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Abstract
Functional genomics applied to the study of RNA expression profiles identified several abnormal molecular processes in
experimental prion disease. However, only a few similar studies have been carried out to date in a naturally occurring human
prion disease. To better characterize the transcriptional cascades associated with sporadic Creutzfeldt-Jakob disease (sCJD), the
most common human prion disease, we investigated the global gene expression profile in samples from the frontal cortex of 10
patients with sCJD and 10 non-neurological controls by microarray analysis. The comparison identified 333 highly differentially
expressed genes (hDEGs) in sCJD. Functional enrichment Gene Ontology analysis revealed that hDEGs were mainly associated
with synaptic transmission, including GABA (q value = 0.049) and glutamate (q value = 0.005) signaling, and the immune/
inflammatory response. Furthermore, the analysis of cellular components performed on hDEGs showed a compromised regu-
lation of vesicle-mediated transport with mainly up-regulated genes related to the endosome (q value = 0.01), lysosome (q
value = 0.04), and extracellular exosome (q value < 0.01). A targeted analysis of the retromer core component VPS35 (vacuolar
protein sorting-associated protein 35) showed a down-regulation of gene expression (p value= 0.006) and reduced brain protein
levels (p value= 0.002). Taken together, these results confirm and expand previous microarray expression profile data in sCJD.
Most significantly, they also demonstrate the involvement of the endosomal-lysosomal system. Since the latter is a common
pathogenic pathway linking together diseases, such as Alzheimer’s and Parkinson’s, it might be the focus of future studies aimed
to identify new therapeutic targets in neurodegenerative diseases.
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Introduction

Prion diseases or transmissible spongiform encephalopathies
(TSEs) belong to the growing group of protein misfolding
disorders that primarily affect the brain. However, unlike the
most prevalent diseases of this group, such as Alzheimer’s
(AD), Lewy body disorders (LBD), and frontotemporal de-
mentias (FTD), prion disease affects several mammalian spe-
cies and uniquely includes patients that acquired the disease
through contaminated sources [1, 2]. Creutzfeldt-Jakob dis-
ease (CJD), the most common human prion disease, mainly
occurs as a sporadic form of unknown origin (sCJD).
However, it can also be linked to mutations in the prion pro-
tein gene (PRNP) in about 15% of cases [3, 4], or rarely be
acquired by accidental transmission through medical proce-
dures or food contaminated with the bovine spongiform en-
cephalopathy agent [5]. The hallmark of prion disease patho-
genesis is the conversion of the cellular prion protein (PrPC)
into an abnormal conformer (PrPSc), which is rich in β-sheet,
partially protease-resistant and aggregation-prone. In the dis-
ease, the spontaneously formed or acquired PrPSc provides a
template for further pathogenic conversion of PrPC and then
spreads from one cell to another [6].

Understanding the cascade of molecular events leading to
progressive neurodegeneration and neuroinflammation after
the formation and spread of PrPSc is crucial for the identifica-
tion of potential therapeutic targets. In recent years, advances
in technologies led to the discovery of multiple genes and
signaling pathways involved in prion disease pathogenesis.
Studies in prion-infected mice, allowing cross-sectional time
course experiments from the pre-symptomatic phase, demon-
strated a differential expression in genes involved in several
pathways, including protein synthesis, inflammation, cellular
proliferation, lipid metabolism, synapse function, apoptotic
pathways, oxidative and endoplasmic reticulum stress, and
endosome/lysosome function [7].

More significantly, gene expression data obtained through-
out disease progression and from eight distinct mouse strain-
prion strain combinations, in the most complete genome-wide
transcriptional study performed to date, identified a core of
333 genes related to prion disease. They belonged to various
cellular processes including demyelination, hematopoiesis
and complement activation, lysosome protease activity, and
glycosaminoglycan metabolism [8]. Similar results have been
demonstrated by studying the RNA expression profile in oral-
ly infected ruminant species (cattle, sheep, and elk) [7] and
macaques [9].

Unlike numerous studies on the transcriptome of animal
models, only a few have been performed to date in the natu-
rally occurring human prion disease [10–12]. Although ani-
mal models allow the numbers and replications needed to
design large-scale studies and the possibility to study the dif-
ferent stages of the disease [7], they are not necessarily

comparable to humans [13]. Furthermore, experimental ani-
mals can only model the acquired variant of the disease.
Although human brain tissues provide only information on
the end stage of the disease and the low average quality of
post-mortem RNA might potentially influence the outcomes
[14], human tissues studies remain the gold standard [15].

In this study, we analyzed the global gene expression pro-
file in brain samples from sCJD patients. The results not only
confirm that synaptic and immune system functions are sig-
nificantly affected in sCJD but also suggest an altered vesicle
trafficking also involving the retromer complex.

Materials and Methods

Brain Tissue Collection

The study was approved by the Local Ethics Committee. Gray
matter tissue samples were collected from the frontal cortex
(middle frontal gyrus) of 10 sCJD brains (five each from the
two commonest disease subtypes, MM1 and VV2) and 10
controls (CTRL) without any history of neurological or psy-
chiatric illnesses. Sporadic CJD subjects and CTRL were
matched for age (sCJD = 66.9 ± 8.2; CTRL = 65.7 ± 10.7)
and sex (males, sCJD = 40%; CTRL = 50%). Tissue was ob-
tained post-mortem according to a standard protocol. Tissue
from the right hemisphere was frozen in dry ice and kept at −
80 °C until use, while the left hemisphere was fixed in 10%
formalin and processed by paraffin wax embedding.

