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The expression of pro-prion, a transmembrane
isoform of the prion protein, leads to the
constitutive activation of the canonical Wnt/
B-catenin pathway to sustain the stem-like
phenotype of human glioblastoma cells
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Stefano Thellung' and Tullio Florio*"

Abstract

Background Cellular prion protein (PrP%) is a widely expressed membrane-anchored glycoprotein, which has been
associated with the development and progression of several types of human malignancies, controlling cancer stem
cell activity. However, the different molecular mechanisms regulated by PrP“ in normal and tumor cells have not been
characterized yet.

Methods To assess the role of PrPC in patient-derived glioblastoma stem cell (GSC)-enriched cultures, we generated
cell lines in which PrP© was either overexpressed or down-regulated and investigated, in 2D and 3D cultures, its

role in cell proliferation, migration, and invasion. We evaluated the role of PrP“ in supporting GSC stemness and the
intracellular signaling involved using gRT-PCR, immunocytofluorescence, and Western blot.

Results Stable PrP“ down-regulation leads to a significant reduction of GSC proliferation, migration, and invasiveness.
These effects were associated with the inhibition of the expression of stemness genes and overexpression of
differentiation markers. At molecular level PrP© down-regulation caused a significant inhibition of Wnt/B-catenin
pathway, through a reduced expression of Wnt and Frizzled ligand/receptor subtypes, resulting in the inhibition of
[-catenin transcriptional activity, as demonstrated by the reduced expression of its target genes. The specificity of
PrPC in these effects was demonstrated by rescuing the phenotype and the biological activity of PrP¢ down-regulated
GSCs by re-expressing the protein. To get insights into the distinct mechanisms by which PrP“ requlates proliferation
in GSCs, but not in normal astrocytes, we analyzed structural features of PrP“ in glioma stem cells and astrocytes

using Western blot and immunofluorescence techniques. Using Pi-PLC, an enzyme that cleaves GPI anchors, we show
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differentiating and eradicating glioblastoma stem cells.

p
that, in GSCs, PrP is retained within the plasma membrane in an immature Pro-PrP isoform whereas in astrocytes, it is

expressed in its mature PrP“ form, anchored on the extracellular face of the plasma membrane.

Conclusions The persistence of Pro-PrP in GSCs is an altered cellular mechanism responsible of the aberrant,

constitutive activation of Wnt/B-catenin pathway, which contributes to glioblastoma malignant features. Thus,

the activity of Pro-PrP may represent a targetable vulnerability in glioblastoma cells, offering a novel approach for

\Keywords Glioblastoma stem cells, Prion protein, Pro-prion, Wnt/B3-catenin pathway.
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Background

Glioblastoma (GBM, WHO grade 4 glioma) is the most
aggressive primary brain tumor [1]. The mainstay GBM
treatment, comprising maximal surgical resection, radio-
therapy, and chemotherapy with temozolomide [2], is
non-effective and unavoidably tumors relapse due to the
rapid brain invasion. The infiltrative nature of GBM is
dependent on the presence of GBM stem cells (GSCs), a
small cell population responsible for tumor development,
growth, and brain invasion, conferring GBM chemo- and
radio-resistance [3, 4]. Thus, GSC eradication is manda-
tory for effective therapies. However, despite preclinical
knowledge of GSC biology and pharmacology greatly
improved in recent years, the approved therapeutic
approaches did not parallel these advances, and patients’
life expectancy has only marginally increased.

One crucial strategy to eradicate GSCs is the targeting
of the intracellular signaling pathways that control stem
cell-like features. Noteworthy, cancer stem cells prolifera-
tion is dependent on proteins previously considered non-
involved in cell cycle progression. Among these, cellular
prion protein (PrPC) is crucial to grant GSCs with stem-
ness properties [5-8].

PrPC is an extracellular, cell membrane-anchored gly-
coprotein whose physiological role is still not completely
understood [9, 10]. PrPC is widely expressed in the central
nervous system (CNS), but it is also present in peripheral
tissues (bone marrow, lymphoid organs, heart, skeletal
muscles, lung). A 3D structurally altered PrP¢ conformer
(PrP%°) is the causal agent of prion diseases, a group of
fatal and transmissible neurodegenerative diseases (e.g.,
Creutzfeldt-Jakob disease) [11]. Misfolded PrP5¢ accu-
mulates within the brain as intra- and extra-cellular
amyloid-like aggregates, causing neurotoxicity and astro-
gliosis and providing these diseases with transmissible
features [12—16].

In both CN'S and hematopoietic cells, PrP¢ controls the
balance between cell survival and death, and prolifera-
tion and differentiation of stem cells [8, 17], suggesting its
possible involvement in cancer biology [18]. Indeed, PrP¢
favors doxorubicin resistance and in vivo invasiveness in
colorectal and breast cancers [19-23].

In normal cells, neo-synthesized, immature pro-prion
(Pro-PrP) undergoes to endo-proteolytic processing

in the endoplasmic reticulum and Golgi, to remove the
C-terminal signal peptide, which is substituted by a gly-
cosylphosphatidylinositol (GPI) anchor, and the insertion
of one or two N-linked oligosaccharide residues, before
being translocated to the plasma membrane, forming the
mature GPI-anchored PrP¢ [24]. This process is altered
in some tumors (e.g., pancreatic ductal carcinoma and
melanoma) [25], leading to the retention of Pro-PrP as
major PrP isoform. Pro-PrP contains the C-terminal GPI
anchor peptide, a domain rich in hydrophobic amino
acids that causes its retention within plasma membrane.
PrP€ expression as Pro-PrP occurs in ~40% of the pan-
creatic cancers but not in non-neoplastic pancreatic tis-
sues [26], and, in an experimental setting, it favors the
metastatic diffusion of melanoma cells [27].

Although PrP€ is highly expressed in CNS cells [28],
only few studies reported its expression in GBM [29, 30].
On the basis of the observation that PrP¢ controls stem-
ness/differentiation equilibrium in normal and tumor
cells [31, 32], we previously characterized the role of prp¢
in sustaining stem-like features of GSCs, showing that
its downregulation inhibits GSC proliferation and self-
renewal, and abolishes their tumorigenicity [6].

