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Abstract

Prion diseases result from the misfolding of the physiological prion protein (PrPC) to a pathogenic 

conformation (PrPSc). Compelling evidence indicates that prevention and/or reduction of PrPSc 

replication are promising therapeutic strategies against prion diseases. However, the existence 

of different PrPSc conformations (or strains) associated with disease represents a major problem 

when identifying anti-prion compounds. Efforts to identify strain-specific anti-prion molecules 

are limited by the lack of biologically relevant high-throughput screening platforms to interrogate 

compound libraries. Here, we describe adaptations to the protein misfolding cyclic amplification 

(PMCA) technology (able to faithfully replicate PrPSc strains) that increase its throughput to 

facilitate the screening of anti-prion molecules. The optimized PMCA platform includes a 

reduction in sample and reagents, as well as incubation/sonication cycles required to efficiently 

replicate and detect rodent-adapted and cervid PrPSc strains. The visualization of PMCA products 

was performed via dot blots, a method that contributed to reduced processing times. These 

technical changes allowed us to evaluate small molecules with previously reported anti-prion 

activity. This proof-of-principle screening was evaluated for six rodent-adapted prion strains. 

Our data show that these compounds targeted either none, all or some PrPSc strains at variable 

concentrations, demonstrating that this PMCA system is suitable to test compound libraries 

for putative anti-prion molecules targeting specific PrPSc strains. Further analyses of a small 
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compound library against deer prions demonstrate the potential of this new PMCA format to 

identify strain-specific anti-prion molecules. The data presented here demonstrate the use of the 

PMCA technique in the selection of prion strain-specific anti-prion compounds.
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1 | INTRODUCTION

The cellular prion protein (PrPC) is highly conserved in mammals.1 PrPC is present in 

various tissues but features most prominently in the brain, spinal cord, and lymphoid 

organs.2 Remarkably, PrPC can misfold into an aggregation-prone conformation (PrPSc) 

that is able to self-propagate, leading to invariably fatal neurodegenerative disorders known 

as transmissible spongiform encephalopathies (TSEs), or prion diseases.3 Prion diseases 

are associated with genetic, acquired, and sporadic origins.4–6 Although rare in humans, 

these diseases may exhibit notable incidence in economically relevant livestock such as 

cattle (bovine spongiform encephalopathy, BSE)7,8 sheep and goats (scrapie),9 and cervids 

(chronic wasting disease, CWD).10–12 At present, only CWD has been observed beyond 

captive environments13; and in turn, has attracted considerable attention from the scientific 

and non-scientific communities alike due to its unclear potential for transmission to 

humans.14–19 Considering the growing geographical distribution of CWD, as well as the 

fatal and economic impact of the BSE epidemic that occurred at the end of the last century, 

major investigative and regulatory efforts have sought to expand knowledge of prion disease 

mechanisms and improve surveillance procedures.20 Unfortunately, despite several efforts, 

all prion diseases are without a known cure.

Numerous research laboratories have explored different strategies to prevent or delay the 

clinical onset of prion diseases. Many of these approaches have been tested using in vitro 

systems or animal models. Several reports describe extension of the expected incubation 

periods but not total remission of the disease when animals are exposed to high doses 

of the infectious agent.21–28 Therapeutic strategies investigated for TSEs can be broadly 

classified into five categories, as follows: (i) inhibition of prion replication,29–31 (ii) 

modulation of cell signaling pathways,32,33 (iii) PrPC competition/depletion approaches,31,34 

(iv) immunizations,35 and (v) molecular chaperones.36,37 Some of these experimental 

approaches have demonstrated a delay in disease progression,30,38 and some prophylactic 

treatments offer partial protection against the infectious agent.39–41 Other approaches 

have suggested suppression of prion replication as a relevant therapeutic avenue in prion 

diseases.42 Nonetheless, it is important to note that most of these treatments have been tested 

on laboratory-adapted rodent prions; and thus, their relevance to naturally occurring animal 

or human prion diseases is uncertain.