Sporadic CJD cases were classified as MM1 or VV2 ac-
cording to established histopathological criteria [16] and PrPSc

typing [17]. All selected cases had tissue quality classified as
Boptimal^ (i.e., body maintained refrigerated (2–4 °C) before
autopsy and post-mortem delay < 36 h) and showed only mild
to moderate changes (e.g., spongiform change, gliosis, and
neuronal loss) in the frontal cortex at histopathological exam-
ination. The latter was chosen as area of interest because it is
pathologically involved in all CJD subtypes [10, 18] and usu-
ally available for sampling. Control brains lacked significant
vascular and inflammatory abnormalities. Regarding neurode-
generative changes, they were assessed according to
established neuropathological criteria [19]. sCJD and CTRL
brains were matched for amyloid-beta (Aβ) (Aβ phase 0 = 5
CTRL and 6 sCJD; Aβ phase 1-2, 3 CTRL and 2 sCJD, Aβ
phase 3, 1 CTRL and 1 sCJD, Aβ phase 4 = 1 CTRL and 1
sCJD), TDP43 (all negative), and tau-related (tau Braak stage
0 = 4 sCJD and 3 CTRL; tau stage I = 5 sCJD and 5 CTRL;
tau stage II: 1 sCJD and 2 CTRL) pathology. Finally, all sCJD
brains and all but one CTRL were alpha-synuclein negatives
by immunohistochemistry. As only exception, one of the cases
initially acquired as a control lacking significant neuropatho-
logical abnormalities was found to have a significant Lewy-
related pathology (Braak stage 4) at a second, late revision.
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RNA Extraction

Total RNA was extracted from the frontal cortex of snap-
frozen brain according to an optimized protocol [20] using
the RNeasy tissue lipid kit (Qiagen, Mannheim, Germany)
and stored at − 80 °C until use. RNA concentration and purity
were assessed by spectrophotometry (NanoDrop ND100,
Thermo Fisher Scientific, Waltham, MA, USA). Total RNA
quality was tested through capillary electrophoresis
(Bioanalyzer 2100, Agilent Technologies, Santa Clara, CA,
USA), and RNA was considered suitable when the integrity
quality number (RIN) scored above 8.

Microarray and Bioinformatic Analysis

The RNA expression profile was analyzed using the Illumina
whole-genome HumanRef8 v2 BeadChip (Illumina, CA,
USA). Briefly, RNA samples were processed for array analy-
sis using the Illumina TotalPrep™ 96 RNA Amplification Kit
(Ambion, Inc., Austin, Texas, USA). Double-stranded com-
plementary DNA (cDNA) was synthesized from 0.5 μg of
total RNA. Using cDNA as template, complementary RNA
was synthesized and labeled with biotin and then applied to
the arrays using the whole-genome gene expression direct
hybridization assay system (Illumina). The BeadChips were
scanned with the Illumina BeadArray Reader. The data were
extracted and processed by applying a quantile normalization
using the Illumina Beadstudio 3.2 software (Illumina). To val-
idate the microarray experiment, we included in the analysis
one technical replicate sample and verified the high correla-
tion between the pair samples (Pearson r2 = 0.998).
Differentially expressed genes (DEGs) were identified by de-
termining the p values of the t test adjusted with Benjamin-
Hochberg false discovery rate correction (q value) and fold-
change (FC) [21] by using Pathway Studio Software (Ariadne
Genomics Inc., Madrid, Spain). Genes with a log2(FC) ≥ |1|
and q value ≤ 0.05 were identified as highly DEGs (hDEGs).

Functional Analyses on Transcriptome Data

To correlate gene expression changes to biological functions,
we carried out the following analyses:

Gene Ontology (GO) and Pathway Analysis of the DEGs For
hDEGs classification, we used GO and the Kyoto Encyclopedia
of Genes and Genomes (KEGG), two of the most common
databases currently used for functional gene annotation. GO de-
scribes the function of genes or proteins in three broad categories:
biological process, molecular function, and cellular component.
Each of these categories is represented as a tree structure, in
which the nodes are terms, and the branches define their relation-
ships. In annotation databases, individual genes are linked to
terms of this tree. KEGG Pathway database, instead, presents

biological processes as a succession of reactions among mole-
cules that lead to a certain product or a functional change in the
cell, integrating the effect of a genetic factor in the biological
network [22]. The Protein ANalysis THrough Evolutionary
Relationships (PANTHER) analysis tool was used to categorize
DEGs byGOBiological Process andGOCellular Component to
determine whether any of GO terms were overrepresented
among hDEGs [23]. The PANTHER Overrepresentation Test
(released 2017-12-05) was used to search the data against the
GO database (released 2018-02-02) to identify GO annotations
overrepresented in our datawhen compared to a reference human
genome. We used Bhierarchical view^ option that groups togeth-
er related classes into a Bblock^ and orders the blocks by the
largest enrichment value of any class in the block [23]. The most
specific class is shown at the top of each block. The Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
tool [24] was used for KEGG-pathway enrichment analysis.
Only pathways with a p value < 0.05 after Benjamini-
Hochberg multiple corrections were evaluated.

Gene Set Enrichment Analysis (GSEA) on the Entire Microarray
Dataset Differences in GO Cellular Component terms were
also analyzed by applying the so-called Bsecond-generation^
method. The advantage of this technique is that it uses infor-
mation from the entire experiment (all genes, ranked accord-
ing to a gene-level statistic) to generate pathway-level statis-
tics that capture coordinated changes in the expression of
genes in a pathway or gene set [25]. To this end, GSEA was
conducted on data from the full chip with no prior filtering
[26]. The GO gene set database (C5.cc.v4.0) from the
Molecular Signatures Database (www.broadinstitute.org/
gsea/msigdb/index.jsp) was used for enrichment analysis. A
thousand permutations were used to obtain the nominal p
value (NOM p-val). Gene sets with nominal p value < 0.05
and false discovery rate (FDR q val) < 0.25 [26] were
considered to be significantly deregulated.

The human cell-specific gene expression database from the
cell type enrichment analysis web-based tool CTen was used
to predict the involvement of key cell types within candidate
gene lists [27]. For each supplied gene list, the significance of
cell type-specific expression was determined using the one-
tailed Fisher’s exact test with a Bonferroni correction across
all the available cell/tissue types.

