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Abstract

The cellular prion protein (PrP%), whose misfolded conformers are implicated in prion diseases, localizes to both the presynaptic
membrane and postsynaptic density. To explore possible molecular contributions of PrP® to synaptic transmission, we utilized a
mass spectrometry approach to quantify the release of glutamate from primary cerebellar granule neurons (CGN) expressing, or
deprived of (PrP-KO), PrP<, following a depolarizing stimulus. Under the same conditions, we also tracked recycling of synaptic
vesicles (SVs) in the two neuronal populations. We found that in PrP-KO CGN these processes decreased by 40 and 60%,
respectively, compared to PrP-expressing neurons. Unbiased quantitative mass spectrometry was then employed to compare the
whole proteome of CGN with the two PrP genotypes. This approach allowed us to assess that, relative to the PrP¢-expressing
counterpart, the absence of PrP© modified the protein expression profile, including diminution of some components of SV
recycling and fusion machinery. Subsequent quantitative RT-PCR closely reproduced proteomic data, indicating that PrP€ is
committed to ensuring optimal synaptic transmission by regulating genes involved in SV dynamics and neurotransmitter release.
These novel molecular and cellular aspects of PrP¢ add insight into the underlying mechanisms for synaptic dysfunctions
occurring in neurodegenerative disorders in which a compromised PrP€ is likely to intervene.

Keywords Prion protein - Neurotransmission - Synaptic vesicle - Mass spectrometry - Selected reaction monitoring - Gene
expression

Introduction the external cell surface through a glycolipid moiety and in
neurons it clusters preferentially along axons and in both the
presynaptic terminal [1, 2] and postsynaptic density [3, 4].

It is well established that PrP© aberrant misfolding gener-

ates PrP5¢, the principal component of prions causing

The cellular prion protein (PrP) is a glycoprotein highly con-
served in the vertebrate sub-phylum. It is abundantly expressed
in lymphoreticular organs and in all brain areas. It anchors to
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transmissible prion disorders (or spongiform encephalopa-
thies), including Creutzfeldt—Jacob disease in human, scrapie
in sheep, and bovine spongiform encephalopathy in cattle [5].
Spreading of the disease is ensured by the capacity of PrPS¢ to
act as template for further PrP“-to-PrP>® conformational con-
version [6], which explains why PrP¢-deprived (PrP-KO)
models are resistant to prion diseases and do not propagate
prions [7, 8].

Intriguingly, however, PrP® function in the central nervous
system is yet to be definitively recognized. Major conceptual
obstacles to the full understanding of PrP© physiology are the
lack of obvious phenotypes in PrP-KO mice [9, 10], and the
extensive pleiotropicity of PrP“—in terms of both interacting
partners and advantageous functions to the cell life—as it
resulted from year-long comparison of PrP®-expressing para-
digms with PrP-KO, or PrP-mutant, counterparts [11-15, for
recent reviews]. Notably, PrP¢ multi-faceted aspect could be
now revisited under novel frameworks. For example, the
dichotomic structure of PrP“—only the C-terminus has stable
secondary and tertiary folding [16]—assigns the protein to the
“intrinsically disordered protein” family [17, 18] and, accord-
ingly, to serving as central hub in the coordination and inte-
gration of multiple signaling networks. A complementary
framework envisages that PrP€ acts as a cell surface scaffold
protein that organizes diverse signaling modules in a cell- and
context-dependent manner [12]. In both views, the interaction
of PrP® with a variety of proteins would allow transduction of
beneficial signals to cells, and to neurons in particular.

Intuitively, the large spectrum of PrP€ interactors may well
include neurotoxic species that, by preferentially binding the
intrinsically disordered N-terminus of PrP® [19, 20], may pro-
voke synaptic and cognitive deficits. This assumption has
been proven correct for prions (in a process however distinct
from PrPC-to-PrPS¢ conversion [20]), Alzheimer’s disease-
related soluble AP oligomers, and, more recently, «-
synuclein prefibrillar oligomers [21], or fibrils [22, 23], which
are associated to synucleinopathies such as Parkinson’s dis-
ease. Undoubtedly, these findings enrich PrP“ pathophysio-
logical traits, yet they are unable to fully unveil the mecha-
nisms linking PrP® to synaptic damage. A sensible hypothesis,
however, would entail that the binding of oligomers to PrP®
compromises the beneficial attributes of the protein, such as
the safeguard of synaptic transmission, and/or of synaptic
plasticity and its correlate long-term potentiation involved in
learning and memory [24-30].

To deepen the role of PrP€ in synapses, and to reveal pos-
sible consequences of PrP® dysregulation, here we have com-
pared the outcome of depolarization-induced fusion of synap-
tic vesicles (SVs) with the presynaptic plasma membrane in
PrP%-expressing, and PrP-KO, primary cerebellar granule
neurons (CGN). This analysis demonstrated that PrP-KO neu-
rons have defective neurotransmitter secretion and compro-
mised exo-endocytotic cycle of SVs, compared to PrP“-

expressing counterparts. Protein expression profiles of the
two cell populations, obtained by quantitative mass spectrom-
etry (MS)-based approach and selected reaction monitoring
(SRM), showed that deprivation of PrP€ led to reduced
amounts of some proteins implicated in the above processes.
Quantification of their corresponding mRNAs confirmed the
proteomic results, while bioinformatic approaches and bio-
chemical data suggested that the transcription factor cAMP
response element-binding protein 1 (Crebl) was the likely
key intermediate in the PrP“-gene transcription axis. The pres-
ent study is therefore strongly suggestive that the underlying
mechanism enabling PrP€ to grant efficient neurotransmitter
secretion is the modulation of genes coding for proteins regu-
lating SV physiology.

Materials and Methods
Animal Care and Use

We used PrP-KO mice (line F10) and, as control, transgenic
(PrP-Tg) mice (line Tg46) in which the expression of PrP€ at
normal levels was rescued over the PrP-KO genotype [31].
Both co-isogenic strains were kindly provided by the
M.R.C. Prion Unit, London, UK. Animals were housed in a
temperature-controlled (22 °C) room with a 12:12 h light:dark
cycle, with ad libitum access to food and water. All aspects of
animal care and experimentation were performed in compli-
ance with European and Italian (D.L. 26/2014) laws
concerning the care and use of laboratory animals. All exper-
imental procedures and animal care protocols were approved
by the Italian Ministry of Health (authorization n. 743/2017-
PR) and by the Ethical Committee for animal care and use of
the University of Padova. All efforts were made to minimize
animal suffering and reduce the number of animals used in the
experiments.

Cerebellar Granule Neuron Culturing

To obtain primary cultures, cerebellar granule neurons (CGN)
were isolated from 7 day-old mice (decapitated after anesthe-
sia with methoxyflurane) as previously described [32].
Neurons were grown in minimal essential medium supple-
mented with 10% heat-inactivated fetal calf serum, 2 mM L-
glutamine, 0.1 mg/ml gentamycin, and KCI (25.4 mM K" fi-
nal concentration), seeded onto poly-L-lysine (100 pg/ml;
Sigma-Aldrich, cat. no. P636)-coated 35 mm-diameter wells
at a density 0f 350,000 cells/cm?, and maintained at 37 °Cin a
humidified incubator with a 5% CO, atmosphere. To prevent
proliferation of mitotic (non-neuronal) cells, cytosine-1-{3-D-
arabinofuranoside (10 uM; Sigma-Aldrich) was added to cells
24 h after plating. In all experiments, CGN were used after
96 h of culturing.
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Quantification of Glutamate Release by LC-MS

The release of glutamate by CGN was measured under
depolarizing conditions. Briefly, after rinsing twice with
Krebs Ringer buffer solution (KRB, NaCl 125 mM, KCI
5 mM, CaCl, 1 mM, KH,PO, 0.5 mM, MgSO, 1 mM, glu-
cose 5.5 mM, HEPES 20 mM, pH 7.4), cells were incubated
(5 min) in 500 pl of KRB containing 60 mM KCl, after which
the medium was collected, centrifuged (10 min, 16,000xg,
4 °C) to remove cell debris, and acidified (pH < 3) with formic
acid (FA; Sigma-Aldrich). The medium was subsequently di-
luted (1:1, v/v) with acetonitrile prior to liquid chromatogra-
phy (LC)-MS analysis. Cells incubated in KRB with no added
KCI were used as negative control. To verify the effective
implication of SVs in glutamate release, another control
consisted in adding to CGN (30 min, prior to the depolarizing
step) botulinum toxin (BoNT/D, 10 nM; a kind gift of Dr. C.
Montecucco, University of Padova, Italy), which inhibits SV
exocytosis.