Efforts to develop therapeutic strategies against prion diseases must consider the 

mechanisms underlying the array of clinicopathological manifestations observed within 

and between species. Compelling evidence indicates that the wide phenotypical variability 
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of prion diseases arises from distinct conformational variants or “strains” of PrPSc.43,44 

Indeed, prion diseases are shown to be best understood as a function of the associated PrPSc 

strain(s), where inter-species or inter-polymorphic transmission, or spontaneous emergence, 

can result in the adaptation of unique or more than one variety of prions displaying a diverse 

array of clinical manifestation and pathological features.45 Given the general presumption 

that different prion strains arise from distinct conformations acquired by PrPSc,43,44,46,47 a 

therapeutic approach that shows promise against one prion strain may not prove effective 

against another.48

Animal models of prion diseases have been crucial to advancing therapeutic efforts; 

however, the associated maintenance costs and the long incubation periods make bioassays 

largely impractical to test a sufficient range of compounds against the expanding list 

of known PrPSc strains. To address this issue, we propose that the protein misfolding 

cyclic amplification (PMCA) technique can be adapted to screen small molecule libraries 

to identify anti-prion molecules. PMCA is a prion replication technique that replicates 

infectious prions in an accelerated manner.49 Considering its ultra-sensitive nature, short 

assay times, and technical simplicity, PMCA is an ideal technique to test small molecule 

libraries. Importantly, PMCA has been demonstrated to maintain the strain-specific 

properties of the PrPSc input.50 Therefore, this technique may additionally help to identify 

strain-specific anti-prion compounds.

The aim of this study was to adapt the PMCA technology for higher throughput, facilitating 

the screening of small-molecule libraries for strain-specific anti-prion compounds. 

Specifically, PMCA was adapted to a 96-well plate format for six well characterized rodent 

prion strains, and one cervid prion isolate. This modified PMCA setup, hereafter referred to 

as 96wp-PMCA, includes substantial reduction in reagent volumes and processing times. 

The 96wp-PMCA was first tested with known anti-prion and anti-amyloid molecules. 

As expected, some of these compounds displayed strain-specific anti-prion activity. Next, 

we demonstrated the suitability of the 96wp-PMCA to screen a commercially available 

compound library against chronic wasting disease (CWD) prions, which are responsible for 

one of the most worrisome animal prion disease at present. Overall, the data presented in 

this study provides technical innovations on prion replication methods that could be used 

and adapted for therapeutic and diagnostic efforts.

2 | METHODS

2.1 | Preparation of prion infected brain extracts

Brain extracts containing infectious prions were collected from terminally ill rodents 

inoculated with the following prion strains: RML, ME7, and 301C from mice, and HY, 

139H, and SSLOW from Syrian hamsters. Seeds were prepared via the homogenization 

of prion-infected brain tissues at a concentration of 10% weight/volume (w/v) in phosphate-

buffered saline (PBS, Fisher Scientific, Hampton, NH, USA) supplemented with an EDTA-

free protein inhibitor cocktail (Roche, Little Falls, NJ, USA). The homogenization was 

performed using ice-cooled Potter-Elvehjem tissue grinders (DWK Life Sciences, Vineland, 

NJ, USA). Next, samples were centrifuged at 800 g for 45 s at 4°C, and the resulting 

supernatants were mixed, aliquoted, and stored at −20°C until ready to be used. A similar 
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procedure was performed to obtain CWD prions-bearing brain extracts. This was done 

by homogenizing the brain of a terminally ill tg1536 mouse (expressing cervid prion 

protein51) infected with the brain of an experimentally infected, terminally ill white-tailed 

deer homozygous for glycine at position 96 of the prion protein.

2.2 | Preparation of PMCA substrate

Brain homogenates from prion-free wild-type mice, Syrian hamsters or a prnp KO 

mouse were prepared as previously described.49,52 Briefly, the brains were weighted and 

homogenized as noted above, PMCA conversion buffer containing 1% Triton-X (Milipore 

Sigma, Burlington, MA, USA), and 150mM NaCl (Fisher Scientific, Hampton, NH, USA) 

was used. Homogenates were prepared to a final concentration of 10% (w/v). Next, the 

homogenates were centrifuged at 800g for 1 min at 4°C, and the resulting supernatant was 

aliquoted and stored at −80°C until use. For assays including CWD prions, we used PMCA 

substrate derived from homozygous tg1536 mice51 encoding the cervid PrPC. The tg1536 

substrate was further supplemented with digitonin (Thermo Fisher Scientific, Waltham, MA, 

USA) and EDTA (Roche, Little Falls, NJ, USA) at final concentrations of 0.025% (v/v) and 

6mM, respectively.

