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Abstract

The clinical course of prion diseases is accurately predictable despite long latency periods,

suggesting that prion pathogenesis is driven by precisely timed molecular events. We con-

structed a searchable genome-wide atlas of mRNA abundance and splicing alterations dur-

ing the course of disease in prion-inoculated mice. Prion infection induced PrP-dependent

transient changes in mRNA abundance and processing already at eight weeks post inocula-

tion, well ahead of any neuropathological and clinical signs. In contrast, microglia-enriched

genes displayed an increase simultaneous with the appearance of clinical signs, whereas

neuronal-enriched transcripts remained unchanged until the very terminal stage of disease.

This suggests that glial pathophysiology, rather than neuronal demise, could be the final

driver of disease. The administration of young plasma attenuated the occurrence of early

mRNA abundance alterations and delayed signs in the terminal phase of the disease. The

early onset of prion-induced molecular changes might thus point to novel biomarkers and

potential interventional targets.

Author summary

Prion diseases are brain disorders caused by infectious proteins called prions. These dis-

eases feature a long asymptomatic incubation phase which can last several years, followed

by a phase of rapidly progressing mental deterioration that can lead to death within just

few months. The mechanisms underlying the long incubation phase are elusive, impeding

early diagnosis and limiting potential therapeutic interventions. In experiments, prion-

infected mice develop the disease following a timeline similar to that of human prion dis-

eases. Here we have studied gene expression at different time points during the develop-

ment of disease in mice. Our results indicate that robust molecular changes can be

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008653 June 29, 2020 1 / 26

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Sorce S, Nuvolone M, Russo G, Chincisan

A, Heinzer D, Avar M, et al. (2020) Genome-wide

transcriptomics identifies an early preclinical

signature of prion infection. PLoS Pathog 16(6):

e1008653. https://doi.org/10.1371/journal.

ppat.1008653

Editor: Neil A. Mabbott, University of Edinburgh,

UNITED KINGDOM

Received: May 18, 2020

Accepted: May 26, 2020

Published: June 29, 2020

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.ppat.1008653

Copyright: © 2020 Sorce et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All files are available

from the GEO depository (accession number

GSE144738). In addition, gene expression profiles

during disease development can be easily

http://orcid.org/0000-0002-3843-8644
http://orcid.org/0000-0003-0707-2640
http://orcid.org/0000-0002-3282-4042
http://orcid.org/0000-0003-4665-5558
http://orcid.org/0000-0002-8880-0533
http://orcid.org/0000-0002-2674-9891
http://orcid.org/0000-0002-1649-8486
http://orcid.org/0000-0002-0344-6708
https://doi.org/10.1371/journal.ppat.1008653
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008653&domain=pdf&date_stamp=2020-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008653&domain=pdf&date_stamp=2020-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008653&domain=pdf&date_stamp=2020-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008653&domain=pdf&date_stamp=2020-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008653&domain=pdf&date_stamp=2020-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008653&domain=pdf&date_stamp=2020-07-14
https://doi.org/10.1371/journal.ppat.1008653
https://doi.org/10.1371/journal.ppat.1008653
https://doi.org/10.1371/journal.ppat.1008653
http://creativecommons.org/licenses/by/4.0/


detected much earlier than previously anticipated, months before mice begin to show clin-

ical signs or brain tissue damage. Several months later, a reaction of glial cells heralds the

overt clinical manifestations of disease. Experimental treatment aimed at “rejuvenating”

mice prevents the early molecular changes and seems to impact on the subsequent later

disease progression. Although therapies for prion diseases are still lacking, our data rede-

fine the disease stages from a molecular perspective and might contribute to devise better-

timed and potentially more efficacious interventions.

Introduction

After the onset of clinical signs, prion diseases typically progress very rapidly to a terminal

stage, which is characterized by micro- and astrogliosis, vacuolation and neuronal loss. Spo-

radic Creutzfeldt-Jakob disease (CJD), the most common human prion disease, can lead to

death within months of symptom onset[1]. Conversely, prion infections are often character-

ized by very long incubation times: iatrogenic cases of CJD after administration of prion-con-

taminated growth hormone display incubation times of>20 years[2] and Kuru, an acquired

form of prion disease, was reported to arise decades after consumption of contaminated

materials[3]. The extraordinary duration of the latency phase has led to the presumption that

CJD may be caused by a “slow virus”. Although this hypothesis was dismissed[4], prion patho-

genesis is initially insidious and only acquires a rapid rate of progression in the late stages of

disease.

The seemingly incongruous combination of a very long latency and a rapidly progressing

clinical disease can be reproduced in mouse models of prion infection[5]. After inoculation of

prion-containing brain homogenate, wild-type mice experience an incubation period of sev-

eral months followed by rapidly progressive neurological dysfunction. It was suggested that

prion replication occurs without causing any neuronal damage until a plateau level of infec-

tious particles is reached, whereas neurotoxicity arises because of a toxic form of PrP named

“PrPL“[6–8]. However, no physical evidence for the existence of “PrPL”has ever come forth,

and these experimental observations can be explained by alternative models. For example,

small numbers of prion seeds may cause early molecular alterations that elicit late-onset clini-

cal signs. This question may be addressed by creating longitudinal maps of the transcriptional

equivalents of neurotoxicity from the administration of prions to the development of terminal

disease.

Transcriptional maps of prion-inoculated mice were previously performed using microar-

rays[9–12], and more recently also by RNA sequencing (RNAseq)[13]. Most of these studies

analyzed whole-brain homogenates and have focused on alterations occurring in the late phase

of the disease. Yet no antiprion compounds could reverse the progression of disease[14], per-

haps because intervention was too late. Instead, focusing on the preclinical changes occurring

in the affected brain may uncover alternative targets for early diagnosis and therapeutic inter-

vention in pre-symptomatic subjects. Here we performed a comprehensive analysis of tran-

scriptional alterations in the hippocampus of prion-infected mice over time. We identified an

unexpected wealth of PrP-dependent changes in the early phase of prion replication, long

before any clinical signs of disease. Neuronal expression changes became evident only at the

terminal stage of the disease, whereas the appearance of clinical symptoms coincided with

microglia alterations. Prion-induced molecular changes were largely unaffected by ageing, yet

the administration of young plasma attenuated early prion-induced changes and improved the

health span of diseased mice.
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Results

Identification of mRNA expression changes during prion disease

To identify molecular alterations associated with the progression of prion disease, we adminis-

tered intracerebrally RML6 prions or non-infectious brain homogenate (NBH, for control) to

wild-type C57BL/6J mice (Fig 1A). Mice were sacrificed at 4, 8, 12, 14, 16, 18 and 20 wpi

(weeks post inoculation), as well as the terminal stage (the last time point during disease pro-

gression when mice can be humanely euthanized). We specifically focused on the hippocampal

region. The hippocampus plays a central role in memory formation and consolidation and is

one of the most affected and therefore most studied regions during prion disease[15]. RNA

from ipsi- and contralateral hippocampi was extracted and subjected to RNA sequencing

(n = 3 per prion and control samples at each time point except for two control samples at 20

wpi; S1 Table and S2 Table). All gene expression profiles during disease progression can be

visualized and downloaded at PrionRNAseqDatabase.

Hierarchical clustering analysis of total transcriptomes revealed a progressive segregation

of prion-inoculated and control mice starting at 18 wpi (S1 Fig). However, principal compo-

nent analysis (PCA) showed a separation of the two groups already at 8 wpi (S1 Fig). Next, we

identified 3,723 differentially expressed genes (DEGs) between prion-infected and control

mice (absolute log2 fold changes |log2FC|> 0.5 and false discovery rate (FDR) < 0.05 at least

at one of the time points; Fig 1A and 1B; S3 Table). Consistent with the hierarchical clustering

and the PCA, 813 genes changed at 8 wpi and the number of DEGs gradually increased during

the later timepoints (Fig 1A).