Expression Validation with Droplet Digital
Polymerase Chain Reaction (PCR) and Quantitative
Reverse Transcription PCR

The gene expression results obtained by microarray data anal-
ysis were validated using droplet digital polymerase chain
reaction (ddPCR) and quantitative reverse transcription (RT-
q) PCR. Genes were selected based on their significance or the
pathway in which they are involved. Briefly, 1 μg of RNAwas
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retro-transcribed using the High Capacity RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA, USA). Reactions for
ddPCR assay were carried out using the QX200 Droplet
Generator, the QX200 Droplet Reader, the C1000 Touch
Thermal Cycler, and the PX1 PCR Plate Sealer (Bio-Rad,
Hercules, CA, USA) following the manufacturer’s instruc-
tions. Reactions were performed in duplicate using the 2×
ddPCR Supermix for Probes (no dUTP) and 20× target/
reference primers/probe (Bio-Rad, Supplementary Table S1).
The cDNA copies/unit were quantified using the QuantaSoft
Software (Bio-Rad). The expression of the following four ref-
erence genes was integrated in our experiment: ACTB (actin
beta), XPNPEP1 (X-prolyl aminopeptidase (aminopeptidase
P1, soluble)), that was identified as a gold standard reference
gene for RNA expression studies in human CNS post-mortem
tissue [20], UBE2D2 (ubiquitin-conjugating enzyme E2D 2),
and CYC1 (cytochrome c1), recently reported and validated as
a stable gene useful for gene expression studies in brain tissue
and neurodegenerative diseases [28]. The expression of these
genes identified bymicroarray was comparable between sCJD
and CTRL (q value: ACTB = 0.56, CYC1 = 0.08, UBE2D2 =
0.19, XPNPEP1 = 0.13). To achieve data normalization,
cDNA copies of the target genes were adjusted by the corre-
sponding normalization factor (geometric mean of ACTB,
CYC1, UBE2D2, and XPNPEP1 normalization factors) [29],
and final data displayed as fold change (sCJD versus CTRL).
RT-qPCR reactions were carried out using the TaqMan Gene
Expression Assays (Applied Biosystem, assay IDs are
reported in Supplementary Table S1), according to the manu-
facturer’s instructions, on an ABI- Prism 7500 Fast Instrument
(Applied Biosystem). Gene expression was normalized to
XPNPEP1 gene. Gene expression fold changes were calculat-
ed using the ΔΔCt method [30].

Western Blotting

Brain tissue samples were homogenized in lysis buffer (Tris-
HCl 50 mM, NaCl 150 mM, SDS 0.1%, Triton 1%, EDTA
1 mM, pH 7.6) containing a protease inhibitor cocktail
(Sigma-Aldrich, Inc. St. Louis, MO, USA). Protein concen-
tration was assessed by BCA assay kit (Pierce, Rockford, IL,
USA). Total lysates (20 μg) were loaded into a SDS-
polyacrylamide gel. Proteins were electro-transferred onto an
Immobilion-P PVDF membrane (Millipore Corp., Billerica,
MA, USA). The membrane was incubated with Ab anti-
VPS35 (sc-374372, Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA 1:10000) and anti-Actin (1:10000, Sigma-
Aldrich), washed, and incubated with a horseradish
peroxidase-conjugated secondary Ab (1:10.000, sheep anti-
mouse IgG horseradish peroxidase (HRP), GE Helthcare,
Little Chalfont, UK). Signals were visualized using
Immobilion Western Chemiluminescent HRP substrate
(Millipore Corp.) and detected by LAS-3000 (Fujifilm Co.,

Tokyo, Japan). Densitometric analysis was performed using
the software AIDA (Image Data Analyzer v.4.15, Raytest
GmbH, Straubenhardt, Germany).

Statistical Analysis

To correct for multiple hypotheses, p values were adjusted by
the method of Benjamini and Hochberg or Bonferroni [31]
and referred in the manuscript as q values.

Statistical analyses on ddPCR, RT-qPCR, andWestern blot
data were performed with SigmaPlot 12.5 (Systat Software
Inc.). Depending on the data distribution, the Student’s t test
or the Mann-Whitney test was used to detect differences be-
tween two groups. Statistical significance was set at p/q < 0.05
unless specified otherwise.

Results

Defining the Transcriptional Signature of sCJD

The hierarchical clustering of all analyzed genes showed that
the expression profiles of most of the samples within each
group were pooled together (Fig. 1a). A comparison between
sCJD and controls identified 2624 differentially regulated
genes with a q value < 0.05 (Supplementary Table S2). To
prioritize the genes potentially involved in sCJD, we focused
all subsequent analyses on those with an absolute log2(FC)
greater than one (Supplementary Table S3). We recognized
333 highly hDEGs, of which 183 were up-regulated (fold
change > 2) and 150 down-regulated (fold change < 0.5)
(Fig. 1b, Supplementary Table S3).

To validate microarray expression data, we performed
ddPCR and RT-qPCR analyses of nine selected hDEGs
(CCAAT/enhancer-binding protein alpha (CEBPA), colony-
stimulating factor 1 receptor (CSF1R), enolase 2 (ENO2), glial
fibrillary acidic protein (GFAP), integrin subunit beta 2
(ITGB2), neurofilament medium (NEFM), member RAS on-
cogene family 31 (RAB31), serpin family A member 3
(SERPINA3), and TYRO protein tyrosine kinase-binding pro-
tein (TYROBP) genes) (Fig. 1c and Supplementary Fig. S1).
All tested genes yielded results in line with microarray data.

Since large-scale transcriptional changes in tissues may be
limited by changes in the proportion of constituent cell types
[33], we also studied cell type-specific genes, neuronal, glial,
and vascular found by single-cell RNA sequencing [34]. With
this approach, we demonstrated an increased expression of
genes specific to oligodendrocytes (p value < 0.001), astro-
cytes (p value < 0.001), and microglia (p value = 0.01), and
a down-regulation of neuronal genes (p value < 0.001)
(Supplementary Fig. S2). Except for microglia, median values
of log2(FC) for each cell type subgroup were close to zero,
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indicating a limited effect of the change in cell type composi-
tion on global gene expression.

Biological Processes Alterations in sCJD

To gain insight into the biological relevance of the 333
hDEGs (Supplementary Table S3), we performed a func-
tional enrichment GO analysis using PANTHER [23].
This analysis revealed 118 biological processes altered
in sCJD (q value < 0.05) (Table 1 and Supplementary
Table S4). The corresponding hDEGs were mainly asso-
ciated with synaptic transmission, including GABA (q
value = 0.049) and glutamate (q value = 0.005) signaling,
and with the immune/inflammatory response (production
of molecular mediator involved in the inflammatory re-
sponse, q value = 0.04, and regulation of the immune re-
sponse, q value = 0.04).