2.3 | 96-well plate PMCA (96wp-PMCA)

The PMCA protocol was modified based on established procedures,49 and the modifications 

are provided in detail in the results section of this manuscript. In summary, the final 

and optimized protocol is as follows: each well of a 96-well plate (Thomas Scientific, 

Swedesboro, NJ, USA) was loaded with two teflon bead PTFE Grade Balls 3/32″ (Hoover 

Precision Products, Cumming, GA, USA). Prions were added to each well at varying 

concentrations (range: 1 × 10−2 to 1 × 10−4 brain homogenate equivalent after dilution 

in PMCA substrate). A total volume of 50 μL was used for each reaction. Samples were 

covered with 12-strip lids (Thomas Scientific, Swedesboro, NJ, USA) prior to being placed 

in a water bath sonicator (Qsonica, Newtown, CT, USA). The PMCA procedure lasted 24 h 

and each PMCA round consisted of continuous cycles of 29 min and 40 s of incubation, 

followed by 20 s of sonication within a 37°C water bath incubator. Additionally, the 

PMCA reactions were supplemented with varying concentrations of either ethanol (EtOH) 

or dimethyl sulfoxide (DMSO), along with small molecules dissolved in these solvents at 

concentrations ranging from 0.1 to 100 μM (dissolved in 1% EtOH or DMSO). Negative 

controls consisted of PMCA reactions without prion supplementation, whereas positive 

controls included PMCA reactions supplemented with prions of known seeding activity. 

Each PMCA reaction described in this study was performed in an inoculum/substrate 

homologous fashion (e.g., mouse substrate for RML, ME7, and 301C prions; Syrian hamster 

substrate for HY, 139H, and SSLOW prions; and deer substrate for CWD prions).

2.4 | Screening of a small molecule library for CWD prions

To demonstrate the suitability of the 96wp-PMCA system for CWD research, brain 

extracts containing CWD prions were added to each well at a concentration of 1 × 

10−4 brain homogenate equivalent diluted in PMCA buffer supplemented with 5 mM 

EDTA (Roche, Little Falls, NJ, USA) and 0.025% digitonin (Thermo Fisher Scientific, 

Do et al. Page 4

FASEB J. Author manuscript; available in PMC 2024 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Waltham, MA, USA). These were tested against a small library of small molecules. The 

library is a commercially available anti-neurodegenerative compound collection (MedChem 

Express) with many of the compounds having different targets. These include ion channels, 

different relevant receptors, autophagy, apoptosis, and synaptic integrity, among other 

relevant processes. Some of the compounds included in this library have also been 

tested against the aggregation of tau and amyloid beta. Additional information can 

be found at https://www.medchemexpress.com/screening/neurodegenerative-disease-related-

compound-library.html. The test compounds were included at a final concentration of 100 

μM.

2.5 | Proteinase K digestion

PMCA products, or the brain extract of a wild-type mouse (later used as PMCA susbtrate), 

were treated with proteinase K (PK, Sigma-Aldrich, Saint Louis, MO, USA) at a final 

concentration of 100 μg/mL prior to transfer to an Eppendorf® thermomixer. PK digestion 

was conducted by incubation at 37°C with a rotation speed of 450 rpm for 1 h. To halt 

the PK reaction, 5 mM phenylmethane sulfonyl fluoride (PMSF, Roche, Little Falls, NJ, 

USA) was added to each well and incubated at 70°C for 10 min. Subsequently, the samples 

were evaluated for the presence of PK-resistant prions using either dot blot or western blot 

analyses.

2.6 | Dot blot analysis

Five μL of PK-digested PMCA-products were directly applied onto a nitrocellulose 

membrane (GE Healthcare Amersham, Chicago, IL, USA) using a Bio-Dot Apparatus (Bio-

Rad Laboratories, Hercules, CA, USA). The membranes were dried using a blow dryer and 

then transferred to an incubation chamber containing 10 mL of 3 M guanidinium thiocyanate 

(Chem-impex int’l INC, Wood Dale, IL, USA) for 10 min. Next, membranes were rinsed 

three times with 50 mL of washing buffer (0.05% Tween (Milipore Sigma, Burlington, MA, 

US) in PBS) and then transferred to a blocking solution consisting of 5% (w/v) dry non-fat 

milk (Lab Scientific, Danvers, MA, USA) dissolved in washing buffer. The membranes were 

blocked for 1 h on a rocking platform at room temperature. Following, membranes were 

incubated with monoclonal 6D11 anti-prion antibody (1:10 000, Biolegend, San Diego, CA, 

USA) in 5% (w/v) blocking buffer for 1 h on a rocking platform at room temperature. 

After three washes (5–10 min each) using washing buffer, membranes were incubated with 

a horseradish peroxidase-linked polyclonal anti-mouse IgG (whole molecule)—peroxidase 

antibody produced in sheep (1:3000, Sigma-Aldrich, Saint Louis, MO, USA) diluted in 

washing buffer for 1 h on a rocking platform at room temperature. The membranes were 

washed as described for the previous step, and protein bands were visualized using an 

ECL kit according to the manufacturer’s instructions. Signals were considered positive if 

they provided densitometric values over 20% of the background (measured in the same 

membrane).

