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Abstract: Prion diseases arise from the conformational conversion of the cellular prion protein (PrPC)
into a self-replicating prion isoform (PrPSc). Although this process has been studied mostly in
neurons, a growing body of evidence suggests that astrocytes express PrPC and are able to replicate
and accumulate PrPSc. Currently, prion diseases remain incurable, while downregulation of PrPC

represents the most promising therapy due to the reduction of the substrate for prion conversion.
Here we show that the astrocyte-specific genetic ablation or pharmacological inhibition of the calcium-
activated phosphatase calcineurin (CaN) reduces PrPC expression in astrocytes. Immunocytochemical
analysis of cultured CaN-KO astrocytes and isolation of synaptosomal compartments from the
hippocampi of astrocyte-specific CaN-KO (ACN-KO) mice suggest that PrPC is downregulated both
in vitro and in vivo. The downregulation occurs without affecting the glycosylation of PrPC and
without alteration of its proteasomal or lysosomal degradation. Direct assessment of the protein
synthesis rate and shotgun mass spectrometry proteomics analysis suggest that the reduction of PrPC

is related to the impairment of global protein synthesis in CaN-KO astrocytes. When WT-PrP and PrP-
D177N, a mouse homologue of a human mutation associated with the inherited prion disease fatal
familial insomnia, were expressed in astrocytes, CaN-KO astrocytes showed an aberrant localization
of both WT-PrP and PrP-D177N variants with predominant localization to the Golgi apparatus,
suggesting that ablation of CaN affects both WT and mutant PrP proteins. These results provide
new mechanistic details in relation to the regulation of PrP expression in astrocytes, suggesting the
therapeutic potential of astroglial cells.

Keywords: astrocytes; calcineurin; FK506; prion protein; protein synthesis; calcium; neuroinflammation

1. Introduction

Prion diseases are a group of neurodegenerative diseases affecting humans and ani-
mals characterized by the accumulation of a misfolded isoform of the cellular prion protein
(PrPc), commonly referred to as PrPSc, in the brain [1]. Human prion diseases include (I)
iatrogenic forms, e.g., Kuru, iatrogenic Creutzfeldt–Jakob disease (iCJD) and variant CJD;
(II) sporadic forms, e.g., sporadic CJD and fatal insomnia (sFI); and (III) familial forms car-
rying point or insertional mutations in the PRNP gene encoding PrPC, such as genetic CJD,
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fatal familial insomnia (FFI) and Gerstmann–Straussler–Scheinker (GSS) syndrome [2,3].
Prion diseases have a long incubation period before clinical manifestation. Patients develop
heterogeneous symptoms, such as dementia, ataxia, myoclonus and other motor and neu-
ropsychiatric manifestations, that lead to a fatal outcome. Spongiform vacuolation of the
grey matter, neuronal loss and chronic inflammation, with astrogliosis and microgliosis,
are the main neuropathological hallmarks of prion diseases [4].

In prion research, many different mouse and cellular models have been described to
understand the pathological mechanism and to define a possible therapeutic strategy [5–7],
with the main efforts focused on neurons. However, a growing body of evidence suggests
that astroglial cells can contribute to the pathogenesis of prion diseases [8,9].

Astrocytes are the principal homeostatic cells of the central nervous system (CNS).
They are responsible for structural, functional and metabolic support to neurons and other
cells in the CNS [10–12]. In prion diseases, astrocytes become reactive, losing their ability
to control the CNS environment [6,13]. Reactive gliosis is an early pathological marker
of neuropathology, which develops in concomitance with prion deposition and leads to
neuronal dysfunction [13]. It has been reported that the expression of PrPC in astrocytes
contributes to their differentiation and is necessary for correct neuronal function [14–16].

Calcium (Ca2+) signals are essential for cell life, and, if not properly controlled, aber-
rant Ca2+ signals may result in cell malfunction or even cell death [17,18]. To induce specific
downstream signaling events, Ca2+ signals are decoded by specialized Ca2+-binding pro-
teins, the most important of which is, perhaps, the Ca2+/calmodulin-activated phosphatase
calcineurin (CaN). Structurally, CaN is a heterodimer, composed of a catalytic CaNA
subunit and an obligatory regulatory CaNB subunit. Binding of Ca2+ ions to CaNB and
concomitant interaction of the Ca2+/calmodulin complex with CaNA lead to displacement
of the autoinhibitory domain, enabling the interaction of CaN with its substrates. In the
brain, CaN is expressed at high levels in neurons, in which it plays a fundamental role
during neuronal plasticity [17]. However, CaN expressed in astroglial cells receives con-
tinuously increasing attention due to its key role in processes of neuroinflammation and
reactive astrogliosis, which are characteristics of virtually all chronic neuropathological
conditions. CaN acts through both direct protein dephosphorylation and activation of
gene transcription, e.g., through the direct activation of transcription factors of activated
T-cells (NFAT) [10,19,20]. Over-activation of CaN plays a pivotal role in reactive gliosis
and neuroinflammation in Alzheimer’s disease (AD) [10,11,20–24]. A preclinical alteration
of CaN has been reported in the TgPG14 mouse model of inherited prion disease [25,26],
and treatment of prion-infected mice with the CaN inhibitor FK506 delays disease onset
and promotes PrP degradation [27–29]. Moreover, PrP expression level influences the
incubation period and disease duration in both prion-infected and mutant PrP mice [30–34].
Recently, a physiological role for CaN in astrocytes has been proposed, correlated with the
control of neuronal excitability and astrocytic protein synthesis [35–37].

A growing body of evidence suggests that reduction of PrPC expression represents a
promising strategy to mitigate the conversion of PrPC into PrPSc [38–43]. Here we show
that genetic or pharmacological ablation of CaN in astrocytes reduces PrPC expression
at a post-transcriptional level. This regulation occurs at the level of ribosomal protein
synthesis and localization of PrPC at the plasma membrane and does not involve PrPC

degradation. Altogether, our data suggest that astroglial CaN may represent a novel target
for manipulation with PrPC expression and mitigation of prion diseases.

2. Materials and Methods
2.1. Astrocyte-Specific CaN-KO Mice (ACN-KO)

The generation and handling of a mouse line with conditional CaN knockout (KO) in
GFAP-expressing astrocytes has been described previously [36]. The mice were housed in
the animal facility of the Università del Piemonte Orientale, with unlimited access to water
and food. Animals were managed in accordance with European directive 2010/63/UE and
with Italian law D.l. 26/2014. The procedures were approved by the local animal-health
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and ethical committee (Università del Piemonte Orientale) and were authorized by the
national authority (Istituto Superiore di Sanità; authorization numbers N. 214-2019 and
N. 1136-2020). All efforts were made to reduce the number of animals by following the
3Rs rule.

2.2. Primary Hippocampal Astrocytic and Neuronal Cultures

Primary astroglial cultures were obtained by extracting hippocampi from either control
(ACN-Ctr) or ACN-KO mouse pups at postnatal day 1–5 (P1–P5). Hippocampi were
dissected in cold HBSS from the pups’ brains and dissociated by incubation with trypsin
(0.5 mg/mL, 37 ◦C, 20 min) followed by gentle trituration and resuspension in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma, St Louis, MO, USA, Cat. D5671)—high glucose,
supplemented with 10% foetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Milan,
Italy, Cat. 10270-106), 2 mg/mL glutamine (Sigma, MERK Life Sciences srl, Milan, Italy, Cat.
G7513), 10 U/mL penicillin and 100 mg/mL streptomycin (Sigma, MERK Life Sciences
srl, Milan, Italy, Cat. P0781). Each pup was processed separately and samples were
plated on 6-well plates pre-treated with 0.1 mg/mL poly-L-lysine (PLL, Sigma, MERK Life
Sciences srl, Milan, Italy, Cat. P2636). At sub-confluence (5–10 days in vitro), cells were
detached with trypsin and pleated for experiments. Neuron cultures were prepared as
described [35,36,44].

2.3. Pharmacological Treatments

At passage 2 (P2), astroglial primary cells were plated at 60% of confluence in PLL-
coated 6-well plates. Treatment was started 24 h later using 200 nM FK506 (TOCRIS,
biotecne, Minneapolis, MN, USA, Cat. 3631). Cells were lysed after 1 week of treatment.
To inhibit proteasome activity, 3 h before lysis, cells were treated with 1 µM (R)-MG132
(TOCRIS, biotecne, Minneapolis, MN, USA, Cat. 6033). To inhibit lysosome activity, 1 h
before lysis, cells were treated with 20 µM chloroquine (Sigma, MERK Life Sciences srl,
Milan, Italy, C6628-25G).

2.4. Assessment of Protein Synthesis

The global protein synthesis rate was assessed using the surface sensing of translation
(SUnSET) method published previously [35,45]. Briefly, primary astroglial cells were
incubated with 4 µM puromycin dihydrochloride (Sigma, MERK Life Sciences srl, Milan,
Italy, Cat. P8833) in complete DMEM at 37 ◦C with 5% CO2 for 3 h [45]. Subsequently, cell
lysates were fixed for immune fluorescence (IF) analysis with an anti-puromycin antibody.

