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Etiology matters: genetic and 
acquired prion diseases engage 
different mechanisms at a 
presymptomatic stage

One of the most enigmatic problems in biomedical 
research surrounds the phenomenon that 
neurodegenerative diseases target specific cell 
types and brain regions. This is difficult to explain 
because the proteins that cause them are widely 
expressed, often highest in resistant regions. This 
mystery is further complicated by the fact that 
some disease-causing proteins are associated 
with multiple diseases. For example, the protein 
alpha-synuclein forms toxic aggregates in multiple 
diseases including Parkinson’s disease, dementia 
with Lewy bodies, and multiple systems atrophy, 
whereas the protein TDP43 can cause amyotrophic 
latera l  sc leros is  or  f rontotempora l  lobar 
degeneration (Alegre-Abarrategui et al., 2019; 
Schweingruber and Hedlund, 2022). Alzheimer’s 
disease is associated with aggregates from two 
proteins, the amyloid precursor protein (APP) and 
Tau. Familial forms of Alzheimer’s disease are often 
associated with mutations in APP and enzymes 
that process APP. In contrast, mutations in Tau 
are not linked to Alzheimer’s disease but instead 
to frontal temporal dementia, whereas non-
mutated Tau is also associated with several other 
neurodegenerative diseases (Carroll et al., 2021). 
Huntington’s disease is one of the few types of 
neurodegenerative disease that is strictly genetic. 
It is caused by an abnormally long polyglutamine 
tract in the Huntingtin protein, and the longer the 
tract the earlier the disease emerges. Remarkably, 
very long polyglutamine tracts also cause a wider 
distribution of affected brain regions, presenting 
with different clinical signs. The prion protein (PrP) 
also causes multiple, distinct diseases, collectively 
called prion diseases (Jackson, 2014).

Prion diseases come in three basic forms. The 
most infamous form involves infection from an 
exogenous source, such as contaminated food 
or medical procedures. The infectious agents, 
called prions, consist mostly of aggregated PrP 
(Prusiner, 1982; Bueler et al., 1993; Brandner et 
al., 1996). Although these acquired forms are the 
main cause of prion disease in farmed and wild 
animals, they account for only 1% of all human 
prion diseases. A more common form of prion 
disease in humans, accounting for about 15% 
of all cases, is caused by mutations in the gene 
encoding PrP. This form is especially fascinating 
because it can be separated into three subclasses 
of diseases known as fatal familial insomnia (FFI), 
genetic Creutzfeldt-Jakob disease (gCJD), and 
Gerstmann-Sträussler-Scheinker syndrome, where 
each is caused by specific mutations and has 
specific neuropathological changes and clinical 
signs (Jackson, 2014). The final form of prion 
disease is sporadic, which simply means there is 
no mutation and no evidence of infection. In each 
of these basic forms of prion disease, the amount, 
distribution, and shapes of PrP aggregates can vary 
tremendously. Furthermore, other hallmarks of 
prion disease, namely the distribution and density 
of spongiform degeneration and the concentration 
of infectivity, can also vary greatly, from barely 
detectable to highly abundant. The age at disease 
onset also varies greatly. This is easy to understand 
in acquired and sporadic prion diseases because 
the disease-triggering events may happen at any 
age, but not for genetic prion diseases, where the 

mutation is present throughout life. For example, 
the two most common mutations, D178N causing 
FFI and E200K causing gCJD, have ages at onset 
ranging from 12 to 89 for FFI and 31 to 92 for 
gCJD (Minikel et al., 2019). Interestingly, the 
D178N mutation can also cause gCJD when in 
cis with the M129V substitution. Therefore, the 
mammalian brain can express mutant PrP for 
decades without overt abnormalities and this wide 
variation in human prion diseases may also exist in 
experimental models. 

To understand the molecular pathways acting in 
neurodegenerative diseases researchers often 
employ mouse models. In fact, some of the earliest 
mouse models of any neurodegenerative disease 
were prion disease models since they could be 
established before the discovery of genes linked to 
neurodegenerative diseases and the development 
of methods for the genetic engineering of mice.  
Thus, mouse models of acquired prion diseases 
became highly studied in the early days of 
neurodegenerative disease research. 

Perhaps the most intensively studied mouse 
model of all prion diseases is the model of 
acquired prion disease developed at the Rocky 
Mountain Laboratories (RML) in the US. It was 
originally derived from a goat with scrapie prion 
disease, and subsequently passaged tens of times 
through multiple mammalian species, until the 
final RML strain of mouse-adapted scrapie prion 
disease was established. After multiple decades of 
passaging, the most virulent, fastest-killing prions 
were selected. 