2.7 | Western blotting

Western blots were conducted using a similar procedure as dot blot with the difference that 

PK-digested samples were fractioned in NuPAGE 12% Bis–Tris gels (Invitrogen, Carlsbad, 

CA, USA) and then transferred to nitrocellulose membranes (GE Healthcare Amersham, 
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Chicago, IL, USA). Details on the western blot procedure can be found in our previous 

publications.53,54 Membranes were blocked using 5% w/v non-fat milk solution and probed 

with monoclonal purified 6D11 antibody (Biolegend, San Diego, CA, USA) at a 1:10 000 

dilution. Besides the step involving incubation with the guanidinium hydrochloride solution, 

the rest of the process is as described for dot blotting.

3 | RESULTS

3.1 | Optimization of the PMCA technique to increase its throughput

Platforms aiming to screen small molecule libraries should include easy manipulation, 

short readout times, low reaction volumes, and the ability to simultaneously screen 

multiple compounds, among other features amicable for the testing of numerous variables. 

Unfortunately, the conventional PMCA procedure49 does not fully comply with these 

requirements. For example, PrPSc detection in PMCA is typically detected via western 

blots.49 To address this limitation, we standardized the use of dot blots as they are faster 

than western blots and suitable for high throughput, allowing the analysis of a larger number 

of specimens while using smaller sample volumes.55 Our first objective was to determine 

the minimum volume of PMCA product required for detection via dot blot procedure. To 

this end, we used either 3, 5, or 7 μL of proteinase K (PK)-digested brain extract from an 

RML-infected mouse in a dot blot procedure as described in Methods (Figure S1). These 

volumes are lower than those used for detection in western blotting (~15–30 μL).49 We 

found that signals were not detected in all samples when only 3 μL were used (Figure 

S1A). In contrast, when 5 and 7 μL were tested, consistent PrPSc signals across all samples 

were observed (Figure S1B,C). These findings were consistent in multiple replicates, 

demonstrating reproducibility. Together, these data indicated that 5 μL is the minimum 

sample volume required for reproducible detection of PrPSc via dot blots. Further, because 

the detection method for the 96wp-PMCA required minimal consumption of samples, this 

platform is optimal for investigative efforts involving a low quantity of analytes and/or 

additional quantitative/qualitative readouts.

Another limitation of the conventional PMCA protocol involves the reaction times that 

include several days of incubation/sonication cycles and multiple rounds.49 To improve the 

assay for the screening of large compound libraries, we aimed to reduce the time of the 

PMCA procedure for uniform detection across a 96 well plate format. For that purpose, we 

tested the amplification of RML prions (1 × 10−4 dilution) in a single PMCA round for 

either 24 or 48 h. Our results showed that both PMCA times were sufficient for consistent 

detection of PrPSc amplification across the 96 well plates using dot blots (Figure S2). 

Therefore, 24 h were chosen to further improve the 96wp-PMCA platform. It is important 

to mention that multiple 96 well plates from different brands were tested in this experiment. 

Not all of them were useful in the 96wp-PMCA format, and the one providing the best 

performance was selected for these and further analyses.

Next, we sought to determine the lowest concentration of PrPSc seeds required for 

uniform amplification across all positions in the 96-well plate. To this end, we tested four 

concentrations of RML prions (10−2, 10−3, and 10−4 brain homogenate equivalents) (Figure 

S3). PMCA products from each dilution were subjected to PK treatment prior to detection 
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using dot blot analyses. We found that the 10−4 dilution was optimal for the detection 

of RML prions across the 96-well plate (Figure S3 and Figure 1A). Considering this as 

the highest dilution tested, this parameter was used for further experiments amplifying 

rodent prions. Additionally, we made other crucial modifications to the PMCA procedure 

for adaptation to the 96wp-PMCA platform (Table 1). These included the reduction of the 

number of Teflon beads from 3 to 2 units, and minimization of the total reaction volume 

per well (from 100 to 50 μL). Collectively, these adjustments allowed the adaptation of the 

conventional PMCA technique to a 96wp-PMCA format that facilitates the rapid screening 

of small molecules against various PrPSc strains.

Using the parameters established for RML prions in the 96wp-PMCA, we evaluated the in 
vitro amplification performance of two additional mouse-adapted (301C and ME7) and three 

Syrian hamster-adapted (HY, SSLOW, and 263K) PrPSc strains. Negative controls (no PrPSc 

seeds) were included to detect possible cross-contamination during the PMCA procedure 

and sample handling. Following the previous standardization with the RML prions, all 

prion strains were tested at a 10−4 dilution. This dilution was also selected as no PrPSc 

signals were detected in these samples before PMCA in western blots (data not shown). 

