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Abstract

Background Glioblastoma (GBM) is an aggressive brain tumor driven by glioblastoma stem cells (GSCs), which
represent an appealing target for therapeutic interventions. The cellular prion protein (PrP%), a scaffold protein
involved in diverse cellular processes, interacts with various membrane and extracellular matrix molecules, influencing
tumor biology. Herein, we investigate the impact of PrP© expression on GBM.

Methods To address this goal, we employed CRISPR-Cas9 technology to generate PrP“ knockout (KO) glioblastoma
cell lines, enabling detailed loss-of-function studies. Bulk RNA sequencing followed by differentially expressed gene
and pathway enrichment analyses between U87 or U251 PrPC—vvild—type (WT) cells and PrP -knockout (KO) cells were
used to identify pathways regulated by PrP“. Immunofluorescence assays were used to evaluate cellular morphology
and protein distribution. For assessment of protein levels, Western blot and flow cytometry assays were employed.
Transwell and growth curve assays were used to determine the impact of loss-of-PrP“ in GBM invasiveness and
proliferation, respectively. Single-cell RNA sequencing analysis of data from patient tumors from The Cancer Genome
Atlas (TCGA) and the Broad Institute of Single-Cell Data Portal were used to evaluate the correspondence between
our in vitro results and patient samples.

Results Transcriptome analysis of PrP-KO GBM cell lines revealed altered expression of genes associated with crucial
tumor progression pathways, including migration, proliferation, and stemness. These findings were corroborated by
assays that revealed impaired invasion, migration, proliferation, and self-renewal in PrP-KO GBM cells, highlighting

its critical role in sustaining tumor growth. Notably, loss-of-PrP® disrupted the expression and localization of key
stemness markers, particularly CD44. Additionally, the modulation of PrP¢ levels through CD44 overexpression further
emphasizes their regulatory role in these processes.

Conclusions These findings establish PrP® as a modulator of essential molecules on the cell surface of GSCs,
highlighting its potential as a therapeutic target for GBM.
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Background

Glioblastoma (GBM) is a highly invasive and aggressive
tumor of the central nervous system that differs from
other adult-type diffuse gliomas since it expresses the
wild-type form of isocitrate dehydrogenase (IDH) [1]. It
shows a diffuse growth pattern, which hinders its com-
plete surgical removal and contributes to its high recur-
rence rates [2, 3]. Another reason for recurrence is a
small subpopulation of stem-like cells, denominated
GBM stem cells (GSCs) [4], which are resistant to con-
ventional therapy, present self-renewal and tumor ini-
tiation abilities, and are the main source of tumor cell
heterogeneity [5]. GSCs exhibit plasticity and can tran-
sition between different cellular states, therefore being
difficult to identify by specific molecular markers. Nev-
ertheless, many of GSCs’ features resemble neural stem
cells, such as the expression of CD44, CD133, CD24,
EGEFR, and SOX2, which may aid in their identification
in the tumor bulk [5-8]. Additionally, GSCs reside in four
distinct niches: perivascular, hypoxic, necrotic, and inva-
sive [9, 10]. The tumor microenvironment determines
the manifestation of diverse GSCs phenotypes, leading to
spatially distributed intra-tumoral heterogeneity within
individual patients. Given these specific characteristics of
GBM biology, there is still only a limited number of treat-
ments that present any effects against this disease [11].
Indeed, even though it was licensed in 1999, temozolo-
mide (TMZ) is still the standard chemotherapeutic agent
used to date [12, 13]. Therefore, the pursuit of a novel
therapeutic target is indispensable for the development
of more efficient treatments.

Cell surface molecules represent potential targets for
therapies against GBM due to their accessibility and
implication in critical signaling transduction. The cellu-
lar prion protein (PrP®), a glycosyl-phosphatidylinositol
(GPI)-anchored protein, is found on the plasma mem-
brane and is highly expressed in nervous system cells
[14]. Interestingly, PrP€ is associated with the formation
and modulation of multiprotein complexes containing
different ligands related to neural plasticity processes
[15], and, therefore, has an essential function as a scaffold
protein, creating dynamic signaling platforms on the cell
surface of distinct neural cells [16, 17].

Several PrP€ ligands participate in cell adhesion and
migration processes, such as cell neural adhesion mol-
ecule 1 (NCAM1), laminin, and laminin receptors
(reviewed in [18]). Additionally, many studies demon-
strate that PrP¢ can co-localize and interact with sev-
eral stemness modulators on the cell surface [18, 19].
For example, PrP¢ can interact with CD44 in resistant
breast cancer, modulating proteins involved in the cell
cycle and cell motility [20]. CD44 is a well-known can-
cer stem-like cell marker involved in cell migration and
cell survival [21], and it is known to modulate cell growth

Page 2 of 17

and stemness in GBM [22]. Interestingly, CD44 has a
pivotal role in the collective invasion of luminal breast
cancer [23] and its knockdown in colorectal cancer leads
to impaired cell motility and invasion [24]. PrP¢ also
participates in the intracellular trafficking of CD133, an
important stem cell marker, since copper-mediated endo-
cytosis of PrP¢ stimulates CD133 internalization [19].
Expression of PrP€ is highly related to tumorigenesis and
maintenance of different types of tumors, such as breast
cancer, colorectal cancer, and neuroblastoma [25-27],
being also involved in protection against apoptosis [17].
In GBM, data from the literature shows that PrP¢ knock-
down significantly inhibits in vivo tumorigenesis [28].
Furthermore, PrP¢ modulates cell migration and invasion
in melanomas, breast and lung cancer, among others [18,
29, 30]. Data from our group has also shown that knock-
ing down PrP¢ downregulates the expression of proteins
involved in cell motility in vitro, as well as decreases cell
growth and increases overall survival in vivo [19, 31].
Given the invasive profile of GBM and the plethora of
PrP€ partners implicated in cell motility and invasion,
a more in-depth study of our model could shed light on
novel therapeutic avenues.

Numerous studies have highlighted the role of PrP¢ as
a scaffold protein capable of forming multiprotein com-
plexes, influencing critical tumorigenic pathways, and
interacting with established cancer markers [16, 17, 32].
However, the precise impact of PrP¢ on GBM invasive-
ness remains unclear. To address this gap, we generated
GBM PrP€ knockout (KO) cells by CRISPR-Cas9 gene
editing, and investigated PrPs role in GBM and GSCs
biology, with a focus on GBM’s proliferative, migratory,
and invasive capacities.

