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Resumen 

El scrapie es una enfermedad neurodegenerativa que pertenece al grupo de las encefalopatías 

espongiformes transmisibles (EETs) o enfermedades priónicas, las cuales están causadas por una 

isoforma patológica mal plegada de la proteína prion celular (PrPC) conocida como PrPSc. Se trata 

de enfermedades fatales, actualmente sin cura y cuyos mecanismos patogénicos todavía no se 

conocen en su totalidad.  

En esta tesis, se abordan dos campos de investigación diferentes en la enfermedad de scrapie. 

Por un lado, el estudio de cambios de metilación del DNA, mecanismo epigenético asociado 

recientemente con las enfermedades priónicas y con otras enfermedades neurodegenerativas, 

y por otro, el desarrollo de un modelo celular in vitro basado en el cultivo de células madre 

mesenquimales (MSCs) ovinas, dada la necesidad creciente de modelos celulares de especies 

naturalmente susceptibles a la enfermedad que permitan el estudio de las enfermedades 

priónicas de la manera más fidedigna posible. 

En cuanto a los resultados obtenidos en los trabajos de metilación del DNA, en el tálamo de 

ovejas con scrapie, se han identificado genes con metilación diferencial asociados con distintas 

funciones reguladas por la PrPC, así como con posibles funciones neuroprotectoras o agravantes 

del proceso neurodegenerativo. Algunos de estos genes con metilación diferencial también 

mostraron cambios de expresión en los animales con scrapie, indicando un posible efecto 

regulador de la metilación del DNA en la expresión génica. Además de estos cambios de 

metilación a nivel génico, en distintas regiones del sistema nervioso central de ovejas infectadas 

con scrapie y de un modelo murino transgénico de scrapie, se detectaron cambios en los niveles 

de las dos formas más abundantes de metilación del DNA, 5-metilcitosina (5mC) y 5-

hidroximetilcitosina (5hmC), acompañados de cambios de expresión en algunos genes 

codificantes de enzimas reguladoras epigenéticas encargadas de regular los niveles de 5mC y 

5hmC. Estos resultados indican que el mecanismo epigenético de metilación del DNA está 

involucrado en la patología de scrapie, existiendo tanto cambios globales en los perfiles de 

metilación como cambios específicos en genes concretos. 

Por otro lado, los trabajos llevados a cabo en MSCs ovinas infectadas con scrapie han permitido 

evaluar la capacidad de estas células de infectarse y replicar PrPSc, así como el efecto de dicha 

infección sobre la viabilidad celular, tanto cultivadas en monocapa como en forma de esferoides 

tridimensionales. Al cultivar las MSCs en monocapa, observamos que en condiciones de 

crecimiento estas células no eran capaces de mantener el prion a lo largo del tiempo, a 

diferencia de las MSCs sometidas a diferenciación neurogénica que sí que fueron capaces de 
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captar y mantener el agente priónico. En ambas condiciones, la infección con scrapie produjo 

una toxicidad temprana disminuyendo la viabilidad de los cultivos. El cultivo en tres dimensiones 

en forma de esferoides, el cual se asemeja más a las condiciones de las células in vivo, parece 

afectar a la capacidad de infección de las MSCs en condiciones de crecimiento ya que, a 

diferencia de las MSCs cultivadas en monocapa, los esferoides de MSCs en crecimiento fueron 

capaces de mantener de manera estable los niveles de PrPSc a lo largo del tiempo de cultivo, 

indicando que el microambiente generado en los esferoides favorece la permisividad a la 

infección de las MSCs. Los esferoides en condiciones de diferenciación neurogénica también 

mantuvieron una señal estable de PrPSc. En este sistema en tres dimensiones, se observó 

igualmente cierta toxicidad acompañada de una disminución de la viabilidad celular. Este efecto 

tóxico provocado por la infección con scrapie se corroboró mediante un estudio transcriptómico 

de MSCs ovinas infectadas con scrapie en condiciones de crecimiento, en el cual se identificaron 

genes con expresión diferencial involucrados en distintas rutas biológicas relacionadas con la 

toxicidad y propagación priónicas. Estos resultados indican que las MSCs ovinas, además de ser 

permisivas a la infección con scrapie, son capaces de reproducir la toxicidad ejercida por el 

agente priónico, lo que las convierte en un modelo in vitro óptimo para el estudio de las 

enfermedades priónicas.  

 

 

 

 

 

 

 

 

 

 

 

 



RESUMEN / ABSTRACT 
 

4 
 

 

Abstract 

Scrapie is a neurodegenerative disease that belongs to the group of transmissible spongiform 

encephalopathies (TSEs) or prion diseases, which are caused by a pathological misfolded isoform 

of the cellular prion protein (PrPC) known as PrPSc. These diseases are fatal, currently without 

cure, and their pathogenic mechanisms are still not fully understood.  

In this thesis, two different fields of research in scrapie disease are addressed. On the one hand, 

the study of DNA methylation changes, an epigenetic mechanism recently associated with prion 

diseases and other neurodegenerative diseases, and on the other hand, the development of an 

in vitro cell model based on the culture of ovine mesenchymal stem cells (MSCs), given the 

growing need for cell models of species naturally susceptible to the disease that allow the study 

of prion diseases in the most possible reliable way. 

Regarding the results obtained in the work on DNA methylation, in the thalamus of scrapie 

sheep, differentially methylated genes associated with different functions regulated by PrPC, as 

well as with possible neuroprotective or aggravating functions of the neurodegenerative 

process, have been identified. Some of these differentially methylated genes also showed 

expression changes in scrapie animals, indicating a possible regulatory effect of DNA 

methylation on gene expression. In addition to these methylation changes at gene level, changes 

in the levels of the two most abundant forms of DNA methylation, 5-methylcytosine (5mC) and 

5-hydroxymethylcytosine (5hmC), accompanied by expression changes in some genes encoding 

epigenetic regulatory enzymes responsible for regulating the levels of 5mC and 5hmC, were 

detected in different regions of the central nervous system of scrapie-infected sheep and a 

transgenic murine model of scrapie. These results indicate that the epigenetic mechanism of 

DNA methylation is involved in the pathology of scrapie, with both global changes in methylation 

profiles and gene-specific changes. 

On the other hand, the work carried out in scrapie-infected ovine MSCs has allowed the 

evaluation of the capacity of these cells to become infected and replicate PrPSc, as well as the 

analysis of the effect of this infection on cell viability, in monolayer-cultured cells and in three-

dimensional spheroids. When MSCs were cultured in monolayer, we observed that under 

growth conditions these cells were not able to maintain the prion over time, in contrast to MSCs 

subjected to neurogenic differentiation that were able to capture and maintain the prion agent. 

In both conditions, the infection with scrapie resulted in early toxicity decreasing the viability of 
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the cultures. Three-dimensional culture in the form of spheroids, which more closely resembles 

in vivo cell conditions, appears to affect the infectivity of MSCs under growth conditions since, 

unlike MSCs cultured in monolayer, spheroids of growing MSCs were able to stably maintain 

PrPSc levels throughout the culture time, indicating that the microenvironment generated in the 

spheroids favors the permissiveness of MSCs to infection. Spheroids under neurogenic 

differentiation conditions also maintained a stable PrPSc signal. In this three-dimensional system, 

some toxicity accompanied by a decrease in cell viability was also observed. This toxic effect 

caused by scrapie infection was corroborated by a transcriptomic study of scrapie-infected ovine 

MSCs under growth conditions, in which differentially expressed genes involved in different 

biological pathways related to prion toxicity and propagation were identified. These results 

indicate that ovine MSCs, in addition to being permissive to scrapie infection, are capable of 

reproducing the toxicity exerted by the prion agent, which makes them an optimal in vitro model 

for the study of prion diseases.  
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1. Enfermedades priónicas 

Las enfermedades priónicas, también conocidas como encefalopatías espongiformes 

transmisibles (EETs), son un conjunto de enfermedades neurodegenerativas que afectan 

tanto a seres humanos como a animales y que están causadas por un agente etiológico 

común: una proteína infecciosa conocida como prion. Se trata de trastornos fatales crónicos 

con largos periodos de incubación y con una patología similar que afecta al sistema nervioso 

central (SNC) 1. 

En humanos, las enfermedades priónicas pueden ser de causa genética, adquiridas o 

desarrollarse esporádicamente (forma idiopática) 2. La enfermedad de Creutzfeldt Jakob 

esporádica (sCJD) es la forma más común, representando un 85 % del total de casos 3. Las 

enfermedades de causa genética están producidas por mutaciones en el gen que codifica la 

proteína prion conocido como gen PRNP 2.  Dentro de este grupo encontramos la 

enfermedad de CJD genética, el insomnio familiar fatal y la enfermedad de Gerstmann-

Sträussler-Scheinker 4,5. Por otro lado, las formas adquiridas son aquellas causadas por un 

contacto exógeno con el prion. En este grupo se encuentran el kuru 6, la variante de CJD y el 

CJD iatrogénico 7. 

En el caso de los animales, la enfermedad es generalmente de causa adquirida y puede 

afectar a ovejas, cabras, vacas, cérvidos, felinos, visones y primates 8.  La enfermedad de 

scrapie, que afecta a ovejas y cabras, fue la primera EET descrita 9. Se pueden distinguir dos 

formas de scrapie: el clásico y el atípico. Ambas formas presentan unas características 

específicas variando entre ellas los signos clínicos y las lesiones cerebrales de los animales 

afectados 10,11, así como los genotipos del gen PRNP asociados a la susceptibilidad de 

padecer la enfermedad 12,13. Además, el scrapie clásico es de causa adquirida mientras que 

el atípico se considera una forma esporádica 14. Los objetivos de esta tesis doctoral se 

desarrollan en torno a la forma clásica del scrapie ovino. 

Otras dos EETs animales ampliamente estudiadas son la encefalopatía espongiforme bovina 

(BSE, de su denominación en inglés “Bovine spongiform encephalopathy”) y la enfermedad 

caquectizante crónica (CWD, de su denominación en inglés “Chronic wasting disease”). La 

BSE afecta al ganado vacuno, es zoonótica y es una de las enfermedades priónicas animales 

más conocidas debido a la epidemia originada en Reino Unido durante los años 80 15. El uso 

de harinas de carne y hueso contaminadas con priones para la alimentación del ganado 

vacuno se consideró la causa más probable de los casos de BSE en estos animales, que 

conllevó una posterior transmisión a humanos por consumo de productos contaminados 

con BSE. La prohibición del uso de estas harinas permitió el declive progresivo de la epidemia 
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16. Por otro lado, la CWD es una EET de elevada prevalencia en Norte América que afecta a 

varias especies de la familia de los cérvidos 17. Es altamente contagiosa y persistente en el 

ambiente, lo que facilita su transmisión tanto en animales de granja como silvestres 

dificultando su control en las poblaciones de cérvidos 18,19.  

1.1. Agente etiológico 

1.1.1. Proteína prion celular 

La proteína prion celular (PrPC) se trata de una glicoproteína monomérica, soluble en 

detergentes, que consta de 250 aminoácidos 20. Está codificada por el gen PRNP, 

altamente conservado en mamíferos 21. Este gen presenta distintos sitios de unión para 

factores de transcripción, lo que permite un control dinámico de la expresión de PrPC 22.  

Los niveles más altos de expresión de PrPC se encuentran en el SNC 23. Se ha detectado 

tanto en neuronas como en astrocitos, oligodendrocitos y microglía 24–26. Además de 

expresarse en el SNC, también se encuentra en el sistema nervioso periférico y en otros 

tejidos y células como, por ejemplo, el corazón, el páncreas, el intestino, el bazo, el 

hígado, los riñones y las células del sistema inmunitario 27–29. 

Esta proteína está implicada en distintos procesos y rutas biológicas, siendo necesaria 

para un correcto funcionamiento del organismo. Entre las distintas funciones en las que 

participa, se pueden destacar las siguientes: homeostasis mitocondrial, control de los 

ritmos circadianos, unión a iones de cobre y regulación de los niveles de hierro, 

supervivencia y proliferación celular, mantenimiento de la mielina, modulación de la 

absorción de glucosa, modificación de la morfología celular, regulación de la adhesión 

celular, regulación de la autofagia y protección frente al estrés oxidativo 23. 

Dado el carácter multifuncional de esta proteína, la pérdida de PrPC durante el 

transcurso de las enfermedades priónicas se ha propuesto como un causante de 

exacerbar la patología neurodegenerativa y los efectos tóxicos de la proteína prion 

patológica en las EETs 20.  

1.1.2. Proteína prion patológica 

La proteína prion patológica conocida como PrPSc, siendo “Sc” la abreviatura de scrapie, 

es el agente causal de las enfermedades priónicas. Se trata de una isoforma infecciosa 

malplegada derivada de la conversión de PrPC 30.  A diferencia de la PrPC, PrPSc es 

parcialmente insoluble en detergentes, resistente a proteasas y es capaz de formar 

agregados que se depositan en los tejidos afectados por la enfermedad 30. Comparado 

con la PrPC, su secuencia de aminoácidos es idéntica pero posee mayor proporción de 

láminas beta en su estructura secundaria 31.  
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La conversión de PrPC a PrPSc se produce por un mal plegamiento de la proteína prion 

celular al entrar en contacto con la PrPSc, la cual actúa como modelo o plantilla sobre la 

cual se pliega de forma anómala la PrPC, propagándose de esta manera la isoforma mal 

plegada a lo largo del tejido nervioso 30. 

La naturaleza infecciosa de las EETs radica en las propiedades de esta proteína que, 

además de propagarse en el tejido nervioso, puede detectarse en sangre 32, saliva 33 y 

orina 34 de animales infectados y puede ser transportada a través de la barrera intestinal 

tras su ingestión para iniciar posteriormente el proceso neuroinvasivo 35,36. 

1.2. Scrapie clásico 

1.2.1. Signos clínicos y lesiones histopatológicas 

Esta enfermedad se suele presentar en ovejas de entre 2 y 5 años. Entre los signos 

clínicos más comunes se encuentran los cambios en el comportamiento, bruxismo, 

prurito, ataxia, movimientos hipermétricos, temblores de cabeza y pérdida de condición 

corporal 37. Otros signos clínicos menos frecuentes son el ptialismo, nistagmo, reflejo 

pupilar alterado, hipoestesia, alteraciones cardíacas y respiratorias, compactación del 

rumen y reducción de la producción de leche 38–40. 

Además de los signos clínicos, a nivel microscópico, se pueden detectar una serie de 

lesiones características en el SNC: degeneración espongiforme o vacuolización, gliosis y 

pérdida neuronal. 

La degeneración espongiforme se produce en el pericarion neuronal y en el neuropilo 

de la sustancia gris, y suele ser bilateral y simétrica. Las principales áreas anatómicas del 

SNC donde se localiza la vacuolización son la médula espinal, la médula oblongada, el 

mesencéfalo, el hipotálamo, el tálamo y el área septal 41,42. 

La gliosis se trata de una respuesta inespecífica de las células gliales frente a distintos 

estímulos. En el caso del scrapie, se puede observar astrogliosis y activación de la 

microglía, junto con los depósitos de PrPSc, la vacuolización y la degeneración neuronal. 

Los astrocitos y la microglía son capaces de acumular PrPSc tanto en casos naturales 

como experimentales de infección con scrapie clásico 43–45. 

La degeneración y pérdida neuronal implica la presencia de neuronas necróticas 

diseminadas, acompañadas a veces de neuronofagia, neuritas distróficas y neuronas 

basofílicas 42.   
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1.2.2. Genotipo del gen PRNP ovino y su implicación en la susceptibilidad a la 

enfermedad 

Existe una clara influencia del genotipo del gen PRNP ovino en la susceptibilidad a 

padecer el scrapie clásico. Los polimorfismos identificados en este gen en los codones 

136 A (Alanina)/V (Valina), 154 R (Arginina)/H (Histidina) y 171 Q (Glutamina)/R/H están 

asociados con resistencia/susceptibilidad a la enfermedad 12,14. El haplotipo VRQ es el 

que está asociado a mayor susceptibilidad, siendo los animales homocigotos para este 

haplotipo los que presentan mayor riesgo de padecer scrapie clásico. El haplotipo 

ancestral ARQ también se asocia con susceptibilidad a padecer scrapie, pero con menos 

riesgo que el haplotipo VRQ. Los haplotipos ARR y AHQ están asociados con resistencia 

a la enfermedad, pero solo si se presentan en homocigosis. Los animales heterocigotos 

que presentan haplotipos resistentes tienen menor riesgo de padecer la enfermedad 
12,14. 

Hay algunas razas de ovejas en las que algunos de estos genotipos no existen o se 

encuentran en una frecuencia muy baja como por ejemplo el VRQ en la raza Suffolk 46 o 

el ARR en la oveja islandesa 47. En estos casos, la susceptibilidad a la enfermedad se 

asocia con el haplotipo ARQ y la resistencia con el haplotipo AHQ 48. 

Atendiendo a estos criterios, se desarrolló una clasificación basada en el riesgo a 

contraer la enfermedad, siendo riesgo 1 la categoría de riesgo más bajo y riesgo 5 la 

categoría con el riesgo más elevado. En la Tabla 1 se muestran las distintas categorías 

de riesgos y sus genotipos asociados. 

Tabla 1. Grupos de riesgo y genotipos asociados al scrapie clásico 14,48. 

Grupo de riesgo Genotipos 

Riesgo 1 ARR/ARR 

Riesgo 2 ARR/AHQ 

AHQ/AHQ 

Riesgo 3 ARR/ARQ 

ARR/ARH 

ARQ/AHQ 

AHQ/ARH 

Riesgo 4 ARH/ARH 

ARQ/ARH 

ARQ/ARQ 

ARR/VRQ 
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AHQ/VRQ 

Riesgo 5 ARQ/VRQ 

ARH/VRQ 

VRQ/VRQ 

1.2.3. Patogenia 

La transmisión natural del scrapie clásico ocurre principalmente de manera horizontal, 

por contacto directo entre los animales o de manera indirecta por contaminación 

presente en el ambiente. A mayor contacto o tiempo de exposición entre animales o 

con el entorno implica una mayor propagación de la enfermedad 14,49.  

Los mecanismos patogénicos desarrollados durante el transcurso de la enfermedad 

dependen de la cepa, la dosis y la ruta de entrada del agente infeccioso, así como del 

genotipo del animal afectado 50,51. En condiciones naturales, el prion penetra en el 

organismo por vía oral a través del tracto gastrointestinal. De manera experimental, 

también se han descrito otras rutas de entrada efectivas como la intracerebral, 

intraperitoneal, intravascular, intraocular, intranasal y conjuntival 14,52,53.  

Tras su entrada al organismo por vía oral, los priones penetran en el tejido linfoide 

asociado al intestino, principalmente en las placas de Peyer. De esta forma, se 

introducen en el sistema linforeticular, acumulándose y replicándose en macrófagos y 

células dendríticas foliculares. Las tonsilas palatinas también se consideran una ruta de 

entrada al sistema linfoide 14,54,55.  

Tras multiplicarse en el sistema linforeticular, los priones se dirigen al SNC mediante dos 

rutas principales: directamente a través del sistema nervioso periférico e 

indirectamente a través de los linfonodos, el bazo, las tonsilas y finalmente el sistema 

nervioso periférico 56. La médula espinal torácica y el núcleo dorsal del nervio vago son 

las primeras regiones neuroanatómicas en las que se detectan depósitos de PrPSc 14,57. 

1.2.4. Diagnóstico y tratamiento 

El diagnóstico oficial de scrapie se realiza post-mortem en muestras de tejido de SNC 

mediante la identificación de la PrPSc utilizando anticuerpos específicos anti-PrP. Estos 

anticuerpos se usan en distintos inmunoensayos como western blot, ELISA, 

inmunohistoquímica, inmunocitoquímica e inmunoprecipitación 58.  

El test post-mortem de elección en scrapie es el análisis inmunohistoquímico, el cual 

permite detectar la PrPSc, ver su distribución en el tejido y su localización celular, y 

observar las características morfológicas de su acumulación 59. 
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Como la PrPSc también puede diseminarse y acumularse en los tejidos linfoides durante 

el transcurso de la enfermedad, existe la posibilidad de un diagnóstico ante-mortem 

mediante el análisis inmunohistoquímico de los tejidos linfoides de las tonsilas 60, la 

conjuntiva del tercer párpado 61 y la mucosa rectal 62. Sin embargo, un resultado 

negativo en estas pruebas ante-mortem debe interpretarse con cautela y reevaluarse 

posteriormente dado que existen una serie de factores como, por ejemplo, el tiempo de 

incubación y la extensión de la infección, que pueden afectar al resultado del test 58. 

Por otro lado, recientemente se han desarrollado otras técnicas de detección que 

presentan una mayor sensibilidad para detectar PrPSc. Dos de ellas son el ensayo de 

conversión de proteína priónica inducida por agitación en tiempo real (RT-QuIC) y la 

amplificación cíclica de proteínas mal plegadas (PMCA) que permiten detectar de 

manera altamente sensible pequeñas cantidades de PrPSc 63–68. Sin embargo, estas 

técnicas innovadoras todavía están en desarrollo y por ahora se utilizan con fines de 

investigación o como técnicas complementarias para la confirmación de un diagnóstico 

previo. 

Teniendo en cuenta las distintas técnicas de diagnóstico mencionadas y el hecho de que 

a día de hoy el diagnóstico oficial sigue siendo en muestras post-mortem, existe una 

necesidad creciente del desarrollo de biomarcadores para un diagnóstico temprano de 

la enfermedad. 

En cuanto al tratamiento, actualmente no existen terapias para tratar las enfermedades 

priónicas. En el caso de los animales, los brotes de enfermedad se controlan mediante 

una combinación de diferentes medidas: restricción de movimiento en las explotaciones 

afectadas, sacrificio de los animales afectados y, en el caso del scrapie clásico, selección 

genética de los genotipos resistentes 69. 

2. Epigenética: mecanismos epigenéticos 

La epigenética consiste en el estudio de cambios en la actividad o función de los genes que 

no se asocian con ningún cambio en la secuencia del DNA 70. Dentro de este campo de 

estudio, se pueden definir tres mecanismos epigenéticos principales: la metilación del DNA, 

las modificaciones de histonas y los RNA no codificantes. Los dos primeros mecanismos 

actúan esencialmente alterando la estructura de la cromatina cercana de un gen o una 

región en particular, mientras que los RNA no codificantes, sobre todo los microRNA 

(miRNA), son capaces de regular la expresión sin necesidad de estar físicamente cerca de 

sus genes diana. 
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2.1. Metilación del DNA 

2.1.1. Formas de metilación del DNA 

La metilación del DNA es uno de los mecanismos epigenéticos más estudiados. Consiste 

en la unión covalente de un grupo metilo al carbono 5 del nucleótido citosina para 

formar una 5-metilcitosina (5mC) 71. En los mamíferos, este proceso ocurre 

predominantemente en los residuos de citosinas presentes en los dinucleótidos CpG 72.  

Se han identificado varias formas de metilación del DNA: la 5mC, su derivado hidroxilado 

conocido como 5-hidroximetilcitosina (5hmC) y sus productos oxidados resultantes 

conocidos como 5-formilcitosina (5fC) y 5-carboxilcitosina (5caC) 73. De todas estas 

formas, 5mC y 5hmC son las más estables y abundantes en los genomas de mamíferos 
74, mientras que 5fC y 5caC son menos frecuentes y se pueden eliminar de manera 

transitoria 75. 

Este mecanismo epigenético está implicado en la regulación de la expresión génica. La 

forma 5mC está asociada predominantemente a silenciamiento génico 76, mientras que 

la forma 5hmC se encuentra presente en genes altamente expresados 77,78. 

2.1.2. Enzimas reguladoras del proceso de metilación 

Existen diferentes enzimas que actúan como mediadoras del proceso de metilación. Las 

DNA metiltransferasas (DNMTs) son las encargadas de producir la forma 5mC añadiendo 

de manera covalente un grupo metilo al carbono 5 de una citosina 70. Las enzimas TET o 

“ten-eleven translocation”, en cambio, son dioxigenasas encargadas de generar la forma 

5hmC mediante la adición de un grupo hidroxilo a la forma 5mC 79.  

Dentro de la familia de DNMTs, se pueden distinguir tres enzimas: DNMT1 (DNA 

metiltransferasa 1), DNMT3A (DNA metiltransferasa 3 alfa) y DNMT3B (DNA 

metiltransferasa 3 beta) 70. Las enzimas DNMT3A y DNMT3B son de novo 

metiltransferasas, las cuales metilan citosinas previamente sin metilar en los 

dinucleótidos CpG, teniendo una preferencia similar por el DNA hemimetilado y sin 

metilar. Son esenciales para el proceso de metilación de novo del genoma durante el 

desarrollo 80. La enzima DNMT1 es la encargada de preservar a lo largo de las divisiones 

celulares los patrones de metilación previamente establecidos. Se trata de una enzima 

de mantenimiento con preferencia por el DNA hemimetilado que preserva los sitios de 

metilación ya existentes 81. 

En cuanto a las enzimas TET, podemos distinguir tres dioxigenasas de citosinas: TET1 

(Tet metilcitosina dioxigenasa 1), TET2 (Tet metilcitosina dioxigenasa 2) y TET3 (Tet 

meticitosina dioxigenasa 3) 73. 
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2.2. Modificaciones de histonas 

Las histonas son proteínas estructurales que junto con el DNA forman los nucleosomas, 

unidades fundamentales de la cromatina 82. Estas proteínas pueden modificarse 

postraduccionalmente, existiendo un número diverso de modificaciones 

postraduccionales de histonas 83,84. Estas modificaciones tienen lugar en las colas amino-

terminales de las histonas produciendo cambios en la interacción de los nucleosomas y, 

por tanto, afectando a la estructura general de la cromatina. Los cambios inducidos por 

estas modificaciones afectan a distintos procesos del DNA como son la transcripción, la 

reparación del DNA, la replicación y la recombinación 84. Las modificaciones 

postraduccionales más estudiadas son la acetilación, la fosforilación y la metilación.  

2.2.1. Acetilación de histonas 

La acetilación de histonas es un proceso sumamente dinámico que está regulado por 

dos familias de enzimas: las histonas acetiltransferasas (HATs) y las histonas deacetilasas 

(HDACs) 83.  

Las HATs catalizan, mediante el uso de acetil coenzima A como cofactor, la transferencia 

de un grupo acetilo a los residuos de lisina de las histonas. La adición del grupo acetilo 

neutraliza la carga positiva de las lisinas de manera que se debilita la interacción entre 

las histonas y el DNA, resultando en una cromatina menos compacta y más activa para 

la transcripción 85. Estas enzimas, por tanto, se consideran activadores transcripcionales 

y se pueden clasificar en dos grupos: tipo A y tipo B 85,86. 

Por otra parte, las HDACs desempeñan una función opuesta a las HATs. Están 

encargadas de revertir la acetilación de los residuos de lisina, es decir, de eliminar los 

grupos acetilo, restaurando la carga positiva de las lisinas y estabilizando la interacción 

entre las histonas y el DNA, de manera que la cromatina se encuentra más compacta y 

menos activa. Debido a su modo de actuación, estas enzimas se consideran represores 

transcripcionales. Existen cuatro clases de HDACs: I, II, III y IV 84,86.  

2.2.2. Fosforilación de histonas 

Al igual que la acetilación, la fosforilación de histonas es un proceso dinámico. Este 

proceso se produce en los residuos de serina, treonina y tirosina de las histonas. La 

adición y retirada de grupos fosfato también está controlada por dos clases de enzimas 

conocidas como quinasas y fosfatasas 87. 

Las enzimas quinasas son las encargadas de transferir un grupo fosfato al aminoácido 

diana correspondiente. Esta modificación añade carga negativa a las histonas, afectando 
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a la estructura de la cromatina y facilitando la transcripción del DNA 87. La retirada de 

los grupos fosfato es llevada a cabo por las enzimas fosfatasas 88.  

2.2.3. Metilación de histonas 

La metilación de histonas tiene lugar en los residuos de lisina y arginina. A diferencia de 

la acetilación y la fosforilación, esta modificación no altera la carga de las histonas. 

Además, otra diferencia a tener en cuenta es que las lisinas pueden estar mono-, di- o 

tri-metiladas y las argininas mono- o di-metiladas 89.   

Las enzimas metiltransferasas de histonas son las encargadas de la adición de grupos 

metilo. Las lisina metiltransferasas catalizan la adición de grupos metilo a los residuos 

de lisina, mientras que las arginina metiltransferasas añaden grupos metilo a los 

residuos de arginina 90,91. Por otro lado, las demetilasas de histonas son las encargadas 

de eliminar los grupos metilo 92. 

Al contrario que la acetilación y la fosforilación, en las cuales la presencia de un grupo 

acetilo o fosfato se asocia con activación de la transcripción y la ausencia con la 

represión de la transcripción, en el caso de la metilación de histonas, la posición de la 

metilación y el estado de metilación (mono-, di- o tri-metilación) determinan que dicha 

modificación tenga un efecto activador o represor de la transcripción 93,94.  

2.3. MicroRNAs 

Los microRNAs son pequeños RNA no codificantes, de unos 21-23 nucleótidos de 

longitud, capaces de regular la expresión génica a nivel transcripcional, 

postranscripcional o traduccional 95. Aunque algunos miRNA pueden inducir la expresión 

génica en algunos casos por su interacción con los promotores de genes 96, su regulación 

de la expresión génica está basada en gran medida en la degradación o represión de la 

traducción de su RNA mensajero diana 97.  

Muchos miRNA muestran un perfil de expresión específico de células o tejidos. Se 

pueden encontrar en la sangre y otros fluidos corporales como complejos libres 

(principalmente asociados a proteínas) o pueden estar contenidos en vesículas 

extracelulares. Estos miRNA circulantes pueden detectarse y medirse mediante 

métodos sensibles y específicos, como por ejemplo la PCR cuantitativa o las tecnologías 

de secuenciación de última generación, lo que los convierte en potenciales moléculas 

biomarcadoras 98. 
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2.4. Funciones de los mecanismos epigenéticos en el cerebro 

2.4.1. Aprendizaje y memoria 

La metilación del DNA y sus enzimas reguladoras están implicadas en la formación de la 

memoria 99,100. Existe un equilibrio dinámico entre la metilación y desmetilación del DNA 

en genes reguladores de la plasticidad sináptica y de la formación de la memoria 100. Las 

enzimas DNMTs parecen estar implicadas en la respuesta al miedo condicionado y en la 

formación de la memoria 100, mientras que las enzimas TET, mediante la desmetilación 

del DNA, juegan un papel fundamental en la activación de genes cruciales para la 

formación y consolidación de la memoria 101.  

En cuanto a las modificaciones de histonas, la acetilación ha sido la modificación más 

estudiada a nivel cerebral, y está implicada en procesos de aprendizaje y en la 

adquisición de memorias a largo plazo 102,103. 

Los miRNAs son capaces de controlar redes enteras de genes en las neuronas en 

respuesta a distintos procesos neuronales y pueden actuar en las dendritas regulando 

la síntesis local de determinadas proteínas cruciales para la plasticidad sináptica y la 

supervivencia celular 104,105. 

2.4.2. Regulación de la neurogénesis 

Un correcto estado de metilación del DNA es esencial para el mantenimiento y la 

diferenciación de los progenitores neuronales tanto en el cerebro adulto como durante 

el desarrollo embrionario 106. Las enzimas DNMTs tienen un papel importante durante 

el desarrollo embrionario. Por ejemplo, DNMT1 está implicada en la regulación de la 

neurogénesis y la gliogénesis 107.  

La acetilación y la metilación de histonas, así como sus enzimas asociadas también están 

implicadas en la neurogénesis del cerebro adulto, regulando la proliferación y la 

diferenciación de los progenitores neuronales 108–110. 

Durante el desarrollo cerebral, los miRNAs intervienen en la formación y maduración de 

las sinapsis y en la dendritogénesis 104,105. También se han descrito varios miRNAs 

implicados en el proceso de neurogénesis en el cerebro adulto 106. 

2.4.3. Implicación en enfermedades neurodegenerativas priónicas y similares a 

priones 

Así como el correcto funcionamiento de estos mecanismos epigenéticos se ha asociado 

con un adecuado funcionamiento del cerebro, la alteración o un mal funcionamiento de 

estos mecanismos se ha relacionado con distintas enfermedades neurodegenerativas 

incluidas las enfermedades priónicas y “prion-like” o similares a priones. 
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Las enfermedades prion-like son proteinopatías que presentan mecanismos 

patogénicos similares a los de las enfermedades priónicas, incluyendo la acumulación 

de proteínas mal plegadas en el SNC 111,112. A este grupo de enfermedades pertenecen, 

entre otras, el Alzheimer, el Parkinson, el Huntington y la esclerosis lateral amiotrófica.  

Los distintos hallazgos sobre la implicación de los mecanismos epigenéticos en las 

enfermedades priónicas y prion-like se detallan en profundidad en el manuscrito 1 de 

esta tesis. 

3. Modelos celulares en las enfermedades priónicas 

Los modelos celulares son herramientas que permiten estudiar los mecanismos moleculares 

implicados en las enfermedades priónicas, así como testar y descubrir nuevas moléculas 

terapéuticas.  

Existen distintas líneas de cultivo celular capaces de infectarse de manera persistente con 

priones. En el estudio de las enfermedades priónicas, estos sistemas in vitro ofrecen una 

serie de ventajas: son más sencillos de manipular y económicamente más rentables que los 

modelos in vivo, ofrecen un alto rendimiento en las pruebas de cribado de potenciales 

moléculas terapéuticas, permiten estudiar mecanismos moleculares clave de las 

enfermedades priónicas dentro de un sistema celular intacto e incrementan la 

reproducibilidad y validez de los hallazgos científicos, todo ello evitando los problemas 

éticos que implica el uso de modelos animales o incluso de ciertas muestras humanas 113–

115.  

Para generar modelos celulares de enfermedades priónicas, generalmente se parte de una 

población de células que expresen la PrPC. Estas células se inoculan con homogeneizados de 

cerebro infectados con priones. Tras su incubación, se retira dicho homogeneizado para 

asegurar que cualquier señal de PrPSc detectada sea resultado de la infección celular y no de 

la presencia del homogeneizado infectado 113. En ocasiones, solo una fracción de células es 

capaz de infectarse con priones, siendo necesaria una posterior subclonación para crear 

líneas celulares que expresen altos niveles de PrPSc 116. Para evaluar el éxito de la infección, 

normalmente se detecta la presencia de PrPSc en lisados celulares, aunque también se puede 

realizar en células intactas adheridas a una membrana 116. Además, existen técnicas muy 

sensibles como el RT-QuIC y la PMCA capaces de detectar niveles muy bajos de infección 

priónica en las células 117–120. 

3.1. Líneas celulares murinas inmortalizadas 

Existen varias líneas celulares murinas inmortalizadas capaces de infectarse y propagar 

priones, pero, debido a que en el ratón no se desarrolla de manera natural la 
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enfermedad priónica, es necesario adaptar previamente las cepas priónicas mediante 

pases sucesivos en ratones para superar este fenómeno de barrera de especie 121. 

Dos líneas celulares ampliamente utilizadas para el estudio de la propagación de priones 

son las células de neuroblastoma murino N2a 122 y las células hipotalámicas GT1 123. 

Otras líneas celulares neuronales capaces de infectarse con priones son las células de 

Schwann MSC-80 124 y las células de la glía MG20 125. Por otro lado, hay otras líneas de 

origen no neuronal como los fibroblastos murinos NIH-3T3 y L929 126 y los mioblastos 

C2C12 127 que también son capaces de propagar priones. 

Un aspecto importante a tener en cuenta en estas líneas celulares inmortalizadas es 

que, a pesar de ser capaces de propagar priones, generalmente la infección no induce 

ningún efecto citotóxico en las mismas. Por tanto, estas líneas son modelos muy útiles 

para el estudio de la propagación de priones pero no para estudiar la toxicidad inducida 

por la PrPSc 113. 

3.2. Modelos celulares de especies naturalmente susceptibles 

Aunque existen distintos modelos celulares murinos capaces de propagar priones, 

puede que estos modelos no reflejen exactamente las características patológicas de las 

enfermedades priónicas debido a que la especie murina no es un hospedador natural 

de la enfermedad y es necesaria una previa adaptación de las cepas de prion para que 

estos modelos celulares sean permisivos a la infección. Por este motivo, existe una 

necesidad creciente de desarrollar modelos celulares de especies naturalmente 

susceptibles para poder estudiar de manera más precisa los mecanismos patogénicos 

de estas enfermedades y testar potenciales terapias en modelos naturales de 

enfermedad. 

Comparado con las diversas líneas murinas disponibles, el número de modelos celulares 

en especies naturalmente susceptibles es mucho más limitado. Sin embargo, se han 

conseguido desarrollar algunos modelos celulares capaces de propagar priones. Por 

ejemplo, el modelo hTERT de células de microglía ovinas es permisivo a la infección con 

scrapie clásico 128 y las células renales bovinas MDBK pueden replicar priones de BSE 129. 

Los fibroblastos cerebrales de ciervo MDB también son capaces de replicar priones de 

CWD 130. En humanos, también se ha conseguido desarrollar un modelo capaz de 

infectarse con priones de CJD a partir de astrocitos derivados de células madre 

pluripotentes inducidas (iPSCs) humanas 131. 
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3.3. Las células madre mesenquimales como modelo de enfermedad 

priónica 

Las células madre mesenquimales (MSCs) son células multipotentes, con morfología 

similar a los fibroblastos, caracterizadas por su capacidad de autorrenovación y 

diferenciación hacia células de linaje mesodérmico (osteoblastos, adipocitos y 

condrocitos) 132. Además, estas células también son capaces de diferenciarse in vitro 

hacia células neuronales 133,134. 

Las MSCs de distintas especies, incluida la ovina, expresan la PrPC 119,135,136, la cual parece 

tener un papel importante en el proceso de diferenciación neuronal de estas células 137–

139. Por otro lado, las MSCs derivadas de pacientes con sCJD expresan la PrPSc 136. La 

expresión de PrPSc no se ha detectado en MSCs de ovejas infectadas con scrapie, pero sí 

que se ha observado una capacidad de proliferación menor en estas células comparado 

con las MSCs de ovejas sanas 119. 