2.5. Immunofluorescence

Primary Ctr and CaN-KO astrocytes, grown on 13 mm glass coverslips, were treated
as previously explained. IF was performed as follows.

Puromycin IF. Cells were fixed in 4% paraformaldehyde and 4% sucrose, permeabi-
lized (7 min in 0.1% Triton X-100 in phosphate-buffered saline (PBS)), blocked in 0.1%
gelatine and immunoprobed with an appropriate primary antibody overnight at 4 ◦C. After
three washes in PBS, an Alexa-conjugated secondary antibody (1:200) was applied for
1 h at RT. The following primary antibodies were used: anti-puromycin [35]. Secondary
antibodies were as follows: Alexa Fluor 488 anti-mouse IgG. Nuclei were counter-stained
with 4′,6-diamidino-2-phenylindole (DAPI).

PrP IF. Astrocytes were fixed in 4% paraformaldehyde for 7 min at room temperature
and incubated in blocking solution (0.05% saponin, 0.5% bovine serum albumin (BSA), 10%
FBS and 50 mM NH4Cl in PBS) for 30 min at room temperature (RT). The cells were then
incubated with the anti-PrP antibody 12B2 (kindly provided by Dr. J.P. Langeveld, Central
Veterinary Institute of Wageningen University, Lelystad, The Netherlands, to Dr. Roberto
Chiesa) and diluted 1:400 in blocking solution overnight at 4 ◦C. After three washes in PBS,
cells were incubated with a biotinylated anti-IgG secondary antibody (Vector; 1:200) for 1 h
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at RT, then reacted with Alexa Fluor 488-conjugated streptavidin (Thermo Fisher Scientific,
Milan, Italy; 1:500) for 30 min at RT.

ER and Golgi markers IF. After fixation and blocking, cells were incubated with the
primary antibodies diluted in blocking solution for 2–3 h at RT, then washed three times
in PBS and incubated with a fluorescent conjugated anti-IgG secondary antibody for 1 h
at RT. The following antibodies were used: mouse monoclonal anti-GM130 and rabbit
polyclonal anti-BAP31. Secondary antibodies were conjugated with Alexa-594 or Alexa-647
fluorophores (Thermo Fisher Scientific, Milan, Italy; 1:500). Primary antibodies were listed
in Table 1.

Table 1. Primary antibodies used for IF analysis.

Antibodies Dilution House Cat.

Anti-puromycin 1:200 Millipore MABE343
12B2 1:400 Central Veterinary Institute /

Anti-GM130 1:500 Transduction Laboratories 610823
Anti-BAP31 1:200 Proteintech 11200-1-AP

2.6. Quantitative Fluorescence Image Analysis

Images were acquired using a FV-1000 Olympus laser confocal scanning system
(Olympus, Tokyo, Japan) and Leica Thunder imager 3D live cell and Leica SP8 LIGHTNING
Confocal Microscope imaging systems (Leica Microsystems srl, Milan, Italy). Images were
acquired under non-saturating conditions (pixel fluorescence below 255 arbitrary units)
and analyzed with Fiji ImageJ v.1.52p software. To determine the amount of total PrP,
the PrP fluorescence density was measured for the entire cell area excluding the nucleus
as a corrected total cell fluorescence (CTCFcell) = integrated density—(area of selected
cell ×mean background fluorescence) [35]. To determine the level of PrP on the plasma
membrane, the CTCF of PrP on the plasma membrane was selected (CTCFpm) and a
CTCFpm/CTCFcell ratio was calculated. To determine the amount of PrP in the Golgi
apparatus, the CTCF of the PrP fluorescence was measured for the Golgi area of the cell
identified by GM130 immunostaining (CTCFgolgi) and for the entire area of that cell
excluding the Golgi (CTCFcyt) and the CTCFgolgi/CTCFcyt ratio was calculated. Data are
expressed as fold changes relative to control.

2.7. Cell Transfection

WT and CaN-KO astrocytes were plated onto 13 mm glass coverslips in 24-well plates
(3× 104 cells/well). Then, 24 h after plating, cells were transfected with plasmids, eGFP PrP
or eGFP FFI, in a 1:1 ratio using Lipofectamine 2000 (Thermo Fisher Scientific, Milan, Italy)
in Optimem (11058-021; Gibco, Thermo Fisher Scientific, Milan, Italy). The transfection
medium complete DMEM was replaced after 12 h, and 48 h after transfection, the cells
were washed with PBS and fixed in 4% formaldehyde (Sigma, Milan, Italy). Constructs:
the PrP-EGFP constructs eGFP PrP and eGFP FFI, expressing, respectively, mouse PrP
(WT-PrP) and mouse D177N/M128 mutant PrP (FFI-PrP), were generated by inserting a
monomerized version of EGFP containing a GS linker (GGGGS, repeated four times) at its
3′ end, after codon 34 of 3F4-tagged mouse PrP [46].

2.8. Western Blotting

Astroglial cultures were lysed with 100 µL of lysis buffer (50 mM Tris-HCl (pH 7.4),
sodium dodecyl sulphate (SDS) 0.5%, 5 mM EDTA), 10 µL of protease inhibitor cocktail
(PIC, Millipore, MERK Life Sciences srl, Milan, Italy, Cat. 539133) and phosphatase inhibitor
cocktail (Thermo Fisher Scientific, Milan, Italy, Cat. 78428) and collected in a 1.5 mL tube.
Lysates were boiled at 96 ◦C for 5 min and then quantified with a QuantiPro BCA Assay
Kit (Sigma, MERK Life Sciences srl, Milan, Italy, Cat. SLBF3463). Then, 40 µg of proteins
were mixed with the right amount of Laemmli Sample Buffer 4X (Bio-Rad, Hercules, CA,
USA) and boiled. Samples were loaded on a 12% polyacrylamide–sodium dodecyl sulphate
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gel for SDS-PAGE. Proteins were transferred onto nitrocellulose membrane using Mini
Transfer Packs or Midi Transfer Packs with Trans-Blot® Turbo TM (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). The
membranes were blocked in 5% skim milk (Sigma, MERK Life Sciences srl, Milan, Italy,
Cat. 70166) for 45′ at room temperature. Subsequently, membranes were incubated with
indicated primary antibody overnight at 4 ◦C. The primary antibodies used were anti-
mouse monoclonal antibodies 12B2, 94B4; anti-β-Actin was used to normalize protein
loading (listed in Table 2). Goat anti-mouse IgG (H + L) horseradish peroxidase-conjugated
secondary antibody (1:5000; Cat. 170-6516, Bio-Rad, Hercules, California, USA) and Goat
anti-mouse IgG (H + L) horseradish peroxidase-conjugated secondary antibody (1:5000;
Cat. 170-6515, Bio-Rad) were used. Detection was carried out with SuperSignalTM West
Pico/femto PLUS Chemiluminescent Substrate (Thermo Scientific, Milan, Italy), based on
the chemiluminescence of luminol and developed using the ChemiDocTM Imaging System
(Bio-Rad, Hercules, CA, USA).

Table 2. Primary antibodies used for WB analysis.

Antibodies Dilution House Cat.

94B4 1:1000 Wageningen University & Research mAbPrP94B4
12B2 1:500 Central Veterinary Institute /

Anti-β-Actin 1:800 Sigma A1978

2.9. Preparation of Synaptosomes and Astrocyte Sub-Cellular Fractionation

Synaptosomal fractions were isolated by differential centrifugation using the standard
protocol [47]. Briefly, mice were sacrificed followed by decapitation. The brains were
rapidly removed and placed into ice-cold homogenization buffer containing 50 mM MOPS,
pH 7.4, 320 mM sucrose, 0.2 mM DTT, 100 mM KCl, 0.5 mM MgCl2, 0.01 mM EDTA, 1 mM
EGTA, protease inhibitor cocktails (PIC, Millipore, Cat. 539133) and phosphatase inhibitor
cocktails (Thermo Fisher Scientific, Milan, Italy, Cat. 78428). All subsequent steps were
performed at 4 ◦C. The hippocampi were microdissected and homogenized in 1:10 w/v
homogenization buffer with 12 strokes in a Teflon glass Douncer. The homogenates were
centrifuged for 10 min at 800× g followed by centrifugation of the supernatant at 9200× g
for 15 min. The resulting p pellet, representing the crude synaptosomal fraction, was
solubilized in lysis buffer [37].

Astrocyte primary cultures were subjected to the corresponding fractionation to obtain
subcellular PrPC distribution, starting from an 80% confluent 100 mm dish of P2 astrocytes,
Crt and CaN KO. Cells were lysated in homogenization buffer with 12 strokes in a Teflon
glass Douncer. The total lysates (t) were centrifuged for 10 min at 800× g, obtaining the
post-nuclear supernatant fraction, called s1. The s1 fraction was centrifugated at 9200× g
for 15 min, obtaining s2, the soluble fraction, and p, the membrane fraction. The resulting p
pellet was solubilized in lysis buffer [35,37,48].