Later, following the discovery of the gene encoding 
PrP and the invention of genetic engineering 
methods, the ability to study genetic models 
emerged. Mouse models based on randomly 
integrated transgenes have dominated the 
neurodegenerative disease field because of 
their ease of generation and because their high 
expression levels typically enhance neurological 
disease. However, overexpression, which is not a 
feature of natural animal or human prion diseases, 
creates confounders. During synthesis, PrP passes 
through the endoplasmic reticulum and Golgi 
apparatus and finally resides at the cell surface. 
Therefore, overexpressed PrP creates an unnatural 
processing, chaperoning, and degradation burden 
on these and other organelles and displaces 
molecules that should otherwise occupy those 
spaces. These issues are then confounded when 
a mutation is added: when disease emerges in 
such mutant models, how much of the effect 
is due to the overexpression problems, and 
how much to the mutation? Another issue is 
that spatial expression patterns differ between 
different transgenic lines that have integrated into 
random locations in the genome (Kaczmarczyk 
and Jackson, 2015). The spatial expression pattern 
variability creates another confounder: when 
different phenotypes emerge from transgenes 
with different sequences, how much of this 
difference is due to the spatial expression pattern 
differences, and how much to the sequence 
differences? These issues from over-expression 
and variable spatial expression patterns can be 
avoided with knock-in mice where all variants are 
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expressed from the gene’s native location. 

Even though knock-in models avoid these two 
serious issues, they are rarely used because of 
two important limitations. First, they are much 
more difficult to engineer, although CRISPR/Cas-
based tools are lowering this barrier. Second, 
they typically develop a mild disease. Indeed, to 
enhance disease in APP knock-in mice, alleles 
were engineered to carry three or four mutations, 
but the mice were only mildly affected, with a 
normal lifespan (Saito et al., 2014). To accelerate 
disease in Huntington’s disease knock-in mice, 
they were engineered to carry mutations severe 
enough to cause disease in children (Lin et al., 
2001). Nonetheless, these models also have a 
mild phenotype, without a shortened lifespan. 
Similarly, PrP knock-in models bearing single 
mutations also have mild phenotypes (Jackson et 
al., 2009, 2013). Importantly, despite having mild 
phenotypes, knock-in models have been useful 
for discovering molecular pathways in pre-onset 
stages of neurodegenerative disease. 

In two recent studies, cell type-specific molecular 
responses were analyzed for mouse models of 
acquired and genetic prion diseases. The first 
employed the RML model in wild-type mice 
(Kaczmarczyk et al., 2022), while the second 
employed two knock-in models expressing the 
mouse equivalent of the D178N and E200K 
mutations (Bauer et al., 2022). Notably, all models 
and controls expressed PrP from the same, 
endogenous location in the genome, avoiding 
the confounders described above. To discover 
molecular responses, epitope-tagged ribosomes 
were expressed in specific cell types using RiboTag 
mice (Figure 1). From brain homogenates of 
diseased or control RiboTag mice, the epitope-
tagged ribosomes were immunopurified, and 
the attached mRNAs, representing the genome-
wide pool of translating mRNAs (translatome), 
were analyzed with next-generation sequencing 
methods. There were some technical differences 
between the two studies, such as different Illumina 
sequencing platforms, but the overall similarities, 
including the same mouse genetic background, 
enable a basic comparison of results. 

In the first study, to identify pre-onset and onset 
time points, brain activity was serially measured 
with electroencephalography (EEG) as the disease 
progressed (Kaczmarczyk et al., 2022). When the 
EEG showed differences between diseased and 
control mice, neuropathological changes were 
also present but behavioral changes had not yet 
developed. This happened at week 18 of a 23-
week disease course and was considered the 
disease onset stage. At week 10, diseased and 
control mice had identical EEG profiles and showed 
no neuropathological or behavioral changes; it was 
therefore considered the pre-onset stage.

To  s t u d y  c e l l  t y p e - s p e c i f i c  r e s p o n s e s , 
homogenates were made from RiboTag mouse 
brain hemispheres that had the olfactory bulb 
removed. Analyses of the translatomes at 
the disease onset stage revealed massive but 
similar changes in all cell types, even though 
the mice looked healthy. At the pre-onset stage, 
cells made specific responses. For example, 
glutamatergic neurons, representing most of 
the excitatory neurons, had 38 differentially 
expressed genes (DEGs) involving cytoskeleton 
components and regulators of the cytoskeleton, 
including Arc (Kaczmarczyk et al., 2022). In 
contrast, GABAergic neurons, representing most 
inhibitory neurons, had 83 DEGs, including most 
genes of the core circadian rhythm pathway. 
Surprisingly, parvalbumin neurons, a large subset 
of GABAergic neurons previously reported to 
be highly vulnerable to many prion diseases, 
showed essentially no response with only 3 DEGs.  
Furthermore, somatostatin (SST) neurons, another 
GABAergic subset, had only 1 DEG, indicating that 
the circadian rhythm-related changes seen in the 
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broad GABAergic population were from a narrow 
subset that includes neither the parvalbumin 
nor SST subpopulations. Interestingly, astrocytes 
responded with a reduced expression of many 
ribosomal and mitochondrial proteins, making up 
most of the 139 DEGs. Therefore, despite the lack 
of EEG, behavioral and neuropathological changes 
at the pre-onset timepoint, certain cells made 
specific, coordinated responses while others barely 
responded at all.

