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Abstract

Prion diseases (PrD) are unique neurodegenerative conditions that can present with sporadic, 

genetic, and infectious etiologies. The agent responsible for these pathologies in humans and 

mammals is a misfolded conformation of the prion protein (PrP), a membrane-anchored protein 

highly expressed in the brain. Although a process of autocatalytic “conversion” is known to 

mediate disease transmission, important gaps still remain regarding the physiological function of 

PrP and its relevance to pathogenesis, the molecular and cellular mechanisms mediating 

neurotoxicity and transmission, and the PrP conformations responsible for neurotoxicity. New 

Drosophila models expressing mammalian PrP have recently revealed physiological insight into 

PrP function and opened the door to significant progress in prion transmission and PrP 

neurotoxicity. Flies expressing human PrP with a critical robust eye phenotype will allow the 

identification of modifiers through genetic or small molecule screens to uncover novel 

mechanisms mediating neurotoxicity and pharmacological inhibitors of PrP-mediated 

neurodegeneration.
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The unique world of prion diseases

Prion diseases (PrD) are rare neurodegenerative conditions that cause several distinct 

pathologies in humans: Kuru, Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler-

Scheinker (GSS) disease, and fatal insomnia. These brain disorders receive special 

consideration because they can present with sporadic, genetic, and/or infectious etiologies 

[1]. A unique aspect of PrD is that true equivalent diseases exist in several mammals, 

including endemic forms in ungulates (sheep, goat, deer). One of the typical features of ALL 

PrD is vacuolar brain degeneration, which accounts for the all-encompassing term 

transmissible spongiform encephalopathies or TSE. The other common link to all PrD is 

brain deposition of misfolded conformations of the prion protein (PrP) in insoluble amyloid 

fibers, making PrD a typical member of the protein misfolding disorders or proteinopathies. 

Remarkably, insoluble PrP deposits are transmissible (in most cases), making PrD highly 

unique among other common proteinopathies like Alzheimer’s and Parkinson’s disease. The 

term prion refers to a proteinaceous infectious material containing PrP and other molecules 

responsible for TSE transmission. Remember that PrP ≠ prion, this is a concept that causes 

some confusion outside the TSE field. Another source of confusion is the terminology and 

techniques borrowed from microbiology: prion strain, prion titer, infectious agent, passage, 

etc. Despite these biological and “cultural” barriers (thought silos), recent studies have 

revealed extensive similarities among all proteinopathies, including structural and 

biophysical features, the identification of amyloid-β42 and tau strains [2,3], transmissibility 

[4–6], and prion-like cell-to-cell spread [7]. It is critical to understand how these shared 

properties can contribute to design more effective therapeutic approaches for a large class of 

proteinopathies.

One big advantage of studying PrP is that it is easy to manipulate in the lab. Most amyloids 

are hard to solubilize and perform protein biochemistry studies, but all PrP isoforms are 

easily dissolved in SDS and characterized by polyacrylamide gel electrophoresis (PAGE). 

Native, cellular PrP (PrPC) is monomeric and soluble, contains a signal peptide for secretion 

in the N-terminus and a signal for glycosylphosphatidylinositol (GPI) anchoring on the C-

terminus (Fig. 1A). Thus, PrP exists mainly as a secreted, membrane anchored protein. PrP 

has an unstructured N-terminus with an octarepeat sequence and a globular C-terminus that 

contains three helices and two short β-strands (Fig. 1). Two facultative N-glycosylation sites 

and numerous antibodies enable the identification of distinct strains, conformations, and 

topologies by electrophoretic characteristics. Despite the vast information on PrP 

conformation and structural dynamics, there is still robust debate regarding the 

conformations responsible for neurotoxicity. The classic prion hypothesis suggests that the 

transmissible conformation of PrP [scrapie (PrPSc) or resistant (PrPres)] is also responsible 

for the brain pathology [1,8]. However, accumulating evidence suggests that disease 

transmission and neurotoxicity are caused by different PrP conformations [9–12**]. 

Although a distinct neurotoxic conformation(s) (PrPLethal) has not been identified so far, this 

is a hot topic and recent attention and technical advances may lead to its characterization. 

