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The degeneration of dopaminergic neurons during Parkinson’s disease (PD) is intimately
linked to malfunction of a-synuclein (aSyn), the main component of the proteinaceous
intracellular inclusions characteristic for this pathology. The cytotoxicity of aSyn has
been attributed to disturbances in several biological processes conserved from yeast
to humans, including Ca®*t homeostasis, general lysosomal function and autophagy.
However, the precise sequence of events that eventually results in cell death remains
unclear. Here, we establish a connection between the major lysosomal protease
cathepsin D (CatD) and the Ca?*/calmodulin-dependent phosphatase calcineurin. In
a yeast model for PD, high levels of human aSyn triggered cytosolic acidification
and reduced vacuolar hydrolytic capacity, finally leading to cell death. This could
be counteracted by overexpression of yeast CatD (Pep4), which re-installed pH
homeostasis and vacuolar proteolytic function, decreased aSyn oligomers and
aggregates, and provided cytoprotection. Interestingly, these beneficial effects of
Pep4 were independent of autophagy. Instead, they required functional calcineurin
signaling, since deletion of calcineurin strongly reduced both the proteolytic activity of
endogenous Pep4 and the cytoprotective capacity of overexpressed Pep4. Calcineurin
contributed to proper endosomal targeting of Pep4 to the vacuole and the recycling of
the Pep4 sorting receptor Pep1 from prevacuolar compartments back to the trans-Golgi
network. Altogether, we demonstrate that stimulation of this novel calcineurin-Pep4 axis
reduces aSyn cytotoxicity.

Keywords: «-synuclein, Parkinson’s disease, cathepsin D, Pep4, calcineurin, cytosolic acidification,
pH homeostasis, vacuole

INTRODUCTION

Parkinson’s disease (PD) is an age-associated neurodegenerative disorder characterized by the
progressive loss of dopaminergic neurons in the substantia nigra pars compacta. Malfunction of o-
synuclein (aSyn) is thought to play a key role in PD pathophysiology, since this protein constitutes
the main component of the proteinaceous deposits, so-called Lewy bodies, which present a

Abbreviations: CatD, cathepsin D; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HA, human influenza
hemagglutinin; PD, Parkinson’s disease; PBS, phosphate buffered saline; PI, propidium iodide; SC, synthetic complete;
aSyn, a-synuclein; V-ATPase, vacuolar H T-ATPase; YEPD, yeast extract peptone dextrose.
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hallmark of PD (Spillantini et al., 1997; Baba et al,, 1998).
Furthermore, mutations as well as multiplications of the gene
coding for aSyn are linked to familial PD (Polymeropoulos et al.,
1997; Singleton et al., 2003).

Although the physiological function of aSyn is not fully
understood yet, it abundantly appears in presynaptic terminals
and is supposed to promote SNARE-complex assembly (Burré
et al., 2010). High levels of aSyn or pathological point mutants
result in an impairment of vesicle trafficking (especially ER-
to-Golgi complex trafficking; Cooper et al., 2006; Thayanidhi
et al., 2010), mitochondrial defects and oxidative stress (Biittner
et al., 2008; Bose and Beal, 2016), deficiency in proteasomal
degradation (Chung et al., 2001), imbalance of Ca?* homeostasis
(Biittner et al.,, 2013a; Rcom-H’cheo-Gauthier et al.,, 2016),
lysosomal dysfunction (Tofaris, 2012; Bourdenx et al., 2014),
and insufficient autophagy (Winslow et al., 2010; Lynch-Day
et al., 2012). Vice versa, induction of autophagy by different
means reduces the toxic effects of aSyn in diverse model
systems of PD (Decressac et al., 2013; Hebron et al., 2013;
Chen et al,, 2014). Interestingly, various proteins governing
Ca?t homeostasis have been shown to influence autophagic
processes. However, this interplay seems rather complex,
and controversial studies describe either an inhibition or an
activation of autophagy by Ca’T-regulating proteins or by
changes in cytosolic and lumenal Ca?* levels (Hoyer-Hansen
et al, 2007; Vicencio et al., 2009; Gastaldello et al, 2010;
Grotemeier et al., 2010; Harr et al., 2010). In this line, both excess
and insufficient activity of the Ca?*/calmodulin-dependent
phosphatase calcineurin have been shown to cause neurotoxicity
(Foster et al., 2001; Zeng et al,, 2001; Wu et al., 2004; Sklar,
2006; Bahi et al., 2009), while an intermediate activation of
this enzyme reduced aSyn cytotoxicity in a yeast model of PD
(Caraveo et al., 2014). Combined, these results point towards
a complex connection between Ca’*" signaling and autophagy
in PD.

Considering the formation of aSyn aggregates in the
pathogenesis of PD and the protective role of autophagy in
aSyn cytotoxicity, enhancing the lysosomal degradation of aSyn
oligomers might represent an attractive approach for therapeutic
interventions in PD. Indeed, overexpression of the lysosomal
aspartyl protease cathepsin D (CatD) was able to alleviate aSyn-
induced cellular demise (Qiao et al., 2008; Sevlever et al., 2008).
In line, high levels of aSyn reduced the proteolytic activity
of endogenous CatD (Matrone et al., 2016). However, even
though CatD seems to act as the major protease involved
in the degradation of aSyn and high CatD levels mostly
provided neuroprotection (Qiao et al., 2008; Sevlever et al.,
2008; Matrone et al., 2016), pharmacological inhibition of this
lysosomal aspartyl protease has also been demonstrated to
decrease aSyn aggregation propensity and toxicity (Takahashi
et al.,, 2007).

While both calcineurin and CatD have been connected
to neurotoxic events in general and to aSyn-associated
cellular demise in particular, an interplay between these
two proteins has never been shown. Using a well-established
yeast model of PD (Cooper et al, 2006; Biittner et al., 2008,
2013a,b; Tardiff et al, 2013; Menezes et al., 2015), we

studied a potential interaction of calcineurin and Pep4, the
yeast ortholog of CatD, in aSyn-mediated cytotoxicity. We
connect calcineurin signaling to Pep4 activity, the trafficking
and recycling of its vacuolar sorting receptor Pepl and,
moreover, to the cytoprotective effects of high levels of Pep4.
Heterologous expression of human aSyn resulted in impaired
pH homeostasis, mislocalization of Pepl and Pep4 and a
reduction of Pep4 activity. Overexpression of Pep4 diminished
aSyn monomers, oligomers and aggregates in an autophagy-
independent way and inhibited oSyn-mediated cytosolic
acidification and cell death. These cytoprotective effects of
Pep4 required functional calcineurin signaling.

MATERIALS AND METHODS

Saccharomyces Cerevisiae Strains and

Genetics

Experiments were carried out in BY4741 (MATa; his3Al;
leu2 AO; metl5A0; ura3A0) obtained from Euroscarf.
Heterologous expression of C-terminally FLAG-tagged
human aSyn under the control of a GALIO promoter
was performed using a pESC-URA plasmid (Stratagene).
Therefore, a previously published aSyn-construct in pESC-HIS
(Buttner et al., 2008, 2013b) was cut with Spel and Clal and
ligated into pESC-URA. All oligonucleotides used in this
study are listed in Supplementary Table SI. Constructs for
overexpression of Vmal and Vph2 in pESC-HIS were kindly
provided by Ruckenstuhl et al. (2014). For overexpression
of FLAG-tagged wild type Pep4 (Pep4"T) and the double
point mutant (D109A, D294A) of Pep4 (Pep4DPM) under
a galactose promoter, previously published constructs in
pESC-HIS were used (Carmona-Gutierrez et al., 2011). The
PMAI gene was amplified and cloned with NotI and Spel into
pESC-HIS and PEPI was inserted into a pESC-LEU plasmid
using Notl. To visualize aSyn localization and aggregation,
the C-terminally tagged variant aSyn-GFP was amplified from
pUG23 (Zabrocki et al., 2005) and cloned with Spel and Clal into
pESC-URA.

Transformation of plasmids into yeast cells was performed
using the standard lithium acetate method (Gietz and Woods,
2002). Deletion mutants were either obtained from Euroscarf or
generated via homologous recombination according to (Janke
et al., 2004; for a detailed list see Supplementary Table S2). All
oligonucleotides and plasmids used for this approach are listed
in Supplementary Table S1. At least four different clones were
tested after plasmid transformation or genomic replacement to
rule out clonogenic variations.

Media and Culturing Conditions

Yeast strains were grown in synthetic complete (SC) medium
containing 0.17% yeast nitrogen base (Difco, BD Biosciences),
0.5% (NH4),SO4 and 30 mg/L of all amino acids (except 80 mg/L
histidine and 200 mg/L leucine), 30 mg/L adenine and 320 mg/L
uracil with 2% D-glucose (SCD) or 2% D-galactose (SCG)
for GAL10-driven expression of a-Syn, Pep4™WT or Pep4PPM,
All media were prepared with double distilled water and
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subsequently autoclaved (25 min, 121°C, 210 kPa). Amino acid
mixtures were sterilized separately as 10x stocks and added after
autoclaving. For solid media, 2% agar was admixed. Full media
(yeast extract peptone dextrose, YEPD) agar plates contained 1%
yeast extract (Bacto, BD Biosciences), 2% peptone (Bacto, BD
Biosciences) and 4% D-glucose.

Experiments were performed using overnight cultures grown
in SCD for 16-20 h at 28°C and 145 rpm. These cultures were
inoculated in 10 mL SCD (in 100 mL Erlenmeyer flasks) to
an ODggo of 0.1 and grown to ODggy 0.3. Subsequently, cells
were transferred into 96-well deep well plates (VWR), whereat
500 L of cell culture was used per well. After pelleting, cells
were shifted to 500 pL SCG per well for induction of expression.
For inhibition of Pep4 enzymatic activity, 50 WM pepstatin A
dissolved in DMSO (Sigma) were added to cells upon galactose-
mediated induction of expression.

Analysis of Cell Death

To measure loss of membrane integrity, approximately 2 x 10°
cells were collected in 96-well plates via centrifugation at
indicated time points after induction of expression and
resuspended in 250 wL phosphate buffered saline (PBS, 25 mM
potassium phosphate; 0.9% NaCl; adjusted to pH 7.2) containing
100 pg/L propidium iodide (PI). Cells were incubated for 10 min
in the dark, pelleted via centrifugation and washed once in
250 pL PBS. PI staining was quantified via flow cytometry
(BD LSR Fortessa), analyzing 30,000 cells with BD FACSDivia
software.

