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Resumen

En los ultimos afios se ha consolidado la idea de que el RNA extracelular (exRNA) podria
desempefiar un papel clave en la comunicacion intercelular, esto estd revolucionando multiples
areas de la biologia. El exRNA puede encontrarse dentro de vesiculas extracelulares o en la
fraccion no vesicular, ya sea asociado a ribonucleoproteinas o como exRNA desnudo. Se ha
considerado que el exRNA no vesicular carece de relevancia funcional, debido a su susceptibilidad
a la degradacion por ribonucleasas extracelulares (RNasas). Sin embargo, estudios previos de
nuestro grupo, resultados de esta tesis de doctorado y de otros investigadores demuestran que la
mayoria de los exRNAs son de hecho no vesiculares. En esta tesis de doctorado aportamos
evidencia que sugiere que las células liberan gran parte de su transcriptoma al espacio extracelular
no vesicular. Esta observacion plantea una interrogante fundamental: ;pueden las células detectar
y responder al exRNA no vesicular y en particular al exRNA desnudo? La membrana plasmatica
es considerada una barrera fisica para la captacion de exRNAs desnudos. Aunque ciertos tipos
celulares podrian internalizar espontaneamente exRNA desnudo, el delivery funcional al citosol
celular ha sido raramente observado. En esta tesis demostramos que las RNasas extracelulares,
derivadas principalmente del suero fetal bovino utilizado como suplemento en cultivo celular, han
oscurecido el estudio de la funcionalidad del exRNA desnudo. En presencia de un inhibidor activo
de ribonucleasa (RI) observamos que el RNA bacteriano desnudo desencadena una potente
respuesta proinflamatoria cuando se lo afiade al medio de cultivo de células dendriticas y
macrofagos. Mediante aproximaciones farmacoldgicas y genéticas, demostramos que la respuesta
depende principalmente de la accion de los receptores endosomales de la familia 7oll-like
receptors. Ademas, también demostramos que el exRNA desnudo puede escapar de los endosomas
y ser reconocido por sensores citoplasmaticos de RNA como RIG-I o MDAS y llamativamente
también por ribosomas. En este sentido, mnRNAs extracelulares desnudos que codifican proteinas
reporteras pueden ser internalizados espontdneamente y traducidos por diversos tipos celulares, de
manera dependiente de RI. /n vivo, el exXRNA desnudo administrado de forma sistémica por via
intravenosa, compartimento rico en RNasas, estimula la activacion de células inmunes innatas y
adaptativas del bazo, y estos efectos se ven potenciados por la co-inyeccion de RI. Por otro lado,

observamos que en compartimentos pobres en RNasas, como la cavidad peritoneal, el exRNA



desnudo posee un efecto proinflamatorio intrinseco, independiente de la presencia de inhibidores

de RNasas.

En conjunto, y en contraste con lo que se consideraba previamente, los resultados de esta
tesis de doctorado demuestran que el exRNA desnudo es bioactivo por si mismo y no requiere
encapsulacion en vesiculas lipidicas, sintéticas o bioldgicas, para su captacion y funcionalidad
celular. Estos hallazgos respaldan fuertemente la hipodtesis de una forma de comunicacion
intercelular mediada por exRNAs desnudos que esta supeditada a la presencia/ausencia de RNasas.
Ademas, nuestros estudios aportan evidencia de que las multiples RNasas presentes en el espacio
extracelular podrian haber evolucionado como un mecanismo para controlar y regular los niveles
de exRNAs desnudos circulantes, ya sea de origen enddégeno o patégeno, y asi evitar respuestas
inflamatorias sistémicas que podrian contribuir a desencadenar o exacerbar patologias

autoinflamatorias o autoinmunes.
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Introduccion

1. Breve resumen de algunas funciones del RNA

La biologia molecular estuvo inicialmente marcada por un fuerte énfasis en comprender
las funciones del DNA por sobre las del RNA. El DNA despert6 un interés cientifico superior
debido a su papel central como molécula de la herencia.! El hallazgo de su estructura en doble
hélice por Watson y Crick? evidencio su papel fundamental en el almacenamiento, conservacion y
transmision de la informacion genética en los seres vivos. Por el contrario, el RNA fue considerado
en un principio solo un intermediario de vida corta o componente estructural para la sintesis de

proteinas.

Maravilloso fue descubrir, a lo largo de las Gltimas 7 décadas, que el RNA es una verdadera
navaja suiza molecular: una macromolécula extraordinariamente versatil en términos de secuencia
nucleotidica (existen mas de 200 modificaciones quimicas introducidas post transcripcionalmente
al RNA?#), tamafios (desde unos pocos nucleotidos, hasta cientos de miles de pares de bases),
diversidad estructural y funcional. Ademds de almacenar temporalmente la informacion genética,
los RNAs pueden actuar como enzimas, desempefiar funciones estructurales, regular la expresion
génica, actuar como sensores metabdlicos, solo por nombrar algunos ejemplos.’ Dentro de las
células, los mRNAs, tRNAs y rRNAs (estos ultimos formando parte del ribosoma) decodifican el
codigo genético y orquestan la sintesis de proteinas.® Otros tipos de RNA no codificantes, como
miRNAs, siRNAs, IncRNAs, piRNAs (solo por nombrar algunos), participan activamente en la
regulacion de la expresion génica a multiples niveles’; los snRNAs guian el proceso de splicing
alternativo’ ; los snoRNAs modifican nucledtidos de algunos RNAs? ; la RNasaP® y el rRNA
actiian como ribozimas; y ciertos IncRNAs introducen cambios epigenéticos.!? Por si todo esto no
fuera suficiente, los tRNAs, ademads de su funcién candnica pueden sufrir cortes selectivos en su
estructura generando mitades y fragmentos de tRNAs!! con nuevas funciones emergentes, como

la regulacion de la traduccion entre otras.!>!3



Toda esta diversidad funcional es producto de la capacidad del RNA de establecer
apareamiento de bases con secuencias blanco, pero, sobre todo, a su capacidad notable de adquirir
estructuras secundarias y terciarias, comparables a las proteinas.'* Por todo esto, con las debidas
disculpas a los “desoxi-fanaticos”, creo no equivocarme en sostener que el RNA tiene una vida
mas diversa, interesante y divertida que su primo hermano, el DNA, que mayormente esta

encerrado en la biblioteca guardando informacion.