En la especie murina, estas células son capaces de migrar, por mediación de distintos 

factores quimiotácticos, hacia lesiones cerebrales producidas por priones 140–142, y la 

inyección in vivo de MSCs es capaz de prolongar la supervivencia de ratones infectados 

con la cepa priónica Chandler 140. Además, las MSCs murinas pueden infectarse y 

propagar de manera persistente la cepa Fukuoka-1 y la variante de CJD 143–145. 

La expresión de PrPC y la capacidad de infección de estas células, las convierte en unas 

buenas candidatas para el desarrollo de modelos celulares en el campo de las 

enfermedades priónicas. 

3.4. Sistemas de cultivo celular 3D en enfermedades priónicas 

Los distintos modelos celulares mencionados hasta ahora son sistemas de cultivo en dos 

dimensiones (2D), es decir, células cultivadas en monocapa. A pesar de las múltiples 

ventajas que presentan estos sistemas, tienen la limitación de no ser capaces de 

reproducir el ambiente en el que se encuentran las células in vivo ni las interacciones 

celulares generadas en dicho ambiente 146,147.  

Recientemente, con el objetivo de superar esta limitación, se han desarrollado 

plataformas de cultivo en tres dimensiones (3D). Estos sistemas parecen ser capaces de 

reproducir de manera bastante fidedigna el comportamiento de las células en 

condiciones in vivo, de manera que los estudios realizados en este tipo de modelos 

podrían aproximarse más a la realidad de las condiciones in vivo 148. Existen distintos 

tipos de cultivo celular en 3D como, por ejemplo, los esferoides, los organoides, sistemas 

de hidrogel y biorreactores, entre otros 146,149.  
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Este tipo de modelos se ha utilizado para el estudio de distintas enfermedades incluidas 

enfermedades neurodegenerativas como el Alzheimer 150–153 y el Parkinson 154–157. En el 

campo de las enfermedades priónicas, solo se han descrito dos estudios sobre 

organoides cerebrales derivados de iPSCs humanas capaces de infectarse y propagar 

priones de sCJD 158,159. 

4. Objetivos de la tesis 

Este trabajo de tesis desarrollado en el campo de estudio de las enfermedades priónicas, 

concretamente en la forma clásica del scrapie ovino, presenta dos objetivos generales. El 

primero de ellos, estudiar en la enfermedad de scrapie posibles cambios de metilación del 

DNA, así como la implicación de este mecanismo epigenético en los mecanismos 

patogénicos de la enfermedad. Por otro lado, el segundo objetivo está centrado en 

desarrollar un modelo celular in vitro de enfermedad priónica basado en el cultivo de células 

madre mesenquimales ovinas. 

Para la consecución de estos objetivos generales, se han planteado los siguientes objetivos 

específicos: 

1. Estudiar los cambios de metilación del DNA mediante secuenciación genómica de 

DNA transformado con bisulfito en muestras de tálamo de ovejas naturalmente 

infectadas con scrapie en fase clínica y evaluar el efecto de estos cambios de 

metilación en la expresión de determinados genes. 

2. Estudiar la distribución inmunohistoquímica de los cambios de metilación e 

hidroximetilación en distintas regiones del SNC de ovejas infectadas de manera 

natural con scrapie y de un modelo murino transgénico de scrapie en fase clínica y 

preclínica. 

3. Analizar la expresión de genes codificantes de enzimas reguladoras del proceso de 

metilación en muestras de tálamo de ovejas naturalmente infectadas con scrapie y 

de un modelo murino transgénico de scrapie en fase clínica y preclínica. 

4. Infectar con scrapie células madre mesenquimales ovinas cultivadas en monocapa 

en condiciones de crecimiento y diferenciación neurogénica y analizar 

posteriormente su viabilidad celular y permisividad a la infección. 

5. Infectar con scrapie células madre mesenquimales ovinas cultivadas como 

esferoides en tres dimensiones en condiciones de crecimiento y diferenciación 

neurogénica y analizar posteriormente su viabilidad celular y permisividad a la 

infección. 
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6. Realizar un estudio transcriptómico de células madre mesenquimales ovinas 

infectadas con scrapie e identificar las rutas moleculares y genes asociados con la 

capacidad de infección y la toxicidad priónica.  

5. Justificación de los trabajos realizados 

En este apartado, se enumera y presenta el compendio de publicaciones recogidas en esta 

tesis doctoral y se justifica la unidad temática de cada una de ellas. Los trabajos presentados 

desarrollan los objetivos generales y específicos de esta tesis: 

• En el manuscrito 1 titulado “Epigenetic Changes in Prion and Prion-like 

Neurodegenerative Diseases: Recent Advances, Potential as Biomarkers, and Future 

Perspectives” se ha llevado a cabo una exhaustiva revisión bibliográfica sobre los 

distintos mecanismos epigenéticos implicados en las enfermedades 

neurodegenerativas priónicas y prion-like. Este artículo de revisión ha servido para 

perfilar y sentar las bases del primer objetivo general de esta tesis. 

• En el manuscrito 2 titulado “Genome-Wide Methylation Profiling in the Thalamus of 

Scrapie Sheep” se ha completado el primer objetivo realizando un estudio genómico 

de los cambios de metilación del DNA en muestras de tálamo de ovejas 

naturalmente infectadas con scrapie en fase clínica, así como una evaluación del 

efecto de estos cambios de metilación en la expresión diferencial de determinados 

genes. 

• En el manuscrito 3 titulado “5-methylcytosine and 5-hydroxymethylcytosine in 

scrapie-infected sheep and mouse brain tissues” se ha llevado a cabo un estudio 

inmuhistoquímico, en distintas regiones del SNC, de los niveles de 5mC y 5hmC, así 

como un análisis de expresión en la región del tálamo de genes codificantes de 

enzimas reguladoras epigenéticas en ovejas infectadas de manera natural con 

scrapie y en un modelo murino transgénico de scrapie en fase clínica y preclínica. 

Estos resultados se corresponden con los objetivos segundo y tercero de esta tesis. 

• En el manuscrito 4 titulado “Effect of Scrapie Prion Infection in Ovine Bone Marrow-

Derived Mesenchymal Stem Cells and Ovine Mesenchymal Stem Cell-Derived 

Neurons” se ha evaluado la capacidad de replicación del prion de las células madre 

mesenquimales ovinas infectadas con scrapie en condiciones de crecimiento y de 

diferenciación neurogénica en monocapa, así como el efecto de dicha infección en 

la viabilidad celular. Este estudio abarca el cuarto objetivo de la tesis. 

• En el manuscrito 5 titulado “Susceptibility of ovine bone marrow-derived 

mesenchymal stem cell spheroids to scrapie prion infection” se ha evaluado el efecto 



INTRODUCCIÓN GENERAL 
 

22 
 

que tiene el cultivo en tres dimensiones en forma de esferoides sobre la 

permisividad a la infección y la viabilidad celular de las células madre 

mesenquimales ovinas infectadas con scrapie, tanto en condiciones de crecimiento 

como en condiciones de diferenciación neurogénica, completando así el quinto 

objetivo de esta tesis.  

• En el manuscrito 6 titulado “RNA-sequencing transcriptomic analysis of scrapie-

infected ovine mesenchymal stem cells” se ha llevado a cabo el último de los 

objetivos realizando un estudio transcriptómico en células madre mesenquimales 

ovinas infectadas con scrapie para la identificación de posibles procesos biológicos, 

rutas moleculares y genes que estén implicados en el proceso de infección y en la 

toxicidad priónica. 
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Abstract: Prion diseases are transmissible spongiform encephalopathies (TSEs) caused by a conformational 
conversion of the native cellular prion protein (PrPC) to an abnormal, infectious isoform called PrPSc. 
Amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and Huntington’s diseases are also known as prion-
like diseases because they share common features with prion diseases, including protein misfolding and 
aggregation, as well as the spread of these misfolded proteins into different brain regions. Increasing 
evidence proposes the involvement of epigenetic mechanisms, namely DNA methylation, post-translational 
modifications of histones, and microRNA-mediated post-transcriptional gene regulation in the pathogenesis 
of prion-like diseases. Little is known about the role of epigenetic modifications in prion diseases, but recent 
findings also point to a potential regulatory role of epigenetic mechanisms in the pathology of these diseases. 
This review highlights recent findings on epigenetic modifications in TSEs and prion-like diseases and 
discusses the potential role of such mechanisms in disease pathology and their use as potential biomarkers. 

Keywords: epigenetics; DNA methylation; histone modifications; microRNA; prion diseases; prionlike 
diseases 

 

1. Introduction 
Epigenetics is the study of heritable changes in gene activity or function that is not associated 

with any change in the DNA sequence itself [1]. Three major epigenetic mechanisms have been 
described: DNA methylation and histone modifications essentially alter the structure of the nearby 
chromatin of a particular gene or region, whereas non-coding RNAs, especially microRNAs 
(miRNAs), may regulate expression without the necessity for the physical vicinity for their target 
genes. 

DNA methylation involves the covalent transfer of a methyl group to the C-5 position of the 
nucleobase cytosine to form 5-methylcytosine. In mammals, DNA methylation may occur at 
cytosines in any context of the genome [1] and can participate in the regulation of gene 
expression. Histones are structural proteins that form DNA nucleosomes and are frequently 
subjected to covalent post-translational modifications. They are involved in the expression and 
repression of target genes generally via chromatin modification [2]. The most studied histone 
modifications are acetylation, methylation, and phosphorylation, but also other modifications 
exist, including citrullination, ubiquitination, ADP-ribosylation, deamination, and proline 
isomerization [2,3]. 
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MicroRNAs are small non-coding RNAs (21–23 nucleotides in length) that may regulate gene 
expression at transcriptional, posttranscriptional, or translational levels [4]. Although miRNAs may 
induce gene expression in some cases by their interaction with gene promoters [5], miRNA-based 
regulation is thought to rely largely on the repression of target mRNA translation or its sequence-
dependent degradation. Several miRNAs display a cell- or tissue-specific expression profile, while 
others are widely expressed. They can be found in blood and other biofluids as free (mainly 
protein-associated) complexes or can be contained by extracellular vesicles. Moreover, circulating 
miRNAs can be detected and measured by highly sensitive and specific methods (e.g., quantitative 
PCR and nextgeneration sequencing). All these characteristics have facilitated studies of miRNAs 
as potential biomarker molecules [6]. 

The mentioned epigenetic mechanisms are involved in several aspects of brain development 
as well as in normal aging [7,8]. DNA methylation and histone acetylation are essential in memory 
acquirement, learning, and acquisition of long-term memories [8–10], and miRNAs are crucial for 
the formation and maturation of synapses and for dendritogenesis in early brain development 
[11–13]. Considering the central role of epigenetics in neural plasticity, it is not surprising that 
dysregulation of these processes has been associated with different neurodegenerative diseases, 
either by mediating interactions between genetic and environmental risk factors or by directly 
interacting with disease-specific pathological factors [7,8]. The neurodegenerative disorders 
where epigenetics seem to have a key role include Alzheimer’s (AD), Parkinson’s (PD), and 
Huntington’s (HD) diseases, amyotrophic lateral sclerosis (ALS), prion diseases, stroke, and global 
ischemia [7,8]. The first four are also known as prion-like diseases because they are 
proteinopathies that share common pathogenic mechanisms with prion diseases, including the 
accumulation of misfolded proteins in the central nervous system (CNS) [14,15]. 

Prion diseases, also referred to as transmissible spongiform encephalopathies (TSEs), are a 
group of neurodegenerative disorders affecting humans and other animals [16] and are caused by 
a conformational conversion of the cellular prion protein (PrPC) to an infectious isoform, partially 
resistant to proteases and prone to form aggregates called PrPSc [17]. 

Research in yeast has revealed that certain proteins that adopt prion conformation, such as 
URE3 or PSI+, can be considered as an epigenetic mechanism that can be inherited through mitosis 
and meiosis. These self-templating conformations of prion proteins interact with nucleic acids 
(DNA and RNA) and can regulate gene expression through the modification of chromatin 
remodeling, nucleic acid translation, and replication, providing beneficial phenotypes in stressful 
conditions [18]. If prions in yeast possess these characteristics, it could be expected that alteration 
of the prion protein and other proteins with similar characteristics in mammals will also affect 
epigenetic mechanisms. Increasing evidence suggests involvement of epigenetic mechanisms in 
the pathogenesis of prion-like diseases and other neurodegenerative disorders. However, current 
knowledge about the association of epigenetics with prion diseases is scarce. 

Given that some of the affected mechanisms may be shared with TSEs and prionlike diseases, 
this review summarizes the latest findings on epigenetic modifications in prion-like diseases and 
reports the recently discovered roles of epigenetic mechanisms in TSEs. 

2. Epigenetic Changes in Prion-Like Diseases 
2.1. DNA Methylation 
2.1.1. DNA Methylation Profiles 

Altered DNA methylation patterns have been associated with the neuropathology of prion-
like diseases. Several studies have identified sets of genes containing differentially methylated 
regions (DMRs) and differentially methylated positions (DMPs) between patients and healthy 
controls, primarily in peripheral blood [19–26] and brain tissue [27–35] and to a lesser extent in 
saliva [23] and using in vitro models [36,37]. Table 1 summarizes global and gene-specific DNA 
methylation changes reported in these diseases. 

When comparing the DMRs and DMPs identified in each prion-like disease (Supplementary 
Table S1) using the InteractiVenn software [38], no common DMRs and DMPs were found between 
all four diseases, but some regions and positions matched between two or three of these diseases 
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(Figure 1). Regarding the DMRs, the disease pairs that shared the highest number of common 
regions were first PD and HD, second PD and ALS, and third PD and AD (Figure 1a). On the other 
hand, PD and AD are the only diseases that share a relatively high number of DMPs (Figure 1b). 
Although these comparisons between the DMRs and DMPs identified in prion-like diseases allow 
an overview of common differentially methylated genes shared between some of these diseases, 
there are limitations that could affect the number of regions and positions identified in each 
disease and must be taken into account: (1) the compared studies were performed in different 
tissues and body fluids which could lead to different methylation profiles inherent to each tissue; 
(2) the number of studies developed in each disease is different, being AD and PD the most studied 
ones; and (3) the methodology used in the different works varies. Most studies were performed 
using the 450 K methylation array, and whole genome bisulfite sequencing was used only in one 
study of PD [37]. This methodology detects DMPs in non-annotated sequences such as lincRNAs, 
pseudogenes, and antisense or unknown miRNAs, which explains in part why the number of DMPs 
and DMRs in PD is substantially higher than in other diseases. 

 

Figure 1. Comparison of differentially methylated regions (DMRs) and positions (DMPs) in prion-like diseases. 
Venn diagrams indicate the number of common and unique DMRs (a) and DMPs (b) in AD, PD, ALS, and HD. 

Studies on the DNA methylation process have concentrated on different areas of the CNS 
depending on their relevance with the pathogenesis of each disease. Epigenome-wide studies on 
AD patients have identified DMRs in the superior temporal gyrus, a region that displays a marked 
gene dysregulation in AD [27,28]. Most of these DMRs were found to be in gene promoters and 
associated with AD pathology. Significant DNA methylation changes are also found in PD-affected 
brain areas, namely the dorsal motor nucleus of the vagus, substantia nigra, and cingulate gyrus 
[32]. In HD, DNA methylation studies performed so far have shown disparate results. A genome-
wide DNA methylation profile of cortex tissues from HD patients suggests that DNA methylation 
may have a minimal association with HD status but could be correlated with the age of disease 
onset and contribute to the tissuespecific expression patterns of huntingtin (HTT) [39]. In contrast, 
using the same methodology but analyzing multiple CNS regions, another study identified 11 co-
methylation modules associated with HD status in cortical regions and observed an accelerated 
epigenetic age in specific brain regions (frontal lobe, parietal lobe, and cingulate gyrus) of HD 
patients [35], measured by combining DNA methylation levels of known CpGs [40]. 

Genome-wide studies have detected DNA modifications in specific genes that have been 
analyzed in detail to elucidate their role in neurodegeneration. Epigenetic control of enhancers 
seems to be involved in AD as loss of CpH (most frequently at CpA sites) methylation of enhancers, 
which is normal in aging neurons but is accelerated and occurs early in AD neurons. This 
modification seems to prompt the reactivation of cell cycle and neurogenesis pathways and, in 
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the case of the enhancer of DSCAML1 that codes for Down Syndrome cell adhesion molecule-like 
protein 1, precedes the onset of neurofibrillary tangle pathology [41]. Hypomethylation of 
DSCAML1 gene enhancer is associated with an upregulation of BACE1 (beta-secretase 1) 
transcripts and an increase in amyloid plaques, neurofibrillary tangles, and cognitive decline [41]. 
These results support an early involvement of epigenetic changes in AD. 

In the same disease, a protective role has been suggested for PM20D1 (peptidase M20 
domain containing 1). DNA methylation and RNA expression of this gene are associated with AD, 
and its overexpression in cells is neuroprotective against AD stressors [42]. 

Methylation changes in other genes have been related to prion-like disease pathogenesis, 
although its role is still unknown. In PD, patients show hypomethylation of the promoter region of 
SNCA, the gene encoding α-synuclein protein [43]. Moreover, several ALS-related genes 
(DENND11, COL15A1, TARDBP, RANGAP1, and IGHMBP2) and DNA repair genes (OGG1, APEX1, 
PNKP, and APTX) are differentially methylated in ALS patients [44–46]. Differential DNA 
methylation has also been observed in specific genes in HD, namely HES4, a transcription factor 
involved in neural stem cell regeneration, and BDNF, encoding brain-derived neurotrophic factor 
[47,48]. HES4 promoter hypermethylation is associated with reduced expression of the gene and 
with striatal degeneration and age of onset of HD patients. Consistently, inhibition of HES4 by 
shRNA increases mutant HTT aggregates in a cell model of the disease. BDNF promoter 
hypermethylation in the blood of HD patients did not correlate with motor or cognitive status but 
may represent a biomarker for HD-associated psychiatric symptoms. 

Most of the reported studies reveal that changes in DNA methylation can be associated with 
pathogenic processes of these neurodegenerative diseases, but there does not appear to be a 
universal mechanism relating DNA methylation and protein aggregates. Studies performed in 
human patients are normally carried out at the late stages of the disease when it is difficult to 
differentiate if changes in DNA methylation are a cause or a consequence of neurodegeneration. 
Analysis of this epigenetic process in animal or cellular models could possibly allow us to elucidate 
this question. 

A limitation of most of these studies is the technology used for the determination of DNA 
methylation. Methylation arrays or NGS-sequencing-based methods did not differentiate 
between methyl Cytosines (mC) and their oxidized product hydroxymethyl Cytosines (hmC), which 
has regulatory functions and could be an epigenetic mark in its own right [49]. Antibody-based 
techniques have already been used in these diseases to specifically detect 5mC and 5hmC 
methylation forms [50,51]. However, these techniques cannot identify specific genes of interest. 
Third-generation sequencers [52] could help elucidate which epigenetic mark is involved in a gene-
specific regulation. 

2.1.2. Biomarkers Based on DNA Methylation 
DNA methylation as a potential biomarker has been investigated in easily accessible tissues 

at both genomic and gene-specific levels. Both sporadic (SALS) and familial ALS (FALS) patients 
show increased global 5-methylcytosine levels in blood DNA [53]. At the gene level, 
hypermethylation of the promoter for C9orf72, a gene responsible for the majority of the FALS 
cases (as well as for those of frontotemporal dementia), correlates with its reduced mRNA 
expression levels in a clinical cohort of C9orf72 pathological expansion carriers [54]. A significant 
association between DNA methylation age-acceleration, disease duration, and age of onset has 
also been observed in C9orf72 carriers [55]. The second most common cause of FALS is mutations 
in superoxide dismutase 1 (SOD1), with nearly 200 mutations described, some of which show 
incomplete penetrance and great phenotypic variability. ALS patients carrying not fully penetrant 
SOD1 mutations display an increase in global DNA methylation, and DNA methylation levels 
correlate positively with disease duration [56]. However, since the promoters of four major ALS 
genes (C9orf72, SOD1, TARDBP, and FUS) were not methylated in the study subjects, it was 
concluded that the increased methylation is likely to occur in other gene regions. In this study, no 
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repeat expansion was observed in C9orf72, which supports the previous finding [51] that 
genespecific methylation in the C9orf72 locus is dependent on this pathological feature. 

In contrast, DNA hypomethylation seems to be a key mark in PD patients, finding several 
hypomethylated and upregulated genes in blood and saliva samples associated with systemic 
immune response pathways and mitochondrial dysfunction [21,23]. In addition, in leukocytes 
from PD patients, hypomethylation of NPAS2 (neuronal PAS domain protein 2) [57] and DRD2 
(dopamine receptor D2) [57] has been proposed as a novel biomarker for PD. 

In blood from AD patients, B3GALT4 (beta-1,3-galactosyltransferase 4), a gene associated 
with AD onset and progression, and PTGR3 (prostaglandin reductase 3), associated with AD risk, 
are hypomethylated and correlate with memory performance and cerebrospinal fluid (CSF) levels 
of Aβ and tau [58]. Moreover, hypomethylation of BIN1 (bridging integrator 1), a gene associated 
with AD pathogenesis, and hypermethylation of estrogen receptor α (ESR1) gene promoter, which 
is related to impaired cognitive function and quality of life of AD patients, have been also reported 
[59,60]. Another potential biomarker of this disease could be the hypomethylation in TOMM40 
(translocase of outer mitochondrial membrane 40) and APOE (apolipoprotein E) gene promoters 
observed in the hippocampus, cerebellum, and peripheral blood of AD patients, which correlated 
with increasing APOE and decreasing TOMM40 expression [61]. Besides these promising results, 
very few have been subjected to clinical trials. Only methylation levels on COASY (Coenzyme A 
synthase) and SPINT1 (Serine peptidase inhibitor Kunitz type 1) promoter regions have been 
considered convenient and useful biomarkers for AD [62]. 

In HD, DNA methylation status in peripheral blood does not seem to be affected as, after a 
microarray study of blood samples, no distinctive patterns were observed in the covered CpG sites 
and their associated genes [25]. 

2.1.3. In Vitro Studies 
Cellular models are particularly useful for analyzing the effect of DNA methylation and 

investigating the role of methylation in candidate genes and potential treatments. DNA 
methylation changes in prion-like diseases have been investigated in vitro using cell models. A 
whole-genome bisulfite sequencing study using induced pluripotent stem cell (iPSC) -derived 
dopaminergic neurons from sporadic PD and monogenic LRRK2 (Leucine-rich repeat kinase 2)-
associated PD patients revealed global DNA hypermethylation associated with disease [37], 
conversely to the hypomethylation observed in blood and saliva. In ALS, a study that evaluated the 
methylation status of human embryonic stem cells (hESCs) and iPSCs both carrying the C9orf72 
mutation showed that hESCs were completely unmethylated at the C9orf72 repeats, whereas 
iPSCs were hypermethylated. This methylation status remained unchanged after the 
differentiation of hESCs and iPSCs into neural precursors. The hypermethylation observed in the 
C9orf72 repeats of iPSCs was proposed as a possible neuroprotective mechanism attenuating the 
accumulation of potentially toxic repeat-containing mRNAs in neurons, given that hESCs presented 
a more severe phenotype than iPSCs [63]. 

Hypomethylation of the SNCA gene has been described in early onset PD patients [43], and 
lowered methylation status is likely to increase SNCA expression, contributing to the accumulation 
of α-synuclein in this disease. With the purpose of maintaining normal physiological levels of α-
synuclein, Kantor et al. [64] experimentally methylated the SNCA gene using a system based on 
CRISPR-deactivated Cas9 fused with the catalytic domain of DNMT3A (DNA methyltransferase 3 
alpha). This technique was applied to iPSC-derived dopaminergic neurons from a PD patient 
resulting in hypermethylation of the SNCA gene, downregulation of the SNCA expression, and a 
reversion of disease-related phenotypic perturbations [65]. The same hypermethylation-based 
approach has been recently used to manipulate the levels of amyloid-beta (Aβ) precursor (APP) in 
cultured neurons from AD mice, resulting in decreased Aβ peptide levels, decreased Aβ42/40 ratio, 
and increased cell survival [66]. Importantly, further studies in vivo indicated that lentiviral 
injection of dCas9-Dnmt3a in mouse brain induces efficient DNA methylation editing, decreases 
the levels of APP, and improves the cognitive defects associated with this AD model. 
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2.1.4. Mitochondrial DNA Methylation 
        Finally, in addition to nuclear DNA, mitochondrial DNA (mtDNA) methylation has also been 
observed in humans and animal models. In ALS, SOD1 mutation carriers display increased levels 
of mtDNA and demethylation of the mitochondrial D-loop, a noncoding region critical for both 
mtDNA replication and transcription. This could represent an attempt to compensate for the 
disease-associated loss of mitochondrial function by mtDNA upregulation in carriers of ALS-linked 
SOD1 mutations [67]. While D-loop is also hypomethylated in the hippocampus of a mouse model 
of AD (APP/PS1), this is associated with decreased mtDNA copy number [68]. Thus, while altered 
methylation of mtDNA suggests a possible role for this epigenetic mechanism in ALS and AD, the 
fact that the outcome in the level of mtDNA is opposite in the two cases warrants further studies 
on the topic. 

 
Table 1. Global and gene-specific DNA methylation in prion-like diseases. 

Disease Species/Model Tissue Type Methylation Finding References 

Alzheimer’s 
disease Human Brain, peripheral blood Methylation profiles of AD patients. Identification of differentially methylated 

positions (DMPs) [19,20,30,31] 

Human Brain Methylation profile of AD patients. Identification of differentially methylated 
regions (DMRs) [27] 

Human Superior temporal gyrus Hypermethylated DMRs [28,29] 

APP/PS1 mice Hippocampus Changes in mitochondrial DNA methylation [68] 

Human Neurons Hypomethylated enhancers in DSCAML1 gene [41] 

Human Hippocampus, cerebellum, 
peripheral blood Hypomethylation in TOMM40 and APOE gene promoters [61] 

Human Frontal cortex Methylation of PM20D1 gene [42] 

Human Peripheral blood Hypomethylation of B3GALT4 and ZADH2 genes [57] 

Human Peripheral blood Hypomethylation of BIN1 gene [58] 

Human Peripheral blood Hypermethylation of ERα gene promoter [59] 

Parkinson’s 
disease 

Human Peripheral blood Identification of DMRs between PD patients and healthy controls [22] 

Human Brain Identification of DMRs in PD-affected brain areas [32] 

Human iPSC-derived dopaminergic neurons 
Global DNA hypermethylation changes [36,37] 

Human Peripheral blood, saliva Global DNA hypomethylation changes [21,23] 

Human Peripheral blood, iPSC-derived 
dopaminergic neurons 

Hypomethylation of SNCA gene promoter. Reversion of disease symptoms via 
CRISPR/Cas9-mediated SNCA hypermethylation [43,65] 

Human Leukocytes Hypomethylation of NPAS2 and DRD2 genes [60,63] 

Amyotrophic 
lateral 

sclerosis 

Human Peripheral blood Methylation profile of ALS patients. Identification of DMPs [24] 

Human Brain Methylation profile of ALS patients. Identification of DMRs [33] 

Human Peripheral blood Increased global 5-methylcytosines levels in sALS and FALS [53] 

Human Peripheral blood 
Hypermethylation of the C9orf72 promoter and association of DNA 
methylation age-acceleration with disease duration and age of onset in 
C9orf72 expansion carriers 

[54,55] 
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Table 1. Cont. 

 

Human Peripheral blood Increase in global DNA methylation and demethylation of the mitochondrial D-
loop region in SOD1 mutation carriers [56,67] 

Human hESCs, iPSCs hESCs unmethylated and iPSCs hypermethylated at the C9orf72 repeats 
[64] 

Human Brain, motor neurons Differential methylation of KIAA1147, IGHMBP2, COL15A1, TARDBP, RANGAP1, 
IGHMBP2, OGG1, APEX1, PNKP, and APTX [44–46] 

Disease Species/Model Tissue Type Methylation Finding References 

Huntington’s 
disease 

YAC128 mice Brain Methylation profile. Identification of DMRs [34] 
Human Peripheral blood Methylation profile of HD patients. Identification of DMPs [26] 
Human Brain Minimal association of DNA methylation with HD status [39] 
Human Peripheral blood No significant changes between patients and controls [25] 
Human Brain 11 co-methylation modules associated with HD status [35] 
Human Brain HES4 promoter hypermethylation [47] 
Human Plasma, saliva BDNF promoter hypermethylation [48] 
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2.2. Histone Modifications 
The most studied histone modification in prion-like diseases is acetylation. Global levels of 

acetylated histones and differential expression of the enzymes in charge of their acetylation or 
deacetylation have been related to the pathology of these diseases. Moreover, pharmacological 
modulation of these enzymes could ultimately result in a potential treatment strategy. Table 2 
summarizes the main results in this subject. 

Widespread acetylome variation has been observed in different brain areas of AD patients, 
and this epigenetic modification can be induced by pathological tau [69,70]. Acetylation of a lysine 
residue in histone 3 (H3K27) varies in the vicinity of several known AD risk genes (APP, CR1, MAPT, 
PSEN1, PSEN2, and TOMM40) and is robustly associated with the disease [69]. Similarly, altered 
histone acetylation has been linked to PD-associated neurodegeneration. PD neurotoxins 
specifically increase histone acetylation through an autophagy-mediated reduction of histone 
deacetylases (HDACs) in PD patients’ dopaminergic neurons [71]. 

The modulation of epigenetic enzymes involved in acetylation, mainly HDACs, also has a role 
in the development and progression of prion-like diseases. HDACs can be divided into four 
subtypes, classes I, II, and IV being classical HDACs and class III consisting of NAD+-dependent silent 
information regulator 2 family members (sirtuins). HDAC activities are unbalanced in fibroblasts 
from PD patients, which is associated with impaired mitophagy and increased cell death [72]. 

In addition, changes in expression levels of particular HDACs have been described, but their 
modifications are not always in accordance with studies. Modifications can be different depending 
on the disease and CNS cell populations. HDAC1 and HDAC2 levels are strongly decreased in the 
frontal cortex of AD patients, and HDAC1 is also reduced in the hippocampus [73]. HDAC2 
downregulation seems to contribute to cholinergic nucleus basalis of Meynert neuronal 
dysfunction, neurofibrillary tangles pathology, and cognitive decline during the clinical progression 
of AD [74]. On the contrary, HDAC2 is upregulated in the microglia from the substantia nigra of PD 
patients [75]. Additionally, nuclear accumulation of HDAC4, which is normally localized at the 
cytoplasm, seems to promote neuronal apoptosis in PD-affected dopaminergic neurons [76]. 

The levels of class II HDACs (4, 5, and 6) are increased in the skeletal muscle of 
SOD1-ALS mice with severe neuromuscular impairment [77]. Although this increase was not 
observed in motor neurons, Class II HDACs could also contribute to motor neuron degeneration 
as their pharmacological inhibition is able to restore the expression and function of glutamate 
transporter EAAT2 in the spinal cord of ALS [78]. However, HDAC4 expression is decreased in the 
skeletal muscle of ALS patients [79], and the skeletal musclespecific ablation of HDAC4 is sufficient 
to induce an earlier onset of the disease, a decrease in neuromuscular junctions’ size, and muscle 
denervation and atrophy in SOD1-ALS mice [80]. Finally, an in vivo brain assessment of HDAC 
alterations by positron emission tomography showed no significant differences in HDAC 
expression levels between ALS patients and healthy controls [81], suggesting that HDAC 
alterations may have a more profound effect on the disease in peripheral tissues. Given that the 
skeletal muscle function is compromised in ALS, the implication that HDAC4 could be protective 
in ALS skeletal muscle has questioned the use of broad-range HDAC inhibitors as a strategy for ALS 
treatment [82]. However, research on the role of HDACs in different tissues warrants further 
investigation because the discovery of highly selective inhibitors for HDACs could eliminate the 
potential negative effects of more broad-range targeting in the future. 

In AD patient-derived neurons and triple transgenic (3xTg-AD, carrying mutated forms of 
APP, PSEN1, and MAPT/tau) mouse model, inhibition of HDAC3 (Class I) decreases pathological 
tau phosphorylation and acetylation, reduces Aβ protein expression, increases Aβ degradation, 
improves learning and memory and normalizes several AD-related genes [83]. Importantly, HDAC6 
seems to influence tau phosphorylation, autophagic flux, and tubulin acetylation [84], and its 
inhibition stimulates pathological tau degradation in ADLP APT mice (carrying six mutations in APP, 
PSEN1, and MAPT/tau) and AD patient-derived brain organoids [85]. The inhibition of HDAC6 has 
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also been proposed as a therapeutic strategy for PD, as this enzyme contributes to oxidative injury 
and dopaminergic neurotoxicity through mediating deacetylation of peroxiredoxins 1 and 
2 in oxidopamine-induced PD mice [86]. In the PD mouse model expressing mutated LRRK2 
(R1441G), HDAC inhibition by valproic acid has a neuroprotective effect through modulation of 
neuroinflammation and improvement of PD-like symptoms [87]. Inhibition of histone sirtuin-2 
deacetylase (SIRT2) also has therapeutic effects protecting degenerating dopaminergic neurons, 
reducing microglia activation, and facilitating the trafficking and clearance of misfolded proteins 
[88,89]. 

This therapeutic approach of HDAC inhibition has also been investigated in ALS models. HDAC 
inhibition in spinal cord-dorsal root ganglion cultures enables the heat shock response, which 
manages a load of aberrant proteins in a stress-dependent manner in cultured spinal motor 
neurons and also rescues the DNA repair response in iPSC-derived motor neurons carrying the FUS 
mutation [90]. Similarly, global histone hypoacetylation was observed in a FUS murine model. The 
restoration of histone acetylation levels in these mice by HDAC inhibition ameliorated the disease 
phenotype and significantly extended their lifespan [91]. In addition, HDAC6 inhibition restored 
axonal transport defects and mitochondrial and endoplasmic reticulum vesicle transport defects 
in ALS patient-derived motor neurons by increasing the α-tubulin acetylation level [92,93]. 

In HD rats and mouse models, HDAC inhibition produces a variety of neuroprotective 
beneficial effects, including partial reversal of behavioral symptoms, reversion of aberrant 
neuronal differentiation [94], prevention of striatal neuronal atrophy, improvement of motor 
performance [95], amelioration of disease phenotypes in a transgenerational manner [96] and 
reestablishment of pyruvate dehydrogenase activity improving mitochondrial function and 
bioenergetics [97]. Moreover, a multiomic study has proposed that the positive effect of HDAC4 
knockdown in rescuing synaptic function in HD mice could be a consequence of synaptic vesicle 
trafficking regulation, and HDAC4 could interact with htt via association with htt-interacting 
proteins [98]. Other HDACs have also been proposed as therapeutic targets in HD. Striatal HDAC2 
levels are reduced in the YAC128 HD mouse model subjected to dietary restriction, which could 
contribute to improving the disease phenotype [99]. In addition, inhibition of HDAC3 improves 
motor deficits, suppresses striatal CAG repeat expansions, and reduces the accumulation of 
oligomeric forms of mutant htt in HD transgenic mice [100,101]. In contrast, genetic deletion of 
HDAC6 exacerbates social impairments and hypolocomotion in HD R6/1 mice [102]. 

Although there are fewer works analyzing this epigenetic mechanism compared to DNA 
methylation or microRNAs, the results obtained seem to be promising, not as a source of 
biomarkers but as a possible target for therapies. 

Other histone modifications have been studied, but the number of these studies is even 
lower. A genome-wide study in human brains has identified differential enrichment of 
trimethylated lysine 4 of histone 3 (H3K4me3) mark between HD and control samples [103]. 
Interestingly, in a Drosophila melanogaster HD model, the activity reduction of the H3K27specific 
demethylase, Utx, ameliorated neurodegeneration and diminished htt aggregation [104]. 
Conversely, in this same model, histone methyltransferase dSETDB1/ESET was identified as a 
mediator of mutant htt-induced degeneration [105]. 

Table 2. Histone post-translational modifications in prion-like diseases. 

Disease Species/Model Tissue Type Main Finding 
References 

Alzheimer’s 
disease 

Human Brain Widespread acetylomic variation associated with AD, possibly induced by 
pathological tau [69,70] 

Human Frontal cortex, 
hippocampus Decreased levels of HDAC1 [73] 

Human Frontal cortex Decreased levels of HDAC2 contributing to neuronal dysfunction, neurofibrillary 
tangles pathology, and cognitive decline [73,74] 
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3xTg-AD mice, Human Human iPSC-derived 
neurons 

HDAC3 inhibition decreases pathological tau phosphorylation and acetylation 
[75] 

ADLPAPT mice, Human Human-derived brain 
organoids HDAC6 inhibition stimulates pathological tau degradation [77] 

Parkinson’s 
disease 

Human Dopaminergic neurons PD neurotoxins increase histone acetylation through an autophagy-mediated 
HDACs reduction mechanism [71] 

Human Fibroblasts Imbalance between total HATs and HDACs activities [72] 

LRRK2 R1441G mice Brain HDAC inhibition has a neuroprotective effect through modulation of 
neuroinflammation and improvement of PD-like behaviors [79] 

Sirt2 −/− C57-BL6 mice, 
Human Brain 

Sirtuin-2 deacetylase inhibition protects degenerating dopaminergic neurons, 
reduces microglial activation, and facilitates the trafficking and clearance of 
misfolded proteins 

[80,81] 

Human Microglia from the 
substantia nigra Upregulation of HDAC2 [83] 

E13-14 mice Dopaminergic neurons HDAC4 accumulation promotes neuronal apoptosis [84] 

C57-BL6 mice Brain HDAC6 could contribute to oxidative injury [86] 

Amyotrophic 
lateral sclerosis 

SOD1-ALS mice Skeletal muscle Increase in class II HDACs (4, 5, and 6) involved in modulating the expression 
and function of glutamate transporter [85,86] 

Human iPSC-derived motor 
neurons HDAC inhibition rescues the DNA repair response [90] 

Tg FUS +/+ mice Spinal cord Global histone hypoacetylation. Restoration of histone acetylation ameliorates 
the disease phenotype [91] 

Human iPSC-derived motor 
neurons 

HDAC6 inhibition restores axonal transport defects and mitochondrial and 
endoplasmic reticulum vesicle transport defects [92,93] 

Human Brain No significant differences in HDAC expression levels between patients and 
controls [97] 

SOD1-ALS mice, Human Skeletal muscle Decreased expression of HDAC4 associated with an earlier onset of the disease 
[87,88] 

Huntington’s 
disease 

tgHD rats, BACHD, R6/2, 
YAC128 mice Brain HDAC inhibition produces neuroprotective beneficial effects [94–97] 

HttQ20, HttQ140 mice Brain HDAC4 regulates synaptic vesicle trafficking and interacts with htt [98] 

YAC128 mice Brain Reduction of HDAC2 could contribute to improving the disease phenotype 
[99] 

N171-82Q, HdhQ111 knock-
in mice Brain 

HDAC3 inhibition improves motor deficits, suppresses striatal CAG repeat 
expansions, and reduces accumulation of mutant huntingtin oligomeric forms [100,101] 

R6/1 mice In vivo assessment HDAC6 deletion exacerbates social impairments and hypolocomotion [102] 

Human Brain Differentially enrichment of H3K4me3 mark [103] 

Drosophila melanogaster Brain, eye 
Activity reduction of Utx ameliorates neurodegeneration and diminishes htt 
aggregation. dSETDB1/ESET might be a mediator of mutant htt-induced 
degeneration [104,105] 

2.3. MicroRNAs 
          A large number of human proteins containing prion-like domains are RNA or DNA-binding 
proteins [106]. The first protein with these motifs associated with neurodegeneration was TDP-
43 (trans-activation response element DNA-binding protein 43) [107,108], which is the major 
pathological protein in sporadic ALS. This protein plays a role in many RNA-related functions, 
including microRNA biogenesis. Afterward, many other proteins related to neurodegenerative 
diseases have been discovered that play a role in RNA metabolism, and amyloids coaggregate with 
endogenous nucleic acids [109,110]. Although different RNA species may be altered in prion-like 
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diseases, we focus on the role of microRNA in these pathologies. These biomolecules have been 
widely studied in neurodegenerative diseases. Changes in miRNA expression profiles may serve 
as biomarkers, and these molecules seem to play important roles in the neuropathology of these 
diseases. 
2.3.1. MicroRNA Profiles 

Several studies have measured miRNA expression profiles in tissues and body fluids from 
patients and in different in vitro and animal models of prion-like diseases. Sets of microRNAs 
altered in each prion-like disease seem to be largely different, as summarized in Table 3. 