Immunoblotting and In Vivo Crosslinking
Whole cell extracts were generated by chemical lysis. Cells
equivalent to an ODggg of three (for general immunoblotting)
or an ODgqg of eight (for detection of aSyn oligomers) were
harvested 24 h after induction of expression, resuspended
in 200 pL of 0.1 M NaOH and incubated shaking with
1400 rpm and 21°C for 5 min. After centrifugation with
4000 rpm for 5 min, pellets were resuspended in 150 pL
1x Laemmli buffer (50 mM Tris-HCl; 2% SDS; 10% glycerol;
0.1% bromophenol blue; 100 mM 2-mercaptoethanol; adjusted
to pH 6.8) and again shaken with 1400 rpm and 21°C for 5 min.
Of note, samples for detection of aSyn oligomers were prepared
with 1x Laemmli buffer without 2-mercaptoethanol (semi-
native approach). Samples were centrifuged with 13,000 rpm
for 1 min and 15 pL of the supernatant was used for
standard SDS-PAGE. To detect aSyn oligomers, polyacrylamide
gels without SDS were applied and electrophoresis was
performed at 4°C (semi-native approach). Immunoblotting was
performed using standard protocols with antibodies directed
against aSyn (Sigma, S3062), FLAG epitope (Sigma; F3165),
influenza hemagglutinin protein (HA epitope; Sigma H3663),
Pepl (Abcam; abl113690), yeast glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; gift from Sepp Kohlwein, University of
Graz) and the respective peroxidase-conjugated affinity-purified
secondary antibodies (Sigma). A ChemiDoc™ Touch Imaging
System (Bio-Rad) was used for detection, and subsequent
densitometric quantification was performed with Image Lab
5.2 Software (Bio-Rad).

In wvivo crosslinking experiments were performed with
adapted protocols according to Klockenbusch and Kast (2010).
All washing steps were accomplished with and all reagents
were solubilized in 0.1 M sodium phosphate buffer (0.02 M
Na;HPOy; 0.08 M NaH,POy; adjusted to pH 7.4). In brief,
cells equivalent to an ODggg of five were harvested 24 h after
induction of expression, washed once and resuspended in 1 mL
of 1% formaldehyde. Of note, a negative control for every
sample was resuspended in 1 mL buffer. Cells were incubated
for 9 min and centrifuged for 1 min with 13,000 rpm. 1 mL of
1.25 M glycine was added to stop the reaction and incubated
for 5 min. Cells were washed five times, followed by lysis
and immunoblotting, conducted as described for semi-native
detection of aSyn oligomers.

For densitometric quantification, signals were normalized to
the respective GAPDH signal and fold change of aSyn oligomers
upon expression of Pep4"T or Pep4P*M were plotted.

Indicated molecular weights in all shown immunoblots
represent the apparent molecular weight (kDa) determined with
a PageRuler prestained protein ladder (ThermoFisher Scientific)
as indicated by the manufacturers migration pattern.

Pep4 Activity Assay

To measure the enzymatic activity of Pep4, a fluorometric
CatD activity assay kit from Abcam (ab65302) was used and
the protocol was adapted for yeast samples. Briefly, 2 x 10°
cells were harvested at specified time points after induction of
expression. Protein extraction was performed with glass beads
and the supplied CD cell lysis buffer and the resulting protein
concentration was determined via a Bradford assay (Bio-Rad).
Afterwards, 0.1 pug protein was used for the CatD activity assay.
Reactions were incubated for 2 h at 28°C and the fluorescence
signal was measured with a Tecan Genios pro microplate reader
(ex: 328 nm, em: 460 nm) and plotted as fold change compared
to the empty vector control. Of note, a Apep4 strain was used
as background control in each assay, being subtracted from
presented Pep4 activity measurements.

Assessment of Cytosolic Calcium Levels

with Aequorin

Measurement of basal cytosolic calcium levels [Ca”]cyt was
performed as described in Biittner et al. (2013a). Briefly,
galactose-driven expression of aSyn was established in yeast
strains carrying the vector pEVP11/AEQS89, coding for the
bioluminescent reporter protein aequorin (kind gift from Kyle
W. Cunningham) and cells were cultivated as described above.
At indicated time points, approximately 1 x 10 cells were
transferred into a 96-well plate and harvested by centrifugation.
The cell pellet was resuspended in 200 L SCD medium (plus
4 uM colenterazine h, ThermoFisher Scientific) and incubated
for 1 h in the dark. Excess colenterazine h was removed
by washing once in SCD followed by a further incubation
step of 30 min. The basal luminescence signal was measured
in 0.5 s intervals for 20 s with an Orion II Microplate
Luminometer (Berthold Detection Systems). The obtained signal
was normalized to ODgg of each well and aequorin protein levels
in each transformant.
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Quinacrine Staining to Visualize Acidic Cell

Compartments

Approximately 1 x 10 cells were harvested at indicated time
points after induction of expression and washed with 500 wL of
YEPD containing 100 mM HEPES (pH 7.6). After centrifugation,
the pellet was resuspended in 500 wL of YEPD with 100 mM
HEPES (pH 7.6) and 400 pM quinacrine. After incubation for
10 min at 28°C and 145 rpm, samples were incubated 5 min
on ice. After centrifugation, cells were washed twice in 500 pL
ice-cold HEPES buffer supplemented with 2% D-glucose. For PI
co-staining, 500 pL of HEPES buffer with 2% D-glucose and
100 pg/L PI was added and incubated 10 min in the dark on
ice. Cells were analyzed using a Zeiss Axioskop epifluorescence
microscope. For quantification, 300-700 cells per genotype and
experiment were manually counted.

MDY-64 Staining for Visualizing Vacuolar
Morphology

Approximately 1 x 10° cells from cultures were harvested at
indicated time points after induction of expression and washed
in 500 wL 10 mM HEPES buffer (pH 7.4) containing 5%
D-glucose. Cells were resuspended in the same buffer containing
10 puM MDY-64 (Molecular Probes) and incubated for 3 min
at room temperature in the dark. Subsequently, cells were
washed in HEPES buffer and analyzed with a Zeiss Axioskop
epifluorescence microscope. For quantification, 350-650 cells per
genotype and experiment were manually counted.

CMAC Staining of Vacuoles

Approximately 1 x 10° cells from cultures were harvested
at indicated time points after induction of expression and
resuspended in 10 mM HEPES buffer (pH 7.4; supplemented
with 5% glucose). Afterwards, CellTracker Blue CMAC
(Molecular Probes) was added to a final concentration of
100 wM, cells were incubated in the dark for 20 min and
subsequently analyzed with a Zeiss Axioskop epifluorescence
microscope. For PI co-staining, PI (final concentration of
100 pg/L) was added to the CMAC staining solution. For
analysis of vacuolar membrane permeabilization 2.5 pg/mL
tunicamycin (Sigma) dissolved in DMSO was added to cells after
the shift to galactose as positive control (adapted from Kim et al.,
2012).

Quantitative Real-Time PCR

To determine mRNA levels, total RNA was extracted from
respective strains (ODggp 1) after 24 h of aSyn expression
using TRIzol reagent (Thermo Scientific). Briefly, the cell
pellet was resuspended in 500 pL TRIzol plus approximately
100 pl glass beads (500 pwm diameter) and the samples were
lysed mechanically in three cycles of 1 min. The subsequent
steps were employed as described in the manual. Integrity of
the isolated RNA was validated by visualizing rRNAs on an
agarose gel (adapted from Aranda et al.,, 2012). Contaminating
DNA was removed with the DNA-free Kit (Ambion) and
the RNA concentration was determined spectrometrically with
a NanoDrop (ND 1000 Spectrophotometer). 3.5 g of total

RNA were reverse transcribed using the M-MLV Reverse
Transcriptase RNase H- (Solis Biodyne) and random hexamer
primers (Thermo Scientific). Obtained ¢cDNA was diluted
accordingly and the actual q-RT-PCR was performed with the
5x HOT FIREPol EvaGreen qPCR Supermix (Solis Biodyne).
Primers used in these experiments are listed in Supplementary
Table S1. First, standard curve experiments were performed
to ensure primer efficiency lying between 90% and 110%. The
cDNA was used in duplicates for quantitative PCR amplification
and the relative gene expression levels were calculated with the
Comparative Cp Method (Livak and Schmittgen, 2001) with
UBC6 used as housekeeping gene for normalization.

Statistical Analysis

To disprove the null-hypothesis (no difference between
conditions), significance and p-values were calculated using
one-way ANOVA, corrected with a Bonferroni post hoc test
for one variable (type of expression). Significance is indicated
with asterisks: ***p < 0.001, **p < 0.01, *p < 0.05. Statistics
were conducted with Origin Pro 2016 (OriginLab) and figures
were prepared with Origin Pro 2016 and Adobe Ilustrator
CS6 (Adobe). Microscopic pictures were processed with Fiji
(Schindelin et al., 2012).

RESULTS

High Levels of Pep4 Protect Against «Syn
Cytotoxicity

General lysosomal dysfunction as well as alterations in CatD
levels and activity are implicated in the pathogenesis of PD
(Qiao et al., 2008; Sevlever et al., 2008; Manzoni and Lewis,
2013; Matrone et al., 2016; Moors et al., 2016). To further
analyze the impact of aSyn on lysosomal integrity in general
and on CatD function in particular, we used a yeast model
for PD based on the heterologous expression of human aSyn.
While aSyn did not affect cell proliferation, it caused an
increase of cell death in early stationary phase, as indicated
by PI staining (Figure 1A). Biochemical quantification of
yeast CatD (Pep4) proteolytic capacity in these cells revealed
a massive reduction of Pep4 enzymatic activity upon aSyn
expression (Figure 1B). Values obtained for Apep4 cells have
been subtracted as background. Performing immunoblotting, we
observed an increase in Pep4 protein levels upon aSyn expression
(Figures 1C,D), suggesting a compensatory upregulation of
Pep4 as a futile cellular attempt to counterbalance the aSyn-
triggered loss of Pep4 proteolytic activity. Pep4/CatD has
been shown to be released into the cytosol as a result of
vacuolar/lysosomal membrane permeabilization during acetic
acid-induced apoptosis in yeast and mammalian tumor cell
lines (Pereira et al., 2010; Marques et al, 2013). Thus, we
analyzed the effects of aSyn on the integrity of the limiting
vacuolar membrane and the localization of Pep4. However,
aSyn did neither induce vacuolar membrane permeabilization
(Supplementary Figure S1) nor a detectable vacuolar release
of a Pep4-GFP chimera into the cytosol (Figure 1E). Instead,
the larger fraction of Pep4-GFP was still targeted to the
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FIGURE 1 | Pep4 overexpression counteracts aSyn-mediated defects of vacuolar proteolytic capacity and cell death. (A) Flow cytometric quantification of loss of
membrane integrity, indicated by propidium iodide (PI) staining of cells expressing human a-synuclein (@Syn) for 24 h or harboring the corresponding vector control
(Ctrl.). Means + SEM; n = 28. (B) Measurement of Pep4 proteolytic activity in protein extracts 16 h after induction of aSyn expression in cells described above.
Values obtained for Apep4 cells have been subtracted as background, followed by normalization to the average of signals from Ctrl. cells. Means + SEM; n = 16.
(C,D) Immunoblot analysis of protein extracts from cells harboring chromosomally HA-tagged Pep4 and expressing aSyn for 16 h or harboring the corresponding
vector control. A representative immunoblot (C) and quantification of Pep4-HA levels (D) are shown. Blots were probed with antibodies against HA epitope and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a loading control. Means + SEM; n = 7. (E) Representative micrographs of cells with chromosomally
GFP-tagged Pep4 expressing aSyn for 24 h or harboring the corresponding vector control. CMAC counterstaining was performed to visualize vacuoles. White
arrows indicate localization of Pep4 in prevacuolar compartments. (F) Immunoblot analysis of protein extracts from cells co-expressing aSyn and wild type Pep4
(Pep4'VT) or the inactive double point mutant of Pep4 (Pep4P"M) for 24 h or harboring the corresponding vector controls. Blots were probed with antibodies directed
against FLAG epitope to detect FLAG-tagged aSyn, Pep4"VT and Pep4PPM and against GAPDH as loading control. (G) Flow cytometric quantification of loss of
membrane integrity via Pl staining of cells described in (F) at indicated time points. Cells were either treated with 50 wM pepstatin A or with DMSO (—).