Como si fuera poco, en las ultimas décadas, se ha constatado que las células liberan al
exterior varios de los biotipos de RNAs mencionados previamente!’. Este fascinante
descubrimiento sugiere que los RNAs, mas alld de las funciones intracelulares mencionadas
anteriormente, también podrian participar en la comunicacidon intercelular de organismos
multicelulares tanto en condiciones normales como patoldgicas'® e incluso constituir un
mecanismo de comunicacion entre diferentes especies.!” Ademas, la existencia de estas moléculas
promete importantes aportes a la biomedicina al ser potencialmente ttiles como biomarcadores de

diferentes patologias.!8-20

2. Primeras evidencias de la existencia y posibles funciones del
RNA extracelular

a) Algunas generalidades sobre los RNAs extracelulares

El descubrimiento de que las células pueden liberar RNA al exterior (exRNA) estd
revolucionando multiples aspectos de la biologia molecular, celular y de la biomedicina. El
término exRNA es una denominacién amplia que comprende a todos aquellos RNAs presentes en
el componente acelular de biofluidos (como sangre, liquido cefalorraquideo, linfa, fluido
amnidtico, fluido pericardico, peritoneal e intratumoral, entre otros) y secreciones corporales (tales
como orina, lagrimas, sudor, leche materna o fluido seminal). A su vez, este término, también
incluye a los RNAs detectados en el medio de cultivo de lineas celulares, cultivo de células
primarias, tejidos y organoides.?! Pero también podemos incluir dentro de esta definicion a

aquellos RNAs artificialmente introducidos a estos biofluidos, secreciones o medios de cultivo.



Un ejemplo de esto son las vacunas de mRNA y los ASOs terapéuticos. Ademas, como veremos
en detalle en las proximas secciones, los exRNAs pueden estar asociados a distintos tipos de
transportadores, como vesiculas extracelulares, lipoproteinas, complejos ribonucleoproteicos o

incluso encontrarse desnudos en el medio extracelular.?

b) Descubrimiento de los RNAs extracelulares en mamiferos

Los primeros indicios sobre la existencia de exRNAs en mamiferos se remontan a la década
de 1940. Estudios pioneros de Mandel y Métais en 1948 detectaron por primera vez acidos
nucleicos en el plasma de personas sanas, asi como de pacientes con patologias metabolicas.??
Utilizando técnicas bioquimicas clasicas pudieron cuantificar los niveles de RNA y DNA
extracelular. Notablemente el RNA constituy6 la mayor parte de los dcidos nucleicos circulantes,
sentando la idea de que esta macromolécula podria existir fuera de las células y circular en los
biofluidos.?? ; De donde provenia el exRNA? sigui6 siendo un misterio por un par de décadas mas.
En 1971 y 1972 Kolodny demostré que la linea de fibroblastos 3T3 liberaban exRNA al medio de
cultivo. El patron de sedimentacion y estado de metilacion sugeria que estos exXRNA podrian
derivar del RNA ribosomal 5S o ser fragmentos ultraestables de rRNA de mayor tamafio
previamente liberados.* Unos afios después, otros investigadores observaron liberacion de RNA
en complejo con DNA y glicoproteinas en sistemas tan diversos como cultivos de linfocitos

humanos purificados de sangre periférica y cultivos de auriculas de rana.?

Por otra parte, en una serie de ingeniosos experimentos, Kolodny observé que fibroblastos
en co-cultivo eran capaces de transferir RNA marcado radiactivamente desde una célula donadora
a una célula aceptora cuya transcripcion habia sido previamente inhibida. Aunque esta
transferencia de RNA entre células podria, en principio, ocurrir por contacto directo célula-célula,
o ser un artefacto generado por contaminacion con nucleétidos radiactivos del cultivo, elegantes
controles experimentales apoyaron que verdaderamente estaba ocurriendo la liberaciéon de RNAs
marcado al medio extracelular y su posterior captura por células aceptoras.?62” Estos experimentos
constituyen, posiblemente, la primera evidencia de la intercomunicacion celular mediada por
exRNA. Sin embargo, ya desde la década del 60 existian indicios de que células murinas en cultivo
podian incorporar y traducir mRNAs exogenos de origen hepatico generando atin mas fuerza a la

idea de la comunicacion intercelular mediada por exRNAs.?



3. El RNA extracelular en mamiferos:

a) Redescubrimiento de los RNAs extracelulares

En la aventura cientifica, es comin que nuevos temas de investigacion emerjan, caigan en
el olvido y luego antiguos hallazgos sean redescubiertos y resignificados. Algo de este estilo ha
ocurrido en el campo del exRNA. El renovado interés por estas moléculas probablemente se deba
al trabajo de Valadi del 2007.'° Valadi observd que mastocitos humanos y de raton liberan
exosomas conteniendo mRNAs y miRNAs funcionales. Ademads, al transferir exosomas de raton
a mastocitos humanos, detectd nuevas proteinas de origen murino, sugiriendo que los exRNAs
pueden ser transferidos entre células y ser funcionales en las células receptoras.'® En otro articulo
de gran impacto, se observo que los astrocitos pueden liberar miRNAs empaquetados en
exososmas que son luego internalizados por células tumorales del cerebro, inhibiendo la expresion
de ciertos supresores tumorales y permitiendo asi el establecimiento y crecimiento de metéstasis

en este rgano.?

b) Algunas Interrogantes sobre la biologia de los RNAs extracelulares

Estos y otros descubrimientos, junto con el advenimiento de potentes técnicas de
secuenciacion masiva necesarias para la caracterizacion de estas moléculas, renovaron el interés
por los exRNAs. En el afio 2013 el NIH lanz6 el “Extracellular RNA communication consortium”,
del cual nuestro laboratorio formo parte (durante el periodo 2019-2023), para aunar esfuerzos,
lograr comprender mejor la biologia de los exRNA en mamiferos y generar nuevas tecnologias

analiticas para el estudio de los exRNAs.30-3!

A pesar de este “task force” internacional, alin persisten numerosas interrogantes en el
campo del exRNA, tales como: ;Qué tipos de exRNAs existen en el espacio extracelular?
(Mediante qué mecanismos son liberados? ;son secretados de forma selectiva o pasiva? ;cémo
logran mantenerse estables el tiempo suficiente para cumplir sus funciones? ;son verdaderamente
funcionales o un simple producto de deshecho?, dado que el ambiente extracelular es rico en

nucleasas como veremos en siguientes capitulos ;por qué no todos se degradan facilmente? ;son



dirigidos especificamente a células aceptoras? ;coOmo ingresan a estas células? ;Una vez dentro,
es su concentracion suficientemente alta para tener alguna relevancia funcional? ;cémo encuentran
una pareja molecular que les permita ejercer su funcion? ;Cudles son estas parejas moleculares
principales? ;Qué efectos tienen sobre el sistema inmune, dado que dichas células cuentan con
sensores de RNA? ;Pueden estar implicados en el desarrollo y/o progresion de patologias? Aunque
alguna de estas preguntas han sido abordadas en los Ultimos afios, aun persisten muchas

interrogantes, lo que vuelve a este un tema fascinante de estudio.