Similarly, as observed for RML prions, uniform amplification in all wells containing the 

rodent-adapted PrPSc strains was achieved (Figure 1B and Figures S4 and S5). Importantly, 

none of the negative controls displayed PrPSc signals after PMCA, demonstrating the 

specificity of our assay. These findings indicate that the 96wp-PMCA platform allows the 

amplification of structurally heterogeneous rodent-adapted PrPSc strains.

3.2 | Screening of known anti-prion and anti-amyloid molecules against rodent-adapted 
PrPSc strains to query the fidelity of the 96wp-PMCA system

Solubility is a relevant factor to consider when testing the activity of a potential 

therapeutic molecule. According to their particular properties, drug candidates can be 

prepared in a variety of solvents to ensure uniform dispersion. Here, we assessed the 

performance of 96wp-PMCA in the presence of two common drug solvents, namely 

dimethyl sulfoxide (DMSO) and ethanol (EtOH). These experiments were performed using 

different concentrations of these solvents (ranging from 8% to 0.0625% v/v) on 96wp-

PMCA reactions seeded with either mouse-adapted RML and 301C strains or the hamster-

adapted HY and 263K strains. Our results revealed that PMCA is not affected by the 

presence of DMSO (Figure S6). EtOH demonstrated some inhibition of PMCA reactions, 

but only at higher concentrations (4%–8% v/v). Considering these results, a small library 

of compounds of previously reported anti-prion or anti-amyloid activity were tested after 

dissolving them in either 1% v/v EtOH or DMSO.

The compounds tested in this screening included astemizole, curcumin, quinacrine 

dihydrochloride, imatinib, resveratrol, azure A, azure B, azure C, thioflavin, tetracycline, 

tannic acid, tetradrine, quinacrine mustard, rhodamine and thionine acetate.30,56–67 Most 

anti-prion molecules were selected based on their effectiveness against RML prions, as 

previously reported in a cell-based assay.21 On the other hand, the six anti-amyloid 

compounds have been previously tested against misfolded proteins associated with 

Parkinson’s and Alzheimer’s diseases (α-synuclein and amyloid-β, respectively).68–70 For 
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the mouse-adapted agents, we found that two anti-prion molecules (Congo Red and tannic 

acid) showed inhibitory effects against all three PrPSc strains (Figure 2); however, we 

observed a difference in the lowest inhibitory concentration for Congo Red, but not tannic 

acid. Specifically, 10 μM of Congo Red were sufficient to inhibit the amplification of RML 

prions, whereas a higher concentration of this molecule (100 μM) was required to inhibit the 

replication of the 301C and ME7 strains (Figure 2). Among the six anti-amyloid molecules 

tested, four inhibited replication of all mouse PrPSc strains, namely, azure A, azure B, azure 

C, and thionine acetate. The concentrations of azure B and azure C needed to inhibit the 

replication of RML (Figure 2A) and 301C (Figure 2B) prions varied between 1 and 10 μM 

when the compound was diluted in DMSO. Interestingly, the concentrations needed to reach 

anti-prion effect for azure A and azure B in ME7 prions substantially decreased when the 

compounds were dissolved in EtOH (Figure 2C, Figure 3 and Figure S7).

For the hamster-adapted PrPSc strains, amplification was inhibited by the anti-prion 

molecules Congo Red, curcumin, thioflavin-T, and tannic acid (Figure 4, Figure 5 and 

Figure S8). Congo red, tannic acid, and thioflavin T exerted an inhibitory effect for the 

three hamster strains in concentrations ranging between 100 and 10 μM. Tannic acid 

was apparently most effective against 263K prions as inhibition was observed at 10 μM 

in both solvents, whereas in HY this molecule shows variable effectiveness depending 

on the solvent used. The strain-specific response of this compound was observed when 

tested against SSLOW prions, as this compound was effective for this prion strain only 

at 100 μM in both solvents (Figure 4, Figure 5 and Figure S8). Additionally, curcumin 

was effective against 263K prions at 100 μM when dissolved in both solvents (Figure 4, 

Figure 5 and Figure S8); and interestingly, this compound inhibited HY-induced misfolding 

at 100 μM when dissolved in EtOH only (Figure 5 and Figure S8). Quinacrine mustard 

demonstrated anti-prion activity against HY and SSLOW prions at 100 μM in both solvents. 