Methods

Cell culture

Glioblastoma U87 (RRID: CVCL_0022) and U251 (RRID:
CVCL_0021) cell lines were purchased from the Ameri-
can Type Culture Collection (ATCC) and stored in our
cell culture facility. All media used for cell culture were
purchased from Thermo Fisher Scientific unless stated
otherwise. Cells were cultured in monolayer condi-
tion using Dulbecco’s Modified Eagle Medium (DMEM,
Thermo Fisher Scientific, #31600034) supplemented with
10% fetal bovine serum (FBS), which was replaced every
two days. To enrich the cell culture with GSCs, the GBM
cell lines were grown as neurospheres with DMEM-F12
media (Thermo Fisher Scientific, #12500062) supple-
mented with 2% B27, 20ng/ml Epidermal Growth Fac-
tor (EGF, Sigma, E9644#), and 20ng/ml basic Fibroblast
Growth Factor (bFGEF, Sigma, #SRP3043). This well-
established protocol is widely recognized for promoting
the expression of stem cell markers and supporting neu-
rosphere formation in glioma cultures [33, 34].
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Knockout of PrP¢ gene

We generated PrP¢-KO cells following Dr. Zhang’s pro-
tocol (https://www.addgene.org/crispr/zhang), and used
the human PrP€ gene sequence (PRNP, NM_000311.3)
to create gRNA sequences using optimized CRISPR
Design (http://crispr.mit.edu/). The following sequences
were inserted in a px330-U6-GFP vector plasmid [35]:
Hu PRNP Topl CACCGgctgggggcagecgatacccg and Hu
PRNP Bottoml AAACcgggtatcggctgcceccageC, follow-
ing the manufacturer’s instructions. To ensure on-target
accuracy, we utilized IDT’s CRISPR gRNA checker to
perform thorough off-target analysis, which confirmed
high specificity of our gRNA sequence. Additionally, we
conducted a BLAST analysis that demonstrated 100%
alignment of the gRNA with the PRNP gene, further veri-
fying our target accuracy. Cells were transfected using
Lipofectamine 2000 following the manufacturer’s proto-
col. Cells were later selected using 0.5 pg/ml puromycin
for 2 days. Selected cells were detached, and 400 cells
were added in 200 pl of media and seeded in one well
of a 96-well plate. Starting from the first well, 100 pl of
media was transferred into the next well, which was then
complemented with 100 pl of media and so on succes-
sively. Wells containing only one cell at the end of the
process were labeled, and after a few weeks, the expres-
sion of PrP¢ protein from the clones obtained was tested
via western blot and flow cytometry assays.

Bulk RNA-Seq

RNA was extracted using the RiboPure RNA Purification
(Thermo Fisher Scientific) kit, following the manufac-
turer’s instructions. RNA-Seq libraries were made by an
outsourced service (Indegene) using Illumina Stranded
mRNA Prep (Illumina). The prepared libraries were
sequenced using the Illumina NextSeq 500 platform (Illu-
mina). Libraries were sequenced to an average depth of
40 million reads per sample. FastQC was used to check
the quality of the raw sequence data. Cutadapt was used
for trimming, while TopHat and Bowtie were used for the
alignment against the GRCh38.100 human genome refer-
ence. Data analysis was done with an outsourced service,
Duna Bioinformatics. DESeq2 was used for differential
analysis with the WT versus PrP®-KO groups, with a
value of p<0.05 and/or log2foldchange < -2 and >2 being
considered to filter the statistically significant differen-
tially expressed genes (DEGs). DEGs were subjected to
functional profiling with clusterProfiler: the enrichment
analysis was performed for the categories biological pro-
cesses, cellular components, molecular functions, and
KEGG. A threshold of adjusted p-value<0.05 was used to
define significantly enriched terms.
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Sequencing of the PrP¢ gene (PRNP)

DNA lysis buffer (Tris 50 mmol; EDTA 2.5 mmol, 0.1%
SDS, 4 mmol NaCl, pH 8.0) and 10 pL proteinase K were
added to the cells in separate tubes, which were then
incubated at 55°C for 1 hour. After cell lysis, an equal vol-
ume of Phenol: Chloroform: Iso-Amyl alcohol was added,
and the tubes were gently inverted for 5 minutes. Follow-
ing centrifugation, the top aqueous phase was carefully
transferred to a new tube. DNA was then precipitated
with isopropanol, centrifuged, and the supernatant dis-
carded. The resulting pellet was washed with 70% etha-
nol, centrifuged, and allowed to air-dry for 10 minutes
in the hood. Finally, the pellet was resuspended in PCR-
grade water, and the DNA concentration was measured
using NanoDrop. Purified genomic DNA (20 ng/uL) was
amplified using Taqg DNA Polymerase (Thermo Fisher)
according to the manufacturer’s protocol. To sequence
the PrP¢ gene (PRNP), the following primers were used:
Forward 5-AGAAGTACAGGGTGGCAACA-3' and
Reverse 5-GACCGTGTGCTGCTTGATTG-3! 'The
PCR products were submitted for sequencing at Robarts
Research Institute in London, Canada. Sequence data
were analyzed with FinchTV, Clustal Omega (https://ww
w.ebi.ac.uk/Tools/msa/clustalo/), and ORFinder (https://
www.ncbi.nlm.nih.gov/orffinder/).

RT-qPCR
mRNA samples were obtained using Aurum Total RNA
Fatty and Fibrous Tissue Kit or RiboPure™ RNA Purifica-
tion Kit (Thermo Fisher Scientific), following the manu-
facturer’s protocol. The concentration of the samples was
measured using Nanodrop or Epoch. cDNA was obtained
using an Applied Biosystem High-Capacity cDNA
Reverse Transcription Kit from RNA (1 pg of RNA) or
SuperScript™ III Reverse Transcriptase (2 pug of RNA;
Invitrogen) following the manufacturer’s instructions.
qPCR was performed using SYBR Green Master Mix
(Thermo Fischer Scientific, #4472908) and the primers
used are described in Table 1. The delta-delta-Ct method
[36] was used to compare gene expression between the
groups, with TBP as the reference gene.