The work by Safar and cols. suggests that PrPL could be composed of oligomeric PrP 

conformations that act as intermediaries during PrP conversion [13]. Animal models of 

prionopathies with neurotoxicity in the absence of PrPSc like Drosophila may play a key role 
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in identifying the molecular mechanisms implicated in PrD pathogenesis. Although the 

specific structural features of protease sensitive PrP oligomers may differ from those 

purified from patients, understanding their structural commonalities may contribute to 

identify the molecular mechanisms mediating PrP neurotoxicity.

The hard road to modeling PrD in flies

Two groups demonstrated in 1998 that the fruit fly Drosophila melanogaster could faithfully 

model key features of Huntington’s disease and spinocerebellar ataxia type 3 [14,15]. Since 

then, many other proteinopathies have been modeled in flies and used for genetic screens 

and testing candidate genes [16]. The Drosophila genome does not contain a PrP orthologue, 

making flies ideal for identifying the gain-of-function (GOF) mechanisms associated with 

PrP misfolding. Interestingly, a prior model expressing hamster PrP under the control of a 

heat shock promoter produced discouraging results [17]. The next attempt took advantage of 

the UAS/Gal4 system [18] to express mouse PrP either WT or carrying the pathogenic 

mutant PG14 (14 octarepeats), but these flies showed high turnover of mutant PrP and no 

neurodegenerative phenotypes [19]. A few years later, S. Supattapone created fruit flies 

expressing robust levels of WT and GSS-linked P101L in the mouse PrP scaffold, which 

showed neurodegenerative changes and misfolded PrP [20*]. We later demonstrated that 

robust expression of WT hamster PrP induced vacuolar brain degeneration and progressive 

accumulation of pathogenic conformations [21*]. The lesson from these initial studies is that 

WT and mutant PrP from mouse and hamster are easily cleared during biogenesis in 

Drosophila, but robust PrP levels enable the accumulation of PrP, and the study of 

conformational changes and neurotoxicity. Also, since these flies do not spontaneously 

produce prions based on the lack of PK-resistant PrP, work with PrP in flies should be 

considered relatively safe.

A more recent model introduced interesting upgrades [22]: the insertion of WT and P101L 

mouse PrP constructs in the same attP locus [23] to match their expression and the use of 

Gal80TS [24] for conditional expression in adult cholinergic neurons. This model confirmed 

the progressive locomotor dysfunction of both WT and P101L PrP, and reported a decrease 

in the frequency of action potentials in adult brains. Interestingly, halting PrP expression 

after two days reversed these phenotypes and PrP levels decreased over time, suggesting that 

Drosophila efficiently clears PrP. It will be even more interesting to replicate these 

experiments in flies expressing PrP for 10 or 20 days to examine the fate of insoluble, 

pathogenic conformations.

Is PrP a synaptic protein?

PrP is one of the most abundant proteins in the mammalian brain. Strikingly, the absence of 

PrP (Prnp−/−) results in viable mice with mild behavioral phenotypes [25–27]. What is the 

function of this abundant brain protein that mice can live without? Histological and 

ultrastructural studies have detected PrP in presynaptic terminals, but mammalian studies 

have made limited progress towards understanding the function of PrP at the synapse. Two 

Drosophila studies have made significant progress in this area. The first paper reported the 

accumulation of PrP in presynaptic terminals of motor neurons and several structural 
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alterations due to the expression of mouse PrP-P101L, including increased sprouting and 

decreased expression of active zone markers [28]. A more detailed electrophysiological 

study suggested that PrP has profound physiological effects on synaptic activity [29**]. The 

authors found that expression of WT mouse PrP in the larval motor neurons had no effect on 

bouton morphology and active zone density. However, they described enlarged presynaptic 

vesicles, and increased synaptic activity and locomotor activity (Fig. 2). This activity is 

consistent with known interactions of PrP with several synaptic proteins, including 

scaffolding (laminin B), ion channels (voltage-gated Ca+ channel, VGCC), and synaptic 

trafficking proteins (synapsin), among others. It seems that PrP plays a role in vesicle 

dynamics (fusion, recycling, storage) (Fig. 2) and this physiological function would be 

relevant in pathogenesis because the progressive misfolding of PrP would lead to a loss-of-

function (LOF) and a reduction in synaptic activity. This LOF component has been proposed 

for several amyloids with a known neuronal function, (e.g., tau, huntingtin, amyloid 

precursor protein, α-synuclein). However, the LOF hypothesis has not been proven yet in 

any proteinopathy. Proteinopathies are more consistent with gain-of-function mechanisms 

due to the accumulation of highly toxic oligomeric assemblies.

