure 4). The changes in lipid patterns
after treatment with loperamide and pimozide were strikingly
similar, except for the group of lactosylceramides, which were
reduced by pimozide, but were not affected by loperamide,
pointing to some drug-specific effects on GLA (galactosidase
alpha). These data suggest a similar global effect of lopera-
mide and pimozide on sphingolipid degradation, which can-
not be assigned to a single enzyme. In particular, SMPD1
inhibition does not sufficiently explain the observed lipid
patterns because it should lead to a reduction of ceramide
generation rather than to ceramide accumulation. As
enhanced levels of sphingolipids could result from either
increased de novo synthesis within the ER or impaired lyso-
somal degradation, we next assessed the effects of loperamide
and pimozide on the expression of several enzymes involved
in ceramide synthesis (Fig. $6). Since only CERSI (ceramide
synthase 1) expression was increased after pimozide exposure
and all other enzymes were not affected by both compounds,
we concluded that disruption of lysosomal degradation, but
not de novo synthesis, is the predominant mechanism for
accumulation of these lipids.

In conclusion, besides the well-proven induction of the
autophagic flux and ACD by loperamide and pimozide [19],
our data suggest a disruption of lysosomal sphingolipid degra-
dation with strong accumulation of these lipids, which appar-
ently outweighs the drug-evoked block of sphingomyelin to
ceramide conversion via SMPDI1. Hence, we propose that
accumulation of ceramides and their hexosylmetabolites con-
tributes to lysosomal dysfunction.

Loperamide- and pimozide-induced LMP is strongly
enhanced by ongoing autophagy

Lysosomal lipid accumulation and lipid peroxidation are both
well-known inducers of LMP [47]. To visualize the potential
induction of LMP and to elucidate the role of autophagy in
this context, MZ-54 WT cells as well as ATG5 and ATG7 KO
cells were transfected with the pmCherry-LGALS3 reporter
(consisting of mCherry as fluorescent reporter and LGALS3
[galectin 3]), which translocates to the lysosomal membrane
upon its rupture [48]. Interestingly, administration of

loperamide and pimozide led to the formation of mCherry-
LGALS3 puncta that colocalized with the lysosomal marker
LAMPI in MZ-54 WT cells, clearly demonstrating the induc-
tion of LMP Figure 5(A, Figure 5B). Moreover, washout of the
compounds extensively decreased the number of mCherry-
LGALS3 puncta per cell, suggesting an ongoing autophagic
degradation of ruptured lysosomes Figure 5(A, Figure 5B).
Strikingly, ATG5 and ATG7 KO cells showed significantly
fewer mCherry-LGALS3 puncta after loperamide and pimo-
zide treatment in comparison to MZ-54 WT cells Figure 5(C,
Figure 5D), thus confirming that loperamide and pimozide
trigger LMP in an autophagy-dependent manner. These
results could be reproduced in LN-229 WT and ATG7 KO
cells (Fig. S7).

Loperamide and pimozide induce cathepsin release and
lysosomal cell death

To validate the induction of LMP and the rescuing effects of
autophagy inhibition on LMP, we next measured lysosomal
cathepsin release into the cytosol by cytosolic fractionation
using digitonin. Indeed, imipramine + ticlopidine, loperamide
and pimozide enhanced CTSB activity in the cytosol, and
blockage of autophagy by ATG5 or ATG7 KO partially atte-
nuated these effects (Figure 6A). In agreement with the data
shown in Figure 3, the lipid-ROS scavenger a-tocopherol was
able to reduce loperamide and pimozide-driven CTSB release,
suggesting that a-tocopherol promotes lysosomal membrane
stability (Figure 6B). Moreover, immunoblot analysis revealed
a significant CTSB increase in the cytosolic fraction in MZ-
54 WT, but not in ATG5 KO cells Figure 6(C-G). From these
results, we infer that hyperactivated autophagy by loperamide
and pimozide treatment promotes lysosomal stress and LMP,
which can be diminished by autophagy inhibition.

It is well established that LMP has detrimental effects on
cell survival, as release of the lysosomal content is accompa-
nied by cytosolic acidification and hydrolysis of cytoplasmic
material by lysosomal proteases such as cathepsins, leading to
lysosomal cell death [47]. For further investigation, MZ-54
cells were exposed to loperamide and pimozide in the pre-
sence or absence of the cathepsin inhibitors E64D and pep-
statin A. Indeed, cathepsin inhibition significantly attenuated
the lethal effects of the drugs, indicating a relevant role of
lysosomal rupture in cellular demise Figure 6(H-]J).

Selective lysophagy induced by loperamide and pimozide
promotes cell survival

Several studies demonstrated that damaged lysosomes are
selectively degraded by lysophagy to circumvent the disas-
trous consequences of lysosomal rupture on cellular health
[48-50]. Accordingly, the strong increase of mCherry-
LGALS3 puncta after loperamide and pimozide treatment
and subsequent disappearance of mCherry-LGALS3 puncta
following washout of these drugs indicates ongoing lysophagy
(Figure 5A). Indeed, immunostainings revealed a clear colo-
calization of MAPILC3B and mCherry-LGALS3 puncta,
showing the recruitment of the autophagic machinery to
damaged lysosomes (Figure 7A).
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Figure 4. Targeted LC-MS/MS analysis of sphingolipids and ceramides in MZ-54 cells treated with loperamide or pimozide. (A and B) MZ-54 cells were exposed to
12.5 uM loperamide (LOP) (A), 12.5 uM pimozide (PIMO) (B) or DMSO as control (Con). FBS in the cell culture medium was reduced to 2% for loperamide and to 5% for
pimozide treatments and the respective controls to minimize background. The box plots represent the interquartile range of sphingolipid and ceramide concentrations
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shown as percentage of the maximum, the line is the median and whiskers show min and max values of the eight replicates, depicted as scatters. Statistical significance
was assessed with a two-way ANOVA and subsequent t-tests for each lipid individually employing a correction of alpha according to Sidak. Asterisks indicate significant
differences versus control, ***: P < 0.001. (C) Heatmap and dendrograms showing the result of hierarchical Euclidean clustering of lipids (y-axis) and of the individual
experimental replicates (x-axis). The experimental groups are clearly separated. Colors per row display the concentration differences between different lipids and groups.
The abbreviations are: S1P, sphingosine-1-phosphate; C14 Cer etc. ceramide with 14 C-atoms; C24:1 Cer etc., ceramide with 24 C-atoms and one unsaturated bound.

However, investigation of lysophagy is hitherto compli-
cated by insufficient knowledge about the selective lysophagy
receptors involved. Still, Papadopoulos et al. [48] have pre-
viously reported that the AAA+-type ATPase VCP is crucial
for cell survival after lysosomal damage. Based on these find-
ings, we assessed the putative functional role of VCP for LMP
and subsequent cell death by using siRNA-mediated KD of
VCP. Indeed, loss of VCP as confirmed by western blot
(Figure 7B), diminished the recovery of mCherry-LGALS3
puncta as marker for damaged lysosomes after pimozide
washout compared to control siRNA Figure 7(C-E).
Furthermore, both siRNAs significantly increased cell death
induced by loperamide and pimozide, pointing to a pro-
survival function of lysophagy after induction of LMP in
MZ-54 glioma cells (Figure 7F).