In AD patients, miRNA profiles have been analyzed in brain [111–114], blood [115,116], 
serum [117,118], CSF [119] and extracellular vesicles (EVs) [120–122]. Brain and EVs miRNA 
profiles have as well been characterized in AD mouse models [123–125]. Comparing the different 
profiles, only one miRNA, miR-324-3p, is commonly downregulated in the brain, body fluids, and 
EVs of AD patients, but its expression is not altered in AD mouse models. MiRNA profiles have 
been also characterized in brain [126–129], gut [130], blood [128], plasma [131,132], serum [133], 
CSF [134,135], saliva [136], and EVs [131,137] of PD patients; in brain of a PD mouse model [135]; 
in blood of a PD rat model [138]; and in a PD in vitro model [139]. Although no common miRNAs 
are found when comparing all the abovementioned PD profiles, there are common miRNAs 
between some tissues and body fluids. MicroRNA miR-451a is upregulated in the brain, gut, and 
CSF of PD patients and also in the brains of PD mice, and miR-19b-3p is downregulated in the brain, 
blood, plasma, and saliva of PD patients. 

In ALS patients, microRNAs have been studied in brain [140,141], skeletal muscle [142,143], 
blood [143–146], plasma [147], serum [148–150], CSF [151] and EVs [152–155]. Distinctive ALS 
miRNA profiles are also present in mouse skeletal muscle [156] and serum [157] and in in vitro 
models [154,158]. Three miRNAs, miR-125a-3p, miR-193a-5p, and miR-455-3p, are commonly 
downregulated in the brain, skeletal muscle, blood, and serum from ALS patients, and the 
expression of miR-125a-5p, which is downregulated in the brain and skeletal muscle of ALS 
patients, is also reduced in ALS mouse models and in vitro models. A smaller number of studies 
have explored the miRNA profiles in HD. These profiles are found in the brain [159–161], plasma 
[162], and CSF [163] of HD patients and in the brain of HD mouse models [164–167]. No common 
miRNAs are found between the profiles performed in HD patients, but there are two miRNAs, miR-
10b-5p and miR-10a-5p, that are upregulated in the brain of both HD patients and mouse models. 

When comparing the human miRNA profiles of the four prion-like diseases, there are two 
miRNAs, miR-144-3p and miR-22-5p, that appear upregulated in all four pathologies (Figure 2a). 
The β-amyloid precursor protein (APP) has been identified as a target gene of miR-144-3p, which 
seems to have a role in mitochondrial function maintenance [168], and a potential neuroprotective 
role has been predicted for miR-22 related to the regulation of targets implicated in HD such as 
HDAC4 [169]. Further analyses are necessary to verify if these two microRNAs display important 
roles in misfolded protein-related diseases. 

Conversely, although there are miRNAs similarly downregulated between two or three prion-
like diseases, no common downregulated miRNAs are found between the four diseases (Figure 
2b). The existence of differently regulated microRNA in different diseases can be used as a source 
of biomarkers for differential diagnosis. Supplementary Table S2 lists common upregulated and 
downregulated miRNAs for combinations of different prion-like diseases and the datasets used to 
generate the Venn diagrams. 
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Figure 2. Venn diagrams of miRNA profiles in prion-like diseases: (a) upregulated miRNAs in prion-like disease 
patients; (b) downregulated miRNAs in patients suffering from prion-like diseases. 
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2.3.2. The Role of microRNAs in Prion-Like Diseases 
In addition to miRNA profiles that could reveal potential disease biomarkers, some studies 

have shed light on the functions or possible roles of different miRNAs in prion-like diseases. 
  In AD pathology, several miRNAs seem to have neuroprotective roles attenuating Aβ 

accumulation and its associated neurotoxicity. In particular, the following miRNAs have been 
associated with this neuroprotective function: miR-193a-3p [170] and miR -133b [171] in human 
serum, miR-335-5p [172] and miR-361-3p [173] in the human brain, miR-200a-3p [174] in plasma 
from AD patients, miR-107 [175] in human neuroblast cell lines, and miR-340 [176] in the 
hippocampus from senescence-accelerated (SAMP8) mice that show increased oxidative damage 
associated with APP overproduction. Moreover, in rat hippocampus, miR-134-5p [177] is involved 
in rescuing AD synaptic plasticity deficit, and miR-124 [178] and miR-200a-3p [174] are involved in 
alleviating tau pathology in murine and in vitro models, respectively. On the other hand, miR-34c 
[179] and miR-124 [180] mediate synaptic and memory deficits in AD. Other miRNAs recently 
described to likely participate in AD risk and progression are miR-146a, miR-181a, detected in 
blood from AD patients, and miR-142-3p [181,182] in the human brain. All aforementioned 
miRNAs have been proposed as potential diagnostic biomarkers and/or therapeutic targets for AD 
pathology. 

Dysregulation of miRNAs is also implicated in PD pathogenesis. The upregulation of several 
miRNAs, including miR-150 [183] in human serum, miR-let-7a [184], and miR 
-190 [185] in C57BL/6 mouse model and miR-135b [186] in in vitro models, ameliorates PD-
associated neuroinflammation. By inhibiting SP1, a transcription factor expressed in the brain, 
miR-375 decreases dopaminergic neurons’ damage, reduces oxidative stress, and diminishes 
inflammation in PD, and miR-29c also attenuates dopaminergic neuron loss, neuroinflammatory 
response, and α-synuclein accumulation [187,188]. Furthermore, in a PD rat model, miR-3557 and 
miR-324 seem to be involved in delaying PD neurodegeneration [189], and overexpression of miR-
410 in a PD cellular model appears to exert neuroprotective effects against apoptosis and reactive 
oxygen species production [190]. In contrast, overexpression of miR-326 has been described to 
promote autophagy of dopaminergic neurons, and miR-195 downregulation might induce 
microglia-mediated neuroinflammation activation [191,192]. On the other hand, miR-7 seems to 
be involved in regulating BDNF expression in the early stages of PD, and miR-376a could also be 
implicated in PD pathogenesis, possibly by regulating the expression of mitochondrial-related 
genes [193,194]. 

Several studies also report miRNA changes in ALS, suggesting that these molecules could play 
a role in the development and progression of the disease. In serum from ALS patients, 
downregulation of miR-335-5p may enhance mitophagy, autophagy, and apoptosis pathways 
[195]. Interestingly, in the spinal cord of an ALS mouse model, downregulated miR-375-3p appears 
to control various target structures that intervene at different sites of the apoptosis pathway [196]. 
In contrast, in the cerebellum of an ALS mouse model, increased miR-29b-3p seems to 
downregulate proapoptotic factors, leading to neuroprotection [197]. Regarding to axon 
degeneration, several miRNAs, namely miR-126-5p [198], miR-494-3p [199] and miR-1825 [200], 
might facilitate this pathological feature in ALS. On the other hand, upregulated miR-338-3p is 
responsible for decreased glycogenolysis and subsequent glycogen accumulation within the spinal 
cord of SOD1-ALS mice [201], and miR-105 and miR-9 seem to potentially contribute to the 
pathogenesis of intermediate filament inclusions in ALS [202]. Furthermore, it has been described 
that extracellular miR-218 released from dying motor neurons in ALS can be taken up by 
neighboring astrocytes and negatively affect astrocyte function [203]. In the skeletal muscle of 
FALS patients, it has been reported an upregulation of miR-206, involved in the neuromuscular 
junction, regeneration, and muscle atrophy, and also an increase in inflammatory miRNAs (miR-
27a, miR-221, miR-155) [79]. miR-206, a microRNA that was consistently altered during the course 
of the disease in the skeletal muscle of the SOD1-G93A ALS mouse model, is also increased in 
serum from ALS patients [155]. Mechanistically, it has been suggested that increased miR-206 is 
an attempt to promote maintenance and/or repair of neuromuscular junctions by targeting and 
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inhibiting HDAC4, which leads to a fibroblast growth factor (FGF)-stimulated reinnervation [204]. 
Finally, reduced expression of the miR-17~92 cluster has been associated with the vulnerability of 
limb-innervating lateral motor column motor neurons to ALS-related degeneration [205]. 

In HD, a consistent association between expression profiles of CSF-miRNAs and the earliest 
prodromal stages of the disease has been reported [162]. In contrast, a study in a knock-in mouse 
model of HD (Hdh mice) suggests that miRNA regulation may have a limited global role in 
responding to HD in the striatum and cortex of these mice [206]. A decrease in miR-132 has been 
observed in the brain of another model of HD (HD R6/2 mice), and restoration of miR-132 
deficiency seems to confer amelioration in motor function and lifespan of these mice [207]. In 
neural progenitors and differentiated neural cells of a transgenic HD nonhuman primate model 
and in HD murine primary neurons, miR-196a has shown neuroprotective effects, including 
improvement of cell survival and mitochondrial functions, reduction of cytotoxicity and apoptosis 
and enhancement of neuronal morphology and differentiation [208,209]. Regarding htt, miR-27a 
has been reported to reduce mutant htt aggregation in R6/2-derived neuronal stem cells [210]. 
Interestingly, artificial miRNAs have also been used to successfully reduce mutant htt levels in a 
transgenic HD sheep model and in a humanized Hu128/21 HD mouse model [211,212]. 

As reported, the role of microRNAs in these neurodegenerative diseases is better known than 
the ones of the other epigenetic mechanisms. We have the tools to analyze the effect of 
overexpressing or repressing the expression of these molecules using expression vectors or 
antisense oligonucleotides in cellular models. This could facilitate the research in therapies 
modifying dysregulated microRNAs. 

Table 3. MicroRNAs in prion-like diseases. 
Disease Species/Model Tissue Type miRNA Main Finding References 

 
Human 

Brain, peripheral blood, serum, CSF, 
serum and CSF exosomes, and plasma 
extracellular vesicles 

miRNA profiles Differential miRNA expression profiles in AD patients [111–122] 

APP/PS1 and 
5XFAD mice Brain and urinary exosomes miRNA profiles Differential miRNA expression profiles in AD mouse 

models [123–125] 
 Human Serum [170,171] 

              Neuroprotective roles attenuating Aβ 
 SAMP8 mice Hippocampus        accumulation and its associated neurotoxicity [175] 

 Human Blood plasma miR-200a-3p  [174] 
Rat Hippocampus miR-134-5p Involved in rescuing AD synaptic plasticity [177] 

C57BL/6J, 
Tg2576 mice Hippocampus miR-124 Alleviates tau pathology and mediates synaptic and 

memory deficits [178,180] 

SAMP8 mice, 
Human Hippocampus, serum miR-34c Mediates synaptic and memory deficits [179] 

Human Blood, Brain 
miR-146a, miR-181a, 
miR-142-3p Associated with AD risk and progression [181,182] 

Brain, gut, plasma, serum, CSF, saliva, 
[126–137] 

plasma exosomes, serum extracellular                                                          Differential miRNA expression profiles in PD 
 Human miRNA profiles 
 vesicles, and iPSC-derived                                                                   patients 

  dopaminergic neurons   [139] 
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 Rat Peripheral blood miRNA profile Differential miRNA expression profile in a PD rat 
model [138] 

 Human Serum miR-150 [183] 
 

 miR-let-7a,         Amelioration of PD-associated [184,185] 
 C57BL/6 mice Brain 
 miR-190                           neuroinflammation 
Parkinson’s 

disease 
Human, rat SH-SY5Y, PC-12 cells miR-135b  [186] 
Wistar rats, 

C57BL/6 mice, 
Human 

Brain, SH-SY5Y cells miR-375, miR-29c Decrease in dopaminergic neurons’ damage and 
neuroinflammatory response [187,188] 

Sprague–Dawley 
rats Brain miR-3557, miR-324 

Involved in delaying PD neurodegeneration [189] 

Human, rat SH-SY5Y, PC-12 cells miR-410 
Overexpression exerts neuroprotective effects against 
apoptosis and reactive oxygen species production [190] 

C57BL/6 mice Brain miR-326 Overexpression promotes autophagy of dopaminergic 
neurons [191] 

Mouse BV2 cells miR-195 
Downregulation might induce microglia-mediated 
neuroinflammation activation [192] 

Sprague–Dawley 
rats Peripheral blood, brain miR-7 

Involved in regulating brain-derived neurotrophic 
factor expression in early stages of PD [193] 

Human PBMCs, SH-SY5Y cells miR-376a Implicated in PD pathogenesis regulating the 
expression of mitochondrial-related genes [194] 

Table 3. Cont. 
 

Disease Species/Model Tissue Type miRNA Main Finding References 
Brain, spinal cord, skeletal muscle, 

 neuromuscular junctions, plasma, serum, [140–155] 
 leukocytes, CSF, plasma, serum, brain and Differential miRNA expression 
 Human miRNA profiles 

  spinal cord extracellular vesicles, motor neuron-
derived exosomes, iPSC-derived motor neurons, and 
motor neuron progenitors 

          profiles in ALS patients 
[158] 

 SOD1G86R and 
SOD1G91A mice Serum, skeletal muscle miRNA profiles Differential miRNA expression profiles in 

ALS mouse models [156,157] 

 
Human Serum miR-335-5p 

Downregulation may enhance mitophagy, 
autophagy, and apoptosis pathways [195] 

 Wobbler mice Spinal cord miR-375-3p Regulates target structures that intervene 
at the apoptosis pathway [196] 

 Wobbler mice Cerebellum miR-29b-3p Downregulates proapoptotic factors, leading 
to neuroprotection [197] 

 SOD1G93A mice Muscle miR-126-5p [198] 
  Involved in axon degeneration  
Amyotrophic Human Astrocytes miR-494-3p [199] 

lateral 
sclerosis 

Human CNS miR-1825  [200] 

SOD1 mice Spinal cord miR-338-3p 
Upregulation decreases glycogenolysis 
causing glycogen accumulation within 
the spinal cord 

[201] 

Human Spinal cord miR-105, miR-9 Contribute to intermediate filament 
aggregation in ALS [202] 

Mouse Astrocytes miR-218 Affects astrocyte function negatively [203] 

Human, 
SOD1G93A mice Skeletal muscle, serum, plasma miR-206 

Upregulated. Involved in 
neuromuscular junction, regeneration, and 
muscle atrophy 

[79,156] 
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Human Skeletal muscle 
miR-27a, miR-221, 
miR-155 Increased in FALS patients [79] 

Human, 
SOD1G93A mice Motor neurons miR-17~92 cluster 

Associated with vulnerability of motor 
neurons to ALS-related degeneration [205] 

Huntington’s 
disease 

C57BL/6, R6/1 and 
BACHD mice Brain miRNA profiles Differential miRNA expression profiles in 

HD mouse models [164–167] 

Human Brain, plasma, CSF miRNA profiles 

Differential miRNA expression profiles in 
HD patients. Association between CSF-
miRNAs expression 
profiles and the earliest prodromal stages 
of HD 

[172–176] 

Hdh mice Striatum, cortex miRNA profiles miRNA regulation may have a limited global 
role in responding to HD [206] 

R6/2 mice Brain miR-132 
Decreased levels, whose restoration 
confers amelioration in motor function 
and lifespan 

[207] 

FVB mouse 
embryos, 

HD1/HD7/WT 
monkey 

Neural progenitors, neural cells miR-196a Neuroprotective effects [208,209] 

R6/2 mice Neuronal stem cells miR-27a Reduces mutant htt aggregation [210] 
Hu128/21 mice, 

sheep Striatum Artificial 
miRNAs Reduce mutant htt levels [211,212] 

     

 

3. Epigenetic Changes in Prion Diseases 
      Compared to prion-like diseases, there are very few studies on the involvement of 

epigenetic changes in transmissible spongiform encephalopathies. 
    It is known that the prion protein (PrP) is able to bind to RNA and DNA molecules [213]. As 

these nucleic acids can induce PrP aggregation, they have been proposed as catalysts in the 
conversion of the PrPC to the pathologic form PrPSc [214]. Different DNA molecules are capable 
of binding to recombinant PrP (rPrP), resulting in complex aggregates [215]. Interestingly, the GC 
content of these DNA molecules seems to be important in the binding, affinity, stability, and 
aggregation abilities and in the toxic species generation [215]. A recent study has evaluated the 
neurotoxic effect of the inoculation of a PrP-DNA complex in the lateral ventricle of Swiss mice, 
which, after inoculation, showed cognitive impairment, hippocampal synapse loss, and intense 
glial activation [216]. In contrast, in human neuroblastoma cell cultures, PrP cytotoxicity is 
attenuated when combined with DNA molecules, which stabilize PrP structure and reduce its 
pathogenic properties [217]. 

Different RNA molecules can also bind to PrP and trigger its aggregation and conversion to 
PrPSc, the efficiency of the conversion depending on the RNA source [216,218,219]. Some of these 
RNA molecules, specifically RNA aptamers, are able to bind and stabilize PrPC and reduce PrPSc 
levels in infected mouse neuronal cells [220]. Further studies are needed in order to evaluate the 
involvement of these nucleic acids in prion pathology and to develop potential therapeutic 
strategies. 
3.1. DNA Methylation Profiles 

DNA methylation might also be involved in the pathogenesis of prion diseases. A study of the 
mouse prion protein gene (PRNP) encoding the PrPC protein has reported an association between 
DNA methylation and PRNP gene expression. The PRNP gene promoter region seems to be 
unmethylated, and the methylation status of one of the PRNP enhancer regions was negatively 
correlated with PRNP expression [221]. In addition, during neuronal differentiation of mouse 
embryonic carcinoma P19C6 cells, the expression of PRNP was markedly increased, while CpG 
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methylation was significantly reduced, suggesting that DNA methylation could be implicated in 
mediating PRNP expression regulation [222]. 

Only three studies have analyzed the methylome of prion diseases. A genome-wide 
methylation study has shown differentially methylated positions in blood from sporadic 
Creutzfeldt–Jakob disease (sCJD) patients compared with healthy controls, some of these 
positions correlated with disease progression [223]. Furthermore, another genome-wide 
methylation study of the CNS of sheep naturally infected with scrapie has identified differentially 
methylated regions between control and scrapie animals, belonging some of them to genes with 
possible neuroprotective roles and to genes that may contribute to scrapie disease progression 
[224]. Interestingly, a recent study was able to identify different DNA methylation patterns in tonsil 
and appendix lymphoreticular tissues between sCJD patients and healthy individuals [225], 
pointing to a potential source of diagnostic biomarkers in prion diseases. 

Although these three works have been performed in different tissues (blood, CNS, and 
lymphoid tissues) and species (CJD human patients and scrapie-infected sheep) and have used 
different methodologies (450k methylation array for humans and whole genome bisulfite 
sequencing), we have compared the genes detected in each work containing either DMR or DMP. 
Twelve genes were differentially methylated in both ovine CNS and CJD blood. Further studies are 
necessary to confirm the role of these common genes in prion diseases. Supplementary Table S4 
shows the common DMR and DMP in prion and prion-like diseases. 

We have compared the methylation DMR and DMP profiles between these studies and those 
performed in prion-like diseases. As different methodology has been used, only DMPs obtained in 
CJD samples were compared with the other diseases. Only 2 DMPs identified in CJD blood were 
found in common with AD, 3 with PD, and 1 with ALS. However, of a total of 8907 DMRs observed 
in CNS of scrapie-infected sheep, 634 are also altered in PD, 60 in Alzheimer’s, 51 in ALS, and 61 in 
HD. This large difference is due to the fact that PD and scrapie were analyzed using the same 
methodology, bisulfite-treated DNA sequencing. More such studies are needed in the other prion-
like diseases to determine whether or not there are common genes differentially methylated in all 
prion-misfolded pathologies. 

3.2. Histone Modifications 
Yeast ESI+, for expressed sub-telomeric information, is the prion form of the Set3C histone 

deacetylase scaffold Snt1 (NCOR1 in humans). This prion, in response to cell cycle arrest, is able to 
activate gene expression through H4 acetylation and RNA polymerase II recruitment [226]. Other 
histone deacetylases, namely HDAC6 and sirtuin-1 (SIRT1), have shown protective effects during 
prion infection. Although many studies in prion-like diseases are addressed to inhibit HDAC6 as a 
potential therapeutic approach, in cerebral cortical neurons, overexpression of HDAC6 alleviates 
prion peptide-mediated neuronal cell death and toxicity [227]. On the other hand, overexpression 
of SIRT1, which is decreased in the brains of scrapie-infected rodents and in prion-infected SMB-
S15 cells, reduces PrPSc levels and protects against prion protein-induced neuronal cell death and 
mitochondrial dysfunction [228–230]. Therefore, although HDAC inhibition is proposed as a 
potential therapeutic strategy in prion-like diseases, this approach does not seem the best choice 
for treating prion diseases. Further analysis will be necessary to find out the role of other HDACs 
in prion diseases and to design novel therapies that maybe could be focused on the overexpression 
of HDACs. 

3.3. MicroRNA Profiles 
A number of studies have reported changes in miRNA expression profiles during prion 

infection in the CNS, plasma, and synaptoneurosomes of preclinical and clinical scrapie-infected 
mice [231–233], in the serum of elk infected with the chronic wasting disease (CWD) [234] and in 
plasma of naturally infected classical scrapie sheep [235]. When comparing these profiles with the 
ones reported in prion-like diseases, there are some miRNAs commonly altered in the two groups 
of diseases. Table 4 shows the common upregulated, and downregulated miRNAs, and 
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Supplementary Table S3 lists the datasets generated from the different miRNA profile studies in 
prion diseases. The prion-like disease with more miRNAs in common with prion diseases is ALS, 
whereas the one with fewer miRNAs in common is HD. More studies are required in order to find 
specific miRNAs that are only altered in prion diseases, even only in each type of prion disease, 
specifically for their use as diagnostic biomarkers. 

Table 4. MicroRNAs commonly upregulated and downregulated in prion and prion-like diseases. (+) = 
Upregulated and (−) = Downregulated. 

miRNA Prion Diseases AD PD ALS HD Upregulated (+)/Downregulated (−) 
miR-5100 +  + +  Upregulated 

miR-342-3p +/− − +/− +/−  Upregulated/Downregulated 
let-7f-5p +  + +  Upregulated 

miR-146b-5p + + + +  Upregulated 
let-7a-5p + +  +  Upregulated 
miR-378c + +  +  Upregulated 

miR-27a-3p + +  +  Upregulated 
miR-339-3p + +  +  Upregulated 
miR-142-5p + + + +  Upregulated 

miR-146a-5p + +    Upregulated 
miR-320a-3p +/− + + −  Upregulated/Downregulated 
miR-10a-5p +    + Upregulated 

miR-326 +   +  Upregulated 
miR-21-5p +   +  Upregulated 

miR-324-5p +   +  Upregulated 
miR-103a-3p +   +  Upregulated 
miR-331-3p +/−  − +/−  Upregulated/Downregulated 

miR-107 +   +  Upregulated 
miR-142-3p +   +  Upregulated 
miR-129-5p −  − −  Downregulated 
miR-423-5p −  − −  Downregulated 

miR-125a-5p −  − −  Downregulated 
miR-148a-3p −  − −  Downregulated 

Table 4. Cont. 
miRNA Prion Diseases AD PD ALS HD Upregulated (+)/Downregulated (−) 

miR-186-5p −  − −  Downregulated 
miR-141-3p −  − −  Downregulated 
miR-149-5p −   −  Downregulated 

miR-200a-3p −   −  Downregulated 
miR-200b −   −  Downregulated 

miR-323-3p −   −  Downregulated 
miR-338-3p − −  −  Downregulated 
miR-342-5p −   −  Downregulated 

miR-382 −   −  Downregulated 
miR-383 −   −  Downregulated 
miR-433 −   −  Downregulated 

miR-455-5p −   −  Downregulated 
let-7b −   −  Downregulated 
let-7c −   −  Downregulated 
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miR-486-3p −   −  Downregulated 
miR-183-5p −   −  Downregulated 
miR-100-5p −   −  Downregulated 

miR-125b-5p −   −  Downregulated 
miR-99a-5p −   −  Downregulated 
miR-145-3p −   −  Downregulated 
miR-410-3p −   −  Downregulated 

miR-181d-5p −   −  Downregulated 
miR-375 −   −  Downregulated 

miR-99b-5p −   −  Downregulated 
miR-30e-3p − − − −  Downregulated 

miR-129-2-3p − − − −  Downregulated 
miR-223-3p − − − −  Downregulated 
miR-493-3p − −    Downregulated 
miR-182-3p − −    Downregulated 
miR-877-5p − −  −  Downregulated 
miR-182-5p − −  −  Downregulated 
miR-144-5p − −  −  Downregulated 
miR-181c-5p − −  −  Downregulated 

Although the potential role of most of these alterations in TSE pathology is unknown, multiple 
miRNAs regulate PrPC levels both directly and indirectly in human neuroectodermal cell lines [236]. On 
the other hand, miR-16, which is increased in hippocampal neurons during presymptomatic prion 
disease, could decrease neurite length and branching, probably via the downregulation of components 
of the MAPK/ERK pathway [237]. Additionally, a single nucleotide polymorphism in miR-146a has been 
associated with susceptibility to FFI (fatal familial insomnia) and with the appearance of some clinical 
features in sCJD patients [238]. Interestingly, artificial miRNAs have also been used to reduce PrPC and 
subsequently suppress PrPSc propagation in primary mixed neuronal and glial cells culture [239]. 

4. Concluding Remarks 
It is evident that epigenetic mechanisms, namely DNA methylation, histone posttranslational 

modifications, and microRNAs, are involved in the pathophysiology of neurodegenerative diseases. 
Increasing evidence in prion-like diseases and, more recently, in prion diseases has shown that 
epigenetic modifications can modulate different pathogenic mechanisms occurring in these 
neurodegenerative disorders. Nevertheless, these epigenetic mechanisms seem to act differently in 
each of these diseases. Global DNA methylation changes have been detected in prion diseases and 
prion-like diseases in a variety of tissues and in several specific genes, showing different trends in the 
global methylation profile of each disease and several genes harboring differentially methylated 
regions and positions that match between some of these diseases. Modulation of HDAC enzymes 
seems to also be a common epigenetic mechanism in these diseases. Interestingly, among all the 
HDACs, the enzyme HDAC6 is involved in both prion diseases and prion-like diseases, although the 
mechanism of action is different between the two groups of diseases. On the other hand, other HDCAs, 
namely HDAC2, HDAC3, and HDAC4, are associated with different aspects of prion-like diseases. 
Additionally, miRNA profiles seem to be the most specific of each disease. However, there are two 
miRNAs, miR-144-3p and miR-22-5p, that seem to be commonly upregulated in the four prion-like 
diseases but not in prion diseases, and other miRNAs, such as miR-335-5p, miR-375, and miR-27a, have 
functions in AD, PD, HD, and ALS, but they seem to regulate different pathways in each disease. Prion 
and prion-like diseases also share several miRNAs in common, ALS being the prion-like disease with 
the highest number of common miRNAs. In addition, artificial miRNAs have successfully been used in 
both HD and prion diseases to reduce misfolded protein levels. Further research is still needed, 
especially in prion diseases where knowledge is still scarce, in order to elucidate the exact molecular 
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pathways by which these epigenetic mechanisms perform their regulatory roles and to identify 
potential epigenetic diagnostic and therapeutic biomarkers. 
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1. Introduction 

Epigenetics is a field of study focused on heritable changes in gene activity or function that are 
not associated with any change in the DNA sequence itself [1]. One of the most studied epigenetic 
modifications is DNA methylation, which consists of the covalent addition of a methyl group to the C-5 
position of the nucleobase cytosine to form 5-methylcytosine (5mC) [2]. In mammals, this DNA 
methylation process occurs predominantly at cytosine residues within CpG dinucleotides [3]. Moreover, 
multiple forms of DNA methylation have been identified including 5mC, its hydroxylated derivative 5-
hydroxymethylcytosine (5hmC), and its ensuing oxidation products 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) [4]. Among these forms, 5mC and 5hmC are relatively stable and abundant in 
mammalian genomes [5], whereas 5fC and 5caC are rarer and can be transiently removed [6]. 

Different enzymes act as mediators of the DNA methylation process. DNA methyltransferases 
(DNMTs) are responsible for producing 5mC by covalently adding a methyl 
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Abstract: Scrapie is a neurodegenerative disorder belonging to the group of transmissible spongiform 
encephalopathies or prion diseases, which are caused by an infectious isoform of the innocuous cellular prion 
protein (PrPC) known as PrPSc. DNA methylation, one of the most studied epigenetic mechanisms, is essential 
for the proper functioning of the central nervous system. Recent findings point to possible involvement of 
DNA methylation in the pathogenesis of prion diseases, but there is still a lack of knowledge about the 
behavior of this epigenetic mechanism in such neurodegenerative disorders. Here, we evaluated by 
immunohistochemistry the 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) levels in sheep and 
mouse brain tissues infected with scrapie. Expression analysis of different gene coding for epigenetic 
regulatory enzymes (DNMT1, DNMT3A, DNMT3B, HDAC1, HDAC2, TET1, and TET2) was also carried out. A 
decrease in 5mC levels was observed in scrapie-affected sheep and mice compared to healthy animals, 
whereas 5hmC displayed opposite patterns between the two models, demonstrating a decrease in 5hmC in 
scrapie-infected sheep and an increase in preclinical mice. 5mC correlated with prion-related lesions in mice 
and sheep, but 5hmC was associated with prion lesions only in sheep. Differences in the expression changes 
of epigenetic regulatory genes were found between both disease models, being differentially expressed 
Dnmt3b, Hdac1, and Tet1 in mice and HDAC2 in sheep. Our results support the evidence that DNA 
methylation in both forms, 5mC and 5hmC, and its associated epigenetic enzymes, take part in the 
neurodegenerative course of prion diseases. 
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group at the C-5 position of cytosines. There are three members of the DNMT family that directly catalyze 
the addition of methyl groups onto DNA: DNMT1 (DNA methyltransferase 1), DNMT3A (DNA 
methyltransferase 3 alpha), and DNMT3B (DNA methyltransferase 3 beta) [1]. DNMT3A and DNMT3B are 
de novo methyltransferases that target cytosines of previously unmethylated CpG dinucleotides, having 
an equal preference for hemimethylated and unmethylated DNA, and are essential in the de novo 
methylation of the genome during development [7]. On the other hand, established DNA methylation 
patterns are stably preserved over cell divisions by DNMT1, a maintenance enzyme that preserves existing 
methylated sites with a preference for hemimethylated DNA [8]. 

DNA methylation is involved in the regulation of gene expression and the 5mC form is predominantly 
associated with gene silencing [9]. DNMT1, DNMT3A, and DNMT3B can repress transcription through an 
association with histone deacetylases HDAC1 (histone deacetylase 1) and HDAC2 (histone deacetylase 2), 
enzymes that remove acetyl groups from histones facilitating chromatin compaction and repressing 
transcription [10]. 

The 5hmC form results from the addition of a hydroxyl group to 5mC by the ten-eleven translocation 
enzymes (TETs) [11]. This TET enzyme family comprises three cytosine dioxygenases: TET1 (tet 
methylcytosine dioxygenase 1), TET2 (tet methylcytosine dioxygenase 2), and TET3 (tet methylcytosine 
dioxygenase 3) [4]. As previously mentioned, among the three oxidated forms of 5mC, 5hmC is the most 
stable varying its presence significantly between tissues [12]. Recent findings report that 5hmC is 
predominantly enriched in the vicinity of transcription factor binding sites, including distal regulatory 
elements and gene bodies of highly expressed genes, and is less abundant at gene promoter regions 
[13,14]. This distribution suggests that 5hmC may be associated with stable regulation of gene expression 
across the genome, potentially counteracting the gene repression produced by 5mC [4]. 

The regulation of the de novo methylation and demethylation is of great importance for the 
differentiation and maturation of the mammalian central nervous system (CNS) [1]. DNMTs act 
coordinated, regulating the 5mC methylation patterns of the neural populations and organizing neuronal 
development [15]. Moreover, DNMT1 and DNMT3A are involved in the synaptic plasticity of postmitotic 
neurons and play a role in learning and memory in the adult brain [16]. In addition to 5mC, 5hmC is highly 
enriched in the CNS in comparison to other tissues [17] and, although less is known about the functions 
of 5hmC in the brain, some studies suggest the involvement of 5hmC in neurodevelopment and 
neurological function [18,19]. 

Just like DNA methylation, in both 5mC and 5hmC forms, it is associated with normal development 
and function of the CNS; altered DNA methylation patterns have been related to a variety of neurological 
and neurodegenerative disorders, including Alzheimer’s (AD) [20,21] and Parkinson’s (PD) [22,23] 
diseases, as well as Transmissible Spongiform Encephalopathies (TSEs), or prion diseases [24,25]. 

Prion diseases are a group of neurodegenerative disorders affecting humans and other animals [26] 
that are caused by an infectious isoform of the innocuous cellular prion protein (PrPC), partially resistant 
to proteases and prone to form aggregates, called PrPSc [27]. The accumulation of the PrPSc in the CNS 
causes spongiform degeneration, glial cell activation, and neuronal loss [28]. Among the various types of 
TSEs, ovine scrapie was the first discovered and is considered a good model for the study of different 
aspects of prion diseases [29,30]. 

Although recent studies have shed light on the possible roles of DNA methylation in the pathogenesis 
of prion diseases [24,25,31–33], knowledge in this field is still scarce. Little is known about how 5mC 
patterns and DNA methylation enzymes behave throughout the course of these diseases and, to the best 
of our knowledge, no study has yet explored the role of 5hmC in prion pathology. The present study aimed 
to evaluate the 5mC and 5hmC brain profiles in a transgenic scrapie mouse model and sheep naturally 
infected with scrapie. Moreover, expression analysis of the genes coding different enzymes involved in 
the DNA methylation process was performed along with a correlation analysis in order to find possible 
associations between the brain levels of 5mC and 5hmC with the expression levels of genes encoding DNA 
methylation enzymes and with prion-related lesions. 

2. Results 
2.1. Scrapie Characterization 
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 Figure 1 shows the PrPSc deposition and vacuolation of the analyzed brain areas in Tg338 mice. The obex, 
mesencephalon, thalamus, and hypothalamus were the areas with higher PrPSc deposits. Regarding vac 
vacuolation, obex, mesencephalon, hypothalamus, and septal area/striatum were the areas that showed 
higher levels of spongiosis. 

 

Figure 1. Semiquantitative evaluation in Tg338 mice of (a) PrPSc deposits and (b) vacuolation on a semiquantitative 
scale being 0 for lack of staining/vacuolation and 5 for the staining/vacuolation present at maximum intensity. In (a) 
preclinical control and clinical control display the same levels of PrPSc deposits. Data are shown as mean values ± SEM 
in the following brain areas: OBEX, cerebellum (CBL), mesencephalon (MES), hippocampus (HC), thalamus (T), 
hypothalamus (HT), parietal cortex (PC), septal area/striatum (SA), and frontal cortex (FC). 

The scrapie characterization of the sheep used in this study was performed previously in an earlier 
publication from our group [34]. 
2.2. Expression Levels of Genes Involved in Epigenetic Regulation 
2.2.1. Gene Expression Profile in Tg338 Mice 
       The expression profile of seven genes described to be involved in epigenetic regulation (Dnmt1, 
Dnmt3a, Dnmt3b, Hdac1, Hdac2, Tet1, and Tet2) was analyzed by quantitative real-time PCR (RT-qPCR) 
in the thalamus of Tg338 mice, a transgenic scrapie mouse model expressing a transgenic VRQ allele of 
the ovine PRNP gene under the ovine PrP promoter [35,36]. The mice were divided into four groups of 
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study: clinical and preclinical mice infected with scrapie and their corresponding controls, designated as 
clinical control and preclinical control, respectively. 

In all the studied genes, preclinical mice showed lower expression levels compared to their controls. 
This decreased expression was statistically significant in Dnmt3b (p < 0.05) and Tet1 (p < 0.05), and 
showed a trend to signification (p = 0.1) in Dnmt1, Dnmt3a, Hdac2, and Tet2. Moreover, the expression 
of these genes in preclinical mice was also significantly lower than the one observed in clinical mice, the 
difference being statistically significant for Dnmt3b (p < 0.05) and Hdac1 (p < 0.05), and with a trend to 
signification for Dnmt1 (p = 0.1). On the contrary, no significant differences were observed between 
clinical mice and their controls (Figure 2). Ct values of the RT-qPCR analysis are presented in 
Supplementary Table S1. 