Studies investigating the molecular pathways con-
trolled by PrP€ to induce its biological effects in normal
and cancer cells showed its interaction with different
partners: CD44 [33], stress-inducible protein 1 [34, 35],
laminin [36, 37], Notch [26, 38], and components of the
Wnt/p-catenin pathway. In particular, Wnt/p-catenin
signaling was identified as a central pathway mediating
the effects of PrP€ in intestinal epithelial cells, showing
an interaction between PrP¢ and B-catenin/transcrip-
tion factor 7-like 2 (TCF7L2) complex [39]. Wnt/p-
catenin pathway (or canonical Wnt pathway) directs the
early phases of brain development, regulating neuronal
migration and polarization, axon guidance and dendrite
development [40]. Moreover, in cancer stem cell, it con-
trols proliferation, self-renewal, stemness maintenance,
and epithelial-to-mesenchymal transition (EMT) [41].
Wnts compose a family of secreted autocrine/paracrine
ligands that, upon binding to Frizzled (FZD) receptors,
promote B-catenin transcriptional activity preventing its
phosphorylation and proteolytic degradation. -catenin-
target genes include c-Myc, cyclin D1, T cell factor 1
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(TCF1), matrix metallopeptidase 7 (MMP?7), axin2, and
CD44, among others, indicating that the maintenance of
stem cell properties in normal tissues is one of the major
physiological roles of Wnt/B-catenin pathway. In con-
trast, overactive Wnt/p-catenin pathway is a hallmark of
cancer stem cells, controlling tumor development, pro-
gression, and invasiveness [42, 43].

Here, we characterized the relationship between PrP¢
and Wnt/B-catenin pathway in GSCs isolated from 5
human GBMs and stably transfected to overexpress or
downregulate PrP€. Moreover, the presence of alterations
in PrP¢ topology (i.e., the persistence of Pro-PrP) was
assessed as molecular determinant of the GSC malignant
phenotype. We demonstrate that the expression of Pro-
PrP is essential to sustain GSC malignancy through the
overstimulation of the canonical Wnt pathway.

Materials and methods

Materials

Primary and secondary antibodies are reported in Table
S3. R-Spondin-1 was obtained from Sigma-Aldrich
(Milano, Italy). "Development-WNT signaling path-
way. Part 2 H96 Predesigned 96-well panel for use with
SYBR® Green" was purchased from BioRad (Milano,
Italy) and used for mRNA array, following manufacturer’s
instructions.

Human GBM specimens and establishment of primary
cultures

Human GBM specimens were obtained from the Neuro-
surgery Dept. of IRCCS Ospedale Policlinico San Mar-
tino (Genova, Italy), after Institutional Ethical Committee
approval (CER Liguria 360/2019) and patients’ informed
consent. All samples were diagnosed as primary GBM
WHO grade 4 (Table S1). All patients underwent surgery
for the first time and had not received prior chemo- or
radiotherapy. GBM primary cultures were obtained by
mechanical dissociation of specimens followed by fil-
tration through a 40 pm strainer (BD Biosciences, Buc-
cinasco, Italy) to remove aggregates, and cultured as
previously described [44].

GSC-enriched culture

GSCs were selected from primary cultures using stem
cell-permissive medium [DMEM-F12/Neurobasal (1:1)
(Gibco/Thermo Fischer Scientific) supplemented with
1X B27 (Gibco/Thermo Fischer Scientific), 2 mM L-glu-
tamine (EuroClone) 1% penicillin/streptomycin (Euro-
Clone), insulin 15 pg/ml (Sigma-Aldrich) heparin 2 pg/
ml (Sigma-Aldrich), 10 ng/ml bFGF and 20 ng/ml EGF
(Miltenyi Biotec)]. Cells were grown as monolayer on
Matrigel (BD Biosciences), as reported [45]. In these
conditions, cells retain main GSC features, as routinely
assessed by stem cell marker expression and in vivo
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tumorigenicity after orthotopic injection of 10,000 neu-
rosphere-derived cells in NOD/SCID mice [6, 44, 46].

Rat astrocyte primary cultures

Sprague—Dawley rat astrocytes were obtained by 7-day
old pup cerebral cortices, isolated according to stan-
dard procedures [47]. Experimental procedures and ani-
mal care complied with the EU Parliament and Council
Directive (2010/63/EU) and were approved by the Italian
Ministry of Health (prot. 75F11.N.6DX) in accordance
with D.M. 116/1992. All efforts were made to minimize
animal suffering and to reduce the number of animals
used for the experiments.

Gene expression profiling interactive analysis (GEPIA)
GEPIA (http://gepia.cancer-pku.cn), a web-based data
mining platform with large RNA sequencing data from
The Cancer Genome Atlas (TCGA) [48] was used to
estimate. by Kaplan—Meier survival curves. the effect of
PRNP gene expression level on tumor prognosis; low-
grade glioma (LGG) and GBM samples were divided into
two groups (high and low expression groups) according
to the median level of expression of PRNP. Overall sur-
vival (OS) and disease-free survival (DFS) were gener-
ated, and the hazard ratio (HR) and P-value based on Cox
PH Model calculated. P value<0.05 indicated statistical
significance.

RNA sequencing

RNA was extracted from 10° GSCs using Qiagen RNeasy
mini kit following manufacturer’s recommendations. RNA
Quality was checked with Agilent Tape Station and ranged
between RIN 8.6 to 9.9. Library preparation was carried out
with Truseq stranded mRNA (Illumina) and sequenced on
Mumina platform with 150 cycles paired end flow cells [49].
Up to 80Mreads were obtained for each sample. Reads were
aligned with STAR 2.7.5¢ [50] and counted with RSEM 1.3.2
[51] using GRCh38.p13 as reference genome. RNA-seq data
have been deposited at NCBI Geo data set (GSE179356)
[52].

Stable silencing and overexpression of PrP in GSCs cultures
GSCs were transfected with hPrP short hairpin RNA
(shRNA) Plasmid (Santa Cruz Biotechnology), containing
a pool of 3 target-specific plasmids each encoding 19-25
nt (plus hairpin) shRNAs, designed to knock-down gene
expression. For each transfection, “solution 1” (1 pg of plas-
mid DNA resuspended in 10 pl and mixed with 90 Plasmid
Transfection Medium) and “solution 2” (4 ul of Plasmid
Transfection Reagent with 96 pl Plasmid Transfection
Medium) are mixed and incubated for 40 min at room tem-
perature. After cell wash with 2 ml of Transfection Medium,
200 pl Plasmid DNA/ Plasmid Transfection Reagent Com-
plex (Solution 1+ Solution 2) is added dropwise to each well.
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Cells are incubated for 7 h at 37 °C in a CO, incubator under
normal culture conditions. Following incubation, 1 ml of
normal growth medium containing 2 times the normal
serum and antibiotics concentration is added, and cells are
incubated for additional 18—24 h. Stably transfected PrP®
cultures were selected by puromycin (5 pg/ml) [6]. The same
procedure was performed with control shRNA plasmids
encoding a scrambled shRNA sequence that will not lead
to the specific degradation of any known cellular mRNA.
Using this protocol, we generated knock-down GSCs (GBM
KD) and control GSCs (GBM SCR).