Western blotting

Cells were seeded in 6-well plates, and, on the follow-
ing day, protein extracts were obtained using RIPA buf-
fer (50 mM Tris HCL, 150 mM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate and 1 mM EDTA, 1%
sodium deoxycholate) with protease and phosphatase
inhibitors. Total protein was quantified using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, #23227) or
Quick Start™ Bradford 1x Dye Reagent (Bio-Rad). Pro-
tein extracts, along with a protein ladder (Thermo Fisher
catalog #26619), were separated using SDS-PAGE and
transferred to a PVDF membrane. The membrane was
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Table 1 Primers used for RT-gPCR analysis
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Gene Forward Primer sequence (5'-3') Reverse Primer sequence (5’-3)
ABCB5 ATTGGAGTGGTTAGTCAAGAGCC AGTCACATCATCTCGTCCATACT
CD24 CTCCTACCCACGCAGATTTATTC AGAGTGAGACCACGAAGAGAC
CD44 ACAGTACAGCCATTTATGCAAGG TTCCCCACTTCTCAAAACATTCT
DOTIL CTGCCGGTCTACGATAAACATC AGCTTGAGATCCGGGATTTCT
EGF TGTCCACGCAATGTGTCTGAA CATTATCGGGTGAGGAACAACC
EGFR CAGACCGGACGACAGGC ATACTGGACGGAGTCAGGGG
EPHA4 ACTTGGAAGGCGTGGTCACT CCCAGACCCAATGCCACGAA
EPHB4 CTCCTTCCTGCGGCTAAACG GGACGTAGCTCATCTCGGCA
LAMAS GGCTTTCCCCGAGCTGTACT AGGGTCCCACCGTAGGATGA
NCAM1 CAGCCAGTCCAAGGGGAACC ACGGGAGCCTGATCTCTGGT
CD133 ACCAGGTAAGAACCCGGATCAA CAAGAATTCCGCCTCCTAGCACT
PRNP after deletion ATGAGCCGTTGCTAATGCCA GCCAGAGGTATCCAGGCAAA
PRNP before deletion GGGACCCCAGTGAGGAGG TGCTCTGAAAAGCGAAGCCA
PRNP in deletion CCTGGAGGCAACCGCTAC TCGGCTTGTTCCACTGACTG
SOCS3 GCCACCTACTGAACCCTCCT ACGGTCTTCCGACAGAGATG
SOX2 ATGCACCGCTACGACG CTTTTGCACCCCTCCCATTT
SOX9 AGGTGCTCAAAGGCTACGACT AGATGTGCGTCTGCTCCGTG
TBP AGGATAAGAGAGCCACGAACCA CTTGCTGCCAGTCTGGACTGT
THBS2 AGCTCCTCTTCAATCCCCGC AGGCGTCACCCTCTCCATTG
TIMP3 CTTCGGCACGCTGGTCTACA GCCATCATAGACGCGACCTGT
WNT10B GTGAGCGAGACCCCACTATG CACTCTGTAACCTTGCACTCATC

blocked with 5% bovine serum albumin (BSA, Sigma)
in Tris-Buffered Saline with 0.1% Tween® 20 Detergent
(TBST) for 1 h. To optimize the experimental workflow,
the membranes were horizontally cut prior to hybridiza-
tion with the primary antibodies at the concentration of
1:1000 for mouse CD44 (#3570S, Cell Signaling Tech-
nology) or mouse PrP¢ 3F4 (MAB1562, Millipore), and
1:8000 for rabbit GAPDH (Cell Signaling Technology,
#5174) in 5% BSA in TBST at 4° C. Secondary antibodies
used were anti-rabbit HRP (Cell Signaling Technology,
#7074) or anti-mouse HRP (Cell Signaling Technology,
#7076) in a concentration of 1:5000. Chemilumines-
cent detection was performed using the Imaging Sys-
tem (Amersham Imager 600) or exposure to hyperfilm.
All antibodies used in this study are highly specific and
detect the expected bands as indicated in their respective
datasheets. Protein bands from Western blot experiments
were quantified using densitometry. For densitometry,
we utilized the ImageLab (BioRad) software (version 6.1)
with the Gel Analysis function to quantify band intensity.
Protein expression levels were normalized to the corre-
sponding loading control (HSP90, GAPDH or f-actin),
and relative intensities were calculated by comparing
each sample to the control condition. In the overexpres-
sion experiments for CD44 and PrP€, control samples
were loaded on separate membranes and triplicates for
the transfected cells were run on the same gel, ensuring
consistent experimental conditions across the treated
samples. The resulting values were analyzed statistically
using R with the ggplot2 package for visualization.

Flow cytometry

Neurospheres were dissociated, and 10° cells for each
condition were washed with PBS and blocked with 5%
BSA in PBS for 30 min on ice. Cells were then incubated
with the primary antibodies anti-PrP¢ (ab703, Abcam),
anti-CD44 (#3570, Cell Signaling Technology), anti-
CD133 (Cell Signalig Technology, #64326), anti-SSEA1
(Cell Signaling Technology, #4744S) 1:50 in 0.5% BSA
in PBS for 30 min on ice, following a wash with PBS.
The pellet was then resuspended in secondary antibod-
ies anti-mouse Alexa Fluor 488 (Invitrogen, #A28175)
or anti-rabbit Alexa Fluor 647 (Invitrogen, #A27040) for
30 min on ice. After washing, cells were resuspended in
300uL of 0.5% BSA in PBS and analyzed by flow cytom-
etry in a FACSCanto II (BD Biosciences) Flow Cytometer.
For controls, cells were incubated with only the second-
ary antibody.

Cell growth curve

Cells (2.5x10% in DMEM/F-12 medium supplemented
with growth factors were seeded in triplicate in P6-well
plates. Cell counting started 2 days post-seeding. Cells
were detached daily using 0.25% trypsin (Gibco, #25200-
056) in HBSS (Gibco, #14170-112) and counted for 5
consecutive days using a Neubauer chamber.

Self-renewal

Neurospheres were dissociated with 0.25% trypsin
(Gibco, #25200-056, Gibco) in HBSS (Gibco, #14170-
112) and then counted. In triplicate, 200 cells were
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seeded into 96-well plates and cultured for 10 days, with
fresh medium added every 48 h. At the end of the growth
period, images of each well were captured using a Zeiss
PrimoVert microscope, and both the number and size of
the neurospheres were evaluated according to protocol
(33, 34].