The LC-MS system used for glutamate quantification was a
Thermo Ultimate 3000 UHPLC coupled to a Q-Exactive
(quadrupole-Orbitrap) mass spectrometer (Thermo Fisher
Scientific). The UHPLC system was equipped with a Zic-
HILIC column (100 x 2.1 mm, 3.5 pum particle size; Merck)
kept at 35 °C. Elution solvents were water (a) and acetonitrile
(b), both containing FA 0.1% (v/v). The mobile phase compo-
sition (a:b) was 5:95 from 0 to 0.5 min; changed linearly from
5:95 to 60:40 between 0.5 and 5 min; 60:40 from 5 to
7.25 min; changed linearly from 60:40 to 5:95 between 7.25
and 7.5 min; 5:95 from 7.5 to 10.0 min. The injection volume
was 5 pl and the flow rate was 0.350 ml/min.

High-resolution MS signals were acquired using targeted
SIM scan mode, recording the ion with the m/z value expected
for glutamic acid (148.0604), and applying an isolation win-
dow of 2.0 m/z (with a resolving power of 70,000 full width at
half maximum, at 200 m/z). Source parameters were as fol-
lows: spray voltage, 3.5 kV in positive polarity; capillary tem-
perature, 325 °C; sheath gas flow rate, 35 arbitrary units; aux-
iliary gas flow rate, 10 arbitrary units; S-lens voltage, 50 V; in-
source fragmentation voltage, 0; heater temperature, 325 °C.
To quantify glutamate in samples, MS raw data were proc-
essed using the software Quant Browser (Thermo Fisher
Scientific) by extracting the m/z at 148.0604 with a tolerance
of 5 ppm, thanks to a six-point glutamate calibration curve
(0.25, 1.00, 1.75, 2.50, 3.25, 4.00 uM).

Measured glutamate concentrations were then normalized
to the total protein content of the corresponding CGN sample.
To this purpose, neurons were washed twice with ice-cold
phosphate-buffered saline (PBS) and lysed in an ice-cold lysis
buffer [glycerol 10% (w/v), sodium dodecyl-sulfate (SDS) 2%
(w/v), Tris/HCI1 62.5 mM, pH 6.8, Na;VO,4 5 mM, and cock-
tails of protease and phosphatase inhibitors (Roche)]. Lysates
were centrifuged (10 min, 14,000xg, 4 °C) to remove cell
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debris, while, here and after, protein concentration was deter-
mined with a Lowry assay kit (Sigma-Aldrich).

Assay for SV Recycling

Experiments were performed according to Ref. [33]. Briefly,
CGN were washed twice with KRB, kept (10 min) in the same
buffer added with KCl (60 mM final concentration;
depolarizing conditions) promoting SV recycling (i.e., fusion
to the plasma membrane followed by endocytosis), and further
incubated (20 min) in the presence, or in the absence, of a
mouse monoclonal antibody (5 pg/ml) to synaptotagmin 1
(Sytl; Synaptic Systems, cat. no. 105011). When indicated,
neurons were pre-incubated (30 min) in KRB with BoNT/D
(10 nM). CGN were then lysed (using the above lysis buffer
under non-reducing conditions) and the protein content deter-
mined as described above. Lysates were adjusted to an equal
protein concentration utilizing a non-reducing sample buffer
[glycerol 10% (w/v), SDS 2% (w/v), Tris/HCI 62.5 mM,
pH 6.8, bromophenol blue 0.02% (w/v)], and then subjected
to SDS-PAGE and Western blot (see below), using a horse-
radish peroxidase-conjugated antibody raised against mouse
IgGs (Santa Cruz Biotechnology, cat. no. sc-2005) to detect
the SV-internalized anti-Sytl antibody.

Cell Lysis and Protein Extraction

For proteomic and Western blot analyses, neurons were
washed twice with ice-cold PBS, lysed in the above ice-cold
lysis buffer (80 pl), and centrifuged as above to remove cell
debris. Protein-containing supernatants were then stored at —
80 °C until use. When needed, samples were brought to an
equal protein concentration using the above sample buffer
under reducing conditions (i.e., added with dithiothreitol,
50 mM final concentration; Sigma-Aldrich) and boiled
(5 min).

Protein Digestion and Stable Isotope Dimethyl
Labeling

Protein samples (30 pg) were loaded onto SDS-
polyacrylamide [5% (w/v); acrylamide/bisacrylamide,
37.5:1] gels, and the electrophoretic process was allowed to
proceed until proteins converged to a tight band.
Bromophenol blue-stained bands were manually cut in small
slices, washed twice in H,O, dehydrated with acetonitrile
(400 wl, 10 min), and dried under vacuum. Reduction of di-
sulfide bonds was accomplished by rehydrating gel slices in
300 pl of 50 mM triethylammonium bicarbonate (Sigma-
Aldrich, cat. no. T7408) containing 10 mM dithiothreitol.
After 1 h at 56 °C, the dithiothreitol-containing solution was
substituted with an equal volume of triethylammonium bicar-
bonate (50 mM) containing 55 mM iodoacetamide (Sigma-
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Aldrich, cat. no. E006125) to alkylate the reduced cysteine
residues. Samples were incubated in the dark (45 min, RT),
washed four times (300 pl, 10 min each) by alternating
triethylammonium bicarbonate (25 mM) and acetonitrile,
and finally dried under vacuum.

Proteins were digested by reconstituting gel samples in
90 ul of a sequencing grade-modified trypsin solution
(12.5 ng/ml in 50 mM triethylammonium bicarbonate;
Promega, cat. no. V5117) and incubating them overnight at
37 °C. Then, peptides were extracted by incubating gel slices
(10 min, RT) in 300 ul of acetonitrile 50% (v/v) and FA 0.1%
(v/v). This procedure was repeated three times, and the total
peptide extract solution (900 wl) was collected and dried under
vacuum. Subsequently, an on-column isotopomeric
dimethylation procedure was carried out to chemically label
peptides [34]. To this purpose, peptide samples from the three
biological replicates of PrP-Tg and PrP-KO CGN were resus-
pended in 1 ml of FA 5% (v/v) and loaded onto acetic acid
[0.6% (v/v)]-preconditioned C18 cartridges (SepPak Vac 1cc;
Waters, cat. no. WAT(023590). Subsequently, peptides were
labeled by flushing cartridges with 5 ml of a
cyanoborohydride (Sigma-Aldrich, cat. no. 156159, 30 mM
in a sodium/phosphate buffer)-based reagent containing either
a “light” [formaldehyde-H, 0.2% (v/v); Sigma-Aldrich, cat.
no. 15513-M] or a “heavy” [formaldehyde-D, 0.2% (v/v);
Sigma-Aldrich, cat. no. 492620] molecular tag. Columns were
then rinsed twice with acetic acid [0.6% (v/v)] and peptides
were eluted using a solution containing acetonitrile 80% (v/v)
and acetic acid 0.6% (v/v), vacuum-dried, and resuspended in
30 ul of a solution with acetonitrile 3% (v/v) and FA 0.1% (v/
v). Finally, (light/heavy) PrP-Tg-derived and (heavy/light)
PrP-KO-derived labeled peptides were mixed together, in a
1 : 1 ratio (PrP-Tg/PrP-KO), to generate three replicates
(60 ul each) of combined PrP-Tg/PrP-KO samples
(Supplementary Fig. S1).