 

Figure 2. Relative expression levels in terms of 2−∆∆Ct of epigenetic regulatory genes in the thalamus of Tg338 mice.  p 

= 0.1; * p < 0.05. 

In order to test if the lack of statistical significance was due to age differences within the group that 
could modify gene expression, we calculated the correlation between gene expression Ct values and age 
in controls. No significant Pearson correlation values were found (p > 0.05) for any of the analyzed genes. 

2.2.2. Gene Expression Profile in Sheep 
In sheep, the expression profile of six genes (DNMT1, DNMT3A, DNMT3B, HDAC1, HDAC2, and TET1) 

was also analyzed by RT-qPCR in the thalamus region. The sheep were divided into three groups of study: 
preclinical scrapie-infected sheep, clinical scrapieinfected sheep, and healthy control sheep. 

No significant differences were observed in the expression levels of DNMT1, DNMT3A, and DNMT3B 
genes between the different groups of animals. However, a trend to signification (p = 0.1) between control 
and preclinical sheep, and between control and clinical sheep was observed in TET1, whose expression 
levels, just like in mice, were lower in clinical and preclinical sheep compared to the control ones. In 
addition, downregulation of HDAC2 was observed in preclinical sheep compared to controls and clinical 
animals (p < 0.05). These expression trends in the HDAC2 gene were like those observed in preclinical 
Tg338 mice. A downregulation of HDAC1 expression was also observed in clinical scrapie sheep compared 
to controls (p = 0.1), in contrast with the increased expression displayed by the clinical Tg338 mice (Figure 
3). Ct values of the RT-qPCR analysis are shown in Supplementary Table S2. Similar to mice, gene 
expression levels did not correlate with age in controls. 
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Figure 3. Relative expression levels in terms of 2 −∆∆Ct of genes involved in epigenetic regulation in the thalamus of 

sheep.  p = 0.1; * p < 0.05. 

2.3. 5-Methylcytosine and 5-Hydroxymethylcytosine Brain Profiles of Tg338 Mice and Sheep 2.3.1. 5mC 
and 5hmC Levels in Tg338 Mice Brains 

Immunohistochemistry was performed in CNS tissue sections from Tg338 mice for the detection of 
5mC and 5hmC. Nine brain areas were studied in the four groups of mice: the frontal cortex, parietal 
cortex, thalamus, hypothalamus, hippocampus, mesencephalon, cerebellum, obex, and septal 
area/striatum. 

In all the studied brain areas, 5mC and 5hmC displayed intranuclear staining in neurons and glial 
cells. 

Regarding 5mC levels, clinical and preclinical mice displayed similar levels across all the studied brain 
areas (Figure 4). The same trend was observed between preclinical mice and their respective controls 
(Figure 4). The obex was the only area that showed a significant difference, namely a decrease in 5mC 
levels in clinical compared to control mice (p < 0.05) (Figures 4 and 5). To determine whether the lack of 
significance between the different groups was a consequence of differences in age at the sacrifice, we 
calculated Pearson’s correlation between age and immunohistochemical parameters in the animals of 
control groups, finding only a significant positive correlation (p < 0.05) in the cerebellum (r = 0.68) and 
hypothalamus (r = 0.70). 

 

Figure 4. Comparison of 5mC Image J scores of the studied brain areas in the different mice groups: preclinical control, 
clinical control, preclinical, and clinical mice. The nine studied areas were the obex, cerebellum (CBL), mesencephalon 
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(MES), hippocampus (HC), thalamus (T), hypothalamus (HT), parietal cortex (PC), septal area/striatum (SA), and 
frontal cortex (FC). The data are presented as mean values ± SEM. * Significant difference between clinical control 
and clinical mice (p < 0.05).  

 

 

Figure 5. Representative images of 5mC immunostaining in the obex of clinical control mice and clinical and preclinical 
mice. 

A different pattern was observed for 5hmC. Clinical mice showed similar levels to their controls in 
all studied brain areas (Figure 6). In contrast, 5hmC levels were increased in preclinical mice compared to 
their controls and the clinical mice (Figure 6). This increase was significant in some of the analyzed brain 
areas, including in the parietal cortex and cerebellum between preclinical and control mice (p < 0.05) and 
in the thalamus (p < 0.05), hypothalamus (p < 0.01), parietal cortex (p < 0.01), and cerebellum (p < 0.05) 
between preclinical and clinical mice (Figures 6 and 7). Hydroxymethylation did not display a significant 
correlation with age in any of the analyzed areas (Pearson’s correlation p > 0.05). 

 

Figure 6. Comparison of 5hmC Image J scores of the studied brain areas in the different mice groups: preclinical 
control, clinical control, preclinical, and clinical mice. The nine studied areas were the obex, cerebellum (CBL), 
mesencephalon (MES), hippocampus (HC), thalamus (T), hypothalamus (HT), parietal cortex (PC), septal area/striatum 
(SA), and frontal cortex (FC). The data are presented as mean values ± SEM. + Significant difference between 
preclinical control and preclinical mice (p < 0.05); × significant difference between preclinical and clinical mice (p < 
0.05); ×× significant difference between preclinical and clinical mice (p < 0.01). 
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Figure 7. Immunostaining patterns of 5hmC in the parietal cortex, thalamus, and hypothalamus of 
preclinical and clinical Tg338 mice. 
2.3.2. 5mC and 5hmC Levels in Scrapie Sheep Brains 

In sheep CNS tissue sections, immunohistochemistry was performed to detect 5mC and 
5hmC in eight areas: the frontal cortex, basal ganglia cortex, basal ganglia, parietal cortex, 
thalamus, hippocampus, mesencephalon, and obex. 

Both 5mC and 5hmC showed nuclear and perinuclear staining in neurons and glial cells. The 
levels of 5mC negatively correlated with age in the thalamus of control sheep 
(r = −0.95, p = 0.02). No significant correlations were found in any other areas for 5mC or 5hmC. 

Like what was observed in mice, clinical and preclinical sheep showed similar 5mC levels in 
all studied brain areas (Figure 8). However, infected animals displayed lower values of 5mC signal 
than controls (Figure 8). This reduction was significant in the mesencephalon (p < 0.05), thalamus 
(p < 0.01), and parietal cortex (p < 0.01) of clinical scrapie sheep (Figures 8 and 9), and in the 
mesencephalon (p < 0.05), obex (p < 0.05), thalamus (p < 0.05), and parietal cortex (p < 0.01) of 
preclinical animals (Figures 8 and 9). 
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Figure 8. Comparison of 5mC Image J scores in the three sheep groups: control, preclinical, and clinical. The 
analyzed brain areas were the obex, cerebellum (CBL), mesencephalon (MES), thalamus (T), parietal cortex 
(PC), basal ganglia (BG), basal ganglia cortex (BGC), and frontal cortex (FC). The data are presented as mean 
values ± SEM. * Significant difference between control and clinical sheep (p < 0.05); ** significant difference 
between control and clinical sheep (p < 0.01); + significant difference between control and preclinical sheep 
(p < 0.05); ++ significant difference between control and preclinical sheep (p < 0.01). 

Interestingly, 5hmC displayed the same pattern as 5mC. Contrary to the changes found in 
mice, no differences were observed in the levels of 5hmC between clinical and preclinical sheep 
(Figure 10), and lower levels of 5hmC were found in both clinical and preclinical sheep in 
comparison to healthy animals (Figure 10). This decrease in 5hmC levels was significant in the 
mesencephalon (p < 0.01), obex (p < 0.05), thalamus (p < 0.01), and parietal cortex (p < 0.01) of 
clinical animals (Figures 10 and 11), and also in the mesencephalon (p < 0.001), obex (p < 0.01), 
thalamus (p < 0.01), and parietal cortex (p < 0.01) of preclinical animals (Figures 10 and 11). 
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Figure 9. Immunostaining determination of 5mC in mesencephalon and thalamus of preclinical, clinical, and 
control sheep. 

 

Figure 10. Comparison of 5hmC Image J scores in the three sheep groups: control, preclinical, and clinical. 
The analyzed brain areas were the obex, cerebellum (CBL), mesencephalon (MES), thalamus (T), parietal 
cortex (PC), basal ganglia (BG), basal ganglia cortex (BGC), and frontal cortex (FC). The data are presented 
as mean values ± SEM. * Significant difference between control and clinical sheep (p < 0.05); ** significant 
difference between control and clinical sheep (p < 0.01); ++ significant difference between control and 
preclinical sheep (p < 0.01); +++ significant difference between control and preclinical sheep (p < 0.001). 

 

Figure 11. Immunostaining patterns of 5hmC in the mesencephalon, obex, and thalamus of preclinical, 
clinical, and control sheep. 

2.4. Correlation between 5mC and 5hmC Levels 
Pearson’s correlation was used to evaluate the relationship between 5mC and 5hmC. 

Comparing all the analyzed brain areas, 5mC and 5hmC displayed a weak but significant positive 
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correlation in Tg338 mice (r = 0.1432, p = 0.0459) and a stronger correlation in sheep (r = 0.6136, 
p = 1.023 × 10−12), as shown in Figure 12a,b, respectively. 

 
(a)                                                            (b)  

Figure 12. Pearson’s correlation between 5mC and 5hmC in (a) Tg338 mice and (b) sheep. 

2.5. Correlation between the Levels of 5mC and 5hmC and the Expression Levels of Epigenetic 
Regulatory Genes in Tg338 Mice and Sheep 

In the thalamus region of Tg338 mice and sheep brains, some associations were observed 
between 5mC and 5hmC levels, and several genes were implicated in epigenetic regulation using 
Pearson’s correlation. Most of these associations were related to 5hmC levels. 

In Tg338 mice, significant positive correlations were observed between 5hmC and Dnmt1 
(r = 0.5559, p = 0.0166) (Figure 13a), Dnmt3a (r = 0.6579, p = 0.0016) (Figure 13b), Tet1 (r = 
0.6479, p = 0.0027) (Figure 13c), Tet2 (r = 0.5290, p = 0.0199) (Figure 13d), and Hdac1 (r = 0.5861, 
p = 0.0066) (Figure 13e). 
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Figure 13. Correlations in the thalamus region of 5mC and 5hmC with the expression levels of some genes 
involved in epigenetic regulation. 5hmC positively correlated with (a) Dnmt1, (b) Dnmt3a, (c) Tet1, (d) Tet2, and 
(e) Hdac1 in Tg338 mice, and 5mC (f) and 5hmC (g) negatively correlated with HDAC2 in sheep. 

On the contrary, significant negative correlations between HDAC2, 5mC (r = −0.5538, p = 
0.0322) (Figure 13f), and 5hmC levels (r = −0.6278, p = 0.0122) (Figure 13g) were observed in sheep. 

2.6. Correlation of 5mC and 5hmC Levels with Prion-Related Lesions 
Spearman’s correlation revealed some associations between 5mC, 5hmC, and prionrelated 

lesions when comparing all the analyzed brain areas in the full set of animals, especially in sheep. 
Vacuolation was negatively correlated with 5mC in Tg338 mice (ρ = −0.1528, p = 0.0295). 

In sheep, 5mC displayed a negative correlation with PrPSc deposition (ρ = −0.3082, p = 0.0015) 
and vacuolation (ρ = −0.4369, p = 0.000002). 5hmC was also negatively correlated with 
vacuolation (ρ = −0.4167, p = 0.000006) and PrPSc accumulation (ρ = −0.3731, p = 0.00006). 
However, these significant correlations were lost when this parameter was calculated using only 
the set of scrapie-infected animals. 
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3. Discussion 
Although recent evidence suggests an involvement of DNA methylation in prion disease 

pathology, the knowledge about its specific functions and roles is still limited. In the current 
study, we assessed the 5mC and 5hmC immunohistochemical brain profiles and the expression 
levels of genes encoding DNA methylation enzymes in a murine model of scrapie disease (Tg338 
mice) and sheep naturally infected with scrapie. Moreover, we analyzed possible associations 
between the 5mC and 5hmC levels with prion-related lesions and with the expression levels of 
the DNA methylation-related genes. 

The levels of 5mC have been studied in other neurodegenerative diseases, such as AD. In 
the brain of a triple-transgenic mouse model of AD (3xTg-AD) [37] and the brain of preclinical AD 
patients [38], a decrease in this epigenetic modification was reported. Similar results have been 
observed in our study, where scrapie-infected sheep and mice showed similar patterns. Clinical 
and preclinical animals displayed comparable brain levels of 5mC, which were significantly lower 
in the obex of clinical mice and the mesencephalon, thalamus, parietal cortex, and obex of clinical 
and preclinical sheep. Furthermore, a negative association of 5mC levels with prion-related 
lesions was observed in mice and especially in sheep, in which a negative correlation of 5mC with 
PrPSc accumulation and vacuolation was found, although the statistical significance of this 
correlation was lost when considering only the set of scrapie animals. This decrease in 5mC 
immunostaining is not related with the loss of cells due to prion toxicity and the consequent loss 
of nuclei because immunoreactivity was normalized taking into account the number of nuclei in 
each area. As a result, the decrease must be due to a real decrease in immunostaining inside the 
nucleus of the different cell populations. Although experimental animals used here displayed a 
similar age, small age differences at animal sacrifice could possibly have an effect on DNA 
methylation. Within the control group, age variability was found significantly correlated with 
5mC in the thalamus of the control sheep. Nevertheless, the reduction in 5mC was still significant 
in the scrapie thalamus. In control mice, 5mC correlated with age in hypothalamus and 
cerebellum. We cannot discard the possibility that significant differences in these two specific 
areas of CNS between control and scrapie mice could have been observed in more homogenous 
groups. If the decline observed in 5mC levels is a trigger of the disease or a consequence of the 
disease-related neurodegenerative lesions, it is still unclear and warrants further investigation. 

Several reports have shown distinctive levels of 5hmC in Alzheimer’s and Parkinson’s 
diseases with different trends between studies. In preclinical and clinical AD patients, different 
brain regions have been shown to display higher levels of 5hmC [20,38,39]. This increment was 
also observed in 3xTg-AD [37] and amyloid precursor protein (APP)/presenilin 1 (PS1) [40] AD 
mouse models and in the cerebellum of PD patients [22,41]. However, other studies point to a 
decrease in 5hmC in the entorhinal cortex and cerebellum of AD patients [42] and the brain of 
3xTg-AD [43] and APP/PS1 [44] mice. In the present study, contrarily to 5mC, 5hmC levels 
displayed opposite results between sheep and mice. An increase in 5hmC levels was found in 
preclinical mice, whereas in clinical and preclinical sheep, 5hmC levels decreased in different CNS 
areas. Differences between the experimental and the natural model may be due to differences 
in the stage of disease in preclinical animals, whereas a controlled scrapie inoculation in mice 
allows sacrificing animals in a true preclinical stage clearly distinct from the clinical phase; 
preclinical sheep can be detected in a late stage, closer to the onset of symptoms. 

Although no association was found between prion lesions and 5hmC in mice, in sheep, both 
5mC and 5hmC correlated negatively with PrPSc deposits and vacuolation. Similarly, these 
correlations were not observed in the set of scrapie animals, suggesting that the correlation is 
linked to the course of the disease but not to the degree of the lesion. In the natural model, 
5hmC follows the same decrease trend as 5mC. This positive correlation between 5mC and 5hmC 
has been reported in other studies of patients with autism [45] and AD [20]. As opposed to a 
negative correlation that could be related to the increment of 5hmC as a consequence of the 
decline in 5mC levels, the concurrent decrease in 5mC and 5hmC suggests that 5hmC could have 
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a specific role in prion disease pathology and not only act as a demethylation intermediate of 
5mC. 

Differential expression of genes encoding epigenetic regulatory enzymes was also 
observed. Dnmt3b interacts with Hdac1 during the establishment of DNA methylation patterns 
[46]. Moreover, along with its role in de novo DNA methylation, Dnmt3b also functions as a DNA 
dehydroxymethylase, able to directly convert 5hmC to an unmethylated cytosine (C) [47]. In our 
study, preclinical mice displayed downregulation of Dnmt3b whereas, in clinical mice, Dnmt3b 
expression returns to normal levels. This early downregulation was not associated with a 
decrease in 5mC in the thalamus. In sheep, neither DNMT3B expression nor the levels of 5mC 
were modified significantly between preclinical and clinical animals. These expression changes 
are neither related to an increase in 5hmC, on the contrary, a significant decrease in 5hmC was 
observed in both, mice and sheep infected with scrapie. Modification in gene expression could 
be related with other biological processes. In the adult brain, Dnmt3b is required for 
neurogenesis, facilitating the neuronal maturation in the hippocampus of adult mice [48], and it 
also plays a role in regulating object-place recognition memory [49]. Hdac1 is needed as well for 
neuronal differentiation of murine hippocampal neural stem cells [50] and is involved in DNA 
damage repair pathways and cognitive function [51], including fear extinction learning [52]. This 
latter brain function is compromised in schizophrenia patients [52]. Upregulation of HDAC1 has 
been found in the prefrontal cortex of patients with schizophrenia [53] and overexpression of 
this enzyme seems to ameliorate the fear extinction learning cognitive function in mice [52]. The 
upregulation of Hdac1 observed in clinical mice could be a compensatory mechanism trying to 
maintain balanced levels of 5mC and 5hmC, and at the same time, counteract the 
neurodegenerative effects produced by scrapie disease. 

A recent study in mouse embryos showed that Hdac1 and Hdac2 were essential for 
maintaining correct DNA methylation patterns during preimplantation development. Deficiency 
of Hdac1 and Hdac2 in these embryos caused an increase in both forms of DNA methylation, 
5mC and 5hmC [54]. Therefore, the upregulation of HDAC2 observed in clinical scrapie sheep 
could contribute to the decrease in 5mC and 5hmC levels. Upregulation of HDAC2 has also been 
observed in the brain of patients with AD [55] and PD [56] and Swiss albino old mice, and HDAC2 
overexpression has been correlated with reduced recognition memory [57,58]. Inhibition of 
HDAC2, conversely, slows down AD progression through ameliorating amyloid beta-induced 
neuronal impairments in APP/PS1 mice [59], enhancing mitochondrial respiration and reducing 
the levels of neurotoxic amyloid beta peptides in induced pluripotent stem cell-derived neurons 
[60]. These findings suggest that upregulation of HDAC2, in addition to contributing to the 
decline of 5mC and 5hmC, may also be entailed in aggravating the neurodegenerative process. 
Further studies are essential for delving into the specific role of this enzyme in prion diseases 
and studying its potential as a therapeutic target. 

On the other hand, Tet1, which was downregulated in preclinical mice and preclinical and 
clinical sheep, is one of the enzymes capable of the conversion of 5mC to 5hmC, as well as its 
further oxidation to 5fC and 5caC intermediates [61]. The relationship between Tet1 expression 
and 5hmC levels is somewhat controversial. Decreased levels of TET1 accompanied by increased 
levels of 5hmC have been observed in chondrocytes from patients suffering osteoarthritis due 
to the minor conversion of 5hmC to 5fC or 5caC [62]. Cancer-related studies, however, show an 
association between reduced TET1 expression levels and a decrease in 5hmC [63,64]. In addition, 
this enzyme has important functions in the adult brain beyond its role in DNA demethylation, 
being necessary for a functional axonmyelinic interface and a successful myelin repair [65] and 
also critical in the regulation of the neuroinflammation process, associating a downregulation of 
Tet1 with aberrant activation of inflammatory response pathways [66]. Interestingly, 
neuroinflammation is increased during the course of scrapie disease [67–70]. In addition, Tet1 
knock-out mice show a deficiency in adult neurogenesis, spatial learning, and memory [71]. The 
downregulation of Tet1 during scrapie disease could have different functional implications 
regarding the regulation of 5hmC levels, which are positively correlated with the levels of Tet1 
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in mice and decrease when the expression of this gene is downregulated and could also be 
involved in the impairment of the myelin repair and neuroinflammation pathways and the 
disruption of the neurogenesis process, contributing altogether to the disease progression. 

In conclusion, our results show that DNA methylation and its regulating enzymes are 
involved in scrapie disease pathology, although there are differences in the epigenetic regulation 
between the natural model of the disease and the transgenic model. Both methylation forms, 
5mC and especially 5hmC, were altered across different brain regions in the two models. 5mC 
diminished in infected mice and sheep and opposite trends were found for 5hmC, which 
increased in preclinical mice but diminished in preclinical and clinical sheep. The correlation 
found between 5mC and 5hmC suggests that the latter could have a relevant role in prion 
pathogenesis, not only as the intermediate derivative of 5mC. Differential expression of genes 
encoding epigenetic enzymes was also observed and related mainly to 5hmC patterns. Further 
studies are warranted to uncover the roles of 5mC and especially 5hmC in prion pathology. 
Oxidative bisulfite sequencing approaches would be necessary in order to quantify exactly the 
brain levels of 5hmC and 5mC and to identify specific genes with differential methylation or 
hydroxymethylation. More research is also indispensable to unravel the exact functions of the 
different enzymes of the epigenetic machinery in the disease progression and their potential for 
therapeutic interventions. 

4. Materials and Methods 
4.1. Animals 
4.1.1. Tg338 mice 

Tg338 mice (n = 24), which express a transgenic VRQ allele of the ovine PRNP gene under 
the ovine PrP promoter [35,36], were used in this study. The mice were divided into four groups: 
clinical mice (n = 6), preclinical mice (n = 6), clinical control (n = 6), and preclinical control (n = 6). 
Clinical and preclinical mice were intracerebrally inoculated with Tg338-adapted classical scrapie 
CNS homogenate, originally derived from ARQ/ARQ scrapie sheep, while preclinical and clinical 
controls were mock inoculated with noninoculated Tg338 CNS homogenate, using the procedure 
described earlier [72]. 

The animals included in the preclinical group were sacrificed before showing symptoms 
associated with scrapie and the clinical ones once they already showed these symptoms. At the 
same time, the control animals of each group were sacrificed at similar times. Animals in the 
preclinical groups were inoculated approximately 6 weeks later than the clinical groups in order 
to sacrifice all animals at similar ages and avoid a possible effect of age in the observed epigenetic 
modifications [73,74]. In an attempt to achieve homogeneous groups, controls and preclinical 
mice were sacrificed at different times corresponding to the days on which the animals in the 
clinical group were sacrificed, when each of them showed clear symptoms of prion disease. The 
characteristics of the Tg338 mice are summarized in Table 1. 
Table 1. Characteristics of the Tg338 mice whose samples were used in this study. ID = mouse identification 
code and DPI = days post-inoculation at which they were sacrificed. 

Group ID Gender Age of Inoculation (Days) Age of Sacrifice (Days) DPI 

Clinical control 

7854-O Male 42 216 174 

7850-O Male 42 196 154 

6797-O Male 42 190 148 

8756-O Male 42 210 168 

8916-O Male 42 212 170 

8258-O Male 35 214 179 

Clinical mice 7741-O Male 35 189 154 
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8562-O Male 35 203 168 

7840-O Male 35 209 174 

5720-O Male 35 214 179 

0445-O Male 35 205 170 

0527-O Male 35 183 148 

Preclinical control 

6404-O Male 77 214 137 

8373-O Male 84 219 135 

8508-O Male 84 196 112 

5997-O Male 84 212 128 

6768-O Male 84 212 128 

7038-O Male 84 196 112 

Preclinical mice 

7731-O Male 79 191 112 

6775-O Male 79 214 135 

7000-O Male 79 216 137 

7457-O Male 79 207 128 

6248-O Male 79 207 128 

6500-O Male 79 191 112 

4.1.2. Sheep 
A total of 15 female Rasa Aragonesa sheep, aged between 4 and 6 years and carrying the 

ARQ/ARQ genotype for the ovine PRNP gene, were included in this study. They were divided into 
three groups depending on their clinical status: clinical sheep (n = 5), preclinical sheep (n = 5), 
and control sheep (n = 5). All selected animals had similar ages in order to exclude a possible 
influence of age in the observed epigenetic modifications [73,74]. Sheep in the preclinical stage 
were identified by immunohistochemical analysis of rectal mucosa biopsies and sacrificed before 
clinical signs were detectable by pentobarbital overdose, whereas animals in the clinical stage 
were identified by the observation of scrapie-related symptoms. These animals correspond to 
those used previously in an assessment study of neurogranin and neurofilament light chain as 
preclinical biomarkers in scrapie [34]. 

4.2. Tissue Collection 
After the euthanasia of Tg338 mice, the brain of each mouse was harvested and divided 

sagittally. One hemisphere was fixed by immersion in 10% formalin for up to 48 h for further 
histopathological and immunohistochemical analyses. The other hemisphere was frozen 
immediately in dry ice and conserved at −80 ◦C. From this hemisphere, the thalamus region was 
used for gene expression studies. 

Regarding ovine samples, after sheep were sacrificed, samples from eight areas of the CNS 
(the frontal cortex, basal ganglia cortex, basal ganglia, parietal cortex, thalamus, hippocampus, 
mesencephalon, and obex) were collected and fixed in 10% formaldehyde for further use in 
histopathological and immunohistochemical analyses. In addition, thalamus samples from each 
sheep were preserved in RNAlaterTM solution (Thermo Fisher Scientific, Waltham, MA, USA) for 
gene expression analyses. 

4.3. Neuropathological Evaluation of Tg338 Mice and Scrapie Sheep 
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Tg338 brains fixed previously in formalin were embedded in paraffin wax, cut into 4-µm-
thick sections, and mounted on glass slides for evaluation of vacuolation, a prionrelated lesion, 
using hematoxylin and eosin (H-E) staining. PrPSc deposition analysis was carried out using the 
paraffin-embedded tissue (PET) blot method previously described [75]. Briefly, paraffin-
embedded sections were collected onto nitrocellulose membranes (0.45 µm pore size; Bio-Rad, 
Hercules, CA, USA) and digested with 250 µg/mL of proteinase K for 2 h at 56 ◦C. Proteins 
adhered to the membrane were denatured with 3 M guanidine thiocyanate (Sigma-Aldrich, St. 
Louis, MO, USA) and PrPSc was detected using Sha31 mouse monoclonal antibody (SPI-Bio, 
Montigny le Bretonneux, France) at 1:8000 dilution for 1 h. Sections were then incubated for 1 
h with an alkaline phosphatase-coupled goat anti-mouse antibody (Dako, St. Clara, CA, USA) at 
1:500 dilution. Enzymatic activity was visualized using NBT/BCIP chromogen (Sigma-Aldrich, St. 
Louis, MO, USA). Vacuolation and PrPSc deposition were semiquantitatively evaluated per area 
with a scale score, being 0 for lack of vacuoles/PrPSc deposit and 5 for very intense 
vacuolation/PrPSc deposit, following the standard method to assess these features [76]. The 
histopathological data of PrPSc deposition and vacuolation are shown in Figure 1 and 
Supplementary Table S3. In scrapie sheep, paraffin-embedded 4 µm-thick sections from the 
eight previously mentioned areas were used for histopathological evaluation of vacuolation by 
H-E staining. PrPSc was detected by immunohistochemistry using the monoclonal primary 
antibody L42 (RBiopharm, Darmstadt, Germany) at 1:500 dilution for 30 min after formic acid 
treatment and proteinase K digestion, as previously described [77]. The histopathological 
evaluation of these sheep was performed in a previous study [34]. 

4.4. Expression Analysis of Genes Involved in Epigenetic Regulation 
4.4.1. Gene Expression Analysis in Tg338 Mice 

Seven genes, described to be involved in epigenetic regulation, were selected for the 
analysis of their expression profile in the thalamus of Tg338 mice: Dnmt1, Dnmt3a, Dnmt3b, 
Hdac1, Hdac2, Tet1, and Tet2. Table 2 shows TaqMan assays (Thermo Fisher Scientific) used for 
the amplification of the genes of interest. 

Table 2. References of the probes used for the RT-qPCR TaqMan amplification assay in Tg338 mice. ID = 
identification of the commercial company (Thermo Fisher Scientific, Waltham, MA, USA). 

Gene ID 

Dnmt1 Mm01151063_m1 

Dnmt3a Mm00432881_m1 

Dnmt3b Mm01240113_m1 

Tet1 Mm01169087_m1 

Tet2 Mm00524395_m1 

Hdac1 Mm02745760_g1 

Hdac2 Mm00515108_m1 

Sdha Mm01352366_m1 

H6pd Mm00557617_m1 

Total RNA was isolated using the RNeasy Lipid Tissue Mini kit (Qiagen, Valencia, CA, USA). 
The quality and quantity of RNA were determined using a NanoDrop instrument (Thermo Fisher 
Scientific, Waltham, MA, USA). An amount of 200 ng of total RNA was used for retrotranscription 
with qScriptTM cDNA Supermix (Quanta BiosciencesTM, Gaithersburg, MD, USA), according to the 
manufacturer’s instructions. The resulting complementary DNA (cDNA) was diluted 1:5 in water 
and gene expression was quantified by RT-qPCR using the TaqMan universal PCR master mix 
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assays (Thermo Fisher Scientific) in a StepOne Plus Real-Time PCR instrument (Applied 
Biosystems, Waltham, MA, USA). All reactions were run in triplicate. The comparative 
quantification of the results was standardized by the 2−∆∆Ct method [78], using the geometric 
mean of Sdha and H6pd housekeeping genes (Table 2) as a normalizer. Student’s t-test was 
applied to identify differences between groups, which were considered significant at p < 0.05. 

4.4.2. Gene Expression Analysis in Sheep 
The expression profile of six genes (DNMT1, DNMT3A, DNMT3B, HDAC1, HDAC2, and TET1) 

was assessed in sheep thalamus samples. The primers used for the RT-qPCR assay are listed in 
Table 3. 

Table 3. Sequences of primers used in the RT-qPCR assay in sheep. Fw = Forward primer and Rv = Reverse 
primer. 

Gene Primer Sequences 

DNMT1 
Fw: 5´-CCCAGGAGAAGCAAGTCTGATG-3´ 
 Rv: 5´-TGATGGTGGTCTGCCTGGTAGT-3´ 

DNMT3A 
Fw: 5´-GGGACCCCTACTACATCAGCAA-3´ 
 Rv: 5´-GCATTCATTACTGCGATCACCTT-3´ 

DNMT3B 
Fw: 5´-TGGTTTGGTGATGGCAAGTTC-3´ 
 Rv: 5´-TGAAGGTCGCCAGGTTAAAGTG-3´ 

HDAC1 
Fw: 5´-CCTCTCCGAGATGGGATTGA-3´ 
 Rv: 5´-CTGCACTGGGCTGGAACAT-3’ 

HDAC2 
Fw: 5´-GGAGCCCATGGCGTACAGT-3´ 
Rv: 5´-ACCCTGTCCGTAGTAATAATTTCCA-3´ 

TET1 
Fw: 5´-GAAATGCAATAAGGATAGAAATAGTAGTGTACA-3´ 
 Rv: 5´-TCTTCGTCGCTGCTTCTTCTT-3´ 

Total RNA isolation and retrotranscription were performed following identical procedures 
to the ones used with murine samples. The resulting cDNA was diluted 1:5 in water and gene 
expression was quantified by RT-qPCR using the Fast SYBRTM Green Master Mix (Applied 
Biosystems, Thermo Fisher Scientific) in a StepOne Plus Real-Time PCR instrument (Applied 
Biosystems). Each PCR was performed in triplicate. The results were standardized by the 2−∆∆Ct 

method [78], using the geometric mean of SDHA and G6PDH housekeeping genes [79] as a 
normalizer. To identify differences between groups, Student’s t-test was performed, and 
significant differences were considered at p < 0.05. 

4.5. Immunohistochemical Analysis of 5-Methylcytosine and 5-Hydroxymethylcytosine Levels in 
Tg338 Mice and Sheep 

Immunohistochemistry for the detection of 5mC and 5hmC was performed in 
paraffinembedded CNS tissue sections from Tg338 mice and sheep. In Tg338 mice, nine brain 
areas were studied: the frontal cortex, parietal cortex, thalamus, hypothalamus, hippocampus, 
mesencephalon, cerebellum, obex, and septal area/striatum. In sheep, a total of eight brain areas 
were analyzed: the frontal cortex, basal ganglia cortex, basal ganglia, parietal cortex, thalamus, 
hippocampus, mesencephalon, and obex. 

After deparaffination and rehydration, tissue sections were subjected to antigen retrieval 
with citrate buffer (pH 6.0) for 20 min at 85 ◦C in a PTLink (Dako). Afterward, endogenous 
peroxidase activity was blocked using a precast solution (Dako Agilent, Glostrup, Denmark). 
Sections were then incubated overnight at 4 ◦C with the primary antibodies 5mC (Thermo Fisher 
Scientific, AB_2787107) at 1:100 dilution in Tg338 mice and 1:75 in sheep and 5hmC (Thermo 
Fisher Scientific, AB_2610634) at 1:200 dilution in Tg338 mice and 1:75 in sheep. The omission 
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of the primary antibody served as a background control for the nonspecific binding of the 
secondary antibody. Subsequently, the sections were incubated 
with an anti-mouse enzyme-conjugated EnVision polymer (Dako Agilent, Glostrup, Denmark) 
for 30 min at room temperature. Diaminobenzidine (DAB, Dako Agilent, Glostrup, Denmark) 
was used as the chromogen. 

CNS sections were assessed and photographed using a Zeiss Axioskop 40 optical 
microscope (Zeiss, Jena, Germany). 5mC and 5hmC immunostaining levels were evaluated using 
Image J software and following the semi-quantification analysis method [80], in which for each 
image, the DAB staining intensity is normalized by the number of nuclei. Afterward, the 
normalized DAB staining intensity mean and its standard deviation were calculated for each 
group of animals (clinical, preclinical, and control) in both Tg338 mice and sheep. Student’s t-
test was applied to identify differences between scrapie-infected and control groups, which 
were considered significant at p < 0.05. 
4.6. Correlation between 5mC and 5hmC Levels, Age, Gene Expression, and Prion-Associated 
Features 

Pearson’s and Spearman’s correlations calculated with GraphPad Prism software v.5 were 
used to evaluate possible relationships between 5mC and 5hmC intensities and the expression 
levels of epigenetic regulatory genes in the thalamic region, and between 5mC and 5hmC levels 
and prion-related lesions in both Tg338 mice and sheep. Correlations were considered significant 
at p < 0.05. Correlations between the different methylation parameters and age were also 
calculated in control groups of mice and sheep in order to evaluate if age differences within 
groups could affect the obtained results. 
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Simple Summary: Prion diseases are neurodegenerative disorders affecting humans and animals. The 
development of in vitro cellular models from naturally susceptible species like humans or ruminants can 
potentially make a great contribution to the study of many aspects of these diseases, including the ability of 
prions to infect and replicate in cells and therapeutics. Our study shows for the first time how ovine 
mesenchymal stem cells derived from bone marrow and their neural-like progeny are able to react to scrapie 
prion infection in vitro and assesses the effects of this infection on cell viability and proliferation. Finally, we 
observe that the differentiation of ovine mesenchymal stem cells into neuron-like cells makes them more 
permissive to prion infection. 

Abstract: Scrapie is a prion disease affecting sheep and goats and it is considered a prototype of transmissible 
spongiform encephalopathies (TSEs). Mesenchymal stem cells (MSCs) have been proposed as candidates for 
developing in vitro models of prion diseases. Murine MSCs are able to propagate prions after previous 
mouse-adaptation of prion strains and, although ovine MSCs express the cellular prion protein (PrPC), their 
susceptibility to prion infection has never been investigated. Here, we analyze the potential of ovine bone 
marrow-derived MSCs (oBM-MSCs), in growth and neurogenic conditions, to be infected by natural scrapie 
and propagate prion particles (PrPSc) in vitro, as well as the effect of this infection on cell viability and 
proliferation. Cultures were kept for 48–72 h in contact with homogenates of central nervous system (CNS) 
samples from scrapie or control sheep. In growth conditions, oBM-MSCs initially maintained detectable levels 
of PrPSc post-inoculation, as determined by Western blotting and ELISA. However, the PrPSc signal weakened 
and was lost over time. oBM-MSCs infected with scrapie displayed lower cell doubling and higher doubling 
times than those infected with control inocula. On the other hand, in neurogenic conditions, oBM-MSCs not 
only maintained detectable levels of PrPSc post-inoculation, as determined by ELISA, but this PrPSc signal also 
increased progressively over time. Finally, inoculation with CNS extracts seems to induce 
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the proliferation of oBM-MSCs in both growth and neurogenic conditions. Our results suggest that oBM-MSCs 
respond to prion infection by decreasing their proliferation capacity and thus might not be permissive to prion 
replication, whereas ovine MSC-derived neuron-like cells seem to maintain and replicate PrPSc. 

Keywords: scrapie; prion; sheep; infection; mesenchymal stem cell; in vitro model 

 

1. Introduction 

        Transmissible spongiform encephalopathies (TSEs) or prion diseases are fatal 
neurodegenerative disorders that affect humans and animals [1]. These diseases are caused by 
the conformational conversion of the cellular prion protein (PrPC) to an infectious isoform that 
is partially resistant to proteases and prone to forming aggregates called PrPSc [2]. The 
accumulation of this isoform in the central nervous system (CNS) causes spongiform neuronal 
degeneration, activation of glial cells and neuronal loss [3]. Scrapie, which affects sheep and 
goats, was the first reported TSE [4] and it is considered the prototype of these diseases [5]. 

      Cell culture systems are useful tools to study prion protein propagation in TSEs and to 
identify new prion therapeutics [6]. However, only a few cell lines can be infected and display 
PrPSc accumulation and/or infectious capacity [7]. In most cases, murine cell lines are used, 
requiring a previous mouse-adaptation of the prion strain to eliminate the problem of the 
species barrier [8]. 

Mesenchymal stem cells (MSCs) are fibroblast-like cells characterized by their capacity for 
both self-renewal and differentiation in mesodermal tissues (osteoblasts, adipocytes, 
chondrocytes and myocytes) [9]. These cells can also transdifferentiate in vitro into neuronlike 
cells [10,11] and undifferentiated cells expressing PrPC [12], which seems to play a key role in 
the neuronal differentiation process of MSCs [13–15]. 