Extreme limiting dilution assay (ELDA)

U887 WT and PrP¢ KO cells were dissociated into
single-cell ~ suspensions with Accutase StemPro
(Gibco, #A1110501) and resuspended in neurosphere
medium. After counting, cells were seeded in 96-well
plates at densities of 1, 20, 50, or 100 cells per well, with
24 replicates per condition. After 9 days, four images per
well were captured at 4x magnification using the EVOS
XL Core microscope. Neurospheres larger than 50 pm
were counted, and the data was analyzed using Image]
software and entered into the ELDA software (http://bioi
nf.wehi.edu.au/software/elda/).

Immunofluorescence

Cells were seeded on poly-L-lysine-coated coverslips and
allowed to attach overnight. The next day, cells were fixed
with 4% paraformaldehyde (PFA) and blocked in phos-
phate-buffered saline (PBS) containing 10% normal goat
serum and 0.2% Triton X-100 for 1 h at 4 °C. Primary
antibodies for CD44 (Cell Signaling Technology, #3570)
and PrP® (Abcam, ab703) were applied at a 1:500 dilu-
tion in PBS with 2% normal goat serum and 0.2% Triton
X-100 and incubated overnight. The following day, cover-
slips were washed three times with PBS, then incubated
for 1 h with Alexa Fluor 633 anti-rabbit (#A-21071, Invi-
trogen) or Alexa Fluor 488 anti-mouse (#A28175, Invit-
rogen) secondary antibodies at a 1:1000 dilution, along
with DAPI (Abcam, ab228549) at 1:1000, all in PBS with
2% normal goat serum and 0.2% Triton X-100. Coverslips
were then washed three times with PBS and mounted
using ProLong Gold Antifade (Thermo Scientific). Images
were acquired with a Leica SP5 or SP8 microscope.

Colocalization analysis

Colocalization analysis was conducted using CellPro-
filer (version 4.2.6) with a pipeline comprising the fol-
lowing modules: GaussianFilter, Threshold, Watershed,
ImageMath, ConvertlmageToObjects, MeasureObject-
SizeShape, FilterObjects, MeasureObjectIntensity, Mea-
sureColocalization, and ExportToSpreadsheet. Images
were processed as 3D grayscale stacks, with channels
labeled according to fluorescence: DAPI (nuclei), CD44
(488 nm), and PrP® (647 nm). To reduce noise, Gauss-
ian smoothing (0=1) was applied, followed by global
thresholding using Minimum Cross-Entropy for nuclei
and Otsu’s method for CD44. Nuclei segmentation
was achieved through the watershed method, while
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cytoplasmic segmentation was accomplished via image
subtraction using the ImageMath module. Objects were
filtered based on a minimum size of >10,000 px®, and
CD44 and PrP€ intensities within the cytoplasm were
measured. Colocalization between CD44 and PrP¢ was
analyzed with the MeasureColocalization module, calcu-
lating correlation based on pixel intensity values within
the cytoplasm. Pearson’s correlation coefficient assessed
the linear relationship between CD44 and PrP® intensity
distributions, with normalized intensity values prior to
correlation calculation. A threshold set at 20% of maxi-
mum intensity excluded low-intensity pixels. The result-
ing correlation values indicate the degree of overlap
between the two signals within each object, where higher
values represent stronger colocalization.

The resulting values were analyzed statistically using R
with the ggplot2 package for visualization. The pipeline
is available on GitHub under the name Correlation_pipe-
line.ccpipe (https://github.com/marilenehohmuth/Prion
GBM).

Cell transfection

U87 glioblastoma (GBM) cells were transfected using
Lipofectamine 2000 (Thermo Fisher Scientific, #11668-
019) according to the manufacturer’s protocol. To
induce CD44 overexpression, we utilized the CD44
c¢DNA ORF clone fused with GFP (Sino Biological, Cat.
No. HG12211-ACG). To overexpress PrP®, we used the
pcDNAS3.1-GFP-tagged PrP€ plasmid, a construct kindly
provided by our collaborator, Dr. Vilma Regina Martins,
that encodes both the human PRNP gene and GFP.

Cell migration and invasion assays

For migration assays, cells were plated on the upper
chamber of transwell inserts (Greiner Bio-one, #662638)
with culture medium without FBS, while medium with
FBS was added to the well to serve as a chemoattractant.
Cells were cultured in 5% CO, at 37 °C for 24 h. Next,
cells were fixed by adding 4% PFA to both the well and
upper chamber and then washed with PBS. Cells were
stained using hematoxylin and eosin (H&E) for 20 min
and then photographed in 4 random fields for quantifica-
tion. For invasion assays, prior to cell plating, the upper
chamber of transwell inserts (662 638, Greiner Bio-one)
was coated with Geltrex (A1413302, Thermo Fisher Sci-
entific), which was left to polymerize for 1 h in the cell
incubator. Afterward, excess non-polymerized Geltrex
was removed, and cells were plated on top with cul-
ture medium without FBS, while medium with FBS was
added to the well to serve as a chemoattractant. Cells
were cultured in 5% CO, at 37 °C for 24 h. Subsequently,
cells were fixed by adding 4% PFA to both the well and
upper chamber and then washed with PBS. Cells were
stained using H&E or crystal violet for 20 min and then
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photographed in 4 different random fields for quantifi-
cation. Image analysis for counting migrating cells after
CD44 transfection in a transwell assay was performed
using CellProfiler 4.2.6, with a pipeline incorporating
the modules: CorrectllluminationCalculate, Correctll-
luminationApply, ColorToGray, RunCellpose, Overlay-
Outlines, Savelmages, and ExportToSpreadsheet. The
CorrectllluminationCalculate module was used to cre-
ate an illumination correction image, which was then
applied via CorrectllluminationApply to normalize image
intensity. Images were converted to grayscale with Col-
orToGray to optimize cell detection. Cell segmentation
was accomplished using the RunCellpose module with a
custom model trained in Cellpose 2.2.3 on five annotated
images representative of the assay’s cell morphology.
Quantitative data, including cell counts, were exported
using ExportToSpreadsheet for further analysis. The Cell-
Profiler pipeline, custom Cellpose model, and a sample
image are available in the supplementary data and on
GitHub (https://github.com/marilenehohmuth/PrionGB
M) for reproducibility.