Unsupervised kmeans clustering (k = 4 clusters; log2FC with p� 0.05 were set to 0) identi-

fied mRNAs with distinct expression patterns during disease progression (Fig 1B; only log2FC

with p< 0.05 are colored). The clusters were further visualized with a t-distributed stochastic

neighbor embedding (t-SNE) of the log2FC (Fig 1C; log2FC with p� 0.05 were set to 0). Clus-

ters 1 and 3 correspond to genes that increase or decrease at the terminal stage only. In con-

trast, cluster 2 genes started to increase already at 16–18 weeks, and genes in cluster 4 showed

an oscillating pattern, decreasing at 8 wpi, 16 wpi and the terminal stage, but recovering in

between. Intersecting our data with an atlas of the most enriched transcripts in neurons (N),

microglia (MG), astrocytes (AS), oligodendrocytes (OL) and vascular cells (VC)[16], revealed

that the different clusters are populated by distinct cell types. While clusters 2 and 3 consist

predominantly of microglia and neuronal genes, respectively, clusters 1 and 4 contain genes

enriched in multiple cell types (Fig 1D and S2 Fig). This observation is further substantiated

by heatmaps of genes distinctive to just one cell type (S2 Fig). Neuronal genes almost exclu-

sively belonged to clusters 3 and 4, and corresponded to decreasing genes, whereas microglia

genes were essentially all increasing and were contained in clusters 1 and 2. At the terminal

stage, these patterns may partly reflect shifts in the cellular composition of the brain, with both

microglia activation and neuronal loss being hallmarks of prion disease.

mRNA expression changes become evident in the early disease phase

The most conspicuous gene expression changes arose at the terminal time point (|log2FC|>

0.5 and p< 0.05), yet almost half of DEGs were shared between two or more time points (S2

Fig). Multiple patterns of gene expression changes became already evident in the cluster analy-

sis (Fig 1B). To identify monotonic gene expression patterns, we selected terminal DEGs show-

ing a consistent trend (|log2FC|> 0.5 and p value < 0.05) at consecutive time points. Of 1,872

terminally upregulated DEGs, 1, 87, 440 and 632 genes started to be monotonically upregu-

lated at 14, 16, 18, and 20wpi, respectively. Conversely, of 1,081 downregulated DEGs, only 0,
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Fig 1. Identification of differentially expressed genes (DEGs) during prion disease progression. A Timeline of prion inoculations. Numbers of upregulated and

downregulated DEGs (|log2FC|> 0.5 and FDR< 0.05) are indicated. Several DEGs were up- and downregulated at different time points. B Heatmap displaying the

log2FC of 3,723 genes that are differentially expressed (|log2FC|> 0.5 and FDR< 0.05) at least at one time point. Only log2FC values with p< 0.05 are colored.

Unsupervised kmeans clustering (k = 4 clusters) identified four coherent patterns (c1-c4) of log2FC oscillations over time (right side bar). C t-distributed stochastic

neighbor embedding (t-SNE) plot (n components = 2, perplexity = 50) visualizing the separation of DEGs into four clusters. D Circos plot summarizing the cell type-

enriched genes within each cluster. Clusters are identified by the same colors in panels b-d.

https://doi.org/10.1371/journal.ppat.1008653.g001
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Fig 2. Consistent mRNA expression changes become evident in the early disease phase. A Heatmap displaying the log2FC of monotonic DEGs (mDEGs), defined as

genes changing with a similar trend (|log2FC|> 0.5 and p< 0.05) at consecutive time points until terminal disease. n: number of mDEGs at each time point. B

Heatmap displaying the top 10 GO terms enriched among terminally upregulated genes and their enrichment in mDEGs at 20, 18 and 16 wpi. Number and colors

represent the ranking (high = red, black = low) of the respective GO terms. C Overlap of downregulated genes at 8 wpi, 16 wpi and at the terminal stage.

https://doi.org/10.1371/journal.ppat.1008653.g002
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1, 6, and 64 genes showed a continuous decrease at those time points (Fig 2A). This illustrates

that a monotonic pattern is specific to upregulated genes and becomes evident at 16wpi.

We further analyzed if these monotonic DEGs (mDEGs) were enriched for certain cell

types. Consistent with the cluster analysis, upregulated mDEGs consisted mostly of microglia-

enriched and to a lesser extent astrocyte-enriched transcripts (S2 Fig). Moreover, we found

that the top enriched GO terms in terminally upregulated genes were shared between mDEGs

at 20, 18 and 16 wpi (Fig 2B; S4 Table). GO terms related to vacuolation (a defining hallmark

of prion diseases) started to be enriched at 18 wpi (S5 Table). Both microgliosis and vacuola-

tion are characteristics of prion disease. Our data illustrates that both characteristics also

become evident on the RNA expression level, months prior to the terminal stage of the disease.

A further feature of human prion diseases is the profound loss of neurons. Yet only a minority

(n = 64) of the 1081 terminally downregulated DEGs decreased already at 20 wpi (S2 Fig), and

GO terms related to ion channels, synaptic transmission and neuron projection were only

enriched among terminally downregulated DEGs (S6 Table).

We further focused on the oscillating DEGs associated with cluster 4 genes and assessed the

overlap between genes downregulated at 8 wpi, 16 wpi and the terminal stage. 813 DEGs

showed a decrease (with p< 0.05) already at 8 wpi although neither clinical nor histological

changes are detectable at this time point (see below). The 813 genes showed a minor enrich-

ment of neuronal genes (S2 Fig) and were characterized by GO terms related to extracellular

matrix, cell adhesion and neuronal projection (S7 Table). Furthermore, a striking ~60% and

~80% of the 8 and 16-wpi decreasing genes, respectively, overlapped with each other or the ter-

minally downregulated genes (S2 Fig). Interestingly, the initial downregulation at the 8- and

16-week timepoints was transient, indicating that compensatory mechanisms might act during

the earlier stages of prion disease.

To validate these changes, we analyzed the 8 wpi and terminal time point in a second, valida-

tion cohort of mice, which were inoculated and analyzed independently from the first cohort

(S3 Fig and S5 Fig). Consistently, we observed that cluster 4 genes (oscillating genes) decreased

at 8 wpi and the terminal stage, and that cluster 3 genes (mainly neuronal genes) decreased at

the terminal stage. Furthermore, genes belonging to clusters 1 and 2 increased at the terminal

stage (S3 Fig). The 8 wpi changes do not occur in genes enriched in microglia, and we did not

observe any differentially expressed genes shortly after prion inoculation at 4 wpi. These results

suggest that the 8 wpi changes are not linked to an acute immune response in the brain due to

the intracerebral inoculation. To further support this, we have analyzed intracerebrally inocu-

lated C57BL/6J coisogenic PrP knockout mice at 8 wpi, and intraperitoneally inoculated

C57BL/6J wild-type mice at 8 wpi and the terminal time point (S4 Fig and S5 Fig). Intracere-

brally inoculated PrP knockout mice did not show any significant gene expression changes at 8

wpi (S4 Fig) indicating that the 8wpi changes in wild-type mice are not linked to intracerebral

inoculations and importantly, are PrP-dependent. In contrast, intraperitoneally inoculated

wild-type mice displayed a decrease in cluster 4 genes (S4 Fig; p = 3.7e-30), albeit at a lower

level due to the slower disease progression associated with intraperitoneal prion administration.

The terminal prion-induced changes were very similar between intracerebrally and intraperito-

neally inoculated mice (S4 Fig and S5 Fig). Collectively, our data shows that hundreds of genes

are downregulated at a very early disease stage in a PrP-dependent manner, suggesting that this

early response is linked to primary pathogenic events rather than reactive changes.

Microglia activation drives symptomatic prion disease progression

We next aimed at correlating the gene expression changes with the progression of neuropatho-

logical changes. Mice reached the terminal stage of the disease at 170–180 days, at which point
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they were sacrificed (median survival: 176 days; S6 Fig). Brain sections of prion-inoculated

mice were assessed for morphological changes (haematoxylin/eosin), for astro- and microglio-

sis (GFAP and IBA1 staining) and for the presence of protease-resistant prion protein (PrPSc;

protease treatment followed by SAF84 staining). PrPSc started to accumulate already at 12 wpi,

whereas spongiosis, astro- and microgliosis became only evident after 16 wpi (S6 Fig). These

results are in line with the transcriptomic data discussed above, which revealed that microglia-

enriched genes started to increase at 16 wpi.

We next determined the concentration of prion propagons using a quaking assay. We

found that the lag phase of the assay, which measures templated nucleation of PrP fibrils, con-

tinually decreased during disease progression (S7 Fig), suggesting that the amounts of infec-

tious units increased up to the terminal stage. In parallel, we analyzed prion infectivity using

the scrapie cell assay in endpoint dilution format, which yielded similar results as the quaking

assay and confirmed that infectivity continuously increased from 8 wpi to the terminal stage.

Prion titers were significantly higher at the terminal stage compared to 16 wpi (S7 Fig), which

is in contrast to previous reports stating that infectivity would reach a plateau at 16 wpi[7].