Murine compact bone-derived MSCs (CB-MSCs) are able to migrate to brain extracts from 
prion-infected mice in vitro and significantly prolong the survival of mice infected with the 
Chandler prion strain when injected in vivo [16]. Furthermore, murine bone marrow-derived 
mesenchymal stem cells (BM-MSCs) can be infected with a Gerstmann– Sträussler–Scheinker 
strain adapted in mice ex vivo [17] and maintain the infectivity along passages. The susceptibility 
of these cells to prion infection makes them good candidates for use in developing in vitro 
models for prion research [18]. Therefore, the development of in vitro models from naturally 
prion-susceptible species like humans or ruminants, which would avoid the adaptation process, 
would be very useful for cutting-edge prion research. Although in recent studies, human 
cerebral organoids [19] and astrocytes [20], both derived from human induced pluripotent stem 
cells (iPSCs), have been described to maintain and propagate prion infectivity in vitro, in 
domestic species like sheep, the reprogramming of somatic cells to iPSCs might require 
adjustments of standard protocols. 

We have previously described the isolation of ovine MSCs from peripheral blood (oPB-
MSCs), which express PrPC at the transcript level [21]. Our group also reported the presence of 
PrPC in ovine bone marrow-derived MSCs (oBM-MSCs) at both transcript and protein levels [18]. 
However, in contrast to BM-MSCs obtained from individuals with sporadic Creutzfeldt-Jakob 
disease (CJD), who are positive to PrPSc [12], the pathogenic prion protein was not detected in 
oBM-MSCs isolated from scrapie sheep [18]. In addition to the lack of PrPSc, these cells displayed 
diminished proliferation potential compared to oBM-MSCs derived from healthy sheep. To the 
best of our knowledge, the susceptibility of oBM-MSCs to scrapie infection in vitro and their 
potential to replicate prions have never been investigated. The aim of the present study was to 
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assess the susceptibility of oBMMSCs and their derivative neuron-like cells to scrapie prion 
infection in vitro, their potential to replicate prions and the effects of this infection on cell 
viability and proliferation. 
2. Materials and Methods 
2.1. Animals and Sample Collection 
       Bone marrow samples were obtained from 11 adult female (n = 7) and male (n = 4) sheep, 
aged from 1 to 7 years and carrying different genotypes for the PRNP gene (Table 1). After 
animal sedation (Xylazine) and local anesthesia (Lidocaine), bone marrow aspirates were 
harvested from the humeral head using a 13 G Jamshidi needle and 10-mL syringes previously 
loaded with 0.5 mL of sodium heparin. All procedures were carried out under Project Licence 
PI06/12, approved by the Ethical Committee for Animal Experiments from the University of 
Zaragoza. The care and use of animals were performed in accordance with the Spanish Policy 
for Animal Protection, RD53/2013, which meets European Union Directive 2010/63 on the 
protection of animals used for experimental and other scientific purposes. 
Table 1. Characteristics of the animals selected to obtain bone marrow mesenchymal stem cells. The different assays 
in which the ovine bone marrow-derived mesenchymal stem cells (oBM-MSCs) were used, are also shown—Western 
blotting assay (WB), proliferation assay (PA), cell viability assay (MTT) and ELISA. 

Sheep Genotype Sex Age (Years) Scrapie Status Breed Assay 
BMO1 ARQ/ARQ Female 7 Exposed, not detected Rasa Aragonesa WB, PA 
BMO2 ARQ/ARQ Female 4 Exposed, not detected Rasa Aragonesa WB, PA 
BMO3 ARQ/ARQ Female 4 Exposed, not detected Rasa Aragonesa WB, PA 
BMO4 ARQ/ARQ Male 1 Exposed, not detected Rasa Aragonesa MTT, ELISA 
BMO5 ARQ/ARQ Male 2 Preclinical Crossbreed MTT, ELISA 
BMO6 ARQ/ARQ Female 6 Exposed, not detected Ojinegra MTT, ELISA 
BMO7 ARQ/ARQ Male 3 Exposed, not detected Crossbreed MTT, ELISA 
BMO8 ARQ/ARQ Female 7 Exposed, not detected Rasa Aragonesa MTT 
BMO9 ARR/ARQ Female 5 Exposed, not detected Rasa Aragonesa MTT 

BMO10 ARQ/VRQ Female 4 Exposed, not detected Crossbreed MTT 
BMO11 ARQ/VRQ Male 2 Preclinical Crossbreed MTT, ELISA 

      The animals used in this study were maintained in an experimental flock in which the 
prevalence of scrapie was high. Although none of the animals displayed clinical signs compatible 
with scrapie, an in vivo test for PrPSc determination using third-eyelid biopsies was performed as 
previously described [22,23] to identify any scrapie-infected preclinical sheep. Two males were 
positive to scrapie but their cultures were maintained in the study to evaluate if these cultures 
could react differently to those obtained from negative sheep, although in previous studies 
infectivity was not detected in oBM-MSCs derived from scrapie sheep [18]. Negative animals 
were those that did not show scrapie compatible symptoms and were negative to PrPSc based 
on a third-eyelid biopsy. 

2.2. Ovine Mesenchymal Stem Cell Isolation and Culture 
     MSC isolation from bone marrow aspirates (3–5 mL) was performed following the previously 
described protocol [18,21,24]. This protocol is based on the separation of the mononuclear 
fraction after density gradient centrifugation in Lymphoprep (Atom) and further isolation thanks 
to the ability of MSCs to adhere to plastic. After isolation, cells were expanded up to passage 3 
in basal medium, consisting of low glucose Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine 
(Sigma-Aldrich) and 1% streptomycin/penicillin (Sigma-Aldrich). 

     In addition to plastic-adherence in standard culture conditions, the minimal criteria to define 
MSCs are the expression of certain cell surface markers and the ability to differentiate into 
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adipocytes, osteoblasts and chondroblasts in vitro [25]. The ability to differentiate to 
mesodermal lineages and the expression of mesenchymal and hematopoietic markers of these 
cultures have been evaluated previously [18]. After characterization, the expression of PrPC in 
oBM-MSCs was confirmed by RT-qPCR and dot blotting [18]. 

2.3. Neurogenic Differentiation 
     To study whether neural differentiation increased the susceptibility to prion infection, oBM-
MSC cultures were seeded at 1500 cells/cm2 and differentiated into neuron-like cells using 
HyClone neurogenic medium (Thermo Scientific, Waltham, MA, USA) according to the 
manufacturer’s instructions. The differentiation process lasted three days. Neural 
differentiation was monitored and confirmed by observing the cultures through an inverted 
optical microscope. The formation of neuron-like cells was seen within 24 h, peaking at 72 h 
(Figure 1a,b), as previously described [18]. 

 

Figure 1. oBM-MSC differentiation into neuron-like cells 3 days after neurogenic induction with HyClone neurogenic 
medium: (a) oBM-MSCs in growth conditions and (b) oBM-MSCs in neurogenic differentiation. 

2.4. Scrapie Inocula and Infection of oBM-MSC and Neuron-Like Cultures 
       Inocula were prepared using CNS samples from one healthy (negative controls) and one 
classical scrapie-infected sheep carrying the ARQ/ARQ genotype and preserved at the tissue 
bank of the Center of Encephalopathies and Emerging Transmissible Diseases (CEETE; University 
of Zaragoza). The presence/absence of PrPSc in the tissues was confirmed following protocols 
reported in other works [26], using two rapid diagnostic tests (Prionics-Check Western blotting; 
ThermoFisher Scientific and Idexx HerdChek; IDEXX, Westbrook, ME, USA) and confirmation by 
immunohistochemical examination of CNS tissue. CNS samples were homogenized and diluted 
1:10 (g/mL) in physiological saline solution (Braun). Afterwards, samples were treated at 70 ◦C 
for 10 min before adding streptomycin sulphate (100 µg/mL) and benzylpenicillin (100 µg/mL). 
In order to check the safety of the inocula once generated, samples were incubated in blood 
agar plates, and the absence of any bacterial growth was confirmed. 

      To determine the effect of prion infection on the proliferation potential and the ability of 
prion replication, oBM-MSCs cultures were seeded at 5000 cells/cm2 for proliferation conditions 
and at 1500 cells/cm2 for neurogenic conditions. In both cases, three groups were established: 
positive, negative and control cultures. Positive cultures were infected with inocula from a 
scrapie-infected sheep, negative cultures with inocula from a healthy sheep and control cultures 
were kept in standard conditions. After adhesion for 24 h, basal media was substituted by 
inocula diluted 1:10 in DMEM media (10% FBS, 1% L-glutamine and 1% streptomycin/penicillin) 
for the oBM-MSC cultures and in HyClone media for the oBM-MSC cultures in neurogenic 
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differentiation. Cells were maintained in this medium for 48 h to analyze the proliferation 
potential and cell viability and for 72 h for the MTT/ELISA assays. Afterwards, the medium was 
changed twice a week. 

2.5. Proliferation Potential and Cell Viability 
       To determine the effect of prion infection on oBM-MSC proliferation potential, cultures 
from three different donors (biological replicates) were seeded in 6-well plates at 5000 
cells/cm2, inoculated with scrapie and control inocula and maintained until passage 3 post-
infection; every passage was performed at around 80% confluence. Adherent cells were 
counted every passage and the cell doubling number (CD) and cell doubling time (DT), used to 
determine the time it takes for a population of cells to double in size, were calculated as 
previously described [21,24]. The results were evaluated using the paired Student’s t-test. 

      To assess early prion toxicity, cell viability was also evaluated using MTT in oBM-MSC from 
8 donors at 3, 7 and 10 days post-inoculation (dpi), seeding 4 technical replicates for each 
culture. oBM-MSC cultures were seeded in 96-well plates at 5000 cells/cm2 in growth conditions 
and at 1500 cells/cm2 in neurogenic differentiation conditions. Briefly, the MTT assay was 
performed by adding 25 µL of MTT solution (2 mg/mL) per well. Then, the plates were incubated 
at 37 ◦C for 4 h. Afterwards, the content of each well was removed and was substituted with 
150 µL of HCl solution (HCl 40 mM in isopropanol) per well. Plates were then incubated for 1 h 
at room temperature protected from light. The absorbance was measured at 570 nm in an 
Infinite F200 microplate reader (Tecan Ibérica Instrumentación, Barcelona, Spain). A calibration 
curve was prepared with different amounts of cells. Since oBM-MSCs in growth conditions are 
seeded in a higher density than the ones in neurogenic differentiation conditions, two 
calibration curves were prepared: a more concentrated one to compare oBM-MSCs in growth 
conditions (Figure S1a) and a more diluted one to compare cultures in neurogenic conditions 
(Figure S1b). In both cases, the calibration curve enabled us to establish the relationship 
between absorbance and the amount of cultured cells. The toxicity of the prion was studied in 
three conditions (inoculated with scrapie-positive brain homogenates, negative brain inoculum 
and noninoculated controls) and at three different stages (3, 7 and 10 dpi). As cells were kept 
in contact with the inoculum for 72 h, the stage 3 dpi corresponds to the moment just after 
inoculum removal. The moment of the infection with the inocula was considered as day 0. The 
normality of the results was evaluated with Shapiro–Wilk and D’Agostino–Pearson tests. 
Differences in cell viability and proliferation were evaluated with Student’s t-test. Statistical 
significance was defined as p < 0.05. 

2.6. PrPSc Detection 

       Cells from the three biological replicates analyzed in the proliferation assay were used to 
evaluate if PrPSc was increased or maintained along the passages in MSC cultures infected with 
scrapie and maintained under grown conditions. Approximately 106 cells of passages 1, 2 and 3 
post-infection were frozen at −80 ◦C for further PrPSc determination by Western blotting. Pellets 
of frozen cells were homogenized in 100 µL of PBS. Afterwards, samples were analyzed using 
the BSE Scrapie Discriminatory Kit (Bio-Rad Laboratories, Hercules, CA, USA) and treated 
following the manufacturer’s recommendations. Electrophoresis was developed in 12% SDS-
PAGE gels. Protein was then transferred to a 0.20-µm nitrocellulose membrane (Bio-Rad). CDP-
Star substrate (ThermoFisher Scientific, Westbrook, ME, USA) was used to determine 
chemiluminescence in a Versa-Doc Imaging System (Bio-Rad Laboratories). Chemiluminescence 
signals were evaluated using ImageJ 1.4.3.67 (Psion Image), as described previously [27]. 
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      Neurogenic differentiation of MSCs requires seeding cells at low density and differentiated 
cells cannot be maintained along passages. To test the ability of these cells to replicate PrPSc, 
we quantified the amount of the pathogenic protein soon after prion infection at three different 
stages (3 dpi, which corresponds to inoculum removal, 7 and 10 dpi) in oBM-MSCs in growth 
and neurogenic differentiation conditions. We used a more sensitive test, the ELISA kit EEB-
Scrapie HerdCheck kit (IDEXX), following the manufacturer’s recommendations. oBM-MSCs 
cultures from 5 donors were seeded in 6-well plates and the retrieval of the cells was performed 
by means of trypsinization and subsequent centrifugation. To quantify the PrPSc detection range 
of the ELISA kit, a calibration curve was performed using different concentrations of scrapie 
inocula (Figure S2). PrPSc was detected in all inoculum concentrations, showing that this kit is 
suitable to detect PrPSc in oBM-MSC cultures, as the amount of inocula used in oBM-MSC 
infection was higher than the most diluted concentration of the calibration curve. The inoculum 
used in the calibration curve was the same used to infect oBM-MSCs in growth and neurogenic 
conditions. For infection, a volume of 100 µL of scrapie inoculum per well was employed, which 
would correspond to >3 units of absorbance. 

3. Results 
3.1. Proliferation Potential of Infected oBM-MSC 
      The effect of scrapie infection on the proliferation capacity was analyzed in oBM-MSCs, 
calculating the CD and DT. Significant differences between cultures infected with scrapie and 
control inocula were found for both CD and DT at the first passage post-infection. CD was higher 
and DT was lower in the cultures treated with control inocula compared to those inoculated 
with scrapie brain cells (Table 2). 

Table 2. Cell doubling number (CD) and cell doubling time (DT) of oBM-MSCs from 3 donors through passages 1 to 3 
post-inoculation with 1% brain homogenates obtained from healthy and scrapie sheep and the average value for the 
three passages (Av). 

Passage 
 Inocula  

Healthy Scrapie 

1 CD 
DT (days) 

3.150 ± 0.286 * 
1.714 ± 0.355 ** 

2.949 ± 0.219 * 
1.825 ± 0.343 ** 

2 CD 
DT (days) 

3.22 ± 0.651 
2.054 ± 0.653 

2.870 ± 0.531 
2.291 ± 0.681 

3 CD 
DT (days) 

1.93 ± 0.390 
2.116 ± 0.428 

1.807 ± 0.027 
2.214 ± 0.033 

Av CD 
DT (days) 

2.871 ± 0.711 * 
1.942 ± 0.469 

2.634 ± 0.597 * 
2.097 ± 0.469 

Significant differences were calculated using Student’s t-test (* p < 0.05, ** p < 0.01). 

3.2. Cell Viability of Infected Cultures 
       The effect of prion infection on cell viability was studied in three conditions (scrapie positive 
inoculum, healthy/negative inoculum and control without inoculum) and at three different 
stages (3, 7 and 10 dpi) in oBM-MSCs in growth conditions and in neurogenic differentiation. 

       Proliferation was evidenced in oBM-MSC cultures maintained in growth medium under the 
three conditions. Inoculated cultures displayed higher number of cells than controls at the three 
stages (3, 7 and 10 dpi). Proliferation was significantly lower in scrapie infected cells than in 
cultures treated with negative inocula at 3 dpi but, in subsequent stages (7 and 10 dpi), the 
positive cultures displayed significantly more cells than the negative cultures (Figure 2a). 
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In neurogenic differentiation conditions, the number of cells also increased over time in the 
three conditions, whereas inoculated cultures showed a higher growth than controls. 
Comparing between the inoculated cultures, the number of cells was significantly higher in 
cultures that were in contact with negative inoculum than the ones infected with scrapie, and 
this difference was statistically significant at 10 dpi (Figure 2b). 

 

Figure 2. Cell viability study by MTT in infected oBM-MSC cultures in growth conditions (a) and neurogenic 
differentiation (b) 3, 7 and 10 days post-inoculation (dpi). oBM-MSCs were from 8 different donors and 4 technical 
replicates per culture were seeded. Significant differences were calculated using the Student t-test (* p < 0.05, ** p < 
0.01, *** p < 0.001). 

3.3. PrPSc Detection in Infected oBM-MSCs, Analyzed by Western Blotting 

After inoculation of oBM-MSCs in growth conditions, surviving cells retained their ability to 
proliferate and were expanded until passage 3 post-infection. Western blotting analysis 
revealed the presence of PrPSc in the cultures during these three passages although the intensity 
of bands decreased with the number of passages (Figures 3 and S3) and was lost in further 
subcultures. 

 

Figure 3. Determination of PrPSc by Western blotting in oBM-MSCs (BM1, BM2, BM3) infected with scrapie inocula at 
passages 1 to 3 (P1, P2, P3). MWSC = molecular weight marker; C (+) = positive control. 
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3.4. Prion Detection by ELISA in oBM-MSC and Neuron-Like Cultures Infected with Scrapie 
       To test the ability of MSC-derived neuron-like cells to replicate prions, the presence of PrPSc 

was studied by means of ELISA immediately after infection at three different stages (3, 7 and 10 
dpi) in oBM-MSCs infected with positive inocula in growth and neurogenic differentiation 
conditions. 
       In oBM-MSCs maintained under growth conditions, a decrease in ELISA absorbance was 
observed, which could be associated with a loss of the PrPSc signal. Significant differences were 
found between 3 dpi and 7 dpi (p < 0.05) and 3 dpi and 10 dpi (p < 0.01) (Figure 4a). 
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Figure 4. PrPSc detection via ELISA in infected oBM-MSC cultures from 5 donors in growth (a,b) and neurogenic 
differentiation (c,d) conditions 3, 7 and 10 days post-inoculation (dpi). Significant differences were calculated using 
Student’s t-test (* p < 0.05, ** p < 0.01). 
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     In contrast, the majority (four out of five) of neuron-like differentiated cultures showed an 
increase in absorbance over time, which could be associated with a progressive increase in the 
PrPSc signal. Even though most of the cultures had an increasing signal pattern, as one of them 
(BMO4) displayed decreased absorbance over time, no significant differences were found 
between any of the three stages (Figure 4b). 

     Although we used the same inoculum in all cultures, the initial amount of PrPSc was different 
in each culture at 3 dpi, suggesting a heterogeneity in the ability to retain prions. Higher cellular 
density under growth conditions would explain the higher absorbance observed in this 
condition, compared to neurogenic conditions. 

4. Discussion 
     Prion diseases are fatal neurodegenerative disorders affecting humans and animals. Over the 
years, a substantial effort has been made to develop in vitro models for the study of these 
pathologies. Most of the cellular models are based on the culturing of murine cell lines [8] and 
require a previous adaptation of the strain to mice, due to the well-known phenomenon of the 
species barrier. Therefore, in vitro models with a natural host background would be very useful 
tools for research into many prion topics, e.g., prion replication, toxicity, genetic susceptibility, 
differences in strain susceptibility, early mechanisms of infection and new treatment testing. 

     MSCs can be easily collected from several accessible adult tissues like bone marrow or 
peripheral blood [8,28] and they show the ability to transdifferentiate into neuronal elements 
in vitro [10,29]. Several works have described the ability of murine stromal cells to propagate 
prion infectivity [12,17,30,31] and expanded MSCs obtained from sporadic Creutzfeldt-Jakob 
disease CJD patients have been shown to be positive for PrPSc [12]. The infectivity of MSCs 
obtained from sick individuals does not seem to be a pan-species characteristic, as oBM-MSCs 
from scrapie infected sheep did not show PrPSc [18]. Although MSCs derived from human, cattle 
and sheep express PrPC [12,18] to the best of our knowledge, the potential of MSCs derived from 
these naturally susceptible species to propagate prion infection in vitro has never been 
investigated. In the present work, we infected ovine bone marrow-derived MSCs and their 
neuron-like derivatives with scrapie-infected sheep isolates to study the response of these cells 
to prion infection during a certain period of time. 

     MSCs can migrate to prion-affected neurological tissues as a response to secreting trophic 
factors that activate endogenous restorative reactions in the injured brain [32–34]. In our study, 
cell viability was higher in both oBM-MSCs and neural-differentiated cultures after inoculation 
compared with non-inoculated control cultures in the three monitored stages (3, 7 and 10 dpi), 
which suggests that brain inocula, independently of their origin, may contain factors that 
stimulate oBM-MSC proliferation. 

     Murine stromal cells are able to propagate prions for many passages [17,30]. On the contrary, 
oBM-MSCs do not seem to be permissive to PrPSc infection. The loss of PrPSc signal over time 
detected by ELISA in oBM-MSC cultures soon after infection with positive inocula suggests that 
these cells, if infected, are unable to replicate the prions, unlike what happens in mice. Similarly, 
Western blotting revealed the presence of PrPSc in scrapie-infected oBM-MSC cultures three 
passages after inoculation, but the presence of the pathologic protein seemed also to be 
weakened between passages 2 and 3, suggesting that PrPSc may be taken up by oBM-MSCs 
without leading to a successful prion infection. In some works, murine BM-MSCs infected with 
prions in vitro showed few or no PrPSc production during the first 10 or even 50 passages [12,31] 
and stable and detectable (by Western blotting) production of PrPSc afterwards. We could not 
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explore this possibility because, contrary to murine cells, MSCs obtained from humans or 
unconventional model organisms including sheep are able to be maintained in culture for far 
fewer passages [35,36]. 

       Moreover, after inoculation with scrapie, oBM-MSC cultures displayed a high proliferation 
rate, with an average doubling time during the three passages that was lower than the DT 
described previously for BM-MSC cultures derived from scrapie and healthy sheep [18]. Cell 
division modulates prion accumulation in cultured cells [37] and direct proximity between donor 
and recipient cells increases the infection in other cell culture models [38]. The high proliferation 
rate observed in oBM-MSCs could help to avoid the transmission of PrPSc from infected cells to 
non-infected ones because the cells are not in contact for a long enough time. Therefore, only 
the cells infected during the inoculation process and their daughters would show infection and 
this would be diluted in successive passages. Changes in culture conditions focused on slowing 
down the proliferation rate or increasing their contact in spheroid cultures could facilitate the 
propagation. 

       On the other hand, we cannot discard the possibility that infection with scrapieinfected 
brain cells could be toxic for the oBM-MSC cultures. Even though no toxicity was observed in 
murine MSCs infected with the CJD agent [12], we have to take into account that our cells come 
from a naturally susceptible host. In our study, CD was significantly higher in cells infected with 
healthy brain extracts and, accordingly, DT was higher in cells infected with scrapie inocula. 
Therefore, those cells exposed to scrapie prions showed lower proliferation potential, similar to 
the findings observed in MSCs obtained from scrapie sheep [18]. This could be a consequence 
of the loss of infected cells due to prion toxicity. In the MTT assay, the effect of prion infection 
on cell viability was evaluated during the first passage after prion infection. Toxicity seems to be 
an early effect of prion infection, as 3 days after inoculation, viability was lower in scrapie 
cultures than in healthy infected cultures. In contrast with the first assay, at the end of this 
passage (10 dpi), the number of cells in scrapie-infected cultures was higher than that in the 
cultures inoculated with control brain cells. This could be a consequence of differences in the 
inocula, as brain tissues used in the different experiments were different and could have 
contained different amounts of PrPSc and therefore exhibited different degrees of toxicity. 
Nevertheless, throughout all passages, CD and DT differences were lower and, similarly, the 
number of cells in scrapie-infected cultures increased after early toxicity. In both cases, this 
increase in proliferation and viability was accompanied by the loss of PrPSc detection, which 
might indicate a recovery of the cell culture conditions after the elimination of PrPSc infected 
cells, increasing the proportion of non-infected cells, which display higher proliferation 
potential. 

      Regarding the differentiation of oBM-MSC cultures into neuron-like cells, although certain 
toxicity was also observed 3 days after prion infection, four out of the five cultures analyzed 
seemed to be infected and possibly displayed the ability to replicate the pathological prion 
protein. Although we did not obtain statistical support for this observation, the ELISA assay 
showed that these cells maintained the PrPSc signal and this signal increased progressively over 
time. Similarly, astrocytes derived from human induced pluripotent stem cells are capable of 
replicating prions from brain samples of CJD patients, generating prion infectivity in vitro [20]. 
Taking this into account and knowing that cells from the central nervous system are the target 
of the pathological prion protein, oBM-MSC-derived neuron-like cells may have a greater ability 
to capture and replicate PrPSc than oBM-MSCs in growth conditions. The lack of statistical 
significance in our results was due to the existence of variability in prion replication, as one 
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culture (BMO4) failed to replicate prions. This culture displayed a PRNP genotype identical to 
other three cultures (ARQ/ARQ), suggesting that, in addition to the PRNP genotype, other 
factors influence prion replication. Despite all the cultures being infected with the same amount 
of inoculum, BMO4 was the one that showed the highest absorbance for PrPSc under both 
growth and differentiation conditions. Differences in the ability to access prions could explain 
differences in toxicity and prion replication. 

      The observed differences in undifferentiated and differentiated oBM-MSCs suggest that the 
latter possess a competence for infection that it is not present at the MSC stage, even though 
they share a genetic background for each given animal. This system, using oBM-MSC-neuron-
like derivates, could serve for the investigation (in an isogenic context) of the molecular trigger 
that sustains scrapie infection in vitro, specifically in the neural lineage. In addition, differences 
between cultures harboring the same PRNP genotype could help in the identification of other 
factors related to prion susceptibility. 

5. Conclusions 
     This work describes for the first time the infection with scrapie agents of bone marrow-
derived MSCs obtained from sheep, which is a natural host of prion diseases. Culturing ovine 
MSCs with CNS extracts in growth and neurogenic conditions induced cell proliferation, 
although some toxicity was observed in scrapie-infected cultures. Inoculated oBM-MSCs in 
growth conditions were not permissive to prion infection, whereas most cultures under 
neurogenic differentiation conditions seemed to retain and replicate the pathological prion 
protein. oBM-MSC-derived neuron-like cells could be a good candidate for developing in vitro 
studies in species for which iPSC reprogramming is not standardized, like sheep. Further studies 
focusing on elucidating the molecular mechanisms implicated in retaining prion infectivity and 
inducing prion toxicity in mesenchymal stem cells and MSC-derived neuron-like cells are 
warranted. 

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10 
.3390/ani11041137/s1, Figure S1: Calibration curves used in the MTT assay: (a) calibration curve used to establish 
the relationship between absorbance and the amount of MSCs in growth conditions (r2 = 0.96) and (b) calibration 
curve used to establish the relationship between absorbance and the amount of MSCs in neurogenic conditions (r2 = 
0.98). Figure S2: Calibration logarithmic curve used to evaluate the sensitivity of PrPSc detection of the EEB-Scrapie 
HerdCheck kit, where y = 0.626ln(x) + 0.4023 and r2 = 0.9911. Figure S3: Full Western blotting membranes used for 
PrPSc determination in oBM-MSCs (BM1, BM2, BM3) infected with scrapie inocula at passages 1 to 3 (P1, P2, P3). 
MWSC = molecular weight marker; C (+) = positive control. 
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Abstract 

In neurodegenerative diseases, including prion diseases, cellular in vitro models appear as 
fundamental tools for the study of pathogenic mechanisms and potential therapeutic 
compounds. Two-dimensional (2D) monolayer cell culture systems are the most used cell-based 
assays, but these platforms are not able to reproduce the microenvironment of in vivo cells. This 
limitation can be surpassed using three-dimensional (3D) culture systems such as spheroids, that 
mimic better the in vivo cell interactions.  Here, we evaluated the effect of scrapie prion infection 
in monolayer-cultured ovine bone marrow-derived mesenchymal stem cells (oBM-MSCs) and 
oBM-MSC-derived spheroids in growth and neurogenic conditions, analysing their cell viability 
and the ability to maintain prion infection. MTT assay was performed in oBM-MSCs and 
spheroids subjected to three conditions: inoculated with brain homogenate from scrapie-
infected sheep, inoculated with brain homogenate from healthy sheep and non-inoculated 
controls. The 3D conditions improved the cell viability in most cases, although in scrapie-infected 
spheroids in growth conditions a decrease in cell viability was observed. The levels of 
pathological prion protein (PrPSc) in scrapie-infected oBM-MSCs and spheroids were measured 
by ELISA. In neurogenic conditions, monolayer cells and spheroids maintained the levels of PrPSc 
over time. In growth conditions, however, oBM-MSCs showed decreasing levels of PrPSc 
throughout time, whereas spheroids were able to maintain stable PrPSc levels. The presence of 
PrPSc in spheroids was also confirmed by immunocytochemistry. Altogether, these results show 
that 3D culture microenvironment improves the permissiveness of oBM-MSCs to scrapie 
infection in growth conditions and maintains the infection ability in neurogenic conditions, 
making this model of potential use for prion studies. 

Keywords: 3D culture; Spheroids; Mesenchymal stem cells; Scrapie; Prion 
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1. Introduction 

Cell cultures have proven to be useful tools for a variety of applications in research. There 

are currently many established cell lines and primary cultures available and widely used for 

different purposes. Two-dimensional (2D) platforms in which flat monolayer cells are 

cultured are the most commonly used for research in cell-based assays 1. These 2D cell 

culture systems are accessible, convenient and cost-effective 1. However, various limitations 

are still of concern, including the failure to imitate the in vivo architecture and 

microenvironments. Compared with in vivo cells, 2D-cultured cells possess many different 

features such as morphological characteristics, proliferation and differentiation potentials, 

interactions of cell-cell and cell-surrounding matrix, and signal transduction 1–3. 

To overcome these drawbacks, three-dimensional (3D) cell culture platforms emerge as a 

promising approach. Although the optimal 3D condition requirements vary between cell 

types and the characteristic features of cells in 3D cultures differ in accordance with their 

types, these 3D culture systems have proven to be more realistic for translating cell-based 

assay findings to in vivo applications due to their ability to closely mimic the behaviour of in 

vivo cells 4. There are different 3D culture systems including spheroids, organoids, hydrogel 

embedding, bioreactors, scaffolds and bioprinting 1,5, that have potential applications in 

drug discovery, disease modelling and tissue engineering 6–8. 

Spheroids are multicellular aggregates with spherical shape that can be formed from several 

types of cells including mesenchymal stem cells (MSCs) 9. They are able to better mimic cell-

cell and cell-matrix interactions than 2D cultures, but they lack the capacity to recapitulate 

the tissue organization exhibited in vivo 10. In MSCs, spheroid formation enhances the 

characteristics of these cells by improving their stemness, facilitating the differentiation to 

multiple lineages and delaying the in vitro replicative senescent processes 11–13. 

In the field of neurodegenerative diseases, 3D cell culture platforms appear as good models 

to reproduce different features of neurodegeneration link to these diseases. In Alzheimer’s 

disease (AD), 3D hydrogel embedded human neural stem cells 14,15 and neural progenitor 

cells 16,17, and scaffold-encapsulated induced pluripotent stem cell (iPSC)-derived neural 

progenitor cells 18 can recapitulate amyloid-beta aggregation and accumulation of 

hyperphosphorylated tau, which are key hallmarks in this disease. Furthermore, a triculture 

model using neurons, astrocytes and microglia constructed in a microfluidic platform also 

showed these AD hallmarks and allowed the study of microglia recruitment, 

neuroinflammatory response and neuron/astrocyte damage 19. Human iPSC-derived 

hippocampal spheroids 20 and brain organoids 21–23 have also been developed, having as well 
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the ability to mimic AD pathology and the potential to be used for screening therapeutic 

strategies. In Parkinson’s disease (PD), dopaminergic neurons 24,25 and SH-SY5Y 

neuroblastoma cells 26,27 cultured in matrigel-based platforms can model several PD features 

such as α-synuclein accumulation and Lewy body-like inclusions. Midbrain organoids 

carrying LRRK2 G2019S mutation have also been created to successfully model LRRK2-

associated sporadic PD 28. 

Prion diseases or Transmissible Spongiform Encephalopathies (TSEs) are neurodegenerative 

disorders caused by a pathological misfolded protein derived from the innocuous cellular 

prion protein (PrPC) called PrPSc 29. These diseases occur in humans and animals and among 

the various types of TSEs, the one affecting sheep and goats, known as scrapie, was the first 

discovered and is considered a good model for studying different disease aspects in these 

pathologies 30–32. Regarding 3D culture methods, only two studies using human cerebral 

organoids have been reported. In these studies, iPSC-derived human cerebral organoids 

were able to uptake and propagate sporadic Creutzfeldt Jakob disease (sCJD) prions 33 and 

also responded to an anti-prion compound by showing delayed prion propagation 34. 

A previous study of our group evaluated the effect of scrapie prion infection in ovine bone 

marrow-derived mesenchymal stem cells (oBM-MSCs) cultured in growth conditions and 

subjected to neurogenic differentiation 35. In this study, oBM-MSCs initially took up PrPSc but 

they were not able to maintain it over time. MSC-derived neuron-like cells, on the contrary, 

absorbed and maintained stable PrPSc levels throughout the culture time 35. These results 

were obtained using a 2D culture system approach that may not exactly mimic the 

physiological response of these cells to prion infection. Therefore, in the current study, we 

decided to assess the effect of scrapie prion infection in oBM-MSCs-derived spheroids 

cultured in growth and neurogenic conditions, analysing their ability to maintain prion 

infection and the impact of this infection in cell viability. 

2. Materials and methods 

2.1. Bone marrow extraction and ovine mesenchymal stem cell isolation and 

culture 

A bone marrow sample was obtained from an adult female rasa aragonesa sheep of 

two years of age and carrying the ARQ/ARQ genotype for the PRNP gene. After the 

sedation with xylazine and the local anaesthesia with lidocaine, bone marrow 

aspirate was harvested from the humeral head using a 13 G Jamshidi needle and a 

10 mL syringe previously loaded with 0.5 mL of sodium heparin. All procedures were 

carried out under project licence PI44/18, approved by the Ethical Committee for 
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Animal Experiments from the University of Zaragoza. The care and use of animals 

were performed in accordance with the Spanish Policy for Animal Protection, 

RD53/2013, which meets European Union Directive 2010/63 on the protection of 

animals used for experimental and other scientific purposes. 

MSC isolation from the bone marrow aspirate (3 mL) was performed following the 

previously described protocol 36–38. This protocol is based on the separation of the 

mononuclear fraction after density gradient centrifugation in Lymphoprep (Atom) 

and further isolation thanks to the ability of MSCs to adhere to plastic. After 

isolation, cells were expanded up to passage 2 in basal medium, consisting of low 

glucose Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 10 % fetal bovine serum (FBS), 1 % L-glutamine (Sigma-

Aldrich) and 1 % streptomycin/penicillin (Sigma-Aldrich). 

2.2. Ovine mesenchymal stem cell characterization 

The minimal criteria to characterise MSCs are their plastic-adherence capacity in 

standard culture conditions and their ability to differentiate to mesodermal lineages 

(adipocytes, osteoblasts and chondroblasts) in vitro 39. 

Adipogenic, osteogenic and chondrogenic differentiation was evaluated in vitro. The 

differentiation into mesodermal lineages was performed using specific commercial 

differentiation kits for osteogenic (StemPro® Osteogenesis Differentiation Kit, 

Gibco, Life Technologies) and chondrogenic (StemPro® Chondrogenesis 

Differentiation Kit, Gibco, Life Technologies) differentiation and for adipogenic 

differentiation basal medium supplemented with 1 μM dexamethasone, 500 μM 3-

Isobutyl-1-methylxanthine (IBMX), 200 μM indomethacin and 15 % of rabbit serum 

was used 38,40. Subsequently, adipogenic differentiation was confirmed using a 0.3 

% Oil Red O (Sigma-Aldrich) specific stain at day 8 of differentiation; chondrogenic 

differentiation was identified by Alcian Blue G dye (1 : 1 in methanol) (Sigma-Aldrich) 

after 15  days of chondrogenic culture and osteogenic differentiation was confirmed 

by 2 % Alizarin Red S staining (Sigma-Aldrich) at 21 days of culture.  

2.3. Formation and culture of ovine mesenchymal stem cell spheroids 

For spheroid formation, 96-well Nuclon Sphera low-attachment plates 

(ThermoFisher Scientific) were used. In each well, 45,000 cells were seeded to form 

a unique spheroid per well. The cells were seeded in droplets and afterwards 200 

μL of basal medium was added in each well. To ensure a correct formation of the 

spheroids, the plates were incubated during 5 days at 37 °C with 5 % of CO2 without 
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changing the medium. Afterwards, the medium was changed every 48-72 h. After 7 

days of formation, the spheroids were stabilized and ready to perform the 

subsequent assays. 

2.4. Neurogenic differentiation of ovine mesenchymal stem cells and spheroids 

2.4.1. Neurogenic differentiation 

Ovine BM-MSCs were seeded at 5,000 cells/cm2 and differentiated into neuron-

like cells using HyClone AdvanceSTEMTM Neural Differentiation Kit 

(ThermoFisher Scientific) according to the manufacturer’s instructions. The 

differentiation process lasted three days. Neural differentiation was monitored 

by observing the cells through an inverted optical microscope. The formation of 

neuron-like cells was seen within 24 h, peaking at 72 h, as previously described 
36. To maintain the cells in the differentiation state, the medium was changed 

every 48 h. 

For the neurogenic differentiation of spheroids, after they were stabilized, the 

same neural induction kit as 2D cultures was used, following the same 

guidelines for medium change. 

2.4.2. Nissl bodies staining 

To verify the correct neurogenic differentiation, neuron-like cells and spheroids 

were stained with 1 % Cresyl Violet Solution (abcam) to detect Nissl bodies, 

which are granular structures present in neuronal cell bodies and composed of 

rough endoplasmic reticulum rich in RNA 41. The staining was performed after 3 

days of neurogenic differentiation.  

2.4.3. Expression analysis of neuronal markers 

The expression of a set of neuronal markers was assessed by real-time 

quantitative PCR (RT-qPCR) in both neuron-like cells and spheroids. These 

markers were NEFM (Neurofilament medium chain), MAP2 (Microtubule-

associated protein 2) and TUBB3 (Tubulin beta 3 class III) 37. HPRT (Hypoxanthine 

phosphoribosyltransferase) and G6PDH (Glucose-6-phosphate dehydrogenase) 

were used as housekeeping genes 37.  