Discussion

Recently, we identified new inducers of ATG5 and ATG7-
dependent cell death with potential clinical relevance for
GBM therapy in a low-throughput screen of the Enzo Screen-
Well™ library containing 70 known autophagy-inducing drugs
[19]. For the potential clinical exploitation of ACD, it is
indispensable to properly decipher its underlying mechanisms
that are still poorly understood. In this follow-up study, we
dissected the detailed molecular events promoting activation
and execution of ACD in GBM cells. To this end, we focused
on two promising compounds, loperamide and pimozide, in
comparison to imipramine + ticlopidine that induce ACD
upon combined treatment as established in another prior
study [13]. Investigation of the autophagic flux and cell
death using three different CRISPR-Cas9 KO cell lines defi-
cient for ATG5 or ATG7 confirmed that all compounds
clearly induced ACD in MZ-54 GBM cells. Our proteomic
analysis showed an unexpected, strong increase in proteins
involved in lipid and cholesterol metabolic processes.
Subsequent experiments revealed that the positive association
of these processes was caused by an impairment of lipid
trafficking and SMPD1 inhibition, supposed to result in accu-
mulation of cholesterol and other lipids in the lysosomes. In
line with these observations, two studies of Kornhuber et al.
[37,38] categorized imipramine, loperamide and pimozide as
functional inhibitors of acid sphingomyelinase (FIASMAs),
representing cationic, amphiphilic drugs that accumulate in
acidic cellular compartments including lysosomes and thereby
inhibit the function of SMPD1. The fact that both ACD-
inducing compounds described in the study by Shchors
et al. [13] and two out of three of our hit compounds [19]
inhibit SMPD1 suggests that SMPD1 blockade is a common
denominator and key driver in many paradigms of ACD.
However, it is likely not sufficient to fully explain the
observed massive increase of ceramide species upon treatment

with the candidate drugs and failure of AKT1 activation in
this study. The latter phenomenon is in agreement with pub-
lished findings [35,36] and with our previous studies showing
that the compounds inhibit downstream MTOR activity [19].

In general, the high cholesterol demand of several cancers
including melanoma, lymphoblastoma, neuroblastoma, non-
small cell lung cancer and breast adenocarcinoma has been
reported to sensitize these tumors to inhibitors of cholesterol
trafficking and biogenesis [51,52]. Importantly, cholesterol
metabolism in the human brain has to be tightly regulated
because the blood-brain barrier impedes uptake of lipopro-
tein-bound cholesterol. As such, Villa et al. [53] found that
GBM cells rely on the uptake of exogenous cholesterol, while
normal human astrocytes are able to cover their own choles-
terol demand and those of adjacent cells by de novo synthesis,
suggesting that GBM cells may be particularly vulnerable to
intracellular cholesterol shortage.

Besides the autophagy-inducing effect of impaired lipid
trafficking, massive accumulation of lipids in the lysosome
was accompanied by oxidative stress, as shown by increased
lipid-peroxidation after loperamide and pimozide treatment,
and subsequent induction of LMP. Interestingly, several stu-
dies reported that lysosomes massively filled with lipids
become severely damaged and cannot fulfill their normal
degradative and recycling properties for autophagic cargo
[40,47,54,55]. Hence, in addition to accumulating waste,
cells may succumb to nutrient deficiency and secondary sup-
pression of translation and transcription, which would explain
the enrichment of the related GO-terms for the downregu-
lated proteins.

Our lipid analyses revealed a strong increase of cera-
mides, their glucosyl-metabolites and sphingosine/sphinga-
nine precursors under loperamide and pimozide treatment,
which was not a result of increased de novo synthesis,
hence pointing to impaired lysosomal degradation of sphin-
golipids. The accumulation of bioactive sphingolipids in
spite of SMPD1 inhibition suggests that these cationic,
amphiphilic drugs are also capable of inhibiting lysosomal
acid ceramidase and further ceramide metabolizing
enzymes, which are responsible for hydrolysis of ceramide
to sphingosine [54] or degradation of glucosylceramides.
Indeed, C16:0-Cer accumulation in the lysosome was
found to trigger LMP by formation of ceramide channels
[56]. Hence, loperamide and pimozide may have a similar
effect. In addition, SMPD1 inhibition may also trigger the
increase of ceramides in the ER, thereby inducing ER stress
and secondary autophagy [57].

Of note, lysosomal function is often upregulated in cancer
cells to fulfill increased metabolic demands, and elevated
cathepsin expression is associated with increased invasiveness
and metastasis [58-61]. This high dependence on the lysoso-
mal pathway paired with decreased stability of cancer cell
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Figure 5. Assessment of LMP after loperamide and pimozide treatment. (A-D) Monitoring LMP by microscopic analysis of mCherry-LGALS3 puncta formation and
colocalization with the lysosomal marker LAMP1. MZ-54 control (A), ATG5 and ATG7 KO cells (D) stably transfected with pmCherry-LGALS3 were treated with 15 uM
loperamide (LOP), 12.5 pM pimozide (PIMO) or DMSO (Con) for 16 h. For washout experiments shown in A, loperamide and pimozide was removed after 16 h and
fresh medium was added for additional 24 h. At least three independent experiments were performed, and three to eight images were taken at 60x magnification in
each experiment (scale bar: 50 um). (B and C) Quantification of mCherry-LGALS3 puncta/cell. In total, 14-33 cells were analyzed per condition. Data represent mean
+ SEM of at least three independent experiments and three to eight images per experiment. Statistical significance was analyzed with a Kruskal-Wallis test.

lysosomes (e.g. by degradation of LAMP1 and LAMP2), as lysosomal cell death in our cell models, which depended on
reported by several studies, makes lysosomes a particularly the release of cathepsins into the cytosol, and was further
suitable target for cancer therapy [62,63]. In support of this enhanced by inhibition of lysophagy. Hence, our data support
idea, loperamide and pimozide-induced LMP triggered
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Figure 6. Determination of cathepsin release and lysosomal cell death. (A and B) Quantification of active CTSB in the cytosol. (A) MZ-54 WT, ATG5 and ATG7 KO cells
were exposed to 20 uM imipramine + 75 pM ticlopidine (IM+TIC), 12.5 uM loperamide (LOP), 12.5 pM pimozide (PIMO) or DMSO (Con) for 16 h. Cells were
fractionated using digitonin and cytosolic extracts were subjected to fluorescence-based measurement of CTSB activity. The bar chart represents changes in mean
fluorescence intensity as arbitrary unit per hour and pg protein. (B) MZ-54 cells were treated as in A in the presence or absence of 100 uM a-tocopherol (a-TOC) that
was added to the cells 1 h before all other treatments. Data in A and B display mean + SEM of four independent experiments with five to six replicates. Statistical
analysis was calculated with a two-way ANOVA. (C) Immunoblot analysis of CTSB and CTSD expression in the cytosolic fraction and organelle fraction containing
lysosomes. LAMP2 was used for identification of lysosomes and TUBA4A was used for identification of cytosolic material. MZ-54 WT cells and ATG5 KO cells were
treated as described in A. (D-G) Quantification of cytosolic CTSB and CTSD protein levels of MZ54 WT cells and MZ-54 ATG5 KO cells detected by immunoblot analysis.
Data show mean + SEM of three to five independent experiments. (H-J) Monitoring cell death by flow cytometric quantification of APC-ANXA5 binding and PI uptake
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. Cell death refers to overall cell death including only-APC-ANXA5-positive, only-Pl-positive and double-positive cells. MZ-54 cells were exposed to 20 pM imipramine
+ 75 uM ticlopidine (IM+TIC), 12.5 pM loperamide (LOP), 12.5 uM pimozide (PIMO) or DMSO (Con) for 40 h in the presence or absence of the cathepsin inhibitors
E64D and pepstatin A (PEP A) at concentrations of 5, 10 and 20 pM. Cathepsin inhibitors were added to the cells 2 h before the other treatments. Data show mean +
SEM or three independent experiments with three replicates and 5,000-10,000 cells measured in each sample. Statistical significances were calculated with a two-

way ANOVA.

the hypothesis that lysophagy is essential for cell survival
under conditions of lysosomal damage [48].