Analysis of single-cell RNA sequencing data obtained from
patient samples

Public data were obtained from the Broad Institute Sin-
gle-Cell Data Portal (https://singlecell.broadinstitute.o
rg/single_cell/study/SCP503). The metadata obtained
contained information about cell expression patterns
and culture methods used to generate t-distributed sto-
chastic neighbor embedding graphics. Data were scaled,
and using the find signatures function, we delimited the
markers related to each cluster. Selected clusters had
their pattern of expression further analyzed using gene
set analysis.

Correlation analysis between CD44 and PRNP expression in
GBM samples

To assess the relationship between CD44 and PRNP
expression levels in glioblastoma (GBM) samples, we uti-
lized RNA sequencing data from The Cancer Genome
Atlas (TCGA). After acquiring the data, we performed
normalization using the TMM method from the edgeR
package in R, filtering out low-expression genes. A scat-
ter plot was generated to visualize the correlation, with
CD44 expression on the y-axis and PRNP expression on
the x-axis, where each point represented an individual
GBM sample. We calculated the best-fit linear regres-
sion using the Im() function and determined the Pear-
son correlation coefficient (r) along with its significance
(p-value) using a two-tailed test. The resulting scatter
plot was created with ggplot2, displaying the correlation
coefficient and p-value in the top left corner.

Page 6 of 17

Statistical analysis

All statistical analyses were conducted using R ver-
sion 4.1.3 (2022-03-10) and RStudio (version 2022.02.1).
When comparing two groups that adjust to a normal
distribution, the Student’s t-test was used. For multiple
comparisons, we used One- or Two-way analysis of vari-
ance (ANOVA) with Tukey’s or Bonferroni’s post-hoc
tests. A value of p<0.05 was considered statistically sig-
nificant. Kaplan-Meier survival curves were used and
the two-sided log rank test was utilized to compare the
survival curves. Pearson’s or Spearman’s correlation coef-
ficients were calculated as appropriate to evaluate rela-
tionships between variables, and linear regression was
applied where relevant.

Results

Knockout of PrP¢ decreases stemness and proliferation of
glioblastoma cells

To better understand the role of PrP€ in the biology of
GBM, PrP¢ knockout (PrP€-KO) glioblastoma cell lines
(U87 and U251) were generated by the CRISPR-Cas9 sys-
tem (Fig. 1a) and cultured in monolayer and neurosphere
conditions enriched with stem-like cells [19]. To evaluate
PRNP gene editing, we designed sets of primers flank-
ing different regions of the PRNP sequence, based on the
designed gRNA: before the deletion, in the deletion site,
and after the deletion. In U87 cells, mRNA sequence in
the region of the predicted deletion was not detected on
KO cells (Fig. 1b). A remaining expression of the mRNA
sequence of the PRNP gene was detected in both the
before and after deletion site (Additional Fig. 1a-c). The
residual expression found in the after deletion site and
the higher levels detected in the before the deletion site
could be due to the direction (3’ to 5’) by which mRNA
starts to be degraded by the molecular machinery. A
deletion of 223 bp was found in two different clones
(Additional Fig. 1c), confirming the precision of the
CRISPR-Cas9 gene editing. Moreover, U887 WT cells cul-
tured as neurospheres (N), which exhibit enhanced GSCs
markers [19], showed significant increased expression of
PRNP when compared with the monolayer (M) condition
(Fig. 1b).

We also confirmed the deletion of the PRNP gene by
the lack of PrP€ protein expression in KO cells (Fig. 1c-
d). Noteworthy, PRNP increase in neurospheres was also
observed in protein levels for both cell lines (Fig. 1c), sug-
gesting that PrP€ has an essential role in cells with stem-
like features. Indeed, loss-of-PrP¢ affected the expression
of stem cell markers (Fig. le). In U87 cells grown as
monolayers, PrP¢ KO reduced the expression of SOX2
(p<0.0001), while it increased the expression of CD133
(p=0.0083). Expression of SOX2 (p<0.0001), CD44
(p=0.0003), and SOCS3 (0.0014) increased in WT neuro-
sphere condition in comparison to W'T monolayer, while
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PrP€-KO cells grown as neurospheres had decreased
expression of SOX2 (p=0.0038) and EGFR (p=0.0238)
in comparison to WT neurospheres. In U251 PrP-KO
cells, the overall expression profile of stem cell mark-
ers was different than in U87 KO cells. In monolayer
U251 KO cells, expression of CD44 (p=0.0003), CD24
(p=0.001), and SOCS3 (p=0.0187) were decreased rela-
tive to WT monolayer. Interestingly, expression of SOX2
(p=0.0412) and SOCS3 (p<0.0001) increased in WT

neurospheres, while CD133 (p=0.0304) decreased due
to the culture conditions. U251 KO cells grown as neu-
rospheres had reduced expression of CD44 (p=0.0003) in
comparison with their WT neurosphere counterpart.
Additionally, loss-of-PrP¢ decreased cell surface pro-
tein expression of CD133 and SSEA1 in U87 KO cells
grown as neurospheres (Fig. 1f). Functionally, PrP¢
KO cells showed decreased proliferation (Fig. 1g) and
impaired capacity of GSCs self-renewal (Fig. 1h and
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Additional Fig. 1d and e) in both cell lines. Together,
these results provide an in-depth validation of our
study model and show that the loss-of-PrP€ affected the
expression of GSCs markers and decreased the prolifera-
tive capacity of the cells in both cell lines.

Transcriptome analysis of U87 and U251 PrP®-KO cells
reveals enrichment of pathways related to cell motility,
proliferation and stemness