GSCs were also transfected with human PRNP natural
open reading frame (ORF) mammalian expression plas-
mid (Sino Biological Inc.), to stably overexpress PrP¢
(GBM OV); the same plasmid was used to revert PrP¢
down-regulation in GBM KD cells (GBM REV). Trans-
fected cells were selected by hygromycin resistance. Dif-
ferential PrP¢ expression among the transfected GSC
cultures (GBM SCR, KD, OV, and REV) from 5 GBMs,
evaluated by qRT-PCR and Western blot, is reported in
Supplementary Figs. 1 and 2.

3D GSC cultures

Three-dimensional spheroids were obtained as previ-
ously described [53]. Briefly, 2,500 GBM SCR and KD cells
were re-suspended in 20 pL droplets of Matrigel® and cul-
tured in complete stem medium. Growth of spheroids was
monitored using a digital camera (Leica ICC50 HD) until
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dense aggregates are formed within Matrigel droplets.
Proliferating cells were labelled using EQU-Detect Pro Cell
Proliferation Kit 488 for Imaging (Base Click) following
the manufacturer’s protocol. The fluorescent probe 5-Edu
(5-ethynyl-2’-deoxyuridine), incorporates into the DNA
during the cell cycle S phase, thus labeling the cells in active
proliferation. Fluorescence was detected with Zoe® Fluores-
cent cell imager (BioRad) and intensity analyzed using the
Image] software [52].

Western blot

Cells were lysed in 20 mM Tris-HCI pH 7.4, 140 mM NaCl,
2 mM EDTA, 2 mM EGTA, 10% glycerol, 1% Igepal, 1 mM
dithiothreitol, 1 mM sodium orthovanadate, 1 mM phenyl-
methylsulphonyl fluoride (all from Sigma-Aldrich), and
the “Complete” protease inhibitor cocktail (Roche, Monza,
Italy), as reported [54]. Proteins (25 pg) were size-fraction-
ated by 12% SDS-PAGE transferred to a poly-vinylidene
difluoride membrane (Bio-Rad Laboratories, Hercules, CA,
USA) and probed with primary antibodies. Horseradish
peroxidase-linked anti-rabbit or anti-mouse IgG second-
ary antibodies were used. Antibody-reactive bands were
detected by ECL (GE Healthcare) and quantified using
ChemiDoc™ Imaging System (Bio-Rad).

Immunocytofluorescence
Immunofluorescence was performed in cells plated on
glass coverslips as previously reported [55]. GSCs were fixed
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Fig. 1 Prognostic significance of PrP¢ expression in GBM and transcript levels in patient-derived GSC cultures. Kaplan-Meier survival analysis of overall
survival and disease-free survival of low-grade gliomas (LGG) (total 514 patients) (A) and GBM (total 162 patients) (B) with high or low expression level
of PRNP, using GEPIA (http://gepia2.cancer-pku.cn/#index) in TCGA database (https://portal.gdc.cancer.gov/). A statistically significant difference was
observed only in GBM (OS: P=0.014; PFS: P=0.026). C) PRNP transcript levels in GSCs isolated from 15 human GBMs. Data was obtained by RNA-seq, and

expressed as counts per million reads mapped (cpm)
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Fig. 2 PrP¢ expression modulates GSC proliferation in 2D and 3D cultures. A) Growth curves of GBM 1-5 GSC cultures, comparing GBM SCR, KD and OV.
Proliferation rate was evaluated 24-48-72 h from plating, by MTT assay. Each point represents the mean +SD (n=3, each performed in quadruplicate). **
p<0.01*** p<0.001 vs. both GBM SCR and OV (t-test). Histogram represents viable cell number counts, using Trypan bleu exclusion test from GBM 1, 2,
and 4 SCR, KD, REV evaluated 24 h after plating. Each bar represents the mean +SD (n=3, each performed in triplicate). ** p<0.01 vs. GBM SCR; *°p < 0.01
vs. GBM KD (ANOVA, Tukey's post-test). B) Representative images of 3D cultures of GBM2 SCR (left) and KD (right) cells, embedded in Matrigel and al-
lowed to grow for 15 days, showing the cell density and the cell expansion within the spheroids. Upper panels: scale bar =400 um, lower panels: scale
bar =200 um. C) Representative images of PrPC—expressing cells (green) in 3D GBM2 SCR (left) and KD (right) cultures, analyzed by immunofluorescence.
Nuclei are counterstained with DAPI (blue). Scale bar =100 um. D) Representative images of proliferating cells (green) within GBM2 and GBM5 SCR and
KD 3D organoids after 10 days of culture, assessed by 5-EdU labeling. Scale bar =200 um. Histograms show the percentage of labelled (proliferating)
cells obtained by ImageJ analysis of n=7 spheroids for each culture; each available plan was analyzed in at least three different areas. ***p<0.001 vs.
GBM SCR (t-test). E) Effects of PrP® downregulation on GSC migration. Lower panels: Representative images of fluorescently labelled SCR, KD, and OV cells
from GBM1, 2, and 3 migrated in 18 h towards 10%-containing medium used as chemoattractant. Scale bar =200 pm. Upper panels: quantification of
the fluorescence intensity of migrated cells using ImagelJ software. Data represent the mean +SD (n=3). ** p<0.01 vs. respective GBM SCR, ** p<0.01 vs.
respective GBM KD (ANOVA Tukey's post-test). F) Matrigel invasion ability of GBM1 SCR, KD, OV, and REV. Representative images depict GSC spheroids em-
bedded in Matrigel at time TO (left column) and at time T18 (right column). Invasion was calculated by ImageJ, counting the cells that leave the spheroid

SCR

to invade the Matrigel matrix. Quantification is reported in Supplementary Fig. 4B. Scale bar =100 um

with 4% paraformaldehyde, permeabilized with 0.1% Tri-
ton X-100, blocked with normal goat serum and immuno-
stained with anti-PrP Saf 32 antibody (SPI-bio, Chennai
India). Immunoreactivity was evidenced with anti-mouse
Alexa Fluor-488, (Molecular Probes). When specified, DAPI
(Sigma-Aldrich) was used to counterstain nuclei and cell
membranes, respectively. Slides were photographed with
DM2500 microscope equipped with DFC350FX digital
camera (Leica).

Cell proliferation assays

MTT assay: Mitochondrial activity, as index of cell via-
bility was evaluated by measuring the reduction of MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, Sigma-Aldrich] reduction assay. Cells (3000
cells/well) were incubated with MTT (final concentra-
tion 0.2 mg/ml) for 2 h. Medium was removed, and the
amount of formazan crystals dissolved in DMSO. was

determined by measuring absorbance at 570 nm using a
BioTek ELx800 plate reading spectrophotometer [55].

Cell count: proliferation rate of GSCs, grown in stan-
dard conditions for 3 days, was determined by counting
viable cell number by Trypan blue exclusion assay using
the automated TC20 Cell Counter (Bio-Rad) cell counter
every 24 h [56].