Strikingly, autophagy inhibition by functional ATG5 and
ATG7 KO strongly decreased both LMP and cell death follow-
ing drug treatment. Based on this observation, we propose
that the cell-killing effects of the drugs caused by impaired
lipid trafficking and lipotoxicity in the lysosomal compart-
ment are further exacerbated by the parallel overactivation of
autophagy, because lysosomal function is further challenged
by the vast demand in handling the additional autophagic
cargo. This demand appears to be strongly reduced in ATG
KO cells as indicated by the almost complete absence of
mCherry-LGALS3 puncta Figure 5(C, Figure 5D), even
though lysophagy is also blocked in these cells. Collectively,
our findings suggest that autophagy overactivation and lipid
accumulations induced by loperamide and pimozide synergize
to promote lysosomal rupture and subsequent cell death in
autophagy-competent cells. Accordingly, it should be consid-
ered that ablation of autophagy (e.g. by ATG5 or ATG7 KO)
does not only affect ACD in general, but also prevents LMP
and subsequent lysosomal cell death, at least in cases of ACD
induced by SMPDI-inhibiting drugs. These considerations
emphasize the difficulty to clearly separate autophagy-
dependent cell death and lysosomal cell death, as demanded
by the leading experts in the field of cell death research [16].
Nevertheless, our candidate drugs induce an ACD phenotype
of cell death including increased autophagic flux, and rescue
by genetic inhibition of autophagy, which is not observed with
inducers of apoptosis, necroptosis and ferroptosis [19]. Our
data here provide further evidence that impaired lipid traf-
ficking promotes autophagy plus autophagy-dependent LMP
and subsequent lysosomal cell death, suggesting that these
mechanisms contribute to the cellular demise induced by
these compounds. Moreover, our study accentuates the dual
role of autophagy, showing that selective lysophagy promotes
cellular survival by eliminating harmful, damaged lysosomes,
while bulk autophagy rather serves to trigger cellular demise
in our experimental setting. Based on the fact that (bulk)
autophagy and LMP both significantly contribute to lopera-
mide- and pimozide-induced cell death, the term “autophagy-
dependent lysosomal cell death” may also be used for this type
of cell demise that has distinct features in comparison to other
already established cell death paradigms [16].

We conclude that massive autophagy induction paired with
lysosomal damage and mounting impairment of lysosomal
degradative function at later time points leads to tremendous
autophagic and lysosomal stress, and finally to cell death, with
possible implications for GBM therapy. From a clinical stand-
point, it should be considered that loperamide, an orally
applied antidiarrheal agent, is not systemically bioavailable
after oral administration and does not cross the blood-brain

barrier, although attempts have been made to target lopera-
mide to the brain using nanoparticles [64]. In contrast, pimo-
zide and other antipsychotic agents acting as antagonists of D
(2)/D(3) dopamine receptors and/or HTR7 receptors [65-67]
have recently gained significant attention as potential candi-
dates for the treatment of GBM. In this context, it is worth
mentioning that similar to pimozide, several other antipsy-
chotic drugs have been reported to functionally inhibit
SMPD1, thereby affecting lipid transport [30,68,69]. Here,
we provide novel evidence that pimozide-induced ACD is
partly dependent on inhibition of serotonin receptor HTR7
signaling. Interestingly, serotonin receptor HTR7 is overex-
pressed in GBM and was previously linked to increased
MAPK1/MAPK3 (mitogen-activated protein kinase 1/3) acti-
vation and IL6 (interleukin 6) synthesis, signaling events that
have been proposed to enhance glioma cell survival [23,25].
Based on these considerations and our findings on the puta-
tive role of HTR7 blockade in ACD, pimozide (and other
HTR7 receptor antagonists) might be of particular interest
for GBM therapy because they are approved for clinical use
and hence available for repurposing as anti-cancer agents.

Materials and methods
Cell culture

DMEM GlutaMAX (10,566,016), penicillin-streptomycin
(15,140,122), fetal bovine serum (FBS) (10,270,106),
Dulbecco’s phosphate-buffered saline (DPBS; 14,190,094)
and trypsin-EDTA (25,200,056) were purchased from Gibco®
(Life Technologies). The human glioma cell line MZ-54 was
obtained from the Dept. of Neurosurgery, University Medical
Center, Johannes Gutenberg University Mainz, Germany,
where this line was isolated from a recurrent grade IV glio-
blastoma [70,71]. MZ-54 cells and LN-229 cells (ATCC® CRL-
2611™) were cultivated in DMEM, high glucose, glutaMAX,
10% FBS and 100 U/mL penicillin-streptomycin at 37°C and
5% CO,. Authentication of MZ-54 and LN-229 cells was done
by STR profiling at DSMZ (Sammlung von Mikroorganismen
und Zellkulturen GmbH). Cells were exposed to
a combination of imipramine hydrochloride (Sigma-Aldrich,
10,899) and ticlopidine hydrochloride (IM+TIC; Sigma-
Aldrich, T6654), loperamide hydrochloride (LOP; Enzo Life
Science, ALX-550-253), pimozide (PIMO; Sigma-Aldrich,
2062-78-4), staurosporine (STS; Enzo Life Science, 380-014-
MO001), AS 19 (Tocris Bioscience, 1968), DR 4485 hydrochlor-
ide (DR4485; Tocris Bioscience, 5005), cholesterol-methyl-p-
cyclodextrin (CHOL; Sigma-Aldrich, C4951), hydrogen per-
oxide 30% (H,O,; Merck, 1,072,090,250) and bafilomycin A;
(LC Laboratories, B-1018) for the indicated time periods. MZ-
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Figure 7. Determination of lysophagy triggered by loperamide and pimozide-induced LMP. (A) Microscopic analysis of mCherry-LGALS3 and anti-MAP1LC3B
colocalization. Images were taken at 60x magnification. Three independent experiments were performed with at least three images per experiment (scale bar:
50 pm). (B) Immunoblot analysis of VCP expression and GAPDH as housekeeper. MZ-54 cells were transfected with siRNA against VCP at different concentrations
(siVCP 1 and siVCP 2; 10, 25 and 50 nM) or universal siRNA negative control (siCon). (C-E) Monitoring mCherry-LGALS3 puncta formation and disappearance after
compound washout by microscopic analysis of mCherry-LGALS3 puncta formation and colocalization with the lysosomal marker LAMP1. MZ-54 cells were transfected
with a combination of two siRNAs against VCP (25 nM siVCP #1 + 25 nM siVCP #2) or universal siRNA negative control (50 nM siCon), followed by treatment with
15 uM pimozide (PIMO) or DMSO (Con) for 16 h. For washout experiments, treatment compounds were removed after 16 h and cells were incubated in fresh medium
for additional 24 h. (C, D) Images were taken at 60x magnification (scale bar: 50 pm). (E) Quantification of mCherry-LGALS3 puncta per cell. In total, 11-23 cells were
analyzed for each condition. Data represent mean + SEM of three independent experiments and three to five images per experiment. Statistical significance was
analyzed with a Kruskal-Wallis test. (F) Flow cytometry-based cell death analyses by quantification of only-APC-ANXA5-positive, only Pl-positive and double-positive
cells. MZ-54 cells were transfected with 25 nM siRNA against VCP (siVCP #1 and siVCP #2) or universal siRNA negative control (siCon), followed by treatment with
12.5 uM loperamide (LOP) or 12.5 pM pimozide (PIMO) for 30 h. Data represent the combined values of all three cell populations and show means + SEM of three
independent experiments with three replicates and 5,000-10,000 cells measured in each sample. Statistical significance was calculated with a two-way ANOVA.