To relate gene expression changes to neurological dysfunction, we assessed the motor per-

formance of prion-inoculated and control mice using a rotarod test. We observed a progressive

decline in motor performance starting at 18 wpi (Fig 3A), which became significant at 19 wpi.

The onset of impairment was synchronous to increased expression of microglia-enriched

genes and was unlinked to decreased expression of neuronal genes which became evident only

at the terminal stage (Fig 3B). A linear regression analysis between rotarod performance and

the expression change of each of the 3723 DEGs, identified a significant correlation for 347

DEGs (p< 0.001). Examples of correlated non-enriched, microglia-enriched and neuronal-

enriched genes are shown (Fig 3C). While the linear regression slope of microglia genes was

negative, neuronal genes exhibited a positive linear regression slope. This was confirmed when

we compared the average slope between DEGs enriched in different cell types (Fig 3D). We

conclude that motor decline, neuropathological changes and an increase in microglia gene

expression occur simultaneously, long before terminal changes in neuronal gene expression

and neuronal loss become evident. This suggests that microglia, rather than neurons, could be

the final drivers of prion disease progression. However, the transcriptional changes observed

at 8 wpi precede both the onset of clinical signs and any changes in microglial gene expression,

suggesting they are independent of any changes of microglial states. The early 8 wpi changes

might thus hierarchically control microglia changes and ultimately induce pathogenesis.

Identification of post-transcriptional changes during prion disease progression

Many RNA binding proteins are exclusively expressed in neurons, and aberrant splicing has

been linked to multiple neurodegenerative diseases[17]. We identified a total of 426 isoforms

that were differentially expressed in prion-inoculated mice at one or more time points

(FDR< 0.05; Fig 4A; S8 Fig). 102 of these splice isoforms mapped to DEGs, indicating that dif-

ferential splicing of these transcripts might impact their abundance (S8 Fig). The 426 isoforms

correspond to 239 splicing events, which mapped to 228 genes. Most of these genes showed

just one significantly changing splicing event, except App, Chl1, Evl, Fus, Neo1, Olfm1, Picalm,

Ppfia4 and Sorbs1. The majority of splicing changes consisted of exon inclusion/skipping fol-

lowed by alternative transcript starts/ends (Fig 4B). And while most splicing changes occurred

only at the terminal stage, many splicing events showed a similar trend (p< 0.05) at multiple

time points during disease progression. Most strikingly, we observed an oscillating pattern of

isoform expression at 8 wpi, 16 wpi and the terminal stage (Fig 4C), indicating that these time-

points are marked by a characteristic RNA expression and splicing signature.
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Select differentially spliced isoforms are shown in S8 Fig (indicated in S8 Table). Skipping

of exon 17 of Picalm, a susceptibility gene for late-onset Alzheimer’s disease[18] was increased

at the terminal stage of prion disease. Skipping of exon 17 introduces a premature stop codon,

which leads to the production of a truncated protein, and is thought to affect clathrin-mediated

synaptic endocytosis[19,20]. The inclusion of exons 7 and 8 of App, a well-described splicing

Fig 3. Microglia activation and prion disease progression. A Rotarod performance of prion-inoculated mice during disease progression (pre = pre-

inoculation). Bars represent the mean latency to fall in 100 seconds. Each dot represents one individual mouse. P-adjusted: P values were calculated with a

one-way ANOVA followed by Tukey’s multiple comparison test (�p<0.05; ���p<0.001; compared to 1 wpi). Red: symptomatic phase of disease. Error bars:

standard deviation. B Comparison of rotarod performance (latency to fall in 100 seconds) and average log2FC at the corresponding time point. Lines

represent all genes, all DEGs or DEGs that are enriched in the indicated cell type. Error bars: standard error of the means (SEM). C Linear regression analysis

between the rotarod performance and the gene expression changes of individual genes. Shown are the most significantly correlating genes that were non-

enriched (black), microglia-enriched (red-violet) and neuronal-enriched (violet-blue). Corresponding Bonferroni-corrected p values and slopes of the linear

regression analysis are indicated in brackets. D Raincloud plot displaying the slope distribution of the linear regression analysis. The slope between all DEGs

and DEGs that are either microglia- or neuron-enriched differs significantly (p< 1�10−14; one-way ANOVA followed by Tukey’s multiple comparison test).

https://doi.org/10.1371/journal.ppat.1008653.g003

Fig 4. Post-transcriptional regulation during prion disease progression. A Time points of prion inoculations and differentially expressed splice isoforms

(FDR< 0.05 at least at one time point). The number of upregulated and downregulated isoforms (p < 0.05) at each time point and the numbers of shared genes

(in brackets) are indicated. B Pie chart representing splicing event percentages of 426 differentially expressed isoforms (FDR< 0.05 at least at one time point).

d = distal, p = proximal. C Heat map depicting the log2FC of differentially expressed isoforms (only log2FC with p< 0.05 are colored). The corresponding

splicing event (same coloring as in B) is indicated as a side bar on the left. Unsupervised kmeans clustering (k = 4 clusters) identified coherent patterns of

log2FC. Clusters c1-4 are indicated as a side bar on the right.

https://doi.org/10.1371/journal.ppat.1008653.g004
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event[21] increases both at 8 wpi as well as the terminal stage. Similarly, alternative splicing of

the synapsin genes, Syn1 and Syn2, and of Ctsa, a disease associated microglia (DAM) gene

[22] changes at both 8wpi and the terminal stage. While mRNA levels of Ctsa increased at the

terminal stage, they remained unchanged at 8 wpi, indicating that the regulation of splicing

and mRNA abundance of this gene are unlinked.

A further post-transcriptional mechanism that is essential for nervous system homeostasis

is RNA editing, whose dysregulation has been implicated in neurodegeneration[23]. The most

common form of RNA editing, adenosine (A) to inosine (I) conversion, is mediated by the

adenosine deaminase acting on RNA (ADAR). The expression levels of the ADAR enzymes,

Adar1 and Adarb2 did not change during prion disease progression, whereas Adarb1 was sig-

nificantly downregulated at the terminal stage (S3 Table). Consistently, we did not observe

major editing changes at any of the analyzed time points.

The impact of aging on prion disease progression

The prevalence of neurodegenerative diseases increases drastically with age. Sporadic CJD typ-

ically manifests in 55–65 years old individuals[24]. This age in humans is comparable to

approximately 12 months of age in mice[25]. To assess if age-related changes accelerate prion

disease progression, we compared disease progression in young vs. aged mice. We inoculated

a third cohort of 2-month old “young” mice (similar to cohorts #1/2) and 1-year old mice. We

analyzed gene expression changes at 8 wpi in aged mice and at the terminal stage in young and

aged mice. Similar to the previously analyzed samples, we observed a separation of control and

prion-inoculated samples at 8 wpi and the terminal stage (S5 Fig, S9 Fig and S9 Table).

Remarkably, the median lifespan of aged prion-inoculated mice was only slightly, albeit signifi-

cantly (p = 0.0001), shorter than that of young inoculated mice (Fig 5A). This suggests that age

does not strongly accelerate prion disease progression and that disease manifestation is similar

in young and aged mice. Consistently, a correlation of gene expression changes was noticeable

at 8 wpi (R = 0.39; Fig 5B). Unsurprisingly, the changes in gene expression in young and aged

mice converged towards the terminal stage (R = 0.89; Fig 5C).

Young plasma treatment ameliorates prion disease progression

Infusion of plasma from young mice can revert age-related impairments of cognition and syn-

aptic plasticity[26] and ameliorates neuronal hippocampal dysfunctions in murine models of

Alzheimer’s Disease[27]. We therefore analyzed the impact of young plasma on the course of

prion disease as well as on the early prion-induced changes at 8wpi. Mice inoculated with pri-

ons or control brain homogenate were treated for 8 weeks with young plasma or saline via bi-

weekly intravenous injections. Hippocampal samples were subjected to high-throughput

sequencing at 8 wpi and at the terminal stage (S5 Fig, S10 Fig and S10 Table). We also moni-

tored the rotarod performance and assessed mice for neurological signs from 18 wpi onwards

by scoring for the absence/presence of a hunched posture, rigid tail, piloerection, hind limb

clasping and ataxia (Fig 6A). Remarkably, plasma administration reduced essentially all prion-

induced changes at 8 wpi (Fig 6B). Neurological deficits, which usually occur at 20 wpi,

became evident only at 23 wpi in plasma-treated animals (Fig 6C). Similarly, rotarod perfor-

mance decreased at a later stage in plasma-treated samples (S10 Fig). In contrast, we only

observed a mild, non-significant increase in the median lifespan upon plasma administration

(Fig 6D), and, as expected, the terminal prion-induced changes were very similar between

plasma and saline-treated mice (Fig 6E). This suggests that young plasma treatment might

improve the health span but not the lifespan of prion diseased mice.
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Fig 5. Impact of aging on prion disease progression. A Survival curves of mice inoculated at 2 months (young) or

one year (aged). Shown is the % survival compared to days post inoculation (dpi). The median survival, which is

significantly reduced in aged mice (p = 0.0001; log-rank Mantel-Cox test) is indicated. B Scatter plot comparing the

log2FC of expressed genes in young and aged prion-inoculated mice at 8 wpi. Genes that are differentially expressed (|

log2FC|> 0.5 and FDR< 0.05) in young (n = 813) or aged (n = 1,052) mice are colored in pink and blue, respectively.