This compound was also effective against 263K prions at the same concentration but only 

when dissolved in EtOH (Figure 5 and Figure S8). Interestingly, this small molecule was not 

active against any mouse-adapted prion strain. Among the other anti-amyloid compounds, 

azure C displayed the lowest inhibitory concentration against the hamster-adapted agents, as 

it inhibited HY-induced misfolding at 1 μM (Figure 5). The inhibitory effect of this molecule 

was also observed for the other hamster prion strain but at a higher concentration (10 μM 

for SSLOW and 100 μM for 263K). Azure A showed an inhibitory effect against the three 

hamster prion strains. A prion strain-specific behavior was observed for thionine acetate. 

Although this molecule is active against all hamster prion strains was most efficient against 

SSLOW prions when dissolved in DMSO. Finally, azure B inhibited prion replication for 

all the hamster-adapted strains at 10 μM, although its efficacy decreased for the 263K strain 

when dissolved in EtOH (Figure 4, Figure 5 and Figure S8).

Together, the data presented above confirms the anti-prion activity of previously reported 

molecules to support the use of the 96wp-PMCA system in the screening of small-molecule 

libraries for anti-prion compounds. Moreover, these results demonstrate that our system can 

identify prion strain-specific anti-prion compounds.
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3.3 | Screening of a small compound library for anti-prion molecules active against CWD 
prions using the 96wp-PMCA

To demonstrate the applicability of the 96wp-PMCA platform, we screened a small, 

commercially available compound library for neurodegenerative diseases (n = 204 

compounds) for the identification of potential anti-prion molecules targeting CWD 

prions (responsible for a natural prion disease of growing relevance). We identified 

seven compounds with anti-prion activity against CWD prions (bemesetron, (−)-Securine, 

UM-164, Hoechst 34580, clorgyline, ZLN005, and zingerone) (Figure 6). Remarkably, only 

one of these compounds had been previously reported as an anti-prion molecule (Hoechst 

34580).71

Collectively, these findings confirm that the 96wp-PMCA screening platform has the 

potential to identify small molecules able to inhibit prion replication using an in vitro assay 

that relies on mimicking faithfully prion replication.

4 | DISCUSSION

The PMCA technology was deemed optimal for adaptation to increase its throughput. The 

technical optimizations described in this article substantially reduced the time of sample 

processing compared with conventional PMCA, as well as decreased the materials needed. 

This new PMCA platform is obviously more cost-effective than in vivo procedures, as 

well as more translationally relevant than other in vitro alternatives due to its ability to 

replicate the strain-specific properties of prions.50,72,73 Specifically, the development of the 

96wp-PMCA platform required reduction of the assay time and total volume per reaction, 

lowering the number of Teflon beads in each well, and changing the technique used to 

detect PrPSc signals, among other modifications (summarized in Table 1). Ultimately, these 

changes facilitated a considerable increase in the number of samples tested relative to the 

conventional procedure, while allowing 96wp-PMCA to retain comparable fidelity.

From a mechanistic point of view, it is possible that anti-prion molecules may exert their 

effects by multiple pathways, including (i) binding to PrPC and preventing its conversion to 

PrPSc, (ii) interacting with PrPSc and inhibiting the recruitment of PrPC into the growing 

aggregates, (iii) targeting the unique glycosylation preferences of each PrPSc strain to 

mitigate PrPC misfolding, (iv) disaggregate previously formed prion aggregates, and/or 

(v) binding to yet unknown co-factors present in brain homogenate that could influence 

the misfolding of PrPC into PrPSc. Considering the nature of the PMCA procedure, this 

technique is expected to identify molecules acting at all these different levels. Along this 

line, removing the PrPC from the substrate results, as expected, in PMCA products that 

devoid of PK-resistant PrP (Figure S9). To validate the potential use of the 96wp-PMCA 

procedure, we tested a series of previously reported anti-prion and anti-amyloid molecules. 

We hypothesized that some of these compounds have variable activity against different prion 

strains due to the conformational differences between them. Consequently, the structural 

motifs of PrPSc reacting against these molecules may vary depending on the prion strain 

being studied. Among the tested anti-prion molecules, only three showed effectiveness 

against one or more mouse-adapted PrPSc variants, these being tannic acid, Congo Red, and 

thioflavin T. The former compound inhibited all three mouse-adapted strains, whereas the 
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latter molecules affected only some (RML and 301C, but not ME7). Although RML and 

ME7 are both derived from scrapie,45 they originate from different sources and are thought 

to be structurally heterogeneous, which is reflected in their distinct glycosylation profiles 

and unique lesion patterns in brains from experimentally infected rodents.50 We believe that 

the hypothesized structural heterogeneity of RML and ME7 underlies the strain-specific 

inhibition of Congo Red and thioflavin T. Interestingly, Congo Red inhibited all hamster-

adapted PrPSc strains, suggesting that species-specific common structural motifs present in 

either hamster PrPC, PrPSc, or both, are able to react with this molecule. Nevertheless, the 

structural heterogeneity of the hamster-adapted agents likely affected the effectiveness of 

anti-prion compounds, as for example curcumin inhibited the replication of 263 K and HY, 

but not SSLOW prions.