The PrP zoo

PrP is a highly conserved protein in mammals and small changes in its sequence may alter 

PrP pathogenic potential. In fact, a wide spectrum of TSE susceptibility in wild animals may 

reveal key insight into PrP conformational dynamics and pathogenesis. Sheep, goats, and 

cervids develop endemic forms of PrD (scrapie and chronic wasting disease [CWD]). 

Bovine spongiform encephalopathy (BSE) seems to originate from scrapie-contaminated 

bone meal, although anecdotal cases of endemic BSE have been reported. Several other 

mammals, including rodents, felines, and mustelids (e.g., ferrets), are also susceptible to PrD 

transmitted in the lab or in zoos during the “mad-cow” epidemics of the 1980’s. On the other 

end of the spectrum, rabbits, dogs, and horses seem to be resistant to PrD. Rabbits were 

inoculated with prions in classic studies [30], and dogs and horses were exposed to the same 

contaminated feed as other domestic and farm animals, but no single case of TSE has been 

reported for these well-cared animals. We expressed WT rabbit PrP in Drosophila to 

demonstrate that a few changes in the sequence of PrP conferred structural stability and 

prevented neurotoxicity [31, 32]. In a more recent study, we demonstrated that an amino acid 

only present in PrP from dog and other canids (D158) prevented the accumulation of 

pathogenic conformations and suppressed neurotoxicity in mouse PrP-N158D [33*]. The 

side chain of D159 (dog PrP scaffold) faces outward and changes the surface charge, which 

is proposed to alter PrP interactions with other factors [34]. These studies indicate that 

natural variants in mammalian PrP can reveal key clues to understand PrP misfolding and 

susceptibility to TSE.

The broad spectrum of natural PrP variants enabled the Bujdoso group to study ovine PrP 

misfolding [35]. Sheep can spontaneously develop scrapie, but natural PrP variants influence 

the disease risk. This can be exploited to select for variants that protect flocks and to 

understand the impact on PrP conversion dynamics. In one study, Bujdoso compared the 

R/H polymorphism at 154 (Fig. 1A) and found that flies expressing ovine PrP-H154 showed 
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more pronounced neurotoxicity than flies expressing R154, suggesting that H154 promotes 

the accumulation of neurotoxic conformations [36].

Topological variants of PrP

Among the many unique features of PrP is the existence of several topological 

conformations, all of them apparently produced by normal physiological processes. 

Although most PrP accumulates as a membrane-bound secreted protein, totally secreted 

(unbound) and cytosolic isoforms are also detected. The secreted isoform can originate from 

a failure to form the GPI anchor, whereas the highly toxic cytosolic isoform [37] can be a 

consequence of retro-translocation during ER synthesis. The Bujdoso group compared the 

toxicity of membrane-bound, secreted, and cytosolic ovine PrP expressed from the same 

genomic locus. They found that the secreted form was the most toxic and the cytosolic 

accumulated at lower levels, likely due to higher turnover [38*]. This heightened toxicity is 

consistent with the identification of pathogenic PrP mutations lacking the C-terminus that 

are highly amyloidogenic and show similarities to the amyloid-β peptide (e.g., Y145X, 

Y163X) (Fig. 1).

We introduced artificial mutations that perturb the stability of helix 3 on hamster PrP by 

replacing two highly conserved Met at 206 and 212 with polar residues (Ser) (Fig. 1). These 

Met are deeply buried in a hydrophobic core that maintains helices 2 and 3 in close contact. 