2.10. Deglycosylation Assay

PrPC was de-glycosylated by incubating cell lysates with PNGase F (Sigma, MERK
Life Sciences srl, Milan, Italy, Cat. P7367) according to the manufacturer’s instructions.
Samples, treated and not treated with PNGase F, were analysed by western blotting.

2.11. Total RNA Extraction and Real-Time PCR

Total mRNA was extracted from 1.0× 106 cells using TRIzol Lysis Reagent (Invitrogen,
Thermo Fisher Scientific, Milan, Italy, Cat. 15596026) according to the manufacturer’s
instruction. The first strand of cDNA was synthesized from 0.5–1 µg of total RNA using
Im-Prom-II system (Promega, Madison, WI, USA, Cat. A3800). Real-Time PCR was
performed using iTaq qPCR master mix, according to the manufacturer’s instructions (Bio-
Rad, Hercules, CA, USA, Cat. 1725124), in a SFX96 real-time system (Bio-Rad, Hercules, CA,
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USA). To normalize raw real-time PCR data, an S18 ribosomal subunit was used. Primers
used were listed in Table 3. Data are expressed as delta-C (t) of the gene of interest to S18,
allowing appreciation of single gene expression levels.

Table 3. Oligonucleotide primers used for real-time PCR.

Protein Gene Forward/Reverse Accession No.

S18 Rps18 TGCGAGTACTCAACACCAACA
CTGCTTTCCTCAACACCACA NM_011296

PrP Prnp GAACCATTTCAACCGAGCTGA
TAGTCACAAAGAGGGCCAGC NM_011170.3

2.12. Proteomic Analysis

Ctr and CaN-KO astrocytes cells were collected, washed and digested with trypsin.
Then, 100 µg of protein in 25 µL of 100 mM NH4HCO3 was reduced with 2.5 µL of 200 mM
DTT (Sigma, MERK Life Sciences srl, Milan, Italy) at 90 ◦C for 20 min and alkylated with
10 µL 200 mM iodoacetamide (Sigma, MERK Life Sciences srl, Milan, Italy, Cat. I5161) for
1 h at RT protected from light. Any excess of iodoacetamide was removed by the addition
of 200 mM DTT. The samples were then digested with 5 µg of trypsin (Promega, Madison,
WI, USA, Sequence Grade). After an overnight (ON) incubation at 37 ◦C, 2 µL of neat
formic acid was added to stop trypsin activity and the digested samples were dried by
speed vacuum [49]. The peptide digests were desalted on a Discovery® DSC-18 solid phase
extraction (SPE) 96-well plate (25 mg/well) (Sigma-Aldrich Inc., St. Louis, MO, USA), as
reported elsewhere [50].

LC–MS/MS analyses were performed using a micro-LC Eksigent Technologies (Dublin,
OH, USA) system with a stationary phase of a Halo Fused C18 column (0.5 × 100 mm,
2.7 µm; Eksigent Technologies, Dublin, OH, USA). The injection volume was 4.0 µL and
the oven temperature was set at 40 ◦C. The mobile phase was a mixture of 0.1% (v/v)
formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B), eluting at a flow
rate of 15.0 µL/min at increasing concentrations of B from 2–40% in 30 min. The LC
system was interfaced with a 5600+ TripleTOF system (AB Sciex, Vaughan, ON, Canada)
equipped with a DuoSpray Ion Source. Samples were subjected to the traditional data-
dependent acquisition (DDA), as previously described [51]. The MS data were acquired
with Analyst TF 1.7 (SCIEX, Vaughan, ON, Canada). Three instrumental replicates for
each sample were subjected to the DIA analysis [52]. The MS files were searched using the
software Mascot v.2.4 (Matrix Science Inc., Boston, MA, USA) using trypsin as enzyme,
with 2 missed cleavages, and a search tolerance of 50 ppm was specified for the peptide
mass tolerance and 0.1 Da for the MS/MS tolerance; charges of the peptides to search for
were set to 2+, 3+ and 4+, and the search was set on monoisotopic mass and FDR at 1%.
The instrument was set to ESI-QUAD-TOF, and the following modifications were specified
for the search: carbamidomethyl cysteines as fixed modification and oxidized methionine
as variable modification. The UniProt/Swiss-Prot reviewed database containing mouse
proteins (version 12/10/2018, containing 25,137 sequence entries) was used.

2.13. Statistical Analysis

The statistical analysis was performed and related graphical representations were
produced using GraphPad Prism v.7. A two-tailed unpaired Student’s t-test or one-way
Anova test were used. Differences were considered significant at p < 0.05.

3. Results

3.1. CaN KO and FK506 Treatment Reduced PrPC Expression in Mouse Hippocampal Astrocytes

Previously, we have shown that CaN in astrocytes regulates the expression of plasma
membrane proteins, e.g., glial high-affinity glutamate–aspartate transporter (GLAST) [35].
Given the emerging role of astrocytic PrPC [8,9], we have investigated whether PrPC could
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be regulated by CaN. First, we evaluated the protein expression levels of PrPC in primary
cultures of hippocampal astrocytes from control and astrocyte-specific CaN-KO (ACN-Ctr
and ACN-KO) mice, hereafter referred to as Ctr and CaN-KO astrocytes. We found that
CaN-KO astrocytes had a reduced expression of PrPC compared to Ctr astrocytes by about
50% (Figure 1a). We observed that, in total cell lysates, the major PrPC signal resulted
from diglycosylated bands, as shown in Figure 1a, while the mono-glycosylated or non-
glycosylated forms were less expressed in both Ctr and CaN-KO astrocytes. As expected,
deglycosylation with PNGaseF produced a single deglycosylated band of approximately
23 KDa in both Ctr and CaN-KO astrocytes (Figure 1b).
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replicate astrocyte cultures. *** p < 0.001 by unpaired t-test. (b) Deglycosylation assay in Ctr and
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comparison Kruskal–Wallis test.

Next, we decided to verify if the pharmacological inhibition of CaN reduced PrPC

levels like in astrocytes with genetic CaN ablation. Treatment of Ctr astrocytes with FK506
(200 nM for 7 days) resulted in a significant decrease of PrPC of about 45% (Figure 1c,d),
confirming that the reduction of endogenous PrPC proteins in CaN-KO astrocytes was due
to the inhibition of CaN activity.

3.2. Total and Membrane PrPC Downregulation

Expression of PrPC at the plasma membrane has been specifically associated with its
ability to be converted to misfolded PrP and to the development of pathology, both in vitro
and in vivo [53,54]. Therefore, our next question was whether the reduction of PrPC in
CaN-KO astrocytes occurs specifically at the plasma membrane level. For this, we have
fractionated cell lysates to isolate soluble and membrane proteins by centrifugation, as
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has previously been performed on tissue [37]. Briefly, the total cell lysate was centrifuged
to obtain a post-nuclear supernatant (s1), which subsequently was separated into the
soluble fraction (s2) and the membrane fraction (p). As shown in Figure 2a,b, in total
lysates the PrPC signal was reduced in CaN-KO astrocytes compared to Ctr. The sub-
cellular fractionation procedure showed an enrichment of PrPC in fraction p both in Ctr
and CaN-KO compared to total lysate, s1 or s2, while a reduction of PrP levels, specifically
in the p fraction of CaN-KO astrocytes, was observed compared to the p fraction from Ctr
cells, indicating the reduction of membrane-associated PrPC. To strengthen the results,
we immunostained CaN-KO (or FK506-treated) astrocytes with anti-PrP antibody and
quantified the ratio of membrane and total PrPC. As shown in Figure 2c, both genetic and
pharmacological ablation of CaN in astrocytes resulted in a marked reduction of the total
and of the membrane PrPC signal compared to Ctr.

Next, we investigated whether CaN-dependent PrPC reduction could be detected
in vivo in total hippocampal homogenates from ACN-Ctr and ACN-KO mice at 1 month
of age, i.e., the age-point when mice develop deregulation of neuronal excitability and
protein expression [36,37]. As reported in Figure 3a, an equal level of PrPC was expressed in
whole-tissue hippocampal homogenates from ACN-Ctr and ACN-KO mice, which can be
attributed to higher PrPC neuronal protein expression, which was in apparent contradiction
with in vitro data. One of the morpho-functional units of astrocytes is represented by the
fine astrocytic processes surrounding synapses, peri-synaptic processes, in which ion and
metabolite transporters and other proteins are enriched and which may represent the site of
localization of PrPC in astrocytes in vivo. To test this hypothesis, we prepared synaptosomal
fractions from ACN-Ctr and ACN-KO hippocampi, using a previously reported protocol
which preserves and enriches perisynaptic astrocytic processes [35,37]. Indeed, we found a
significant reduction of PrPC in the synaptosomal preparation from hippocampi of ACN-
KO compared to ACN-Crt mice (Figure 3b). To rule out the neuronal PrPC contribution
to the reduction of PrP levels in synaptosomes, we assessed PrPC expression in primary
hippocampal neurons from ACN-Ctr and ACN-KO mice. We observed that Ctr and CaN-
KO neurons expressed equal levels of PrPC (Figure 3c), supporting the view that the
reduction of PrPC in vivo occurs in astrocytes but not in neurons.