Means =+ SEM; n > 4. (H) Measurement of Pep4 proteolytic activity in protein extracts of cells expressing aSyn with and without co-expression of Pep4"T for 16 h
and 24 h, respectively, or harboring the corresponding vector controls. Values obtained for Apep4 cells have been subtracted as background. Means + SEM; n = 8.
n.s. not significant, ***p < 0.001; Scale bar represents 5 wm.

vacuole, visualized via CellTracker Blue CMAC, a dye that  prevacuolar compartments in some cells, suggesting that aSyn
is rapidly sequestered into the vacuolar lumen. Interestingly, interferes with the trafficking of this protease from the
expression of aSyn led to the accumulation of Pep4 in  trans-Golgi network to the vacuole, which might in part
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(C,E) and quantification of cells containing the depicted number of vacuoles (D,F) are shown for each approach. MDY-64 stained cells were counterstained with
(Continued)
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FIGURE 2 | Continued

Pl to exclude dead cells from the quantification. For each strain 350-650 cells
were evaluated. Means + SEM; n = 3. (G) Flow cytometric quantification of
loss of membrane integrity, indicated by PI staining of cells expressing aSyn
with or without co-expression of indicated proteins for 24 h or harboring the
corresponding empty vector controls. Means + SEM; n = 9. (H) Quantification
of cells with an acidic cytosol analyzed via quinacrine staining of cells as
described in (G). Representative micrographs are shown in Supplementary
Figure S2C. Cells were counterstained with Pl to exclude dead cells.

Means + SEM; n = 3. n.s. not significant, *p < 0.05, **p < 0.01 and

**p < 0.001; Scale bar represents 5 wm.

account for the observed reduction of Pep4 activity. Thus, we
overexpressed Pep4 to antagonize the aSyn-induced decrease
of vacuolar catabolic activity. Indeed, co-expression of Pep4"'T
was sufficient to prevent cell death caused by aSyn upon
entry into stationary phase (Figures 1F,G). This cytoprotection
required Pep4 protease activity, as the proteolytically inactive
double point mutant Pep4P"™ (Carmona-Gutierrez et al,
2011) showed no effect (Figures 1E,G). In addition, treatment
with the CatD inhibitor pepstatin A completely eliminated
cytoprotection (Figure 1G). Measurement of Pep4 activity
revealed that high levels of Pep4"™ not only led to a general
increase of its enzymatic activity but also abrogated the
aSyn-mediated reduction of proteolytic capacity (Figure 1H).
Interestingly, only a minor fraction of cells died after 16 h
of aSyn expression, even though Pep4 activity was already
reduced to only 0.2-fold of WT levels. This indicates that the
decrease of Pep4 activity during exponential growth preceded
the actual onset of cell death in early stationary phase
(Figures 1G,H).

aSyn Triggers Cytosolic Acidification and
Alters Vacuolar Morphology

As the acidic pH in the vacuolar lumen is essential for
proper function of Pep4 (Seorensen et al., 1994), disturbances
of pH homeostasis might contribute to the reduction in
Pep4 activity observed upon aSyn expression. Therefore,
we visualized acidic cellular compartments via quinacrine
staining after 16 h and 24 h of aSyn expression and used
PI counterstaining to exclude dead cells from the analysis.
While quinacrine accumulated within the vacuoles of cells
harboring the vector control, aSyn-expressing cells mostly
exhibited a rather diffuse fluorescence signal throughout the
cell, with some cells displaying only a weak vacuolar quinacrine
staining (Figures 2A,B and Supplementary Figure S2A). A
mutant completely defective in vacuolar acidification due to
a lack of Vph2, the assembly factor of the vacuolar H-
ATPase (V-ATPase), an evolutionary conserved multimeric
protein complex that shuttles protons into the vacuole (Li and
Kane, 2009), completely lost any vacuolar quinacrine staining
(Figure 2A). Thus, the expression of aSyn resulted in clear
cytosolic acidification, while the pH of the vacuoles seemed
only slightly affected, indicated by decreased vacuolar quinacrine
intensity.

Next, we assessed a possible effect of aSyn on vacuolar
morphology, since the fission-fusion equilibrium of the vacuole is

also tightly connected to acidification processes of this organelle
(Coonrod et al., 2013). Visualization of vacuolar membranes
using either the fluorescence dye MDY-64 (Figures 2C,D)
or the vacuolar membrane protein Vphl fused to mCherry
(Figures 2E,F) suggested an oSyn-mediated shift of the
vacuolar fission-fusion equilibrium towards fusion, a process
known to require an acidic pH of the vacuole (Ungermann
et al,, 1999; Coonrod et al, 2013). The percentage of cells
harboring one single and enlarged vacuole increased upon
aSyn expression, while cells displaying several small vacuoles
decreased significantly. Exponentially growing WT cells typically
contain 1-5 vacuoles of intermediate size. Progressing age or
starvation has been shown to decrease the vacuolar surface-
to-volume ratio (Li and Kane, 2009; Michaillat and Mayer,
2013), leading to one single, enlarged vacuole similar to
the phenotype observed upon aSyn expression. To further
elucidate whether this premature age-associated vacuolar shape
upon aSyn expression might be due to an inhibition of
fission or rather to enhanced fusion events, we monitored
osmotically induced vacuolar fission upon treatment with
0.4 M NaCl (Michaillat and Mayer, 2013). Within minutes,
numerous small vacuoles, visualized via Vphl-mCherry, were
detectable (Supplementary Figure S2B). The presence of aSyn
did not impair fission efficiency, arguing against an inhibition
of this process as causal for observed changes in vacuolar
morphology.

We further examined whether an enforcement of proton
transport out of the cell or into the vacuolar lumen might
counteract cytosolic acidification induced by aSyn. Therefore,
we overexpressed components of the V-ATPase, which governs
vacuolar acidification (Li and Kane, 2009), as well as the
plasma membrane H'-ATPase Pmal, the major regulator
of cytosolic pH (Martinez-Mufioz and Kane, 2008). While
high levels of the V-ATPase-subunit Vmal and the V-ATPase
assembly factor Vph2 have been shown to be sufficient to
increase vacuolar acidity (Hughes and Gottschling, 2012)
and to extend replicative and chronological lifespan in
yeast cells (Hughes and Gottschling, 2012; Ruckenstuhl
et al, 2014), co-expression of these proteins did not
prevent aSyn-mediated cytosolic acidification or cell death
(Figures 2G,H and Supplementary Figure S2C). Furthermore,
co-expression of Pmal had no effect either. In sum, aSyn
altered vacuolar proteolytic function and morphology,
which was associated with a disruption of cytosolic pH
homeostasis, but probably not with major changes in vacuolar
acidification.

Pep4 Counteracts «Syn-Induced Cytosolic
Acidification

As high levels of Pep4 prevented cell death induced by aSyn,
we evaluated the effects of this protease on aSyn-driven
cytosolic acidification and vacuolar morphology after 16 h
and 24 h of co-expression. Quinacrine staining revealed
that indeed overexpression of Pep4“! inhibited the aSyn-
driven disturbances in pH homeostasis (Figures 3A,B and
Supplementary Figure S3A). Again, this required the proteolytic
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FIGURE 3 | Pep4 antagonizes aSyn-induced cytosolic acidification and changes in vacuolar morphology. (A,B) Quinacrine staining of cells co-expressing human
aSyn and Pep4"T for 16 h and 24 h, respectively, or harboring the corresponding empty vector controls (Ctrl.). Representative micrographs after 16 h of expression
(A) as well as quantification of cells with an acidic cytosol at 16 h and 24 h (B) are shown. Dead cells were excluded via Pl staining. For each strain 500-700 cells
were evaluated. Representative micrographs for 24 h after promoter induction are shown in Supplementary Figure S3A. Means + SEM; n = 3.

(C,D) MDY-64-staining to visualize vacuoles of cells as described in (A). Dead cells were excluded via Pl staining. Representative micrographs (C) and quantification
of cells with less than three or with three or more vacuoles (D) are displayed after 16 h of expression. Data obtained at 24 h after promoter induction is displayed in
Supplementary Figures S3C,D. For each strain 350-500 cells were evaluated. Means + SEM; n = 3. n.s. not significant, ***p < 0.001; Scale bar represents 5 um.
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activity of Pep4, as the inactive variant Pep4P"M showed no effect
(Supplementary Figure S3B). Moreover, the co-expression of
Pep4 eliminated the effect of aSyn on vacuolar morphology
observed after 16 h and restored WT organellar shape.
The incidence of cells that displayed a small number (1-3)
of large vacuoles, characteristic for aSyn expression, was
largely reduced (Figures 3C,D). Upon entry into stationary
phase, the WT vacuolar shape shifted to mostly one large
vacuole per cell as expected, while Pep4-induced vacuolar
fragmentation persisted (Supplementary Figure S3C). In
aggregate, an increase of vacuolar hydrolytic capacity upon
Pep4 overexpression was sufficient to restore cellular pH
homeostasis, to correct changes in vacuolar shape and to inhibit
cell death.

Pep4 Enhances the Proteolytic Breakdown

of «Syn and its Oligomers

CatD has been shown to be critically involved in the degradation
of aSyn (Sevlever et al., 2008), whose oligomers are believed to
be the most toxic forms of this protein (Winner et al., 2011).