54 and LN-229 cells were tested monthly for mycoplasma
contamination.

CRISPR-Cas9 KOs

The guide RNAs for human ATG5 and ATG7 KOs were
selected with the online tool benchling and contained 20
nucleotides complementary to the target locus in the genome,
cloning sites for Bbsl and an additional 5 G in case the
sgRNA started with another base. Appropriate guide RNAs
were separately cloned into the SpCas9(BB)-2A-GFP (PX458)
vector (Addgene, 48,138) or pSpCas9(BB)-2A-Puro (PX459)
vector (Addgene, 48,139) from Feng Zhang [72].

Both vectors encode the cas9 endonuclease from
Streptococcus pyogenes, which requires a preceding 5’NGG pro-
tospacer adjacent motif at the genomic target locus [72]. For
generation of ATG5 and ATG7 KOs, a combination of two
vectors containing different guide RNAs was transfected into
MZ-54 cells by using Lipofectamine 3000 (Thermo Fisher
Scientific, L3000008) according to the manufacturer’s instruc-
tions (DNA:Lipofectamine 3000 ratio 1:1.5). Following guide
RNAs were used for the different clones: ATG5 KOl
(CACCGTCAGGATGAGATAACTGAAA and CACCGCC
TCTAATGCTACCACTCAG) ,ATG5 KO2 (CACCGAA
GATGTGCTTCGAGATGTG and CACCGCCTCTAATGC
TACCACTCAG), ATG5 KO3 (CACCGTCAGGATGAGA
TAACTGAAA and CACCGCCTCTAATGCTACCACTCAG),
ATG7 KOl (CACCGAATAATGGCGGCAGCTACGG and
CACCGAAAGCTGACACTATACTGG), ATG7 KO2 (CACCG
AATAATGGCGGCAGCTACGG and CACCGAGAAGAAGCT
GAACGAGTAT ATG7 KO3 (CACCGAGAATCAGCTTGAC
AACAC and CACCGAAAGCTGACACTATACTGG). The LN-
229 ATG7 KO line was generated with ATG7 KO2 and
ATG7 KO3.

GFP-positive cells containing the PX458 vector were
sorted into a 24-well plate 72 h after transfection by using
a FACS Aria II cell sorter (BD Biosciences, Heidelberg,
Germany). Cells transfected with the PX459 vector were
selected with 1 pg/mL puromycin dihydrochloride (puromy-
cin; Santa Cruz Biotechnology, sc-108071B) 48 h after trans-
fection. After 72 h incubation, cells were separated by single
cell dilution and the expanded single cell colonies containing
either ATG5 or ATG7 KO were detected by PCR and immu-
noblot analysis.

Transfection of siRNA and pmCherry-LGALS3 plasmid

For depletion of VCP, MZ-54 cells were transfected with two
different siRNAs against VCP (SASI_Hs01_00118726 [VCP
#1] and SASI_Hs01_00118728 [VCP #2], Sigma-Aldrich) or
siRNA Universal Negative Control (Sigma-Aldrich, SIC001)
at 60% - 80% confluency by using Lipofectamine 3000
(Thermo Fisher Scientific, L3000008) according to the manu-
facturer’s manual. Therefore, the following amount of
Lipofectamine 3000 was used per well: 5 uL/6-well, 1.5 pL/24-
well, 1 pL/chamberslide-well. Treatments were performed
24-48 h after transfection. PmCherry-LGALS3 was a gift
from Hemmo Meyer (Addgene, 85,662) [48]. Cells were trans-
fected with pmCherry-LGALS3 by using Lipofectamine 3000
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according to manufacturer’s instructions. To this end, 120,000
cells were seeded into 6-well plates and cells were transfected
with 2.5 pg plasmid DNA and 3.75 pL Lipofectamine 3000
(DNA: Lipofectamine ratio 1:1.5) in fresh medium on the
next day. Medium was changed after 24 h and cells with
stable integration of pmCherry-LGALS3 were selected with
1 mg/mL geneticin disulfate solution (G418; Carl Roth GmbH
+ Co. KG, CP11.3). However, the selected cell population also
contained some cells without pmCherry-LGALS3 expression,
which gained G418 resistance.

Re-expression of ATG7 in ATG7 KO cells

For the re-expression of ATG7 in ATG7 KO cells, we used an
inducible plasmid that only allows expression of ATG7 in the
presence of doxycline hyclate (DOX; Sigma-Aldrich, D9891).
MZ-54 ATG7 KO3 cells were first transduced with the plasmid
containing the hATG7  sequence  (pLV[Exp]-Puro-
TRE3G>hATG7[NM_001349232.1]) and in a second step trans-
duced with the regulator plasmid (pLV[Exp]-CMV>Tet3G
/Hygro) (Vectorbuilder). Virus particles were generated in
293 T cells (HEK 293-T; ATCC, CRL-3216) after transfection
with the above-mentioned plasmids in combination with the
gag/pol plasmid psPAX2 (Addgene, 12,260; deposited by
Didier Trono) and the VSV-g- envelope plasmid pMD2.G
(Addgene, 12,259; deposited by Didier Trono). The plasmids
were diluted in Opti-MEM (Gibco/Life Technologies, 11,058--
021) and Fugene HD transfection reagent (Promega, E2311).
The DNA-mixture was incubated for 30 min and then added
drop-wise to the cells cultured in DMEM without penicillin-
streptomycin for 6-7 h. After incubation medium was aspirated,
cells were washed with DPBS and fresh culture medium was
added. 24 h and 48 h after transfection the virus-containing
supernatant was harvested and stored short-term at 4°C. For
transduction, 120,000 MZ-54 ATG7 KO3 or MZ-54 ATG7 KO3
+ TRE3G-ATG? cells were seeded out in 6-well plates. Next day
cells were incubated for 24 h with the virus-containing super-
natant diluted in culture medium and 3 pg/mL hexadimethrine
bromide (polybrene; Sigma-Aldrich, 107,689). Afterward med-
ium was changed and after additional 24 h the medium was
changed to selection medium containing 1 pg/mL puromycin
and after the second transduction also 125 pug/mL Hygromycin
B (hygromycin; Invitrogen, 10,687,010). Re-expression was con-
firmed by immunoblot analysis.