3.3. CaN Ablation-Induced PrPC Downregulation Is not due to Alterations of Gene Expression or
Protein Degradation

In many cell types, including astrocytes, CaN is known to control expression, first
of all, through regulation of gene transcription [10,20,55]. Therefore, we checked if CaN
deletion or pharmacological inhibition could alter Prnp gene transcription.

As shown in Figure 4a, Prnp mRNA levels were unchanged in: (i) Ctr astrocytes
treated for 1 week with FK506 vs. Ctr astrocytes; (ii) cultured CaN-KO vs. Ctr astrocytes;
and (iii) hippocampal tissues from ACN-KO vs. ACN-Ctr mice, ruling out the possibility of
transcriptional regulation. Next, we investigated if CaN-dependent PrPC reduction was due
to alteration of proteasomal or lysosomal degradation [28,35], since it has been shown that
in neurons lysosomes contribute to degradation of PrPC [35]. For this, we treated astrocytes
either with MG132, a specific proteosomal inhibitor, or with CQ, an anti-malaric agent and
a commonly used inhibitor of lysosomal degradation. As for proteasomal degradation,
PrP expression increased when Ctr astrocytes were treated with MG132, suggesting an
accumulation of synthetized but not degraded PrPC. However, MG132 failed to rescue
the downregulated PrPC expression in CaN-KO astrocytes or in astrocytes treated with
FK506 (Figure 4b). CQ treatment did not alter significatively the levels of PrPC expression
in control astrocytes and failed to rescue decreased PrPC expression in CaN-KO astrocytes
(Figure 5). Altogether, these data suggest that the CaN ablation-dependent reduction of
PrPC expression in astrocytes is neither due to altered transcription nor due to augmented
degradation of the protein.
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brane PrP (PrP PM) fluorescence density expressed as percentages of Ctr from Ctr n = 54 cells, 
FK506-treated Ctr n = 67 and CaN-KO n = 70 cells, from four to five replicates, ** p < 0.01, *** p < 
0.001 and **** p < 0.0001. 

Next, we investigated whether CaN-dependent PrPC reduction could be detected in 
vivo in total hippocampal homogenates from ACN-Ctr and ACN-KO mice at 1 month of 

Figure 2. Analysis of PrPC localization in Ctr, FK506-treated Ctr and CaN-KO primary hippocampal
astrocytes. (a) Fractionation of Ctr and CaN-KO astrocytic lysates by centrifugation and evaluation of
PrPC relative abundance by WB with anti-PrP in t (total cell lysates), s1 (post nuclear supernatant),
s2 (soluble fraction), p (membrane fraction) fractions. (b) Quantification of membrane fractionation
is expressed as means ± SEM, n = 5; **** p < 0.0001, * p < 0.05 by one-way Anova, Sidak’s multiple
comparison. (c) Immunofluoresce analysis on Ctr, FK506-treated Ctr and CaN-KO astrocytes with
anti-PrP (green), anti-BAP31 (pink) antibodies and reacted with DAPI to stain the nuclei (blue).
Confocal microscope analysis, scale bar 20 µm. Quantification of total PrP (PrP tot) or plasma
membrane PrP (PrP PM) fluorescence density expressed as percentages of Ctr from Ctr n = 54 cells,
FK506-treated Ctr n = 67 and CaN-KO n = 70 cells, from four to five replicates, ** p < 0.01, *** p < 0.001
and **** p < 0.0001.
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Figure 3. Analysis of PrPC expression in hippocampal tissues from ACN-Ctr and ACN-KO mice
at one month of age. (a) WB analysis with anti-PrP and anti-actin antibodies of hippocampal
homogenates from ACN-Ctr and ACN-KO mice. Quantification of the actin-normalized PrP signal
expressed as percentage of Ctr. Data are the means ± SEM, ACN-Ctr n = 7, ACN-KO n = 8, unpaired
t-test, ns. (b) Synaptosomal fractions from hippocampi of ACN-Ctr and ACN-KO mice were analyzed
by WB with anti-PrP and anti-actin antibodies. Quantification of the actin-normalized PrP signal
expressed as percentage of Ctr. Data are the means ± SEM, ACN-Ctr n = 4, ACN-KO n = 4, unpaired
t-test, ** p = 0.0015. (c) WB analysis with anti-PrP and anti-actin antibodies of hippocampal neurons
from ACN-Ctr (Ctr) and ACN-KO (CaN-KO) mice. Quantification of the actin-normalized PrP signal
expressed as percentages of Ctr. Data are the means ± SEM, Ctr n = 6, CaN-KO n = 8, unpaired
t-test, ns.
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Figure 4. Real-time PCR, proteasomal degradation analysis of Ctr, FK506-treated Ctr and CaN-KO
astrocytes. (a) Real-time PCR of Prnp on primary astrocytes, Ctr, FK506 (200 nM for 7 days)-treated
and CaN-KO. Values represent means ± SEM ∆C(t) of gene/S18 of five independent experiments for
each condition. (b) WB analysis of PrPC and actin, protein degradation in hippocampal astrocytes
from Ctr, FK506 (200 nM for 7 days)-treated and CaN-KO. Where indicated, MG132 was added 3 h
before lysis. Data are expressed as means ± SEM, three independent cultures were used, one-way
Anova, multiple comparison, * p < 0.05, *** p < 0.001 and **** p < 0.0001.

3.4. Reduction of PrPC Expression in CaN-KO Astrocytes Results from Deregulation of Global
Protein Synthesis

Recently, we have shown that both genetic and pharmacological ablation of CaN in
astrocytes suppresses global protein synthesis [35]. In the absence of transcriptional and
post-translational alterations (see above), it is reasonable to suggest that the impairment
of protein synthesis alone could account for the reduced PrPC protein expression in CaN-
KO and FK506-treated astrocytes. To pursue this hypothesis, first we confirmed, using
an immunocytochemical variant of the puromycin incorporation assay [45], that active
ribosomes in CaN-KO astrocytes and Ctr astrocytes treated with FK506 incorporated less
puromycin, suggesting an impairment of global protein synthesis (Figure 6). Protein
synthesis is a complex multistep process in which CaN has been suggested to regulate
several steps [56]. To shed light on possible mechanisms of protein synthesis deregulation
in CaN-KO astrocytes, we performed shotgun mass spectrometry proteomics followed by
bioinformatic analysis.
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Recently, we have shown that both genetic and pharmacological ablation of CaN in 
astrocytes suppresses global protein synthesis [35]. In the absence of transcriptional and 
post-translational alterations (see above), it is reasonable to suggest that the impairment 
of protein synthesis alone could account for the reduced PrPC protein expression in CaN-
KO and FK506-treated astrocytes. To pursue this hypothesis, first we confirmed, using an 
immunocytochemical variant of the puromycin incorporation assay [45], that active ribo-
somes in CaN-KO astrocytes and Ctr astrocytes treated with FK506 incorporated less 
puromycin, suggesting an impairment of global protein synthesis (Figure 6). Protein syn-
thesis is a complex multistep process in which CaN has been suggested to regulate several 
steps [56]. To shed light on possible mechanisms of protein synthesis deregulation in CaN-
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Figure 5. Analysis of lysosomal-dependent PrPC degradation. Ctr and CaN-KO astrocytes were
untreated or treated with chloroquine (CQ) before immunofluorescence with anti PrP (green), BAP31
(pink) antibodies and reacted with DAPI to stain the nuclei (blue). Confocal microscope analysis,
scale bar 20 µm. Quantification of total PrPC fluorescence density expressed as percentage of Ctr.
Data are the means ± SEM of Ctr n = 49 cells, Ctr CQ n = 46 and KO n = 58 cells; KO CQ = 62, from
three to seven coverslips from three independent experiments, * p < 0.05.

As shown in Table S1a, 1212 and 823 proteins were identified, respectively, in Ctr and
CaN-KO astrocytes. Of these, 609 were commonly expressed by both types of astrocytes,
while 603 and 214 were identified only in Ctr or CaN-KO astrocytes, respectively (see
also Table S1a,b). The analysis using the DAVID online gene ontology (GO) tool revealed
that the most significantly overrepresented GO terms in Ctr astrocytes were related to
translation, ribosomes, focal adhesion and components of the extracellular matrix, and
the most significantly overrepresented KEGG pathway was Ribosome (Table S1b). GO
terms, overrepresented in CaN-KO astrocytes, were related to RNA splicing, RNA binding,
focal adhesion and the extracellular matrix (Table S1c). Overall, this analysis suggests that
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ribosome-mediated translation may be specifically impaired in CaN-KO astrocytes, which
links the downregulation of PrPC in CaN-KO astrocytes to protein synthesis.
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Figure 6. Protein synthesis analysis in Ctr, FK506-treated Ctr and CaN-KO astrocytes. Ctr, FK506-
treated Ctr and CaN-KO astrocytes were pulsed with 4 µM puromycin, fixed and analysed by IF
with anti-puromycin antibody (green) and reacted with DAPI to stain the nuclei (blue). Images
were acquired with a Leica Thunder imager 3D live cell microscope, scale bar 41.6 µm. Data are
expressed as means ± SEM of n cells Ctr = 37, FK506-treated Ctr = 44, CaN-KO = 24, from three
independent experiments. one-way Anova, Dunnett’s multiple comparison analysis, *** p < 0.001
and **** p < 0.0001.