Furthermore, the dysregulation of the genes involved in
the secretory pathway (q value < 0.01) suggested an alter-
ation of the vesicle-mediated transport. Other biological
processes involved included positive regulation of cellular

communication (q value = 0.01), gene expression (q val-
ue = 0.02), cell morphogenesis (q value = 0.02), regulation
of intracellular signal transduction (q value < 0.01), and
intracellular transport (q value < 0.01). The involvement
of the synaptic vesicle cycle, GABAergic synapses, and
other pathways related to the immune response were also
confirmed by KEGG pathway analysis (Supplementary
Fig. S3).

To prioritize the biological processes underlying sCJD
pathogenesis, we also applied GO functional enrichment
analysis on groups of hDEGs clustered by similarity in
gene expression (Supplementary Table S5). As shown in
the heatmap of the 333 hDEGs (Fig. 1b), hierarchical
clustering applied to hDEG expression values revealed
six clusters, three of which (cluster one, two and three)
showed significant biological process associations (q val-
ue < 0.05).

In particular, clusters one and three, including the
genes mainly down-regulated in sCJD (Fig. 1b), related
to synaptic transmission (Fig. 2), namely glutamate trans-
mission in cluster one and GABAergic signal in cluster

Fig. 1 Genome-wide expression analysis in sCJD frontal cortex. a
Hierarchical clustering (Pearson correlation, pairwise average-linkage)
[32] based on the expression values of all 18.000 genes detected by
BeadChip Illumina after normalization. b HeatMap (Heat-Mapper [32])
representing the 333 highly deregulated genes (hDEGs) in sCJD patients
(n = 10) vs controls (n = 10) at q value < 0.05 and log (FC) > |1|. One
hundred eighty-three genes were up-regulated (red), and 150 down-
regulated (green). Genes are clustered by samples class (control or
sCJD) and by the similarity in gene expression. Clustering yielded six
hDEGs clusters. hDEGs belonging to each cluster are listed in the
Supplementary Table S5. c Validation of microarray gene expression
levels by ddPCR. Genes analyzed: CCAAT/enhancer-binding protein al-
pha, CEBPA; colony-stimulating factor 1 receptor, CSF1R; enolase 2,
ENO2; glial fibrillary acidic protein, GFAP; integrin subunit beta 2,
ITGB2; neurofilament medium, NEFM; member RAS oncogene family

31, RAB31; serpin family A member 3, SERPINA3; and TYRO protein
tyrosine kinase binding protein, TYROBP. Data obtained frommicroarray
profiling (gray bars) were comparable to those obtained by ddPCR (blue
bars). Data are expressed as fold change (sCJD versus CTRL) normalized
with the expression of four reference genes: ACTB (actin beta),
XPNPEP1 (X-prolyl aminopeptidase (aminopeptidase P1, soluble)),
UBE2D2 (ubiquitin-conjugating enzyme E2D 2), andCYC1 (cytochrome
c1). On the Y-axis, bars represent fold change as multiple of the mean
value in controls (arbitrarily set to one), while error bars represent stan-
dard deviation. On the X-axis the tested genes. The expression of target
genes (normalized on XPNPEP1 gene expression level) was also ana-
lyzed by RT-qPCR (Supplementary Fig. S1). CTRL, controls; FC, fold
change; hDEGs, highly differentially expressed genes; RT-qPCR, reverse
transcription- quantitative polymerase chain reaction; sCJD, sporadic
Creutzfeldt-Jakob disease
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three, whereas group two included up-regulated genes
participating in several biological processes involved in
the immune/inflammatory response (Figs. 1b and 2).
Finally, only one GO term was found associated with
two clusters. Both cluster one (q value = 0.01) and cluster
two (q value < 0.01) (Supplementary Table S5) included
genes involved in the regulation of vesicle-mediated
transport, suggesting a complex impairment of this cellu-
lar function in sCJD.

Genes Involved in Synaptic Vesicle Cycle Are
Down-Regulated in sCJD

Synaptic dysfunction is an early cause of neurological symptoms
in prion diseases since synapses represent the initial target of
PrPSc deposition [35]. Accordingly, in sCJD, we detected im-
paired neurotransmitter secretion/transport with both GO
(Table 1) and KEGG pathway enrichment analyses
(Supplementary Fig. S3). The most significantly altered

Table 1 Biological process GO
terms altered in sCJD frontal
cortex

GO biological process complete Fold
enrichment

q value % up-
regulated
hDEGs

Synaptic transmission, GABAergic (GO:0051932) 36.33 4.78E−02 0

Production of molecular mediator involved in inflammatory
response (GO:0002532)

21.19 4.22E−02 100

Glutamate secretion (GO:0014047) 15.34 4.49E−03 28.57

Positive regulation of regulated secretory pathway
(GO:1903307)

10.82 9.30E−03 50

L-Amino acid transport (GO:0015807) 9.38 6.39E−03 55.55

Calcium ion regulated exocytosis (GO:0017156) 7.84 2.73E−02 22.22

Vesicle-mediated transport in synapse (GO:0099003) 7.06 1.89E−03 8.33

Synaptic vesicle cycle (GO:0099504) 6.99 6.67E−03 9.09

Neurotransmitter secretion (GO:0007269) 6.86 8.07E−03 9.09

Cellular response to metal ion (GO:0071248) 5.78 2.08E−03 78.57

Cellular response to external stimulus (GO:0071496) 3.84 1.52E−02 77.78

Regulation of intracellular transport (GO:0032386) 3.50 8.86E−03 47.62

Neuron projection development (GO:0031175) 3.14 2.58E−04 37.71

Import into cell (GO:0098657) 3.11 1.13E−04 63.64

Myeloid cell activation involved in immune response
(GO:0002275)

3.09 7.91E−03 92

Regulation of cell activation (GO:0050865) 2.88 1.74E−02 80.77

Cellular response to oxygen-containing compound
(GO:1901701)

2.81 5.05E−05 65

Cell morphogenesis (GO:0000902) 2.78 1.35E−02 42.86

Response to lipid (GO:0033993) 2.52 1.35E−02 81.82

Response to drug (GO:0042493) 2.51 4.52E−03 63.89

Positive regulation of multicellular organismal process
(GO:0051240)

2.44 2.72E−06 72.41

Cellular response to endogenous stimulus (GO:0071495) 2.34 4.23E−03 60.98

Positive regulation of cellular component organization
(GO:0051130)