Given that aSyn has already been shown to form aggregates
in yeast cells (Outeiro and Lindquist, 2003; Zabrocki et al,
2005), we tested whether high levels of Pep4 would reduce
the abundance of aSyn-positive protein inclusions. Microscopic
analysis of an aSyn-GFP fusion protein revealed aSyn aggregates
in about 40% of the cells after 24 h, while only 20% of
the cells co-expressing Pep4"! displayed GFP-positive foci
(Figures 4A,B and Supplementary Figure S4A). Again, the
co-expression of the proteolytically inactive Pep4P™ as well
as inhibition of Pep4"T via pepstatin A completely abrogated
this effect. Furthermore, immunoblot analysis demonstrated that
co-expression of Pep4"'T caused a reduction of aSyn protein
levels (Figures 4C,D). This most probably reflects enforced
aSyn degradation rather than decreased aSyn expression,
as: (i) administration of pepstatin A prevented this effect
(Figures 4C,D); and (ii) the mRNA levels of aSyn were
unaltered upon co-expression of Pep4"" (Figure 4E). Next, we
evaluated the effect of high Pep4 levels on oligomeric aSyn
species using semi-native immunoblotting. We detected the
aSyn monomer (approximately 18 kDa), a smaller fragment
and several oligomeric species, whose levels were significantly
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FIGURE 4 | Pep4 enhances the breakdown of aSyn and its oligomers independent of autophagy. (A,B) Fluorescence microscopic analysis of cells expressing
C-terminally GFP-tagged aSyn, co-expressing Pep4™T or the inactive Pep4®™ for 24 h or harboring the corresponding empty vector controls (Ctrl.). Cells were
either treated with 50 uM pepstatin A or with DMSO (—). Counterstaining with Pl was performed to exclude dead cells from the analysis. Representative micrographs
(A) and quantification of cells with aSyn-foci (B) are shown. For each strain and treatment 200-400 cells were evaluated. For quantification of the number of foci per
cell see Supplementary Figure S4A. Means =+ SEM; n = 3. (C,D) Immunoblot analysis of protein extracts from cells co-expressing FLAG-tagged aSyn and Pep4™"'T
for 24 h or harboring the corresponding empty vector controls (Ctrl.). Cells were either treated with 50 WM pepstatin A or with DMSO. A representative immunoblot

(Continued)
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FIGURE 4 | Continued

(C) and quantification of aSyn protein levels (D) are displayed. Blots were
probed with antibodies directed against FLAG epitope to detect FLAG-tagged
aSyn and Pep4"T and against GAPDH as loading control. Means + SEM;

n = 13. (E) Reverse transcription quantitative PCR for determination of aSyn
mMRNA levels in extracts from cells as described in (A). Normalization was
performed using mMRNA levels of UBC6. Means + SEM; n = 8. (F,G)
Semi-native immunoblot approach to detect aSyn oligomers in protein
extracts from cells co-expressing aSyn, Pep4™VT or Pep4P™M for 24 h or
harboring the corresponding empty vector controls. A representative
immunoblot (F) as well as densitometric quantification of detected aSyn
species with indicated molecular weights (G) are shown. Blots were probed
with antibodies directed against aSyn and against GAPDH as loading control.
Means + SEM; n = 8. (H) In vivo crosslinking to detect aSyn oligomers in
protein extracts from cells as described above. One percent formaldehyde
was used as crosslinking-reagent (+) and buffer without reagent was used as
negative control (—). Blots were probed as described for semi-native
immunoblots above. For a complete blot and quantification of aSyn signals
please see Supplementary Figures S4B,C. (I) Representative micrographs of
cells with C-terminally GFP-tagged aSyn, co-expressing Pep4VT for 24 h.
Vacuoles were stained with CMAC and Pl counterstaining was performed to
exclude dead cells. (J) Flow cytometric quantification of PI stained WT, Aatg?1
and Aatg5 cells co-expressing aSyn and Pep4™VT for 24 h or harboring the
corresponding vector controls. Means + SEM; n = 8. n.s. not significant,

*p < 0.05, *p < 0.001 and ***p < 0.001; Scale bar represents 5 wm.

reduced upon co-expression of Pep4W T, while the proteolytically

inactive variant Pep4P"™ had no effect (Figures 4F,G). During
our experiments, samples for detection of aSyn oligomers
appeared to be very sensitive to changes in temperature.
Therefore, to verify the results obtained with semi-native
immunoblotting, we applied in vivo crosslinking using 1%
formaldehyde to stabilize aSyn oligomers. As expected, the
cleavage product of aSyn (approximately 15 kDa), as well as
oligomers with lower molecular weight were not visible with
this approach, most likely due to crosslinking of these species
with higher order aSyn forms (Figure 4H; a complete blot and
quantifications are shown in Supplementary Figures S4B,C).
However, bands with a molecular weight of about 100 and
120 kDa were detectable, which of course might not only
represent pure aSyn oligomers but also stabilized interactions
between aSyn and additional proteins (Figure 4H). Again,
co-expression of Pepa™T significantly reduced the levels of all
observed aSyn species (Figure 4H and Supplementary Figures
S4B,C).

There are several trafficking pathways that serve to
deliver cellular material to the wvacuole for subsequent
proteolytic breakdown, including autophagy and the endocytic
multivesicular body pathway. Microscopic analysis of aSyn-
GFP cellular distribution and visualization of the vacuole
with CellTracker Blue CMAC demonstrated that GFP-positive
inclusions were indeed targeted to the vacuole (Figure 4I).
As dysfunction of autophagy has been shown to contribute
to aSyn cytotoxicity during PD (Winslow et al., 2010; Lynch-
Day et al, 2012), we speculated that autophagy might be
involved in the elimination of aSyn species via Pep4 and
hence evaluated the requirement of a functional autophagic
machinery for the observed cytoprotection. However, in
strains lacking essential autophagy-related (ATG) genes, high
levels of Pep4 still efficiently prevented aSyn-induced cell

death (Figure 4J), indicating that mechanisms independent of
autophagic key players are involved in the delivery of aSyn to
the vacuole and subsequent Pep4-mediated degradation of aSyn
species.

Pep1 is Essential for Pep4-Mediated

Cytoprotection

The type I transmembrane sorting receptor Pepl (Vpsl0)
shuttles between the trans-Golgi network and prevacuolar
endosome-like structures in order to transport vacuolar
hydrolases to the vacuole (Marcusson et al., 1994; Cooper and
Stevens, 1996). Interestingly, mislocalization of the mannose
6-phosphate receptor MPR300, the human ortholog of Pepl
(Whyte and Munro, 2001), has recently been shown to contribute
to a reduction of CatD protein levels in SH-SY5Y cells and mice
expressing aSyn (Matrone et al., 2016). To investigate the
role of Pepl in our yeast model, we co-expressed aSyn and
Pep4 in a strain devoid of Pepl. PI staining revealed that
Pep4-mediated cytoprotection was abolished under these
conditions (Figure 5A). Furthermore, Pep4 overexpression in
Apepl cells did no longer enhance Pep4 enzymatic activity,
despite similar expression levels (Figures 5B,C). Interestingly,
while the artificially high dosage of Pep4 obviously required
Pepl for proper activation, the endogenous Pep4 activity, as
observed in cells harboring the empty vector controls, was
largely unaffected by the lack of Pepl. This might be due
to alternative shuttling routes in the absence of Pepl. For
instance, Vthl and Vth2, two proteins with strong similarity
to Pepl, have been shown to mediate sorting of Pep4 into the
vacuole to some extent (Westphal et al., 1996). Furthermore,
additional pathways independent of these proteins seem to
exist (Westphal et al., 1996), indicating a complex network of
different routes to ensure correct localization of Pep4. Analyzing
the endogenous Pepl protein levels upon aSyn expression via
immunoblotting, we observed an aSyn-induced upregulation
of Pepl levels that increased over time (Figures 5D,E). This is
in line with the increased protein levels of Pep4 (Figures 1C,D)
and might reflect the same compensatory mechanism in
an attempt to counteract the actual lack of Pep4 activity
within the vacuole. However, overexpression of Pepl did
not reduce aSyn-induced cell death (Figures 5FEG). Thus,
stimulating the pathway for Pep4 trafficking into the vacuole
via high levels of its sorting receptor Pepl failed to mimic the
cytoprotective effects observed upon enforced expression of
Pep4. Still, Pepl function was essential for proper activation of
overexpressed Pep4 and the subsequent cytoprotection against
aSyn toxicity.

As Pepl acts as a sorting receptor for soluble vacuolar
hydrolases including Pep4, efficient recycling of Pepl from
the late endosomal/prevacuolar compartments back to the
trans-Golgi network is required to allow further rounds of
transport. Thus, we tested for a potential effect of aSyn on
the cellular distribution of Pepl using a Pepl-GFP fusion
protein expressed endogenously under its own promoter. In WT
control cells, Pepl-GFP was detectable in punctate structures
throughout the cell (Figure 5H), probably corresponding
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FIGURE 5 | Pep1 is required for the cytoprotective effects of Pep4. (A) Flow cytometric quantification of loss of membrane integrity as indicated with Pl staining of
WT and Apep1 cells co-expressing human aSyn and the Pep4™'T for 24 h or harboring the corresponding vector controls (Ctrl.). Means & SEM; n = 4.

(B) Measurement of Pep4 proteolytic activity in protein extracts of cells described in (A) 16 h after induction of expression. Values obtained for Apep4 cells have
been subtracted as background, followed by normalization to the average of signals from WT Ctrl. cells. Means + SEM; n = 8. (C) Immunoblot analysis of protein
extracts from cells described in (A). Blots were probed with antibodies directed against FLAG epitope to detect FLAG-tagged aSyn and Pep4VT, and against
glyceraldehyde 3-phosphat dehydrogenase (GAPDH) as loading control. (D,E) Immunoblot analysis of protein extracts from WT cells expressing aSyn for 16 h and
24 h or harboring the empty vector control. A representative immunoblot (D) and densitometric quantification (E) are shown. Blots were probed with antibodies
against Pep1, the FLAG epitope to detect FLAG-tagged aSyn and GAPDH as a loading control. Means + SEM; n > 8. (F) Flow cytometric quantification of PI
stained WT cells co-expressing aSyn and Pep1 for 24 h or harboring the corresponding vector controls. Means + SEM; n = 4. (G) Immunoblot analysis of protein
extracts from cells described in (F). Blots were probed with antibodies directed against Pep1, the FLAG epitope to detect FLAG-tagged aSyn and GAPDH as
loading control. (H,l) Fluorescence microscopic analysis of cells harboring chromosomally GFP-tagged Pep1, expressing aSyn for 24 h or harboring the
corresponding vector control. Representative micrographs (H) and quantification of cells with Pep1 mislocalization at the vacuolar membrane (I) are shown. Vacuoles
were counterstained with CMAC. n.s. not significant, **p < 0.001 and ***p < 0.001; Scale bar represents 5 um.

to endosomal compartments and the Golgi as reported
previously (Seaman et al, 1997; Nothwehr et al, 1999).
Upon expression of aSyn, Pepl-GFP accumulated at the
limiting vacuolar membrane (Figures 5H,I). The recycling of
Pep1 back to the trans-Golgi network depends on the retromer

complex, and lack of components of this complex, such as
Vps29 and Vps35, has been shown to cause mislocalization
of Pepl at the vacuolar membrane (Horazdovsky et al,
1997; Seaman et al., 1997; Nothwehr et al., 1999). In sum,
aSyn might impair proper recycling of Pepl, which in
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consequence would cause insufficient sorting of Pep4 to the
vacuole.

Calcineurin is Required for the
Cytoprotective Function of Pep4

Cytosolic acidification has been shown to stimulate the
influx of Ca?* (Burns et al., 1991), and increased cytosolic
Ca** levels contribute to aSyn cytotoxicity (Biittner et al.,
2013a). In addition, both deletion and overexpression of the
Ca**/calmodulin-dependent phosphatase calcineurin increased
aSyn toxicity, suggesting that moderate levels of calcineurin
activity are cytoprotective (Caraveo et al, 2014). Thus, we
evaluated a possible role of calcineurin in the protective effects
of Pep4 and co-expressed Pep4 and aSyn in strains either
devoid of both its catalytic subunits (Cnal and Cna2) or of its
regulatory subunit (Cnbl). In these cells, the toxicity of aSyn
was slightly increased and, most importantly, Pep4 completely
lost its protective function (Figures 6A,B). In addition, we
applied quinacrine staining to analyze potential effects of
dysfunctional calcineurin signaling on the disturbances of
cellular pH homeostasis caused by aSyn. While aSyn-driven
cytosolic acidification was largely unaffected upon lack of
Cnbl, Pep4 completely lost its ability to counteract this
defect (Figures 6C,D). As these data suggest an essential role
for calcineurin in Pep4-mediated cytoprotection, we screened
for known calcineurin targets that might contribute to the
observed effects (Goldman et al, 2014). However, Pep4
co-expression efficiently protected against aSyn-mediated cell
death in all deletion mutants tested, including cells lacking the
main calcineurin-activated transcription factor Crzl, distinct
calcineurin-regulated Ca?*-transporters as well as numerous
candidates identified to be dephosphorylated by calcineurin
via phosphoproteomics (Goldman et al., 2014; Figure 6E). For
paralogous pairs of calcineurin targets, double deletion mutants
were analyzed.