3.5. FK506 and CaN-KO Reduced the Expression and Plasma Membrane Localization of WT and
Mutant PrP Associated with Human Inherited Prion Diseases

Since prion diseases include genetic variants caused by mutations in the PrP gene,
including the PrPD177N mutation associated with FFI human disease [31,46,57,58], it was of
interest to investigate whether the effect of CaN KO in astrocytes differs between wildtype
PrPC and the mutant variant.

For this, we transiently transfected Ctr and CaN-KO astrocytes with eGFP-tagged
PrPWT or PrPD177N [57]. In neurons, it has been shown that overexpressed PrP proteins,
including mutant variants, are partially retained in the Golgi apparatus compartment.
Therefore, using confocal microscopy, we quantified the ratio between plasma membrane-
localized PrP and PrP localized in the Golgi compartment. The analysis showed that both
PrPWT and PrPD177N were expressed significantly less at the plasma membrane of CaN-KO
as compared with Ctr astrocytes, suggesting that the effect of CaN KO is maintained also
in mutant variants of PrP (Figure 7).
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PrPC in astrocytes was due to the impairment of protein synthesis machinery but not due 
to alterations of transcription or protein degradation; (iii) the reduction of PrPC protein 
expression in astrocytes is associated with the reduction of its presence on the plasma 
membrane, which is true for both WT PrPC and mutant FFI-related PrP. 
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Figure 7. Analysis of WT and D177N PrP transient expression in Ctr and CaN-KO astrocytes. Ctr and
CaN-KO astrocytes were transfected with eGFP-WT PrP (a) and eGFP-D177N PrP (b) fusion proteins
(green), immunostained with an anti-GM130 (pink) to mark the Golgi apparatus and reacted with
DAPI to stain the nuclei (blue). Images were acquired with a confocal microscope, scale bar 20 µm.
PrP fluorescent density in the Golgi apparatus is expressed as mean ± SEM, from four independent
coverslips, * p < 0.05 and ** p < 0.01.

4. Discussion

Previously, we have reported that CaN controls the expression of membrane proteins,
e.g., GLAST, through a dynamic regulation of protein synthesis and degradation [35]. The
aim of this study, therefore, was to see if CaN could also be involved in the control of PrPC

expression. The main results of this study are as follows: (i) genetic ablation of CaN from
astrocytes as well as chronic treatment of cultured astrocytes with a CaN inhibitor reduced
PrPC expression in astrocytes but not in neurons; (ii) the reduction of PrPC in astrocytes
was due to the impairment of protein synthesis machinery but not due to alterations
of transcription or protein degradation; (iii) the reduction of PrPC protein expression in
astrocytes is associated with the reduction of its presence on the plasma membrane, which
is true for both WT PrPC and mutant FFI-related PrP.
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In spite of significant progress in the field, the downregulation of PrPC remains one of
the most promising approaches to mitigate the conversion of PrPC in PrPSc and the burden
of prion disease [38,39,41–43,59]. However, it has been suggested that PrPC regulates many
cellular functions, including neuronal excitability, differentiation, ion homeostasis and
mitochondrial functions and that it also plays a role in immune cells [60]. In neurons,
PrPC has been proposed to serve as a molecular scaffold for the transduction of signals
across the plasma membrane [61,62]. We and other groups have shown that endogenous
PrPC regulates neuronal calcium signalling, in particular, store-operated calcium entry
and glutamate-induced mitochondrial accumulation of Ca2+ [63–66]. Therefore, systemic
downregulation of PrPC may result in harmful drawbacks for the cell due to ablation
of its physiological activity. In this framework, the data presented here, in correlation
with reports on the role of astrocytic PrPC in spreading the prion pathology, suggest that
astrocytic CaN may represent a valuable strategy to counteract prion diseases.

Inhibitors of CaN have already been suggested to mitigate neuropathology in models
of Alzheimer’s disease, strokes and, importantly, in mouse models of acquired prion dis-
ease [27–29,67–72]. In the context of neuropathology, overactivation and/or overexpression
of CaN, specifically in astrocytes, has been associated mainly with reactive gliosis and neu-
roinflammation. Thus, the role of the CaN-mediated activation of transcriptional activity of
NFAT and its association with neuroinflammation has been largely discussed in the context
of Alzheimer’s disease [11,20,73,74], highlighting the benefits of astrocyte-specific targeting.

In this context, it is important to emphasize that the CaN ablation-mediated down-
regulation of PrPC is not related to pro-inflammatory effects of CaN or to transcriptional
activation. Instead, we suggest that CaN, through protein dephosphorylation, regulates
translational machinery, as has been already proposed [56,75,76]. Previously, we have
shown that, in resting conditions, astrocytic CaN does not regulate gene transcription,
acting through dephosphorylation of target proteins, and that one of the target processes
may be the assembly of ribosomal complexes and initiation of translation [36,37,56,75,76].
One of the results of such deregulation is the impairment of the expression of ribosomal
proteins in CaN-KO astrocytes, which is supported by our present proteomics analysis
(Table S1). We have also shown that CaN ablation regulates expression of the astrocytic
glutamate transporter, GLAST, at a post-transcriptional level through a disequilibrium
between protein synthesis and degradation [35]. Both genetic and chronic pharmacological
CaN inhibition resulted in upregulation of GLAST, an opposite effect to that found here
for PrPC. This suggests that the deregulation of protein expression upon CaN inhibition
is protein-specific and may result in either upregulation or downregulation of protein
expression [37].

In conclusion, our results are in line with the suggestion that anti-CaN treatment may
be beneficial in prion diseases. At the same time, the results provide mechanistic insight
into astrocyte-specific PrPC regulation, highlighting the possibility of a non-neuronal yet
cell-specific approach to reduce the burden of misfolded PrP and mitigate the development
of prion diseases.
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10.3390/cells11040609/s1, Table S1: Proteomic analysis on Ctr and CaN-KO astrocytes.

Author Contributions: Conceptualization and data interpretation, A.A.G., R.C., D.L. and L.T.;
methodology, G.D., E.R., M.M., M.C. and R.C.; software, E.M.; validation, V.V.V., G.D. and E.R.;
formal analysis, G.D., E.R., M.M., M.C., D.L. and L.T.; investigation, G.D., E.R., V.V.V., M.M., D.L.
and L.T.; resources, E.M. and R.C.; data curation, G.D., M.M. and M.C.; writing—original draft
preparation, G.D., E.R., L.T. and D.L.; writing—review and editing, G.D., E.R., M.M., R.C., L.T.,
D.L. and A.A.G.; supervision, A.A.G., D.L. and L.T.; project administration, A.A.G., D.L. and L.T.;
funding acquisition, A.A.G. and D.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work had the following financial supports: grants 2013-0795 to A.A.G., 2014-1094 to
D.L. from the Fondazione Cariplo; grants FAR-2016 and FAR-2019 to D.L. from the Università del

https://www.mdpi.com/article/10.3390/cells11040609/s1
https://www.mdpi.com/article/10.3390/cells11040609/s1


Cells 2022, 11, 609 16 of 19

Piemonte Orientale; partially funded by the AGING Project—Department of Excellence—DIMET,
Università del Piemonte Orientale from M.M.; L.T. was supported by a fellowship from the CRT
Foundation (1393-2017).

Institutional Review Board Statement: The procedures were approved by the local animal-health
and ethical committee (Università del Piemonte Orientale) and were authorized by the national
authority (Istituto Superiore di Sanità; authorization numbers N. 214-2019 and N. 1136-2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the CAAD advanced microscopy facility, Università del Piemonte
Orientale, Novara.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Prusiner, S.B. Prions. Proc. Natl. Acad. Sci. USA 1998, 95, 13363–13383. [CrossRef] [PubMed]
2. Puoti, G.; Bizzi, A.; Forloni, G.; Safar, J.G.; Tagliavini, F.; Gambetti, P. Sporadic Human Prion Diseases: Molecular Insights and

Diagnosis. Lancet Neurol. 2012, 11, 618–628. [CrossRef]
3. Sy, M.-S.; Gambetti, P.; Wong, B.-S. Human Prion Diseases. Med. Clin. N. Am. 2002, 86, 551–571. [CrossRef]
4. Takada, L.T.; Kim, M.-O.; Metcalf, S.; Gala, I.I.; Geschwind, M.D. Chapter 29—Prion Disease. In Handbook of Clinical Neurol-

ogy; Geschwind, D.H., Paulson, H.L., Klein, C., Eds.; Neurogenetics, Part II.; Elsevier: Amsterdam, The Netherlands, 2018;
Volume 148, pp. 441–464.