The change in expression correlates (R = 0.39) and 492 genes change both in young and aged mice (colored in purple).

C Scatter plot comparing the log2FC of expressed genes in young and aged prion-inoculated mice at the terminal stage.
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Discussion

Here we have correlated the temporal sequence of transcriptional, and splicing events with

neuropathological changes, prion infectivity, and clinical signs, and have generated a search-

able genome-wide database of prion-induced changes during disease progression. As expected,

the histological alterations (microgliosis and astrogliosis, spongiform changes and PrPSc depo-

sition) and clinical signs were mirrored by pronounced gene expression changes at terminal

disease. Surprisingly, onset and progression of motor dysfunctions correlated precisely with

the onset of glial changes and occurred long before neuronal loss was detectable. This suggests

that glial perturbation, rather than neuronal demise, could be the driver of prion disease pro-

gression. Moreover, we observed pronounced PrP-dependent gene expression changes at 8

wpi, when neither neuropathological changes, prion infectivity, nor clinical symptoms are

detectable. These early gene expression changes might provide new starting points for the

development of novel therapeutics and diagnostics.

We further detected the differential expression of 426 splicing isoforms. Most splicing dif-

ferences occurred both at terminal disease and at the preclinical 8 wpi timepoint. More than

100 of these splicing isoforms mapped to genes that were also differentially expressed, indicat-

ing that splicing and expression of these genes is linked. Nine genes were differentially spliced

at multiple sites, including App, Chl1, Evl, Fus, Neo1, Olfm1, Picalm, Ppfia4 and Sorbs1. Several

of these genes have been linked to neurodegeneration, suggesting that splicing dysregulation

of these genes might be common to multiple neurodegenerative diseases. In contrast, we could

not identify a significant difference in RNA editing, even at the terminal disease stage. These

results were inconsistent with a recent study[13], identifying a prion-induced editing signature

in mouse cortex, which could at least partially be confirmed in human autopsy brain. It

remains to be seen if prion-induced editing changes differ between brain regions, or if the use

of distinct murine prion disease models accounts for this discrepancy.

Our experiments also show that prion titers never reach a plateau but continue to rise until

the terminal stage of disease. PrP dependent gene expression changes occur in parallel with

initial prion replication, while amounts of infectious units progressively increases over disease

incubation time. Earlier investigations[6–8] have hypothesized that scrapie neurotoxicity is

only triggered when a “lethal” form of prion protein (denoted “PrPL”) accumulates in late

pathogenesis, in a second phase of the disease, and drives toxicity and clinical disease. Con-

versely, prion replication would initially occur without associated toxicity. However, no physi-

cal evidence of “PrPL” has ever surfaced. In addition, the two-phase hypothesis rests on the

quantification of prion infectivity and histological analyses fraught with analytical imprecision

and poor sensitivity. The discovery of early, specific, robust and reproducible PrP-dependent

disease-associated gene expression changes before the saturation of prion infectivity refutes

the two-phase hypothesis and suggests that pathology starts as soon as prions enter the brain.

Surprisingly, our analysis indicates that early alterations can be initially overcome. The exis-

tence of compensatory mechanisms is suggested by the oscillating gene expression patterns

that were observed. The early downregulation of cluster-4 genes was transient and underwent

complete recovery. Another peculiar expression profile was observable for certain microglial

markers which were monotonically upregulated from 16 wpi. This included phagocytosis-

related genes (Aif1, Dock2, Fgr, Fcgr1, Fcgr2b, and Fcgr3) and disease-associated microglia

(DAM) genes (Itgax, Clec7a, Cxcl10 and Lag3)[28]. Remarkably, the upregulation of these

Genes that are differentially expressed (|log2FC|> 0.5 and FDR< 0.05) in young (n = 3,336) or aged (n = 4,136) mice

are colored in pink and blue, respectively. The change in expression is highly correlated (R = 0.89) and 2,731 genes

change both in young and aged mice (colored in purple).

https://doi.org/10.1371/journal.ppat.1008653.g005
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genes correlates precisely with the onset of motor deficits whereas no such correlation existed

with neuronal genes. We therefore hypothesize that it is glial rather than any neuronal alter-

ations that cause clinical disease manifestation. This aligns with gliosis being observed in

symptomatic but not in pre-symptomatic CJD patients[29]. Alternatively, the dysfunction of a

small number of neurons at 16–18 wpi may drive clinical signs while remaining below the

detection threshold of RNAseq.

Clinically overt Creutzfeldt-Jakob disease progresses much more quickly than most other

neurodegenerative syndromes, making the development of effective therapies extremely diffi-

cult. However, our data suggest that the critical period for potential intervention may be much

earlier than previously estimated[6,10]. Accordingly, infusion of young plasma during the first

8 weeks after prion inoculation attenuated the early downregulation of genes involved in neu-

ronal functions, and also delayed the manifestation of neurological signs as observed in models

of Alzheimer’s disease[27]. Interestingly, the beneficial effects of young plasma did not trans-

late into a significantly extended overall survival, perhaps because primary prion replication

was not modified despite attenuated downstream neurotoxicity. Similarly, the survival curves

of young and middle-aged prion inoculated mice were similar, suggesting that ageing has only

minor effects on early and late transcriptional changes as well as lifespan. And yet the plasma

experiment suggests that treatment aimed at rescuing the molecular alterations identified in

the clinically silent phase might impact the consequent entire progression of the disease. This

idea is also in line with emerging results of novel potential therapies which seem to be effective

only when started either prophylactically or within the first 11 weeks after prion inoculation

[30]. The fact that young plasma seems to improve the health span, rather than the lifespan, of

prion disease may be relevant to improving the life quality of patients with neurodegenerative

diseases.

It remains to be seen whether the molecular phenomena and kinetics detected in mouse

models of prion disease reflect those of the corresponding human disorders. If so, the results

detailed here may instruct the development of early diagnostic and therapeutic approaches.

Finally, the molecular mechanisms underlying prion diseases may also be of relevance for

other common protein misfolding disorders, such as Alzheimer’s and Parkinson’s disease.

Methods

Mice

Animal experiments were performed in compliance with the Swiss Animal Protection Law,

under the approval of the Veterinary office of the Canton Zurich (animal permits ZH41/2012,

ZH90/2013, ZH040/15, ZH243/15). All efforts were made to prevent or minimize animal dis-

comfort and suffering; individual housing was avoided. Prion-inoculated and control-injected

mice were regularly monitored for the development of clinical signs, according to well estab-

lished procedures. Humane termination criteria were employed. Intracerebral injections,

blood collection and transcardial perfusions were performed in deeply anesthetized mice.