To test for a more direct connection between calcineurin
signaling and Pep4 function, we assessed the cellular
distribution of a Pep4-GFP fusion protein in cells lacking Cnb1.
Pep4 accumulated in prevacuolar compartments in a small
portion of Acnbl cells (Figure 7A). In line with this partially
impaired delivery of Pep4 to the vacuolar lumen, the lack of
functional calcineurin led to a massive decrease of proteolytic
Pep4 activity (Figure 7B). Monitoring the cellular distribution of
the Pep1-GFP chimera in Acnbl cells, we observed a reduction
in the number of Pepl-GFP positive endosomal structures
(Figure 7C). In addition, a minor accumulation of this sorting
receptor at the vacuolar membrane, indicative of inefficient
recycling, was detectable. Immunoblotting demonstrated that
the Pepl protein levels were decreased upon lack of Cnbl
(Figures 7D,E). Furthermore, we detected enforced proteolytic
clipping at the N-terminus of Pep1 in Acnbl cells (Figures 7E,F).
This phenotype has been frequently observed in cells defective
in retromer-dependent recycling or the multivesicular body
pathway (Marcusson et al., 1994; Cooper and Stevens, 1996;
Babst et al., 2002; Balderhaar et al., 2010). Thus, the lack of
functional calcineurin impairs endosomal trafficking and
vacuolar targeting, however only to an extent that does not

impair growth (data not shown). Under standard growth
conditions, calcineurin activity is low and the resting cytosolic
Ca** concentration is not affected by inactivation of calcineurin
(Supplementary Figure S5B; Forster and Kane, 2000; Cyert,
2003), indicating that the impediment of endosomal trafficking
and sorting in AcnblI cells is most likely not due to elevated basal
Ca** levels.

In line with hindered Pepl-mediated sorting of Pep4 to the
vacuolar lumen upon lack of Cnbl, Pep4 overexpression in
Acnbl cells resulted in insufficient enhancement of Pep4 activity
compared to WT cells (Figure 8A). Consistently, Pep4-mediated
reduction of «Syn oligomers was absent in Acnbl cells
(Figure 8B, for quantification see Supplementary Figure S5A).
Microscopic analysis of aSyn-GFP revealed that the lack of
Cnbl1 did not affect the abundance of aSyn aggregates per se,
but prevented the decrease of these protein inclusions upon Pep4
co-expression (Figure 8C). In sum, these results indicate an
essential role of calcineurin in maintaining proper Pep4 activity
and in the subsequent protection against aSyn-inflicted cellular
demise.

DISCUSSION

Malfunction of aSyn has been shown to compromise multiple
cellular pathways and processes, but the molecular interplay
between these mechanisms remains enigmatic. Here, we link
the Ca?*/calmodulin-dependent phosphatase calcineurin to the
enzymatic activity of the vacuolar aspartyl protease Pep4,
collectively resulting in reduced aSyn toxicity in a yeast model
of PD (Figure 9).

CatD presents the main lysosomal protease involved in
the degradation of aSyn, and its overexpression has been
shown to reduce aSyn cytotoxicity (Qiao et al., 2008; Sevlever
et al., 2008; Cullen et al., 2009). Furthermore, a recent study
reported a reduced enzymatic activity of CatD upon expression
of aSyn (Matrone et al, 2016). In this line, we show that
expression of aSyn results in a reduction of Pep4 activity
in our yeast PD model and that, in turn, overexpression
of Pep4 exerts cytoprotection. In addition, we observe a
Pep4-mediated reduction of monomeric and oligomeric aSyn
species as well as of large aSyn aggregates. Interestingly, though
induction of autophagy has been shown to be sufficient for
clearance of aSyn oligomers in some scenarios (Decressac et al.,
2013; Hebron et al, 2013; Chen et al., 2014), the autophagic
machinery does not seem to be involved in Pep4-mediated
protection. Instead, prominent changes in vacuolar morphology
accompanied the beneficial effects of Pep4. While cells expressing
aSyn mostly exhibited one single, enlarged vacuole, a phenotype
characteristic for old cells, the co-expression of Pep4 produced
multiple small vacuoles, thus increasing the surface-to-volume
ratio. This might contribute to the uptake of aSyn into the
vacuole in an autophagy-independent manner and facilitate a
more efficient proteolytic breakdown via Pep4. Furthermore,
neither CatD-mediated protection of colorectal cancer cells from
acetate-induced apoptosis (Oliveira et al., 2015), nor lifespan
extending effects of Pep4 overexpression in yeast cells (Carmona-
Gutierrez et al., 2011) are mediated via autophagy, arguing for
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FIGURE 6 | Calcineurin is essential for Pep4-mediated cytoprotection against aSyn toxicity. (A) Flow cytometric quantification of Pl stained WT, Acna’Acna2 and
Acnb1 cells co-expressing human «Syn and the Pep4™T for 24 h or harboring the corresponding vector controls (Ctrl.). Means = SEM; n > 3. (B) Immunoblot
analysis of protein extracts from cells as described above. Blots were probed with antibodies directed against FLAG epitope to detect FLAG-tagged aSyn and
Pep4™T, and against GAPDH as loading control. (C,D) Quinacrine staining of WT and Acnb1 cells co-expressing aSyn and Pep4™'T for 24 h or harboring the
corresponding vector controls. Representative micrographs (C) and quantification of cells with an acidic cytosol (D) are displayed. Counterstaining with Pl was
performed to exclude dead cells from the analysis. For each strain 300-600 cells were evaluated. Means + SEM; n = 3. (E) Flow cytometric quantification of PI
stained WT cells and indicated mutants co-expressing aSyn and Pep4™ for 24 h or harboring the corresponding vector controls. Means + SEM; n = 3. n.s. not

alternative routes that contribute to the pro-survival effects of
Pep4/CatD.

Recent research indicates increased CatD protein levels but
reduced levels of its sorting receptor, the mannose 6-phosphat
receptor MPR3000, in post mortem brain samples of PD
patients, which might account for the observed reduction of
CatD activity (Matrone et al., 2016). Reminiscent of this, we
found Pepl, the yeast ortholog of MPR300, to be required
for Pep4-mediated cytoprotection against aSyn toxicity. While

endogenous Pep4 activity appeared unaffected in cells devoid
of Pepl, probably due to alternative trafficking routes to the
vacuole, the increase of proteolytic activity upon high-level
expression of Pep4 observed in WT cells was absent in Apepl
cells. Upon expression of aSyn, we observed a prominent
mislocalization of Pepl at the limiting vacuolar membrane.
Efficient sorting of proteins from the trans-Golgi network
to the vacuole requires the recycling of the sorting receptor
to ensure further rounds of transport. This recycling of
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Pep1 has been shown to depend on the retromer, a functionally
conserved multimeric protein complex (Horazdovsky et al.,
1997; Nothwehr et al., 1999; Mullins and Bonifacino, 2001).
Insufficient retromer function, for instance upon mutation
of the core component Vps35, has been shown to impede
Pepl recycling, leading to its mislocalization at the vacuolar
membrane (Seaman et al., 1997; Nothwehr et al., 1999). Notably,
decreased retromer activity is an emerging scheme in the
pathogenesis of PD, and mutations in Vps35 have been linked

to familial PD (Zimprich et al., 2011; McMillan et al., 2017;
Williams et al., 2017). Thus, it might well be that the aSyn-
induced mislocalization of Pepl is triggered by interferences
with retromer-dependent Pepl recycling, which in consequence
would lead to the observed reduction in Pep4 activity.
Furthermore, hampering with the endosomal sorting and
recycling system might also contribute to the prominent
acidification of the cytosol upon aSyn expression. Pmal as well
as components of the V-ATPase are targeted to their location at
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the plasma membrane or the vacuole, respectively, via specific
endosomal trafficking routes. Disturbances in endosomal protein
sorting and recycling might cause insufficient targeting of those
proton transporters to their destined cellular membranes. In
combination, a slight decrease of proton transport out of the
cell and into the vacuole would decrease the cytosolic pH.
As biophysical and structural characterization of aSyn revealed
an enforcement of oligomerization in an acidic environment

(Uversky et al,, 2001), this might play an important role in
the pathophysiology of PD. Thus, aSyn would enhance its own
aggregation by acidifying the cytosol.

We speculate that this might lead to a vicious cycle:
aSyn impedes endosomal protein sorting, thereby causing a
decrease in Pep4 activity and insufficient concentration of
proton transporters at the vacuolar and plasma membranes.
Thus, the cytosol starts to acidify, causing aSyn oligomers to
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FIGURE 9 | Schematic overview of aSyn toxicity and the protective interplay between calcineurin, Pep1 and Pep4. The expression of human aSyn in yeast cells
(upper part in gray) led to mislocalization of Pep1 at the vacuolar membrane and of Pep4 in prevacuolar compartments. These events resulted in reduced enzymatic
activity (indicated with stars) of Pep4. Furthermore, vacuolar morphology was changed upon aSyn expression, leading to a single enlarged vacuole. This was
accompanied by oligomerization and aggregation of aSyn and acidification of the cytosol. Co-expression of Pep4 (lower part in white), the yeast ortholog of human
cathepsin D (CatD), resulted in a stabilization of cytosolic pH, a decrease of aSyn oligomers and the formation of multiple small vacuoles, causing a higher vacuolar
surface-to-volume ratio compared to cells only expressing aSyn. Ultimately, these beneficial effects of Pep4 prevented aSyn-induced cell death. Pep4-mediated
cytoprotection required calcineurin, which is essential for proper localization of Pep1 and Pep4, as well as for subsequent activation of Pep4.

form, which cannot be properly degraded due to insufficient
vacuolar hydrolytic capacity. The resulting accumulation of
aSyn amplifies the impairment of endosomal trafficking, further
decreasing the available proteolytic activity in the vacuole and
aggravating cytosolic acidification. This could explain why the
mere overexpression of V-ATPase components or Pmal was not
capable of counteracting cytosolic acidification and cell death in
the presence of aSyn: as the reduced vacuolar proteolytic capacity
would still hamper proper aSyn degradation, the resulting rise
in aSyn levels would further impair endosomal trafficking and
thus hinder the proper targeting of the overexpressed proton
transporters. In contrast, enforced expression of Pep4, even if
only a small part of the artificially high levels would be properly
delivered to the vacuole, could counteract the escalating levels
of aSyn already early on, thereby preventing the entry into this
self-amplifying loop.