Generation of shRNA KD cell lines

For depletion of RBICCI virus particles were generated in
HEK 293-T cells transfected with the control vector pGIPZ
(RHS4349, Open BioSystems Inc) or the respective shRNA
plasmid (KD1: RHS4430-101,100,096 or KD2: RHS4430-
101,103,887) (Open BioSystems Inc), the gag/pol plasmid
pCMV-dr8.91 [72] and the VSV-g envelope plasmid pMD2.
G (Addgene, 12,259; deposited by Didier Trono). The plas-
mids were diluted in H,O and 2.5 M CaCl, (Sigma-Aldrich,
C3306). This DNA-CacCl, solution was added drop-wise to 2
x HEPES-buffered saline (2xHBS; 274 mM NaCl [Carl Roth
GmbH + Co. KG, HN00.3], 10 mM KClI [Carl Roth GmbH +
Co. KG, 6781.1], 1.4 mM Na,HPO, [Carl Roth GmbH + Co.
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KG, P030.1], 42 mM HEPES [Carl Roth GmbH + Co. KG,
HN77.2], 11.1 mM glucose [Sigma-Aldrich, 49,138]) while
blowing air bubbles through a Pasteur pipette and incubated
for 15-20 min. Culture medium was changed and 25 uM
chloroquine diphosphate salt (chloroquine; Sigma-Aldrich,
C6628) was added. The DNA mixture was added drop-wise
to the cells and incubated for 6-8 h at 37°C and 5% CO,.
After incubation the medium was replaced with fresh med-
ium. 24 h and 48 h after transfection the virus-containing
supernatant was harvested and stored short-term at 4°C.

For depletion of ATGI14 and CYBB, virus particles were
generated in HEK 293-T cells transfected with the control
vector pLKO.1 (pLKO.1 non-target; Sigma-Aldrich, SHC016-
1EA) or the respective shRNA plasmid (shATGI14 [KDI:
TRCN0000142849 or KD2: TRCN0000144080] or shCYBB
[KD1: TRCN0000064590 or KD2: TRCN0000064591] [Sigma-
Aldrich]), the gag/pol plasmid psPAX2 (Addgene, 12,260;
deposited by Didier Trono) and the VSV-g envelope plasmid
pMD2.G (Addgene, 12,259; deposited by Didier Trono). The
plasmids were diluted in Opti-MEM and Fugene HD trans-
fection reagent. The DNA-mixture was incubated for 30 min
and then added drop-wise to the cells cultured in DMEM
without penicillin-streptomycin for 6-7 h. After incubation
medium was aspirated, cells were washed with DPBS and
fresh culture medium was added. 24 h and 48 h after transfec-
tion the virus-containing supernatant was harvested and
stored short-term at 4°C.

For transduction, 120,000 parental MZ-54 cells were
seeded out in 6-well plates. Next day cells were incubated
for 24 h with the virus-containing supernatant diluted in
culture medium and 3 pg/mL polybrene. Afterward medium
was changed and after additional 24 h the medium was
changed to selection medium containing 1 pg/mL puromycin.
KD was confirmed by immunoblot analysis or qRT-PCR.

Immunoblot analysis

For immunoblot analysis, 120,000 MZ-54 cells or LN-229 cells
were seeded into 6-well plates. Cells were lysed with 2xSDS
lysis buffer (137 mM Tris-HCI [Sigma-Aldrich, T1503] pH
6.8, 4% SDS [Serva Electrophoresis, 151-21-3], 20% glycerol
[AppliChem GmbH 56-81-5], 1 mM protease inhibitor cock-
tail [Sigma-Aldrich, P8340]) and ultrasonic beats (3x10
times). The protein amount was determined with a Pierce
BCA protein assay kit (Thermo Fisher Scientific, 23,225).
The SDS gels (8% - 15%) were loaded with 30-50 pg protein
in 5x SDS loading buffer (250 mM Tris-HCl, pH 6.8, 10%
SDS, 30% glycerol, 0.02% bromophenol blue [Sigma-Aldrich,
B8026], 5% 2-mercaptoethanol [Sigma-Aldrich, M6250]) after
heating the samples for 5 min at 95°C. Proteins were sepa-
rated (85 V for 30 min, then 135 V) and blotted semi-dry
(15 V, 35 min) onto a nitrocellulose membrane (Neolab,
260,201,396). The membranes were blocked with 5% milk
(Carl Roth GmbH + Co. KG, TI1452) or 5% BSA
(AppliChem GmbH, A1391.0500) in TBS (150 mM NaCl
[Sigma-Aldrich, 31,434], 50 mM Tris, pH 7.5) + 0.05%
Tween 20 (AppliChem GmbH, A4974) (TBS-T) for 1 h at
room temperature, followed by incubation with the primary
antibodies overnight at 4°C: ATG5 (1:1000; Cell Signaling

Technology, 2630s), ATG7 (1:500; Cell Signaling
Technology, 8558), RBICC1 (1:1000; Proteintech, 17,250-
1-AP), MAP1LC3B/LC3B (1:1000; Thermo Fisher Scientific,
PA1-16,930), CTSB (1:1000; Cell Signaling Technology,
31,718), CTSD (1:1000; Cell Signaling Technology, 2284),
VCP (1:400; Abcam Biochemicals, ab11433), LAMP2
(1:1000; DSHB, H4B4), AKT1 (1:1000; Cell Signaling
Technology, 9272), phospho(Ser473)-AKT1 (1:2000; Cell
Signaling Technology, 4060), RPS6 (1:1000; Cell Signaling
Technology, 2317), phospho(Ser240/244)-RPS6 (1:1000; Cell
Signaling Technology, 2215), TUBA4A (1:5000; Sigma-
Aldrich, T6199) and GAPDH (1:10,000; Merck Millipore,
CB1001). Secondary antibodies (Li-COR Biotech: goat anti-
mouse, 926-32,210 or 926-68,070 and goat anti-rabbit,
926-32,211 or 926-68,071) were applied at a concentration
of 1:10,000 for 1 h at room temperature. Detection and
densiometric quantification of the secondary antibodies with
the infrared dye was performed with the “Odyssey Infrared
Imaging System” (Li-COR Biosciences, Bad Homburg,
Germany).