Introducing the two Ser at 206 and 212 in hamster PrP had a dramatic effect on PrP 

biogenesis [39]. The polar substitutions prevented the formation of the cysteine bridge 

between helices 2 and 3, exposing a weak transmembrane domain (residues 111–135), and 

causing its insertion into the membrane with the C-terminus in the ER lumen and the N-

terminus in the cytosol (Ctm topology). Ctm PrP and the inverse Ntm PrP can be normally 

detected in small amounts as a consequence of errors during PrP translation and folding, 

suggesting the challenging nature of PrP biogenesis [40]. Ctm PrP remains stuck in the ER, 

but it is not toxic in Drosophila [39]. However, Ctm PrP accelerated the conformational 

change and toxicity of WT PrP, suggesting a potential role for age-related aberrant PrP 

biogenesis in sporadic PrP pathogenesis.

Transmission studies: are we there yet?

The main purpose for generating flies expressing ovine PrP was to determine whether flies 

could replicate mammalian prions. If so, Drosophila could be used to uncover the molecular 

mechanisms mediating this unique process and as a diagnostic bioassay for flock 

surveillance. Flies expressing ovine PrP and exposed to scrapie brain extracts from sheep in 

the food exhibited accelerated locomotor dysfunction and reduced survival (Fig. 3) [36,38*]. 

Although these flies showed no vacuolar pathology, they accumulated pathogenic PrP 

conformations recognized by the conformational antibody 2G11 that were sensitive to 

protease digestion [36]. These results are suggestive of prion-mediated conversion of 

transgenic ovine PrP. Recent studies showed that the toxicity of membrane-bound and 

cytosolic, but not secreted, ovine PrP increased in the presence of sheep prions [38*,41], 

suggesting their ability to promote PrP conversion in Drosophila. Flies expressing cytosolic 

PrP showed the most dramatic increase in toxicity in the presence of prions in the absence of 
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PK-resistant PrP. In their most recent work, the authors used the revolutionary and sensitive 

PMCA (protein misfolding cyclic amplification) assay [42**] to detect PK-resistant PrP in 

flies expressing membrane-bound PrP, but not in cytosolic and secreted PrP. PMCA uses the 

principles of PCR to amplify PrPSc in vitro through cycles of incubation and sonication that 

break aggregates to create new seeds that exponentially grow over time to make small 

amounts of PrPSc visible by western blot. These PMCA results suggest that the robust effect 

of scrapie extract on cytosolic PrP is apparently not due to prion transmission. More 

importantly, since PMCA is extremely sensitive and prone to contamination, careful 

experiments should be designed to unambiguously determine whether flies produce and 

accumulate small amounts of PrPSc.

To further test prion transmission in flies, the Bujdoso lab also performed fly-to-fly 

secondary transmission (second passage) studies [38*]. Since cytosolic PrP was apparently 

the most efficient substrate in the scrapie-transmission studies, extracts from 30 day-old flies 

expressing membrane-bound, cytosolic, and secreted ovine PrP exposed to scrapie prions 

were homogenized and fed to flies expressing cytosolic ovine PrP (Fig. 3). Interestingly, all 

extracts accelerated locomotor dysfunction in host flies expressing cytosolic and membrane-

bound PrP. Moreover, extracts from secreted PrP flies not exposed to prions also accelerated 

locomotor dysfunction in host flies expressing cytosolic PrP, suggesting a potential case of 

sporadic prion generation. Overall, these studies set up the basis for future transmission 

studies, but fall short of demonstrating conclusively the replication of mammalian prions and 

the spontaneous generation of prions in Drosophila. Such demonstration would require the 

detection of PrPSc in Drosophila extracts without amplifying techniques (PMCA) and 

transmission back to mammals (in mice expressing ovine PrP) to demonstrate strain 

preservation and species barrier features of the original prion.

Genetic discoveries in prion disease models: a dry well

One of the main advantages of generating Drosophila models of human diseases is the 

ability of conducting fast and efficient tests for candidate genes as well as large, unbiased 

genetic screens. In our first study expressing hamster PrP, we identified the protective 

activity of the potent and multifunctional molecular chaperone Hsp70 in adult fly 

locomotion and PrP conformation [21*]. Moreover, activation of Hsp70 with a two-drug 

cocktail (17-DMAG and dexamethasone) prevented PrP misfolding and neurotoxicity [43]. 

No other candidate genes have been identified so far due to the limitations of studying PrP 

toxicity in time-consuming assays.