En este trabajo de doctorado abordaremos solamente algunas de estas preguntas.

¢) RNAs extracelulares en biofluidos y su potencial como biomarcadores

Hoy sabemos que la composicion de exRNAs varia notablemente entre diferentes
biofluidos. Aunque se han detectado practicamente todos los biotipos de RNA mencionados
anteriormente, mayormente predomina miRNAs, yRNAs, tRNAs, fragmentos de tRNA, y
fragmentos de TRNA.?2323% ;Qué poblaciones de RNAs se detectan en el espacio extracelular?
Esto depende de multiples factores como: el uso o no de estrategias para separar los diferentes
tipos de cargo, los kits de purificacion, estrategias de coleccion de las muestras®® (ej: hay grandes
diferencias entre suero y plasma), los protocolos de generacion de librerias para secuenciacion de
RNA?®, entre otras. Por otra parte, se ha observado que los niveles de exRNAs circulantes en

18,19.37.38 "insuficiencia renal®’, falla

biofluidos estan alterados en diversas patologias como cancer
cardiaca®®, infecciones*' y enfermedades autoinmunes como el Lupus Eritematoso Sistémico
(LES)*, resultando auspiciosa la posibilidad de que estas moléculas puedan ser utilizadas para el

diagnostico temprano y/o seguimiento de alguna de estas enfermedades.*>**

d) Clasificacion de los RNAs extracelulares.

Podemos clasificar a los exRNAs en 2 grandes categorias en funcion de si en el espacio
extracelular se encuentra recubiertos por membranas o fuera de ellas.!>?2434 Por un lado, tenemos
a los RNAs extracelulares vesiculares (Ev-exRNAs), esta denominaciéon comprende aquellos

exRNAs empaquetados dentro de vesiculas extracelulares (EV). Por otro lado, estan los RNAs



extracelular no vesiculares (nV-exRNAs). Dentro de esta categoria encontramos exRNAs
asociados a lipoproteinas*’, formando complejos ribonculeoprotéicos*®, e incluso desprovistos de
asociacion a complejos macromoleculares, es decir exRNAs desnudos.* Los nV-exRNAs
formando complejos con ribonucleoproteinas y en particular los exRNAs desnudos son el foco

principal de esta tesis de doctorado.

e¢) RNAs extracelulares vesiculares

Existe una gran diversidad de EVs de diferente origen y tamafio. Las EVs incluyen
microvesiculas, ectosomas y oncosomas, que se originan por gemaciéon de la membrana
plasmaticas, asi como exosomas, que se generan dentro de cuerpos multivesiculares (MVB) y son
liberados al exterior cuando los MVB se fusionan con la membrana plasmatica de la célula.’*>! Se
ha reportado que las EVs contienen RNA, proteinas, DNA y pequenos metabolitos, ademds de
estar decoradas con distintas proteinas de superficie en sus membranas.*? Por lo tanto, esta claro
que la biologia de las EVs no esta restringida unicamente a los exRNAs que puedan albergar en su
interior, sino que el panorama es mas complejo. De todas maneras, aqui describiremos brevemente
(ya que no es el foco principal de la tesis) a los EV-exRNAs. Como ya fue mencionado, los EV-
exRNAs existen en biofluidos, secreciones corporales y en el medio de células en cultivo. La
aplicacion de técnicas de secuenciacion masiva ha permitido detectar practicamente todos los
biotipos de RNA, en algunos casos en forma entera o en fragmentos. Esfuerzos de catalogacion,
como la base de datos Vesiclepedia, enumeran mas de 27,000 mRNA y 10,000 RNA no
codificantes.* Sin embargo, debe considerarse que estas bases de datos pueden alimentarse de
trabajos que no hayan logrado una eficiente separacion entre los exRNAs vesiculares y no

vesiculares.

La mayor atencion ha sido puesta en pequefios RNAs no codificantes, sobre todos miRNAs
ya que a priori estos serian de los de los biotipos mas abundantes y tendrian la capacidad de regular
finamente la expresion génica a distancia al ser internalizados por células aceptoras.’® Aunque se
ha postulado que las EV podrian descargar su cargo de exRNA al fusionarse con la membrana
plasmatica o al ser internalizadas por via endosomal y luego escapar de las endosomas.’> Hoy se

acepta que esta tltima opcion es la que generalmente predomina.>*



Existe una amplia literatura (parte de la cual ya ha sido mencionada) que respalda la
comunicacion intercelular en mamiferos mediada por exRNAs transportados dentro de Evs.>? Sin
embargo, este campo enfrenta varios desafios que cuestionan la relevancia fisiologica de este
mecanismo de comunicacion célula-célula®: 1) Muchos estudios se basan en la sobreexpresion
artificial de RNAs, lo que da lugar a EVs con un contenido de RNA que probablemente no refleja
su concentracion fisioldgica real.’®2) Los métodos empleados para purificar, concentrar y
posteriormente agregar EVs a células en cultivo o animales no necesariamente reproducen con
precision las condiciones naturales en las cuales ocurriria este proceso de comunicacion
intercelular mediada por EVs.*’ 3) Es dificil determinar con certeza que los efectos atribuidos a
los exRNAs no sean en realidad causados por otras moléculas presentes en las vesiculas
extracelulares (EVs), o por otros componentes del medio extracelular que co-purifican con las
EVs.® Por ejemplo, la deteccion de una proteina en una célula receptora plantea la siguiente
interrogante: ;se debe a la transferencia de un mRNA que, tras la captacion de la EV, fue traducido
localmente, o a una proteina ya sintetizada en la célula de origen y transportada dentro de la
vesicula?>® 4) Pero, tal vez lo mas importante es que en promedio, mediante estrategias finas de
cuantificacion se ha observado que las EVs contienen muy pocas copias de un RNA especifico,
frecuentemente menos de una molécula por vesicula. Esto sugiere que, por ejemplo, una célula
deberia internalizar cientos de miles o incluso millones de EVs portadoras de un miRNA para que