Sample Fractionation by Strong Cation Exchange

To reduce sample complexity, the three PrP-Tg/PrP-KO com-
bined samples were subjected to fractionation by strong cation
exchange. Firstly, samples were 15-fold diluted in an equili-
bration buffer (5 mM KH,PO,, 25% acetonitrile, pH 3) and
loaded (at a 50 pl/min flow rate) onto strong cation-exchange
cartridges (AB Sciex, cat. no. 4326695). After thoroughly
washing cartridges with the equilibration buffer, retained pep-
tides were then stepwise eluted in five fractions by increasing
KCl concentration, using the above buffer (900 ul) added with
50, 100, 150, 200, or 350 mM KClI (final concentration).
Fractions were vacuum-dried, resuspended in 1 ml of FA
0.1% (v/v), desalted using SepPak Vac C18 cartridges, accord-
ing to manufacturer’s instructions, vacuum-dried, and finally
dissolved in 50 pl of a solution of acetonitrile 3% (v/v), and
FA 0.1% (v/v), just prior to LC-MS/MS analysis.

LC-MS/MS Analysis

Analysis of CGN proteomes was performed using a LTQ-
Orbitrap XL mass spectrometer (Thermo Fisher Scientific)
coupled with an on-line nano-HPLC Ultimate 3000 (Dionex;
Thermo Fisher Scientific).

Each of the fractions (3 pg) originating from the strong
cation-exchange step was loaded onto a Trap column
[300 um internal diameter, 300 A, C18, 3 um (SGE
Analytical Science, cat. no. 2227054)] by the integrated
auto-sampler using FA 0.1% (v/v) (8 ul/min flow rate), and
transferred into a 10 cm Picofrit® column [75 um internal
diameter, 15 pm tip (New Objective, cat. no.
PF751510XXXX)] packed with C18 material (Aeris Peptide
3.6 um XB-C18; Phenomenex). The liquid chromatographic
separation of peptides was carried out, at a flow rate of 250 nl/
min, using water (a) and acetonitrile (b) [both containing FA
0.1% (v/v)] as elution solvents in the following composition
(expressed as a:b ratio): 97:3 for 6 min; from 97:3 to 50:50 in
90 min (following a linear gradient), from 50:50 to 20:80 in
2 min; 20:80 for 5 min; back to 97:3 (to re-equilibrate the
system).

The temperature of the ion source capillary was set at
200 °C, the spray was optimized at 1.3 kV, and the mass
spectrometer operated in data-dependent mode with a top-4
acquisition method (i.e., a full scan at a 60,000 resolution on
the Orbitrap, followed by the MS/MS fragmentation in the
linear trap of the four most intense ions). To increase the
number of identified peptides and proteins, each fraction of
the strong cation exchange procedure was analyzed twice. To
this purpose, the m/z values of peptides positively identified in
the first analysis (as described in detail in the next section)
were used to create a static exclusion list that was then applied
to a second LC-MS/MS analysis (under the same chromato-
graphic and instrumental conditions) for each sample fraction.

Untargeted MS Data Analysis

Raw files derived from LC-MS/MS runs were analyzed with a
MudPIT protocol using the Proteome Discoverer 1.4 software
(Thermo Fisher Scientific) interfaced to a Mascot search en-
gine (version 2.2.4; Matrix Science). All MS/MS data were
searched against the UniProt Mus musculus database (version
20150401; 53,301 sequences). Enzyme specificity was set to
trypsin, and a maximum of two missed cleavages were
allowed. The precursor and product ion mass tolerances were
setto 10 ppm and 0.6 Da, respectively. While modifications of
N-terminal and lysine residues [light-label dimethylation
(+28.0313 Da); heavy-label dimethylation (+32.0564 Da)]
were set as variable, carbamidomethylation of cysteines was
set as fixed.

Quantification was performed directly by the Proteome
Discoverer software and only unique peptides were
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considered for quantification purposes. Based on the
Percolator algorithm, proteins were considered as correctly
identified if at least two unique peptides were quantified with
an individual ¢ value <0.01 (99% confidence) and rank 1.
Proteins were then grouped according to the principle of max-
imum parsimony. Only protein groups that were identified and
quantified in all six biological replicates were considered for
further analysis. Quantification was performed by normalizing
each (PrP-KO/PrP-Tg) ratio obtained in a given replicate to
the median value of all measured ratios in that replicate. The
final fold change of a given protein was calculated as the mean
value of the normalized ratios of the three replicates. Finally, a
two-tailed Z test was performed, and only proteins with a ratio
PrP-KO/PrP-Tg > 1.3 or <0.77, and a p value <0.05, were
considered as overexpressed or underexpressed, respectively.

Selected Reaction Monitoring Confirmation Study

For selected reaction monitoring (SRM) experiments, CGN
lysates from six CGN cultures for each PrP genotype were
obtained using the above lysis buffer, and proteins were quan-
tified as described. Protein extracts (50 pg, 50 pl) from each
lysate were processed according to the filter-aided sample
preparation method [35], using filters with 10,000 Da as mo-
lecular weight cut-off (Sartorius, cat. no. VNO1HO02) and the
FASP™ protein digestion kit (Expedeon, cat. no. 44250) fol-
lowing manufacturer’s instructions. During sample process-
ing, cysteine residues were reduced and alkylated using
20 mM dithiothreitol (45 min, 56 °C) and 55 mM
iodoacetamide (45 min in the dark, RT), respectively.
Subsequently, sequencing grade-modified trypsin (Promega)
was added (90 ul in 25 mM NH4HCO3) to a final enzyme/
protein ratio of 1:25 (w/w), and protein digestion was carried
out overnight (37 °C). Finally, filter units were centrifuged
(14,000%g, 10 min) to recover peptides. To improve recovery,
filters were rinsed with 50 ul of 25 mM NH4HCO; and cen-
trifuged again. Peptide solutions were acidified (pH < 3) by
adding FA, and desalted using C18 spin columns (The Nest
Group, cat. no. SMM-SS18V), following manufacturer’s in-
structions, with the exception that two sequential elution
steps—with a solution (100 pl) containing acetonitrile 70%
(v/v) and FA 0.1% (v/v)—were performed. Finally, peptide
extracts were dried under vacuum and, immediately before
LC-MS/MS analyses, dissolved in a solution (100 pl) contain-
ing acetonitrile 5% (v/v) and FA 0.1% (v/v) to obtain a final
concentration of 0.5 g x ul™' of protein digest.

Analysis was performed using a Prominence HPLC system
(Shimadzu) interfaced to an API 4000 triple quadrupole mass
spectrometer (AB Sciex), operating in SRM mode with a sched-
uled method. The mass spectrometer source parameters were as
follows: 5000 V as ion spray voltage; 500 °C as source temper-
ature; 15 psi for curtain gas; 35 psi for both Gs1 and Gs2.
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The liquid chromatographic separation was achieved using
a Brownlee SPP peptide ES-C18 column (100 x 2.1 mm,
2.7 um; Perkin Elmer, cat. no. N9308453), injecting 10 pl
of sample for each analysis. Peptide separation was carried
out (at a flow rate of 0.3 ml/min) using water (a) and acetoni-
trile (b) [both containing FA 0.1% (v/v)] as elution solvents in
the following composition (expressed as a:b ratio): 95:5 for
1 min; from 95:5 to 65:35 in 14 min (following a linear gra-
dient); from 65:35 to 45:55 in 2.5 min; from 45:55 to 5:95 in
1 min; kept unchanged for 2 min; and finally set to 97.5:2.5
from 21 to 25 min to re-equilibrate the system.