The main reason for these limited discoveries is the lack of an easy-to-score phenotype, like 

the eye. Almost all the Drosophila models of proteinopathies display robust and unique eye 

phenotypes [15] that support their specific toxicity and facilitate efficient genetic tests in 

adult eyes. But none of the models expressing WT or mutant PrP form mouse, hamster, or 

sheep show eye perturbations. To overcome this limitation, we examined the ability of PrP 

from other animals to induce an eye phenotype. Our rationale was that within the spectrum 

of TSE susceptibility, some mammals should express highly toxic PrP. First, we created flies 

expressing PrP from bank vole, a rodent highly susceptible to most prions, but these flies 

exhibited similar features to those expressing hamster PrP (PFF, JSG, DERL, unpublished 
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observations). Next, we considered bovine and human PrP, but since they had similar 

biosafety concerns, we decided to work with human PrP because its involvement in several 

sporadic and genetic PrD suggests increased neurotoxic potential. After obtaining 

institutional permission to work in a BSL3 facility, we created transgenic flies carrying 

human PrP-V129 and expressed it in the eye. V/M129 are polymorphisms in human PrP 

relevant for the transmission of BSE to humans as variant CJD since all cases have been 

reported in M/M homozygous individuals. This polymorphism is not known to affect other 

relevant aspects of PrP conformation and pathogenesis. As we predicted, human PrP induced 

a robust eye phenotype: small, highly disorganized, and glassy (Fig. 2A), a phenotype 

distinct from many other amyloids [16], suggesting that human PrP perturbs specific 

pathways. Hence, we can use this human PrP model to uncover the molecular mechanisms 

perturbed by aberrant conformations of PrP.

To demonstrate the sensitivity of this robust eye phenotype to known genetic modifiers of 

PrP, we simultaneously modulated the unfolded protein response (UPR). Human patients 

and mouse models of prion diseases show ER stress and activation of the unfolded protein 

response [44**,45]. Activation of the ER stress sensor PERK results in the phosphorylation 

of eIF2α, a translational repressor that restores proteostasis. But sustained translational 

repression can also be deleterious by limiting the availability of critical proteins. A recent 

paper demonstrated that overexpression of the eIF2α phosphatase GADD34 rescues prion-

induced pathogenesis in mice, supporting the key role of the PERK-eIF2α pathway in PrD 

[41**]. In flies, PERK overexpression enhanced human PrP toxicity (Fig. 3A–C), whereas 

PERK LOF completely suppressed the glassy eye of human PrP (Fig. 3D). Additionally, 

LOF of ATF4, another PERK effector, also suppressed human PrP toxicity (Fig. 3E). These 

results support (1) the role of the two PERK pathways, eIF2α and ATF4, in human PrP 

toxicity, (2) the conserved mechanisms of PrP pathogenesis from mice to flies, and (3) the 

feasibility of a genetic screen, since known mediators of PrP toxicity rescue human PrP 

toxicity in flies.

Conclusions and future studies

As we have discussed, Drosophila models of PrD present some limitations and many 

opportunities for investigating molecular and cellular mechanisms relevant to TSE and, 

potentially, to other proteinopathies. Overall, Drosophila has proved an excellent model for 

studying PrP conformational dynamics and progressive phenotypes in the CNS. The impact 

of exogenous PrP on motor neuron electrophysiology supports previous studies suggesting a 

role for PrP in synaptic activity, but more work is needed to determine the molecular effects 

of PrP at the synapse. The ovine PrP models are very encouraging towards probing the 

capacity of Drosophila to support prion transmission, which could open the door to several 

relevant applications, including bioassays and dissecting the molecular mechanisms 

regulating prion conversion. Our new model expressing human PrP will overcome the 

limitations for conducting large genetic screens thanks to the robust eye phenotype. Overall, 

the Drosophila models of PrD are poised to make big impacts in several relevant areas of 

PrP pathobiology taking advantage of the easy manipulation and extraordinary resources for 

genetic exploration.
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Brief methods

The cDNA for human PrP carrying the V129 polymorphism was codon-optimized for 

Drosophila, synthesized by GeneScript, and cloned into the pUAST vector to generate 

transgenic flies [18]. The construct was injected into yw embryos at Rainbow Transgenics 

following standard procedures [43] to generate multiple independent transgenic lines. The 

driver line GMR-Gal4 (all differentiating eye cells) and the line overexpressing PERK were 

obtained from the Bloomington Drosophila Stock Center and the RNAi lines for PERK and 