estos tengan un impacto fisiologico significativo en la célula aceptora.>*-0

4. El RNA extracelular no vesicular:

a) Los RNAs extracelulares no vesiculares son abundantes

Como ya fue mencionado, los nV-exRNAs comprenden una diversa gama de RNAs en el
espacio extracelular, y estos pueden encontrarse asociados a lipoproteinas, proteinas o estar
desnudos. Los EV-exRNAs han sido naturalmente mas atractivos que los nV-exRNAs por diversas
razones: 1) Los exRNAs podrian incorporarse de manera selectiva en exosomas Yy

microvesiculas®’-%? y se han identificado proteinas que participarian en la regulacion de este
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proceso®, asi como secuencias especificas en ciertos RNAs, particularmente en miRNAs, que
facilitarian su empaquetamiento selectivo.®*%° 2) Al encontrarse protegidos dentro de EV, los
exRNAs estarian resguardados de la degradacion por nucleasas extracelulares.®® 3) Las EV estan
decoradas con proteinas de superficie que, en principio, podrian conferirles tropismo hacia
determinadas células u organos diana.®’ 4) Las EVs facilitarian el ingreso de exRNAs a células
receptoras, ya sea por fusion con la membrana plasmatica o a través de procesos de endocitosis

mediada por receptor al unir proteinas presentes en la superficie de estas vesiculas.>*

Sin embargo, pronto surgié evidencia que sugeria que los nV-exRNAs son de hecho mas
abundantes y, probablemente, mas relevantes desde un punto de vista fisiologico de lo que se crey6
inicialmente, ademds como ya fue mencionado, el contenido de RNAs por EVs parece ser
extremadamente bajo. En el 2011, dos trabajos publicados de forma independiente demostraron
que la mayoria de los miRNAs extracelulares en plasma se encuentran formando complejos con la
proteina Argonauta 2 (Ago2) por fuera de EVs.**% Estudios posteriores del grupo de Victor
Ambros (Premio Noble de Fisiologia y Medicina en el afio 2024 por el descubrimiento de los
miRNAs) confirmaron estos hallazgos. Mediante estrategias de inmunoprecipitacion contra
proteinas Ago2 y posterior secuenciacion masiva, determinaron que casi el 100% de los miRNAs
en plasma estan fuera de EVs, y que lo mismo ocurre en otros biofluidos como CSF. Més aun,
estos complejos Ago2-miRNAs extracelulares estarian formando unidades de silenciamiento
funcionales.®” En la misma linea, otros investigadores también observaron que el suero de diversos
mamiferos (ratdon, rata, monos y humanos) es rico en miRNAs y fragmentos de tRNAs
extracelulares que no estan empaquetados en EVs. Ademas, los fragmentos de tRNA parecian estar
desnudos en este biofluido ya que el tratamiento con proteinasa K no alteraba significativamente
sus niveles.*! En forma temprana, aplicando estrategias de ultra centrifugacion diferencial y
posterior secuenciacion masiva de RNAs pequeios, nuestro grupo observo que algo similar ocurria
con los exRNAs provenientes de lineas celulares tumorales. Detectamos diversos tipos de
pequeiios RNAs en la fraccion extracelular no vesicular, como fragmentos de yRNAs, snRNAs y
snoRNAs, pero sobre todo una gran cantidad de mitades de tRNAs, principalmente derivados del
tRNA de glicina y del tRNA de 4cido glutimico’®, los mismos tRNAs que habian sido observado
previamente en suero.*! Posteriormente se observo que la estabilidad de estas mitades de tRNA
posiblemente se debiera su capacidad de dimerizar y formar estructuras de RNA doble cadena

(dsRNA) resistentes a las RNasas extracelulares’!. Mdas recientemente constatamos que estas
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mitades de tRNA también pueden existir en el espacio extracelular no vesicular como tRNAs que
presentan un corte o “nick” en su anticodon. Estas moléculas, que hemos denominado “nicked
tRNAs” son sumamente estables en biofluidos como CSF, suero y el medio condicionado de
células en cultivo.*” Cuando se emplean técnicas desnaturalizantes de extraccion de RNAs o de
secuenciacion, estos “nicked tRNAs” se disocian en mitades de tRNA, lo que creemos explica una
buena parte de la presencia de mitades de tRNA circulantes en biofluidos humanos, especialmente
aquellos que se encuentran fuera de EVs (que, por datos no publicados de nuestro grupo, sabemos

que son la mayoria).

b) Biogénesis de los RNAs extracelulares no vesiculares

El origen de los nV-exRNAs y los mecanismos de liberacion hacia el espacio extracelular
ain no estan completamente dilucidados. Una posibilidad es que existan transportadores
especificos de RNA en la membrana plasmatica que faciliten la secrecion de RNAs al exterior. En
C. elegans, se han identificado proteinas como SID-1 y SID-27>73 | localizadas en la membrana
plasmatica, que participan en la captacion y propagacion sistémica de RNA de doble cadena
desnudo entre células, un proceso clave para la interferencia por RNA en este nematodo. Sin
embargo, en mamiferos, la evidencia que vincula a los homologos de estas proteinas con la

liberacion o captacion de exRNAs atin es poca y controversial.>

Recientemente se ha descubierto una nueva poblacion de RNAs glicosilados post
transcripcionalmente que se detectan desnudos en el espacio extracelular en asociacion a las
membranas plasmaticas de las células.”* Al igual que para las proteinas, el proceso de glicosilacion
de estos RNAs ocurriria en el reticulo endoplasmatico (RE)™, esto plantea la posibilidad de que
algunos nV-exRNAs puedan ingresar al RE y ser liberados por las mismas vias de secrecion
utilizadas por las proteinas extracelulares. Estos RNAs glicosilados se presentan en la superficie
celular y la glicosilacion pareceria jugar un rol en la modulacion de las respuestas inmunoldgicas

inducidas por RNAs superficiales liberados por células muertas.”