The scheduled SRM method was set by recording the re-
tention time of two peptides for each selected protein and for
glyceraldehyde 3-phosphate dehydrogenase—chosen as
housekeeping protein—in a representative CGN sample, and
by selecting five diagnostic precursor-to-product ion transi-
tions for each target peptide under the above-reported liquid
chromatography conditions. The selected ion transitions, to-
gether with the retention time and the instrumental settings
used in the acquisition method, are reported in
Supplementary Table S1.

The Skyline software [36] was used to assess the relative
abundance of each peptide, by calculating the area under the
curve of the corresponding chromatographic peak. Obtained
values were then normalized to the sum of the values of the
two glyceraldehyde 3-phosphate dehydrogenase peptides. To
compare the abundance of each protein between PrP-Tg and
PrP-KO neurons, all area-under-the-curve values were nor-
malized to the mean value of PrP-Tg samples. The above-
described SRM workflow is schematically summarized in
Supplementary Fig. S2.

Western Blot Analysis and Antibodies

To carry out Western blot analysis, 10 pg of total proteins
diluted in reducing sample buffer was firstly subjected to
SDS-PAGE—using Mini-Protean TGX precast gels (4—15%;
Bio-Rad Laboratories)—and then electrophoretically trans-
ferred (1 h, 350 mA) onto polyvinylidene difluoride mem-
branes (0.22 um pore size; Bio-Rad Laboratories). After stain-
ing with Coomassie brilliant blue (Sigma) to ensure equal
protein loading and transfer, and destaining with methanol,
membranes were incubated (1 h, RT) in a blocking solution
[5% (w/v) non-fat dry milk (Bio-Rad Laboratories) in PBS
added with 0.1% (w/v) Tween-20 (PBS-T)], and then probed
(overnight, 4 °C) with the desired primary antibody diluted in
the blocking solution. After three washings with PBS-T, mem-
branes were treated (1 h, RT) with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG (Santa Cruz
Biotechnology, cat. no. sc-2005 and sc-2004, respectively)
diluted (1:3000) in the blocking solution. Immunoreactive
bands were visualized and digitalized by means of an
UVlItec imaging system (Eppendorf), using an enhanced
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chemiluminescence reagent kit (EMD Millipore). For densi-
tometric analyses, the intensity of each immunoreactive band
was normalized to the optical density of the corresponding
Coomassie blue-stained lane [37].

The following primary monoclonal antibodies were used
(dilutions are in parentheses): mouse anti-Rab3a (1:10,000;
Synaptic Systems, cat. no. 107111); rabbit anti-Rab7a
(1:1000; Cell Signaling Technology, cat. no. 9367); rabbit
anti-Rab11b (1:1000; Cell Signaling Technology, cat no.
5589); mouse anti-VAMP2 (1:5000; Synaptic Systems, cat.
no. 104211); mouse anti-Sytl (1:1000; Synaptic Systems, cat.
no. 105011); mouse anti-phosphorylated (on Ser133) Crebl
(1:1000; Cell Signaling Technology, cat. no. 9196s); rabbit
anti-Creb1 (1:1000; Cell Signaling Technology, cat. no. 9197s).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was purified after CGN lysis in 500 pl of TRIzol
Reagent (Thermo Fisher Scientific, cat. no. 11596026), using
the standard phenol—chloroform extraction and isopropanol
precipitation. First-strand cDNA was synthesized starting from
1 ng of total RNA in a total volume of 20 pl, using oligo-dT as
primers and SuperScript I reverse transcriptase (Thermo Fisher
Scientific, cat. no. 18064014), following manufacturer’s in-
structions. EvaGreen technology was applied for all assays
using the ABI 7500 Standard qRT-PCR System (Thermo
Fisher Scientific). Reactions were performed in a final volume
of 20 ul, including 4 pl of HOT FIRE Pol EvaGreen qPCR
Mix Plus (Solis BioDyne), 0.4 pl of reverse primer (10 uM),
0.4 ul of forward primer (10 uM), 1 ul of the (20 ng/ul) cDNA
template, and 14.2 ul of water. Primer sequences for each gene
(Supplementary Table S2) were chosen using the Primer3Plus
software. After a 15-min denaturation step at 95 °C, the PCR
program was as follows: 95 °C, 15 s; 60 °C, 20 s; 72 °C, 20 s
(40 cycles). The reaction was terminated by a dissociation step
consisting in 95 °C, 15 s; 60 °C, 60 s; 95 °C, 15 s; and 60 °C,
15 s. mRNA levels were measured according to the AAC, meth-
od and using TATA-box binding protein as housekeeping gene.

Computational Biology

Gene ontology enrichment analysis was performed using the
web-based Gene SeT AnaLysis Toolkit (http://www.
webgestalt.org/option.php) [38], correcting for multiple tests
using the Benjamini—-Hochberg procedure to assess the false
discovery rate.

The oPOSSUM web-based system (v 3.0) [39] and the
Jaspar database [40] were used for identifying over-represent-
ed, conserved binding sites for transcription factors in the
promoter region of the target genes. The following parameters
were used: minimum specificity, 8 bits; conservation cut-off,
0.40; matrix score >80%; 5000 bp upstream and 5000 bp
downstream the transcription start site. The Z-scores,

calculated considering all genes in the oPOSSUM database
as background, were used to filter results. The chromatin im-
munoprecipitation atlas (http://chip-atlas.org), covering
almost all public chromatin immunoprecipitation-sequencing
data submitted to the Sequence Read Archives in NCBI,
DDBJ, or ENA databases, was used to further filter the
oPOSSUM-based results. In this second analysis round, only
chromatin immunoprecipitation-validated interactions be-
tween target genes and transcription factors were considered.

Statistical Analyses

All data are reported as mean =+ standard error of the mean
(SEM) or standard deviation (SD), as indicated in the figure
legends. Quantification of glutamate release, SV recycling as-
says, untargeted proteomic analysis, and qRT-PCR were per-
formed using three, while SRM and Western blot experiments
using six, distinct CGN cultures for each PrP genotype (biolog-
ical replicates), respectively. For SV recycling assays and qRT-
PCR analysis, two and three technical replicates were made for
each biological replicate, respectively. In these cases, the mean
value of the technical replicates for each biological replicate was
firstly calculated, and data were then reported as the mean of the
average biological replicate values. Statistics was based on two-
tailed Z test, Student’s ¢ test, or one-way ANOVA, depending on
the experiment, as indicated in the figure legends, with a p value
< 0.05 being always considered statistically significant.

Results

PrP€ Contributes to Ensure Efficient Synaptic
Transmission

To assess the potential contribution of PrP€ in synaptic signal-
ing, we firstly employed an MS-based approach to quantify
the release of glutamate by primary CGN isolated from co-
isogenic PrP“-expressing (PrP-Tg) and PrP-KO mice, ex-
posed to a depolarizing stimulus (high [K*]). Figure 1 reports
that PrP-KO CGN released a lower (around 40%) glutamate
amount than PrP-Tg neurons. Glutamate originated from pre-
synaptic activity, as in both CGN types its secretion was
completely abrogated by the exocytosis blocker botulinum
toxin D (BoNT/D, Fig. 1). Supplementary Fig. S3 validates
the toxin’s metalloprotease activity, in light of the reported
decreased amount of full-length VAMP2, one major compo-
nent of SV fusion machinery [41].