In addition to anti-prion compounds, we also tested anti-amyloid molecules known to inhibit 

the aggregation of proteins linked to other protein misfolding disorders (e.g., Alzheimer’s 

and Parkinson’s diseases, among others). These compounds include azure A, azure B, 

azure C, and thionine acetate, which belong to the phenothiazine class of drugs70 and have 

been shown to inhibit Aβ aggregation and tau filament formation. Additionally, we queried 

rhodanine because of its ability to mitigate tau aggregation,74 and quinacrine mustard due 

to its inhibitory effects against amyloid-β oligomerization and fibrillization59,75 (not to be 

confused for quinacrine, previously shown as active against prions66). We found that for 

mouse-adapted PrPSc strains, two of the anti-amyloid molecules inhibited prion replication 

at concentrations as low as 1 μM, which contrasts with our observations for anti-prion 

compounds wherein the lowest effective concentration was 10 μM. The strain-specific 

activity of the tested compounds is further observed in the fact that quinacrine mustard 

was active against hamster prions but did not display inhibitory activities against the mouse-

adapted PrPSc strains used in this study.

It is relevant to note that the active concentration of the anti-prion and anti-amyloid 

compounds used against the rodent prion strain varies between PMCA and the previously 

reported values. For example, some of the listed compounds showed anti-prion activities 

between 100 and 0.1 μM in cell culture systems, with tannic acid acting at the 

lowest concentration (Table S1). The anti-amyloid compounds were reported to act in 

concentrations ranging from 0.09 to 2000 μM, showing azure C as the most potent inhibitor 

(Table S1). Nevertheless, it is important to mention that we cannot directly extrapolate 

the data from our analyses with the previously published information. This is due to the 

potential synergistic activities of these compounds across the cascade of events leading to 

prion disease (that can be better appreciated in cell cultures but not in PMCA). Moreover, 

the high efficiency of PMCA in replicating infectious prions provides barriers for the anti-

prion activity of compounds. We believe that this is actually advantageous for the screening 

of anti-prion molecules considering that this platform favors the identification of the best 

prion-replication inhibitors.

Remarkably, 96wp-PMCA screening of a small compound library (n = 204) to identify 

anti-prion molecules against CWD prions revealed that seven compounds demonstrated 

the target effect (bemesetron, (−)-Securine, UM-164, Hoechst 34580, clorgyline, ZLN005, 

and zingerone). Among these molecules, four were hydrophobic: (−)-Securine, UM-164, 
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ZNL005, and zingerone, a characteristic proposed to be associated with binding of 

the hydrophobic domain of PrPC, a site crucial for prion misfolding.76,77 Additionally, 

UM-164 and ZNL005 possess multiple aromatic rings that are known to impede protein 

aggregation.78 On the other hand, clorgyline and bemestron are hydrophilic compounds that 

exhibit inhibitory effects which may be due to its interaction(s) with PrPC, whereas Hoechst 

34580 is a dye, akin to thioflavin-T, is able to intercalate within the prion fibrils.71

5 | LIMITATIONS OF THE STUDY

A technical limitation of PMCA as a drug-screening platform lies in its qualitative (and at 

most, semi-quantitative) nature. Due to its high efficiency, PMCA includes some intrinsic 

variability. Considering this, readouts should be interpreted in an all-or-nothing manner. This 

is particularly relevant for this type of prion-inhibition studies. The latter acquires additional 

relevance considering the use of the variable readouts provided by dot blots.

The main mechanistic limitation of this study is that PMCA, being a cell-free system, 

is unable to identify molecules involved in potentially beneficial biological events. These 

include the clearance of misfolded proteins, inhibition of neuronal death, improved 

phagocytic activity, decrease of overt inflammatory responses, and reduction of PrPC 

production, among many others. In addition, most of the prion strains tested in this study 

corresponded to cloned, experimentally generated isolates. Although these rodent prion 

strains represented a good model to test our hypotheses, future studies should address 

whether the 96wp-PMCA system described here is useful to identify anti-prion molecules 

against relevant prion diseases in humans and non-human animals, such as CJD, CWD, and 

scrapie. Importantly, assessment of the 96wp-PMCA against larger compound libraries is 

underway to further validate the relevance of this novel protocol for the identification of 

potential therapeutic agents against prion diseases.