Habituation periods before experiment begin were included. Housing conditions and details

Fig 6. Young plasma treatment ameliorates prion disease progression. A Time points of prion inoculation, plasma treatment, neurological scoring and sample

analysis. B Scatter plot comparing the log2FC of expressed genes in plasma and saline treated prion-inoculated mice at 8 wpi. Differentially expressed genes (|log2FC|

> 0.5 and FDR< 0.05) are colored in purple (saline; n = 515) and orange (plasma; n = 1). C Plot displaying the neurological score of saline and plasma-treated mice

from 18 wpi until the terminal stage. Shown is the mean neurological score +/- SEM (��p<0.01; ���p<0.001; ����p<0.001; two-way ANOVA followed by Tukey’s

multiple comparison test comparing prion vs control samples at each time point). D Survival curves of mice that were treated for 8 weeks with saline or plasma after

prion inoculation. Shown is the % survival compared to days post inoculation (dpi). The median survival of plasma treated mice did not change (p = 0.71; log-rank

Mantel-Cox test). E Scatter plot comparing the log2FC of expressed genes in plasma and saline treated prion-inoculated mice at the terminal stage. Differentially

expressed genes (|log2FC|> 0.5 and FDR< 0.05) are colored in purple (saline; n = 2,083), orange (plasma; n = 3,283) or pink (both; n = 1,730).

https://doi.org/10.1371/journal.ppat.1008653.g006
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of animal experimentation are detailed in the corresponding sections. C57BL/6J male mice

were purchased from Charles River, Germany. C57BL/6J coisogenic PrnpZH3/ZH3 knockout

mice[31] were bred in house. Mice were kept in a conventional hygienic grade facility, con-

stantly monitored by a sentinel program aimed at screening the presence of all bacterial, para-

sitic, and viral pathogens listed in the Federation of European Laboratory Animal Associations

(FELASA). Animal facility was considered positive for Murines Norovirus and Helicobacter
spp. Animals were kept in IVC type II long cages with autoclaved dust-free Lignocel SELECT

Premium Hygiene Einstreu (140-160g/cage) (Hersteller J. Rettenmaier & Söhne GmbH), auto-

claved 20 x 21 cm paper tissues (Zellstoff), autoclaved hay and a carton refuge mouse hut as

nesting material. Up to five mice were housed in the same cage. Individual housing was

avoided. For the plasma treatment experiment, 20 male mice were kept in groups of 5 in indi-

vidually ventilated type II cages in a highly hygienic grade facility. Mice had unrestricted access

to sterilized drinking water and were fed a pelleted mouse diet (Kliba No. 3340 or 3341, Pro-

vimi Kliba, Kaiseraugst, Switzerland) ad libitum. The light/dark cycle consisted of 12/12 h with

artificial light (40 Lux in the cage) from 07:00 to 19:00h. The temperature in the room was 21

±1˚C, with a relative humidity of 50±5%. The air pressure was controlled at 50 Pa, with 15

complete changes of filtered air per hour (HEPA H 14 filter; Vokes-Air, Uster, Switzerland).

Prion inoculations

Imported mice were allowed at least one week of habituation in our animal facility before

experimental manipulations. Six-week or 51-week old C57BL/6 male mice (S1 Table) were

injected in the right hemisphere with 30 μl of RML6 (passage 6 of Rocky Mountain Laboratory

strain mouse-adapted scrapie prions) at a 10−2 dilution of a 10% homogenate, containing 9.02

log LD50 of infectious units per ml in 10% homogenate. Control inoculations were performed

using 30 μl of non-infectious brain homogenate (NBH) from CD-1 mice at the same dilution.

Each experimental mouse was randomly assigned a code and, based on this, to an experimen-

tal group/time point. After inoculation, mice were initially monitored three times per week.

After clinical onset, mice were daily monitored. Mice were sacrificed at pre-defined time

points based on their experimental group, starting always at the same time of the day and alter-

nating between prion-inoculated and NBH-injected mice. Prion-inoculated mice allocated to

the terminal group were sacrificed upon clear signs of terminal prion disease. Control-injected

mice assigned to the latest time point group were sacrificed at 192 days post-inoculation, 13

days later than the last terminal prion-inoculated mouse. Transcardial perfusion with ice-cold

PBS was performed in deeply anesthetized mice.

For RNAsequencing, hippocampi from both hemispheres were dissected, snap frozen and

stored at -80˚C until processing (S1 Table). For histologic analysis (S6 Fig), 15 additional

C57BL/6J male mice were inoculated with RML6, and groups of 3 mice were sacrificed at the

indicated time points. Dissected brains were fixed in formalin. For the rotarod analysis shown

in Fig 3, 8 additional C57BL/6J male mice were inoculated with RML6.

Plasma collection and administration, and neurological scoring

Plasma preparation and administration was performed as previously described[26], with

minor modifications. Peripheral blood was collected from 150 young (6 weeks old) mice using

retro-orbital bleeding in deeply anesthetized mice who were then immediately sacrificed by

decapitation. Pooled mouse plasma was separated from blood collected with EDTA by centri-

fugation at 1,000g, followed by dialysis using 3.5-kDa D-tube dialyzers (EMD Millipore) in

PBS to remove EDTA, aliquoting and storage at −80˚C until use. Systemic administration of

either plasma or saline as control was performed by injection of 100μl in the tail vein of mice
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who had received an intra-cerebral injection with either RML6 prions or NBH. Treatment

started the day after the intracerebral injection and was performed twice weekly for 8 weeks.

Mice were sacrificed at 8 wpi or the terminal stage (n = 5 per each group) by transcardial per-

fusion with ice-cold PBS in deeply anesthetized mice. Hippocampi from both hemispheres

were dissected, snap frozen and stored at -80˚C until processing. RNA extraction and sequenc-

ing were performed in two separate rounds (S1 Table) but were pooled for analysis.

Neurological scoring was performed weekly from 18 wpi until 24 wpi by an observer who

was blinded to experimental group allocation (RML or NBH-injected, plasma- or saline-treat-

ment), and encompassed the assignment of scores from 0 (no abnormality) to 1-2-3 (for mild,

moderate or severe abnormalities) in the following domains: hunched posture, piloerection,

rigid tail, hind limbs clasping, ataxia.

Immunohistochemistry

Histological analyses were performed on 2-μm thick sections from formalin fixed, formic acid

treated, paraffin embedded brain tissues, as previously described[32]. Sections were subjected

to deparaffinization through graded alcohols, followed by heat-induced antigen retrieval per-

formed in EDTA-based buffer CC1 (Ventana). Stainings were performed on a NEXES immu-

nohistochemistry robot (Ventana instruments) with the following antibodies: Iba1 (1:1000,

Wako); GFAP (1:13000, Dako); SAF84 (1:200, SPI bio). For the latter staining, incubation with

protease 2 (Ventana) was performed before antibody incubation. Immunoreactivity was visu-

alized using an IVIEW DAB Detection Kit (Ventana). Haematoxylin and eosin stainings were

performed according to standard procedures. Slides were scanned with NanoZoomer and

images were acquired using the NanoZoomer Digital Pathology System (NDPview, Hamama-

tsu Photonics). High magnification pictures were quantified with an in-house developed

python script by counting the number of HRP pixels, which were defined as pixels for which

the following condition in RGB colour space holds true: R > G> B.

Rotarod

The rotarod test was performed as previously described[32], with minor modifications. The

rotarod apparatus (Ugo Basile) consisted of a rotating cylinder (ø 3 cm) subdivided in five

57-mm wide lanes by dividers (ø 25 cm). Each test consisted in habituation phase and an

experimental phase. The habituation phase comprised three sessions of 1 min each, at a con-

stant speed of 5 rotations per minute (rpm), with inter-sessions intervals of at least 15 min.

The test phase, which started at least 15 min after the last habituation trial, comprised three

sessions of maximum 5 min each, at a constant acceleration from 5 rpm to maximum of 40

rpm, with inter-sessions intervals of at least 15 min. Latency to fall was calculated as the time

until either falling from the drum or clinging to the rod and passively rotating with occurred.

Rotarod tests were performed at the same time of the day (between 2 pm and 4 pm).

Standard scrapie cell assay

CAD5 cells were grown with standard OFBS Medium (Opti-MEM containing 10% FBS, 1%

streptomycin and penicillin, 1% Glutamax; Gibco) in a T150 cell culturing flask. One day prior

to infection, 10,000 CAD5 and CAD5 KO cells lacking PrPC expression were plated with

100 μL OFBS in 96-well cell culture plates (TPP) and incubated at 37˚C with 5% CO2. On the

following day, 100 μL of brain homogenate diluted in OFBS mixed with 0.01% brain homoge-

nate from C57BL/6J-PrnpZH3/ZH3 mice to provide a complex matrix was added to the cells for

the infection. To establish a standard curve for infection, a 1:5 serial dilution of RML6 brain

homogenate (20% w/v in 0.32M sucrose, 10 LD50 units per mL) was used with a range from
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1 × 10−3 to 6.4 × 10−8. For each sample, three different dilutions were performed ranging from

1 × 10−3 to 1 × 10−5. To control for residual inoculum, CAD5 KO cells were incubated with

RML brain homogenate corresponding to the highest concentration of the standard (0.01%).