Fluorescence microscopy

MZ-54 and LN-229 cells were seeded at 12,000 cells per
chamberslide-well and fixed with 3.7% paraformaldehyde
(Santa Cruz Biotechnology, sc281692) for 15 min, followed
by three washing steps with DPBS-Tween 20 (0.01%; PBS-T).
For cholesterol staining, cells were incubated with filipin III
(1:100) in DPBS for 2 h as described in the manufacturer’s
protocol of the cholesterol assay kit (Abcam Biochemicals,
ab133116). Filipin III was also added in all following incuba-
tion steps with the primary and secondary antibody to enable
proper staining. For immunofluorescence staining, cells were
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich,
T8787) in DPBS for 5 min and blocked with 4% BSA in
DPBS for 1 h at room temperature. Cells were incubated
with an antibody against LAMP1 (anti-mouse; DSHB,
H4A3s) overnight at 4°C, followed by three washing steps
with PBS-T and subsequent incubation with the secondary
antibody (Alexa Fluor 488 goat anti-mouse IgG (H + L);
Molecular Probes, A11029) for 1 h at room temperature.
After another three washing steps, cover glasses were fixed
with mounting medium with (Dianova, SCR-38,448) or with-
out DAPI (Thermo Fisher Scientific, TA-030-FM).
Microscope images were taken with the Nikon Eclipse
TE2000-S microscope (Nikon, Tokio, Japan) and NIS
Elements AR 3.2 software at 60x magnification. Image analy-
sis, optical zoom and overlays were performed with Image]J
Fiji (NIH, Bethesda, USA).

Fractionation of cytosolic and lysosomal fraction for
immunoblot analysis

Separation of the cytosolic fraction and the organelle fraction
including fully intact lysosomes was performed by using digi-
tonin (Sigma-Aldrich, D141) as described by Adrian et al.
[73]. MZ-54 control cells and MZ-54 ATG5 KO1 cells were
seeded at 2-3*10°. Cell pellets were carefully resuspended with
500 pL chilled DPBS, followed by addition of 500 pL cytosol



extraction buffer (250 mM sucrose [AppliChem GmbH,
A2211.0500], 70 mM KCI [Sigma-Aldrich, 60,128], 137 mM
NaCl, 4.3 mM Na,HPO,, 1.4 mM KH,PO, [Carl Roth GmbH
+ Co. KG, 3904.1], pH 7.2; freshly added: 100 uM PMSF [Carl
Roth GmbH + Co. KG, 6367.1], 10 ug/mL leupeptin
[AppliChem GmbH, A1694.0250], 2 pg/mL aprotinin
[AppliChem GmbH, APA2132.0010], 50 pg/mL digitonin)
and subsequent incubation for 15 min at room temperature
on an overhead tumbler. Digitonin concentration and incuba-
tion time for the cytosol extraction was precisely titrated. For
separation of the cytosol, cells were centrifuged at 1,035 x g
and 4°C for 5 min, supernatants were transferred into a new
tube and centrifuged again for 30 s at 1,677 x g. Supernatants
containing the cytosolic fraction were collected in a new tube.
In the next step, the pellets from the first centrifugation step
were resuspended in 300 uL lysis buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 2 mM EDTA [AppliChem GmbH,
A2937], 2 mM EGTA [AppliChem GmbH, A0878], 0.2%
Triton X-100, 0.3% NP-40 [Abcam Biochemicals, ab142227];
freshly added: 10 pg/mL leupeptin, 2 pug/mL aprotinin) and
incubated for 5 min, followed by centrifugation for 10 min at
10,278 x g and 4°C. Collected supernatants were spinned
down for 30 s at 6,708 x g and transferred into a new tube.
The fractions contain various organelles including intact lyso-
somes. For immunoblot analysis of CTSB and CTSD release
into the cytosol, 20-25 pg protein was used in SDS-PAGE and
western blot.

CTSB assay

For fluorescence-based analysis of CTSB activity in the
cytosolic fractions of MZ-54 cells, 30,000 cells were seeded
into 24-well plates and treatments were performed on the
next day. Cytosolic fractions were obtained by washing the
cells with DPBS and subsequent incubation with 200 pL
cytosol extract buffer containing a titrated amount of digi-
tonin (250 mM sucrose, 20 mM HEPES [AppliChem
GmbH, A1069], 10 mM KCI, 1.5 mM MgCl, [Carl Roth
GmbH + Co. KG, 2189.2], 1 mM EDTA, 1 mM EGTA;
freshly added: 0.5 mM Pefablock SC [Sigma-Aldrich,
76,307], 22.5 pg/mL digitonin) for 15 min on ice while
shaking slowly [74]. Next, 100 pL cytosol extract was
mixed with 75 pL L-cysteine buffer (352 mM KH,PO,,
48 mM Na,HPO,, 4 mM EDTA, pH 6; freshly added:
8 mM L-cysteine hydrochloride [Sigma-Aldrich, C7880])
in a black 96-well plate and incubated at 37°C for 10 min.
After adding 75 pL CTSB reaction buffer (0.1% Brij 35
solution [Sigma-Aldrich, B4184]; freshly added: 0.02 mM
Z-Arg-Arg-7-amido-4-methylcoumarin hydrochloride
[Sigma-Aldrich, C5429]), the 96-well plate was immediately
placed into a SPARK multimode microplate reader (Tecan,
Minnedorf, Switzerland) and fluorescence was measured
every 5 min at 40°C over a time period of 2 h (Ex:
348 nm, Em: 440 nm).
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Flow cytometry analysis of cell death, autophagic flux
and lipid-ROS

Cell death was measured by double staining with APC-
ANXA5/annexin V (APC-ANXA5; ex/em maxima 650/
660 nm; BD Pharmingen, 550,475) and propidium iodide
(PI; ex/em maxima ~ 535/617 nm; Sigma-Aldrich, P4864)
and subsequent flow cytometric analysis. Therefore, 30,000
cells were seeded into 24-well plates and treatments were
performed on the next day. Subsequently, cells were pel-
letized and resuspended in 50 uL FACS buffer (10 mM
HEPES, 140 mM NaCl, 5 mM CaCl,, pH 7.4) with 0.8 pL
APC-ANXAS and 0.8 pg/mL PI. After 10 min incubation,
measurements were performed with a FACS Accuri (BD
Biosciences, Heidelberg, Germany) by using the FL2-A
channel for the PI signal and the FL4-A channel for the
APC-ANXA5. DMSO-treated cells were gated APC-
ANXAS5 and PI negative. Overall cell death was calculated
by summing up the percentage of only-APC-ANXAS5-
positive, only-PI-positive and double-positive cells. The
autophagic flux was measured by using the reporter con-
struct pMRX-IP-GFP-LC3B-RFP-LC3BAG [75] and subse-
quent flow cytometric analysis. For this, 30,000 cells stably
transfected with the reporter construct were seeded into
24-well plates and treatments were performed on the
next day. Subsequently, cells were harvested, pelletized
and resuspended in 40-50 pL DPBS. After cleavage of
the fluorescent probe by endogenous ATG4 proteases
EGFP-LC3 is degraded in the lysosomes and mRFP1-
LC3AG remains in the cytosol and serves as an internal
control. Therefore, a decrease in the EGFP:mRFP1 ratio is
indicative for an increase in autophagic flux.
Measurements were performed by using the FL1-A chan-
nel for the EGFP signal and the FL3-A channel for the
mRFP1 signal. For assessment of lipid-ROS levels, 28,000
cells were seeded into 24-well plates and stained with the
lipid peroxidation sensor BODIPY™ 581/591 C11 (Thermo
Fisher Scientific, D3861) at 5 pM for 30 min at 37°C.
Subsequently, cells were harvested and resuspended in
50 pL DPBS. Cellular lipid-ROS levels were analyzed by
quantification of the MFI signal of BODIPY™ 581/591 Cl11
in the FL1-A channel.