6 | CONCLUSION

Collectively, the data presented here support our original hypothesis that modifications to the 

PMCA technique can be used to develop an assay that can efficiently interrogate compound 

libraries for anti-prion molecules. We also show that some proven anti-prion compounds 

display variable activity depending on the prion strain being investigated. Finally, this 

technique allowed us to identify the prion-strain specific activity of certain anti-amyloid 

molecules that were not previously tested against PrPSc. Future studies using relevant prion 

strains and larger compound libraries in the 96wp-PMCA may allow the identification of 

most needed molecules active against these fatal infectious agents. Moreover, the principles 

described here may be used for other misfolded proteins (amyloid-β, tau, α-synuclein, and 

others) in which conformational strain variation is linked with different disease phenotypes.
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Abbreviations:

96wp-PMCA 96 well plate – protein misfolding cyclic amplification

CWD chronic wasting disease

DMSO dimethyl sulfoxide

EDTA ethylenediaminetetraacetic acid

EtOH ethanol

PBS phosphate buffer saline

PK proteinase K

PMCA protein misfolding cyclic amplification

PMSF phenylmethane sulfonyl fluoride

RML Rocky Mountain Laboratories

SSLOW synthetic strain leading to overweight

TSE transmissible spongiform encephalopathy
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FIGURE 1. 
Representative panels of optimized 96wp-PMCA assays. In vitro replication of (A) RML 

or (B) SSLOW prions. Left panels explain how seeded (black circles) and unseeded (white 

circles) reactions were positioned across the 96 well plate. Right panels demonstrate actual 

results. All samples shown in this experiment were PK treated before visualized in dot blots, 

as described in Methods.
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FIGURE 2. 
Specific activity of small molecules of known anti-prion and anti-amyloid activities in 

mouse prion strains. Sixteen small molecules with proven anti-prion or anti-amyloid 

activities (dissolved in DMSO) were tested at four different concentrations for their anti-

prion activities against the RML (A), 301C (B) and ME7 (C) prion strains using the 96wp-

PMCA. Each molecule was tested in concentrations ranging from 100 to 0.1 μM. Controls 

for solvent representative for all strains, positive samples and negative samples without 

compounds were included to monitor the assay. Dot blots were modified for labeling. The 

panels shown in this figure are representative from three independent assays.
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FIGURE 3. 
Lowest concentration of molecules able to halt the in vitro replication of three mouse prion 

strains.
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FIGURE 4. 
Specific activity of small molecules of known anti-prion and anti-amyloid activity in Syrian 

hamster prion strains. Sixteen small molecules with proven anti-prion or anti-amyloid 

activity (dissolved in DMSO) were tested at four different concentrations for their anti-prion 

activities against the HY (A), SSLOW (B) and 263K (C) prion strains using the 96wp-

PMCA. Each molecule was tested in concentrations ranging from 100 to 0.1 μM. Controls 

for solvent representative for all strains, positive samples and negative samples without 

compounds were included to monitor the assay. Dot blots were modified for labeling. The 

panels shown in this figure are representative from three independent assays.
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FIGURE 5. 
Lowest concentration of molecules able to halt the in vitro replication of three Syrian 

hamster prion strains.
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FIGURE 6. 
Screening of a small compound library to identify molecules active against CWD prions. 

A small library of compounds (described in Methods, n = 204 molecules) was tested 

against CWD prions. All molecules were tested at a concentration of 100 μM. Unseeded 

PMCA reactions, used as negative controls, are marked noted in the red rectangles. Blacked 

rectangles depict PMCA reactions were no molecules were added (positive controls). 

Compounds identified with anti-prion activity in this assay were circled and include 

clorgyline hydrochloride (blue), ZNL005 (green), zingerone (orange), (−)-securine (pink), 

bemestron (yellow), UM-164 (light blue) and Hoechst 34580 (terracotta).
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TABLE 1

Parameters of conventional PMCA compared with those of the optimized 96wp-PMCA.

PMCA (based on 3 rounds) 96wp-PMCA (based on 1 round)

Platform PCR tubes 96-well plate

Volume 100 μL 50 μL

# of teflon beads 3 beads 2 beads

Sonication time 6 days 1 day

Volume of sample used for analysis 19 μL 5 μL

Signal analysis Western Blot Dot Blot

Total time 8 days 2 days
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