ATF4 were obtained from the Vienna Drosophila RNAi Collection (VDRC). PrP constructs 

and combinations were expressed in the eye at 27.5 C.
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Highlights

• Expression of mammalian prion protein (PrP) in Drosophila induces 

progressive neurodegeneration and accumulation of pathogenic PrP 

conformations

• Early expression of PrP in developing motor neurons induces developmental 

and physiological perturbations associated with PrP endogenous function

• Natural and pathogenic variants in PrP sequence show different 

conformational dynamics and toxicity profiles

• New Drosophila models expressing ovine or human PrP may be critical for 

dissecting transmission and neurotoxicity mechanisms
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Figure 1. PrP domains, isoforms and topologies
A, Mammalian PrP is small protein with a N-terminal signal peptide (SP) for secretion and 

an C-terminal signal for GPI anchoring. The mature protein has an unstructured N-terminal 

domain that contains an octarepeat region (OR) with five repeats and a cryptic 

transmembrane domain (TM). The C-terminal domain contains three helices and two short 

β-strands. The position of mutants described in the text are indicated in A and C. B, 

Subcellular distribution of PrP topologies and isoforms. Membrane PrP is attached to the 

external face of the membrane by a GPI anchor, but is internalized through endosomes. 

Secreted PrP lacks the GPI anchor and cytosolic PrP is retrotranslocated from the ER to the 

cytosol. The two TM topologies, Ctm and Ntm typically accumulate in the ER/Golgi. Note 

that Ctm is first processed in the ER and lacks the SP, but Ntm retains the SP. C, 3D model 

of the globular domain of hamster PrP indicating the position of the mutants described in the 

text.
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Figure 2. Potential function of PrP at the synapse
Expression of PrP in Drosophila motor neurons alters synaptic physiology and result in 

synaptic activity and motor activity. PrP is abundant at synapses, particularly in the 

membrane and in synaptic vesicles, where it is known to interact with synapsin (Syn). The 

interaction of Syn with the actin cytoskeleton controls the vesicle pool available for release. 

Synaptic vesicles are fused with the synaptic membrane to release neurotransmitters and are 

recycled later to reuse the same neurotransmitters. PrP is recycled in a similar way and may 

play a role in the process of synaptic vesicle recycling (arrows). The amount and distribution 

of active zones (AZ), the site of release of neurotransmitters, and Glutamate receptors 

(GluR) are not affected by PrP. ↑ indicates enhanced activity, ↓ indicates decreased activity, 

= indicates no effect.
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Figure 3. Prion transmission experiments in Drosophila
Brain homogenate from scrapie sheep was added to the media of flies expressing three forms 

of ovine PrP: membrane-bound (GPI), secreted (sec), and cytosolic (cyto) [38*,41]. The 

locomotor activity of these flies was tested to determine the ability of scrapie prions to 

accelerate the toxicity of Drosophila-expressed ovine PrP. The arrows indicate the degree of 

locomotor dysfunction induced by the scrapie prions (=, no effect). These flies were then 

homogenated and used to detect protease-resistant PrP by PMCA. Only GPI ovine PrP was 

positive in PMCA. The same fly homogenates were used to feed transgenic flies in second 

passage to determine the transmissibility of Drosophila-produced material. Flies expressing 

GPI and secreted ovine PrP exhibited increased locomotor dysfunction suggesting the 

“transmission of prions” from flies to flies.
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Figure 4. Human PrP induces a robust eye phenotype that is rescued by PERK inhibition
A, Control expressing LacZ in the eye. B, Fly expressing hamster PrP in the eye showing a 

normal eye. C, Fly expressing human PrP (HuPrP) in the eye at comparable levels to those 

of hamster PrP. The eye is smaller, disorganized, and glassy. D, Co-expression of HuPrP and 

PERK completely prevents the development of the eye. E and F. Co-expression of PERK or 

ATF4 RNAi suppresses the toxicity of HuPrP, resulting in large and organized eyes.
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