Migration Assay

GSCs were stained with 10uM of the fluorescent dye
Vybrant™ CFDA SE (ThermoFisher) for 15 min, and
plated at a density of 1x10* cells/well in the upper cham-
bers of FluoroBlok™ HTS 96 multiwell (8 um pore, Corn-
ing), Migration was evaluated after 18 h. by confocal
microscope (BioRad MRC 1024 ES) counting, in 3 micro-
scopic fields for each condition, cells that have migrated
in the lower chambers [57].
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3D invasion assay

GSCs were grown without Matrigel in complete medium
for 7 days to allow sphere generations. Then, spheres were
embedded within 80% Matrigel and 20% culture medium
and seeded on the bottom of a 60 mm? Petri dish. After
Matrigel polymerization, culture medium has been added
(time TO) and the spheres were incubated for 18 h (T18). In
this time interval, being cell proliferation minimal, we can
exclude that changes in the proliferation rate in the different
GSC cultures may interfere with the invasive behavior.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using the Aurum™ Total RNA Mini
Kit (Bio-Rad), according to the manufacturer’s instruction.
Reverse transcription was performed with 1 pg of RNA
using the iScript cDNA Synthesis Kit (Bio-Rad), and cDNA
products were analyzed using the SsoFastTM Eva Green
mix (Bio-Rad) on a CFX96 Touch real-time PCR (Bio-Rad).
Cycling conditions were set at 94 °C for 30 s, 60 °C for 30 s
and 72 °C for 30 s, for 37 cycles. Primer sequences, designed
on mature transcripts, are reported in Table S4.

Target gene expression in each sample was normal-
ized based on the levels of RPLPO and 28 S housekeep-
ing genes. All qRT-PCR runs included negative controls
without mRNA templates and ¢cDNA transcription to
check reagents for contaminations.

PrP€ GPI digestion by Pi-PLC

The capacity of the bacterial enzyme phosphoinositide
phospholipase C (PI-PLC) to detach PrP¢ from plasma
membrane was used to discriminate mature PrP¢ from Pro-
PrP in both GSCs and astrocytes [26]. Cells were plated on
plastic dishes and glass coverslips and treated for 30 min. at
5 °C with phosphoinositide phospholipase C (PI-PLC) 0.5
enzymatic U/ml in PBS. Immunoblotting was used to com-
pare the amount of PrP€ released in the medium with those
retained in cell membrane. Immunostaining was conducted
to detect the changes of PrP€ expression on cell membrane
after enzymatic cleavage.

Statistical analysis

Unless otherwise specified, all experiments were repeated
three times. Data are reported as mean+SEM. Statistical
analysis (ANOVA followed by post-hoc Tukey’s test and
unpaired t-test was performed using Prism version 5.02
software (GraphPad, San Diego, CA, United States). P<0.05
was considered statistically significant.

Results

PrP€ expression in human GBMs and in patient-derived
GSC cultures

To assess the significance of PRNP expression in low-grade
glioma (LGG) or GBM patients’ survival, we searched the
GEPIA database, performing Kaplan-Meier curves for

Page 6 of 18

overall survival (OS) and disease-free survival (DFS). In
LGG, neither OS nor DFS were correlated to PRNP expres-
sion (Fig. 1A) while, in GBM patients high PRNP expres-
sion predicted a reduced OS (HR=1.6, P=0.015) and DFS
(HR=1.6, P=0.03) (Fig. 1B).

PRNP expression in human GSCs was then analyzed
by RNA sequencing. Using GSC cultures isolated from
15 human GBMs, we show high levels of PrP mRNA in
GSCs isolated from all the tumors (Fig. 1C).

Experimental modulation of PrP¢ expression in GSC
cultures

To assess the role of PrP¢ in GSCs, we developed a cell
model in which PrP® was downregulated or overexpressed.
To cope with GBM intertumoral variability, we used five
GSC cultures isolated from independent patients (GBM
1-5, see Table S1 for patients’ and tumors’ characteris-
tics). Cells from each culture were transfected with a pool
of shRNA for PrP to obtain PrP-down-regulated cells
(GBM 1-5 KD) or with the human PRNP-ORF mamma-
lian expression plasmid, to induce PrP® overexpression
(GBM 1-5 OV). Control cells were generated by transfect-
ing a scrambled DNA sequence (GBM 1-5 SCR), to exclude
effects of the transfection procedures. Lastly, the specific-
ity of the observed effects was shown by rescuing GBM
KD cells by re-transfection with the human PRNP plasmid,
obtaining GBM REV (1, 2, and 4) cells.

PrP€ down-regulation, overexpression, and rescue were
monitored by qRT-PCR and immunoblot (Figures S1 and
S2). A significant, although incomplete, reduction of the
expression of PrP® mRNA (Figure S1A and B) and pro-
tein (Figure S2A and C) was obtained in all GBM KD
cells, while a marked increase occurred in GBM OV cul-
tures. GBM REV displayed higher PrP€ levels than GBM
SCR cells, reaching similar levels to GBM OV cells.

PrP€ controls GSC proliferation in 2D and 3D cultures

To explore the role of PrP€ in GSC proliferation, we com-
pared 1-3-day growth curves of GBM 1-5 SCR, KD, and
OV, by MTT assays. GBM KD cells showed a slower pro-
liferation rate than GBM SCR cells, independently from
the characteristics of the original GBM (Fig. 2A), sup-
porting that PrP€ expression is required to sustain GSC
growth. On the other hand, PrP¢ overexpression (GBM
OV) did not further increase proliferation rate respect
to GBM SCR cells. The role of PrP¢ in supporting GSC
proliferation was confirmed in GBM REV (i.e., GBM KD
cells rescued for PrP® expression). Proliferation of GBM
REV, measured as viable cell count, regained the levels
of the respective SCR cells (Fig. 2A, histogram panel).
Finally, to validate the experimental model, we com-
pared GBM 1-2 SCR proliferation to parental wild-type
GBM1-2 cultures obtaining superimposable curves, thus
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demonstrating that the transfection procedure per se did
not modify GSC proliferation (Figure S3A).

These data demonstrate that PrP¢ expression supports
GSC proliferation, and that the reduced growth rate
observed in GBM KD cells is solely dependent on PrP¢
down-regulation.