Assessment of gene expression by quantitative real-time
polymerase chain reaction (qQRT-PCR)

For determination of gene expression by qRT-PCR, 150,000
cells were seeded per 6-well or cells were directly collected
from the cell culture flask. After washing the cell pellets with
DPBS, RNA was isolated with the EXTRACTME total RNA
Kit according to the manufacturer’s instructions
(7Bioscience, EM09.1-250). Next, 1-2 ug RNA, superscript
IIT reverse transcriptase (Thermo Fisher Scientific,
18,080,044) and random primers were used in a total volume
of 20 uL for cDNA synthesis according to the manufacturer’s
protocol. CDNA was diluted with 80-180 uL DEPC-H,
O (Carl Roth GmbH + Co. KG, T143.1). For qRT-PCR,
5 uL cDNA, 1 ul 1xTagMan Gene Expression Assay primer
and 10 ul 1xFastStart Universal Probe Master-mix (Roche
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Diagnostics GmbH, 04913957001) were applied. Relative
gene expression levels were calculated by using the compara-
tive CT method [76]. Samples were normalized to the refer-
ence gene TBP (TATA-box binding protein). The following
FAM (FAM-dye-labeled)-MGB (minor-grove-binding) pri-
mers were used: Hs00427620_m1 (TBP), Hs04195319 sl

(CERSI), Hs00371958_gl  (CERS2), Hs00908756_m]l
(CERS5), Hs01372226_m1 (CERS6), Hs00186447_ml
(DEGSI), Hs01116902_m1 (SPTLCI), Hs00166163_m1

(CYBB/NOX2), Hs00208,732_m1 (ATG14), (Thermo Fisher
Scientific).

Targeted analysis of sphingolipids and ceramides

For analysis of the sphingolipid composition, 3*10° MZ-54
cells were seeded into T-175 flasks in octaplicates. Treatments
were performed on the next day by using medium containing
2% FBS for loperamide treatments and 5% FBS for pimozide
treatments and the respective controls to reduce background.
Cells were harvested by using trypsin and washed four times
with chilled DBPS, finally pelleted, resuspended in 20 pL,
counted, weighed (i.e. difference versus empty tube) and
snap-frozen in liquid nitrogen and stored at —80°C until
analysis.

Cell pellets were thawed and homogenized in 1 mL extrac-
tion buffer (30 mM citric acid, 40 mM disodium hydrogen
phosphate, pH 4.2). Ten microliter of the homogenized sam-
ple were mixed with 200 pL extraction buffer and 20 pL of the
internal standard solution containing deuterated sphingoli-
pids and ceramides (Avanti Polar Lipids, catalog numbers
please see below) as explained in detail in [77]. The mixture
was extracted once with 600 pL methanol/chloroform/hydro-
chloric acid (15:83:2, v:v:v). The lower organic phase was
evaporated at 45°C under a gentle stream of nitrogen and
reconstituted in 200 pL of tetrahydrofuran-water (9:1, v/v)
with 0.2 formic acid and 10 mM ammonium formate.

For the preparation of calibration standards and quality
control samples, 20 uL of a working solution were processed
as explained above. Working solutions for the generation of
calibrator and QC-samples were prepared as a mixture of all
analytes by serial dilution using a mixture of tetrahydrofuran
and chloroform. Quality control samples of three different
concentration levels (low, middle, high) were run as initial
and final samples of each run.

Amounts of sphingolipids were analyzed by liquid chro-
matography coupled to tandem mass spectrometry. An
Agilent 1260 series binary pump (Agilent Technologies,
Waldbronn, Germany) equipped with a Zorbax Eclipse Plus
C18 UHPLC column (50 mm x 2.1 mm ID, 1.8 um, Agilent
Technologies, Waldbronn, Germany) was used for chromato-
graphic separation. The column temperature was 55°C. The
HPLC mobile phases consisted of water with 0.2% formic acid
and 10 mM ammonium formate (mobile phase A) and acet-
onitrile/isopropanol/acetone (50:30:20, v:v:v) with 0.2% for-
mic acid (mobile phase B). For separation, a gradient program
was used at a flow rate of 0.4 mL/min. The initial buffer
composition 65% (A):35% (B) was held for 0.6 min and
then within 0.4 min, linearly changed to 35% (A):65% (B)
and held for 0.5 min. Within 3 min, (b) was further increased

to 100% and held for 6.5 min. Subsequently, the composition
was linearly changed within 0.5 min to 65% (A):35% (B) and
then kept for another 2.5 min. The total running time was
14 min, and the injection volume was 10 pL. To improve
ionization, isopropyl alcohol was infused post-column using
an isocratic pump at a flow rate of 0.1 mL/min. After every
sample, sample solvent was injected for washing and re-
equilibrating the analytical column using two short runs
(4 min each).

The MS/MS analyses were performed using a triple quad-
rupole mass spectrometer QTrap 5500 (Sciex, Darmstadt,
Germany) equipped with a Turbo V Ion Source operating in
positive electrospray ionization mode as described in [77-79].
The analysis was done in Multiple Reaction Monitoring
(MRM) mode. Precursor to product ion transitions (m/z)
for analysis and internal standards are shown in the supple-
mentary methods of [77]. Data Acquisition was done using
Analyst Software V 1.6.2 and quantification was performed
with MultiQuant Software 3.0.2 (both Sciex, Darmstadt,
Germany), employing the internal standard method (isotope
dilution mass spectrometry). Calibration curves were calcu-
lated by linear or quadratic regression with 1/x or 1/x2
weighting. Variations in accuracy of the calibration standards
were less than 15% over the whole range of calibration, except
for the lower limit of quantification, where a variation in
accuracy of 20% was accepted. For the acceptance of the
analytical run, the accuracy of the QC samples had to be
between 85% and 115% of the nominal concentration for at
least 67% of all QC samples.

Internal Standards

Sphingosine-d7 — Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,657

Sphinganine-d7 - Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,658

S1P-d7 - Avanti Polar Lipids, Alabaster, AL, USA; Product
number: 860,659

C18-Dihydroceramide -d3, Cayman Chemicals,
Arbor, M1, USA; Product number: 24,428

C16 Cer-d7 - Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,676

C18Cer-d7 - Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,677

C24Cer-d4 - Chiroblock GmbH, Wolfen, Germany; cus-
tom synthesis

C24:1Cer-d7 - Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,679

C18GlcCer-d5 - Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,638

Cl6LacCer-d3 - MATREYA LLC, Center County, PA,
USA; Product number: 1534

Cl7LacCer - Avanti Polar Lipids, Alabaster, AL, USA;
Product number: 860,595

Ann

Proteomics

The proteome of MZ-54 cells was analyzed by using
a Tandem Mass Tag (TMT) mass spectrometry. Therefore,
4%10° cells were seeded per condition and treated on the