5. Marín-Moreno, A.; Espinosa, J.C.; Torres, J.M. Transgenic Mouse Models for the Study of Prion Diseases. Prog. Mol. Biol. Transl.
Sci. 2020, 175, 147–177. [CrossRef]

6. Orge, L.; Lima, C.; Machado, C.; Tavares, P.; Mendonça, P.; Carvalho, P.; Silva, J.; Pinto, M.d.L.; Bastos, E.; Pereira, J.C.; et al.
Neuropathology of Animal Prion Diseases. Biomolecules 2021, 11, 466. [CrossRef]

7. Vorberg, I.; Chiesa, R. Experimental Models to Study Prion Disease Pathogenesis and Identify Potential Therapeutic Compounds.
Curr. Opin. Pharmacol. 2019, 44, 28–38. [CrossRef] [PubMed]

8. Scheckel, C.; Imeri, M.; Schwarz, P.; Aguzzi, A. Ribosomal Profiling during Prion Disease Uncovers Progressive Translational
Derangement in Glia but Not in Neurons. eLife 2020, 9, e62911. [CrossRef]

9. Smith, H.L.; Freeman, O.J.; Butcher, A.J.; Holmqvist, S.; Humoud, I.; Schätzl, T.; Hughes, D.T.; Verity, N.C.; Swinden, D.P.;
Hayes, J.; et al. Astrocyte Unfolded Protein Response Induces a Specific Reactivity State That Causes Non-Cell-Autonomous
Neuronal Degeneration. Neuron 2020, 105, 855–866.e5. [CrossRef]

10. Lim, D.; Rodríguez-Arellano, J.J.; Parpura, V.; Zorec, R.; Zeidán-Chuliá, F.; Genazzani, A.A.; Verkhratsky, A. Calcium Signalling
Toolkits in Astrocytes and Spatio-Temporal Progression of Alzheimer’s Disease. Curr. Alzheimer Res. 2016, 13, 359–369. [CrossRef]

11. Lim, D.; Ronco, V.; Grolla, A.A.; Verkhratsky, A.; Genazzani, A.A. Glial Calcium Signalling in Alzheimer’s Disease. Rev. Physiol.
Biochem. Pharmacol. 2014, 167, 45–65. [CrossRef]

12. Verkhratsky, A.; Sofroniew, M.V.; Messing, A.; deLanerolle, N.C.; Rempe, D.; Rodríguez, J.J.; Nedergaard, M. Neurological
Diseases as Primary Gliopathies: A Reassessment of Neurocentrism. ASN Neuro 2012, 4, AN20120010. [CrossRef]

13. Li, B.; Chen, M.; Zhu, C. Neuroinflammation in Prion Disease. Int. J. Mol. Sci. 2021, 22, 2196. [CrossRef]
14. Hartmann, C.A.; Martins, V.R.; Lima, F.R.S. High Levels of Cellular Prion Protein Improve Astrocyte Development. FEBS Lett.

2013, 587, 238–244. [CrossRef] [PubMed]
15. Kushwaha, R.; Sinha, A.; Makarava, N.; Molesworth, K.; Baskakov, I.V. Non-Cell Autonomous Astrocyte-Mediated Neuronal

Toxicity in Prion Diseases. Acta Neuropathol. Commun. 2021, 9, 22. [CrossRef] [PubMed]
16. Lima, F.R.S.; Arantes, C.P.; Muras, A.G.; Nomizo, R.; Brentani, R.R.; Martins, V.R. Cellular Prion Protein Expression in Astrocytes

Modulates Neuronal Survival and Differentiation. J. Neurochem. 2007, 103, 2164–2176. [CrossRef]
17. Baumgärtel, K.; Mansuy, I.M. Neural Functions of Calcineurin in Synaptic Plasticity and Memory. Learn. Mem. 2012, 19, 375–384.

[CrossRef] [PubMed]
18. Brini, M.; Ottolini, D.; Calì, T.; Carafoli, E. Calcium in Health and Disease. Met. Ions. Life Sci. 2013, 13, 81–137. [CrossRef]

[PubMed]
19. Creamer, T.P. Calcineurin. Cell Commun. Signal. 2020, 18, 137. [CrossRef]
20. Furman, J.L.; Norris, C.M. Calcineurin and Glial Signaling: Neuroinflammation and Beyond. J. Neuroinflamm. 2014, 11, 158.

[CrossRef]
21. Abdul, H.M.; Sama, M.A.; Furman, J.L.; Mathis, D.M.; Beckett, T.L.; Weidner, A.M.; Patel, E.S.; Baig, I.; Murphy, M.P.;

LeVine, H.; et al. Cognitive Decline in Alzheimer’s Disease Is Associated with Selective Changes in Calcineurin/NFAT Sig-
naling. J. Neurosci. 2009, 29, 12957–12969. [CrossRef]

22. Agostinho, P.; Lopes, J.P.; Velez, Z.; Oliveira, C.R. Overactivation of Calcineurin Induced by Amyloid-Beta and Prion Proteins.
Neurochem. Int. 2008, 52, 1226–1233. [CrossRef]

http://doi.org/10.1073/pnas.95.23.13363
http://www.ncbi.nlm.nih.gov/pubmed/9811807
http://doi.org/10.1016/S1474-4422(12)70063-7
http://doi.org/10.1016/S0025-7125(02)00004-4
http://doi.org/10.1016/bs.pmbts.2020.08.007
http://doi.org/10.3390/biom11030466
http://doi.org/10.1016/j.coph.2019.02.002
http://www.ncbi.nlm.nih.gov/pubmed/30878006
http://doi.org/10.7554/eLife.62911
http://doi.org/10.1016/j.neuron.2019.12.014
http://doi.org/10.2174/1567205013666151116130104
http://doi.org/10.1007/112_2014_19
http://doi.org/10.1042/AN20120010
http://doi.org/10.3390/ijms22042196
http://doi.org/10.1016/j.febslet.2012.11.032
http://www.ncbi.nlm.nih.gov/pubmed/23238082
http://doi.org/10.1186/s40478-021-01123-8
http://www.ncbi.nlm.nih.gov/pubmed/33546775
http://doi.org/10.1111/j.1471-4159.2007.04904.x
http://doi.org/10.1101/lm.027201.112
http://www.ncbi.nlm.nih.gov/pubmed/22904368
http://doi.org/10.1007/978-94-007-7500-8_4
http://www.ncbi.nlm.nih.gov/pubmed/24470090
http://doi.org/10.1186/s12964-020-00636-4
http://doi.org/10.1186/s12974-014-0158-7
http://doi.org/10.1523/JNEUROSCI.1064-09.2009
http://doi.org/10.1016/j.neuint.2008.01.005


Cells 2022, 11, 609 17 of 19

23. Moon, J.-H.; Hong, J.-M.; Park, S.-Y. Calcineurin Activation by Prion Protein Induces Neurotoxicity via Mitochondrial Reactive
Oxygen Species. Oxid. Med. Cell. Longev. 2021, 2021, 5572129. [CrossRef] [PubMed]

24. Shah, S.Z.A.; Hussain, T.; Zhao, D.; Yang, L. A Central Role for Calcineurin in Protein Misfolding Neurodegenerative Diseases.
Cell. Mol. Life Sci. 2017, 74, 1061–1074. [CrossRef] [PubMed]

25. Chiesa, R.; Piccardo, P.; Dossena, S.; Nowoslawski, L.; Roth, K.A.; Ghetti, B.; Harris, D.A. Bax Deletion Prevents Neuronal Loss
but Not Neurological Symptoms in a Transgenic Model of Inherited Prion Disease. Proc. Natl. Acad. Sci. USA 2005, 102, 238–243.
[CrossRef] [PubMed]

26. Chiesa, R.; Piccardo, P.; Ghetti, B.; Harris, D.A. Neurological Illness in Transgenic Mice Expressing a Prion Protein with an
Insertional Mutation. Neuron 1998, 21, 1339–1351. [CrossRef]

27. Nakagaki, T.; Ishibashi, D.; Mori, T.; Miyazaki, Y.; Takatsuki, H.; Tange, H.; Taguchi, Y.; Satoh, K.; Atarashi, R.; Nishida, N.
Administration of FK506 from Late Stage of Disease Prolongs Survival of Human Prion-Inoculated Mice. Neurotherapeutics 2020,
17, 1850–1860. [CrossRef]

28. Nakagaki, T.; Satoh, K.; Ishibashi, D.; Fuse, T.; Sano, K.; Kamatari, Y.O.; Kuwata, K.; Shigematsu, K.; Iwamaru, Y.; Takenouchi, T.;
et al. FK506 Reduces Abnormal Prion Protein through the Activation of Autolysosomal Degradation and Prolongs Survival in
Prion-Infected Mice. Autophagy 2013, 9, 1386–1394. [CrossRef]

29. Mukherjee, A.; Morales-Scheihing, D.; Gonzalez-Romero, D.; Green, K.; Taglialatela, G.; Soto, C. Calcineurin Inhibition at the
Clinical Phase of Prion Disease Reduces Neurodegeneration, Improves Behavioral Alterations and Increases Animal Survival.
PLoS Pathog. 2010, 6, e1001138. [CrossRef]

30. Chiesa, R.; Restelli, E.; Comerio, L.; Del Gallo, F.; Imeri, L. Transgenic Mice Recapitulate the Phenotypic Heterogeneity of Genetic
Prion Diseases without Developing Prion Infectivity: Role of Intracellular PrP Retention in Neurotoxicity. Prion 2016, 10, 93–102.
[CrossRef]