To elucidate the impact of PrP¢ depletion in intracellular
pathways, we performed bulk transcriptome analysis of
both PrP€ KO cell lines (U87 and U251) grown in mono-
layer condition. Comparison between WT and KO cells
yielded 1295 differentially expressed genes (DEGs) for
U87 KO cells, and 363 DEGs for U251 KO cells (Fig. 2a-
¢). Among the DEGs found, there were the GSC markers
CD24 and SOX2 (Fig. 2b), which had already been ana-
lyzed by qPCR (Fig. le). Moreover, overrepresentation
analysis using different databases such as WikiPathways
and Gene Ontology (GO) identified focal adhesion, regu-
lation of neuron migration, and differentiation pathways
to be overrepresented in U87 DEGs (Fig. 2d). For U251
DEGs, overrepresented pathways consisted of cell migra-
tion and invasion regulation, cell-cell adhesion, cell-
matrix adhesion, and glial cell differentiation (Fig. 2d).
As expected, we found several genes related to cell pro-
liferation and invasion. Some genes of interest that are
involved with cell adhesion, migration and GSCs biol-
ogy were selected for further mRNA expression analy-
sis through qPCR (Fig. 2d). Interestingly, once again, we
observed a different expression profile between the cell
lines. In U87 PrPC-KO cells, we found EGF (p=0.0007),
WNT10B (p=0.006), and ABCB5 (p<0.0001) to be upreg-
ulated, while EPHB4 (p=0.0201), and TIMP3 (p=0.016)
were found to be downregulated. On the other hand, in
U251 PrP¢-KO cells, we found ABCBS (p<0.0001), EGF
(p<0.0001), THBS2 (p=0.0009), NCAM1 (p=0.0003),
and TIMP3 (p=0.0006) to be downregulated, while
EPHA4 (p=0.0352) was upregulated. Overall, the data
obtained indicates that PrP¢ may have a role in the mod-
ulation of pathways related to cell proliferation, stemness,
and migration, albeit some of the individual genes are dif-
ferent for each cell line.

PrP¢ modulates expression and localization of CD44

Given the role of PrP¢ as a scaffold protein and the
abovementioned transcriptome analysis, it is imperative
to uncover potential partners involved in the observed
altered pathways. Given the established role of CD44 in
cell motility and invasiveness, coupled with its previously
reported interactions with PrP€ in other tumor types
[37-39], we hypothesized that CD44 may be implicated
in the invasive characteristics of glioblastoma, prompting
further investigation into its expression and functional
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relationship with PrP® in our model. Although CD44
transcript levels remained unchanged in PrP® KO cells,
CD44 protein levels were reduced in KO monolayer
U251 cells, but not in U87 KO cells. In contrast, under
neurosphere conditions, both U87 and U251 KO cells
exhibited decreased CD44 protein levels. It is well known
that discrepancies between mRNA and protein levels can
arise from complex post-transcriptional and post-trans-
lational regulations [40—42]. CD44 protein levels showed
a reduction in KO monolayer U251 cells, but not in U87
KO, while in the neurosphere condition, both U87 and
U251 KO presented decreased levels of CD44 protein
(Fig. 3a). In Fig. 3b, we observed a significant increase
in PrP¢ levels in cells overexpressing CD44, suggesting
that CD44 may modulate PrP€ expression. Flow cytom-
etry assays showed a decrease of CD44 on the cell surface
of U87 PrP®-KO cells (Additional Fig. 1f). Additionally,
immunofluorescence assays showed that PrP¢ and CD44
co-localize in filopodia-like structures on the cell mem-
brane (Fig. 3c and d). The formation of such membrane
protrusions is an important step in cell motility [29],
and the decrease of their presence in KO cells might
impair cell migration. Interestingly, we can also observe
that PrP-KO cells present sites of CD44 concentration,
appearing as CD44 assemblies (Fig. 3c). Taken together,
these data suggest that PrP¢ modulates the protein levels
and membrane localization of CD44. Given the results
obtained so far and the role of CD44 in cell migration,
we decided to investigate the motility potential of KO
cells. Indeed, transwell assays showed that the migration
capabilities of KO cells were impaired in both monolayer
cell lines (Fig. 3e and f) and neurospheres of U87 cells
(Fig. 3g). We also observed impaired invasion in both
PrP€-KO monolayer cell lines (Fig. 3e, f). Additionally, we
investigated the invasive capacity of both WT and PrP¢-
KO GBM cells after CD44 overexpression. Our findings
indicate that CD44 overexpression does not enhance the
invasive potential of PrP¢-KO cells. Consistent with pre-
vious findings (Fig. 3e-g), PrP¢-KO cells exhibited lower
invasiveness compared to their WT counterparts, further
emphasizing the role of PrP in promoting invasiveness
(Fig. 3h). These results corroborate our RNA-seq findings
and further consolidate the role of PrP® in glioblastoma
motility.

Single-cell RNA sequencing analysis from patient-derived
GBM cells corroborates PrP¢ significance in GSCs migration
and proliferation

To deepen the insights obtained through experiments
in U87 and U251 cell lines and further corroborate our
results, we analyzed patient-derived data from bulk and
single-cell RNA-seq (scRNA-Seq). These data were pub-
licly available in Gliovis, The Cancer Genome Atlas
(TCGA) Program GBM dataset, and the Broad Institute
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of Single-Cell Data Portal. Analysis of GBM patient sam-
ples from TCGA showed a positive correlation between
PRNP and CD44, and with genes associated with stem-
ness, including CD133, SOX2, and EGFR (Fig. 4a). Sur-
vival analysis from TCGA showed that GBM tumors
with high expression of PRNP had decreased survival

in comparison to tumors with low PRNP expression
(Fig. 4b). We also compared survival data between high-
and low-CD44 expressing tumors, but there was no
difference between the groups (Fig. 4b). Correlation anal-
ysis of TCGA samples revealed significant associations
between PRNP and CD44 in mesenchymal and proneural
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Fig.3 Loss-of-PrP© disrupts CD44 expression and localization and decreases cell invasiveness. (a) Protein levels of CD44 in U87 and U251 WT and KO cells
in monolayer and neurosphere conditions. Analysis of the expression of CD44 through band densitometry, with the ratio between CD44 and GAPDH.
(b) Western blot analysis showing elevated PrP® levels in CD44-overexpressing cells. Densitometric analysis of PrP< and HSP90 (loading control) was
performed for U87 WT and PrPC knockout (KO) cells transfected with CD44-GFP or PrPS-GFP (untransfected cells as control). Statistical analysis was con-
ducted using a two-way ANOVA followed by Bonferroni's post-hoc test (n = 3; ****P < 0.0001, ***P < 0.001). (c) Immunofluorescence of CD44 (green), PrP¢
(red), and DAPI (blue) in U87 and U251 WT and KO monolayer and neurosphere conditions. Inserts in WT show co-localization of CD44 and PrPC. Inserts
panel in KO shows CD44 assemblies, Scale bar =15 um. (d) Pearson's correlation coefficient was calculated to quantify colocalization between CD44 and
PrPC signals, with values presented in the graph. (e-g) Representative photomicrographs of U87 and U25TWT and KO in monolayer and neurosphere
conditions, for cellular migration or invasion through transwell assays, and graphical representation of the number of cells that migrated per quadrant.
*p<0.05; **p<0.01;***p <0.001; ****p <0.0001. (h) Invasion assays confirmed previous findings, showing that PrPC KO reduces invasiveness in GBM cells,
both in untransfected (UNT) and CD44-overexpressing conditions. A general decrease in cell invasion was observed in both WT and KO cells following