next day in two independent experiments. Samples were
washed two times with cold DPBS and harvested by using
lysis buffer (2% SDS, 150 mM NaCl, 50 mM Tris, pH 8.5,
40 mM chloroacetamide [Sigma-Aldrich, C0267], 5 mM
TCEP [Sigma-Aldrich, 646,541]; freshly added: 1 tablet
Phosphostop [Roche Diagnostics GmbH, 4,906,845,001] and
1 tablet cOmplete Protease inhibitor cocktail [Roche
Diagnostics GmbH, 4,693,159,001]/10 mL lysis buffer) and
a cell scraper. Next, samples were boiled for 10 min at 95°C,
sonicated for 2 min (1 s on, 1 s off, 45% amplitude) and boiled
again for 5 min at 95°C. For methanol-chloroform precipita-
tion, samples were mixed with four parts ice-cold methanol
(Fisher Scientific, 11,976,961) and one part ice-cold chloro-
form (VWR International, 7386), followed by addition of
three parts of ice-cold, deionized H,O and subsequent cen-
trifugation at 4,000 x g and 4°C for 25 min. After removing
the top-layer and adding three parts of ice-cold methanol,
samples were again vortexed and centrifuged for 10 min at
4,000 x g and 4°C. In the next step, the remaining protein
pellet was washed with three parts ice-cold methanol and
spinned down for 10 min at 4°C and 4,000 x g. After another
washing step with 1 mL ice-cold methanol, samples were
centrifuged for 5 min at 15,000-20,000 g and 4°C and pellets
were dried. The protein pellets were dissolved in 1 mL diges-
tion buffer (8 M urea [Sigma-Aldrich, 51,456], 50 mM Tris,
pH 8.0) by heating to 37°C for 30 min and subsequent
sonication. The protein amount was quantified with the Roti
Quant colorimetric protein assay according to the manufac-
turer’s instructions (Carl Roth GmbH + Co. KG, Ko15.1). For
digestion, 100 ug proteins were diluted 1:1 with 50 mM Tris
pH 8.5 and 1 pg endoproteinase Lys-C (Wako Chemicals,
125-02543), followed by incubation for 3 h at 37°C while
shaking. Next, protein samples were diluted 1:1 in EPPS
buffer (10 mM EPPS [Sigma-Aldrich, E9502], 1 mM CaCl,),
and digested with 1 ug trypsin (Promega, V5113) overnight at
37°C while shaking. Digestion was stopped with 1% trifluor-
oacetic acid (TFA; Sigma-Aldrich, 302,031). Desalting of the
peptides was carried out by using reverse-phase Sep-Pak tC18
cartridges with 50 mg sorbent (Waters Corporation,
WATO054960) connected to a vacuum manifold. After washing
and equilibration, the peptides were loaded, followed by
a washing step with 3 mL 1% acetonitrile (ACN; VWR, 83,-
640-290)/0.1% TFA and elution with 500 puL 40% ACN and
500 puL 60% ACN. Peptides were concentrated for 2 h in
a vacuum concentrator (Eppendorf Vacuum Concentrator
plus) at 30°C and diluted to 100 pL with H,O. For peptide
quantification, a Micro BCA assay was performed according
to the manufacturer’s instructions (Thermo Fisher Scientific,
23,235). For TMT labeling of the peptides, an amount of 10 pg
peptides was dried and resuspended in 10 pL 0.2 M EPPS (pH
8.2)/20% ACN and the respective TMT10 reagent (Thermo
Fisher Scientific, 1,862,804) in a TMT:peptide ratio of 2.5:1
was added. After 1 h incubation, the labeling reaction was
quenched with hydroxylamine (Sigma-Aldrich, 438,227) at
a final concentration of 0.5% and incubated for 15 min before
acidification with TFA (1% final concentration). After verifi-
cation of labeling efficiency (>99%) and equal mixing by
liquid chromatography - mass spectrometry (LC-MS), all
samples were pooled, dried at 30°C in a vacuum concentrator
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and fractionated using a Pierce High pH Reverse-Phase
Peptide Fractionation Kit (Thermo Fisher Scientific, 84,868)
according to the manufacturer’s instructions, except that 16
fractions were generated using 7.5, 10, 12.5, 15, 17.5, 20, 22.5,
25, 27.5, 30, 32.5, 35, 37.5, 42.5, 47.5 and 60% ACN, which
were then pooled to yield 8 final fractions (F1+ F9, F2
+ F10, ..., F8+ F16). Peptide fractions were evaporated to
dryness and finally, samples were stored at —80°C until mass
spectrometry analysis, for which they were resuspended in
LC-MS grade water containing 2% ACN and 0.1% formic
acid. Peptides were separated on an easy nLC 1200 (Thermo
Fisher Scientific) through a 75 ym ID fused-silica column,
which was packed in-house with 1.9 pm CI8 particles
(ReproSil-Pur, Dr. Maisch) to an approximate length of
20 cm and kept at 45°C using an integrated column oven
(Sonation). Peptides were eluted by a linear gradient from
5-38% acetonitrile over 150 min and directly sprayed into
a QExactive HF mass-spectrometer equipped with a nanoFlex
ion source (Thermo Fisher Scientific) at a spray voltage of 2.3
kV. Full scan MS spectra (350-1400 m/z) were acquired at
a resolution of 120,000 at m/z 200, a maximum injection time
of 100 ms and an AGC target value of 3 x 10° charges. Up to
12 most intense peptides per full scan were isolated using a 0.8
Th window and fragmented using higher energy collisional
dissociation (HCD) applying a normalized collision energy of
35. MS/MS spectra were acquired with a resolution of 45,000
at m/z 200, a maximum injection time of 128 ms and an AGC
target value of 1 x 10°. Tons with charge states of 1 and > 6 as
well as ions with unassigned charge states were not considered
for fragmentation. Dynamic exclusion was set to 20 s to
minimize repeated sequencing of already acquired precursors.

Analysis of mass spectrometry data

Acquired raw files were analyzed with MaxQuant (version
1.6.1.0). Spectra were matched against a database containing all
human entries including isoforms contained in SwissProt (tax-
onomy ID 9606, 42,144 sequences, downloaded 2017-09-02).
Mostly, default parameters for a “reporter ion MS2”-type of
experiment were used, except: protein groups required at least
1 unique peptide to be reported, second peptide search was
disabled and only spectra with a PIF >0.7 as well as also unmo-
dified counterpart peptides were used for quantification.
Reporter ion intensities were corrected for isotopic impurities
as specified by the manufacturer and median-normalized in
R using the Normalyzer package [80,81]. GO term analysis was
performed with Perseus [82] and String (string-db.org; PMID:
25,352,553; version 11.0). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral. proteomexchange.org) via the PRIDE
partner repository [83] with the dataset identifier PXD015074.

Reviewer account details:

Username: reviewer36034@ebi.ac.uk

Password: agYAfU7G

Statistics

Statistical analysis of proteome data was performed in
Perseus. Only proteins with P < 0.01 based on a Student’s
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t-test were considered significant.

GraphPad Prism 7

(GraphPad Software, La Jolla CA, USA) was used for statis-
tical analysis of all other data. To determine if the data set is
well-modeled by a normal distribution, a Shapiro Wilk nor-
mality test was performed. In case of normally distributed
data, the data set was analyzed with a one- or two-way
ANOVA. For non-normally distributed data, the non-
parametric Mann-Whitney U-test or Kruskal-Wallis test was
used. The minimum level of statistical significance was set at
P <0.05 and significances are depicted as P < 0.05: ¥, P < 0.01:
**, P <0.001: *** or n.s.: not significant between control and
treated cells or as indicated with brackets.
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