31. Bouybayoune, I.; Mantovani, S.; Del Gallo, F.; Bertani, I.; Restelli, E.; Comerio, L.; Tapella, L.; Baracchi, F.; Fernández-Borges, N.;
Mangieri, M.; et al. Transgenic Fatal Familial Insomnia Mice Indicate Prion Infectivity-Independent Mechanisms of Pathogenesis
and Phenotypic Expression of Disease. PLoS Pathog. 2015, 11, e1004796. [CrossRef]

32. Dossena, S.; Imeri, L.; Mangieri, M.; Garofoli, A.; Ferrari, L.; Senatore, A.; Restelli, E.; Balducci, C.; Fiordaliso, F.; Salio, M.; et al.
Mutant Prion Protein Expression Causes Motor and Memory Deficits and Abnormal Sleep Patterns in a Transgenic Mouse Model.
Neuron 2008, 60, 598–609. [CrossRef] [PubMed]

33. Chiesa, R.; Drisaldi, B.; Quaglio, E.; Migheli, A.; Piccardo, P.; Ghetti, B.; Harris, D.A. Accumulation of Protease-Resistant Prion
Protein (PrP) and Apoptosis of Cerebellar Granule Cells in Transgenic Mice Expressing a PrP Insertional Mutation. Proc. Natl.
Acad. Sci. USA 2000, 97, 5574–5579. [CrossRef] [PubMed]

34. Büeler, H.; Raeber, A.; Sailer, A.; Fischer, M.; Aguzzi, A.; Weissmann, C. High Prion and PrPSc Levels but Delayed Onset of
Disease in Scrapie-Inoculated Mice Heterozygous for a Disrupted PrP Gene. Mol. Med. 1994, 1, 19–30. [CrossRef]

35. Dematteis, G.; Restelli, E.; Chiesa, R.; Aronica, E.; Genazzani, A.A.; Lim, D.; Tapella, L. Calcineurin Controls Expression of
EAAT1/GLAST in Mouse and Human Cultured Astrocytes through Dynamic Regulation of Protein Synthesis and Degradation.
Int. J. Mol. Sci. 2020, 21, 2213. [CrossRef] [PubMed]

36. Tapella, L.; Soda, T.; Mapelli, L.; Bortolotto, V.; Bondi, H.; Ruffinatti, F.A.; Dematteis, G.; Stevano, A.; Dionisi, M.;
Ummarino, S.; et al. Deletion of Calcineurin from GFAP-Expressing Astrocytes Impairs Excitability of Cerebellar and
Hippocampal Neurons through Astroglial Na+/K+ ATPase. Glia 2020, 68, 543–560. [CrossRef] [PubMed]

37. Tapella, L.; Dematteis, G.; Ruffinatti, F.A.; Ponzoni, L.; Fiordaliso, F.; Corbelli, A.; Albanese, E.; Pistolato, B.; Pagano, J.;
Barberis, E.; et al. Deletion of Calcineurin from Astrocytes Reproduces Proteome Signature of Alzheimer’s Disease and Epilepsy
and Predisposes to Seizures. Cell Calcium 2021, 100, 102480. [CrossRef]

38. Biggi, S.; Pancher, M.; Stincardini, C.; Luotti, S.; Massignan, T.; Dalle Vedove, A.; Astolfi, A.; Gatto, P.; Lolli, G.; Barreca, M.L.; et al.
Identification of Compounds Inhibiting Prion Replication and Toxicity by Removing PrPC from the Cell Surface. J. Neurochem.
2020, 152, 136–150. [CrossRef]

39. White, M.D.; Farmer, M.; Mirabile, I.; Brandner, S.; Collinge, J.; Mallucci, G.R. Single Treatment with RNAi against Prion Protein
Rescues Early Neuronal Dysfunction and Prolongs Survival in Mice with Prion Disease. Proc. Natl. Acad. Sci. USA 2008,
105, 10238–10243. [CrossRef]

40. White, M.D.; Mallucci, G.R. RNAi for the Treatment of Prion Disease: A Window for Intervention in Neurodegeneration? CNS
Neurol. Disord. Drug Targets 2009, 8, 342–352. [CrossRef]

41. Minikel, E.V.; Zhao, H.T.; Le, J.; O’Moore, J.; Pitstick, R.; Graffam, S.; Carlson, G.A.; Kavanaugh, M.P.; Kriz, J.; Kim, J.B.; et al.
Prion Protein Lowering Is a Disease-Modifying Therapy across Prion Disease Stages, Strains and Endpoints. Nucleic Acids Res.
2020, 48, 10615–10631. [CrossRef]

42. Nazor Friberg, K.; Hung, G.; Wancewicz, E.; Giles, K.; Black, C.; Freier, S.; Bennett, F.; Dearmond, S.J.; Freyman, Y.; Lessard, P.; et al.
Intracerebral Infusion of Antisense Oligonucleotides into Prion-Infected Mice. Mol. Ther. Nucleic Acids 2012, 1, e9. [CrossRef]

43. Raymond, G.J.; Zhao, H.T.; Race, B.; Raymond, L.D.; Williams, K.; Swayze, E.E.; Graffam, S.; Le, J.; Caron, T.; Stathopoulos, J.; et al.
Antisense Oligonucleotides Extend Survival of Prion-Infected Mice. JCI Insight 2019, 5, 131175. [CrossRef] [PubMed]

44. Tapella, L.; Cerruti, M.; Biocotino, I.; Stevano, A.; Rocchio, F.; Canonico, P.L.; Grilli, M.; Genazzani, A.A.; Lim, D. TGF-B2 and
TGF-B3 from Cultured β-Amyloid-Treated or 3xTg-AD-Derived Astrocytes May Mediate Astrocyte-Neuron Communication. Eur.
J. Neurosci. 2018, 47, 211–221. [CrossRef] [PubMed]

http://doi.org/10.1155/2021/5572129
http://www.ncbi.nlm.nih.gov/pubmed/34394828
http://doi.org/10.1007/s00018-016-2379-7
http://www.ncbi.nlm.nih.gov/pubmed/27682820
http://doi.org/10.1073/pnas.0406173102
http://www.ncbi.nlm.nih.gov/pubmed/15618403
http://doi.org/10.1016/S0896-6273(00)80653-4
http://doi.org/10.1007/s13311-020-00870-1
http://doi.org/10.4161/auto.25381
http://doi.org/10.1371/journal.ppat.1001138
http://doi.org/10.1080/19336896.2016.1139276
http://doi.org/10.1371/journal.ppat.1004796
http://doi.org/10.1016/j.neuron.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19038218
http://doi.org/10.1073/pnas.97.10.5574
http://www.ncbi.nlm.nih.gov/pubmed/10805813
http://doi.org/10.1007/BF03403528
http://doi.org/10.3390/ijms21062213
http://www.ncbi.nlm.nih.gov/pubmed/32210081
http://doi.org/10.1002/glia.23737
http://www.ncbi.nlm.nih.gov/pubmed/31626368
http://doi.org/10.1016/j.ceca.2021.102480
http://doi.org/10.1111/jnc.14805
http://doi.org/10.1073/pnas.0802759105
http://doi.org/10.2174/187152709789541934
http://doi.org/10.1093/nar/gkaa616
http://doi.org/10.1038/mtna.2011.6
http://doi.org/10.1172/jci.insight.131175
http://www.ncbi.nlm.nih.gov/pubmed/31361599
http://doi.org/10.1111/ejn.13819
http://www.ncbi.nlm.nih.gov/pubmed/29283464


Cells 2022, 11, 609 18 of 19

45. Schmidt, E.K.; Clavarino, G.; Ceppi, M.; Pierre, P. SUnSET, a Nonradioactive Method to Monitor Protein Synthesis. Nat. Methods
2009, 6, 275–277. [CrossRef] [PubMed]

46. Massignan, T.; Biasini, E.; Lauranzano, E.; Veglianese, P.; Pignataro, M.; Fioriti, L.; Harris, D.A.; Salmona, M.; Chiesa, R.; Bonetto, V.
Mutant Prion Protein Expression Is Associated with an Alteration of the Rab GDP Dissociation Inhibitor Alpha (GDI)/Rab11
Pathway. Mol. Cell. Proteom. 2010, 9, 611–622. [CrossRef]

47. Gillardon, F. Differential Mitochondrial Protein Expression Profiling in Neurodegenerative Diseases. Electrophoresis 2006,
27, 2814–2818. [CrossRef]

48. Rocchio, F.; Tapella, L.; Manfredi, M.; Chisari, M.; Ronco, F.; Ruffinatti, F.A.; Conte, E.; Canonico, P.L.; Sortino, M.A.; Grilli, M.; et al.
Gene Expression, Proteome and Calcium Signaling Alterations in Immortalized Hippocampal Astrocytes from an Alzheimer’s
Disease Mouse Model. Cell Death Dis. 2019, 10, 24. [CrossRef]