2.31 3.01E−03 65.12

Cellular response to organic substance (GO:0071310) 2.28 4.54E−08 67.53

Regulation of immune response (GO:0050776) 2.24 4.27E−02 81.08

Positive regulation of signaling (GO:0023056) 2.04 5.43E−03 64.81

Positive regulation of cell communication (GO:0010647) 2.01 1.09E−02 66.04

Regulation of intracellular signal transduction (GO:1902531) 1.94 1.49E−02 70.18

Gene expression (GO:0010467) .49 1.42E−02 50

Nucleic acid metabolic process (GO:0090304) .44 5.70E−04 51.72

OverrepresentedGObiological process categories yielded by the analysis on the 333 hDEGs,with a q value (Bonferroni
correction) < 0.05 and a fold enrichment > 2 or < 0.5 [23]. Themost specificGObiological process terms are shown (see
BMaterials and Methods^); the complete list of significant GO terms (q value < 0.05) is listed in the Supplementary
Table S4. Test type: binomial, Bonferroni correction for multiple testing. GO, gene ontology.
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processes were the vesicle cycling andGABAergic transmission.
Notably, nine down-regulated genes (ATPase H+ Transporting
V1 subunit G2 (ATP6V1G2), complexin 1 (CPLX1), dynamin
1 (DNM1), N-ethylmaleimide sensitive factor (NSF), solute car-
rier family 32 member 1 (SLC32A1), syntaxin 1A (STX1A),
syntaxin-binding protein 1 (STXBP1), synaptotagmin 1 (SYT1),
and vesicle-associated membrane protein 2 (VAMP2) participate
in different steps of the synapse vesicle cycling, including vesicle
docking, priming, and fusion with the plasma membrane
(Fig. 3a). These genes mainly represent components or
interactors of the soluble-N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE) complex that mediates
vesicles–plasma membrane fusion [36].

KEGG pathway enrichment analysis also highlighted the
impairment of the GABAergic synapse in sCJD
(Supplementary Fig. S3). De-regulated genes (adenylate cy-
clase 1 (ADCY1), GABA type A receptor associated protein-
like 1 (GABARAPL1), gamma-aminobutyric acid type B re-
ceptor subunit 2 (GABBR2), gamma-aminobutyric acid type
A receptor alpha 1 subunit (GABRA1), gamma-aminobutyric

acid type A receptor delta subunit (GABRD), gamma-
aminobutyric acid receptor subunit gamma-2 (GABRG2), glu-
tamate decarboxylase 1 (GAD1), glutamate decarboxylase 2
(GAD2 ) , p ro te in subuni t gamma 3 (GNG3 ) , N -
ethylmaleimide sensitive factor (NSF), solute carrier family
32member 1 (SLC32A1), and solute carrier family 38member
1 (SLC38A1) are mainly involved in the synthesis of GABAA
and GABAB receptors and in the synthesis and uptake of the
neurotransmitter γ-aminobutyric acid (GABA) (Fig. 3b).
These data are in agreement with previous findings that doc-
ument a severe loss of neuronal inhibitory GABAergic func-
tion early in the course of TSEs [35, 37, 38].

Several Pathways of the Immune System Are
Impaired in sCJD

The largest group of hDEGs (n = 137) belonged to cluster 2
(Fig. 2b), which mainly included genes involved in the
immune/inflammatory response (Supplementary Table S5).
The functional enrichment analysis revealed an alteration of

Fig. 2 Functional analysis of
hDEGs. Gene Ontology
biological process analysis
performed on clusters of hDEGs
grouped for similar expression
value obtained by the PANTHER
tool [23]. The analysis has been
performed considering the
hierarchical order of GO terms
and only the most specific GO
terms are shown. On the X-axis,
bars represent the − log10 of the q
value resulting from the
overrepresentation test (test type:
binomial, Bonferroni correction
for multiple testing). On the Y-
axis the most specific significant
GO. The complete list of signifi-
cant GO terms is provided in the
Supplementary Table S5. GO,
gene ontology; hDEGs, highly
differentially expressed genes
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the innate immune response (q value < 0.01), the lymphocyte
activation (q value < 0.01), and the production of mediators
involved in the inflammatory response (q value < 0.01). To
gain further insight into the immune response in sCJD, we
investigated the extent of immune gene deregulation among
the 333 identified hDEGs and found that 73 (21.9%) genes are
annotated as involved in the immune system process (Fig. 4a,
Supplementary Table S6). To identify the major cells involved
in the immune response in sCJD, we then performed a cell-
type enrichment analysis through the CTen platform [27]
using the 73 immune-related hDEGs (Supplementary
Table S6). The results suggested the involvement of different
cell types, including CD14+ monocytes, CD33+ myeloid cells,
and BDCA4+ dendritic cells (Fig. 4b).

Previous time course studies in prion disease revealed that
immune system activation precedes the appearance of
spongiform change, neuronal loss, and the onset of clinical signs
[39]. To verify whether some immune-related hDEGs could be
involved in the early stage of human disease, we exploited the
Prion Disease Database [40] that collects data related to mRNA
variations spanning the interval from prion inoculation through
the appearance of clinical signs in different mouse strain-prion
strain combinations [8]. We found that eight of our immune
system related hDEGs (cathepsin H (CTSH), CCAAT/
enhancer-binding protein alpha (CEBPA), cluster of differentia-
tion 68 (CD68), complement C1q B chain (C1QB), complement
C1q C chain (C1QC), lymphocyte antigen 86 (LY86), serpin
family A member 3 (SERPINA3), and TYRO protein tyrosine
kinase-binding protein (TYROBP)) matched pre-clinically

deregulated genes in at least four of five murine models of TSE
[8] (Supplementary Fig. S4).

Vesicular Trafficking Is Altered in sCJD

The analysis of biological process overrepresentation of
hDEGs showed an impairment of the regulation of vesicle-
mediated transport (Supplementary Table S5), which confirms
previous data from cellular and animal models that suggest a
significant membrane-trafficking alteration in sCJD [41].

While neuronal synaptic impairment and activation of the
immune system are well known pathogenetic hallmarks of prion
disease [39], alteration of vesicular trafficking has only recently
been suggested by studies in cellular models [41, 42]. Thus, to
better characterize this pathway, we performed several analyses
on both the hDEGs and the whole microarray dataset.