GSC 3D organoids, generated by growing patient-
derived GBM stem-like cells in Matrigel scaffolds, rep-
resent in vitro models endowed with a better clinical
translational impact than 2D cultures [58, 59]. 3D organ-
oids allow the evaluation of the influence of the interac-
tions among tumor cells and between tumor cells and the
extracellular matrix (ECM), better reproducing the recip-
rocal modulation observed in the in vivo setting [52].
Thus, we determined whether PrP¢ expression affects
GSC ability to grow up in 3D structures. GBM 2 and 5,
SCR and KD cells were seeded into Matrigel pearls and
allowed to grow for 15 days in the culture medium used
for 2D cultures (stem cell-permissive medium contain-
ing EGF and bFGF). All cultures developed 3D tissue-like
structures (Fig. 2B), retaining the starting levels of PrP¢
expression (Fig. 2C). However, SCR cells formed compact
organoids with high cellularity, while GBM KD organ-
oids appeared less populated (Fig. 2B). Indeed, a striking
reduction in cell proliferation cell fraction, as assessed by
5-EdU fluorescent labelling, was observed in GBM KD
cells as compared to GBM SCR (-76% for GBM 2 KD,
and —72% for GBM 5 KD; Fig. 2D), paralleling the results
obtained in monolayer cultures.

PrP¢ down-regulation impairs GSC migration and invasion

The role of PrP€ in the migration of GSCs was evalu-
ated in a transwell assay using fluorescently labeled GBM
1-3 SCR, KD, and OV cells and complete medium as
chemoattractant, for 18 h, to prevent that cell prolifera-
tion may interfere with the assay (Fig. 2E). Non-migrated
cells were scraped off from the top side of the mem-
brane, while migrated cells, present on the underside of
the filter, were imaged and quantified by fluorescence
microscopy. PrP¢ downregulation significantly impaired
GSC migration in all cultures tested, as compared to
the respective SCR cells (GBM 1 KD: -60%; GBM 2 KD:
-66%; GBM 3 KD: -71%) (Fig. 2E). However, in contrast to
the results obtained in the proliferation assay, PrP€ over-
expression increased cell migration (+80%, +69%, and
+35% in GBM 1, 2, and 3 OV, vs. respective SCR cells).
Similar results were obtained in a 3D invasion test, in
which GBM1 spheroids were embedded in Matrigel and,
after 18 h, cells leaving the spheroid and invading ECM
were imaged by brightfield microscopy and quantified
by Image] software. GSC KD cells showed reduced inva-
sive ability in comparison with respective SCR and OV
cells, but a complete recovery of the invasive behavior
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was observed in REV cells (Fig. 2F and Figure S3B for
quantification).

The expression of PrP¢ is required for GSC proliferation and
survival in the absence of growth factors

Cancer stem cell-derived organoids can survive in growth
factor-free media, and this is considered a feature related
to tumorigenic ability and ascribed to the activation of
stemness-related pathways, including Wnt/B-catenin
[60]. Thus, we verified whether GSC 3D cultures, grown
in the absence of growth factors, might unmask PrP®-
dependent differences in organoid growth. Therefore,
we monitored the role of PrP® in GSC ability to survive
into self-assembled 3D organoids. GBM 1 and 2 cells
were seeded in Matrigel and let grow in the absence of
EGF and bFGF for 15 days (Fig. 3). In these experimental
conditions, GBM SCR and OV were viable, continued to
proliferate, and retained 3D tissue-like structures. Con-
versely, GBM KD cells did not survive, and organoids
progressively degenerated (Fig. 3A). Importantly, GBM
REV organoids survived also in the absence of growth
factors, exhibiting cellular morphology and branch-
ing interacting with the matrix, like GBM SCR and OV
organoids (Fig. 3A). This suggests that PrP¢ expression
might induce specific signaling to support GSC survival
and stemness even in the absence of growth factors.

To further support this hypothesis, we performed the
same experiment in 2D cultures. GBM KD cells did not
survive when grown for 15 days without growth factors,
at odds with all PrP¢-expressing GSC cultures, including
GBM REV (Fig. 3B).

PrPC expression sustains the stem-like phenotype of GSCs
PrP€ leverage on GSC stemness was directly investigated
by measuring, in the five GSC cultures, the expression
of genes related to stemness (ie., Sox2, Oct-4, Nanog,
and nestin) and astrocytic differentiation (glial fibrillary
acidic protein, GFAP) by qRT-PCR (Fig. 4A; individual
GSC culture data are reported in Table S2). A statistically
significant reduction in the expression of stem markers
occurred in all five GBM KD cultures, although display-
ing the expected intertumor variability. Conversely, GBM
KD showed an increased GFAP expression as compared
to GBM SCR cells. GBM OV cells did not differ from
SCR in the expression of all these markers, except for
nestin, which, unexpectedly, was slightly down-regulated
(Fig. 4A). Sox2 and Oct4 downregulation and GFAP over-
expression in KD cells were confirmed by Western Blot in
selected GSC cultures (Figure S4). These data show that
the expression of PrP® in GSCs favors the retention of a
stem-like phenotype, while its downregulation directs
cells toward a differentiation pathway.

Again, the specificity of PrP¢ in determining GSC
stem/differentiated state, was confirmed by GBM REV
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Fig. 3 PrP" drives GSC survival. Representative images of 3D (A) and 2D (B) GBM1 and GBM2 cell cultures, after 15 days of growth in medium without
growth factors. In both culture models, GBM KD failed to survive, leading to 3D organoid and 2D monolayer degeneration; conversely, GBM SCR, OV, and
REV were viable and grew in well-organized 3D structures or in 2D monolayers. (A) Scale bar =100 um; (B) Scale bar =50 um

cells, in which the alterations in gene expression observed
in GBM KD cells were recovered, restoring the stem-like
phenotype observed in GBM SCR cells (Fig. 4B and Fig-
ure S4).

PrP€ expression in GSCs controls Wnt/B-catenin signaling
pathway activity

Dysregulation of Wnt/p-catenin signaling pathway, which
plays the role of controller of GSC stemness, has been
identified in many cancers [42], and PrP¢ was reported to
modulate Wnt/[B-catenin pathway in proliferating intesti-
nal epithelial cells [39]. Thus, we hypothesize that PrP¢
might control GSC stem-like phenotype promoting Wnt/
[-catenin signaling.

Using a commercial Wnt/B-catenin pathway-related
mRNA array, we assessed mRNA expression profiles of
different components of the pathway and -catenin target
genes, comparing GBM SCR with GBM KD cells derived
from GBM 1, 2, 4, and 5 (Fig. 5A). The results revealed

that, with few exceptions, the mRNA for most of the ana-
lyzed genes was downregulated in GBM KD cells, with a
similar pattern across all GBM tested (Fig. 5A). Thus, the
expression of the components of Wnt/p-catenin pathway
and of pB-catenin target genes are highly dependent on
PrP€ content.