49. Dalla Pozza, E.; Manfredi, M.; Brandi, J.; Buzzi, A.; Conte, E.; Pacchiana, R.; Cecconi, D.; Marengo, E.; Donadelli, M. Trichostatin A
Alters Cytoskeleton and Energy Metabolism of Pancreatic Adenocarcinoma Cells: An in Depth Proteomic Study. J. Cell. Biochem.
2018, 119, 2696–2707. [CrossRef]

50. Manfredi, M.; Robotti, E.; Bearman, G.; France, F.; Barberis, E.; Shor, P.; Marengo, E. Direct Analysis in Real Time Mass
Spectrometry for the Nondestructive Investigation of Conservation Treatments of Cultural Heritage. J. Anal. Methods Chem. 2016,
2016, 6853591. [CrossRef]

51. Manfredi, M.; Brandi, J.; Di Carlo, C.; Vita Vanella, V.; Barberis, E.; Marengo, E.; Patrone, M.; Cecconi, D. Mining Cancer Biology
through Bioinformatic Analysis of Proteomic Data. Expert Rev. Proteom. 2019, 16, 733–747. [CrossRef]

52. Albanese, P.; Nield, J.; Tabares, J.A.M.; Chiodoni, A.; Manfredi, M.; Gosetti, F.; Marengo, E.; Saracco, G.; Barber, J.; Pagliano, C.
Isolation of Novel PSII-LHCII Megacomplexes from Pea Plants Characterized by a Combination of Proteomics and Electron
Microscopy. Photosynth. Res. 2016, 130, 19–31. [CrossRef] [PubMed]

53. Saá, P.; Harris, D.A.; Cervenakova, L. Mechanisms of Prion-Induced Neurodegeneration. Expert Rev. Mol. Med. 2016, 18, e5.
[CrossRef] [PubMed]

54. Sarnataro, D.; Pepe, A.; Zurzolo, C. Chapter Three—Cell Biology of Prion Protein. In Progress in Molecular Biology and Translational
Science; Legname, G., Vanni, S., Eds.; Prion Protein; Academic Press: Cambridge, MA, USA, 2017; Volume 150, pp. 57–82.

55. Hogan, P.G.; Chen, L.; Nardone, J.; Rao, A. Transcriptional Regulation by Calcium, Calcineurin, and NFAT. Genes Dev. 2003,
17, 2205–2232. [CrossRef] [PubMed]

56. Sans, M.D.; Williams, J.A. Calcineurin Is Required for Translational Control of Protein Synthesis in Rat Pancreatic Acini. Am. J.
Physiol. Cell Physiol. 2004, 287, C310–C319. [CrossRef] [PubMed]

57. Restelli, E.; Capone, V.; Pozzoli, M.; Ortolan, D.; Quaglio, E.; Corbelli, A.; Fiordaliso, F.; Beznoussenko, G.V.; Artuso, V.;
Roiter, I.; et al. Activation of Src Family Kinase Ameliorates Secretory Trafficking in Mutant Prion Protein Cells. J. Biol. Chem.
2021, 296, 100490. [CrossRef]

58. Fioriti, L.; Dossena, S.; Stewart, L.R.; Stewart, R.S.; Harris, D.A.; Forloni, G.; Chiesa, R. Cytosolic Prion Protein (PrP) Is Not Toxic
in N2a Cells and Primary Neurons Expressing Pathogenic PrP Mutations. J. Biol. Chem. 2005, 280, 11320–11328. [CrossRef]

59. Mallucci, G.R.; White, M.D.; Farmer, M.; Dickinson, A.; Khatun, H.; Powell, A.D.; Brandner, S.; Jefferys, J.G.R.; Collinge, J.
Targeting Cellular Prion Protein Reverses Early Cognitive Deficits and Neurophysiological Dysfunction in Prion-Infected Mice.
Neuron 2007, 53, 325–335. [CrossRef]

60. Castle, A.R.; Gill, A.C. Physiological Functions of the Cellular Prion Protein. Front. Mol. Biosci. 2017, 4, 19. [CrossRef]
61. Legname, G. Elucidating the Function of the Prion Protein. PLOS Pathog. 2017, 13, e1006458. [CrossRef]
62. Linden, R. The Biological Function of the Prion Protein: A Cell Surface Scaffold of Signaling Modules. Front. Mol. Neurosci. 2017,

10, 77. [CrossRef]
63. De Mario, A.; Peggion, C.; Massimino, M.L.; Viviani, F.; Castellani, A.; Giacomello, M.; Lim, D.; Bertoli, A.; Sorgato, M.C. The

Prion Protein Regulates Glutamate-Mediated Ca2+ Entry and Mitochondrial Ca2+ Accumulation in Neurons. J. Cell Sci. 2017,
130, 2736–2746. [CrossRef] [PubMed]

64. De Mario, A.; Castellani, A.; Peggion, C.; Massimino, M.L.; Lim, D.; Hill, A.F.; Sorgato, M.C.; Bertoli, A. The Prion Protein
Constitutively Controls Neuronal Store-Operated Ca2+ Entry through Fyn Kinase. Front. Cell. Neurosci. 2015, 9, 416. [CrossRef]
[PubMed]

65. Lazzari, C.; Peggion, C.; Stella, R.; Massimino, M.L.; Lim, D.; Bertoli, A.; Sorgato, M.C. Cellular Prion Protein Is Implicated in the
Regulation of Local Ca2+ Movements in Cerebellar Granule Neurons. J. Neurochem. 2011, 116, 881–890. [CrossRef] [PubMed]

66. Lim, D.; Bertoli, A.; Sorgato, M.C.; Moccia, F. Generation and Usage of Aequorin Lentiviral Vectors for Ca2+ Measurement in
Sub-Cellular Compartments of Hard-to-Transfect Cells. Cell Calcium 2016, 59, 228–239. [CrossRef] [PubMed]

67. Butcher, S.P.; Henshall, D.C.; Teramura, Y.; Iwasaki, K.; Sharkey, J. Neuroprotective Actions of FK506 in Experimental Stroke: In
Vivo Evidence against an Antiexcitotoxic Mechanism. J. Neurosci. 1997, 17, 6939–6946. [CrossRef]

68. Cai, J.; Sun, Y.; Yin, Z.; Wang, D.; Shi, K.; Fu, Y.; Cao, X.; Ge, Y. Analysis of FK506-Mediated Functional Recovery and
Neuroprotection in a Rat Model of Spinal Cord Injury Indicates That EGF Is Modulated in Astrocytes. Exp. Ther. Med. 2018,
16, 501–510. [CrossRef]

69. Hong, H.-S.; Hwang, J.-Y.; Son, S.-M.; Kim, Y.-H.; Moon, M.; Inhee, M.-J. FK506 Reduces Amyloid Plaque Burden and Induces
MMP-9 in AβPP/PS1 Double Transgenic Mice. J. Alzheimers Dis. 2010, 22, 97–105. [CrossRef]

http://doi.org/10.1038/nmeth.1314
http://www.ncbi.nlm.nih.gov/pubmed/19305406
http://doi.org/10.1074/mcp.M900271-MCP200
http://doi.org/10.1002/elps.200500911
http://doi.org/10.1038/s41419-018-1264-8
http://doi.org/10.1002/jcb.26436
http://doi.org/10.1155/2016/6853591
http://doi.org/10.1080/14789450.2019.1654862
http://doi.org/10.1007/s11120-016-0216-3
http://www.ncbi.nlm.nih.gov/pubmed/26749480
http://doi.org/10.1017/erm.2016.8
http://www.ncbi.nlm.nih.gov/pubmed/27055367
http://doi.org/10.1101/gad.1102703
http://www.ncbi.nlm.nih.gov/pubmed/12975316
http://doi.org/10.1152/ajpcell.00534.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044154
http://doi.org/10.1016/j.jbc.2021.100490
http://doi.org/10.1074/jbc.M412441200
http://doi.org/10.1016/j.neuron.2007.01.005
http://doi.org/10.3389/fmolb.2017.00019
http://doi.org/10.1371/journal.ppat.1006458
http://doi.org/10.3389/fnmol.2017.00077
http://doi.org/10.1242/jcs.196972
http://www.ncbi.nlm.nih.gov/pubmed/28701513
http://doi.org/10.3389/fncel.2015.00416
http://www.ncbi.nlm.nih.gov/pubmed/26578881
http://doi.org/10.1111/j.1471-4159.2010.07015.x
http://www.ncbi.nlm.nih.gov/pubmed/21214552
http://doi.org/10.1016/j.ceca.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26992273
http://doi.org/10.1523/JNEUROSCI.17-18-06939.1997
http://doi.org/10.3892/etm.2018.6283
http://doi.org/10.3233/JAD-2010-100261


Cells 2022, 11, 609 19 of 19

70. Labrande, C.; Velly, L.; Canolle, B.; Guillet, B.; Masmejean, F.; Nieoullon, A.; Pisano, P. Neuroprotective Effects of Tacrolimus
(FK506) in a Model of Ischemic Cortical Cell Cultures: Role of Glutamate Uptake and FK506 Binding Protein 12 KDa. Neuroscience
2006, 137, 231–239. [CrossRef]
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