Firstly, we performed a GO cellular component overrepre-
sentation analysis on hDEGs (Table 2 and Supplementary
Table S7). This analysis not only confirmed the deregulation
of the genes involved in the synaptic vesicle (q value = 0.01)
and the SNARE complex (q value < 0.01) but also identified
mainly up-regulated genes related to the endosome (q value =
0.01), lysosome (q value = 0.04), and extracellular exosome (q
value < 0.01) (Table 2), highlighting the impairment of the
endo-lysosomal system in sCJD.

To overcome a potential bias due to hDEGs selection
criteria (see BMaterials and Methods^), we applied a GSEA
analysis on all microarray data. The analysis confirmed the
significant association with neuronal components, such as

Fig. 3 Gene alterations related to the cycle of synaptic vesicles and
GABAergic synapse in sCJD. a HeatMap (performed by using Heat-
Mapper tool [32]) representing the 10 hDEGs (ATP6V0E1, ATPase H+

transporting V0 subunit e1; ATP6V1G2, ATPase H+ transporting V1 sub-
unit G2; CPLX1, complexin 1; DNM1, dynamin 1; NSF, N-
ethylmaleimide sensitive factor; SLC32A1, solute carrier family 32 mem-
ber 1; STX1A, syntaxin 1A; STXBP1, syntaxin-binding protein 1; SYT1,
synaptotagmin 1; VAMP2, vesicle-associated membrane protein 2) linked
to the KEGG pathway Bsynaptic vesicle cycle.^ hDEGs up-regulated are
shown in red, those down-regulated in green. b HeatMap (performed by
using Heat-Mapper tool [32]) representing the 12 hDEGs (ADCY1,

adenylate cyclase 1; GABARAPL1, GABA type A receptor associated
protein like 1; GABBR2, gamma-aminobutyric acid type B receptor sub-
unit 2; GABRA1, gamma-aminobutyric acid type A receptor alpha 1 sub-
unit; GABRD, gamma-aminobutyric acid type A receptor delta subunit;
GABRG2, gamma-aminobutyric acid receptor subunit gamma-2; GAD1,
glutamate decarboxylase 1; GAD2, glutamate decarboxylase 2; GNG3,
protein subunit gamma 3; NSF, N-ethylmaleimide sensitive factor;
SLC32A1, solute carrier family 32 member 1; SLC38A1, solute carrier
family 38 member 1) linked to KEGG pathway BGABAergic synapse.^
All these hDEGs were down-regulated (green) in sCJD. hDEGs, highly
differentially expressed genes
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neuron projection (q value < 0.01), with lipid raft (q value =
0.02) and lysosome (q value = 0.03). Moreover, it revealed an
additional association with the Golgi apparatus (q value =
0.04) and its vesicle system (q value = 0.05) (Supplementary
Table S8). Taken together, these results firmly establish the
involvement of vesicular trafficking in sCJD.

The Retromer Core Component VPS35 Is
Down-Regulated in sCJD

Recent evidence indicates that the retromer, a complex of pro-
teins involved in the recycling transmembrane receptors from
endosomes to the trans-Golgi network, is a Bmaster conductor^
of endosomal vesicle sorting and trafficking. Consequently, a
retromer loss-of-function may result in significant abnormali-
ties in the endosomal–lysosomal network, as confirmed by
studies in animal models of both AD and PD [43–46]. This
evidence, along with recent data suggesting an involvement
of the retromer in prion disease [47, 48], led us to investigated
the expression of VPS35, a key player of the retromer complex,
both at gene and protein level. The latter analysis was included
because previous studies revealed a predominant VPS35 defect
at protein rather than RNA level [46].

Western blot analysis of brain homogenates from sCJD and
controls revealed a reduced expression of proteinVPS35 in sCJD
brain (Fig. 5a–b, p = 0.002), with no difference between MM1

and VV2 subtypes (two tailed t test, p value = 0.296).
Interestingly, even microarray data analysis showed a trend to-
ward a down-regulation of VPS35 gene expression (fold
change = 0.74), although not statistically significant after FDR
correction (p value = 0.01, q value = 0.06). The down-
regulation of VPS35 gene expression (normalized using four
reference genes) was instead confirmed by ddPCR analysis (fold
change = 0.55, p value = 0.006) (Supplementary Fig. S5). Since
VPS35 is also expressed in blood cells, we verified the gene
expression of seven blood-specific markers (ALAS2, 5′-
aminolevulinate synthase 2; HBB, hemoglobin subunit beta;
HBA, hemoglobin subunit alpha 2; GYPA, glycophorin A;
CD93, CD93 molecule; SPTG, spectrin beta, erythrocytic; and
PBGD, hydroxymethylbilane synthase, genes) [49] using micro-
array results. None of these genes resulted significantly differen-
tially expressed between samples and controls, and all log2(FC)
value were close to zero (Supplementary Table S9). Therefore,
we can conclude that the different cerebral expression of VPS35
does not depend on variable amounts of contaminating blood
among samples.

Discussion

The identification of potential therapeutic targets remains a
research priority in human prion disease, given the failure of

Fig. 4 Immune response in sCJD. a: HeatMap (performed by using Heat-
Mapper tool [32]) representing the 73 hDEGs included in the biological
process term Bimmune system process^ [23] obtained by overrepresenta-
tion analysis test performed by PANTHER tool. hDEGs down-regulated
in sCJD are shown in green, up-regulated in red. hDEGs symbols and
names are listed in the Supplementary Table S6. b Cell-type enrichment

analysis of hDEGs involved in Bimmune system process^ performed
using the tool C-Ten [27]. Cell-types/organs with a q value < 0.05 and
an enrichment score > 2 are shown in the Y-axis. On the X-axis, bars
represent the enrichment score, corresponding to − log10 Benjamini-
Hochberg adjusted p value [27]. CTRL, controls; hDEGs, highly differ-
entially expressed genes; sCJD, sporadic Creutzfeldt-Jakob disease
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all clinical trials conducted to date [50]. To identify the tran-
scriptional networks modified by the disease and provide in-
sight into the molecular pathobiology of prion disorders, we
analyzed the global gene expression in frontal cortex samples

from sCJD patients and controls. Beside revealing several
hDEGs involved in synaptic transmission and immune system
function, in line with previous studies on animal and human
prion diseases [7], our results demonstrate membrane