CD44 transfection (*P<0.05)

glioblastoma subtypes, suggesting potential co-regulatory
mechanisms that could impact tumorigenic processes
and cellular behavior in GBM (Fig. 4c-¢). Additionally, we
interrogated PRNP expression in 10,536 GSCs grown as
neurospheres (Fig. 4f, g). Gene set enrichment analysis
(GSEA) of cluster 10, the cluster with the highest PRNP
expression, showed an upregulation of migration and
proliferation pathways (Fig. 4h-j). Data found in this anal-
ysis indicates that PrP¢ may have a role in the modulation
of key pathways related to the invasiveness of GBM, and
further strengthens the findings described in this study.

Discussion

GBM is one of the most aggressive cancer types, and its
diffuse growth pattern plays a pivotal role in therapeutic
failure since this tumor relies heavily on the ability of its
cells to migrate and invade the brain parenchyma [43].
Proteins located on the cell surface are critical for cell
migration, and, therefore, can contribute to tumor inva-
siveness. A deeper understanding of the formation and
activity of multiprotein cell surface platforms involved
in cell motility mechanisms is an effective way to iden-
tify novel potential therapeutic targets for GBM due to
their accessibility and involvement with crucial signaling
pathways. Not surprisingly, a growing body of evidence
highlights the involvement of PrP¢ in cell migration,
particularly in cancer [18]. We previously reported that
the decrease in PrP¢ expression was enough to modu-
late membrane expression of key proteins involved in
GBM invasion, such as E-cadherin and a6-integrin [19].
Herein, we show a central function of PrP¢ as a pos-
sible regulator of CD44 and signaling modules on the
cell membrane related to cell motility, proliferation, and
stemness in GBM.

Although PrP€ and CD44 are known to interact physi-
cally and functionally in breast cancer cells (20), data
exploring the correlation between PrP¢ and CD44
expression and its role in GBM cells is lacking. The most
recent review by Thellung et al. [44] briefly mentions the
insufficiency of studies exploring their functional interac-
tion in GBM. We report herein that loss-of-PrP€ leads to
a decrease in CD44 protein levels in GSCs (Fig. 3c). When

we dissected the cellular distribution of CD44, we found
that it co-localizes with PrP¢ in filopodia-like structures
(Fig. 3d). Those structures are important for cell migra-
tion [45], and it is known that an essential characteristic
of GBM is its ability to migrate through the brain tis-
sue, hampering the complete removal of the tumor and,
therefore, contributing to recurrence [46]. In PrP“-KO
cells, loss-of-PrP¢ altered the distribution pattern of
CD44 on the cell membrane. As CD44 was described to
interact with PrP€ physically and functionally on the cell
surface of breast cancer cells [20], PrP¢ may be necessary
for the proper localization of CD44 on the cellular mem-
brane. Given the important role that CD44 has in cell
migration and invasion in gliomas [39], the disruption of
its location on the cell surface might also be related to the
impairment of the migration and invasion we observed in
PrP¢-KO cells.

CD44 is one of the main partners of hyaluronic acid,
and its proper interaction has been described as a nec-
essary step for migration in lymphoma [37] and glioma
[39]. Unlike solid organs, the brain is a softer tissue, and
its extracellular matrix (ECM) composition differs sig-
nificantly. The elasticity of brain tumors was shown to be
higher than normal brain tissue [47]. Preclinical models
also supported these findings, showing that heteroge-
neous GBM tissues become softer as hypoxic/necrotic
regions develop, while denser areas with abnormal vas-
cular components become stiffer [48]. The differences
in tissue stiffness at the molecular level in GBM are
attributed to changes in ECM composition. Increased
levels of hyaluronic acid are detected in the tumor’s sur-
rounding ECM. This increased hyaluronic acid content
promotes ECM remodeling and invasion of GBM cells
[49]. Through in vitro biochemical studies, it has been
determined that the morphology and migratory pat-
terns of GBM cells exhibit an inverse relationship with
the density of hyaluronic acid [50], and that the inter-
action between hyaluronic acid and its receptor CD44
plays a significant role in glioma invasion. Furthermore,
the findings indicate that decreased hyaluronic acid lev-
els contribute to enhanced flexibility [51], potentially
facilitating the degradation of the neighboring ECM by
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matrix metalloproteinases (such as MMP2, MMP9, and
MMP13). Consequently, this degradation enables tumor
cells to invade the surrounding brain tissue [52]. Addi-
tionally, PrP¢ was shown to bind to glycosaminogly-
cans, among them hyaluronic acid [53]. Therefore, the
decreased invasive capability of GBM PrP¢-KO cells that
we showed herein may be due to the disruption of this
interaction between hyaluronic acid, CD44, and PrPC.

RNA-seq data analysis efficiently screened novel path-
ways and genes affected by the lack of PrP¢. We con-
firmed that many of the DEGs in PrP¢ KO were related
to cell migration. We found that EPHB4 and TIMP3 were
downregulated in U87 PrP®-KO cells (Fig. 2d). Con-
versely, in U251 PrP-KO, EPHA4, NCAM1, THBS2 and
TIMP3 were all downregulated. Ephrin receptors, such
as EPHB4 and EPHA4, are receptor tyrosine kinases that
are overactivated in invasive GBM cells compared to cells
in the tumor core. Phosphorylation of EPHB4 inhibits
glioma migration and invasion [54]. EPHA4 promotes
proliferation and migration in GBM by forming a com-
plex with FGFR1 and subsequent modulation of Racl and
Cdc42 [55]. Interestingly, PrP€ has also been implicated
in the modulation of Racl expression in cancer [30].
Additionally, both EPHA4 and EPHB4 are modulators
of f1-integrin expression [53, 54], and PrPC is known to
regulate integrin signaling [56, 57]. Furthermore, litera-
ture shows that loss-of-PrPC expression leads to a distur-
bance in the expression of Eph receptors in vitro and in
vivo [58]. In breast cancer tissues and cell lines, THBS2
is upregulated, and it was shown to facilitate cell migra-
tion and invasion [59]. NCAMI1 mediates cell adhesion in
neural cells, it can regulate migration and proliferation in
cancer cells [60, 61], and it is a binding partner of Prp¢
[62]. Another DEG, TIMP3, regulates migration and
invasion in osteosarcoma [63]. Interestingly, although
U87 and U251 cell lines had different expression profiles
in response to the lack of PrP%, both cell lines showed
the same functional decrease in cell migration, invasion,
and proliferation. This supports the importance of PrP¢
for GBM, as it demonstrates the same cellular functional
output in different signaling and genetic environments.
Importantly, the role of PrP® on GBM migration and
invasion was also corroborated by our scRNA-seq analy-
sis of GSCs.