In addition, Pep4 co-expression inhibited aSyn-induced

cytosolic acidification, possibly via maintaining aSyn

concentration below a certain threshold, which might keep
the disturbances of endosomal trafficking from reaching a
critical level. Furthermore, the increased vacuolar surface upon
high levels of Pep4 might allow more efficient uptake of aSyn
into the vacuole for subsequent proteolytic breakdown and
could thus also contribute to the cytoprotective effect of Pep4.
Presumably, an interplay of increased vacuolar proteolytic
capacity, stabilizing effects on pH homeostasis, and alterations
in vacuolar morphology mediates the cytoprotective effects
of Pep4.

We identified the Ca?*/calmodulin-dependent phosphatase
calcineurin as an essential factor in the cytoprotective mechanism
of Pep4. In cells lacking Cnb1, Pep4 mislocalized to prevacuolar
compartments and the endogenous Pep4 activity was largely
reduced. This seems to be (at least in part) caused by
malfunction of Pepl recycling upon cargo delivery. Thus,
calcineurin might contribute to processes regulating efficient
endosomal recycling, allowing efficient trafficking of Pep4 to

Frontiers in Molecular Neuroscience | www.frontiersin.org 16

June 2017 | Volume 10 | Article 207


http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Aufschnaiter et al.

Calcineurin and Cathepsin D Reduce a-Synuclein-Toxicity

the vacuole. Of course, additional Pepl-independent processes
might be involved as well, such as the maintenance of a
vacuolar milieu optimal for Pep4 proteolytic function. Notably,
stabilization of cellular pH homeostasis, reduction of aSyn
oligomeric species and aggregates as well as inhibition of
cell death achieved via high levels of Pep4 all required the
presence of functional calcineurin. While our data suggests
that calcineurin is required for sufficient endosomal trafficking
and recycling, the direct molecular target(s) of calcineurin that
mediate the observed cytoprotection remain to be identified.
Neither the absence of Crzl, the main calcineurin-responsive
transcription factor, nor that of distinct calcineurin-regulated
Ca?"-channels or other downstream targets had any effect on
the pro-survival effect of Pep4. The role of calcineurin in
neurotoxic events is quite controversially discussed. Whereas
some studies connect enhanced calcineurin activity to a
reduction of cognitive function and to excitotoxicity (Foster
et al, 2001; Wu et al, 2004), others describe neurotoxic
consequences of prolonged pharmacological inhibition or
genetic downregulation of calcineurin activity (Zeng et al,
2001; Sklar, 2006; Bahi et al., 2009). A recent study in yeast
could demonstrate that both insufficient and excess calcineurin
activity increased aSyn toxicity (Caraveo et al., 2014), arguing
for a complex role of this signaling phosphatase in neuronal
survival.

Here, we establish a so far unknown cytoprotective role for
calcineurin, contributing to full enzymatic activity of yeast CatD.
As both proteins are highly conserved across species barriers,
this interplay might be functional in higher eukaryotes as well
and thus might represent a potential new target for therapeutic
strategies against PD.

REFERENCES

Aranda, P. S., LaJoie, D. M. and Jorcyk, C. L. (2012). Bleach gel: a
simple agarose gel for analyzing RNA quality. Electrophoresis 33, 366-369.
doi: 10.1002/elps.201100335

Baba, M., Nakajo, S., Tu, P. H., Tomita, T., Nakaya, K., Lee, V. M., et al. (1998).
Aggregation of alpha-synuclein in Lewy bodies of sporadic Parkinson’s disease
and dementia with Lewy bodies. Am. J. Pathol. 152, 879-884.

Babst, M., Katzmann, D. J., Estepa-Sabal, E. J., Meerloo, T., and Emr, S. D.
(2002). Escrt-III: an endosome-associated heterooligomeric protein complex
required for mvb sorting. Dev. Cell 3, 271-282. doi: 10.1016/51534-5807(02)0
0220-4

Bahi, A., Mineur, Y. S., and Picciotto, M. R. (2009). Blockade of protein
phosphatase 2B activity in the amygdala increases anxiety- and depression-like
behaviors in mice. Biol. Psychiatry 66, 1139-1146. doi: 10.1016/j.biopsych.2009.
07.004

Balderhaar, H. J., Arlt, H., Ostrowicz, C., Brocker, C., Sundermann, F., Brandt, R.,
et al. (2010). The Rab GTPase Ypt7 is linked to retromer-mediated receptor
recycling and fusion at the yeast late endosome. J. Cell Sci. 123, 4085-4094.
doi: 10.1242/jcs.071977

Bose, A., and Beal, M. F. (2016). Mitochondrial dysfunction in Parkinson’s disease.
J. Neurochem. 139, 216-231. doi: 10.1111/jnc.13731

Bourdenx, M., Bezard, E., and Dehay, B. (2014). Lysosomes and a-synuclein
form a dangerous duet leading to neuronal cell death. Front. Neuroanat. 8:83.
doi: 10.3389/fnana.2014.00083

Burns, K. D., Homma, T., Breyer, M. D., and Harris, R. C. (1991). Cytosolic
acidification stimulates a calcium influx that activates Na*-H+ exchange in
LLC-PK1. Am. ]. Physiol. 261, F617-F625.

AUTHOR CONTRIBUTIONS

AA and SB conceptualized the study; AA, LH, VK and JD
performed the experiments; AA and SB analyzed the data and
wrote the manuscript; DC-G, TE and WK analyzed and discussed
the data and gave conceptual advice; SB supervised the study; All
authors commented on the manuscript and read and approved
the final version.

FUNDING

This work was supported by the Austrian Science Fund
FWF (P27183-B24 to SB and P27383-B2 to WK) and the
Swedish Research Council Vetenskapsradet (2015-05468 to SB).
In addition, SB received support from Ake Wiberg Stiftelse
(M16-0130), Carl Tryggers Stiftelse for Vetenskaplig Forskning
(CTS16:85) and Stiftelsen Sigurd and Elsa Goljes Minne
(LA2016-0123).

ACKNOWLEDGMENTS

We thank Christoph Ruckenstuhl for plasmids used to
overexpress components of the V-ATPase and Andreas
Zimmermann for critical discussions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fnmol.2017.002
07/full#supplementary-material

Burré, J., Sharma, M., Tsetsenis, T., Buchman, V., Etherton, M. R., and
Sudhof, T. C. (2010). Alpha-synuclein promotes SNARE-complex
assembly in vivo and in vitro. Science 329, 1663-1667. doi: 10.1126/science.
1195227

Bittner, S., Bitto, A., Ring, J., Augsten, M., Zabrocki, P., Eisenberg, T.,
et al. (2008). Functional mitochondria are required for alpha-synuclein
toxicity in aging yeast. J. Biol. Chem. 283, 7554-7560. doi: 10.1074/jbc.M708
477200

Biittner, S., Faes, L., Reichelt, W., Broeskamp, F., Habernig, L., Benke, S., et al.
(2013a). The Ca?>*/Mn?* ion-pump PMRI links elevation of cytosolic Ca®*
levels to a-synuclein toxicity in Parkinson’s disease models. Cell Death Differ.
20, 465-477. doi: 10.1038/cdd.2012.142

Biittner, S., Habernig, L., Broeskamp, F., Ruli, D., Vogtle, F. N., Vlachos, M.,
et al. (2013b). Endonuclease G mediates alpha-synuclein cytotoxicity
during Parkinson’s disease. EMBO J]. 32, 3041-3054. doi: 10.1038/emboj.
2013.228

Caraveo, G., Auluck, P. K., Whitesell, L., Chung, C. Y., Baru, V., Mosharov, E. V.,
et al. (2014). Calcineurin determines toxic versus beneficial responses to
a-synuclein. Proc. Natl. Acad. Sci. U S A 111, E3544-E3552. doi: 10.1073/pnas.
1413201111

Carmona-Gutierrez, D., Bauer, M., Ring, J., Knauer, H., Eisenberg, T.,
Biittner, S., et al. (2011). The propeptide of yeast cathepsin D inhibits
programmed necrosis. Cell Death Dis. 2:el6l. doi: 10.1038/cddis.
2011.43

Chen, L., Song, J., Lu, J., Yuan, Z., Liu, L., and Durairajan, S. S. K. (2014).
Corynoxine, a natural autophagy enhancer, promotes the clearance of alpha-
synuclein via Akt/mTOR pathway. J. Neuroimmune Pharmacol. 9, 380-387.
doi: 10.1007/s11481-014-9528-2

Frontiers in Molecular Neuroscience | www.frontiersin.org 17

June 2017 | Volume 10 | Article 207


http://journal.frontiersin.org/article/10.3389/fnmol.2017.00207/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fnmol.2017.00207/full#supplementary-material
https://doi.org/10.1002/elps.201100335
https://doi.org/10.1016/S1534-5807(02)00220-4
https://doi.org/10.1016/S1534-5807(02)00220-4
https://doi.org/10.1016/j.biopsych.2009.07.004
https://doi.org/10.1016/j.biopsych.2009.07.004
https://doi.org/10.1242/jcs.071977
https://doi.org/10.1111/jnc.13731
https://doi.org/10.3389/fnana.2014.00083
https://doi.org/10.1126/science.1195227
https://doi.org/10.1126/science.1195227
https://doi.org/10.1074/jbc.M708477200
https://doi.org/10.1074/jbc.M708477200
https://doi.org/10.1038/cdd.2012.142
https://doi.org/10.1038/emboj.2013.228
https://doi.org/10.1038/emboj.2013.228
https://doi.org/10.1073/pnas.1413201111
https://doi.org/10.1073/pnas.1413201111
https://doi.org/10.1038/cddis.2011.43
https://doi.org/10.1038/cddis.2011.43
https://doi.org/10.1007/s11481-014-9528-2
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Aufschnaiter et al.

Calcineurin and Cathepsin D Reduce a-Synuclein-Toxicity

Chung, K. K., Dawson, V. L., and Dawson, T. M. (2001). The role of the ubiquitin-
proteasomal pathway in Parkinson’s disease and other neurodegenerative
disorders. Trends Neurosci. 24, S7-S14. doi: 10.1016/s0166-2236(01)00003-0

Coonrod, E. M., Graham, L. A, Carpp, L. N, Carr, T. M., Stirrat, L.,
Bowers, K., et al. (2013). Homotypic vacuole fusion in yeast requires organelle
acidification and not the V-ATPase membrane domain. Dev. Cell 27, 462-468.
doi: 10.1016/j.devcel.2013.10.014

Cooper, A. A., Gitler, A. D., Cashikar, A., Haynes, C. M., Hill, K. J., Bhullar, B.,
et al. (2006). Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron
loss in Parkinson’s models. Science 313, 324-328. doi: 10.1126/science.1129462

Cooper, A. A., and Stevens, T. H. (1996). Vps10p cycles between the late-Golgi and
prevacuolar compartments in its function as the sorting receptor for multiple
yeast vacuolar hydrolases. J. Cell Biol. 133, 529-541. doi: 10.1083/jcb.133.3.529

Cullen, V., Lindfors, M., Ng, J., Paetau, A., Swinton, E., Kolodziej, P., et al. (2009).
Cathepsin D expression level affects alpha-synuclein processing, aggregation,
and toxicity in vivo. Mol. Brain 2:5. doi: 10.1186/1756-6606-2-5

Cyert, M. S. (2003). Calcineurin signaling in Saccharomyces cerevisiae: how yeast
go crazy in response to stress. Biochem. Biophys. Res. Commun. 311, 1143-1150.
doi: 10.1016/s0006-291x(03)01552-3

Decressac, M., Mattsson, B., Weikop, P., Lundblad, M., Jakobsson, J., and
Bjorklund, A. (2013). TFEB-mediated autophagy rescues midbrain dopamine
neurons from alpha-synuclein toxicity. Proc. Natl. Acad. Sci. U S A 110,
E1817-E1826. doi: 10.1073/pnas.1305623110

Forster, C., and Kane, P. M. (2000). Cytosolic Ca?* homeostasis is a constitutive
function of the V-ATPase in Saccharomyces cerevisiae. J. Biol. Chem. 275,
38245-38253. doi: 10.1074/jbc.m006650200

Foster, T. C., Sharrow, K. M., Masse, J. R., Norris, C. M., and Kumar, A.
(2001). Calcineurin links Ca?* dysregulation with brain aging. J. Neurosci. 21,
4066-4073.