Por ultimo, es posible que la muerte celular represente la principal fuente de nV-exRNAs.
De hecho, algunos de estos procesos se caracterizan por la liberacion de gran parte del contenido

citoplasmatico al medio extracelular.”® En este sentido, durante la activacion del inflamasoma y la
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posterior muerte por piroptosis se generan poros en la membrana celular a través de los cuales se
secretan, de forma no canonica, IL-1B e IL-18.77-7® Es posible que algunos nV-exRNAs escapen
también por estos poros. Por otro lado, durante la Netosis se ha visto que los neutroéfilos liberan
trampas extracelulares que, ademas de estar compuestas por exDNA, contienen exRNA.” A su

vez, es posible que la apoptosis y sobre todo la necrosis sean grandes fuentes de nV-exRNAs. !5

¢) Posibles funciones de los RNAs extracelulares no vesiculares

Recientemente se ha observado que una poblacion de nV-exRNAs asociados a la
membrana plasmatica de neutréfilos regulan la adhesion de estas células a los vasos sanguineos y
su reclutamiento a sitios de infeccion.®® A pesar de esta observacion, las funciones que podrian
desempefiar otros nV-exRNAs, en particular los nV-exRNAs circulantes, no estan claras. Es
probable que las funciones de estas moléculas estén intimamente ligadas a la actividad de las
RNasas extracelulares, ya que, a priori, los nV-exRNAs, en particular aquellos desnudos, son
posibles sustratos de estas enzimas. En este sentido, hipotetizamos que las RNasas extracelulares
podrian moldear la composicion de los exRNAs en el espacio extracelular no vesicular y regular

sus funciones.

Alternativamente, es posible que los nV-exRNA carezcan de funcion particular y sean
simples producto de desecho del metabolismo celular y/o vida de la célula.!'® Por otro lado, los nV-
exRNAs podrian desempefiar un rol en la homeostasis metabdlica del organismo, siendo
completamente degradados por las RNasas extracelulares para liberar nucledtidos o sus
precursores, que podrian luego ser reutilizados y redistribuidos hacia otras células del organismo. !>
Una posibilidad intrigante es que la rapida liberacion de nV-exRNA constituya un mecanismo para
reprogramar la expresion génica de una célula al deshacerse de aquellos transcriptos que no

precisa.!®

Aun mas intrigante es la posibilidad de que los nV-exRNAs si participen activamente en la
comunicacion célula-célula y que este proceso sea regulado por las RNasas extracelulares. Las
RNasas podrian modificar el contenido de nV-exRNAs originalmente liberado al espacio
extracelular, generando perfiles moleculares distintivos seglin el grado de actividad enzimatica.

Estos perfiles, a su vez, podrian luego ser decodificados por células aceptaras generando distintas
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respuestas. En este contexto, resulta particularmente relevante la posibilidad de que los nV-
exRNAs participen en la comunicacion intercelular al ser reconocidos por células del sistema
inmune. Estas células poseen sensores especializados en la deteccion de RNA, que -como se
introducira proximamente- pueden reconocer RNA parcialmente degradado. Considerando que los
nV-exRNAs probablemente experimentan algin tipo de fragmentacion por nucleasas
extracelulares, resulta mas plausible postular un mecanismo de comunicacion mediado por estos
sensores inmunitarios, que uno basado en la transferencia intacta de exRNAs capaces de conservar

la funcion que ejercian en la célula de origen y trasladar esa misma funcion a una célula aceptora.

En las proximas secciones introduciremos algunos conceptos generales sobre el

funcionamiento del sistema inmune para luego focalizarnos en los sensores de RNA.

5. Generalidades sobre el sistema inmune

El sistema inmune (SI) se conforma por diversos 6rganos, células y componentes solubles
que actuan de manera conjunta y coordinada para reconocer, contener y eliminar una noxa
(microorganismos patogenos, células tumorales, dafio por luz ultravioleta y trauma esteril).?! Una
caracteristica fundamental de este sistema es su capacidad de discriminar entre lo propio y lo ajeno,
o bien entre lo “normal” y “lo alterado”. Por lo tanto, el SI cumple un rol esencial en mantener la
homeostasis del organismo, con la dificil tarea de proteger lo propio, eliminar el insulto
inmunologico y reparar el dafio generado® . En términos generales, el sistema inmune se divide
en dos grandes ramas: el sistema inmune innato (SII) y el sistema inmune adaptativo (SIA), que

actuan, en condiciones normales, de manera coordinada.?!

El SII estd constituido por monocitos, macrofagos, neutrdfilos, células NK, células
dendriticas convencionales y células dendriticas plasmacitoides, asi como por componentes
solubles, entre ellos el sistema del complemento y péptidos antimicrobiano (solo por mencionar
algunos ejemplos). Estas células y moléculas circulan en la sangre y linfa, y ademas se encuentran
en sitios donde comunmente pueden ingresar patogenos.®:3? Las células del sistema inmune, en

particular aquellas del sistema inmune innato, cuentan con receptores llamados PRRs (del inglés,
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pattern recognition receptors), codificados en la linea germinal y que han sido evolutivamente
seleccionados para reconocer un conjunto finito de motivos moleculares llamados sefales de
peligro.®* Estas sefales de peligro incluyen motivos caracteristicos y conservados en los patogenos
denominados PAMPs (del inglés, pathogen associated molecular patterns) y motivos que derivan
del dafio celular denominados DAMPs (del inglés, damage associated molecular patterns) que
ocurren usualmente en forma secundaria frente a una infeccion, trauma o proceso tumoral.®> A
través de los PRRs, el SII detecta de manera rapida la presencia de patdogenos y dafo tisular que
estos provocan, activando mecanismos efectores destinados a eliminarlos y a promover la
reparacion de los tejidos.®!®3 La activacion de estos receptores también induce la sintesis y
liberacion de mediadores quimicos, como citoquinas y quimioquinas, que inician el proceso
inflamatorio. La inflamacion favorece el reclutamiento de células y proteinas desde la sangre hacia
el sitio de infeccion o lesion, y constituye un paso esencial para el establecimiento de la respuesta
inmune adaptativa.’!#3 En este proceso, las células dendriticas convencionales desempefian un
papel central ya que son las Unicas capaces de activar linfocitos T virgenes y de esa manera dar
comienzo a una respuesta inmune adaptativa especifica y especializada. Estas células fagociticas
especializadas internalizan y procesan antigenos, presentando en su superficie fragmentos
proteicos -derivados, por ejemplo, de patdogenos o c€lulas tumorales- que permiten la activacion

de linfocitos T y B especificos®® .