CAD5 cells were incubated with (0.01%) non-infectious brain homogenate (10% w/v in 0.32M

sucrose) to control for efficient proteinase K (PK) (Roche) digestion and to compute the back-

ground of the assay. Three days following infection, cells were split 1:8 into new 96 well plates

containing fresh OFBS. After reaching confluence, two additional 1:8 splitting steps were per-

formed, corresponding to days 7 and 10 post infection. On day 14 post infection, ELISPOT

membranes (Millipore) were activated by adding filtered 50 μL ethanol/well, washed twice

with 160 μL PBS and nearly 40,000 cells per well transferred onto the membrane and dried

with a plate thermomixer (Eppendorf) at 50˚C. After drying, plates were stored at 4˚C until

lysis and digestion. 50 μL of 0.5 ug/mL PK in lysis buffer (50 mM Tris-HCl pH8, 150 mM

NaCl, 0.5% w/v sodium deoxycholate, 0.5% w/v Triton-X-100) was added to each well and

incubated for 90 minutes at 37˚C. Following incubation, vacuum was applied to discard the

contents and wells were washed twice with 160 μL PBS. To stop digestion, 160 μL of 2 mM

PMSF (Sigma Aldrich) diluted in PBS was applied to the membrane and incubated at room

temperature for 10 min. Tris guanidinium thiocyanate was prepared by diluting 3 M guanidi-

nium thiocyanate in 10 mM Tris HCl pH8, and added subsequently with a total volume of

160 μL/well and incubated for 10 min. Supernatant was discarded into 2M NaOH and mem-

brane was washed seven times with each 160 μL PBS and blocked 1 h with 160 μL Superblock

(Thermo Scientific) prepared in MilliQ. Remaining blocking solution was removed under vac-

uum and 50 μL POM1 antibody was applied at a concentration of 1:5000 diluted in TBST (10

mM Tris HCl, pH 8, 150 mM NaCl, 0.1% (v/v) Tween 20) containing 1% (w/v) non-fat dry

milk for 1 h. Supernatant was discarded and wells were subsequently washed seven times with

TBST under vacuum. 50 μL of anti-IgG1-AP (Southern Biotechnology Associates) was used

with a 1:4500 dilution in TBST-1% (w/v) non-fat dry milk and incubated for 1 h. Discarding of

the supernatant and washing was performed in the same way as for the POM1 antibody. 50 μL

of AP dye (Bio-rad) for the reaction was applied and incubated for 16 minutes. Membrane was

washed twice with water, dried and stored at −20˚C in dark. Membranes were quantified using

ImageJ (open source) with optical density, to distinguish between spots (representing cells that

contain PK-resistant PrP) and clear areas. Data derived from SSCA have also been used for a

scaling analysis to estimate rates of replication in vivo (Meisl et al., submitted).

Real-time quaking induced conversion assay (RT-QuIC)

RT-QuIC assays of prion-infected mouse brain homogenates were performed as previously

described[33]. Briefly, recombinant full-length hamster PrP (23–231) was expressed in Rosetta2

(DE3)pLysS E.coli competent cells and purified from inclusion bodies by affinity chromatogra-

phy using Ni2+-nitrilotriacetic acid Superflow resin (QIAGEN). Recombinant hamster PrP

(HaPrP) was used as monomeric substrate protein for the RT-QuIC conversion. Mouse brain

homogenates (20% in 0.32M sucrose) were diluted 2000-fold and used as seeds for the RT-QuIC

conversion. RT-QuIC reactions containing HaPrP substrate protein at a final concentration of

0.1 mg/ml in PBS (pH 7.4), 170 mM NaCl, 10 μM EDTA, 10 μM Thioflavin T were seeded with

2 μl of diluted brain homogenates in a total reaction volume of 100 μl. NBH- and RML6-treated

brain homogenates were used as negative and positive controls, respectively. The RT-QuIC

reactions were amplified at 42˚C for 100 h with intermittent shaking cycles of 90 s shaking at

900 rpm in double orbital mode and 30 s resting using a FLUOstar Omega microplate reader

(BMG Labtech). Aggregate formation was followed by measuring the thioflavin T fluorescence

every 15 min (450 nm excitation, 480 nm emission; bottom read mode).
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RNA, extraction, library preparation and sequencing

RNA was extracted from snap frozen brain areas (both hemispheres for hippocampus) using

the RNeasy Plus Universal Kit (QIAGEN), following manufacturer’s instructions. Quantity

and quality of RNA were analyzed with Qubit 1.0 Fluorometer (Life Technologies) and Bioa-

nalyzer 2100 (Agilent Technologies), respectively. The TruSeq RNA Sample Prep kit v2 (Illu-

mina) was employed for library preparation. In brief, 1 μg of total RNA per sample was poly A

enriched, reverse transcribed into double-stranded cDNA and then ligated with TruSeq adapt-

ers. PCR was performed to selectively enrich for fragments containing TruSeq adapters at both

termini. Quantity and quality of enriched libraries were analyzed using Qubit (1.0) Fluorome-

ter and Caliper GX LabChip GX (Caliper Life Sciences). The resulting product is a smear with

a mean fragment size of approximately 260 bp. Libraries were then normalized to 10 nM in

Tris-Cl 10 mM, pH 8.5, with 0.1% (vol/vol) Tween 20. Cluster generation was performed with

the TruSeq PE Cluster kit v4-cBot-HS (Illumina), using 2 pM of pooled normalized libraries

on the cBOT. Sequencing was performed on Illumina HiSeq 4000 paired-end at 2 × 126 bp

using the TruSeq SBS kit v4-HS (Illumina).

Data analysis

Alignment and feature counting. RNA sequencing data analysis was performed as previ-

ously described[34], with modifications. Quality control of reads was performed using FastQC.

Low-quality ends were clipped (5’: 3 bases; 3’: 10 bases). Trimmed reads were aligned to the

reference genome and transcriptome (FASTA and GTF files, respectively, downloaded from

the UCSC mm10) with STAR version 2.3.0e_r291[35] with default settings.

Differential gene expression. Differentially expressed genes were identified based |

log2FC| > 0 and FDR < 0.05 using the R package edgeR[36] from Bioconductor (version 3.0).

Only genes with at least 10 counts in at least 50% of the samples in one of the groups were con-

sidered in the analysis. Differentially expressed genes (DEGs) were defined as genes changing

with |log2FC|> 0.5 and FDR< 0.05. Log2FC with p� 0.05 were set to 0 for unsupervised

kmeans clustering, t-distributed stochastic neighbor embedding (t-SNE) and the comparison

with rotarod performance (Figs 1B, 1C and 3B–3D, and S2 Fig). RNA isolated from saline and

plasma-treated mice was isolated, processed and sequenced in two independent runs (indi-

cated in S10 Fig). All saline and plasma-treated mice were analyzed together. An additional

covariate was added to the model in edgeR to account for the batch effect associated with the

different runs. To assess if DEGs changed at multiple time points (Fig 2A and 2C and S2 Fig)

we lowered the cut-off to |log2FC|> 0.5 and p< 0.05.

Alternative splicing. Analysis of splice variants was performed by using SGseq[37] and

DEXseq[38] R packages as described previously[39] with some modifications. SGseq was first

applied to identify splicing events (e.g. cassette alternative exon) related to two or more vari-

ants (e.g. isoforms with exon included or exon skipped). Exons and splice junctions were pre-

dicted from BAM files. Predictions for each sample were merged to obtain a common set of

transcript features, and exons were partitioned into disjoint exon bins. A genome-wide splice

graph was assembled based on splice junctions and exon bins, and splice events were identified

from the graph. To determine differential splicing events, a single value for each variant was

produced by either adding up the 5’ and 3’ counts, or, if these represented the same transcript

features, by considering the unique value. These counts then constituted the initial input to

DEXSeq, as described in the SGSeq manual. Briefly, instead of quantifying differential usage of

exons across a single gene, we analyzed differential usage of variants across a single event. Such

adaptation of DEXSeq is also reported in the DEXSeq vignette. Similar to the differential gene

expression analysis, we retained only variants with at least five counts in at least three samples

PLOS PATHOGENS Genome-wide transcriptomics identifies an early preclinical signature of prion infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008653 June 29, 2020 18 / 26

https://doi.org/10.1371/journal.ppat.1008653


(of any condition). After this filtering step, in events associated with a unique variant, such var-

iant was considered to be constitutive and discarded. For most comparisons, these two filters

reduced the total number of variants tested to around 6,000. Differential analysis was then per-

formed implementing a sample+exon+condition: exon model in DEXSeq. To limit the num-

ber of tests, the first variant of each event (generally a ‘skipping’ variant) was discarded. As our

data, possibly due to the Nugen amplification, shows high levels of intronic reads, retained

intron events were also discarded. Differentially expressed isoforms were defined as isoforms

changing with FDR< 0.05. Log2FC with p� 0.05 were set to 0 for unsupervised kmeans clus-

tering (Fig 4C). To compare if splicing isoforms were differentially expressed at multiple time

points (Fig 4A) we lowered the cut-off to p< 0.05.