Gastaldello, A., Callaghan, H., Gami, P., and Campanella, M. (2010). Ca?*-
dependent autophagy is enhanced by the pharmacological agent PK11195.
Autophagy 6, 607-613. doi: 10.4161/auto.6.5.11964

Gietz, R. D., and Woods, R. A. (2002). Transformation of yeast by lithium
acetate/single-stranded carrier DNA/polyethylene glycol method. Meth.
Enzymol. 350, 87-96. doi: 10.1016/s0076-6879(02)50957-5

Goldman, A., Roy, J., Bodenmiller, B., Wanka, S., Landry, C. R., Aebersold, R,,
et al. (2014). The calcineurin signaling network evolves via conserved kinase-
phosphatase modules that transcend substrate identity. Mol. Cell 55, 422-435.
doi: 10.1016/j.molcel.2014.05.012

Grotemeier, A., Alers, S., Pfisterer, S. G., Paasch, F., Daubrawa, M.,
Dieterle, A., et al. (2010). AMPK-independent induction of autophagy
by cytosolic Ca?t increase. Cell Signal 22, 914-925. doi: 10.1016/j.
cellsig.2010.01.015

Harr, M. W., McColl, K. S., Zhong, F., Molitoris, J. K., and Distelhorst, C. W.
(2010). Glucocorticoids downregulate Fyn and inhibit IP3-mediated calcium
signaling to promote autophagy in T lymphocytes. Autophagy 6, 912-921.
doi: 10.4161/auto.6.7.13290

Hebron, M. L., Lonskaya, L., and Moussa, C. E. (2013). Nilotinib reverses loss of
dopamine neurons and improves motor behavior via autophagic degradation
of alpha-synuclein in Parkinson’s disease models. Hum. Mol. Genet. 22,
3315-3328. doi: 10.1093/hmg/ddt192

Horazdovsky, B. F., Davies, B. A., Seaman, M. N., McLaughlin, S. A., Yoon, S., and
Emr, S. D. (1997). A sorting nexin-1 homologue, Vps5p, forms a complex with
Vps17p and is required for recycling the vacuolar protein-sorting receptor. Mol.
Biol. Cell 8, 1529-1541. doi: 10.1091/mbc.8.8.1529

Hoyer-Hansen, M., Bastholm, L., Szyniarowski, P., Campanella, M., Szabadkai, G.,
Farkas, T., et al. (2007). Control of macroautophagy by calcium, calmodulin-
dependent kinase kinase-p and Bcl-2. Mol. Cell 25, 193-205. doi: 10.1016/j.
molcel.2006.12.009

Hughes, A. L, and Gottschling, D. E. (2012). An early age increase in vacuolar
pH limits mitochondrial function and lifespan in yeast. Nature 492, 261-265.
doi: 10.1038/nature11654

Janke, C., Magiera, M. M., Rathfelder, N., Taxis, C., Reber, S., Maekawa, H.,
et al. (2004). A versatile toolbox for PCR-based tagging of yeast genes: new
fluorescent proteins, more markers and promoter substitution cassettes. Yeast
21, 947-962. doi: 10.1002/yea.1142

Kim, H., Kim, A., and Cunningham, K. W. (2012). Vacuolar Ht-ATPase (V-
ATPase) promotes vacuolar membrane permeabilization and nonapoptotic

death in stressed yeast. J. Biol. Chem. 287, 19029-19039. doi: 10.10
74/jbc.M112.363390

Klockenbusch, C., and Kast, J. (2010). Optimization of formaldehyde cross-
linking for protein interaction analysis of non-tagged integrin betal. ]. Biomed.
Biotechnol. 2010:927585. doi: 10.1155/2010/927585

Li, S. C., and Kane, P. M. (2009). The yeast lysosome-like vacuole: endpoint and
crossroads. Biochim. Biophys. Acta 1793, 650-663. doi: 10.1016/j.bbamcr.2008.
08.003

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2~2ACT method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lynch-Day, M. A., Mao, K., Wang, K., Zhao, M., and Klionsky, D. J. (2012). The
role of autophagy in Parkinson’s disease. Cold Spring Harb. Perspect. Med.
2:a009357. doi: 10.1101/cshperspect.a009357

Manzoni, C., and Lewis, P. A. (2013). Dysfunction of the autophagy/lysosomal
degradation pathway is a shared feature of the genetic synucleinopathies.
FASEB J. 27, 3424-3429. doi: 10.1096/1j.12-223842

Marcusson, E. G., Horazdovsky, B. F., Cereghino, J. L., Gharakhanian, E., and
Emr, S. D. (1994). The sorting receptor for yeast vacuolar carboxypeptidase
Y is encoded by the VPS10 gene. Cell 77, 579-586. doi: 10.1016/0092-
8674(94)90219-4

Marques, C., Oliveira, C. S., Alves, S., Chaves, S. R., Coutinho, O. P., Corte-
Real, M, et al. (2013). Acetate-induced apoptosis in colorectal carcinoma cells
involves lysosomal membrane permeabilization and cathepsin D release. Cell
Death Dis. 4:e507. doi: 10.1038/cddis.2013.29

Martinez-Mufoz, G. A., and Kane, P. (2008). Vacuolar and plasma membrane
proton pumps collaborate to achieve cytosolic pH homeostasis in yeast. J. Biol.
Chem. 283, 20309-20319. doi: 10.1074/jbc.M710470200

Matrone, C., Dzamko, N., Madsen, P., Nyegaard, M., Pohlmann, R,
Sendergaard, R. V., et al. (2016). Mannose 6-phosphate receptor is
reduced in-synuclein overexpressing models of parkinsons disease. PLoS
One 11:e0160501. doi: 10.1371/journal.pone.0160501

McMillan, K. J., Korswagen, H. C., and Cullen, P. J. (2017). The emerging role of
retromer in neuroprotection. Curr. Opin. Cell Biol. 47, 72-82. doi: 10.1016/j.
ceb.2017.02.004

Menezes, R., Tenreiro, S., Macedo, D., Santos, C. N., and Outeiro, T. F. (2015).
From the baker to the bedside: yeast models of Parkinson’s disease. Microb.
Cell 2,262-279. doi: 10.15698/mic2015.08.219

Michaillat, L., and Mayer, A. (2013). Identification of genes affecting vacuole
membrane fragmentation in Saccharomyces cerevisiae. PLoS One 8:e54160.
doi: 10.1371/journal.pone.0054160

Moors, T., Paciotti, S., Chiasserini, D., Calabresi, P., Parnetti, L., Beccari, T., et al.
(2016). Lysosomal dysfunction and a-synuclein aggregation in Parkinson’s
disease: diagnostic links. Mov. Disord. 31, 791-801. doi: 10.1002/mds.
26562

Mullins, C., and Bonifacino, J. S. (2001). The molecular machinery for lysosome
biogenesis. Bioessays 23, 333-343. doi: 10.1002/bies.1048

Nothwehr, S. F., Bruinsma, P., and Strawn, L. A. (1999). Distinct domains
within Vps35p mediate the retrieval of two different cargo proteins from
the yeast prevacuolar/endosomal compartment. Mol. Biol. Cell 10, 875-890.
doi: 10.1091/mbc.10.4.875

Oliveira, C. S., Pereira, H., Alves, S., Castro, L., Baltazar, F., Chaves, S., et al. (2015).
Cathepsin D protects colorectal cancer cells from acetate-induced apoptosis
through autophagy-independent degradation of damaged mitochondria. Cell
Death Dis. 6:e1788. doi: 10.1038/cddis.2015.157

Outeiro, T. F., and Lindquist, S. (2003). Yeast cells provide insight into
alpha-synuclein biology and pathobiology. Science 302, 1772-1775.
doi: 10.1126/science.1090439

Pereira, C., Chaves, S., Alves, S., Salin, B., Camougrand, N., Manon, S., et al. (2010).
Mitochondrial degradation in acetic acid-induced yeast apoptosis: the role of
Pep4 and the ADP/ATP carrier. Mol. Microbiol. 76, 1398-1410. doi: 10.1111/j.
1365-2958.2010.07122.x

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A.,
et al. (1997). Mutation in the alpha-synuclein gene identified in families
with Parkinson’s disease. Science 276, 2045-2047. doi: 10.1126/science.276.53
21.2045

Qiao, L., Hamamichi, S., Caldwell, K. A., Caldwell, G. A., Yacoubian, T. A.,
Wilson, S., et al. (2008). Lysosomal enzyme cathepsin D protects against

Frontiers in Molecular Neuroscience | www.frontiersin.org 18

June 2017 | Volume 10 | Article 207


https://doi.org/10.1016/s0166-2236(01)00003-0
https://doi.org/10.1016/j.devcel.2013.10.014
https://doi.org/10.1126/science.1129462
https://doi.org/10.1083/jcb.133.3.529
https://doi.org/10.1186/1756-6606-2-5
https://doi.org/10.1016/s0006-291x(03)01552-3
https://doi.org/10.1073/pnas.1305623110
https://doi.org/10.1074/jbc.m006650200
https://doi.org/10.4161/auto.6.5.11964
https://doi.org/10.1016/s0076-6879(02)50957-5
https://doi.org/10.1016/j.molcel.2014.05.012
https://doi.org/10.1016/j.cellsig.2010.01.015
https://doi.org/10.1016/j.cellsig.2010.01.015
https://doi.org/10.4161/auto.6.7.13290
https://doi.org/10.1093/hmg/ddt192
https://doi.org/10.1091/mbc.8.8.1529
https://doi.org/10.1016/j.molcel.2006.12.009
https://doi.org/10.1016/j.molcel.2006.12.009
https://doi.org/10.1038/nature11654
https://doi.org/0.1002/yea.1142
https://doi.org/10.1074/jbc.M112.363390
https://doi.org/10.1074/jbc.M112.363390
https://doi.org/10.1155/2010/927585
https://doi.org/10.1016/j.bbamcr.2008.08.003
https://doi.org/10.1016/j.bbamcr.2008.08.003
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1101/cshperspect.a009357
https://doi.org/10.1096/fj.12-223842
https://doi.org/10.1016/0092-8674(94)90219-4
https://doi.org/10.1016/0092-8674(94)90219-4
https://doi.org/10.1038/cddis.2013.29
https://doi.org/10.1074/jbc.M710470200
https://doi.org/10.1371/journal.pone.0160501
https://doi.org/10.1016/j.ceb.2017.02.004
https://doi.org/10.1016/j.ceb.2017.02.004
https://doi.org/10.15698/mic2015.08.219
https://doi.org/10.1371/journal.pone.0054160
https://doi.org/10.1002/mds.26562
https://doi.org/10.1002/mds.26562
https://doi.org/10.1002/bies.1048
https://doi.org/10.1091/mbc.10.4.875
https://doi.org/10.1038/cddis.2015.157
https://doi.org/10.1126/science.1090439
https://doi.org/10.1111/j.1365-2958.2010.07122.x
https://doi.org/10.1111/j.1365-2958.2010.07122.x
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Aufschnaiter et al.