A further proof for PrP© ability to govern synaptic func-
tions was obtained by following the SV exo-endocytotic cycle.
This test was accomplished by depolarizing neurons (as
above) in the presence of an antibody recognizing a luminal
domain of the SV-transmembrane, Ca2+-binding protein syn-
aptotagmin 1 (Sytl) [33], which critically serves in the
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Fig. 1 PrPC regulates glutamate release from primary CGN under
depolarizing conditions. 96 h after plating, cerebellar granule neurons
(CGN) expressing (PrP-Tg, black bars), or not (PrP-KO, gray bars),
PrPC, were depolarized by incubation (5 min) in a medium containing
60 mM KClI (high [K*]), or maintained in a non-depolarizing medium
(cntr). As a negative control, CGN were pre-incubated (30 min) with
botulinum toxin (BoNT/D, 10 nM)—an inhibitor of the synaptic vesicle
(SV) recycling process—before the depolarizing step. Shown glutamate
concentrations, quantified by LC-MS in the CGN bathing medium at the
end of the depolarization step (as described in the “Materials and
Methods” section), and normalized to the total protein content of the
corresponding CGN lysate, clearly indicate an approximately 40% reduc-
tion of glutamate secretion by PrP-KO neurons. This result highlights a
positive regulation by PrP¢ on glutamate release. Little or no glutamate
amounts were detected in non-depolarized, and in BoNT/D-treated (see
also Supplementary Fig. S3), neurons. Data are mean + standard error of
the mean (SEM), n = 3 for each condition and PrP genotype; **p < 0.001,
Student’s ¢ test

synchronous-evoked SV exocytosis [42]. The target domain is
exposed to the extracellular space, and hence to the added
antibody, after the SV membrane merges into the plasma
membrane, and is subsequently internalized in the vesicle
recycling process. Notably, equal Sytl amounts were present
in both CGN types (Supplementary Fig. S4). Figure 2 shows
the Western blot of neurons, performed by labeling the cell-
sequestered antibody to Sytl with anti-mouse IgG (panel a,
lanes 9—14), and the corresponding densitometric quantifica-
tion (panel b), demonstrating that PrP-KO CGN accumulated
around 60% less Sytl than PrP-Tg neurons. Figure 2 also
shows that the presence of BoNT/D strongly reduced the in-
tensity of the immuno-signal of the antibody to Syt (panel a,
lanes 1-2)—confirming the functional dependence of Sytl
internalization from SV cycle—while lack of signals observed
in the absence of the anti-Sytl antibody (panel a, lanes 3-8)
excluded any cross-reactivity by the anti-mouse IgG. Taken
together, results of Figs. 1 and 2 demonstrate that the absence
of PrP¢ impaired glutamate release and SV recycling.

Proteomic Analysis by Untargeted MS

Next, to identify possible molecular mechanisms for the dys-
regulated glutamate secretion by PrP-KO CGN, we carried out
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an unbiased large-scale proteomic comparison of the two
CGN types. This choice also stemmed from our previous
findings showing changes in the membrane proteome of
PrP-KO CGN relative to wild-type neurons [43]. As schemat-
ically illustrated in Supplementary Fig. S1, protein expression
patterns were examined using isotopomeric dimethyl tags
with different mass to label peptides derived from trypsin-
digested PrP-Tg and PrP-KO CGN lysates [34], followed by
untargeted LC-MS/MS analysis of three different replicates.
Replicates were obtained by mixing together two differently
labeled peptide pools originating from PrP-Tg and PrP-KO
samples. The following number of identified peptides and
protein groups, respectively, was obtained (Fig. 3a): 3379
and 480 for replicate 1; 2797 and 458 for replicate 2; 3248
and 493 for replicate 3. To note that, out of the total 606
identified protein groups (indicated as multi-consensus re-
port), 369 were those in common to all replicates according
to the Venn diagram (Fig. 3b). Gene ontology analysis indi-
cated that MS-identified data in the three replicates were ho-
mogenous in terms of classes belonging to the three gene
ontology categories, i.c., “Cellular component,” “Molecular
function,” and “Biological process” (Supplementary Fig. S5).
This result also indicates that the biological variability intrin-
sic to primary cultures impacted in a minimal, if none, manner
on the reported experiments, highlighting the robustness of the
analysis.

To refine further the proteomic analysis, the 369 proteins
identified in both CGN types were statistically compared for
their abundance using a two-tailed Z test (with a p value < 0.05
being considered acceptable). Based on the difference in pro-
tein expression calculated as the mean ratio of PrP-KO over
PrP-Tg CGN values, Table 1 reports that, compared to PrP-Tg
neurons, 26 proteins of PrP-KO CGN were at least 1.3-fold
downregulated (i.e., the ratio being <0.77), while
Supplementary Table S3 shows that 22 were those at least
1.3-fold upregulated (i.e., the ratio being > 1.30).
Importantly, gene ontology analysis of the under-represented
proteins in PrP-KO CGN not only highlighted that
“Mitochondrion” (by 28%) and “Neuron” (by 22%) were
the categories to which these proteins most significantly
belonged but also revealed a strong correlation between the
above proteins and categories such as “Presynapse” (by 15%),
“Transport vesicle” (by 11%), “Secretory vesicle” (by 13%),
and “Synaptic/exocytic vesicle” (by 11%) (Fig. 3¢ and
Supplementary Table S4). This in silico approach thus indi-
cates a close correlation between the clear synaptic phenotype
observed in PrP-KO neurons and the downregulation of pro-
teins involved in (pre)synaptic physiology. In particular,
downregulated proteins comprised seven documented regula-
tors of vesicle trafficking and release, namely, four Ras-related
in brain [(Rab)la [44], Rab3a [45], Rab7a [46], Rabl1b [47]],
syntaxin-1B (Stx1b [48]), synaptogyrin 3 (Syngr3 [49]), and
the isoform 2 of «-synuclein [50]. Conversely, Supplementary
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Fig.2 PrPC regulates recycling of SVs in primary CGN. a The upper part
of the panel reports a representative Western blot of primary PrP-Tg and
PrP-KO CGN incubated (20 min) in a depolarizing medium (containing
60 mM KCl) that promotes exo-endocytosis of SVs. The endocytic pro-
cess was followed in the presence (lanes 9-14), or in the absence (lanes
3-8), of a mouse monoclonal antibody (Ab) to the luminal domain of the
SV membrane-located synaptotagmin 1 (Syt1). To quantify Syt1 internal-
ization, neurons were lysed, subjected to SDS-PAGE (under non-
reducing conditions), and finally processed by Western blot, using a
horseradish peroxidase-conjugated antibody recognizing mouse IgG
(i.e., the internalized anti-Sytl antibody). As a negative control, before
incubation with the anti-Sytl antibody, neurons were pre-treated with
BoNT/D (10 nM, 30 min, lanes 1-2). A sample of anti-Sytl antibody

Table S3 shows that the upregulated group contained no pro-
tein linked to these processes. In addition, although other pro-
teins participating in SV dynamics were successfully quanti-
fied (not shown), including the previously cited Sytl, there
was no significant difference in their amounts present in the
two CGN types. Taken together, these data argue that specific
proteins acting on the overall SV physiology are under the
control of PrPC.