In-depth analysis highlighted that all GBM KD cells
show a reduced expression of components of canoni-
cal Wnt/B-catenin pathway [61], such as Wnt2, FZD2,
5, and low density lipoprotein receptor-related protein 5
(LRP5), representing ligand and receptors activating the
pathway, altogether with components of the p-catenin
regulatory complex: adenomatous polyposis coli (APC),
Axin 1 and 2, and B-catenin itself (CTNNB1). Moreover,
negative regulators of the canonical pathway, such as gly-
cogen synthase kinase-3p (GSK3p), which phosphory-
lates B-catenin and directs it toward ubiquitin-mediated
degradation [30] and disabled 2 (Dab2), a stabilizer of the
B-catenin degradation complex, are upregulated in GBM
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KD cells as compared to GBM SCR in 3/4 and 2/4 cul-
tures, respectively.

PrP¢ down-regulation was also associated with inhibi-
tion of PB-catenin transcriptional activity, as evidenced
by the reduced expression of downstream genes depen-
dent on the activation of the Wnt/B-catenin pathway.
In particular, the expression of CD44, SNAIL 1 and 2,
vimentin, claudin-1 (CLDN1), c-Jun, lymphoid enhancer-
binding factor 1 (LEF1), RHO, SWI/SNF related, matrix
associated, actin-dependent regulator of chromatin sub-
family A-4 (SMARCA 4), T-cell factor 4 and 7 (TCF4
and TCF7), and vascular endothelial growth factor A
(VEGFA) was downregulated in 4/4 GBM KD cultures;
mRNAs for ectodermal-neural cortex 1 (ENC1) in 3/4;
and casein kinase 2 alpha 1 (CSNK2A1), and survivin
(BIRC5) were reduced in 2/4 cultures. Moreover, bone
morphogenetic protein 4 (BMP4), involved in the inhibi-
tion of GSC proliferation and invasion, promoting their
differentiation [62, 63], was upregulated in GBM KD
cells.

Array data were validated by qRT-PCR and West-
ern blot (Fig. 5B, C, and D). CD44 and AXIN2 mRNA
and protein, chosen as representative genes, showed
a reduced expression in GBM KD cells as compared to
SCR cells. Moreover, PrP€ rescue in GBM REV restored
CD44 mRNA content, to levels comparable to GBM SCR
(Fig. 5B).

[-catenin plays also a role in the control of the expres-
sion of several genes involved in EMT [64]. GBM KD
showed downregulation of several EMT-related genes in
the mRNA array previously described (Fig. 5A), includ-
ing snail (SNAI1), slug (SNAI2), twistl and twist2, and
vimentin, while E-cadherin is upregulated. The changes
in the expression of the last two genes were also validated
in qRT-PCR experiments (Fig. 5E, F).

Overall, these data support the notion that reduced PrP
expression impairs -catenin signaling and target gene
expression, EMT ability and, consequently, that PrP con-
tributes to the stem-like, malignant phenotype through
the Wnt/p catenin pathway overactivation.

This observation was further confirmed by evaluating
mRNA and protein content of the components of the
canonical Wnt/B-catenin pathway in GSCs, after modu-
lation of PrP expression. In GBM OV cells the expression
of Wnt members was not modified as compared to GBM
SCR cells, but, in GBM KD cells, a significant down-
regulation of Wnt3a, 5a, 7a and 7b isoforms (Fig. 6A,
B), and FZD receptor subtypes 1 and 3 (but not FZD4)
occurred (Fig. 6C). The reintroduction of PrP¢ in GBM
REV cells significantly rescued Wnt expression (except
for Wnt7b), to levels comparable or even higher (Wnt7a)
than observed in GBM SCR. Similarly, FZD1 and FZD3
downregulation, observed in GBM KD cells, was reverted
by the re-expression of PrP€. The reduction of Wnt5a/b
expression in GBM KD cells, and the rescue in GBM REV
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cells were also confirmed at protein level by immunoblot
(Fig. 6B). The expression of Dvl-2, a cytosolic FZD down-
stream effector, and of the non-phosphorylated (active)
[B-catenin isoform, were also significantly reduced in
GBM KD cells in comparison with respective GBM
SCR. Conversely, no significant changes were observed
in GBM OV cells as compared to respective GBM SCR,
while in GBM REV cells protein content was rescued at
levels comparable to GBM SCR, further demonstrating
the specificity of the correlation between the phenotype
and the downregulation of PrP¢ (Fig. 6D and E).
Altogether, we propose that PrP€ expression sustains
the constitutive activation of Wnt/B-catenin pathway,
and its down-regulation reduces the expression of several
up-stream components of this signaling cascade, impair-
ing PB-catenin transcriptional activity. Thus, the depen-
dence of Wnt/B-catenin activity on PrP® expression may
represent a molecular link with the reduced stemness
observed in GBM KD cells, further corroborating the

role of this pathway as primary target of PrP® signaling
in GSCs.

The correlation between PrP¢ and Wnt/B-catenin
pathway in GSC proliferation was assessed treating for
48 h GSC cultures, expressing different PrP¢ levels, with
R-Spondinl (500ng/ml), a protein able to potentiate
B-catenin activity [65], and measuring the proliferation
rate by MTT assay. While R-Spondinl did not change
the proliferation of all the GSC cultures expressing PrP¢
(GBM SCR, OV, and REV), because the Wnt/p-catenin
pathway is likely fully active, in GBM KD cells from all
the GBM tested, R-Spondinl treatment increased pro-
liferation rate, to a level comparable to that observed in
GBM SCR cells (Fig. 7A).

To confirm that R-Spondinl effect was directly corre-
lated to B-catenin pathway activation, we measured, in
GBM KD, the content of non-phosphorylated (active)
B-catenin after R-Spondinl treatment. The results dem-
onstrated an increased accumulation of active -catenin
starting 2 h after the treatment, thus confirming that
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R-Spondinl proliferative effects are related to increased
[-catenin transcriptional activity (Fig. 7B).
Wnt/B-catenin activation also relies on growth factor
receptor activity leading to Akt and MAPK pathway acti-
vation. Since GSCs are grown in the presence of EGF and
bFGE, their regulation may affect Wnt/p-catenin activity.
To dissect this issue, first we performed immunoblots
for the active/phosphorylated forms of Akt and ERK1/2
in GBM SCR, KD, and OV grown in the presence of
EGF and bFGE. GSCs, independently from PrP® expres-
sion levels, showed similar Akt and ERK1/2 activation,

indicating that the reduced proliferation observed in
GBM KD cells is not related to changes EGF/bFGF activ-
ity (Figure S5A, B). On the other hand, GBM KD prolif-
eration was recovered by R-Spondinl treatment also in
cells grown in a medium devoid of EGF and bFGF (Fig-
ure S6). Thus, we conclude that reduced proliferation rate
after PrP¢ downregulation is mainly dependent on the
inhibition of Wnt/p-catenin pathway.
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GSCs express the immature pro-prion (Pro-PrP) isoform

We demonstrated that the modulation of Wnt/B-catenin
pathway is at the basis of the PrP€ control of GSC stem-
ness. However, since this effect is initiated by signals
starting at membrane level, it is reasonable that the
transmembrane Pro-PrP immature form may represent
the trigger of the activation of B-catenin. In fact, differ-
ently from the mature form, Pro-PrP is a transmembrane
protein, which interacts with cytoskeleton elements, as
filamin-A [66, 67], and possibly favors the aberrant Wnt/
[-catenin signaling contributing to the malignant behav-
ior of GSCs.