For total RNA extraction from 2D neuron-like cell cultures and further 

retrotranscription to cDNA, the Cells-to-cDNATM II kit (ThermoFisher Scientific) 

was used. For spheroids, RNA was extracted using the Direct-zolTM RNA 

Miniprep kit (Zymo Research). cDNA was then obtained using the qScriptTM 
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cDNA SuperMix (QuantaBio). All procedures were performed following the 

manufacturer’s instructions. 

Gene expression was quantified by RT-qPCR using the Fast SYBRTM Green Master 

Mix (Applied Biosystems, ThermoFisher Scientific) in a QuantStudio 3 Real-Time 

PCR instrument (Applied Biosystems). The comparative quantification of the 

results was standardized by the 2−∆∆Ct method 42, using the geometric mean of 

HPRT and G6PDH housekeeping genes as a normalizer. 

2.5. Scrapie inocula and infection of 2D ovine mesenchymal stem cell cultures 

and spheroids in growth and neurogenic conditions 

Two different inocula were prepared using central nervous system (CNS) samples: 

one from a healthy sheep (negative control) and one from a classical scrapie-

infected sheep, both carrying the ARQ/ARQ genotype. The inocula were preserved 

at the tissue bank of the Center of Encephalopathies and Emerging Transmissible 

Diseases (CEETE; University of Zaragoza). The presence/absence of PrPSc in the CNS 

tissues was confirmed following the protocols used in previous works 43, which 

consisted of two rapid diagnostic tests (Prionics-CheckWestern blotting; 

ThermoFisher Scientific and Idexx HerdChek; IDEXX, Westbrook, ME, USA) and 

confirmation by immunohistochemical examination of the CNS tissue. CNS samples 

were homogenized and diluted 1:10 (g/mL) in physiological saline solution (Braun). 

Afterwards, samples were treated at 70 °C for 10 min before adding streptomycin 

sulphate (100 µg/mL) and benzylpenicillin (100 µg/mL). To check the safety of the 

inocula once generated, samples were incubated in blood agar plates, and the 

absence of any bacterial growth was confirmed. 

To assess the effect of prion infection in cell viability of 2D oBM-MSC cultures and 

spheroids in growth and neurogenic conditions and their ability to replicate prions, 

oBM-MSCs were seeded at 5,000 cells/cm2 and spheroids were generated from 

45,000 cells each. For each condition, three groups were established: positive, 

negative and control. Positive cells and spheroids were infected with inoculum from 

a scrapie-infected sheep, negative with inoculum from a healthy sheep and control 

cells and spheroids were kept in standard conditions. For infection, basal medium 

was substituted by inocula diluted 1:10 in DMEM medium (10 % FBS, 1 % L-

glutamine and 1 % streptomycin/penicillin) for the 2D oBM-MSCs and spheroids in 

growth conditions, and in HyClone medium for the 2D oBM-MSCs and spheroids 

subjected to neurogenic differentiation. Cells and spheroids were maintained in this 
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medium for 48 h to analyse the cell viability and prion replication ability. Afterwards, 

the medium was changed twice a week. 

2.6. PrPSc detection 

2.6.1. ELISA (Enzyme-linked immunosorbent assay) 

To test the ability to replicate PrPSc of 2D oBM-MSCs and spheroids inoculated 

with scrapie-infected brain homogenate, in growth and neurogenic conditions, 

the amount of the pathogenic protein was quantified at three different stages 

(2 dpi, corresponding to the inoculum removal, 5 and 8 dpi) with the ELISA kit 

EEB-Scrapie HerdCheck kit (IDEXX), following the manufacturer’s 

recommendations. A previous study of our group showed that this kit was 

suitable for a sensitive detection of PrPSc in oBM-MSC cultures 35. oBM-MSCs 

were seeded at 5,000 cells/cm2 in 6-well plates and the retrieval of the cells was 

performed by means of trypsinization and subsequent centrifugation to obtain 

3 technical replicates per condition and time (dpi). Spheroids formed from 

45,000 cells were also collected and 3 spheroids/technical replicates were 

analysed per condition and time (dpi).  

2.6.2. Immunocytochemistry of infected spheroids 

The presence of PrPSc in spheroids was also confirmed by immunocytochemistry 

at 5 dpi. Spheroids in growth and neurogenic conditions were fixed in 4 % 

paraformaldehyde and stained with 0.2 % eosin. Each spheroid was then 

included in a 1 % agarose matrix and subsequently the matrices containing the 

spheroids were embedded in paraffin. Afterwards, paraffin-embedded 

spheroids were cut obtaining 3 µm-thick-slices. Hematoxylin-eosin staining was 

performed to evaluate the integrity of the spheroids after the inclusion in 

paraffin.   

For immunocytochemistry, after deparaffination and rehydration, spheroids 

sections were subjected to antigen retrieval with citrate buffer (pH 6.0) for 10 

min at 96 °C in a PTLink (Dako). Afterwards, endogenous peroxidase activity was 

blocked using a precast solution (Dako Agilent, Glostrup, Denmark). Sections 

were then incubated 30 min at room temperature with the primary antibodies 

L42 (1:500, R-Biopharm, Darmstadt, Germany) and F89 (1:2000, R-Biopharm, 

Darmstadt, Germany). Omission of the primary antibody served as a 

background control for nonspecific binding of the secondary antibody. 

Subsequently, the sections were incubated with an anti-mouse enzyme-
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conjugated EnVision polymer (Dako Agilent, Glostrup, Denmark) for 30 min at 

room temperature. Diaminobenzidine (DAB, Dako Agilent, Glostrup, Denmark) 

was used as the chromogen. Spheroids sections were assessed and 

photographed using a Zeiss Axioskop 40 optical microscope (Zeiss, Jena, 

Germany) and the software AxioVision Rel.4.7. 

2.7. Cell viability assay 

MTT assay was performed to evaluate cell viability and early prion toxicity in oBM-

MSCs and neuron-like cells at 2, 5 and 8 days post-inoculation (dpi). Time 2 dpi 

corresponded to the one of inoculum removal, considering the moment of the 

infection with the inocula as day 0. The toxicity of the prion in oBM-MSCs and 

neuron-like cells was studied in three conditions (inoculated with scrapie-positive 

brain homogenates, negative brain inoculum and non-inoculated controls) and at 

three different stages (2, 5 and 8 dpi). Cells were seeded in 96-well plates at 5,000 

cells/cm2 and 8 technical replicates were analysed for each condition per time (dpi). 

Briefly, the MTT assay was performed by adding 25 µL of MTT solution (2 mg/mL) 

per well. Then, the plates were incubated at 37 °C for 4 h. Afterwards, the content 

of each well was removed and was substituted with 150 µL of HCl solution (HCl 40 

mM in isopropanol) per well. Plates were then incubated for 1 h at room 

temperature protected from light. The absorbance was measured at 570 nm in an 

Infinite F200 microplate reader (Tecan Ibérica Instrumentación, Barcelona, Spain). 

Differences in cell viability were evaluated with Student’s t-test. Statistical 

significance was defined as p < 0.05. 

The viability after prion infection was also analysed in spheroids at both growth and 

neurogenic conditions by MTT assay at 2, 5 and 8 dpi and as well in three conditions 

(inoculated with scrapie-positive brain homogenates, negative brain inoculum and 

non-inoculated controls). Spheroids were formed from 45,000 cells per spheroid in 

96-well Nuclon Sphera low-attachment plates (ThermoFisher Scientific) and 4 

technical replicates were analysed for each condition per time (dpi). The MTT assay 

was performed using the same reagents as in oBM-MSCs and neuron-like cells, but 

the incubation times were different: spheroids were incubated at 37 °C for 24 h with 

MTT solution and 4 h at room temperature protected from light with HCl solution 
44. Differences in cell viability were also evaluated with Student’s t-test and 

statistical significance was defined as well as p < 0.05. 
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3. Results 

3.1. Ovine mesenchymal stem cell differentiation into mesodermal lineages  

To characterise oBM-MSCs, their ability to differentiate into adipocytes, 

chondrocytes and osteocytes was assessed. 

Cells under adipogenic conditions presented red cytoplasmatic lipid droplets (Figure 

1a and b). In chondrogenic conditions, cells aggregated in nodule-like formations 

(Figure 1c and d) and red-stained calcium deposits were found in osteogenic 

conditions (Figure 1e and f).  

 
Figure 1. oBM-MSC staining for adipogenic, chondrogenic and osteogenic 

differentiation. Oil red O staining of cells cultured for 8 days in adipogenic 

differentiation medium (a) and basal medium (b); alcian blue staining of cells 

cultured for 15 days in chondrogenic (c) and basal medium (d) and alizarin red 

staining of cells cultured for 21 days in osteogenic differentiation medium (e) and 

basal medium (f).  

3.2. Spheroid formation 

As shown in Figures 2 and 3, after 7 days of culture, the size of the spheroids was 

stabilized and one spheroid per well was formed. Size of final spheroids ranged 

between 392 and 427 µm. 
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Figure 2. Timeline images of spheroid formation from 1 day to 10 days of culture in 

basal conditions. 

 
Figure 3. Line chart showing the size of the spheroids (µ) throughout 10 days of 

culture in basal conditions. The data are presented as mean values ± SEM (n = 4). 

3.3. Neurogenic differentiation 

3.3.1. Ovine mesenchymal stem cell 2D cultures 

The differentiation of oBM-MSCs into neuron-like cells was assessed by Nissl 

bodies staining in cells subjected to neurogenic differentiation and by analysing 

the expression of three neuronal markers: NEFM, MAP2 and TUBB3. 

The presence of Nissl bodies in the soma of neuron-like cells was confirmed 

using Cresyl Violet staining (Figure 4). Regarding the expression of neuronal 

markers, TUBB3 and MAP2 displayed higher expression levels in neuron-like 
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cells in comparison to the cells in growth conditions. NEFM, conversely, showed 

lower expression levels in cells subjected to neurogenic differentiation (Table 

1). Overall, the presence of Nissl bodies and the increased expression of two 

neuronal markers confirmed the neurogenic differentiation of oBM-MSCs. 

 
Figure 4. oBM-MSCs in basal (a) and neurogenic differentiation (b) conditions. 

Cresyl Violet staining of oBM-MSCs in basal medium (c) and oBM-MSC derived 

neuron-like cells (d) 3 days after neurogenic induction. Nissl bodies present in 

neuron-like cells are marked with red arrows. 

Table 1. Expression levels of neuronal markers NEFM, MAP2 and TUBB3 in oBM-

MSCs and neuron-like cells 3 days after neurogenic induction. Relative 

expression levels are shown in terms of 2 -∆∆Ct. 

Gene Expression levels (2 -∆∆Ct) in 

oBM-MSCs 

Expression levels (2 -∆∆Ct) in 

neuron-like cells 

TUBB3 1 1.46 

NEFM 1 0.50 

MAP2 1 321.63 

 

3.3.2. Spheroids 

The evaluation of neurogenic differentiation in spheroids was carried out in the 

same way as in oBM-MSCs: Cresyl Violet staining was performed along with the 

expression analysis of NEFM, TUBB3 and MAP2 neuronal markers. 
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Together with the presence of Nissl bodies, spheroids under neurogenic 

differentiation conditions displayed a kind of prolongations on its contour that 

could be associated with neuronal morphology (Figure 5). Moreover, in neuron-

like differentiated spheroids, the expression of the three neuronal markers, 

although slightly, was increased compared to the spheroids in basal conditions 

(Table 2). Therefore, the neurogenic differentiation of spheroids was also 

confirmed. 

 
Figure 5. Spheroids in basal (a) and neurogenic differentiation (b) conditions. 

Cresyl Violet staining of spheroids in basal (c) and neurogenic (d) conditions 3 

days after neuronal induction. Blue arrows indicate the prolongations formed 

on the contour of the spheroid and the red arrow marks the Nissl bodies. 

Table 2. Expression levels of neuronal markers NEFM, MAP2 and TUBB3 in 

spheroids in basal and neurogenic differentiation conditions 3 days after 

neurogenic induction. Relative expression levels are shown in terms of 2 -∆∆Ct. 

Gene Expression levels (2 -∆∆Ct) in 

spheroids in basal conditions 

Expression levels (2 -∆∆Ct) in spheroids in 

neurogenic differentiation conditions 

TUBB3 1 1.21 

NEFM 1 1.13 

MAP2 1 2.24 
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3.4. Levels of PrPSc after prion infection 

3.4.1. Ovine mesenchymal stem cells and neuron-like cells infected with scrapie 

PrPSc signal was measured after the infection with scrapie brain homogenate in 

oBM-MSCs and neuron-like cells at 2, 5 and 8 days’ post-inoculation. As shown 

in Figure 6, the levels of PrPSc in oBM-MSCs cultured in 2D decreased over time, 

whereas in neuron-like cells the levels were maintained stable throughout the 

time, with a slight decrease at 8 dpi.  

 

 
Figure 6. PrPSc levels measured by ELISA in oBM-MSCs (a) and neuron-like cells 

(b) 2, 5 and 8 days after prion infection. Data are shown as mean values ± SEM. 

* p < 0.05; ** p < 0.01 



COMPENDIO DE TRABAJOS. MANUSCRITO V 

124 
 

3.4.2. Spheroids in growth and neurogenic conditions infected with scrapie 

The levels of PrPSc detected by ELISA were also analysed in scrapie-infected 

spheroids in growth and neurogenic conditions. Unlike 2D oBM-MSCs, 

spheroids in growth conditions showed stable levels of PrPSc over time (Figure 

7a). In spheroids cultured in neurogenic conditions, a slightly decrease of PrPSc 

signal was found at 5 dpi, but later PrPSc levels were recovered at 8 dpi (Figure 

7b). The presence of PrPSc in scrapie-infected spheroids was as well confirmed 

by immunocytochemistry (Figure 8). 
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Figure 7. PrPSc levels detected by ELISA in spheroids in growth (a) and 

neurogenic (b) conditions 2, 5 and 8 days after prion infection. Data are shown 

as mean values ± SEM. * p < 0.05; *** p < 0.001 

 
Figure 8. Hematoxylin-Eosin staining of spheroids in growth (a) and neurogenic 

(b) conditions. PrPSc immunostaining (brown deposits) of scrapie-infected 

spheroids in growth (c) and neurogenic differentiation (d) conditions, and their 

respective background controls with omission of the primary antibody (e), (f). 

3.5. Viability after prion infection 

3.5.1. oBM-MSC and neuron-like cell 2D cultures 

The effect of prion infection in cell viability was assessed in three infection 

times. oBM-MSCs infected with scrapie-positive inoculum showed increased 

viability compared to the cells infected with negative inoculum and non-

inoculated controls at 2 dpi, whereas, at 5 dpi a significant decrease in viability 

was observed in scrapie and negative-infected cells compared to the controls. 
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At 8 dpi, the levels of viability in cells infected with positive and negative inocula 

were recovered, being similar to the non-inoculated controls (Figure 9a).  

In neuron-like cells, an initial increase in cell viability was also observed in 

scrapie-infected cells along with a significant decrease at 5 dpi. Conversely to 

oBM-MSCs, this decrease was maintained at 8 dpi (Figure 9b). 

 

 
Figure 9. Cell viability of oBM-MSCs (a) and neuron-like cells (b) 2, 5 and 8 days 

after prion infection. The viability values are presented as percentages (%), 

considering the viability of the controls without inoculum as 100 % in all the 

infection times. Data are shown as mean values ± SEM. * p < 0.05; ** p < 0.01; 

*** p < 0.001 
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3.5.2. Spheroids in growth and neurogenic conditions 

Cell viability was also assessed in spheroids in both growth and neurogenic 

differentiation conditions.  

In growth conditions, spheroids infected with negative inoculum displayed 

increasing cell viability over time. The ones infected with positive inoculum, 

otherwise, showed an increased cell viability at 5 dpi but, afterwards, the 

viability decreased greatly at 8 dpi (Figure 10a). 

In neurogenic conditions, spheroids infected with negative inoculum showed as 

well high levels of cell viability during the three infection times. Contrary to the 

observed in spheroids in growth conditions, spheroids infected with scrapie-

positive inoculum displayed an increment in cell viability over time (Figure 10b). 
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Figure 10. Cell viability of spheroids in growth (a) and neurogenic (b) conditions 

2, 5 and 8 days post-inoculation. The viability values are presented as 

percentages (%), considering the viability of the controls without inoculum as 

100 % in all the infection times. Data are shown as mean values ± SEM. * p < 

0.05; ** p < 0.01; *** p < 0.001 

4. Discussion 

Three-dimensional in vitro culture systems have arisen as a novel approach for cell culture. 

These systems are able to better mirror the microenvironment and interactions of the cells 

in vivo, making them useful tools for creating in vitro disease models that reliably reproduce 

disease inherent characteristics. Our group previously evaluated the effect of scrapie prion 

infection in oBM-MSCs cultured in 2D in basal and neurogenic conditions 35. In order to 

determine if the three-dimensional conditions induce changes in the way these cells react 

to prion infection, in the present study, we assessed the effect of scrapie prion infection in 

oBM-MSCs and oBM-MSC-derived neuron-like cells, cultured in two-dimensional monolayer 

conditions and as spheroids, analysing the ability to maintain or propagate PrPSc and a 

possible prion toxicity that could affect cell viability. 

Mesenchymal stem cells were first characterised. The ability to plastic adhesion and the tri-

lineage differentiation confirmed the nature of these cells 37,39.  

Murine bone marrow-derived MSCs can be infected and propagate Fukuoka-1 human prion 

strain 45,46, and a persistent propagation of mouse-adapted variant CJD and Fukuoka-1 strain 

has been described in spleen-derived murine stromal cells 47. In accordance with our 

previous study 35, we have observed a decline in PrPSc levels in 2D cultures of oBM-MSCs 

infected with scrapie throughout the culture time, whereas neuron-like cells displayed 

steady PrPSc levels over time.  These results confirm that oBM-MSCs cultured in two-

dimensional conditions are less permissive to scrapie infection compared to neuron-like 

cells that seem to be able to uptake and maintain scrapie infection over time. 

Regarding 3D in vitro models for prion diseases, only human cerebral organoids have been 

described to uptake and propagate sCJD prions 33. Within MSC-derived spheroids, a specific 

microenvironment more similar to in vivo conditions is formed, in which the diffusion 

inwards of nutrients and gases, and outwards of metabolic wastes is limited 48,49. Moreover, 

a decreased cell size, cell cycle quiescence and reduced energy metabolism have been found 

in MSC-spheroids compared with MSCs in monolayer conditions 48,50,51. The differences in 

the microenvironment of MSCs in 2D and 3D conditions could explain the distinct results 

observed between oBM-MSCs infected with scrapie on a culture plate and scrapie-infected 
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spheroids in growth conditions. Contrary to 2D cultures, spheroids in growth conditions 

were able to maintain stable levels of PrPSc over time. On the other hand, like neuron-like 

cells, spheroids in neurogenic conditions also took up and maintained PrPSc levels. These 

results indicate that the 3D microenvironment makes oBM-MSCs more permissive to prion 

infection when cultured in growth conditions and maintains the ability of neuron-like cells 

to absorb and retain scrapie prions. 

Although primary neuronal cultures show toxicity after prion propagation in vitro that varies 

in a strain- and neuronal type-specific manner 52,53, murine MSCs are able to propagate 

prions in growth conditions without signs of toxicity 45–47. In our previous study, oBM-MSCs 

and their derivative neuron-like cells infected with brain homogenates of healthy and 

scrapie-infected sheep displayed increasing levels of cell viability throughout the culture 

time in comparison to non-inoculated cells, suggesting that brain inocula may contain 

factors that stimulate oBM-MSC proliferation 35. Similarly, in the present study, scrapie-

infected oBM-MSCs showed higher cell viability levels than non-inoculated controls just 

after removing the inocula (2 dpi), however we did not observe this increase in cells 

inoculated with negative inoculum. It seems that MSC division is more stimulated with 

scrapie brains.  In fact, it has been described that MSCs can migrate to brain lesions caused 

by prions, being this migration mediated by different chemoattractive factors 54–56. Similarly, 

neuron-like cells infected with scrapie displayed an increase in cell viability only after being 

in contact with the inocula, confirming our previous data, however, in this study toxicity was 

observed afterwards. Therefore, the effect of brain inocula in oBM-MSC proliferation seems 

to vary between cultures. This variation could be explained by the cellular heterogeneity 

found in MSCs in which donor, tissue source, culture environment, isolation methods, and 

passage can affect the phenotype 57,58, making distinct cultures react slightly different to CNS 

homogenates. However, we have to keep in mind that inocula of both negative and positive 

brains are also different. Amounts of initial PrPSc could be different, which would affect MSC 

reaction to infection. Nevertheless, the early response to scrapie infection was the same in 

both studies, an increment of cell viability, which means a higher proliferation potential 

either in growth or neurogenic conditions when cultured on plates after being in contact 

with scrapie tissues. The decrease of cell viability observed afterwards could be a 

consequence of prion toxicity.  

Ovine MSC spheroids inoculated with brain homogenates of healthy and scrapie-infected 

sheep displayed different viability patterns than the monolayer-cultured cells. Negative 

inoculum increases the viability of spheroids in both growth and neurogenic conditions, 

however this increase was not observed in spheroids infected with scrapie, which remained 
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at viability levels similar to controls. Compared to monolayer-cultured MSCs, human MSC 

spheroids show higher cell survival and enhanced cell yield and stemness 59–61. This 

enhanced cell viability of spheroids seems to be mediated by the induction of autophagy 

and the suppression of reactive oxygen species (ROS) 61. Remarkably, an impairment of the 

autophagy process has been described in scrapie disease 62,63. The decreased viability 

observed in scrapie-infected spheroids in growth conditions with respect to those 

inoculated with negative brain could be due to a dysfunction of the autophagy mechanism 

caused by prion infection that could counteract the positive effect exerted by neurotrophic 

factors in the brain. These results suggest that 3D conditions improve in most cases the 

viability of inoculated oBM-MSCs, as infected spheroids at least maintain the viability 

observed in controls, but prions exert their toxicity by limiting the growth potential of 

spheroids stimulated with neurotrophic factors.  

5. Conclusions 

In conclusion, oBM-MSC-derived spheroids in growth and neurogenic conditions are able to 

uptake and maintain scrapie prions and mimic prion toxicity, making this three-dimensional 

approach a potential in vitro model to study prion disease mechanisms and therapeutics in 

a more in vivo-like environment. 
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Abstract 

In neurodegenerative diseases, including prion diseases, cellular models arise as useful tools to 

study the pathogenic mechanisms occurring in these diseases and to assess the efficacy of 

potential therapeutic compounds. In the present study, a RNA-sequencing analysis of bone 

marrow-derived ovine mesenchymal stem cells (oBM-MSCs) infected with scrapie was 

performed to try to unravel genes and pathways potentially involved with prion disease 

mechanisms and to assess the potential of these cells to act as in vitro models of prion toxicity. 

oBM-MSCs were cultured in three different conditions: inoculated with brain homogenate of 

scrapie-infected sheep, with brain homogenate of healthy sheep and in standard growth 

conditions without inoculum. The cell viability and presence of prions was determined. In the 

transcriptomic analysis the three conditions were analysed in two infection times: 2 and 4 days’ 

post-inoculation (dpi). Differentially expressed genes in scrapie-infected oBM-MSCs were found 

in the two infection times finding the higher number at 2 dpi. These genes were also enriched 

in multiple pathways and biological functions related with prion replication and toxicity. 

Moreover, a set of 11 genes was selected for a validation study, having 7 of these genes 

significant expression changes in scrapie-infected cells and functions related with prion 

propagation and its associated toxicity. These results indicate that ovine mesenchymal stem 

cells infected with scrapie could be useful in vitro models to study prion toxicity mechanisms 

and to test anti-prion compounds. 

Keywords: Mesenchymal stem cells; in vitro model; RNA-sequencing; scrapie; prion; toxicity. 
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1. Introduction 

Neurodegenerative diseases, including Alzheimer’s, Parkinson’s and Huntington’s diseases, 

Amyotrophic lateral sclerosis and prion diseases, are a group of disorders characterized by 

a chronic progressive degeneration of the structure and function of the central nervous 

system (CNS). The aggregation and accumulation of misfolded proteins in the CNS leading 

to cellular dysfunction, loss of synaptic connections, and brain damage is a hallmark event 

in these pathologies 1. Unfortunately, the exact pathogenic mechanisms occurring in these 

diseases are not fully understood, and there are no current effective treatments to stop the 

disease progression 2. In this regard, cellular in vitro models appear as useful tools to 

investigate underlying molecular mechanisms in these diseases and specific roles of certain 

molecules and compounds, and to screen potential pharmacological targets 2. 

In prion diseases or transmissible spongiform encephalopathies (TSEs), there are various 

murine cell lines that can replicate mouse-adapted prion strains 3–6. These strains are not 

naturally occurring, and they may not accurately express the characteristics of the original 

disease-causing strains 7. Therefore, it is critical to use cell models from natural susceptible 

species that replicate natural strains in order to reliably study disease characteristics and 

develop potential therapies 7. Several cellular models from naturally infected animals and 

humans have been developed. MDBK bovine-derived kidney cells 8 and MDB cells derived 

from mule deer brain 9 are able to replicate BSE (Bovine spongiform encephalopathy) and 

CWD (Chronic wasting disease) prions, respectively.  Two dimensional ovine mesenchymal 

stem cell (MSC) cultures also react to ovine scrapie prion infection showing early prion 

toxicity and decreased proliferation capacity, and ovine MSC-derived neuron-like cells can 

maintain and replicate the pathological prion protein (PrPSc) 10. In addition, human-induced 

pluripotent stem cell-derived astrocytes 11 and human cerebral organoids 12 have been 

described to successfully propagate CJD (Creutzfeldt Jakob disease) prions. 

MSCs express the cellular prion protein (PrPC) 13,14 and murine MSCs can be infected with 

prions accumulating PrPSc 15–18. A recent study of our group showed that ovine bone marrow-

derived mesenchymal stem cells (oBM-MSCs) infected with ovine scrapie are able to uptake 

PrPSc, causing cell toxicity and a decline in the proliferation capacity 10. As the exact 

molecular mechanisms of prion cell toxicity are still unclear, oBM-MSCs could be used as an 

in vitro model to study prion toxicity. 

By comparing differences in gene expression patterns, transcriptomic analyses are helpful 

tools for studying cell biology and for understanding the physiological and pathological 

processes involved within a cell 19. RNA-sequencing (RNA-seq) is a transcriptome profiling 



COMPENDIO DE TRABAJOS. MANUSCRITO VI 

140 
 

technology that uses next-generation sequencing platforms, allowing the investigation of 

differential expression patterns between various conditions such as disease and healthy 

status 19–21. This technology has been used to explore the transcriptome of several 

neurodegenerative diseases, including Alzheimer’s and Parkinson’s diseases, at tissue and 

cell level, in order to find genes and pathways altered or involved in these pathologies 22–25. 

In prion diseases, such as CJD and scrapie, microarray and RNA-seq transcriptomic 

approaches have also been employed to uncover the underlying molecular mechanisms 

associated with TSEs 26–29. 

In the present study, with the aim of assessing the potential of oBM-MSCs as in vitro models 

of prion toxicity and delve into the pathogenic mechanisms of prion infection, RNA-seq of 

ovine bone marrow-derived mesenchymal stem cells infected with scrapie was performed 

to identify differentially expressed genes and molecular routes potentially involved in prion 

toxicity and replication. After the transcriptomic analysis, a set of differentially expressed 

genes was selected for a validation study using quantitative real-time PCR to verify the 

results obtained in the RNA-seq analysis. 

2. Materials and methods 

2.1. Ovine mesenchymal stem cell culture 
A bone marrow sample was obtained from a female rasa aragonesa sheep of 

one year of age and carrying the ARQ/ARQ genotype for the PRNP gene. After 

the sedation with xylazine and the local anaesthesia with lidocaine, bone 

marrow aspirate was harvested from the humeral head using a 13 G Jamshidi 

needle and a 10 mL syringe previously loaded with 0.5 mL of sodium heparin. 

All procedures were carried out under project licence PI44/18, approved by the 

Ethical Committee for Animal Experiments from the University of Zaragoza. The 

care and use of animals were performed in accordance with the Spanish Policy 

for Animal Protection, RD53/2013, which meets European Union Directive 

2010/63 on the protection of animals used for experimental and other scientific 

purposes. 

MSC isolation from the bone marrow aspirate (2-3 mL) was performed 

following the previously described protocol 14,30,31. This protocol is based on the 

separation of the mononuclear fraction after density gradient centrifugation in 

Lymphoprep (Atom) and further isolation thanks to the ability of MSCs to 

adhere to plastic. After isolation, cells were expanded up to passage 2 in basal 

medium, consisting of low glucose Dulbecco’s modified Eagle’s medium 
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(DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10 % fetal 

bovine serum (FBS), 1 % L-glutamine (Sigma-Aldrich) and 1 % 

streptomycin/penicillin (Sigma-Aldrich). 

2.2. Infection of ovine mesenchymal stem cells, cell viability assay and PrPSc 

detection 
2.2.1. Infection with brain inoculum 

To infect oBM-MSCs, two different inocula were prepared using CNS samples: 

one from a healthy sheep (negative control) and one from a classical scrapie-

infected sheep, both carrying the ARQ/ARQ genotype. The inocula were 

preserved at the tissue bank of the Centre of Encephalopathies and Emerging 

Transmissible Diseases (CEETE; University of Zaragoza). The presence/absence 

of PrPSc in the CNS tissues was confirmed following the protocols used in 

previous studies 32, which consisted of two rapid diagnostic tests (Prionics-

CheckWestern blotting; ThermoFisher Scientific and Idexx HerdChek; IDEXX, 

Westbrook, ME, USA) and confirmation by immunohistochemical examination 

of the CNS tissue. CNS samples were homogenized and diluted 1:10 (g/mL) in 

physiological saline solution (Braun). Afterwards, samples were treated at 70 °C 

for 10 min before adding streptomycin sulphate (100 µg/mL) and 

benzylpenicillin (100 µg/mL). To evaluate the safety of the inocula once 

generated, samples were incubated in blood agar plates, and the absence of any 

bacterial growth was confirmed. 

For inoculation, basal medium was substituted by inocula diluted 1:10 in DMEM 

medium (10 % FBS, 1 % L-glutamine and 1 % streptomycin/penicillin). Cells were 

maintained in this medium for 48 h for the cell viability assay, the detection of 

PrPSc and the RNA-sequencing assay. Afterwards, the medium was changed 

twice a week. 

2.2.2. Cell viability assay 

The toxicity and cell viability were studied using the MTT assay in three 

conditions (inoculated with scrapie-positive brain homogenates, negative brain 

inoculum and non-inoculated controls) and at three different stages (2, 5 and 8 

dpi), being 2 dpi the time of inoculum removal, considering the moment of the 

infection with the inocula as day 0. Cells were seeded in 96-well plates at 5,000 

cells/cm2 and 8 technical replicates were analysed for each condition per time 

(dpi). Briefly, the MTT assay was performed by adding 25 µL of MTT solution (2 
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mg/mL) per well. Then, the plates were incubated at 37 °C for 4 h. Afterwards, 

the content of each well was removed and was substituted with 150 µL of HCl 

solution (HCl 40 mM in isopropanol) per well. Plates were then incubated for 1 

h at room temperature protected from light. The absorbance was measured at 

570 nm in an Infinite F200 microplate reader (Tecan Ibérica Instrumentación, 

Barcelona, Spain). Differences in cell viability were evaluated with Student’s t-

test. Statistical significance was defined as P < 0.05. The viability values were 

represented as percentages (%), considering the viability of the non-inoculated 

controls as 100 % in all the infection times. 

2.2.3. PrPSc detection 

To test the ability of oBM-MSCs inoculated with scrapie-infected brain 

homogenate to replicate prions, the amount of PrPSc was quantified at three 

different stages (2 dpi, corresponding to the inoculum removal, 5 and 8 dpi) with 

the ELISA kit EEB-Scrapie HerdCheck kit (IDEXX), following the manufacturer’s 

recommendations. A previous study of our group showed that this kit was 

suitable for a sensitive detection of PrPSc in oBM-MSC cultures 10. Cells were 

seeded at 5,000 cells/cm2 in 6-well plates and the retrieval of the cells was 

performed by means of trypsinization and subsequent centrifugation to obtain 

3 technical replicates per condition and time (dpi).  

2.3. RNA extraction of ovine mesenchymal stem cells 
For the RNA-sequencing assay, cells were seeded at 9,000 cells/cm2 in T25 

flasks. Two infection times (2 dpi, corresponding to the inoculum removal, and 

4 dpi) and three conditions were studied (cells inoculated with scrapie-infected 

brain homogenate, cells inoculated with negative brain inoculum and non-

inoculated controls) with 3 technical replicates per condition and time (dpi). 

Cells were retrieved by trypsinization and subsequent centrifugation. 

Afterwards, RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo 

Research) following the manufacturer´s instructions.  

Before library preparation, the integrity of the RNA samples was checked with 

Agilent 2100 Bioanalyzer, RNA purity was evaluated with agarose gel 

electrophoresis and NanoDrop spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA), and the quantity of RNA was determined using NanoDrop 

spectrophotometer and Agilent 2100 Bioanalyzer. Approximately 2 µg of total 

RNA per sample were used for RNA sequencing.  
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2.4. RNA-sequencing and bioinformatic analysis 
2.4.1. Library preparation, quality control, mapping, and quantification 

The cDNA library construction was performed at Novogene in Cambridge (UK). 

Quantified libraries were pooled and sequenced on an Illumina platform, 

according to effective library concentration and data amount, and paired-end 

reads were generated. The quality control of raw reads was made using in-

house perl scripts, and clean reads were obtained by removing reads containing 

adapters, reads containing ploy-N and low quality reads. Q20, Q30 and GC 

content of the clean data were then calculated. After the quality control, the 

paired-end clean reads were aligned to the ovine reference genome 

oar_rambouillet-v1.0 (Ensembl) using the software Hisat2 v2.0.5. The mapped 

reads of each sample were assembled by StringTie v1.3.3b 33 in a reference-

based approach. For transcript quantification, the software FeatureCounts 

v1.5.0-p3 was used and FPKM (expected number of Fragments Per Kilobase of 

transcript sequence per Millions base pairs sequenced) of each gene was then 

calculated based on the length of the gene and read count mapped to this gene.  

2.4.2. Differential expression analysis and GO, KEGG, and GSEA enrichment 

analyses 

Differential expression analysis was performed using the DESeq2 R package 

v1.20.0. The resulting P-values were adjusted using the Benjamini and 

Hochberg’s approach for controlling the false discovery rate (FDR). Genes with 

an adjusted P-value < 0.05 found by DESeq2 were assigned as differentially 

expressed. 

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

enrichment analyses of differentially expressed genes (DEGs) were 

implemented by the clusterProfiler R package v3.8.1. GO terms and KEGG 

pathways with adjusted P-value < 0.05 were considered significantly enriched. 

For the Gene Set Enrichment Analysis (GSEA), the GSEA analysis tool v3.0 was 

used. 

2.5. Quantitative real-time PCR 
To validate the results observed in the RNA-sequencing analysis, a set of 11 

genes was selected among the significant DEGs which showed higher changes 

in expression (fold change) between scrapie-infected MSCs and MSCs infected 

with negative inoculum at 2 dpi.  
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Retrotranscription was performed from 200 ng of total RNA using qScriptTM 

cDNA Supermix (Quanta BiosciencesTM), according to the manufacturer’s 

instructions. Resulting cDNA was diluted 1:5 in water and gene expression was 

quantified by quantitative real-time PCR (RT-qPCR) using the Fast SYBRTM Green 

Master Mix (Applied Biosystems, Thermo Fisher Scientific) in a StepOne Plus 

Real-Time PCR instrument (Applied Biosystems). Each sample was amplified by 

triplicate. The comparative quantification of the results was standardized by 

the 2−∆∆Ct method 34, using the geometric mean of SDHA, G6PDH and GAPDH 

housekeeping genes 35 as a normalizer. Student’s t-test was applied to identify 

differences between groups, which were considered significant at P < 0.05. 

Table 1 lists the primers used for the RT-qPCR assay. 

Table 1. Sequences of primers used in the RT-qPCR assay. Fw = Forward primer 

and Rv = Reverse primer. 

Gene Primer sequences 

RPS15A Fw: TGCTCCAAAGTCATCGTCAG 

Rv: CAAATCTGGGGCTGATCACT 

MMP1 Fw: TGCTCATGCTTTTCAACCAG 

Rv: GAGCAAGCTGAACATCACCA 

PGAP4 Fw: TGTAAAATGGGGACCGTGAT 

Rv: CAGCTGCTCCATAGGTGTCA 

SERPINB2 Fw: GTTTGTGGCAGACCATCCTT 

Rv: GCCACACCATGTCTGTGTTC 

PDK4 Fw: AGCTGACCCAGTCACCAATC 

Rv: ACTGCCACCACATCACAGTT 

MMP12 Fw: TATGGCCTCGAGATGGAAAC 

Rv: ATTTTCAACATCCGGCACTC 

PRR11 Fw: GAAAGCACTTCAGGCTGGAC 

Rv: CTTTGGACTTCGGTTTCAGG 

SAA3 Fw: AGCCCTGTCATTCTTGGTTG 

Rv: TCCCTGGTCATACCCTTGAG 

PTGS1 Fw: AAAGAAGCTGGTTTGCCTCA 

Rv: TCCACACTGATGCTCTCGAC 

CYP1A1 Fw: GGGCACGTGCTGACCTT 

Rv: GTGAAGCTGTAGAGGTCGGG 
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F13A1 Fw: GACTGCATTGTGGGGAAGTT 

Rv: TGACCATAGCTCCAGCTCCT 

 

3. Results 

3.1. Viability of scrapie-infected ovine mesenchymal stem cells 

After inoculation of oBM-MSCs with brain homogenates of scrapie-infected and 

healthy sheep, it was observed a significant increment in the growth of positive 

(Pos) and negative-infected (Neg) cells in comparison to the non-inoculated 

controls (Naif) (Figure 1). Moreover, although positive cells grew more than the 

negative and non-inoculated cells, their viability decreased over time indicating 

a possible early toxicity of prion infection. Negative cells showed as well a 

decline in cell viability throughout time (Figure 1). 