Data Validation by Targeted MS and Quantitative (q)
RT-PCR

Because the involvement of Rabla, Rab3a, Rab7a, Rabl1b,
Stx1b, and Syngr3 in SV physiology (Table 1; Fig. 3c and
Supplementary Table S4) clearly fitted with the PrP-KO phe-
notypes emerged from the functional tests (Figs. 1 and 2),
these proteins were examined by a targeted SRM-based pro-
teomic strategy, using six CGN cultures for each PrP genotype
(Supplementary Fig. S2). Analysis included the downregulat-
ed cluster of those proteins referred to as “nerve ending signal
proteins” [51] [i.e., neuromodulin (Gap43), brain acid soluble
protein 1 (BASP1), and myristoylated alanine-rich C-kinase

anti-Sytl

anti-Syt1+BoNT/D

(10 ng) was also loaded in the gel as positive control (Ab input, lane 15).
Coomassie blue staining of membranes (shown in the lower part of the
panel) was performed to verify equal protein loading and blotting effi-
ciency. b The bar diagram reports the densitometric analysis of immuno-
reactive bands in PrP-Tg (black) and PrP-KO (gray) samples under the
different conditions, normalized to the optical density of the correspond-
ing Coomassie blue-stained lane. Quantification of the internalized anti-
Sytl antibody in CGN with the two genotypes clearly shows that the
absence of PrP® hampered SV internalization (around 60% reduction),
while the anti-Sytl signal in BoNT/D-treated neurons approximates the
background signal detected in vehicle-treated controls. Data are mean +
SEM, n =3 for each condition and PrP genotype; **p < 0.01, Student’s ¢
test. For other details, see the legend to Fig. 1

substrate (MARCKS)-related protein (Marcksll); Table 1],
whose altered expression has been already reported in some
PrP-KO cell lines [52], and aspartate aminotransferase 1
(Gotl) that, together with Syngr3, Table 1 indicates as the
most under-represented protein evidenced by untargeted MS.
The SRM methodology quantifies target proteins with high
efficiency and reproducibility [53] through the quantifica-
tion of at least two in silico selected proteotypic peptides
for each protein [54] (Supplementary Table S1 and Fig.
S6). Figure 4 confirms the reduced quantity of Gap43,
BASP1, Marcksll, and Gotl in PrP-KO CGN also on
the basis of the SRM analysis. Most importantly, however,
SRM data of Fig. 4 demonstrate that the absence of PrP®
also lowers the abundance of Rab3a, Stxlb, and Syngr3,
on the one hand, and Rabla, Rab7a, and Rabllb, on the
other hand, recognizing the functional link of PrP€ to the
presynaptic release apparatus [45, 48, 49] and vesicle
transport [44, 46, 47], respectively. Notably, the Western
blot analysis of Supplementary Fig. S7 further supports
the contention that PrP¢ absence downregulated Rab3a,
Rab7a, and Rabllb in PrP-KO CGN compared to PrP-
Tg counterparts.
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Fig. 3 Protein identification by untargeted MS analysis. An untargeted
MS-based approach was used to obtain the quantitative proteome profil-
ing of PrP-Tg and PrP-KO CGN. a The bar diagram reports the number of
peptides and protein groups belonging to each replicate (1-3), or all of
them together (multi-consensus report), as resulting from analysis of
untargeted MS data (for details on the procedure, see also
Supplementary Fig. S1). b The Venn diagram reports the number of
protein groups identified in each replicate, and whether they are unshared
(yellow, 1; orange, 2; pale blue, 3), or in common either between two

qRT-PCR was then applied to understand whether such a
PrP“-dependent regulation of the abundance of SV proteins
originated from transcriptional control. Figure 5 reports that,
similar to proteomic data, mRNAs of all the corresponding
genes were significantly lower (by 25-55%) in PrP-KO CGN
than in PrP-Tg neurons. Instead, no difference in Sytl tran-
scripts was detected in the two CGN types, endorsing previous
MS (data not shown) and Western blot (Supplementary Fig.
S4) analyses. These results indicate that the reduced protein
expression observed in the absence of PrP¢ arose from tran-
scriptional (and/or RNA processing) alterations, rather than
from defects in protein synthesis and/or turnover.

Finally, we searched for over-represented binding sites for
transcription factors in the promoter region of the altered
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Mitochondrion
28%
FDR <2.6x10°5
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15%
FDR <3.6x10°°

Synaptic/exocytic vesicle
11%
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replicates (green, 1 and 3; violet, 2 and 3; red, 1 and 2) or among all
replicates (gray). ¢ The pie chart reports the gene ontology refinement
analysis of under-represented proteins in PrP-KO CGN. All related cate-
gories of gene ontology, identified by the Gene SeT AnaLysis Toolkit, are
reported in Supplementary Table S4. Geneset hits—with a false discovery
rate (FDR) <0.001—were clustered into the six displayed functional
groups, and reported as percentage of the total overlapping gene hits in
such clustered categories using the lowest FDR value

genes to understand whether all these genes were controlled
by common transcription factors. To this end, we performed a
computational approach based on sequence analysis and in-
teractome (chromatin immunoprecipitation-based) databases.
As reported in Supplementary Fig. S8 and Table S5, this in
silico study identified Creb1, Nr3cl, and Spl as the statisti-
cally most enriched transcription factors for the target genes.
In particular, Crebl was found to transcriptionally regulate
five out of the six downregulated target genes, with the highest
Z-score among all considered factors (Supplementary Table
S5 and Fig. S9). These results, and the notion that Crebl1 is a
possible downstream target of PrP“-dependent signaling path-
ways [55], fostered further investigations aimed at verifying
the phosphorylated (active) state of Crebl, under basal (non-
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Table 1  Downregulated proteins in primary PrP-KO CGN
Protein name Gene PrP-KO p value Gene ontology category:
name CGN/PrP-Tg biological process or

CGN mean molecular function

ratio = SD
Synaptogyrin-3 Syngr3 0.62 £0.14 1.04 x 10* Positive regulation of transporter activity
Aspartate aminotransferase, cytoplasmic Gotl 0.62 £0.26 328 x 102 Amino acid biosynthesis
Neuromodulin Gap43 0.66 £ 0.14 2.14 x 107* Differentiation, growth regulation, neurogenesis
Syntaxin-1B Stx1b 0.68 £0.12 6.00 x 10> Neurotransmitter transport, transport
Brain acid soluble protein 1 Baspl 0.68 +£0.14 3.82x 107 Negative regulation of transcription
MARCKS-related protein Marcksll  0.68 + 0.20 138 x 1072 Positive regulation of cell proliferation
Ras-related protein Rab-1A Rabla 0.68 £0.14 6.35 x 107 Autophagy, ER-Golgi transport, protein

transport, transport
Succinyl-CoA:3-ketoacid coenzyme A transferase 1,  Oxctl 0.69 £0.19 123 x 10% Transferase
mitochondrial

Prohibitin-2 Phb2 0.70 £ 0.16 7.89 x 107> Transcription, transcription regulation
Ras-related protein Rab-3A Rab3a 0.70 £ 0.12 1.90 x 10™* Exocytosis, protein transport, transport
Tubulin beta-4B chain Tubb4b  0.71 + 0.12 4.83 x 10* Microtubule-based process
Ras-related protein Rab-11B Rabllb  0.72 +£0.23 3.80 x 10 Protein transport, transport
Histone H2B type 1-F/J/L Hist1h2bf 0.72 + 0.11 5.66 x 107 DNA binding
ATP synthase subunit g, mitochondrial AtpSl 0.72 £ 0.15 273 x 107 ATP synthesis coupled proton transport
Acetyl-CoA acetyltransferase, mitochondrial Acatl 0.72 £ 0.08 1.56 x 1077 Metabolic process
Myristoylated alanine-rich C-kinase substrate Marcks  0.72 + 0.18 1.13 x 107 Actin-binding, calmodulin-binding
ATP synthase F(0) complex subunit B1, mitochondrial Atp5£l 0.73 £0.12 525 x 10* ATP synthesis coupled proton transport
Ras-related protein Rab-7a Rab7a 0.73 £0.32 2.30 x 102 Early endosome to late endosome transport
Synaptic vesicle membrane protein VAT-1 homolog ~ Vatl 0.74 £ 0.13 1.35 x 10 Negative regulation of mitochondrial fusion
Isoform 2 of Alpha-synuclein Snca 0.74 £0.14 5.95 x 10 Regulation of dopamine release and transport
Pyruvate kinase PKM Pkm 0.74 £ 0.20 4.11 x 102 Glycolytic process
ATP synthase subunit alpha, mitochondrial Atp5al 0.75 £ 0.08 7.82 x 1077 ATP synthesis coupled proton transport
60S ribosomal protein L18 Rpll8 0.75 £ 0.17 2.99 x 102 Translation
Malate dehydrogenase, mitochondrial Mdh2 0.75 £ 0.09 1.88 x 107> Tricarboxylic acid cycle
Stathmin Stmn1 0.76 £ 0.17 1.75 x 107 Regulation of microtubule polymerization
Stress-70 protein, mitochondrial Hspa9 0.76 £ 0.15 1.65 x 1072 Chaperone

Among the 369 proteins identified in both PrP genotypes, only proteins whose PrP-KO/PrP-Tg expression ratio was < 0.77 (p value < 0.05, two-tailed Z
test) are reported. Denomination of proteins and genes is reported in the first two columns, while the last column reports the UniProtKB-assigned

biological process or molecular function gene ontology category

stimulated) conditions, in the two CGN types. By reporting
the Western blot-based quantification of phosphorylated
Crebl, Fig. 6 shows that this transcription factor was signifi-
cantly less (by around 50%) active in PrP-KO CGN than in
PrP-Tg neurons. This finding further corroborates the possi-
bility that Creb] takes part in a PrP“-dependent transcriptional
control of the examined SV-connected proteins.