Table 2 Cellular component GO
terms altered in sCJD frontal
cortex

GO biological process complete Fold
enrichment

q value % up-
regulated
hDEGs

Clathrin-sculpted gamma-aminobutyric acid transport vesicle
membrane (GO:0061202)

39.73 3.11E−04 0

Neurofilament (GO:0005883) 25.43 2.99E−02 25

Integral component of synaptic vesicle membrane (GO:0030285) 18.70 1.20E−02 0

MHC class II protein complex (GO:0042613) 16.73 2.04E−02 100

SNARE complex (GO:0031201) 9.25 4.57E−03 12.5

Terminal bouton (GO:0043195) 7.82 1.52E−02 12.5

Myelin sheath (GO:0043209) 7.10 7.81E−08 21.05

Tertiary granule membrane (GO:0070821) 6.97 3.45E−02 87.5

Post-synaptic density (GO:0014069) 5.53 1.21E−05 22.22

Membrane raft (GO:0045121) 4.17 1.75E−04 70

Receptor complex (GO:0043235) 3.92 4.49E−04 75

Synaptic membrane (GO:0097060) 3.85 2.25E−03 11.11

Cell body (GO:0044297) 3.13 9.66E−04 36

Cell junction (GO:0030054) 2.90 1.27E−09 41.07

Somatodendritic compartment (GO:0036477) 2.72 1.37E−03 23.33

Perinuclear region of cytoplasm (GO:0048471) 2.56 1.42E−02 59.26

Lysosome (GO:0005764) 2.48 3.61E−02 88.46

Endosome (GO:0005768) 2.32 1.49E−02 71.86

Integral component of plasma membrane (GO:0005887) 2.31 2.38E−06 57.63

Extracellular exosome (GO:0070062) 1.94 1.99E−06 67.47

Overrepresented GO cellular component categories yielded by the analysis on the 333 hDEGs, with a q value
(Bonferroni correction) < 0.05 [23]. Themost specific GO biological process terms are shown (see BMaterials and
Methods^); the complete list of significant GO terms (q value < 0.05) is provided in the Supplementary Table S7.
Test type: binomial, Bonferroni correction for multiple testing. GO, gene ontology.

Fig. 5 The retromer core component VPS35 expression in sCJD. a
Representative image of VPS35 protein expression by western blot
analysis of 4 CTRL and 4 sCJD samples. Beta-actin was used as house-
keeping protein for normalization. Relative molecular masses are
expressed in kDa bBox-plot of VPS35/beta actin protein expression ratio

relative to western blot analysis performed on 7 CTRL and 8 sCJD brain
homogenate (Mann-Whitney test). Gene expression analysis of VPS35 is
shown in the Supplementary Fig. S5. CTRL, controls; hDEGs, highly
differentially expressed genes; sCJD, sporadic Creutzfeldt-Jakob disease,
VPS35, vacuolar protein sorting-associated protein 35
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trafficking abnormalities with a down-regulation of VPS35
protein, a core component of the retromer complex playing a
central role in endosomal trafficking [51].

The inflammatory response is a functional pathway that is
over-represented in a number of diseases, and chronic immune
activation is an established feature of neurodegenerative dis-
eases, including sCJD. Indeed, studies on both CSF [52, 53]
and brain tissue from sCJD patients [10, 54, 55] have shown
an alteration of the expression of both pro- and anti-
inflammatory cytokines and of immune response mediators.
Accordingly, in the present study, 21.9% of hDEGs contrib-
uted to the immune response (Fig. 4a, Supplementary
Table S6).

Former studies in mice demonstrated the activation of the
immune system both in the pre-clinical and clinical stages of
prion disease [7, 8, 56]. Among this set of genes, we con-
firmed the involvement of the SERPINA3 gene, coding for a
serine peptidase inhibitor (ACT), which participates in the
acute phase of the inflammatory response. Notably, the find-
ing of an up-regulation of ACT also in BSE-infected cyno-
molgus macaques [9] and scrapie-infected mice [8, 57] sug-
gests a ubiquitous involvement of the protein in prion
diseases.

ACT has been proposed as a biomarker for the preclinical
diagnosis of prion infections, because its CSF concentration
raises early and increases further during disease progression in
CJD, while it is only slightly elevated in AD [58]. Despite the
relationship between ACT function as a trypsin inhibitor and
neurodegeneration remains elusive, the protein appears to play
a role in apoptotic regulation and immunity, and its polymer-
ization may accelerate the onset and enhance disease severity
in AD [59].

The activation of the complement pathways is an early
event in animal TSE pathogenesis [60–62]. In this regard,
our finding (Supplementary Table S3) of a deregulation of
C1q components (C1QB and C1QC, alias symbol C1QG),
which is in line with a previous study on the immunohisto-
chemical profile of amyloid plaques in CJD [63], endorses the
role of the complement pathway in the human disease. The
complement system not only may enhance microglial activa-
tion and play a protective role by eliminating aggregated pro-
teins but also stimulate the production of cytokines and
growth factors [64, 65], thus giving rise to a self-sustained
pro-inflammatory signaling [66, 67].

Synaptic function is the second major cellular pathway
impaired at a transcriptional level in sCJD (Fig. 2). This is
consistent with the PrPC being required for synaptic transmis-
sion [68–70], where it facilitates the release of synaptic vesi-
cles [71]. Previous studies demonstrated an abnormal expres-
sion of synaptophysin and synapsin-1 in the cerebellum of
sCJD [72] and the impairment of both glutamate and GABA
signaling in TSEs [35, 37, 73, 74]. Inmurinemodels, impaired
glutamatergic neurotransmission and abnormal motor

behavior resulted from inefficient targeting of the voltage-
gated Ca2+ channel complex to presynaptic terminals [73].
In our dataset, functional analyses indicated an impairment
of vesicle release and re-uptake that primarily affects gluta-
matergic and GABA transmission (Table 1, Figs. 2 and 3a–b).
Interestingly, a genome-wide association study identified a
single nucleotide polymorphism in GRM8, encoding the
mGluR8 protein, as a genetic marker associated with an in-
creased disease risk in humans [75].