El SIA esta constituido principalmente por dichas células, los linfocitos B y T. A su vez,
los linfocitos T pueden subdividirse en dos grandes poblaciones principales: linfocitos T
colaboradores y linfocitos T citotoxicos.3!#* Tanto los linfocitos B como los T poseen la capacidad
de generar un repertorio casi ilimitado de receptores de membrana mediante la recombinacion
somatica de diferentes segmentos génicos presentes en sus genomas. Estos receptores
corresponden al BCR (del inglés, B cell receptor) y al TCR (del inglés, T cell receptor). Ante la
presencia de un patdogeno o célula tumoral, se activan y expanden clonalmente la poblacién de
linfocitos con BCRs y TCRs capaces de reconocer de manera especifica antigenos del patégeno o

tumor.3!-83

La accion coordinada de los linfocitos B y T potencia los mecanismos efectores de la
inmunidad innata. Los linfocitos B activados secretan anticuerpos especificos (version soluble del

BCR) que facilitan la activacion del sistema del complemento, promueven la fagocitosis de
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patogenos y neutralizan particulas virales.3!#* Por su parte, los linfocitos T colaboradores
estimulan otras células inmunes, potenciando sus funciones efectoras; por ejemplo, favorecen la
capacidad de macrdéfagos y neutrdfilos para degradar microorganismos fagocitados. En tanto, los
linfocitos T citotdxicos reconocen y eliminan células infectadas por virus o con caracteristicas
tumorales. Una propiedad distintiva del SIA es que su activacion genera linfocitos B y T de larga

81.83  Gracias a estas

vida, capaces de persistir en el organismo tras la resolucion de la infeccion.
células, un segundo encuentro con el mismo agente desencadena una respuesta adaptativa mucho
mas rapida y eficaz. Este mecanismo exclusivo del SIA, denominado memoria inmunolégica,

constituye la base de la proteccion inducida por las vacunas.?!:83

El sistema inmune estd finamente regulado para garantizar el inicio y la finalizacion
adecuada de las respuestas inmunes. La alteracion de estos mecanismos puede dar lugar a

patologias autoinflamatorias o autoinmunes.?!

Ambas se caracterizan por un funcionamiento
defectuoso del sistema inmune que provoca inflamacion persistente y dafio en 6rganos y tejidos.
No obstante, difieren en que las enfermedades autoinflamatorias suelen originarse por la
desregulacion de la inmunidad innata®’, mientras que las autoinmunes involucran también
alteraciones en la inmunidad adaptativa.®® En particular, las enfermedades autoinmunes se
caracterizan por la generacion de células B y/o T autorreactivas que reconocen antigenos
propios.® Un ejemplo de esto es el LES, en donde se suelen generar autoanticuerpos contra DNA
y contra complejos ribonucleoprotéicos® , probablemente como consecuencia de la liberacion de
nV-exRNAs.!> Ademas, como veremos proximamente, la sobre activacion da algunos PRRs

involucrados en reconocer acidos nucleicos, en particular RNA, pareceria ser uno de los gatillos

de esta patologia autoinmune.

6. Sensores de RNA del sistema inmune

a) Algunas generalidades sobre los sensores de RNA

Las células del sistema inmune innato, como macrdéfagos, células dendriticas
convencionales y células dendriticas plasmocitoides, estan equipadas con un amplio repertorio de

PRRs capaces de reconocer acidos nucleicos.®! Estos sensores de RNA, a priori, reconocen algunas
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caracteristicas moleculares de los 4cidos nucleicos presente en virus y bacterias. Nos focalizaremos
principalmente en aquellos PRRs que reconocen RNA. Estos PRRs incluyen a los receptores
endosomales de la familia Toll: TLR3, TLR7, TLR8 y TLR13 (este tltimo presente solamente en

roedores) y a los receptores citosdlicos RIG-1 y MDAS5.*°

b) Sensores de RNA pertenecientes a la familia de los TLRs

Los TLRs (del inglés, Toll-like receptors), que reconocen RNA son estructuralmente muy
similares. Ademads, a diferencia de otros TLRs que se expresan en la membrana plasmatica, estos
tienden a estar localizados exclusivamente a nivel de la membrana endosomal.”! Contienen un
dominio topolégicamente extracelular rico en repetidos de leucina (LLR) que apunta al interior de
endosomas y participa en la union de ligandos internalizados, un dominio helicoidal
transmembrana que los ancla a la membrana endosomal y un dominio citosélico Toll/receptor de
IL-1 (TIR) involucrado en las casadas de senalizacion. El reconocimiento de los ligandos por estos
TLRs dispara su dimerizacion, acercando los dominios TIR y desencadenado cascadas de
sefializacion rio abajo (Figura 1). A pesar de su similitud estructural, estos TLRs reconocen
ligandos muy diferentes. TLR3 reconoce principalmente RNA doble cadena mayor a 40 pares de

bases.”%??

TLR7 y TLRS reconocen productos de degradaciéon de RNA simple cadena generados
por el procesamiento de RNasas endosomales, en particular RNasa T2, RNasa 2 y posiblemente la
RNasa 6.%4°7 Estos sensores cuentan con dos sitios de union y generalmente ambos son necesarios
para su activacion. Estudios cristalograficos de ambos sensores indican que el sitio 1 une
nucleodsidos, mientras que el sitio 2 reconoce pequefios fragmentos de RNA de cadena simple, de
generalmente dos o tres nucleotidos. En el caso de TLR7, se requiere la union de guanosina en el
sitio 1 y de trimeros con la secuencia UUX en el sitio 2.”® Por su parte, TLR8 muestra preferencia
por uridina en el primer sitio y por dimeros UG en el segundo.”” TLR13, que esta presente solo en
roedores, es el Unico de estos sensores de RNA que pareceria ser secuencia especifico ya que
reconoce un motivo de 9-12 nucleétidos presente en la subunidad mayor del RNA ribosomal
bacteriano.!%%!1%! (Figura 1) Esta secuencia también ha sido detectada en algunos virus. TLR3
seflaliza principalmente via la proteina adaptadora TRIF (del inglés, TIR-domain-containing
adapter-inducing interferon-f), mientras que TLR7, TLR8 y TLR13 senalizan via MyD88 (del
inglés, Myeloid differentiation primary response 88). El reconocimiento por parte de estos TLRs,
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gatilla multiples vias de sefalizacion y la activacion de factores de transcripcion como NF-«kB,
IRF3 y IRF7 que, luego de translocar al nucleo, desencadenan la transcripcion de citoquinas pro-
inflamatorias e interferones de tipo I (Figura 1). En tltima instancia, los interferones de tipo I (IFN-
a ¢ IFN-B) inducen, mediante sefalizacion autocrina y paracrina, la transcripcion de multiples
genes de respuesta a interferon (ISGs, del inglés, Interferon stimulated genes) (Figura 1). Los TLRs
que reconocen RNA estan principalmente expresados en células del sistema inmune innato como
macrofagos, células dendriticas convencionales y plasmacitoides, aunque TLR3 y TLR7 también

se expresan en linfocitos B.%!