To analyze PrP topology in GSCs and discriminate
between the two isoforms, since both PrP¢ and Pro-PrP
isoforms are equally recognized by available anti-PrP
antibodies, we treated GSCs with phosphatidylinositol-
specific phospholipase C (Pi-PLC). Pi-PLC cleaves GPI
anchors causing the release in the culture medium of
the extracellularly anchored PrP<, only [26]. Conversely,
being Pro-PrP membrane-tethered and devoid of GP]I, it
is not affected by Pi-PLC cleavage. As experimental con-
trol for GSCs, we used primary cultures of rat astrocytes,
known to express high concentration of mature PrP¢ on
the plasma membrane external side.

In untreated astrocytes, PrP® is mainly membrane-
bound and no immunoreactive PrP was detected in the
culture medium (Fig. 8A). After Pi-PLC treatment (0.5
enzymatic units at 5 °C for 30 min) a remarkable reduc-
tion of PrP¢ in the cellular fraction was paralleled by
a significant increase of the protein released in the cul-
ture medium (Fig. 8A), with the cleavable protein repre-
senting about 80% of total PrP€ (Fig. 8B). Conversely, in
GBM1 SCR cells after Pi-PLC treatment, PrP content was
slightly reduced in the cell fraction and only traces were
detectable in the medium, indicating that most PrP mol-
ecules do not contain cleavable GPI anchor being bona
fide Pro-PrP (Fig. 8A). The prevalent Pro-PrP expression
was confirmed in all 5 GBM SCR cells, independently
from the initial PrP¢ content (Fig. 8B). Similar results
were obtained in immunofluorescence experiments
(Fig. 8C), in which PrP® and Pro-PrP were identified by
performing the immunostaining under non-permeabi-
lizing conditions, to detect only PrP molecules exposed
on the plasma membrane. In control astrocytes, bright
PrP¢ immunoreactivity was detectable on cell surface,
but it was almost completely abolished after treatment
with Pi-PLC. As a control, to identify intracellular PrP, we
performed the same analysis in astrocytes permeabilized
before the incubation with the primary antibody. In this
experimental setting, we clearly demonstrated that Pi-
PLC treatment was able to remove only the extracellular
GPI-anchored PrPS, leaving unaltered the intracellular
protein (Figure S7). Conversely, no significant reduc-
tion in PrP immunofluorescence was observed in GBM
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SCR cells. Altogether, these data show that, while nor-
mal astrocytes mainly express the mature form of PrPC,
which is properly anchored on the extracellular side of
the plasma membrane through an enzymatically acces-
sible GPI, PrP expressed by GSCs is present in a confor-
mation that hinders GPI anchor to Pi-PLC, likely being
Pro-PrP.

Moreover, we assessed, by immunoblotting, the mem-
brane topology of PrP¢ in GBM1 OV and GBM1 REV
cells to verify whether the PrP isoform produced in trans-
fected cells retains the features of Pro-PrP. The lack of
Pi-PLC-induced PrP cleavage, expressed as percentage
of the immunoreactivity observed in mock-treated cells
(Fig. 8D) confirmed that also in OV and REV cultures,
Pro-PrP is the main isoform expressed.

To show that only Pro-PrP favors cell proliferation
(while PrP€ has no effects), we evaluated, by 5-EdU label-
ing, the effects of Pi-PLC treatment on astrocyte prolif-
eration. Serum-starved astrocytes were treated or not
with Pi-PLC and then let them grow for 48 h in FBS-con-
taining medium. No difference in cell proliferation was
observed under both experimental conditions (Figure
S8), confirming that, differently from what observed with
Pro-PrP in GSCs, the removal of the membrane GPI-
anchored PrP€ does not influence cell proliferation.

Discussion
In this study, we identified an intracellular pathway
by which PrP controls the stem-like features of GSCs.
The possible therapeutic interference with the mecha-
nisms balancing GSC stemness or differentiation repre-
sents a relevant goal to develop novel pharmacological
approaches to treat GBM. Although high PrP¢ expression
characterizes all brain resident cells, including neurons
and astrocytes, possibly involved in neurotrophic effects
[28], in GBM this protein acquires an aberrant role, con-
tributing to malignancy and boosting cell proliferation
and brain invasion [7, 8]. Thus, we hypothesized that this
discrepancy might be dependent on different intracellular
signaling activated by PrP€ in normal cells and in GSCs.
Although PrPC is expressed in most established GBM cell
lines [68], its expression in human GBM was never sys-
tematically assessed, and only few studies identified PrP¢
in GBM specimens [30]. We analyzed the available data-
base for gene expression profiling, showing an inverse
relationship between PRNP transcript levels and DFS and
OS in GBM, but not in LGG, patients. Since GSCs are at
the apex of GBM cell heterogeneity, we propose that PrP¢
could represent a GSC signature. This was confirmed by
RNA-seq analysis in 15/15 GSC cultures, which showed a
high PRNP expression.

In our study, the direct correlation between
PrP¢ expression levels and GSC malignant pheno-
type was reproduced in five independently isolated,
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Fig. 8 GSCs contain Pro-PrP, the immature form of PrPC. A) Representative immunoblot of PrPC cellular fraction (Cell) or released in the supernatant
(Sup) in control cells (Uncleaved) or following GP!I digestion by Pi-PLC (PiPLC) in normal astrocytes and GBM1 SCR cells. B) Representative immunoblot of
retained PrPS, following GPI digestion by Pi-PLC in astrocytes and GBM1-5 SCR cells (upper panel). PrP¢ quantification by densitometric analysis, normal-
ized to a-tubulin, is expressed as percentage of Pi-PLC-treated compared to untreated cells (lower panel). Bars represent the mean+SD (n=2). *p <0.05,
*p <0.01 vs. respective untreated cells (t-test). C) Representative images of immunofluorescence for PrP® (green) showing the profile of membrane PrP®
expression in normal astrocytes and GBM1 SCR cells, in control conditions (-) and after digestion for 30 min with Pi-PLC (+). After fixation, cells have been
immunoprobed without permeabilization to evidence PrP© expression in plasma membrane only. Nuclei are counterstained with DAPI (blue). Scale bar
=100 uM. D) Representative immunoblot of retained or released PrPS, following GPI digestion with Pi-PLC in astrocytes and GBM1 SCR, KD, OV, and REV
cells. PrP® quantification by densitometric analysis, normalized to a-tubulin, is expressed as a percentage of Pi-PLC-treated compared to untreated cells.
Bars represent the mean +SD. *p <0.05, **p < 0.01 vs. respective untreated cells (t-test)

patient-derived GSC cultures, in which PrP® expression
was stably down- or up-regulated. The use of GSC cul-
tures obtained from different patients is particularly rele-
vant to cope with the known intertumor GBM variability.
In particular, the observation that similar results were
obtained in GSCs derived from different GBM molecu-
lar subtypes (i.e., neural and mesenchymal types) further
support the notion that the reported data may represent
a general GSC feature.