 
Figure 1. MTT assay showing the cell viability of scrapie-infected oBM-MSCs 

(Pos), cells inoculated with negative inoculum (Neg) and non-inoculated 

controls (Naif) at 2, 5 and 8 days post-inoculation (dpi). The viability values are 

presented as percentages (%), considering the viability of Naif cells as 100 % in 

all the infection times. Data are presented as mean values ± SEM. *** P < 0.001 

3.2. PrPSc levels in scrapie-infected ovine mesenchymal stem cells 

As it is shown in Figure 2, initially after prion infection (2 dpi), oBM-MSCs 

inoculated with scrapie-infected sheep brain homogenate maintained PrPSc 

levels, but afterwards PrPSc signal was lost over time. This reduction displayed 

a trend to signification (P = 0.1) in both 5 and 8 dpi comparted to 2 dpi. 
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Figure 2. PrPSc levels in oBM-MSCs infected with scrapie quantified by ELISA at 

2, 5 and 8 days post-inoculation (dpi). Data are shown as absorbance mean 

values ± SEM. ▪ P = 0.1 

3.3. Clean data quality and mapping results 

After filtering the raw reads, clean reads had an error rate lower than 1 % and 

GC content distribution was equal and stable in all sequenced samples. Around 

98 % of the bases had a quality score greater than 20 and around 94 % greater 

than 30 (Supplementary Table S1). 

Approximately 97 % of the clean reads were aligned to the reference sheep 

genome, being around the 87-89 % aligned to unique positions and 8-9 % to 

multiple locations in the genome (Supplementary Table S2). The majority of the 

reads were mapped in exon regions (67.04 % ± 0.68). 

3.4. Distribution of gene expression levels 

The distribution of gene expression levels among the different samples was 

similar (Supplementary Figure S1). The correlation coefficient of samples within 

groups was greater than 0.92 with a R2 > 0.8, which showed close expression 

patterns (Supplementary Figure S2). Intergroup differences were evaluated by 

principal component analysis (PCA), being the samples between groups 

dispersed and the samples within groups gathered together (Figure 3). 

Moreover, a total of 11,926 genes were co-expressed in the three groups of 

samples (Naif, Pos and Neg) (Figure 4). 
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Figure 3. Principal component analysis showing the different sample groups 

(Naif_T1, Naif_T2, Pos_T1, Pos_T2, Neg_T1 and Neg_T2) clustered separately.  
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Figure 4. Venn diagram representing the number of co-expressed genes 

between Naif, Pos and Neg groups. 

3.5. Differential gene expression analysis 

Differentially expressed genes were found between the different groups at the 

two infection times T1 (2 dpi) and T2 (4 dpi). The higher number of DEGs was 

observed early after prion infection (2 dpi). Between positive and negative-

infected cells, a total of 2,777 genes were differentially expressed (1,390 up-

regulated and 1,387 down-regulated) at 2 dpi (Table 2, Figure 5a, 

Supplementary Table S3), whereas only 469 DEGs (206 up-regulated and 263 

down-regulated) were found at 4 dpi (Table 2, Figure 5b, Supplementary Table 

S4). Regarding the DEGs observed in positive-infected cells when compared 

with non-inoculated controls (Naif), 4,502 and 1,897 genes were differentially 

expressed at 2dpi (Table 2, Supplementary Table S5) and 4 dpi (Table 2, 

Supplementary Table S6) respectively. Between negative-infected and naif 

cells, 5,685 DEGs were found at 2 dpi (Table 2, Supplementary Table S7) and 

3,197 at 4 dpi (Table 2, Supplementary Table S8). Hierarchical clustering 

analysis of DEGs was also carried out, showing genes and samples with similar 

expression patterns clustering together (Figure 6). All Naif cells clustered 

together whereas infected cells were grouped according to the analysis time.  

Table 2. Number of differentially expressed genes found in all compared groups 

with a P-value < 0.05 and after correction with adjusted P-value < 0.05.  

 P-value < 0.05 adjusted P-value < 0.05 
compared groups1 all DEGs2 up DEGs3 down DEGs4 all DEGs2 up DEGs3 down DEGs4 
Pos_T1vsNeg_T1 4183 2112 2071 2777 1390 1387 
Pos_T1vsNaif_T1 5685 2874 2811 4502 2294 2208 
Neg_T1vsNaif_T1 6751 3360 3391 5685 2850 2835 
Pos_T2vsNeg_T2 1665 826 839 469 206 263 
Pos_T2vsNaif_T2 3323 1698 1625 1897 993 904 
Neg_T2vsNaif_T2 4524 2287 2237 3197 1642 1555 

1 Compared groups: Compared group names. 

2 All DEGs: The total number of differential genes in the compared groups. 
3 Up DEGs: The up-regulated number of differential genes in the compared groups. 

4 Down DEGs: The down-regulated number of differential genes in the compared 

groups. 
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Figure 5. Volcano plots showing the overall distribution of differentially 

expressed genes between scrapie-infected cells (Pos) and cells infected with 

a) 

b) 
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negative-inoculum (Neg) at (a) 2 dpi (T1) and (b) 4 dpi (T2). The x-axis shows 

the fold change in gene expression (log2FoldChange), and the y-axis shows the 

statistical significance (-log10pvalue). Red dots represent up-regulated genes 

and green dots represent down-regulated genes. The blue dashed line indicates 

the threshold line for differential gene screening criteria. 

 
Figure 6. Differential expression gene clustering heatmap clustered using the 

log2(FPKM+1) value. Red colour indicates genes with high expression levels, 

and green colour indicates genes with low expression levels. The colour ranging 

from red to green indicates that log2(FPKM+1) values where from large to 

small. 

3.6. Enrichment analysis of differentially expressed genes 

GO and KEGG enrichment analysis were performed in order to find biological 

functions and pathways significantly associated with differentially expressed 

genes. DEGs identified between scrapie-infected cells (Pos) and cells infected 

with negative inoculum (Neg) at 2 dpi and 4 dpi were the most enriched in 

significant biological pathways and functions. 
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Regarding GO terms, at 2 dpi, up-regulated DEGs between positive and 

negative-infected cells were enriched in several molecular functions including 

GTPase binding, enzyme binding, microtubule motor activity and binding, 

tubulin binding, cytoskeletal protein binding and protein kinase activity. The 

cellular component nucleus and the biological process protein phosphorylation 

were also enriched (Supplementary Figure S3, Supplementary Table S9). Down-

regulated DEGs were significantly associated with the molecular functions 

oxidoreductase activity, structural molecule activity and structural constituent 

of ribosome, the cellular components ribonucleoprotein complex and 

cytoplasmatic part, and the biological processes cellular amide metabolic 

process, translation and peptide biosynthetic and metabolic processes 

(Supplementary Figure S3, Supplementary Table S10). 

On the other hand, at 4 dpi, up-regulated DEGs were enriched in the molecular 

functions actin binding, ligase and protein kinase activities, the biological 

processes protein phosphorylation and cell adhesion, and the cellular 

component extracellular matrix (Supplementary Figure S3, Supplementary 

Table S11). Down-regulated DEGs were also associated with different 

molecular functions including ferric and calcium ion binding, tubulin binding, 

nucleoside-triphosphatase activity, microtube binding, pyrophosphatase and 

hydrolase activities, and with the biological processes nucleotide catabolic 

process and pyruvate and ADP metabolic processes (Supplementary Figure S3, 

Supplementary Table S12). 

DEGs were as well associated with several KEGG pathways and disease terms. 

At 2 dpi, up-regulated DEGs were enriched in various biological functions such 

as cell cycle, regulation of actin cytoskeleton, focal adhesion, foxO signalling 

pathway and cellular senescence (Figure 7a, Supplementary Table S13). Down-

regulated DEGs were significantly associated with several disease terms 

including Parkinson’s, Huntington’s and Alzheimer’s diseases, and with other 

biological functions and terms such as ribosome, lysosome, proteasome, 

oxidative phosphorylation, ferroptosis and protein processing in endoplasmic 

reticulum (Figure 7b, Supplementary Table S14). 
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Figure 7. KEGG enrichment scatter plots of (a) up-regulated DEGs and (b) down-

regulated DEGs in positive infected cultures (Pos) with respect to negative 

cultures (Neg) at 2 dpi (T1). The abscissa is the ratio of the number of 

differential genes linked with the KEGG pathway to the total number of 

differential genes. The ordinate is KEGG Pathway. The size of a point represents 

the number of genes annotated to a specific KEGG pathway. The colour from 

red to purple represents the significant level of the enrichment. 

At 4 dpi, up-regulated DEGs were associated with wnt and TGF-beta signalling 

pathways, extracellular matrix-receptor interaction, protein digestion and 

absorption and axon guidance, whereas down-regulated DEGs were enriched 

in lysosome, glycolysis, ferroptosis, biosynthesis of amino acids and DNA 

replication pathways (Supplementary Tables S15 and S16).  
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3.7. RT-qPCR validation of RNA-sequencing analysis 

The expression of 11 genes differentially expressed at 2 dpi between scrapie- 

and negative-infected cells was quantified with RT-qPCR to assess the validity 

of the results of the RNA-sequencing transcriptomic analysis. 

Most of the analysed genes showed expression trends concordant with those 

observed in the RNA-sequencing analysis (Table 3). Three genes (MMP1, 

SERPINB2 and MMP12) were significantly down-regulated in scrapie-infected 

cells compared to the cells inoculated with negative inoculum, whereas four 

genes (PGAP4, PDK4, PRR11 and F13A1) were significantly up-regulated. The 

other four remaining genes (RPS15A, SAA3, PTGS1 and CYP1A1) did not display 

significant expression changes.  

Overall, the RT-qPCR results were congruent with the RNA-sequencing 

profiling, supporting the validity of the transcriptomic analysis. 

Table 3. RT-qPCR validation results. Relative expression changes are expressed 

in terms of 2-∆∆Ct in scrapie-infected cells (Pos) and negative inoculum-infected 

cells (Neg) at 2 dpi (T1). Significant changes are expressed as P-value. NS = non-

significant. 

Gene 2-∆∆Ct 

 Pos_T1 
2-∆∆Ct  

Neg_T1 
RT-qPCR  

Pos_T1vsNeg_T1 
RNAseq  

Pos_T1vsNeg_T1 
Same  

expression trend 
Validated gene  

(RT-qPCR P-value) 
RPS15A 1.27 1 Up Down No No (NS) 
MMP1 0.27 1 Down Down Yes Yes (p = 0.001) 
PGAP4 1.37 1 Up Up Yes Yes (p = 0.1) 

SERPINB2 0.62 1 Down Down Yes Yes (p = 0.08) 
PDK4 1.45 1 Up Up Yes Yes (p = 0.1) 

MMP12 0.26 1 Down Down Yes Yes (p = 0.001) 
PRR11 1.63 1 Up Up Yes Yes (p = 0.01) 
Saa3 0.89 1 Down Down Yes No (NS) 

PTGS1 0.80 1 Down Down Yes No (NS) 
CYP1A1 0.85 1 Down Up No No (NS) 
F13A1 1.76 1 Up Up Yes Yes (p = 0.008) 

 

4. Discussion 

In the current study, a RNA-seq transcriptomic analysis of ovine bone marrow-derived 

mesenchymal stem cells infected with scrapie was carried out to identify genes and 

biological pathways potentially involved in prion infection and its associated toxicity. 

A previous study of our group reported that oBM-MSCs infected with scrapie were capable 

of uptaking PrPSc initially after prion infection, but they were unable to maintain PrPSc over 

time. The viability of oBM-MSCs after prion infection was also decreased indicating a toxic 
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effect of prion infection in these cells 10. Similar results were observed in the oBM-MSC 

culture selected for the transcriptomic analysis in the present work. Interestingly, the higher 

number of differentially expressed genes was found early after prion infection (2 dpi) 

coinciding with the time when oBM-MSCs have been in contact with the different inocula 

and the amount of PrPSc is higher in positive cultures. This fact suggests that oBM-MSCs 

could react promptly to prion infection triggering different mechanisms that could lead to 

prion toxicity. 

The DEGs found in scrapie-infected oBM-MSCs were enriched in several pathways and 

biological functions that are related to the known role of the cellular prion protein. This 

protein is implicated in a variety of biological processes including cell adhesion, calcium 

homeostasis and regulation of cytoskeletal components and extracellular matrix molecules 
36–40. Moreover, PrPC interacts with GTPase proteins to regulate protein trafficking 39 and 

also protects cells from premature cellular senescence 41. This protein takes part as well in 

different signalling routes such as TGF-beta 42 and Wnt pathways 43, being the latter impaired 

in the brain of scrapie-infected mice 44. Another function impaired in prion diseases is iron 

homeostasis. PrPC has a role in iron uptake 45 and an iron imbalance have been reported in 

brains of CJD patients probably due to a sequestration of iron in PrPSc-protein complexes 

that include ferritin 46,47. These complexes are redox-active and can potentially create a 

cytotoxic environment 48. All these mentioned cellular functions were enriched in oBM-

MSCs infected with scrapie, which seem to mimic the dysregulation of different cellular 

processes regulated by PrPC that may be disrupted after the conversion of PrPC to PrPSc 

causing cell homeostasis imbalance and toxicity. 

Ribosomes and ribonucleoprotein complex were terms also enriched in infected oBM-MSCs. 

Ribosomes are organelles involved in protein synthesis, but they are also implicated in 

protein folding 49. The protein folding activity of the ribosome (PFAR) has been associated 

with the propagation of prions and other misfolded proteins and anti-PFAR drugs seem to 

reduce PrPSc propagation in vitro 50,51. DEGs of positive-infected cells were associated as well 

with Alzheimer’s, Parkinson’s and Huntington’s diseases, known as prion-like diseases 

because they share common pathogenic features with TSEs 1, and with ferroptosis which is 

a regulated lysosomal cell death process resulting from iron accumulation and lipid 

peroxidation 52 that has been associated with the pathophysiology of different diseases 

including cancer 53 and prion-like neurodegenerative diseases 54.  These mechanisms found 

in oBM-MSCs subjected to scrapie infection could contribute to PrPSc propagation and cell 

death.  
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On the other hand, changes in the expression of seven genes were validated by RT-qPCR. 

Two genes encoding two different matrix metalloproteinases were downregulated in 

scrapie-infected oBM-MSCs: MMP1 (Matrix metalloproteinase 1) and MMP12 (Matrix 

metalloproteinase 12). Matrix metalloproteinases (MMPs) are extracellular endopeptidases 

involved in extracellular matrix (ECM) turnover and degradation of its constituents 55,56. The 

ECM is a dynamic structure undergoing controlled remodelling, and the balance between 

the synthesis, development and degradation of its components is essential to ensure a 

normal physiology 57. Altered expression of matrix proteases can dysregulate this 

homeostatic balance leading to various pathological conditions 57. Moreover, an excessive 

MMP proteolytic activity has been associated with the pathogenesis of several CNS diseases, 

such as cerebral ischemia, Parkinson’s and Alzheimer’s diseases, and traumatic injury 58. The 

MMP1 and MMP12 enzymes are also implicated in the CNS inflammation process. MMP12 

is upregulated in aged brains of C57BL/6J mice enhancing neuroinflammation 59 and 

increased MMP1 expression in rat microglia treated with synthetic prion peptide 106-126 is 

accompanied by an increment of several cytokines and inflammatory mediators 60. 

Dysregulation of genes encoding proteins involved in ECM remodelling have also been 

described in other in vitro models where inhibition of metalloproteinases 2-9 was related 

with an increase of prion propagation 61. The downregulation of these genes observed in 

oBM-MSCs could also be related to prion propagation as ECM components, including 

proteases, can interact with or process pathological misfolded proteins regulating their 

spreading capabilities 62 .  

SERPINB2 (Serpin peptidase inhibitor clade B member 2), which was as well downregulated 

in oBM-MSCs, may function as a stress response protein with cytoprotective activity. In 

mouse embryonic fibroblasts transfected with mutant huntingtin, SERPINB2 modulates 

protein degradation capacity and protein aggregation, and protects cells from the 

proteotoxicity associated with protein misfolding and proteostasis dysfunction 63. Therefore, 

a downregulation of this gene during prion infection could be an indicator of cytotoxicity in 

oBM-MSC cultures. 

PGAP4 is a gene encoding for post-GPI attachment to proteins GalNAc transferase 4, which 

is a GPI-specific GalNAc transferase that catalyses the first reaction for generating the 

GalNAc chain, a posttranslational modification found in different proteins including PrPC 64. 

This GPI-GalNAc side chain seems to be implicated in the conversion of PrPC to PrPSc 65. A 

recent study reported that prion-infected PGAP4 knock-out mice displayed shorter disease 

incubation periods than the wild type ones, indicating a possible protective role of GPI-
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GalNAc side chain and PGAP4 against prion pathology 66. The upregulation of PGAP4 in oBM-

MSCs could be a neuroprotective mechanism activated in response to scrapie infection. 

Another upregulated gene in scrapie infected oBM-MSCs was PDK4. PrPC is a regulator of 

glucose metabolism orientating the energetic metabolism towards mitochondria oxidative 

degradation of glucose. PrPC exerts this action coupling to the cAMP/PKA (Protein kinase A) 

signalling pathway that attenuates PDK4 (Pyruvate dehydrogenase kinase 4) expression. 

This preferential use of glucose limits fatty acids beta-oxidation and the onset of oxidative 

stress conditions 67. In the hippocampus of prion-infected mice, an overexpression of PDK4 

has been described along with a decrease of glucose oxidative degradation and an increase 

in fatty acid-associated oxidative stress. Moreover, inhibition of PDK4 extended the survival 

time of these mice 67. The loss of PrPC in oBM-MSCs during prion infection could provoke an 

upregulation of PDK4 leading to oxidative stress conditions in these cells due to a 

deregulation of the glucose metabolism. 

The upregulation of two more genes was also validated in scrapie infected oBM-MSCs: 

PRR11 (Proline-rich protein 11) and F13A1 (Coagulation factor XIII A chain). PRR11 is a 

tumor-related gene involved in cell cycle, tumorigenesis and metastasis that is upregulated 

in different types of cancer including gastric and lung cancers 68–70. In non-small-cell lung 

cancer cells, the silencing of PRR11 induces autophagy and inhibits cell proliferation 69. 

Interestingly, an impairment of the autophagy process has been described in sheep naturally 

infected with scrapie 71 and in scrapie-infected transgenic mice 72. The upregulation of PRR11 

observed in our study could reduce the autophagic activity of the cells favouring PrPSc 

formation. F13A1 expression, otherwise, has been associated with pro-inflammatory and 

cell stress pathways in adipose tissue 73,74. As an upregulation of this gene was found in oBM-

MSCs, it can be thought that the pathways found in adipose tissue could also be triggered 

in these cells as a consequence of the prion infection. These two genes have never been 

related to prion or other neurodegenerative diseases before. Further studies are necessary 

to elucidate their potential role in these diseases. 

Altogether, our findings show that ovine mesenchymal stem cells infected with scrapie 

differentially express genes involved in pathways related with prion propagation and 

toxicity, making them a potential in vitro cellular model to study toxicity mechanisms and 

test anti-prion drugs. 
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Discusión global de los trabajos aportados 

En este apartado, se van a enumerar y discutir los principales hallazgos y resultados de la 

investigación realizada en este trabajo de tesis doctoral, los cuales están recogidos en el 

compendio de publicaciones que acompaña la tesis y se engloban en dos grandes objetivos, el 

estudio de la metilación como mecanismo epigenético en el scrapie ovino y el desarrollo de 

modelos celulares de enfermedad priónica basados en el uso de células madre mesenquimales 

ovinas. 

1. La metilación del DNA en el scrapie ovino 

En el primer artículo titulado “Epigenetic Changes in Prion and Prion-like Neurodegenerative 

Diseases: Recent Advances, Potential as Biomarkers, and Future Perspectives”, se realiza una 

revisión bibliográfica sobre la implicación de los principales mecanismos epigenéticos en las 

enfermedades neurodegenerativas priónicas y prion-like. Este trabajo de revisión muestra 

que, tanto la metilación del DNA, como las modificaciones postraduccionales de histonas y 

los microRNAs están involucrados en la fisiopatología de estas enfermedades 

neurodegenerativas de una manera específica, ya que hay pocos mecanismos comunes 

entre todas ellas. 

Una vez revisados los conocimientos descubiertos hasta el momento sobre el papel de los 

mecanismos epigenéticos en las enfermedades priónicas, procedimos a plantear un primer 

estudio de la metilación del DNA en la enfermedad de scrapie, dando lugar al segundo 

artículo de esta tesis titulado “Genome-Wide Methylation Profiling in the Thalamus of 

Scrapie Sheep”, donde presentamos el primer estudio realizado en enfermedades priónicas 

de secuenciación genómica de DNA transformado con bisulfito en el SNC. En este estudio, 

se analizó el perfil de metilación de muestras de tálamo de ovejas infectadas de manera 

natural con scrapie clásico en fase clínica.  

A pesar de que los animales infectados y los animales sanos mostraran niveles globales de 

metilación similares, se consiguieron identificar genes que albergaban regiones con 

metilación diferencial (DMGs). Se identificaron un total de 8.907 regiones con metilación 

diferencial (DMRs) en las muestras de scrapie, de las cuales 4.630 estaban hipermetiladas y 

4.277 hipometiladas. También se llevó a cabo un análisis para identificar promotores con 

metilación diferencial (DMPs), hallando un total de 39 DMPs, 15 hipermetilados y 24 

hipometilados.  

Los análisis de enriquecimiento de Gene Ontology (GO) y Kyoto Encyclopedia of Genes and 

Genomes (KEGG) revelaron que los DMGs identificados en los animales infectados estaban 



DISCUSIÓN GLOBAL DE LOS TRABAJOS 

167 
 

implicados en distintas rutas moleculares y funciones biológicas, entre las que se pueden 

destacar, la transducción de señales intracelulares, el transporte transmembrana, la unión 

celular y de proteínas, vías de señalización del calcio, vías de señalización del AMP cíclico, la 

sinapsis colinérgica, el ritmo circadiano y los mecanismos de apoptosis. En la regulación de 

todos estos procesos interviene de una forma u otra la PrPC. Varios estudios señalan que la 

PrPC modula diversos componentes involucrados en la proliferación y adhesión celulares, en 

las vías de señalización y transporte transmembrana, y en la diferenciación celular 160. 

Además, esta proteína regula el funcionamiento correcto de las sinapsis y el mantenimiento 

de la plasticidad sináptica e interviene en el ritmo circadiano regulando la homeostasis del 

sueño 161. Mediante la activación de la vía de señalización del AMP cíclico, la PrPC promueve 

la supervivencia neuronal, el crecimiento de las neuritas 162 y el mantenimiento de la mielina 
161.  En cuanto a las vías de señalización del calcio y los mecanismos de apoptosis, esta 

proteína también regula la homeostasis intracelular del calcio y ejerce control sobre algunas 

vías de señalización de apoptosis 162. Por tanto, el enriquecimiento en genes con cambios de 

metilación involucrados en estas funciones en la enfermedad de scrapie, donde la PrPC 

pierde su función por su conversión a PrPSc, sugiere una regulación epigenética de estos 

procesos. 

Dado que la metilación del DNA participa en la regulación de la expresión génica, decidimos 

evaluar el efecto de dicha metilación sobre la expresión de genes diferencialmente 

metilados en scrapie. Para ello, de todos los DMGs identificados, seleccionamos un conjunto 

de genes con funciones en el sistema nervioso conocidas y/o asociados con otras 

enfermedades neurodegenerativas. La evaluación de la expresión se llevó a cabo mediante 

PCR a tiempo real (RT-qPCR), encontrando cambios significativos en la expresión de cinco 

genes: PCDH19, SNCG, WDR45B, PEX1 y CABIN1.  

A la hora de analizar el efecto de la metilación sobre la expresión de los genes, es importante 

tener en cuenta que la posición de la metilación en la unidad de transcripción determina su 

control sobre la expresión génica 163, es decir, dependiendo de si la metilación se encuentra 

en regiones promotoras, en exones o intrones, el efecto sobre la expresión génica es 

diferente. La metilación en promotores se asocia normalmente con represión de la 

expresión génica, mientras que la metilación en exones se asocia con activación de la 

expresión 163. En cuanto a los intrones, existe una relación inversa entre la metilación del 

primer intrón de un gen y su expresión, que podría ser debida a la presencia de 

potenciadores o enhancers intrónicos que interactuasen con el promotor o promotores del 

gen 164.  
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De los cinco genes validados, SNCG y WDR45B podrían tener un papel neuroprotector frente 

a la enfermedad de scrapie. El gen SNCG codifica la proteína neuronal sinucleína γ, la cual 

está involucrada en los mecanismos patogénicos de la neurodegeneración y el cáncer 165. En 

condiciones fisiológicas, los astrocitos expresan esta proteína estimulando el ciclo celular y 

participando en la expresión y liberación extracelular del factor neurotrófico derivado del 

cerebro (BNDF) 166. Por otro lado, esta sinucleína es capaz de inhibir la agregación de la 

sinucleína α, proteína presente en los cuerpos de Lewy cuya agregación anómala tiene lugar 

en la enfermedad de Parkinson 167. En neuronas de ratones transgénicos, la sobreexpresión 

de la sinucleína γ produce una patología neurodegenerativa severa con depleción de 

neurofilamentos y muerte de neuronas motoras 168. En pacientes con Alzheimer, también se 

ha descrito un aumento de la expresión de esta proteína en el cerebro y en el líquido 

cefalorraquídeo 166, considerándose este aumento un marcador pronóstico de condiciones 

neurodegenerativas 168. Considerando todos estos hallazgos, la expresión disminuida de 

SNCG, acompañada de una hipermetilación en la región promotora, observada en los 

animales infectados con scrapie sugiere una función neuroprotectora de este gen 

probablemente a nivel de los astrocitos, los cuales están implicados en el proceso de 

replicación y propagación del prion.  

El gen WDR45B codifica la proteína WIPI3. Las proteínas WIPI (WIPI1, WIPI2, WIPI3 y WIPI4) 

participan en el control de la autofagia. La proteína WIPI3, en concreto, interviene en la 

formación de autofagosomas 169. La autofagia es un mecanismo que regula la degradación 

de orgánulos dañados y proteínas mal plegadas, desempeñando un papel importante en el 

mantenimiento de la homeostasis neuronal 170. En las enfermedades priónicas 171–174 y en 

otras enfermedades neurodegenerativas 175 se ha descrito una desregulación de este 

proceso. Como la homeostasis neuronal y la autofagia se encuentran alteradas en la 

enfermedad de scrapie, el aumento de expresión de WDR45B observado en los animales 

afectados podría ser una respuesta del organismo para intentar mantener la homeostasis 

neuronal y un correcto funcionamiento del proceso de autofagia. 

Los genes PCDH19, PEX1 y CABIN1, en cambio, podrían contribuir a la progresión de la 

enfermedad. El gen PCDH19 codifica una proteína perteneciente a la familia de las 

protocadherinas, proteínas que regulan la transducción de señales en las sinapsis y el 

establecimiento de las conexiones neuronales.  Estas proteínas se expresan principalmente 

en el SNC y participan en el desarrollo neuronal, la migración, la segregación y la plasticidad 

sináptica. Los niveles de expresión más elevados de PCDH19 se encuentran en el sistema 

nervioso, aunque también se expresa en otros tejidos 176. Este gen regula la proliferación de 

progenitores neuronales, la formación de circuitos y la actividad neuronal 177, así como la 
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neurotransmisión GABA y la maduración de neuronas 178.  En el autismo, se han descrito 

alteraciones de la expresión de protocadherinas y se han asociado mutaciones en el gen 

PCDH19 con la encefalopatía epiléptica infantil 176. La metilación de este gen solo se ha 

estudiado en el carcinoma hepatocelular, donde se halló una hipermetilación en la región 

promotora junto con una disminución de la expresión génica 179. En el caso de los animales 

con scrapie, también se observó una disminución de la expresión y una hipermetilación de 

la región promotora. Dada la importancia de este gen en el mantenimiento de la 

homeostasis neuronal, su expresión disminuida podría asociarse o contribuir a la progresión 

de la enfermedad.  

El gen PEX1 codifica la proteína peroxina 1, la cual interviene en la biogénesis de 

peroxisomas, concretamente en la importación de proteínas de la matriz peroxisomal 180. 

Los peroxisomas son orgánulos que contribuyen en el metabolismo lipídico celular y en el 

equilibrio redox 181. En el SNC, la función de estos orgánulos está centrada en la síntesis de 

éter fosfolípidos, que son componentes importantes de la mielina para la síntesis de ácido 

docosahexaenoico (DHA), el cual interviene en la señalización del sistema nervioso y en la 

degradación de componentes tóxicos y D-aminoácidos, protegiendo las estructuras 

cerebrales y modulando la señalización sináptica 182.   En las enfermedades de Alzheimer y 

Parkinson, en la esclerosis lateral amiotrófica y en el autismo existe una disfunción de los 

peroxisomas y/o una alteración de sus metabolitos 181,182. Como ejemplo, los pacientes con 

Alzheimer muestran un transporte peroxisomal ineficiente entre las neuritas y el soma, y 

una desregulación del metabolismo lipídico peroxisomal. Estas alteraciones contribuyen a 

la patología del Alzheimer agravando la progresión de la enfermedad 181. En los animales 

infectados con scrapie, se observó un aumento de expresión en este gen que se 

correlacionaba con la espongiosis y con la acumulación de PrPSc, lo que sugiere que la 

función de los peroxisomas también podría estar comprometida en la enfermedad de 

scrapie.   

En el SNC, el gen CABIN1 codifica una proteína de unión a la calcineurina que actúa como un 

represor de la misma dependiente del calcio 183. La calcineurina es una enzima fosfatasa 

expresada en distintos tipos celulares incluidas las neuronas, donde está implicada en la 

transmisión sináptica y en la liberación de neurotransmisores 184. En la enfermedad de 

Alzheimer, la activación crónica y anómala de esta proteína en las neuronas causa disfunción 

sináptica, mientras que su inhibición mejora la morfología sináptica 185. En las enfermedades 

priónicas, también se produce una disfunción y pérdida de las sinapsis 161. Además, se ha 

descrito que la activación de la calcineurina mediada por el péptido sintético PrP 106-126 

desencadena la muerte de células neuronales 186. Todos estos datos sugieren que la 
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disminución de la expresión de CABIN1 observada en los animales afectados podría 

desencadenar la activación de la calcineurina contribuyendo de esta forma a la disfunción 

sináptica y la muerte neuronal. 

Además de realizar este estudio de expresión, también comparamos nuestro set de DMGs 

con otro estudio que previamente había identificado genes con expresión diferencial en 

scrapie 187. Tras esta comparación, identificamos 21 genes comunes entre ambos estudios 

que albergaban regiones con metilación diferencial, sugiriendo que la metilación del DNA 

también podría estar implicada en la regulación de la expresión de estos genes previamente 

descritos. 

Este primer estudio de metilación del DNA en el tálamo de ovejas con scrapie nos permitió 

evidenciar la implicación de este mecanismo epigenético en la patogenia de la enfermedad. 

Hay que tener en cuenta que los resultados obtenidos solo eran de una zona concreta del 

SNC en animales en fase clínica. Por otro lado, la técnica de secuenciación de DNA 

transformado con bisulfito tiene la limitación de que no permite distinguir entre las distintas 

formas de metilación del DNA, concretamente entre 5mC y 5hmC, que son las formas más 

abundantes. Por todo ello, decidimos plantear el tercer trabajo de esta tesis que dio lugar al 

artículo titulado “5-methylcytosine and 5-hydroxymethylcytosine in scrapie-infected sheep 

and mouse brain tissues”. En este estudio, realizamos un análisis inmunohistoquímico de los 

niveles de 5mC y 5hmC en distintas regiones del SNC en ovejas infectadas de manera natural 

con scrapie clásico y en un modelo murino transgénico de scrapie (ratones Tg338), tanto en 

fase clínica como preclínica. Para profundizar más en el mecanismo de metilación del DNA 

en scrapie, también analizamos en la región del tálamo mediante RT-qPCR la expresión de 

genes que codifican enzimas reguladoras del proceso de metilación (DNMT1, DNMT3A, 

DNMT3B, TET1 y TET2) junto con la expresión de dos genes que codifican dos enzimas HDAC 

(HDAC1 y HDAC2), las cuales se asocian con las enzimas DNMTs para regular la expresión 

génica 188. Por último, evaluamos la posible correlación entre los niveles de 5mC y 5hmC con 

los niveles de expresión génica y con las lesiones asociadas a la patología priónica.  

Las áreas anatómicas del SNC analizadas en ovejas fueron las siguientes: obex, cerebelo, 

mesencéfalo, tálamo, corteza parietal, ganglios basales, corteza de los ganglios basales y 

corteza frontal. En los ratones Tg338, se analizaron las siguientes áreas: obex, cerebelo, 

mesencéfalo, hipocampo, tálamo, hipotálamo, corteza parietal, área septal y corteza 

frontal. 

Los perfiles de 5mC también se han estudiado en otras enfermedades neurodegenerativas 

como el Alzheimer. Se ha descrito una disminución de esta biomolécula en el cerebro de 

pacientes preclínicos 189 y en un modelo murino transgénico de Alzheimer 190. De manera 
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similar, en nuestro estudio, se observó una disminución de los niveles de 5mC en las ovejas 

y ratones infectados con scrapie. Los animales clínicos y preclínicos mostraban niveles 

cerebrales de 5mC parecidos, siendo significativamente más bajos que los niveles 

observados en los controles en el obex de los ratones clínicos y en el mesencéfalo, tálamo, 

corteza parietal y obex de las ovejas clínicas y preclínicas. Además, se observó una 

asociación negativa de los niveles de 5mC con las lesiones relacionadas con priones en 

ratones y sobre todo en ovejas, en las que se encontró una correlación negativa de 5mC con 

la acumulación de PrPSc y la vacuolización, aunque la significación estadística de esta 

correlación se perdió al considerar solo el conjunto de animales con scrapie. Esta 

disminución de la inmunotinción de 5mC no está relacionada con la pérdida de células 

debida a la toxicidad priónica y la consiguiente pérdida de núcleos, ya que la 

inmunorreactividad se normalizó teniendo en cuenta el número de núcleos en cada zona. 

Por tanto, se trata de una disminución real de la inmunotinción dentro del núcleo de las 

diferentes poblaciones celulares.  

En el caso de los perfiles de 5hmC, existen discrepancias entre diversos estudios realizados 

en Alzheimer y Parkinson. En pacientes clínicos y preclínicos de Alzheimer, varias regiones 

cerebrales muestran niveles elevados de 5hmC 189,191,192. Este incremento también se ha 

observado en modelos murinos de Alzheimer 190,193 y en el cerebelo de pacientes con 

Parkinson 194,195. Sin embargo, otros estudios muestran una disminución de 5hmC en la 

corteza entorrinal y en el cerebelo de pacientes con Alzheimer 196 y en el cerebro de ratones 

transgénicos de Alzheimer 197,198. En nuestro estudio, a diferencia de la 5mC, los niveles de 

5hmC mostraron resultados opuestos entre ovejas y ratones. Se encontró un aumento de 

los niveles de 5hmC en ratones preclínicos, mientras que en ovejas clínicas y preclínicas los 

niveles de 5hmC disminuyeron en diferentes áreas del SNC. Las diferencias entre el modelo 

experimental y el natural pueden deberse a diferencias en el estadio de la enfermedad en 

los animales preclínicos: una inoculación controlada de scrapie en ratones permite sacrificar 

los animales en un verdadero estadio preclínico claramente distinto de la fase clínica, 

mientras que las ovejas preclínicas pueden detectarse en un estadio tardío, más cercano al 

inicio de los síntomas.  

No se encontró ninguna asociación entre las lesiones priónicas y los niveles de 5hmC en 

ratones. En ovejas, en cambio, al igual que la 5mC, los niveles de 5hmC se correlacionaron 

negativamente con los depósitos de PrPSc y la vacuolización, aunque también se perdió la 

significación estadística de esta correlación al considerar solo el conjunto de animales con 

scrapie, lo que sugiere que dicha correlación está ligada al curso de la enfermedad, pero no 

al grado de lesión. En el modelo natural, la 5hmC sigue la misma tendencia de disminución 
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que la 5mC. Esta correlación positiva entre 5mC y 5hmC se ha descrito en otros estudios de 

pacientes con autismo 199 y Alzheimer 191. Esta disminución concurrente de 5mC y 5hmC, en 

lugar de una correlación negativa que podría relacionarse con el incremento de 5hmC como 

consecuencia de la disminución de los niveles de 5mC, sugiere que 5hmC podría tener un 

papel específico en la patología de las enfermedades priónicas y no solo actuar como un 

intermediario de desmetilación de 5mC. 

En cuanto a los análisis de expresión de genes codificantes de proteínas involucradas en la 

regulación epigenética en la región del tálamo, encontramos algunos cambios de expresión 

significativos en los animales con scrapie. Durante el establecimiento de los patrones de 

metilación del DNA, Dnmt3b interactúa con Hdac1 200. Además, esta enzima, junto con su 

papel en la metilación de novo del DNA, también funciona como una deshidroximetilasa del 

DNA capaz de convertir directamente la forma 5hmC en una citosina (C) no metilada 201. En 

los ratones preclínicos, observamos una disminución de la expresión de Dnmt3b, mientras 

que en los ratones clínicos esta disminución se recuperaba aumentando la expresión de 

Dnmt3b hasta niveles normales. Este descenso temprano de la expresión no se correlacionó 

con los niveles de 5mC ni 5hmC en el tálamo. En ovejas, no se observaron cambios 

significativos en la expresión del gen DNMT3B ni tampoco una asociación con los niveles de 

5mC y 5hmC. Por tanto, esta modificación de la expresión génica podría estar relacionada 

con otros procesos biológicos. En el cerebro adulto, Dnmt3b es necesaria para la 

neurogénesis, facilitando la maduración neuronal en el hipocampo de ratones adultos 202 e 

interviene en la regulación de la memoria de reconocimiento de objetos y lugares 203. Hdac1 

también es necesaria para la diferenciación neuronal de las células madre neurales del 

hipocampo murino 204 y está implicada en las vías de reparación del DNA y en la función 

cognitiva 205, incluido el condicionamiento del miedo 206. Esta última función cerebral está 

comprometida en pacientes con esquizofrenia 206. Se ha detectado un aumento de HDAC1 

en la corteza prefrontal de pacientes con esquizofrenia 207 y la sobreexpresión de esta 

enzima parece mejorar la función cognitiva de condicionamiento del miedo en ratones 206. 