Discussion

In an effort to delineate the pathophysiology of PrP€ at syn-
apses, our work has combined functional tests with proteomic
and qRT-PCR approaches to examine primary PrP¢-express-
ing (PrP-Tg), and PrP-KO, CGN cultures. Compared to PrP-

Tg CGN, LC-MS/MS analysis identified multifactorial chang-
es in the PrP-KO proteome. This result suggests a complex
regulation brought about by PrP®, which however is consis-
tent with the rich interactome and the governance of multiple
signaling pathways that have been attributed to the protein
[11-15]. Among the several differentially expressed proteins
in PrP-KO CGN, we concentrated on the downregulated ones
serving in vesicular trafficking (i.e., Rabla, Rab7a, and
Rabl11b) and neurotransmitter release (i.e., Rab3a, Stx1b,
and Syngr3), which received validation by SRM and mRNA
analyses. The study demonstrated that the lower amount of
proteins, and of their gene transcripts, in PrP-KO CGN
stringently correlated with the robust diminution of SV cy-
cling, and with an equally poor glutamate release, observed
in these cells.
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Fig. 4 Selected reaction monitoring validates the PrPC—dependent
abundance of proteins involved in SV dynamics. Proteins involved in
SV dynamics that—by untargeted proteomic analysis—showed lower
abundance in PrP-KO CGN compared to PrP-Tg neurons (i.e.,
synaptogyrin 3 (Syngr3), syntaxin-1B (Stx1b), Rabla, Rab3a, Rab7a,
Rabl1b) were subjected to validation by selected reaction monitoring
(SRM). Marcksl1, BASP1, and Gap43 were similarly screened, owing
to the hypothesized metabolic link with PrPC, while Gotl was examined

These data may thus support that a key function of PrP€ in
neurons is to ensure highly efficient neurotransmitter secretion,
as also suggested by previous works that, through different
methodologies, highlighted the capacity of PrP® to potentiate
synaptic release and plasticity [24-30]. Relating to the accom-
plishment of this task at presynapses, our results agree with
studies on glutamatergic neuromuscular junctions of
Drosophila melanogaster (which harbors no mammalian PrP
ortholog) expressing transgenes for the murine wild-type PrP,
or the disease-related PrPY!°'" mutant. Indeed, comparison of
neuromuscular junction morphology and locomotor activity

|_|
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mRNA relative quantification

W PrP-Tg CGN
@ PrP-KO CGN

* * * *

because, together with Syngr3, it was indicated by large-scale proteomics
as the most downregulated protein in PrP-KO CGN. The bar diagram,
reporting the relative protein quantity in PrP-KO neurons (gray) with
respect to values found in the PrP-Tg counterpart (black), confirms that
PrP€ positively regulates the abundance of all the analyzed proteins. Data
are mean+ SEM; n=6 for each PrP genotype. *p <0.05; **p<0.01,
Student’s ¢ test. For other details, see Supplementary Figs. S2 and S6

[29, 56], or of the electrophysiological patterns [29], of the
two transgenic larvae, allowed concluding that PrP€ positively
regulated presynaptic activity by affecting the size and release
probability of SVs, as well as the number, or function, of active
zones. However, despite earlier proposals on PrP© capacity to
control gene expression (see below), to the best of our knowl-
edge for the first time our results hold that PrP¢ preserved
appropriate synaptic signaling through the modulation of genes
implicated in SV trafficking and exocytosis.

Considering the four identified Rab proteins, they belong
to the large Ras-like superfamily of small GTPases

%% * n.s.

B PrP-Tg CGN
l @ PrP-KO CGN

Syngr3  Stxlb Rabla

Fig. 5 qRT-PCR validates the transcriptional regulation by PrP¢ of
proteins involved in SV dynamics. RNA purified from CGN was retro-
transcribed, and obtained cDNA was subjected to qPCR using primer
pairs (Supplementary Table S2) specific for each target gene (i.e., ex-
pressing synaptogyrin 3 (Syngr3), syntaxin-1B (Stx1b), Rabla, Rab3a,
Rab7a, Rabl1b, Sytl), and the housekeeping gene (TATA-box binding
protein). The mRNA amount for each target gene in PrP-Tg (black bars)
or PrP-KO CGN (gray bars) was normalized to the mRNA amount of the
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Rab3a

Rab7a Rabl1lb Syt?

housekeeping gene in the corresponding sample, and reported after fur-
ther normalization to PrP-Tg values. qRT-PCR indicates that Syngr3,
Stx1b, Rabla, Rab3a, Rab7a, and Rab11b are transcriptionally downreg-
ulated in PrP-KO CGN compared to PrP-expressing neurons, while—
consistent with MS (not shown) and Western blot (Supplementary Fig.
S4) data—Sytl is equally expressed in both PrP genotypes. Data are
mean + SD; n=6 for each PrP genotype; *p <0.05; **p<0.01; n.s.,
non-significant, Student’s # test
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Fig. 6 PrPC controls Crebl activation in CGN under basal conditions.
Proteins (10 pg) from PrP-Tg or PrP-KO CGN were analyzed by Western
blot using a monoclonal antibody to phospho-Creb1 (Ser133, pCrebl) or
total Crebl. The upper panel shows a representative Western blot, while
the bar diagram in the lower panel shows the ratio between pCrebl and
Crebl band intensity, each of which was previously normalized to the
corresponding Coomassie-stained lane. Reported data (mean + SEM; n =

6 for each PrP genotype) were further normalized to the mean value of
PrP-Tg samples; *p < 0.05, Student’s ¢ test

performing fundamental tasks in vesicular dynamics, from
exocytosis and endocytosis, to autophagy [57]. Among them,
Rab3a is the one apparently associated only to SVs [58].
Rab3a, which forms a trimeric complex with core proteins
of the active zone deputed to docking and priming SVs for
exocytosis and to recruit voltage-gated Ca®* channels [45], is
also implicated in some forms of long-term potentiation [59]
and in the control of the active zone protein composition [60].
Instead, each of the other three Rab proteins regulates specific
steps of vesicle transport. Briefly, Rabla mediates membrane
trafficking between the endoplasmic reticulum and Golgi ap-
paratus—and lipid and protein transport thereof—although
other important functions are now emerging [44]. Normally
localized to late endosomes, Rab7a controls endosomal matu-
ration up to the fusion of late endosomes with lysosomes [46],
and endosomal recruitment into (fast) retrograde axonal trans-
port [61]. Finally, Rab11b is involved in the early endocytic
pathway and directs cycling vesicles to the plasma membrane
[47]. Conversely, Syngr3 and the plasma membrane SNARE
protein Stx1b belong to the SV fusion apparatus. Of the two,
transmembrane Syngr3 localizes exclusively to SVs, but its
role in the fusion mechanism is not yet fully clarified [49].
However, it has been recently reported that the Alzheimer’s
disease-associated hyperphosphorylated tau protein binds to
Syngr3 under pathological conditions, provoking defective
SV transport and release [62]. As to Stx1b, its prominent im-
plication in spontaneous and evoked vesicle exocytosis in fast
synaptic transmission is well recognized [63]. Mechanistically,

the protein associates with VAMP2 and SNAP-25 to form the
trans-SNARE complex that, with the essential intervention of
other partners (including the Ca®*-activated Syt1), mediates SV
fusion after voltage-gated Ca®* channels respond to an action
potential allowing Ca* inflow [64]. Of interest, downregula-
tion of Stx1b was already noticed in a previous large-scale
analysis of PrP-KO CGN membrane proteome compared to
the wild-type counterpart [43], while Rab7a was identified as
a PrP€ interactor in different neuronal lines [65].