In the presence of reduced PrP€ levels, GSCs displayed
low proliferation and migration/invasion rates in both

2D and 3D models. Moreover, another peculiar feature
of GSCs, the ability to survive in both 2D monolayers
and 3D organoids in the absence of growth factors [60],
was also dependent on PrP¢ expression, since GBM KD
cells did not survive in these conditions, at odds with
GSC cultures in which PrP¢ was expressed. PrP¢ down-
regulation also leads GSCs to acquire a differentiated
phenotype, characterized by increased GFAP expression,
and down-regulation of stemness factors (Sox2, Oct-4,
Nanog, and nestin), and EMT-related genes, which, con-
versely, characterize PrPC-expressing GSCs. All these
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changes were dependent on PrP€ expression since a com-
plete biological and phenotypical recovery occurred after
re-expression of the protein in GBM KD cells.

Thus, we focused on the identification of the intracellu-
lar signaling by which PrP¢ support GSC stemness. PrP¢
was reported to regulate different metabolic and signal-
ing pathways in GBM, changing regular biosynthetic
processes and facilitating the stem-like cell features. For
example, prp¢ overexpression was reported to sustain the
malignant features of GBM cells through the activation of
the PI3K/Akt/mTOR and ERK1/2 pathways, due to the
association with the co-chaperone STI1/HOP [31, 69].
Moreover, PrP¢ controls GBM cell autophagic flux or the
vesicle formation and release, two processes associated to
tumorigenesis [70, 71].

Although we cannot exclude the participation of dif-
ferent molecular pathways in PrP¢ modulation of GSC
functioning, our study provides direct evidence that
alterations in PrP® expression cause the modulation of
Wnt/B-catenin signaling. Indeed, Wnt/B-catenin path-
way supports stem cell maintenance in the early phase of
brain development [72], and increases proliferation, self-
renewal, migration, and EMT in normal stem cells [41,
73]. On the other hand, aberrant activation of Wnt path-
way leads to development, progression, and invasion of
different human tumors, including GBM [74, 75].

We demonstrate that the expression of both com-
ponents of the P-catenin pathway (Wnt ligands and
FZD receptors, intracellular regulators such as Dvl2,
and p-catenin itself) and the genes transcribed upon
[-catenin activation, are downregulated in GBM KD cells.
Importantly, both Wnt5a, B-catenin, and other pathway
components analyzed were recovered in GBM REYV, con-
firming the direct relationship between PrP® content and
the expression of these proteins. Thus, we propose that,
in the absence of PrPS, the reduced Wnt/B-catenin sig-
naling causes the loss of the malignant features of GSCs.
This relationship was also confirmed by the pharmaco-
logical activation of the p-catenin pathway using R-Spon-
dinl, which was able to rescue [-catenin intracellular
content and restore proliferation rate of GBM KD cells to
similar levels than GBM SCR cells. R-Spondinl controls
[-catenin activity also in the presence of low concentra-
tions of Wnt ligands interacting with the co-receptor
Lgr5, which leads to the activation of the pathway and the
modulation of the FZD-Lrp5/6 complex [65]. However,
R-Spondinl was ineffective in GBM SCR, OV, and REV,
suggesting that a maximal activation of the pathway was
already present in the cells expressing high levels of PrP.
This observation provides a possible molecular explana-
tion for the observed low impact of PrP® overexpression
on GSC malignant features.

In several human tumors, PrP€ has been detected as an
immature isoform, Pro-PrP [18, 27, 67]. To be anchored

Page 15 of 18

on the external leaflet of plasma membrane, neosyn-
thesized PrP® requires the removal of the C-terminal
peptide and the insertion of a GPI anchor. This step is
defective in tumors, and the resulting protein, named
Pro-PrP, retains the GPI signal peptide and cannot be
anchored to the plasma membrane. Thus, being Pro-PrP
a protein inserted within the membrane lipid bilayer [25],
we hypothesized that it might interfere with membrane-
originating intracellular pathways, altering cell biological
activity. Thus, as possible explanation of how PrP¢ might
interfere with Wnt/B-catenin signaling, we first demon-
strated that PrP€ is predominantly expressed as Pro-PrP
also in GBM. Importantly, this unconventional topology
of PrP€ was retained after its overexpression in GSCs or
in the rescuing of KD cells, suggesting that PrP¢ matura-
tion is equally defective when derived from either endog-
enous or exogenous sources, and that it may represent
a relevant feature of GSCs, as reported in other tumor
stem cells [26]. Thus, the presence of Pro-PrP is one of
the main determinants of the malignant phenotype of
GSCs, likely via the aberrant hyperactivation of the Wnt/
[B-catenin pathway.

The observation that Pro-PrP is the predominant form
in GSCs isolated from different human GBMs, suggests
that this might be a general feature of GSCs to sustain the
stem-like malignant features of this cell subpopulation.
Thus, pharmacological targeting of Pro-PrP may repre-
sent a novel strategy to counteract GSC proliferation and
invasiveness. Wnt signaling grants a functional coopera-
tion between signaling of growth factors, adhesion pro-
tein, and [-catenin transcriptional activity, stabilizing the
molecular machinery involved in cell-cell interactions
[75]. Thus, Pro-PrP, controlling Wnt signaling, might
link these pathways to the cytoskeleton in the adhesion
complex.

Conclusions

We report that PrP, causing a sustained hyperactivation
of the Wnt/B-catenin pathway, acts as a pivotal regula-
tor of GSC stem-like properties and their malignant
phenotype. Thus, the interaction between Pro-PrP and
Wnt signaling may represent a novel relevant therapeu-
tic target for GBM. Finally, we provide evidence that the
transmembrane protein Pro-PrP is the predominant PrP
isoform expressed in GSCs. The persistence of Pro-PrP
in GSCs supports cell proliferation and invasiveness,
subverting the normal function of mature PrP¢ which,
being expressed at high levels in neurons and astro-
cytes, mainly sustains the differentiated, quiescent state
of the cells. The Pro-PrP expressed by GSCs may inter-
act with Wnt/pB-catenin pathway causing its constitutive
hyperactivation and enhancing proliferation, migration,
and invasion. Thus, Pro-PrP activity may represent a
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targetable GBM cell vulnerability and a novel differentiat-
ing approach for GSC eradication.
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