El aumento de expresión de Hdac1 observado en ratones Tg338 clínicos podría ser un 

mecanismo compensatorio para intentar mantener niveles equilibrados de 5mC y 5hmC y, 

al mismo tiempo, contrarrestar los efectos neurodegenerativos producidos por la 

enfermedad de scrapie. 

En ovejas clínicas, se observó un aumento de la expresión de HDAC2. Las enzimas Hdac1 y 

Hdac2 son esenciales para mantener patrones correctos de metilación del DNA durante el 

desarrollo preimplantacional en embriones de ratón. Una deficiencia de estas enzimas en 

los embriones murinos provoca un aumento de las formas de metilación del DNA 5mC y 
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5hmC 208. Por tanto, el aumento de HDAC2 observado en ovejas clínicas podría contribuir a 

la disminución de los niveles de 5mC y 5hmC. El aumento de expresión de HDAC2 también 

se ha observado en el cerebro de pacientes con Alzheimer 209 y Parkinson 210, y la 

sobreexpresión de esta enzima se ha correlacionado con una reducción de la memoria de 

reconocimiento 211,212. En un modelo murino de Alzheimer, la inhibición de HDAC2 ralentiza 

la progresión de la enfermedad mejorando las alteraciones neuronales inducidas por el 

amiloide beta 213 y en neuronas derivadas de iPSCs, mejora la respiración mitocondrial y 

reduce los niveles de péptidos beta amiloides neurotóxicos 214. Estos hallazgos sugieren que 

el aumento de expresión de HDAC2, además de contribuir a la disminución de 5mC y 5hmC, 

también podría estar implicado en el agravamiento del proceso neurodegenerativo. 

De las dos enzimas TET estudiadas, el gen Tet1 mostró una expresión disminuida en ratones 

preclínicos y en ovejas clínicas y preclínicas. La enzima Tet1 es una de las enzimas encargadas 

de la conversión de 5mC a 5hmC, así como de su posterior oxidación a los intermediarios 

5fC y 5caC 215. La relación entre la expresión de Tet1 y los niveles de 5hmC es controvertida. 

En condrocitos de pacientes con osteoartritis, se han observado niveles disminuidos de TET1 

acompañados de niveles aumentados de 5hmC debido a una menor conversión de 5hmC a 

5fC o 5caC 216. Por el contrario, estudios realizados en cáncer muestran una asociación de 

los niveles de expresión reducidos de TET1 con una disminución de 5hmC 217,218. Esta enzima 

también desempeña funciones en el cerebro adulto más allá de su papel en la desmetilación 

del DNA, siendo necesaria en los procesos de reparación de la mielina 219 y en la regulación 

del proceso de neuroinflamación, asociándose una disminución de su expresión con una 

activación anómala de las vías de respuesta inflamatoria 220. Durante el transcurso de la 

enfermedad de scrapie, se produce un aumento de la neuroinflamación 221–224. Además, en 

ratones knock-out de Tet1 se produce una deficiencia en la neurogénesis adulta y en el 

aprendizaje espacial y la memoria 225. La disminución de la expresión de Tet1 durante la 

enfermedad de scrapie podría tener diferentes implicaciones funcionales: con respecto a la 

regulación de los niveles de 5hmC, éstos están positivamente correlacionados con los 

niveles de Tet1 en el tálamo de los ratones y descienden cuando la expresión de este gen 

está disminuida. Por otro lado, la disminución de este gen también podría estar implicada 

en el deterioro de la reparación de la mielina y las vías de neuroinflamación, y en la 

interrupción del proceso de neurogénesis, contribuyendo en conjunto a la progresión de la 

enfermedad. 

Tras estos dos estudios de metilación del DNA en la enfermedad de scrapie, se puede 

concluir que este mecanismo epigenético está involucrado en la patogenia de la 

enfermedad. En los animales infectados con scrapie, existen cambios globales de metilación 
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en distintas zonas del SNC, así como en genes concretos, que podrían tener funciones 

neuroprotectoras o contribuir al desarrollo de la enfermedad. Las formas de metilación 5mC 

y 5hmC podrían desempeñar cada una un papel concreto en la enfermedad de scrapie. 

Además, distintas enzimas reguladoras epigenéticas también muestran una expresión 

diferencial en los animales afectados. Se necesitan más estudios para determinar si estos 

cambios detectados son causa o consecuencia de los fenómenos neurodegenerativos 

producidos en la enfermedad de scrapie. Realizar estudios de secuenciación genómica 

oxidativa con bisulfito también serían de gran ayuda, ya que esta tecnología permite 

diferenciar entre las formas 5mC y 5hmC, por lo que se podrían obtener perfiles genómicos 

de cada una de las formas, así como detectar cambios de metilación e hidroximetilación en 

genes concretos, pudiendo evaluar posteriormente su efecto en la expresión. Por último, 

también sería indispensable investigar sobre las funciones exactas de las distintas enzimas 

epigenéticas en la progresión de la enfermedad y evaluar su posible potencial terapéutico. 

2. Las células madre mesenquimales como modelo celular de scrapie ovino 

En el trabajo que da lugar al cuarto artículo de esta tesis titulado “Effect of Scrapie Prion 

Infection in Ovine Bone Marrow-Derived Mesenchymal Stem Cells and Ovine Mesenchymal 

Stem Cell-Derived Neurons”, procedimos a infectar con inóculo cerebral de ovejas con 

scrapie células madre mesenquimales ovinas derivadas de médula ósea cultivadas en 

monocapa en condiciones de crecimiento y diferenciación neurogénica. Posteriormente, 

evaluamos el efecto de la infección sobre la proliferación y viabilidad celulares y la capacidad 

de estas células para infectarse y replicar el prion. 

Las MSCs son capaces de migrar a tejidos cerebrales afectados por priones. Esta migración 

parece estar mediada por la secreción de distintos factores tróficos y quimiotácticos, que 

activan mecanismos reparadores en el cerebro lesionado 141,142,226. En nuestro estudio, tras 

la inoculación, la viabilidad celular fue mayor tanto en los cultivos de MSCs en condiciones 

de crecimiento como en los de diferenciación neurogénica en comparación con los cultivos 

control no inoculados, sugiriendo que los inóculos cerebrales, independientemente de su 

origen, pueden contener factores que estimulen la proliferación de las MSCs. Este efecto se 

observó inmediatamente después de poner en contacto las células con los priones en un 

único pase y también a más largo plazo. Tras la inoculación con scrapie, los cultivos de MSCs 

en crecimiento mostraron una alta tasa de proliferación, con un tiempo medio de 

duplicación (DT, en inglés cell doubling time) durante los tres pases inferior al DT descrito 

previamente para cultivos de MSCs derivados de ovejas con scrapie y ovejas sanas 119. 

Por otra parte, a diferencia de las MSCs murinas que son capaces de mantener y propagar 

la infección priónica durante muchos pases sucesivos 143,144, las MSCs ovinas, en cambio, no 
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parecen ser permisivas a la infección con scrapie. La pérdida de señal de PrPSc detectada por 

ELISA a lo largo del tiempo (dentro de un mismo pase) en los cultivos en condiciones de 

crecimiento poco después de la infección con inóculos positivos sugiere que estas células se 

infectan, pero son incapaces de mantener y replicar el prion, a diferencia de lo que ocurre 

en ratones. Del mismo modo, cuando se analizó mediante Western blot la presencia de PrPSc 

en cultivos en crecimiento infectados con scrapie en tres pases sucesivos tras la inoculación, 

la señal de PrPSc también se debilitó entre los pases 2 y 3, indicando que las MSCs captan la 

PrPSc pero no mantienen la infección. En otros trabajos con MSCs murinas, se ha descrito 

que tras la infección in vitro con priones, estas células muestran una producción escasa o 

nula de PrPSc durante los 10 o incluso 50 primeros pases 136,145, pero posteriormente la 

producción de esta proteína se estabiliza. En nuestro caso, no pudimos explorar esta 

posibilidad porque, a diferencia de las células murinas, las MSCs obtenidas de humanos o 

de organismos modelo no convencionales como las ovejas, pueden mantenerse en cultivo 

durante muchos menos pases 227,228. 

La división celular limita la acumulación de priones en las células en cultivo 229 y la 

proximidad directa entre células donantes y receptoras facilita la infección en otros modelos 

de cultivo celular 230. La alta tasa de proliferación observada en las MSCs ovinas inoculadas 

con scrapie podría dificultar la transmisión de PrPSc de las células infectadas a las no 

infectadas, debido a que las células no estén en contacto durante un tiempo suficiente. De 

esta forma, solo las células infectadas durante el proceso de inoculación y sus hijas 

mostrarían infección y ésta se diluiría en pases sucesivos.  

Por otro lado, tampoco podemos descartar la posibilidad de que la infección con scrapie 

pueda ser tóxica para los cultivos de MSCs ovinas. Aunque no se ha observado toxicidad en 

las MSCs murinas infectadas con CJD 136, hay que tener en cuenta que nuestras células 

proceden de una especie naturalmente susceptible a la enfermedad. En nuestro estudio, el 

número de duplicación celular (CD, en inglés cell doubling number) fue significativamente 

mayor en las células infectadas con extractos de cerebro sano y, en consecuencia, el DT fue 

mayor en las células infectadas con inóculos positivos. Por lo tanto, de manera similar a los 

hallazgos observados en MSCs obtenidas de ovejas con scrapie respecto a ovejas control 119, 

las células infectadas con scrapie mostraron un potencial de proliferación menor que las 

células infectadas con inóculo negativo. No obstante, a lo largo de los pases, las diferencias 

de CD y DT entre los cultivos infectados con inóculo de ovejas con scrapie y ovejas sanas 

fueron reduciéndose.  En el mismo pase tras la infección, 3 días después de la inoculación la 

viabilidad era menor en los cultivos con scrapie que en los cultivos con inóculo negativo, sin 

embargo, a los 10 días tras la inoculación el número de células en los cultivos infectados con 
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scrapie era superior al de los cultivos infectados con inóculo negativo. La disminución 

temprana de la proliferación y la viabilidad de los cultivos infectados con scrapie podría ser 

consecuencia de la pérdida de células infectadas debido a la toxicidad ejercida por los 

priones. El aumento posterior de ambos parámetros coincidió con la pérdida de detección 

de PrPSc, lo que podría indicar una recuperación de las condiciones de cultivo celular tras la 

eliminación de las células infectadas, aumentando la proporción de células no infectadas, 

las cuales muestran un mayor potencial de proliferación. 

En cuanto a las MSCs ovinas en condiciones de diferenciación neurogénica, aunque también 

se observó cierta toxicidad 3 días después de la infección con scrapie, cuatro de los cinco 

cultivos analizados parecían haberse infectado y el ensayo ELISA mostró que la señal de PrPSc 

en estas células aumentaba progresivamente con el tiempo. De forma similar, los astrocitos 

derivados de iPSCs humanas son capaces de replicar priones de muestras cerebrales de 

pacientes con CJD, generando infectividad priónica in vitro 231. Teniendo esto en cuenta y 

sabiendo que las células del SNC son la diana de la PrPSc, las MSCs ovinas en condiciones de 

diferenciación neurogénica podrían tener una mayor capacidad de capturar y replicar el 

prion que las MSCs en condiciones de crecimiento.  

Teniendo en cuenta que las células en condiciones de crecimiento y diferenciadas tenían un 

mismo fondo genético, las diferencias observadas en cuanto a la capacidad para multiplicar 

el prion sugieren que las células en condiciones neurogénicas poseen alguna característica 

que las hace más aptas para la infección que no está presente en las MSCs indiferenciadas. 

En este trabajo, se muestra por primera vez el efecto que tiene la infección de scrapie sobre 

las células madre mesenquimales ovinas tanto en condiciones de crecimiento como en 

condiciones de diferenciación neurogénica. Hay que tener en cuenta que este estudio se ha 

realizado en células cultivadas en monocapa, es decir, en un sistema en dos dimensiones. 

Estos sistemas no son capaces de mimetizar el ambiente ni las interacciones de las células 

en condiciones in vivo y, por tanto, su capacidad para modelar una enfermedad es más 

limitada. Esta limitación se puede solventar mediante el uso de sistemas de cultivo en tres 

dimensiones. Uno de estos sistemas es el cultivo en esferoides celulares, el cual permite 

mejorar la interacción entre las células aumentando el contacto entre ellas y creando un 

ambiente más similar a las condiciones in vivo. Por ello, el cultivo en 3D podría facilitar la 

propagación de priones en las MSCs ovinas. Teniendo en cuenta este nuevo enfoque, 

decidimos plantear el quinto trabajo de esta tesis que se presenta en el artículo titulado 

“Susceptibility of ovine bone marrow-derived mesenchymal stem cell spheroids to scrapie 

prion infection”, donde evaluamos cómo afectan las condiciones 3D a las células madre 

mesenquimales ovinas en cuanto a su respuesta a la infección con scrapie tanto en 
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condiciones de crecimiento como de diferenciación neurogénica. Al igual que en el estudio 

anterior, analizamos su capacidad de captación del prion, así como el efecto de dicha 

infección sobre la viabilidad celular. 

En este estudio, partimos de un único cultivo celular cultivado en monocapa y en forma de 

esferoides para analizar las posibles diferencias entre el sistema 2D y 3D. 

En cuanto al cultivo en monocapa, al igual que en el estudio anterior, observamos un 

descenso en los niveles de PrPSc en las MSCs ovinas infectadas con scrapie a lo largo del 

tiempo de cultivo, mientras que en condiciones de diferenciación neurogénica los niveles de 

PrPSc se mantuvieron estables.   

En las enfermedades priónicas, la infección de un modelo celular 3D solo se ha descrito en 

organoides cerebrales formados a partir de iPSCs humanas, los cuales son capaces de captar 

y propagar priones de sCJD 158. En nuestro estudio, a diferencia de los cultivos 2D, los 

esferoides en condiciones de crecimiento fueron capaces de mantener niveles estables de 

PrPSc a lo largo del tiempo. Por otra parte, al igual que las células cultivadas en monocapa, 

los esferoides en condiciones neurogénicas también captaron y mantuvieron los niveles de 

PrPSc.  Las diferencias en el microambiente de las MSCs en condiciones 2D y 3D podrían 

explicar los distintos resultados observados entre las MSCs infectadas con scrapie cultivadas 

en monocapa y los esferoides infectados con scrapie en condiciones de crecimiento. Se ha 

descrito que dentro de los esferoides derivados de MSCs se forma un microambiente 

específico más similar a las condiciones in vivo, en el que la difusión de nutrientes y gases 

hacia el interior y de desechos metabólicos hacia el exterior está limitada 232,233. Además, en 

esferoides derivados de MSCs, se ha observado una disminución del tamaño celular, así 

como quiescencia del ciclo celular y reducción del metabolismo energético en comparación 

con las MSCs cultivadas en monocapa 232,234,235, factores que contribuyen al desarrollo de la 

enfermedad priónica. Nuestros resultados sugieren que el microambiente 3D hace que las 

MSCs ovinas sean más permisivas a la infección con priones cuando se cultivan en 

condiciones de crecimiento, a la vez que mantiene la capacidad para absorber y retener el 

prion en condiciones neurogénicas. 

En este segundo estudio con MSCs, hemos encontrado algunas diferencias con el trabajo 

anterior respecto al efecto de la inoculación con scrapie en la viabilidad celular de las MSCs 

cultivas en 2D. En el estudio anterior, las MSCs infectadas con extractos cerebrales de ovejas 

sanas e infectadas con scrapie en condiciones de crecimiento y diferenciación neurogénica 

mostraban niveles crecientes de viabilidad celular a lo largo del tiempo de cultivo en 

comparación con las células no inoculadas, sugiriendo que los inóculos cerebrales pueden 

contener factores que estimulen la proliferación de las MSCs. De manera similar, en este 
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estudio, las MSCs infectadas con scrapie en condiciones de crecimiento mostraron niveles 

de viabilidad celular superiores a los controles no inoculados justo después de retirar el 

inóculo. Sin embargo, no observamos este aumento en las células inoculadas con inóculo 

negativo. Las MSCs en condiciones de diferenciación neurogénica infectadas con scrapie 

también mostraron un aumento de la viabilidad celular inmediatamente después de estar 

en contacto con el inóculo, pero posteriormente se observó toxicidad con una consecuente 

disminución de la viabilidad. Por tanto, el efecto de los inóculos cerebrales sobre la 

proliferación de las MSCs parece variar entre cultivos. Esta variación podría explicarse por 

la heterogeneidad celular encontrada en las MSCs, en las que el donante, el tipo de tejido 

de procedencia, el entorno de cultivo, los métodos de aislamiento y el pase celular pueden 

afectar al fenotipo 236,237, haciendo que los distintos cultivos reaccionen de forma 

ligeramente diferente a los homogeneizados cerebrales. Por otro lado, también hay que 

tener en cuenta que los inóculos cerebrales utilizados son diferentes a los del primer 

estudio. Las cantidades de PrPSc iniciales podrían ser diferentes, lo que afectaría a la reacción 

de las MSCs a la infección. No obstante, la respuesta temprana a la infección con scrapie fue 

la misma en ambos estudios: un incremento de la viabilidad celular, lo que implica un mayor 

potencial de proliferación tanto en condiciones de crecimiento como neurogénicas en el 

cultivo en monocapa.  

Los esferoides de MSCs ovinas inoculados con inóculo positivo y negativo mostraron 

patrones de viabilidad diferentes a los de las células cultivadas en monocapa tanto en 

condiciones de crecimiento como de diferenciación. El inóculo negativo aumentó la 

viabilidad de los esferoides tanto en condiciones de crecimiento como neurogénicas. Sin 

embargo, este aumento no se observó en los esferoides infectados con scrapie, que se 

mantuvieron en niveles de viabilidad similares a los esferoides control no inoculados. En 

comparación con las MSCs cultivadas en monocapa, los esferoides de MSCs humanas 

muestran una mayor supervivencia celular y un mayor rendimiento y capacidad de 

crecimiento celulares 238–240. Esta mayor viabilidad de los esferoides parece estar mediada 

por la inducción de la autofagia y la supresión de las especies reactivas de oxígeno (ROS) 240. 

En la enfermedad de scrapie, se ha descrito una alteración del proceso de autofagia en el 

SNC de ovino infectado con scrapie 173,174 y en modelos murinos de la enfermedad 172. La 

menor viabilidad observada en los esferoides infectados con scrapie, sobre todo en 

condiciones de crecimiento, respecto a los inoculados con inóculo negativo podría deberse 

a una disfunción en el mecanismo de autofagia causada por la infección priónica que podría 

contrarrestar el efecto positivo ejercido por los factores neurotróficos del cerebro. Estos 

resultados sugieren que las condiciones 3D mejoran en la mayoría de los casos la viabilidad 
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de las MSCs inoculadas, ya que los esferoides infectados mantienen niveles de viabilidad 

similares o superiores a los de los esferoides control no inoculados. Es probable que los 

priones ejerzan su toxicidad sobre los esferoides infectados con scrapie limitando su 

potencial de crecimiento y contrarrestando la estimulación ejercida por los factores 

neurotróficos cerebrales. 

Los análisis de infección y viabilidad celular demuestran que los esferoides derivados de 

MSCs ovinas en condiciones de crecimiento y neurogénicas son capaces de captar y 

mantener los niveles de PrPSc e imitar la toxicidad priónica, lo que convierte a este enfoque 

tridimensional en un posible modelo in vitro para estudiar la enfermedad de scrapie en un 

entorno más parecido al in vivo. 

En condiciones de crecimiento, tanto en el primer estudio de MSCs cultivadas en dos 

dimensiones como en el segundo estudio de esferoides celulares, pudimos observar cierto 

grado de toxicidad celular inmediatamente después de la infección con inóculos cerebrales 

de scrapie, lo que sugería un efecto tóxico de la infección priónica en las MSCs ovinas. Con 

el objetivo de profundizar en los posibles mecanismos implicados en esta toxicidad y en la 

capacidad de infección de las MSCs ovinas, planteamos el último estudio de esta tesis 

doctoral titulado “RNA-sequencing transcriptomic analysis of scrapie-infected ovine 

mesenchymal stem cells”, en el cual realizamos un análisis transcriptómico de células madre 

mesenquimales ovinas infectadas con scrapie mediante la tecnología de secuenciación de 

RNA de nueva generación RNA-seq, para identificar genes diferencialmente expresados 

(DEGs) en estas células, así como posibles rutas y funciones biológicas alteradas. Tras el 

análisis transcriptómico y la identificación de DEGs, evaluamos mediante RT-qPCR la 

expresión de 11 genes seleccionados del conjunto de DEGs identificados con el objetivo de 

validar los resultados obtenidos en el RNA-seq. 

En este estudio, también partimos de un único cultivo de MSCs ovinas cultivadas en 

monocapa en condiciones de crecimiento, analizando tres condiciones distintas en dos 

tiempos de infección. Las condiciones fueron: MSCs infectadas con homogeneizado cerebral 

de ovejas con scrapie, MSCs inoculadas con homogeneizado cerebral de ovejas sanas y MSCs 

sin inocular. Las células se mantuvieron en contacto con los inóculos 2 días y los tiempos de 

infección seleccionados para el análisis transcriptómico fueron 2 días (inmediatamente 

después de eliminar el inóculo) y 4 días después de la inoculación. Para comprobar la 

viabilidad de las MSCs en las tres condiciones de estudio, así como los niveles de PrPSc en los 

distintos tiempos de infección en las MSCs infectadas, realizamos respectivamente un 

ensayo MTT y un ELISA. Los resultados obtenidos en ambos ensayos fueron similares a los 

del primer estudio en MSCs ovinas cultivadas en monocapa: la señal de PrPSc fue mermando 
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a lo largo del tiempo y la viabilidad celular disminuyó poco después de la inoculación debido 

a la toxicidad ejercida por los priones. 

En los dos tiempos de infección, se identificaron DEGs entre los distintos grupos, 

detectándose el mayor número de DEGs en el primer tiempo de infección (2 días tras la 

inoculación). En este tiempo, se encontraron un total de 2.777 genes entre las MSCs 

infectadas con scrapie y las MSCs con inóculo negativo, 4.502 genes entre las MSCs 

infectadas con scrapie y las no inoculadas, y 5.685 genes entre las MSCs con inóculo negativo 

y las no inoculadas. Por otro lado, en el segundo tiempo de infección, se identificaron 469 

genes con expresión diferencial entre las MSCs infectadas con scrapie y las MSCs con inóculo 

negativo, 1.897 genes entre las MSCs infectadas con scrapie y las no inoculadas, y 3.197 

genes entre las MSCs con inóculo negativo y las no inoculadas. El mayor número de DEGs 

detectado coincidió con el momento en el que las MSCs ovinas habían estado en contacto 

con los diferentes inóculos y la cantidad de PrPSc era mayor en los cultivos positivos, 

indicando que estas células reaccionan de manera temprana a la infección priónica 

pudiendo desencadenar mecanismos que podrían contribuir a la toxicidad priónica. 

En cuanto a los análisis de enriquecimiento de GO y KEGG, los DEGs identificados entre las 

MSCs infectadas con scrapie y las MSCs infectadas con inóculo negativo en los dos tiempos 

de infección fueron los que mostraron un mayor enriquecimiento en distintas rutas y 

funciones biológicas, de las cuales se pueden destacar: unión a GTPasas, componente 

estructural del ribosoma, complejo ribonucleoproteico, procesos metabólicos, unión a 

proteínas del citoesqueleto, fosforilación proteica, actividad oxidorreductasa, adhesión 

celular, componentes de la matriz extracelular (ECM), unión a iones de calcio y hierro, 

senescencia celular, ferroptosis, procesamiento de proteínas en el retículo endoplasmático, 

glicólisis, vías de señalización de wnt y TGF-beta, y los términos de enfermedades 

neurodegenerativas prion-like Alzheimer, Parkinson y Huntington.  

Algunas de estas funciones enriquecidas en los genes que muestran expresión alterada en 

las MSCs infectadas con scrapie estaban asociadas con las funciones conocidas de la PrPC, la 

cual está implicada en varios procesos biológicos como la adhesión celular, la homeostasis 

del calcio y la regulación de componentes del citoesqueleto y de la matriz extracelular 241–

245. Además de interactuar con proteínas de la ECM, esta proteína también interacciona con 

GTPasas para regular el tráfico de proteínas 244 y protege a las células de la senescencia 

celular prematura 246. La PrPC también participa en diferentes vías de señalización, como las 

vías TGF-beta 247 y Wnt 248, estando esta última alterada en el cerebro de ratones infectados 

con scrapie 249. Otra función alterada en las enfermedades priónicas es la homeostasis del 

hierro, pues la PrPC participa en la captación de hierro 250. En el cerebro de pacientes con 
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CJD, se ha descrito un desequilibrio en los niveles de hierro, probablemente debido a un 

secuestro del hierro en complejos proteicos de PrPSc que incluyen ferritina 251,252. Estos 

complejos son redox activos y pueden crear un entorno citotóxico 253. Por tanto, el 

enriquecimiento de genes implicados en estas funciones en las MSCs ovinas infectadas con 

scrapie indica que estas células parecen ser capaces de reproducir la disfunción de distintos 

procesos regulados por la PrPC cuando se produce la conversión de PrPC a PrPSc causando un 

desequilibrio de la homeostasis celular y toxicidad. 

Otros términos enriquecidos en las células infectadas fueron los ribosomas y el complejo 

ribonucleoproteico. Los ribosomas son orgánulos que participan en la síntesis de proteínas, 

pero también están implicados en el plegamiento de proteínas 254. La actividad de 

plegamiento de proteínas del ribosoma (PFAR) se ha asociado con la propagación de priones 

y otras proteínas mal plegadas, y los fármacos anti-PFAR parecen reducir la propagación de 

la PrPSc in vitro 255,256. Por otro lado, los DEGs de las células infectadas se asociaron con las 

enfermedades de Alzheimer, Parkinson y Huntington, enfermedades prion-like que 

comparten características patogénicas con las enfermedades priónicas, y con la ferroptosis, 

que es un tipo de muerte celular programada resultante de la acumulación de hierro y la 

peroxidación lipídica 257 que se ha asociado con la fisiopatología de diferentes 

enfermedades, incluyendo el cáncer 258 y las enfermedades prion-like 259. Estos mecanismos 

enriquecidos en las MSCs infectadas con scrapie podrían contribuir a la propagación de la 

PrPSc y a la muerte celular.  

Del conjunto de DEGs identificados en el primer tiempo de infección entre las MSCs 

infectadas con scrapie y las MSCs inoculadas con inóculo negativo, analizamos la expresión 

de once genes mediante RT-qPCR con la finalidad de validar los datos de expresión 

obtenidos mediante el RNA-seq. Se validó la expresión de siete de los once genes. La mayoría 

de los genes analizados mostraron un perfil de expresión acorde con el observado en el 

análisis transcriptómico. Tres genes (MMP1, MMP12 y SERPINB2) estaban 

significativamente disminuidos en las células infectadas con scrapie en comparación con las 

células inoculadas con inóculo negativo, mientras que cuatro genes (PGAP4, PDK4, PRR11 y 

F13A1) estaban significativamente aumentados. Los otros cuatro genes restantes (RPS15A, 

SAA3, PTGS1 y CYP1A1) no mostraron cambios de expresión significativos. En general, los 

resultados de RT-qPCR concordaron con el perfil de secuenciación, respaldando la validez 

de los resultados transcriptómicos. 

Los genes MMP1 y MMP12 codifican dos metaloproteinasas de la matriz (MMPs). Las MMPs 

son endopeptidasas extracelulares implicadas en la remodelación de la ECM y en la 

degradación de sus constituyentes 260,261. La ECM es una estructura dinámica sometida a una 
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remodelación controlada, y el equilibrio entre la síntesis, el desarrollo y la degradación de 

sus componentes es esencial para garantizar una correcta fisiología 262. La expresión alterada 

de las MMPs puede alterar este equilibrio homeostático y dar lugar a diversas condiciones 

patológicas 262. Además, una actividad proteolítica excesiva de las MMPs se ha asociado con 

la patogénesis de varias enfermedades del SNC, como la isquemia cerebral, las 

enfermedades de Parkinson y Alzheimer, y los traumatismos cerebrales 263. Las enzimas 

MMP1 y MMP12 también están implicadas en el proceso de inflamación del SNC. La 

expresión de MMP12 está aumentada en cerebros envejecidos de ratones potenciando la 

neuroinflamación 264, y el aumento de expresión de MMP1 en la microglía de ratas tratada 

con el péptido priónico sintético 106-126 se acompaña de un incremento de varias 

citoquinas y mediadores inflamatorios 265. La desregulación de genes que codifican proteínas 

implicadas en la remodelación de la ECM también se ha descrito en otros modelos in vitro 

en los que la inhibición de las MMPs 2-9 se ha relacionado con un aumento de la 

propagación del prion 266. La disminución de la expresión de estos dos genes en las MSCs 

infectadas con scrapie también podría estar relacionada con la propagación del prion, ya 

que los componentes de la ECM, incluidas las proteasas, pueden interactuar con proteínas 

patológicas mal plegadas regulando su capacidad de propagación 267. 

La proteína codificada por el gen SERPINB2 funciona como una proteína de respuesta al 

estrés con actividad citoprotectora. En fibroblastos murinos embrionarios transfectados con 

huntingtina mutada, SERPINB2 modula la capacidad de degradación y la agregación de 

proteínas, y protege a las células de la proteotoxicidad asociada al mal plegamiento de 

proteínas y a la disfunción de la proteostasis 268. Por tanto, la disminución de la expresión 

de este gen durante la infección con priones podría ser un indicador de citotoxicidad en las 

MSCs ovinas. 

PGAP4 es un gen que codifica la proteína GalNAc transferasa 4, una GalNAc transferasa GPI-

específica que cataliza la primera reacción para generar la cadena GalNAc, una modificación 

postraduccional que se encuentra en diferentes proteínas, incluida la PrPC 269. Esta cadena 

lateral GPI-GalNAc parece estar implicada en la conversión de PrPC a PrPSc 270. En un estudio 

en ratones knock-out de PGAP4 infectados con priones, se observó que estos ratones 

mostraban periodos de incubación más cortos que los ratones de tipo salvaje o wild type, 

indicando un posible papel protector del gen PGAP4 y de la cadena lateral GPI-GalNAc frente 

a la patología priónica 271. El aumento de expresión del gen PGAP4 en las MSCs ovinas podría 

ser un mecanismo neuroprotector activado en respuesta a la infección con scrapie. 

El gen PDK4 codifica la enzima piruvato deshidrogenasa quinasa 4. La PrPC es un regulador 

del metabolismo de la glucosa que orienta el metabolismo energético hacia la degradación 
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oxidativa mitocondrial de la glucosa. Esta regulación la realiza acoplándose a la vía de 

señalización del AMP cíclico y la proteína quinasa A, la cual atenúa la expresión de PDK4. 

Esta utilización preferente de la glucosa limita la beta oxidación de los ácidos grasos y la 

aparición de condiciones de estrés oxidativo 272. En el hipocampo de ratones infectados con 

priones, se ha observado una sobreexpresión de PDK4 junto con una disminución de la 

degradación oxidativa de la glucosa y un aumento del estrés oxidativo asociado al 

catabolismo de los ácidos grasos. Además, la inhibición de PDK4 prolongó el tiempo de 

supervivencia de estos ratones 272. La pérdida de PrPC durante la infección con scrapie en las 

MSCs ovinas podría provocar un aumento de expresión de PDK4 que condujera a 

condiciones de estrés oxidativo en estas células debido a una desregulación del 

metabolismo de la glucosa. 

PRR11 es un gen asociado a tumores que interviene en el ciclo celular, la tumorigénesis y la 

metástasis, cuya expresión está aumentada en diferentes tipos de cáncer, como el cáncer 

gástrico y el pulmonar 273–275. En las células de cáncer pulmonar no microcítico, el 

silenciamiento de PRR11 induce la autofagia e inhibe la proliferación celular 274. Como ya se 

ha mencionado, existe una alteración del proceso de autofagia en la enfermedad de scrapie 
172,174. El aumento de PRR11 observado en nuestro estudio podría reducir la actividad 

autofágica de las células favoreciendo la formación de PrPSc. Por último, la expresión de 

F13A1 se ha asociado con vías proinflamatorias y de estrés celular en el tejido adiposo 276,277. 

Dado que observamos un aumento de expresión de este gen en las MSCs ovinas, cabe 

suponer que las vías descritas en el tejido adiposo también podrían activarse en las MSCs 

como consecuencia de la infección priónica.  

Este estudio transcriptómico muestra, por tanto, que las células madre mesenquimales 

ovinas infectadas con scrapie expresan de forma diferencial genes involucrados en distintas 

vías relacionadas con la propagación y la toxicidad priónicas. Además, la validación de una 

batería de genes que podrían desempeñar un papel en la neuropatología de las 

enfermedades priónicas abre un nuevo campo de estudio para la investigación del 

comportamiento y la función de estos genes en condiciones in vivo, pudiendo analizar 

también su potencial uso como biomarcadores o dianas terapéuticas.  

Tras estudiar la capacidad de infección de las MSCs ovinas en condiciones 2D y 3D, analizar 

el efecto de dicha infección sobre su proliferación y viabilidad, y profundizar a nivel 

transcriptómico en los mecanismos de infección y toxicidad priónicas, se puede concluir que 

estas células son un modelo in vitro capaz de infectarse y de reproducir la toxicidad ejercida 

por los priones tanto cultivadas en monocapa como en un entorno más similar al in vivo en 

forma de esferoides, siendo unas candidatas óptimas para ahondar en el estudio de los 
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mecanismos patogénicos de las enfermedades priónicas y para el desarrollo de futuras 

terapias. 
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Conclusiones 

Los resultados obtenidos en la presente tesis doctoral han permitido llegar a las siguientes 

conclusiones: 

1. En tálamo de ovino con scrapie, la metilación diferencial de genes involucrados en 

distintas funciones biológicas reguladas por la proteína prion celular, la validación 

de novo de cambios de expresión de genes con metilación diferencial e in silico de 

genes con expresión diferencial previamente descritos en scrapie indican que este 

mecanismo epigenético está involucrado en la neuropatología asociada a la 

enfermedad. 

2. Las funciones de los genes que muestran metilación diferencial podrían tener un 

papel neuroprotector y/o intervenir en la progresión de la enfermedad. 

3. Los perfiles inmunohistoquímicos de 5mC y 5hmC en el SNC de ovejas infectadas 

con scrapie de manera natural y de un modelo murino transgénico de scrapie 

muestran cambios en ambas formas de metilación del DNA desde la fase preclínica 

de la enfermedad, sugiriendo que tanto 5mC como 5hmC podrían desempeñar una 

función concreta en la enfermedad de scrapie. 

4. La expresión diferencial de genes que intervienen en la regulación de los niveles de 

5mC y 5hmC y en distintas funciones cerebrales detectada en ovejas infectadas con 

scrapie y en el modelo murino indican su posible implicación en la patología de la 

enfermedad y su potencial uso como dianas terapéuticas. 

5. Las MSCs ovinas cultivadas en condiciones de crecimiento son más permisivas a la 

infección con scrapie cuando se encuentran en forma de esferoides 

tridimensionales y no en monocapa, siendo capaces de mantener los niveles de PrPSc 

a lo largo del tiempo de cultivo, lo que indica que el microambiente generado en los 

esferoides fomenta la captación del prion. 

6. Las MSCs ovinas en condiciones de diferenciación neurogénica son capaces de 

mantener la infección con scrapie de manera estable a lo largo del tiempo de cultivo 

tanto en forma de esferoides como cultivadas en monocapa, siendo ambos sistemas 

de cultivo celular permisivos a la infección priónica y útiles como modelo celular 

para la replicación del prion. 

7. La infección con scrapie de las MSCs ovinas en condiciones de crecimiento y 

diferenciación neurogénica, tanto cultivadas en monocapa como en esferoides, 

afecta a la viabilidad y proliferación celular confirmando la idoneidad del modelo 

para el estudio de la toxicidad de la infección priónica. 
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8. El estudio transcriptómico de MSCs ovinas infectadas con scrapie en condiciones de 

crecimiento identificó genes con expresión diferencial involucrados en funciones 

relacionadas con la propagación y la toxicidad priónicas, corroborando que las MSCs 

ovinas, además de ser capaces de infectarse con scrapie, también reproducen la 

toxicidad ejercida por el agente priónico, postulándose como un modelo in vitro 

óptimo para el estudio de las enfermedades priónicas. 
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Conclusions 

The results obtained in this doctoral thesis have led to the following conclusions: 

1. In the thalamus of scrapie sheep, the differential methylation of genes involved in 

different biological functions regulated by the cellular prion protein, the de novo 

validation of expression changes in genes with differential methylation and in silico 

of differentially expressed genes previously described in scrapie indicate that this 

epigenetic mechanism is involved in the neuropathology associated with the 

disease. 

2. The functions of genes showing differential methylation could have a 

neuroprotective role and/or intervene in disease progression. 

3. Immunohistochemical profiles of 5mC and 5hmC in the CNS of naturally scrapie-

infected sheep and a transgenic murine model of scrapie show changes in both 

forms of DNA methylation since the preclinical phase of the disease, suggesting that 

both 5mC and 5hmC could play a specific role in scrapie disease. 

4. The differential expression of genes involved in the regulation of 5mC and 5hmC 

levels and in different brain functions detected in scrapie-infected sheep and in the 

murine model indicate their possible involvement in the pathogenesis of the disease 

and their potential use as therapeutic targets. 

5. Ovine MSCs cultured under growth conditions are more permissive to scrapie 

infection in the form of three-dimensional spheroids than in monolayer, being able 

to maintain PrPSc levels throughout the culture time, indicating that the 

microenvironment generated in the spheroids promotes prion uptake. 

6. Ovine MSCs under neurogenic differentiation conditions are able to maintain 

scrapie infection stably throughout the culture time as spheroids and cultured in 

monolayer, being both cell culture systems permissive to prion infection and useful 

as a cell model for prion replication. 

7. Scrapie infection of ovine MSCs under growth and neurogenic conditions, in both 

monolayer and spheroid culture, affects cell viability and proliferation, confirming 

the suitability of the model for the study of prion toxicity. 

8. The transcriptomic study of ovine MSCs infected with scrapie under growth 

conditions identified differentially expressed genes involved in functions related to 

prion propagation and toxicity, corroborating that ovine MSCs, in addition to their 

ability to be infected with scrapie, also reproduce the toxicity exerted by the prion 

agent, becoming an optimal in vitro model for the study of prion diseases.
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