gwfﬂ‘ /%/\ IFN-a/B
Medio Wf” ij‘fNA M\,\ / IFNAR1/
extracelular IFNAR2

Citosol I I TYK2

/H/\ Endosoma S SlAlZ
S}u’fﬁ RNasa T2
RNasa 2 uridina
fb@{i':asa 6 fgl\a ® ¥ guanosina
SSRNA STAT1

7 STAT
TLR7 ~ || TLRS ELRH
IRF9
MyD88

dsRNA
» T ; o (STAT1
e & /STAT2

RIG-I MDA-5 5 AN N
: ; S i
f 7 (IKKa[IKKB

P50/p6s)
(IkB)
Mitocondria
Nicleo
Interferones de tipo | Citoquinas pro- Genes de respuesta a
IFN-a/ IFN-B inflamatorias interferon (ISGs)

Figura 1. Sensores de RNA de la inmunidad innata y esquema simplificado de las principales vias de sefializacion que
conducen a la produccién de citoquinas proinflamatorias e interferones de tipo I tras su activacion. Se muestra también la
sefializacion autocrina mediada por interferones de tipo I, que culmina en la induccion de genes de respuesta a interferon.
Las flechas punteadas indican la presencia de diversos complejos proteicos implicados en la transduccion de sefiales, que
no se representan por motivos de simplicidad. La informacién sobre las vias de sefializacion fue tomada de: '**'%
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¢) Sensores de RNA pertenecientes a la familia de los RLRs

Existen dos sensores principales que reconocen RNA en el citoplasma y su expresion no
depende necesariamente de la presencia de interferones del tipo I en el medio extracelular. Estos
PRRs pertenecen a la familia de los RLRs (del inglés, retinoic acid-inducible gene I like receptors),
que incluye a RIG-I (del inglés, retinoic acid-inducible gene I), y a MDA-5 (del inglés, melanoma
differentiation-associated protein 5).!°* La familia de los RLRs incluye una tercera proteina, LGP2
(del inglés, laboratory of genetics and physiology 2) que no es formalmente un sensor de RNA
sino que participaria en regular la activacion de RIG-I y MDA-S5, y, al interactuar con Dicer, en la
regulacion cruzada entre la via del interferon y la del RNAI.1% RIG-1 y MDA-5 poseen un dominio
carboxi terminal (CTD) seguido de un dominio helicasa y un dominio CARD (del inglés, caspase
activation and recruitment domain).'°? El dominio CTD y helicasa participan en el reconocimiento
de RNAs y el dominio CARD media las vias de sefializaciones una vez activados estos sensores.
RIG-I reconoce RNA doble cadena de extremos romos que est¢ tri- o di-fosforilado en el extremo
5’y en donde la ribosa del primer nucledtido carezca de metilacion en el oxigeno de la posicion 2’
(sin 2°-O-metilacion).!%? Estas caracteristicas son comunes a los RNAs virales y, como veremos
mas adelante, generalmente estd ausentes en transcriptos endogenos. Respecto a MDA-5,
inicialmente se crey6 que reconocia preferentemente RNA doble cadena largo ya que se activa en
respuesta a la transfeccion de Poly(I:C), sin embargo, hoy no esta del todo claro las caracteristicas
moleculares de sus ligandos de RNA.!%7 Una vez unen sus ligandos, estos sensores sufren cambios
conformacionales, multimerizan, y a través de sus dominios CARD se unen a la proteina MAV'S
(del inglés, mitochondrial antiviral signalling protein), que desencadena cascadas de sefializacion
que culminan en la activacion de IRF3, IRF7 y NF-kB dando lugar a potentes respuestas

inflamatorias similares a las que fueron mencionadas para los TLRs.!?? (Figura 1)

d) El reconocimiento aberrante por estos sensores conduce a patologias con

componente inflamatorio

Generalmente, los TLRs y RLRs que reconocen RNA se activan en respuesta a virus y
bacterias, desencadenando mecanismos efectores destinados a contener la infeccidn, eliminar

patdgenos y guiar al sistema inmune adaptativo para que generar respuestas especificas contra el
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patogeno en cuestion.!®® Sin embargo, cada vez se acumula mas evidencia respecto a que estos
PRRs no distinguen de manera perfecta el RNA propio y el RNA de microorganismos. Esto resulta
comprensible si se considera que, a diferencia de otros PAMPs o DAMPs, el RNA no presenta
diferencias estructurales drasticas entre bacterias, virus y mamiferos. Ademads, varios de estos
sensores reconocen RNAs cortos que, a priori, podrian provenir de multiples secuencias diferentes.
En linea con esta idea, se ha observado que alteraciones en la expresion de estos PRRs, asi como
mutaciones en los propios receptores o en proteinas clave para su maduracion, se asocian con el
desarrollo de enfermedades autoinmunes y autoinflamatorias, como el LES, Psoriasis y diversas

)87,109—114 En estas

interferonopatias como AGS (del inglés, Aicardi-Goutiéres syndrome
situaciones, el exXRNA propio emerge naturalmente como un posible activador de los sensores de

RNA, en particular de los TLRs.

En esta linea: el exRNA liberado por cardiomiocitos puede ser reconocido por macrofagos
y neutrofilos via TLR7!!°) células necroticas pueden activar macrofagos via TLR3!'¢, y la
exposicion a exRNA promueve la diferenciacion a macrofagos de fenotipo pro-inflamatorio.!'” A
su vez, la interaccion entre exRNA enddgenos y proteinas propias como el péptido LL37 facilita
la internalizacion de exRNAs, y la consecuente activacion del SI.!'8 En células dendriticas estos
efectos son dependientes de TLR7 y TLRS.!? Por otra parte, células dendriticas plasmacitoiodes
responden a la transfeccion de complejos ribonucleoproteicos derivados del spliceosoma, de nuevo
por sefializacion via TLR7 y TLR8.!2° Estos complejos del spliceosoma también pueden ser

reconocidos por linfocitos B autorreactivos via TLR7.!?!