In addition to being an essential modulator of GBM
invasion, CD44 is discussed as a marker of GSCs and
has a role in GBM growth [64]. Many of the DEGs we
explored related to stemness in GBM present a correla-
tion with CD44. ABCBS5 is co-expressed with CD44 in
oral cancer stem cells [65] and, as CD44, also presents
an important role in breast cancer invasion and metasta-
sis [38, 66]. In gliomas, expression of ABCB5 correlated
with CD133 expression on primary GBM tumors, and
ABCB5 was also found to be expressed on U87, LN-18,
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and LN-229 GSCs that were positive for CD133 [67].
CD24 has emerged as a marker of neural progenitor-like
GSCs, which are shown to be highly proliferative cells
in IDH-mutant gliomas [68], and is often used together
with CD44 as a marker for isolation of breast cancer stem
cells [69]. Additionally, WNT10B is known to modulate
cell growth and apoptosis in glioma [70] and is able to
regulate stemness of CD44+4/CD24- cells in breast can-
cer [71]. Not only that, but CD44 is also found to be a
target of the Wnt/p-catenin pathway [72], and PrP® was
shown to modulate Wnt signaling in intestinal epithelial
cells [73].

Moreover, we reported a loss of membrane-bound
SSEA-1 in U87 PrP¢-KO cells (Fig. 1f), a neural stem
cell marker [74], suggesting that PrP¢-KO cells might
have a more differentiated phenotype than their WT
counterparts, strengthening the importance of PrP¢ in
the biology of GSCs. In contrast to its increased mRNA
expression, we also observed a decrease of membrane-
bound CD133 in U87 PrP®-KO cells (Fig. 1f), in accor-
dance with what was reported in U87 PrP¢ knockdown
cells previously by our group [19]. Furthermore, we also
observed a loss of expression of SOX2 in U87 PrP¢-KO
cells (Fig. le). SOX2 is a promoter of GBM stemness
[75] and, together with CD44, is a marker of cancer stem
cells in Epstein-Barr virus-positive nasopharyngeal car-
cinoma [76]. Additionally, knockdown of PrP¢ was pre-
viously shown to decrease SOX2 staining in U87 cells
[19]. Regarding DEGs related to stemness maintenance,
we once again observed a different expression profile
between U87 and U251 PrP¢-KO cells. These cell lines
have different genetic backgrounds, functional behavior
and recapitulate different aspects of GBM in vivo [77,
78]. U87 forms large vascularized tumors with a lack
of necrotic cores. They also express mutant PTEN, are
methylated by Methylguanine-DNA methyltransferase
(MGMT), and have upregulated PI3K/Akt, but pres-
ent wild-type TP53. U251 cells, on the other hand, form
small, highly infiltrative tumors in vivo. They express
mutant PTEN and TP53, are MGMT methylated, and
show upregulation of the PI3K/Akt pathway [77]. Despite
these diverse genetic and behavioral backgrounds, loss-
of-PrP€ equally decreased GBM proliferation and GSCs
renewal in both models.

In this study, we have uncovered a novel role of PrP¢
in regulating the expression and localization of CD44.
Moreover, our findings highlight the crucial involvement
of PrP€ in the migration and invasion processes of GBM,
which are critical factors contributing to its dismal sur-
vival rates (Fig. 5). The diffuse growth pattern observed in
GBM is a significant hurdle in effective treatment strate-
gies, as it relies heavily on the migratory and invasive
capabilities of tumor cells within the brain parenchyma
[43]. Our RNA-Seq analysis identified numerous genes
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Fig. 5 PrP® knockout impairs the invasiveness of glioblastoma. PrP¢ knockout (KO) in glioblastoma cells altered the expression of genes involved in cell
migration, invasion, and stemness pathways. Notably, the cell lines U87 and U251 showed distinct expression patterns of these genes but had similar
phenotypic responses to PrP-KO, i.e, decreased proliferation, self-renewal, and migration and invasion capabilities. We also found that PrP“-KO led to a
decrease in total protein levels of CD44 and of cell surface levels of SSEAT, CD44, and CD133. We propose that the lack of PrP¢ leads to a disruption of the
interaction between CD44 and extracellular matrix components that impair GBM cell motility

modulated by PrP¢ expression in GBM cells, revealing
their involvement in migration, proliferation, and stem-
ness pathways. Remarkably, our study demonstrates that
the loss-of-PrP¢ expression impairs GBM proliferation
and the self-renewal abilities of GSCs, underscoring its
functional significance in maintaining stemness. Though
the majority of our experiments were performed in vitro,
it’s paramount to highlight that our bulk RNA-Seq data
aligns with the single-cell analysis of GBM patients’ cells,
further reinforcing the pivotal role exerted by PrP® in
GBM biology and strongly suggesting that our findings
could be transposable to an in vivo setting. As a scaffold
protein, the absence of PrP¢ may disrupt the formation
of crucial signaling platforms on the cell surface, thereby
disturbing vital molecule-molecule interactions and
signaling pathways relevant to GBM. Moving forward,
investigating the complex interactions between PrPC,
CD44, and ECM components like hyaluronic acid holds
great promise for gaining deeper insights into the critical
role of PrP€ in GBM.

Conclusions

In summary, our study demonstrates that PrP¢ influences
genes associated with migration, proliferation, and stem-
ness pathways in GBM cells. The loss-of-PrP€ expression
impairs GBM cell proliferation, GSC self-renewal, migra-
tion, and invasion, highlighting its critical role in GBM

biology. These findings enhance the significance of PrP¢
in regulating key functions in GBM and GSC biology,
positioning it as a compelling and novel target for future
anti-glioblastoma therapeutic strategies.
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