RNA editing. A list of putative RNA-editing sites was compiled by intersecting the results

of REDItools[40] and VarScan2[41]. In particular, we required the following six criteria to be

fulfilled in both workflows: 1) a minimum mapping quality of 20 and a minimum base quality

of 25; 2) a minimum total coverage of 10 reads and a minimum non-reference allele coverage

of 3; 3) a p-value threshold of 0.05 in both REDItools and VarScan2 tests; 4) a minimum edit-

ing frequency of 1%; 5) an A-to-G or T-to-C nucleotide exchange; and 6) the editing site did

not correspond to a dbSNP variant. The resulting vcf file contained ~26,000 putative RNA

editing sites and was annotated using SnpEff v4.3[42]. For pair-wise comparisons between

groups, only sites with reads supporting an editing event in two out three samples per group

were reported. P values were calculated using a two-tailed t test and Benjamini-Hochberg

adjusted for multiple testing.

Database comparisons. As previously described[31] a list of genes enriched in neurons,

astrocytes, oligodendrocytes, microglia and CNS endothelial cells (500 genes per cell type) was

retrieved using the cell type enrichment query from a transcriptomic based database, (http://

web.stanford.edu/group/barres_lab/brain_rnaseq.html)[16], searching for genes enriched in

one cell type respect to all others. In the case of oligodendrocytes, myelinating oligodendro-

cytes, newly formed oligodendrocytes and oligodendrocytes precursor cells were considered

together. The resulting, non-overlapping list of CNS cell-type enriched genes was used for

comparisons with the lists of genes with differential gene expression, and alternative splicing

in the present study.

Gene Ontology analyses were performed with GORILLA (http://cbl-gorilla.cs.technion.ac.

il), comparing indicated gene lists with a list of expressed genes.

Data visualization. Data was visualized in R using the packages DESeq2, RColorBrewer,

pheatmap, gplots, ggplot2, NbClust, factoextra, eulerr, tidyverse, datasets, data.table, and cir-

clize. Center lines of boxplots show the median, vertical boxes represent the inter-quartile

range (IQR) and whiskers represent 1.5�IQR. Data points beyond that distance are plotted as

single points. t-distributed Stochastic Neighbor Embedding (t-SNE) method was used for pro-

jecting high dimensional gene expression data in a 2D space. We used the t-SNE implementa-

tion from scikit-learn library in Python with the following parameters: learning rate = 200, n

iter = 1,000, random state = 0, metric = Euclidean, init = pca.

Code availability

Code is available from the authors by request.

Supporting information

S1 Fig. Sample separation during prion disease progression. a, Hierarchical clustering based

on Euclidean distances. Heatmaps depicting the sample distances at each time point based on

RNAseq expression data. Control and prion-injected samples cluster from 18 wpi onwards. b,
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Principal component analysis of RNAseq samples at different time points revealing a separa-

tion of control (green) and prion-injected (blue) samples at 8 wpi, 20 wpi and the terminal

stage.

(TIF)

S2 Fig. Distribution of cell-type enriched genes among DEGs. a, Table displaying the num-

ber of genes enriched in the different cell types and which cluster they belong to. b, Heat maps

depicting the log2FC of DEGs known to be enriched in different cell types (only log2FC with

p< 0.05 are colored). The corresponding clusters are indicated as a side bar. The height of the

heatmap corresponds to the number of genes. c, Schematic depicting time points of prion

inoculations. Number of upregulated and downregulated DEGs (|log2FC| > 0.5 and p< 0.05),

and numbers of shared genes (in brackets) are indicated. d-f, Percentages of cell-type enriched

genes within upregulated mDEGs (c), downregulated mDEGs (d) and downregulated genes at

different time points (e).

(TIF)

S3 Fig. Validation of mRNA expression changes in a second, validation cohort. a, Hierar-

chical clustering based on Euclidean distances. Heatmaps depicting the sample distances based

on RNAseq expression data. Control and prion-injected samples cluster at 8 wpi, and the ter-

minal stage. b, Principal component analysis of RNAseq samples revealing a separation of con-

trol (green) and prion-injected (blue) samples at 8 wpi, and the terminal stage. c, Scatter plot

depicting expressed genes. The change in expression at 8 wpi correlates between the main and

the validation datasets (R = 0.29). Genes belonging to the clusters identified in Fig 1 are col-

ored. d, Boxplots representing the log2FC distribution in the main (left panel) and validation

(right panel) datasets at 8 wpi. Only expressed genes are included. The distribution of all genes

(black) and genes belonging to the clusters identified in Fig 1 are shown. The difference in the

log2FC distribution between expressed genes and cluster 4 genes was assessed with a t test. e,

Scatter plot depicting expressed genes. The change in expression at the terminal stage highly

correlates (R = 0.80) and genes belonging to the clusters identified in Fig 1 are colored. f, Box-

plots representing the log2FC distribution in the main (left panel) and validation (right panel)

datasets at the terminal stage. Only expressed genes are included. The distribution of all genes

(black) and genes belonging to the clusters identified in Fig 1 are shown. The difference in the

log2FC distribution between expressed genes and cluster 4 genes was assessed with a t test.

(TIF)

S4 Fig. Validation of mRNA expression changes in PrP knockout mice and intraperitone-

ally inoculated mice. a, Hierarchical clustering based on Euclidean distances. Heatmaps depict-

ing the sample distances based on RNAseq expression data. Control and prion-injected samples

cluster at the terminal stage in intraperitoneally (i.p.) inoculated wild-type mice but not in intra-

cerebrally (i.c.) inoculated PrP knockout (KO) mice, nor in intraperitoneally inoculated wild-

type mice at 8 wpi. b, Principal component analysis of RNAseq samples revealing a separation

of control (green) and prion-injected (blue) samples of intraperitoneally inoculated wild-type

mice at the terminal stage. c, Boxplots representing the log2FC distribution of intracerebrally

inoculated PrP knockout mice at 8 wpi and of intraperitoneally inoculated wild-type mice at 8

wpi and the terminal stage. Only expressed genes are included. The distribution of all genes

(black) and genes belonging to the clusters identified in Fig 1 are shown. The difference in the

log2FC distribution between expressed genes and cluster 4 genes was assessed with a t test.

(TIF)

S5 Fig. Cross-correlation plots comparing all 8 wpi and terminal samples. a, Cross-correla-

tion plot of all 8 wpi comparisons included in this manuscript (main, validation, PrP knockout
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(ko), intraperitoneally (ip) inoculated, aged, saline-treated, plasma-treated). Shown are scatter

plots comparing the 8 wpi log2FC between the groups and the corresponding R values (scaled

according to R value). The PrP knockout samples do not correlate with any other sample.

Among the others, the plasma-treated sample correlates least with the other 8 wpi samples.

Only expressed genes are included. b, Cross-correlation plot of all terminal comparisons

included in this manuscript (main, validation, intraperitoneally (ip) inoculated, young, aged,

saline-treated, plasma-treated). Shown are scatter plots comparing the terminal log2FC

between the groups and the corresponding R values (scaled according to R value). All samples

strongly correlate with each other. Only expressed genes are included.

(TIF)

S6 Fig. Characterization of neuropathological changes. a, Survival curve of mice sacrificed

at the terminal stage. Shown is % survival compared to days post inoculation (dpi). b, Quantifi-

cation of high magnification images (including representative images shown in d). Error bars

indicate standard deviations. c, Prion-inoculated mice were sacrificed at the indicated time

points during disease progression. Brain section were stained with hematoxylin and eosin

(H&E), GFAP (astrocyte marker), IBA1 (microglia marker) and SAF84 (detects only PrPSc

after protease treatment). Shown are representative pictures at each timepoint. Rectangles cor-

respond to approximate location of higher-magnification images shown in d. Scale bar in

upper left panel: 250μm (applicable to all panels). d, Higher-magnification images of GFAP,

IBA1 and SAF84 stainings shown in c. Scale bar in upper left panel: 100μm (applicable to all

panels).