In light of the above-sketched functions, one may conclude
that the compromised glutamate secretion by PrP-KO CGN
originates from defects in the presynaptic fusion apparatus,
and/or in SV recycling that would reduce the pool of releas-
able vesicles. It is worth underlining, however, that other pro-
teins controlling SV exo-endocytosis coupling, including crit-
ical participants in the diverse neuronal endocytic routes and
the multiple regulators and effectors of the Rab family activity
[66], could have escaped quantification by the employed MS-
based approach. Another issue to consider in the PrP¢-synap-
se relationship is whether a differential voltage-gated channel-
mediated Ca®* entry contributed to dysregulate glutamate se-
cretion in PrP-KO CGN, particularly in light of current evi-
dence supporting a contribution of PrP€ in the control of neu-
ronal Ca>* homeostasis [67, 68]. On this, our examination of
local Ca®* fluxes [32, 69] argues against the possibility that a
reduced voltage-gated channel-dependent Ca®* entry could
have affected SV release in the absence of PrPC, and/or the
previously proposed direct requirement of PrP< for Ca**-de-
pendent glutamatergic transmission in CGN [70].

Unsurprisingly, dysfunction of most of the here-considered
proteins has been connected to neurodegenerative processes.
For example, accumulation of PrPS¢ was related, among other
synaptic proteins, to a reduced presence of Stx1b and Rab3a
(the latter also showing abnormal metabolism) [71, 72]. PrPS°
accumulation was also linked to a disrupted membrane asso-
ciation [73], and cell localization [74], of Rab7, affecting ly-
sosomal degradation and retrograde axonal transport, respec-
tively. Likewise, a human disease-related PrP mutant pro-
voked the overexpression of an inhibitor of membrane-
associated Rab activity, which led to a diminished functional
amount of Rab11b [75]. On the other hand, while Rab7a mu-
tants have been linked to peripheral neuropathy [46], and
Stx1b mutants and polymorphisms to fever-associated epilep-
sy syndromes [76] and Parkinson’s disease [77], respectively,
it has also been reported that excessive Parkinson’s disease-
related «-synuclein deregulated Rabla, and, vice versa, that
increased Rabla activity opposed o-synuclein toxicity [44].

The here-disclosed genetic association of PrP to Rab fam-
ily members, and/or to the other proteins intimately involved
in the SV fusion machinery, may thus provide important in-
sight in the molecular connection between a compromised
PrP€ behavior and synaptic dysregulation. In this regard, it
is also good to remind that the binding to PrP© of prion-,
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Af-, or prefibrillar o-synuclein-oligomers results in the acti-
vation of common synapto-toxic pathways, comprising over-
activation of the Src-related kinase Fyn and of NMDA-
sensitive ionotropic glutamate receptor channels, and impair-
ment of Ca®* homeostasis and synaptic plasticity [4, 20, 21,
78-82]. The emerging picture is therefore consistent with the
possibility that signaling routes, which are normally coupled
to PrP€ [15, 83-86], become compromised as interaction with
the mentioned oligomeric species induces loss of PrP¢ normal
behavior, or acquisition of neurotoxic functions by PrPC.
Hence, were noxious oligomers also disrupting PrP® genetic
control over presynaptic physiology, new possibilities will be
offered for protective therapies targeting synaptic dysfunc-
tions, which are the established early pathogenic feature in
several neurodegenerative disorders [79, 87—-89].

The possibility that PrP< could regulate protein expression
has already been tackled by large-scale transcriptomic and pro-
teomic approaches, which, however, have provided contradic-
tory results. From the one hand, no difference was observed in
the proteome, or transcriptome, of wild-type and PrP-KO
mouse brains [52, 90, 91]. Instead, large-scale mRNA analysis
[92], and global [52, 93, 94], or membrane [43], proteome
profiling of primary cells and/or cell lines, highlighted the in-
volvement of PrP® in controlling the expression of proteins
governing various cellular events. Proteomic and qRT-PCR
data of the present report are thus in accordance with the latter
findings, having underscored that PrP€ intervenes in the ex-
pression of proteins involved in synaptic transmission.

Yet, a major unsolved question concerns the mechanism(s)
by which such a regulation is achieved. A step forward on this
issue may be provided by the here-employed bioinformatic
approach coupled to biochemical analysis, which proposes
that PrP© operates on gene transcription via (at least) Crebl-
mediated control. Remarkably, Crebl, which is activated by
several signaling cues, including cAMP, Ca2+, and different
phosphorylation-based cascades [95], has been repeatedly im-
plicated in synaptic physiology [96]. Likewise, a recurrent
notion in PrP® biology conceives that, as a component of cell
surface multi-receptor platforms, PrP¢ affects downstream
signaling events [11] that may eventually culminate in the
regulation of gene transcription [55]. On this, pertinent exam-
ples are the regulation by PrP© of Ca®* homeostasis [67, 68]
and various signaling pathways, including those involving
Fyn, cAMP-dependent protein kinase A, and the Akt-PI3-,
Erk1/2-, or p38-dependent axes [11]. Importantly, artificial
(antibody-mediated) stimulation of PrP€ leads to Crebl acti-
vation through Fyn and/or PI3K cascades in immortalized
neuronal cell lines [55].

Taken together, our and past findings suggest a possible
involvement of PrP in the expression of pre-synaptic proteins
involved in SV physiology via Creb1 regulation. Undoubtedly,
however, in light of the panoply of signaling pathways con-
verging on Crebl, and the similarly large spectrum of routes
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putatively controlled by PrP€, deeper investigations are re-
quired to fully elucidate the intermediate(s) between (cell sur-
face) PrP€ and activation of (nuclear) Crebl in neurons.
Finally, because this work centered on PrP-KO paradigms,
one may ask the question of how the profoundly compromised
glutamate secretion observed in PrP“-deprived CGN can be
compatible with the lack of gross cognitive and behavioral
phenotypes in PrP-KO animals [9, 10]. A plausible answer
could refer to the reported capacity of PrP¢ to act post-
synaptically in defending neurons from Ca®*-overload
excitotoxicity. Indeed, PrP¢ depresses the activity of
NMDA-, AMPA—, and kainate—glutamate receptor subtypes
[85, 86], which might also explain why PrP“-expressing ani-
mals are more protected than PrP-KO counterparts from
depressive-like syndrome, ischemia, and kainate-induced sei-
zures involving ionotropic glutamate receptor channels
[97—101]. In this scenario, the increased postsynaptic Ca>* in-
flux mediated by these channels in the absence of PrP¢ could
preserve synaptic signaling by compensating for the reduced
glutamate secretion by PrP-KO CGN presynapses. However,
such a counterbalance may no longer hold upon aging, and/or
stress, whereby those behavioral and cognitive alterations de-
scribed in PrP-KO animals under these conditions [30,
102—104] could follow impairment of synaptic transmission
either at the pre- or post-synaptic level, or both. This same
notion may also be valid under neurodegenerative conditions,
in which the threat by neurotoxic species adds to the above
hypothesized diversion of PrP® from its physiologic function.
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