Calcineurin and Cathepsin D Reduce a-Synuclein-Toxicity

alpha-synuclein aggregation and toxicity. Mol. Brain 1:17. doi: 10.1186/1756-6
606-1-17

Rcom-H’cheo-Gauthier, A. N., Osborne, S. L., Meedeniya, A. C. B., and
Pountney, D. L. (2016). Calcium: alpha-synuclein interactions in alpha-
synucleinopathies. Front. Neurosci. 10:570. doi: 10.3389/fnins.2016.00570

Ruckenstuhl, C., Netzberger, C. Entfellner, I, Carmona-Gutierrez, D.,
Kickenweiz, T., Stekovic, S., et al. (2014). Lifespan extension by methionine
restriction requires autophagy-dependent vacuolar acidification. PLoS Genet
10:¢1004347. doi: 10.1371/journal.pgen.1004347

Schindelin, J., Arganda-Carreras, L, Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682. doi: 10.1038/nmeth.2019

Seaman, M. N., Marcusson, E. G., Cereghino, J. L., and Emr, S. D. (1997).
Endosome to Golgi retrieval of the vacuolar protein sorting receptor, Vps10p,
requires the function of the VPS29, VPS30, and VPS35 gene products. J. Cell
Biol. 137, 79-92. doi: 10.1083/jcb.137.1.79

Sevlever, D., Jiang, P., and Yen, S. C. (2008). Cathepsin D is the main
lysosomal enzyme involved in the degradation of a-synuclein and generation
of its carboxy-terminally truncated species. Biochemistry 47, 9678-9687.
doi: 10.1021/bi800699v

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J.,
et al. (2003). a-Synuclein locus triplication causes Parkinson’s disease. Science
302:841. doi: 10.1126/science.1090278

Sklar, E. M. (2006). Post-transplant neurotoxicity: what role do calcineurin
inhibitors actually play? Am. J. Neuroradiol. 27, 1602-1603.

Serensen, S. O., van den Hazel, H. B., Kielland-Brandt, M. C., and Winther, J. R.
(1994). pH-dependent processing of yeast procarboxypeptidase Y by proteinase
A in vivo and in vitro. Eur. ]. Biochem. 220, 19-27. doi: 10.1111/j.1432-1033.
1994.tb18594.x

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R,,
and Goedert, M. (1997). a-synuclein in lewy bodies. Nature 388, 839-840.
doi: 10.1038/42166

Takahashi, M., Ko, L., Kulathingal, J., Jiang, P., Sevlever, D., and Yen, S. C. (2007).
Oxidative stress-induced phosphorylation, degradation and aggregation of
a-synuclein are linked to upregulated CK2 and cathepsin D. Eur. J. Neurosci.
26, 863-874. doi: 10.1111/j.1460-9568.2007.05736.x

Tardiff, D. F, Jui, N. T., Khurana, V., Tambe, M. A., Thompson, M. L.,
Chung, C. Y., et al. (2013). Yeast reveal a “druggable” Rsp5/Nedd4 network
that ameliorates alpha-synuclein toxicity in neurons. Science 342, 979-983.
doi: 10.1126/science.1245321

Thayanidhi, N., Helm, J. R., Nycz, D. C,, Bentley, M., Liang, Y., and Hay, J. C.
(2010). Alpha-synuclein delays endoplasmic reticulum (ER)-to-Golgi transport
in mammalian cells by antagonizing ER/Golgi SNAREs. Mol. Biol. Cell 21,
1850-1863. doi: 10.1091/mbc.E09-09-0801

Tofaris, G. K. (2012). Lysosome-dependent pathways as a unifying theme in
Parkinson’s disease. Mov. Disord. 27, 1364-1369. doi: 10.1002/mds.25136

Ungermann, C., Wickner, W., and Xu, Z. (1999). Vacuole acidification is required
for trans-SNARE pairing, LMAI release and homotypic fusion. Proc. Natl.
Acad. Sci. US A 96, 11194-11199. doi: 10.1073/pnas.96.20.11194

Uversky, V. N, Li, J, and Fink, A. L. (2001). Evidence for a partially
folded intermediate in alpha-synuclein fibril formation. J. Biol. Chem. 276,
10737-10744. doi: 10.1074/jbc.M010907200

Vicencio, J. M., Ortiz, C., Criollo, A., Jones, A., Kepp, O., Galluzzi, L., et al.
(2009). The inositol 1,4,5-trisphosphate receptor regulates autophagy through
its interaction with Beclin 1. Cell Death Differ. 16, 1006-1017. doi: 10.1038/cdd.
2009.34

Westphal, V., Marcusson, E. G., Winther, J. R,, Emr, S. D, and van den
Hazel, H. B. (1996). Multiple pathways for vacuolar sorting of yeast
proteinase A. J. Biol. Chem. 271, 11865-11870. doi: 10.1074/jbc.271.20.
11865

Whyte, J. R, and Munro, S. (2001). A yeast homolog of the mammalian
mannose 6-phosphate receptors contributes to the sorting of vacuolar
hydrolases. Curr. Biol. 11, 1074-1078. doi: 10.1016/s0960-9822(01)
00273-1

Williams, E. T., Chen, X., and Moore, D. J. (2017). VPS35, the retromer complex
and Parkinson’s disease. J. Parkinsons Dis. 7, 219-233. doi: 10.3233/JPD-
161020

Winner, B., Jappelli, R, Maji, S. K., Desplats, P. A., Boyer, L., Aigner, S,
et al. (2011). In vivo demonstration that alpha-synuclein oligomers are
toxic. Proc. Natl. Acad. Sci. U S A 108, 4194-4199. doi: 10.1073/pnas.1100
976108

Winslow, A. R., Chen, C. W., Corrochano, S., Acevedo-Arozena, A., Gordon, D. E.,
Peden, A. A, et al. (2010). a-Synuclein impairs macroautophagy: implications
for Parkinson’s disease. J. Cell Biol. 190, 1023-1037. doi: 10.1083/jcb.2010
03122

Wu, H. Y., Tomizawa, K., Oda, Y., Wei, F. Y., Lu, Y. F., Matsushita, M.,
et al. (2004). Critical role of calpain-mediated cleavage of calcineurin in
excitotoxic neurodegeneration. J. Biol. Chem. 279, 4929-4940. doi: 10.1074/jbc.
M309767200

Zabrocki, P., Pellens, K., Vanhelmont, T., Vandebroek, T., Griffioen, G., Wera, S.,
et al. (2005). Characterization of o-synuclein aggregation and synergistic
toxicity with protein tau in yeast. FEBS J. 272, 1386-1400. doi: 10.1111/j.1742-
4658.2005.04571.x

Zeng, H., Chattarji, S., Barbarosie, M., Rondi-Reig, L., Philpot, B. D,
Miyakawa, T., et al. (2001). Forebrain-specific calcineurin knockout
selectively impairs bidirectional synaptic plasticity and working/episodic-
like memory. Cell 107, 617-629. doi: 10.1016/50092-8674(01)
00585-2

Zimprich, A., Benet-Pages, A., Struhal, W., Graf, E., Eck, S. H., Offman, M. N,
et al. (2011). A mutation in VPS35, encoding a subunit of the retromer
complex, causes late-onset Parkinson disease. Am. J. Hum. Genet. 89, 168-175.
doi: 10.1016/j.ajhg.2011.06.008

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Aufschnaiter, Habernig, Kohler, Diessl, Carmona-Gutierrez,
Eisenberg, Keller and Biittner. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

19

June 2017 | Volume 10 | Article 207


https://doi.org/10.1186/1756-6606-1-17
https://doi.org/10.1186/1756-6606-1-17
https://doi.org/10.3389/fnins.2016.00570
https://doi.org/10.1371/journal.pgen.1004347
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1083/jcb.137.1.79
https://doi.org/10.1021/bi800699v
https://doi.org/10.1126/science.1090278
https://doi.org/10.1111/j.1432-1033.1994.tb18594.x
https://doi.org/10.1111/j.1432-1033.1994.tb18594.x
https://doi.org/10.1038/42166
https://doi.org/10.1111/j.1460-9568.2007.05736.x
https://doi.org/10.1126/science.1245321
https://doi.org/10.1091/mbc.E09-09-0801
https://doi.org/10.1002/mds.25136
https://doi.org/10.1073/pnas.96.20.11194
https://doi.org/10.1074/jbc.M010907200
https://doi.org/10.1038/cdd.2009.34
https://doi.org/10.1038/cdd.2009.34
https://doi.org/10.1074/jbc.271.20.11865
https://doi.org/10.1074/jbc.271.20.11865
https://doi.org/10.1016/s0960-9822(01)00273-1
https://doi.org/10.1016/s0960-9822(01)00273-1
https://doi.org/10.3233/JPD-161020
https://doi.org/10.3233/JPD-161020
https://doi.org/10.1073/pnas.1100976108
https://doi.org/10.1073/pnas.1100976108
https://doi.org/10.1083/jcb.201003122
https://doi.org/10.1083/jcb.201003122
https://doi.org/10.1074/jbc.M309767200
https://doi.org/10.1074/jbc.M309767200
https://doi.org/10.1111/j.1742-4658.2005.04571.x
https://doi.org/10.1111/j.1742-4658.2005.04571.x
https://doi.org/10.1016/s0092-8674(01)00585-2
https://doi.org/10.1016/s0092-8674(01)00585-2
https://doi.org/10.1016/j.ajhg.2011.06.008
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

	The Coordinated Action of Calcineurin and Cathepsin D Protects Against -Synuclein Toxicity
	INTRODUCTION
	MATERIALS AND METHODS
	Saccharomyces Cerevisiae Strains and Genetics
	Media and Culturing Conditions
	Analysis of Cell Death
	Immunoblotting and In Vivo Crosslinking
	Pep4 Activity Assay
	Assessment of Cytosolic Calcium Levels with Aequorin
	Quinacrine Staining to Visualize Acidic Cell Compartments
	MDY-64 Staining for Visualizing Vacuolar Morphology
	CMAC Staining of Vacuoles
	Quantitative Real-Time PCR
	Statistical Analysis

	RESULTS
	High Levels of Pep4 Protect Against Syn Cytotoxicity
	Syn Triggers Cytosolic Acidification and Alters Vacuolar Morphology
	Pep4 Counteracts Syn-Induced Cytosolic Acidification
	Pep4 Enhances the Proteolytic Breakdown of Syn and its Oligomers
	Pep1 is Essential for Pep4-Mediated Cytoprotection
	Calcineurin is Required for the Cytoprotective Function of Pep4

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