(TIF)

S7 Fig. Assessment of prion infectivity. a, RT-QuIC reactions using brain homogenates of mice

inoculated with prions and sacrificed at indicated time points. Each sample was tested in quadru-

plicates, and each plot corresponds to one mouse (n = 6). RFU: relative fluorescence units. b, Dot

plot graph showing infectious units measured by standard scrapie cell assay (SSCA). Each dot rep-

resents one mouse, bars indicate standard deviations. 6 (out of 6) samples at 4wpi and 3 (out of 6)

samples at 8 wpi were below the limit of detection (LOD). P values were calculated with a one-

way ANOVA followed by Tukey’s multiple comparison test (���p<0.001; compared to terminal).

(TIF)

S8 Fig. Differentially spliced isoforms during prion disease progression. (Alternative)

exons are shown in grey. Exons and introns are not drawn to scale. Average per-base exon

read coverage and junction counts normalized to total read counts in control and prion dis-

eased mice at the terminal time point are shown. Splicing events in Picalm (a), App (b), Syn1
(c), Syn2 (d), and Ctsa (e) were visualized with the plotSpliceGraph function of the SGSeq

package in R. Shown events are indicated in S8 Fig

(TIF)

S9 Fig. Impact of aging on prion disease progression. a, Hierarchical clustering based on

Euclidean distances. Heatmaps depicting the sample distances based on RNAseq expression

data. Control and prion-injected samples cluster at 8 wpi and the terminal stage in aged mice,

and at the terminal stage in young mice. b, Principal component analysis of RNAseq samples

revealing a separation of control (green) and prion-injected (blue) samples at 8 wpi and the

terminal stage in aged mice, and at the terminal stage in young mice.

(TIF)

S10 Fig. Young plasma treatment ameliorates prion disease progression. a, Hierarchical

clustering based on Euclidean distances. Heatmaps depicting the sample distances based on
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RNAseq expression data. Samples cluster predominantly according to cohorts. b, Principal

component analysis of RNAseq samples revealing a separation of control (green) and prion-

injected (blue) samples at the terminal stage. Samples additionally separated according to the

run of RNA isolation/processing/sequencing (run #1 versus run #2). The batch effect of the

different run was accounted for during the analysis. c, Rotarod performance of saline (left

panel) and plasma-treated (right panel) prion-inoculated mice at specified time points during

disease progression (pre = pre-inoculation). Bar plots display the mean latency +/- SEM to fall

in 100 seconds, with each dot representing one individual mouse. P values were calculated

with a one-way ANOVA followed by Tukey’s multiple comparison test (�p<0.05; ��p<0.01;
���p<0.001; ����p<0.0001; compared to 1 wpi).

(TIF)

S1 Table. Summary table of 114 sequenced mice. Table including sequencing and sample ID,

dataset, treatment, gender, and timepoints of injection and sacrifice.

(XLSX)

S2 Table. Expressed genes and all comparisons. Table containing GeneID, cell type enrich-

ment if applicable (_NE = not enriched; AS = astrocytes; EC = endothelial cells;

MG = microglia; N = neurons; OL = oligodendrocytes), Cluster (corresponding to clusters

shown in Fig 1) and information on all edgeR comparisons of this manuscript. For each com-

parison expression, log2FC, P value and FDR are included.

(TXT)

S3 Table. Prion-induced gene expression changes. Table containing 3,723 genes that are

changing significantly (|log2FC|> 0.5 and FDR< 0.05) in at least one of the eight timepoints

of the main dataset (Fig 1). Shown are GeneID, cell type enrichment if applicable (_NE = not

enriched; AS = astrocytes; EC = endothelial cells; MG = microglia; N = neurons;

OL = oligodendrocytes), cluster number (corresponding to clusters shown in Fig 1) and all

eight edgeR comparisons related to the main dataset. For each comparison expression, log2FC,

P value and FDR are included.

(TXT)

S4 Table. GO analysis of mDEGs upregulated 16wpi. Gene Ontology analysis of terms

related to biological processes, molecular function and cellular localization. 87 genes (85 of

which were in the database) were upregulated from 16wpi onwards and were assessed for GO

term enrichment compared to 16,127 expressed genes (15,493 of which were in the database).

(XLSX)

S5 Table. GO analysis of mDEGs upregulated 18 wpi. Gene Ontology analysis of terms

related to biological processes, molecular function and cellular localization. 440 genes (435 of

which were in the database) were upregulated from 18 wpi onwards and were assessed for GO

term enrichment compared to 16,127 expressed genes (15,493 of which were in the database).

(XLSX)

S6 Table. GO analysis of terminally downregulated DEGs. Gene Ontology analysis of terms

related to biological processes, molecular function and cellular localization. 1,081 genes (1,061 of

which were in the database) were downregulated at the terminal stage and were assessed for GO

term enrichment compared to 16,127 expressed genes (15,493 of which were in the database).

(XLSX)

S7 Table. GO analysis of DEGs downregulated at 8 wpi. Gene Ontology analysis of terms

related to biological processes, molecular function and cellular localization. 813 genes (800 of
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which were in the database) were downregulated at 8 wpi and were assessed for GO term

enrichment compared to 16,127 expressed genes (15,493 of which were in the database).

(XLSX)

S8 Table. Differentially expressed splice isoforms. Table containing 426 splice isoforms that

are differentially expressed (FDR< 0.05) in at least one of the eight timepoints of the main

dataset (Fig 4). Shown are merged, group and feature ID, genomic coordinates (chromosome,

start, end, width, strand), the corresponding transcript, variant type, cell type enrichment if

applicable (_NE = not enriched; AS = astrocytes; EC = endothelial cells; MG = microglia;

N = neurons; OL = oligodendrocytes), cluster number (corresponding to clusters shown in Fig

4), and information on all eight DEXSeq comparisons on the main dataset. For each compari-

son isoform expression of ctrl and prion samples, log2FC, P value and FDR are included, and

which isoforms are shown in S8 Fig is indicated. 102 splice isoforms map to genes that are dif-

ferentially expressed in the main dataset. The respective RNA expression information is

included for these 102 entries: cluster number (corresponding to clusters shown in Fig 1), and

all eight edgeR comparisons related to the main dataset (expression, log2FC, P value and

FDR).

(XLSX)

S9 Table. Aging-related gene expression changes. Table containing 5,613 genes that are

changing significantly (|log2FC|> 0.5 and FDR< 0.05) in at least one of the four comparisons

related to the aging dataset (8wpi_main, 8wpi_old, term_young, term_old). Shown are Gen-

eID, cell type enrichment if applicable (_NE = not enriched; AS = astrocytes; EC = endothelial

cells; MG = microglia; N = neurons; OL = oligodendrocytes), cluster number (corresponding

to clusters shown in Fig 1), and information on the four edgeR comparisons related to the

aging dataset. For each comparison expression, log2FC, P value and FDR are included.

(TXT)

S10 Table. Plasma-induced gene expression changes. Table containing 3,956 genes that are

changing significantly (|log2FC|> 0.5 and FDR< 0.05) in at least one of the four plasma data-

set comparisons (8wpi_saline, 8wpi_plasma, term_saline, term_plasma). Shown are GeneID,

cell type enrichment if applicable (_NE = not enriched; AS = astrocytes; EC = endothelial cells;

MG = microglia; N = neurons; OL = oligodendrocytes), cluster number (corresponding to

clusters shown in Fig 1), and information on the four edgeR comparisons related to the plasma

dataset. For each comparison expression, log2FC, P value and FDR are included.

(TXT)
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11. Xiang W, Windl O, Wünsch G, Dugas M, Kohlmann A, Dierkes N, et al. Identification of differentially

expressed genes in scrapie-infected mouse brains by using global gene expression technology. J Virol.

2004; 78: 11051–11060. https://doi.org/10.1128/JVI.78.20.11051-11060.2004 PMID: 15452225

12. Majer A, Medina SJ, Sorensen D, Martin MJ, Frost KL, Phillipson C, et al. The cell type resolved mouse

transcriptome in neuron-enriched brain tissues from the hippocampus and cerebellum during prion dis-

ease. Sci Rep. 2019; 9: 1099. https://doi.org/10.1038/s41598-018-37715-z PMID: 30705335

13. Kanata E, Llorens F, Dafou D, Dimitriadis A, Thüne K, Xanthopoulos K, et al. RNA editing alterations
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