The mGluR8 protein belongs to the metabotropic gluta-
mate receptor family, which is linked to the transduction of
physiological and cytotoxic signals mediated by PrPC [76],
whereas mGluR1 and mGluR5 promote neurite outgrowth
by interacting with PrPC [77]. We found that genes involved
in GABAmetabolism (Fig. 3b), uptake, and signaling, namely
GAD1, GAD2, GABRA1, GABRD, GABBR2, SLC32A1, and
SLC38A1, are downregulated in the frontal cortex of sCJD
patients. Consistently, previous studies have shown an in-
crease in Gabrb1 related to PrPSc formation in scrapie infected
N2a cells [78] and the involvement of the GABAergic system
in the brain of human and animal prion diseases [35, 37, 79].

Increasing evidence indicates that a defective membrane
trafficking in the endosomal/lysosomal system, involving the
retromer complex, plays a significant role in the pathogenesis
of neurodegenerative diseases [80, 81]. Consistent with this
view, our data suggest a complex dysregulation of the mem-
brane trafficking pathway in sCJD (Table 2), whichmay cause
synaptic dysfunction and promote the accumulation and
spreading of PrPSc.

According to cellular models, PrPSc forms on the cell sur-
face within minutes of prion exposure and is rapidly internal-
ized into early endosomes following the PrPC cycling pathway
[82]. PrPSc can then be re-directed to the plasma membrane
via recycling endosomes or subjected to retromer-mediated
retrograde transport to the Golgi or to the late endosome/
multivesicular body (LV/MVB), which are all possible sites
of prion conversion [48, 83–86]. In addition, PrPSc, like PrPC,
can be released in the extracellular environment, in an
exosome-associated form, upon exocytic fusion of MVB with
the cell surface, promoting the spread and transmission of the
disease [87–90]. Lysosomes appear to be the dominant site of
PrPSc degradation in the early stages of prion infection [47],
while the ubiquitin-proteasome system and autophagosomes,
which execute autophagy by delivering their intracellular con-
tents to the lysosome, are involved later [47, 91]. PrPSc accu-
mulation along the endo-lysosomal pathways interferes with
post-Golgi vesicular trafficking, causing a reduced expression
of proteins on the cellular surface [41]. Moreover, it impairs
lysosomal maturation by lowering the rate of protein degrada-
tion, despite the increased lysosomal biogenesis [42]. Our
results not only confirm the alteration of vesicle trafficking
in CJD, demonstrated by the abnormal expression of genes
related to the endosome, Golgi apparatus, lysosome, and
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Fig. 6 Vesicle trafficking alteration in sCJD. Vesicle deregulated genes
(reported in the table) involved in vesicle trafficking identified in this
study. Membrane raft, endosome, lysosome, and extracellular vesicle
related genes were mainly up-regulated, while clathrin-coated vesicle
and Golgi genes resulted down-regulate. Bars below cellular compart-
ments report the percentage of up-regulated (red), and down-regulated
genes (green). The down-regulation of the retromer core protein VPS35

(Fig. 5a–b) suggests an impairment of the retrograde transport of the PrPC

and the lysosomal enzymes leading to an inefficient lysosomal activity.
Accordingly, in sCJD, PrPSc accumulates in multivesicular body and, due
to an inefficient degradative pathway (lysosomal and proteasome-medi-
ated), may be release in the extracellular space thought the exosomes,
favoring its dissemination
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extracellular vesicles, but also add new players to this dys-
functional pathway (Table 2 and Supplementary Table S8,
Fig. 6). The results of previous studies on experimental prion
disease showing an increased number and size of late
endosomes, lysosomes, and autophagic vesicles [84, 92], fur-
ther support our finding. Similarly, early and late endosomes
(e.g., vesicles positive for rab5 and rab7) as well as lysosomes
(e.g., vescicles positive for cathepsin D and cathepsin B) were
also found increased in sCJD brains [93–95].

Additionally, we demonstrated a decreased VPS35 gene
and protein expression in sCJD (Fig. 5a–b, Supplementary
Fig. S5), thus confirming the link between retromer dysfunc-
tion and prion disease that was recently demonstrated in a cell
model, in which the knocking down of the retromer complex
caused an increase in PrPSc levels [47, 48]. The retromer dys-
function would prevent the export of cargo from the endo-
some, impair the lysosomal activity, and eventually increase
the amount of PrPSc in MVB and its dissemination [96–98].
Interestingly, a retromer dysfunction, negatively affecting the
endosomal-lysosomal system, has been linked to an increas-
ing number of neurological disorders, including AD and PD
[51]. In this regard, recent studies have suggested that PrPC

could be a receptor for oligomeric aggregates other than for
PrPSc [99, 100], such as alpha-synuclein and amyloid-beta
[101]. As for PrPSc, PrPC could mediate the internalization
of these protein aggregates [102]. Thus, the hDEGs involving
the endosomal-lysosomal pathway may represent potential
novel targets of intervention aimed at limiting the spread of
protein aggregates, block their toxicity, or both [103].

Limitations of the present study relate to the use of
post-mortem tissue and cerebral cortex (frontal cortex
only) samples in which the relative proportion between
glial and neuronal cells is undefined [33]. However, by
comparing our dataset with that reported in the single
sCJD expression profile study performed to date [10],
we found that 24% of our hDEGs (n = 66) was previ-
ously reported as deregulated. Moreover, this study does
not provide data on gene expression during the pre-
symptomatic phase of the disease. Nevertheless, the
study confirms 40 hDEGs previously identified in pre-
clinical disease in animal models [8]. Collectively, these
data support the reliability of our results.

In conclusion, the results of our study not only confirm but
also extend previous microarray expression profile data in
sCJD concerning the involvement of the immune system
and synaptic functions, suggesting the selective impairment
of glutamatergic and GABAergic transmissions and, above
all, the involvement of the endosomal-lysosomal system.
Since the latter is a pathogenic pathway linking neurodegen-
erative diseases, such as AD, FTD, and amyotrophic lateral
sclerosis [51, 104, 105], it might be the focus of future studies
aiming to identify new targets for therapeutic interventions in
neurodegenerative diseases.
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