The study of FFI and gCJD mice also employed EEG 
analyses to build on the previous characterizations 
(Jackson et al., 2009, 2013). Both models had very 
mild EEG changes at 21 months of age (Bauer et 
al., 2022), leaving unchanged the notion from 
previous analyses that the age at onset is around 
16 months. The pre-onset stage chosen for the 
translatome analysis was 9 months, which was 
estimated to be similar to the pre-onset stage in 
the RML model study.

In contrast to the first study, the second study did 
not include astrocytes. Furthermore, in the second 
study, the olfactory bulb and cerebellum were 
separated from the rest of the brain (considered 
the cerebrum) and the cerebellum and cerebrum 
were analyzed separately. 

Like in the RML model, in the FFI and gCJD models, 
parvalbumin neurons showed little response, 
with only 2 or 3 DEGs in each model. However, 
in contrast to the RML model, the translatomes 
of the FFI and gCJD models revealed robust 
responses in SST neurons, with 684 and 153 DEGS, 
respectively. Some of the notable pathways these 
DEGs were associated with included translation 
and ribosome biogenesis, actin cytoskeleton, 
and Rho GTPases which regulate the actin 
cytoskeleton, most of which were upregulated. 
Further analyses indicated the mammalian target 
of rapamycin pathway was the signature response 
in SST neurons in both diseases. This pathway was 
not detected in any cell type in pre-onset RML 
model data. This similar response in both genetic 
models was surprising because they are clinically 
distinct and cause the most severe damage in 
different brain regions, the thalamus in FFI and the 
hippocampus in gCJD. Interestingly, these regions 
are in the cerebrum and enriched in glutamatergic 
neurons, but the corresponding samples purified 
from cerebral glutamatergic neurons showed a 
relatively mild response with only 3 and 11 DEGs, 
respectively. In both models, GABAergic neurons 
had the second strongest response, with 47 DEGs 
in the cerebrum and 28 in the cerebellum of FFI 
mice, and 14 DEGs in the cerebrum and 64 in 
the cerebellum of gCJD mice. Despite the similar 
total number of GABAergic DEGs as in the RML 
model, the DEGs in the FFI and gCJD models were 
unrelated to the circadian rhythm but instead 
to metal binding, T cell response, and synapses. 

Importantly, the refined experimental approach 
in the second study, where the cerebellum was 
separated from the cerebrum, should have 
enhanced the detection of pathways originally 
detected in the RML model if they were also 
present in the genetic models. These and other 
comparisons lead to the overall conclusion that, 
at pre-onset disease stages, FFI and gCJD models 
are surprisingly similar to each other but quite 
different from the RML model. 

At disease onset, the RML model had thousands 
of DEGs in all cell types, with similar pathways 
between them. The disease onset stage was 
not examined for the genetic models, which is 
unfortunate because it would be useful to know if 
the responses in each cell type also converge and 
if they resemble the responses in the RML model. 
Such a finding could support the notion that a 
therapy developed for acquired prion disease 
could also be applied to genetic prion diseases. 
However, a therapy targeting a specific pathway 
may be ineffective when used at disease onset, 
when there are thousands of DEGs and lots of 
distinct pathways affected, some of which may 
also need to be modulated. In such a scenario, 
multiple therapies may be needed to control 
specific pathways to change the disease course. 

To conclude, as described at the beginning of 
this perspective for other proteins such as Tau 
and alpha-synuclein, PrP should be viewed as 
causing multiple, distinct diseases, especially 
when comparing genetic and acquired forms. The 
significance of this thinking is that therapies that 
are effective on acquired prion disease may target 
changes that do not exist in genetic prion diseases 
and thus may not work for them.
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Figure 1 ｜ Capture of mRNA from specific cell types with RiboTag.
Paramagnetic beads labeled with an antibody specific to the HA (hemagglutinin) epitope are added to homogenates (left) 
made from tissues in which RiboTag-labeled ribosomes (HA epitope fused to ribosomal protein l22) are expressed in a 
cell type of interest. The HA antibody::bead complexes capture the RiboTag protein (middle), and those ribosomes and 
their associated mRNAs are purified away from ribosomes and mRNAs from undesired cell types (right).
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