El reconocimiento de exRNAs por estos sensores también jugaria un rol en la biologia
tumoral. Se ha observado que la expresion de TLR3 es necesaria para la respuesta antitumoral
desencadenada por agentes quimioterapéuticos, probablemente debido a reconocimiento de
exRNAs aun no identificados.!?? Salvo en algunas situaciones, no esta del todo claro qué tipos de
exRNAs propios gatillan estos efectos. Pensamos que en la mayoria de los casos estos sean

exRNAs no vesiculares derivados de muerte celular.'??
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e) Estrategias para evitar la sobre activacion de los sensores de RNA

Las células del sistema inmune emplearian diversos mecanismos para evitar que los
sensores de RNA sean activados por RNAs propios tanto intra como extracelulares y desencadenen
respuestas inflamatorias patoldgicas que contribuyan al desarrollo o agravamiento de
enfermedades autoinmunes o autoinflamatorias.”"!>* Estas estrategias incluyen: 1)
Compartimentalizacion de los sensores de RNA. 2) Pequeiias diferencias bioquimicas entre RNAs
propios y RNA de patogenos. 3) Regular los niveles de los sensores de RNA y las vias de

transduccion de senales. 4) Modular la disponibilidad de los ligandos.

La totalidad de los TLRs que reconocen acidos nucleicos estan secuestrados en endosomas.
Se piensa que esta estrategia maximiza el reconocimiento de RNAs derivados de patogenos
previamente internalizados y evita la activacion de estos sensores por acidos nucleicos propios
circulantes. De hecho, mutaciones en UNC93B1, proteina involucrada en el transporte de estos
TLRs a los endosomas, estd involucrada con el desarrollo de autoinmunidad por sobre-activacion

de TLR7.!14

Las diferencias bioquimicas entre el RNA enddgeno y el RNA de patdogenos también
condiciona el reconocimiento por estos sensores. Por ejemplo, los RNAs eucariotas sufren
numerosas modificaciones postranscripcionales, habiéndose identificado mas de 200 tipos
diferentes que regulan multiples aspectos de su biologia.!?* Entre las modificaciones mas comunes
se encuentran las metilaciones en las bases nitrogenadas, como N6-metiladenosina (m6A) y 5-
metilcitidina (m5C); la metilacién de la ribosa en la posicion 2’ (2°-O-metilribosa, 2’-O-me); la
isomerizacion de uridina a pseudouridina (V); y la desaminacion de adenosina a inosina (I), entre
otras.!?® Gracias a los trabajos pioneros de Katalin Kariké y colaboradores, se conoce que muchas
de estas modificaciones influyen en el reconocimiento del RNA por los TLRs, en particular TLR7
y TLRS&. De hecho, la presencia de modificaciones como ¥ y m5C impide que RNAs transfectados
sea reconocidos por estos sensores y que se desencadenen respuestas pro-inflamatorias.'?’
Ademas, Kariko6 y colaboradores observaron que los RNAs propios de células eucariotas suelen
estar hipermodificados en comparacion con los RNAs de patogenos, lo que contribuye a que estos
ultimos sean mas facilmente detectados por el sistema inmune.!?” De hecho, este hallazgo fue
fundamental para el desarrollo de las vacunas basadas en mRNA, las cuales incorporan bases

modificadas con el objetivo de evitar respuestas inflamatorias exacerbadas producto del
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reconocimiento por estos TLRs.!?8-131 Muy recientemente Flynn y colaboradores han observado
que la glicosilacion de RNAs enddgenos constituiria otro mecanismo para evitar su
reconocimiento, principalmente por TLR3 y TLR7.7 Por otra parte, la mayoria de los RNAs
propios intracelulares maduros carecen o esconden sus extremos 5’PPP y 5’PP evitando asi el

102 En este sentido, las formas maduras de los TRNA 288,

reconocimiento por parte de los RLRs.
188, 5.8S y de los tRNAs presentan extremo 5’ monofosfato, los mRNAs y IncRNAs presentan un
CAP en su extremo 5’PPP. Otros RNAs no codificantes que si presentan extremo 5’PPP libre, en
particular los transcriptos de la polimerasa III, estan metilados en bases claves o asociados a
proteinas que esconden sus 5'PPP de estos sensores.!?> Ademas, los transcriptos eucariotas suelen
ser simple cadena evitando tanto el reconocimiento por TLR3 como por los RLRs. La
desaminacion de adenina a inosina en los mRNAs pareceria ser clave en este proceso ya que evita
la formacion de regiones doble cadena en mRNAs que de lo contrario serian reconocidas por los

RLRs, gatillando potentes respuestas inflamatorias.!32-134

Las células regulan finamente la expresion de los sensores de RNA ya que, como se
menciond anteriormente, alteraciones en los niveles de estos sensores pueden conducir al
reconocimiento de ligandos propios y patologias con componente autoinflamatorio o autoinmune.
En particular, la expresion de los TLRs suele estar bastante restringida a células del SII y no todos
los tipos celulares los expresan en igual medida. A modo de ejemplo, los macroéfagos encargados
de eliminar cuerpos apoptéticos presentan una baja respuesta frente a dcidos nucleicos, en parte
debido a la reduccién en la expresion de ciertos TLRs capaces de reconocer este tipo de

moléculas.!33

La disponibilidad y concentracion de ligandos probablemente sea uno de los factores mas
importantes en determinar la activacion de estos sensores de RNA. Una forma de evitar que los
exRNAs circulantes activen dichos sensores es degradarlos en el espacio extracelular evitando que
ingresen a las células. En este sentido, el espacio extracelular y los biofluidos suelen ser ricos en
RNasas extracelulares'®, y ya en la década del 80 se postuld que estas enzimas podrian actuar
como reguladoras de los niveles de exRNA.!37 De hecho, la sobreexpresion de RNasa 1 atenua los
efectos patologicos en modelos de LES y de isquemia-reperfusion.!3¥13 Sin embargo, el papel de
estas enzimas en modular los efectos del exRNAs sobre el SI no han sido completamente

dilucidados. Ratones knockout para RNasa 1 -una de las muchas RNasas extracelulares- tienen
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mayores niveles de exRNA circulante pero no presenten mayor secrecion de citoquinas
proinflamatorias ni desarrollan autoinmunidad.!*’ Esto podria descartar el rol de las RNasas
extracelulares en controlar la disponibilidad de ligandos, pero probablemente se deba a que, como
veremos en el proximo capitulo, en el espacio extracelular existen multiples RNasas. Si bien existe
evidencia que sugiere que estas enzimas son importantes para impedir el reconocimiento de los
exRNAs propios, su papel en modular la internalizacién y el reconocimiento de exRNAs -
particularmente de exRNAs no vesiculares y exRNAs desnudos- ha sido poco estudiado y no es

completamente comprendido.

7. RNasas de la familia A

a) Generalidades sobre esta familia de proteinas

Los vertebrados poseen una superfamilia Gnica de proteinas con actividad ribonucleolitica
que son secretadas al espacio extracelular. A estas ribonucleasas se las conoce como RNasas de la
familia A. De ahora en mas, al utilizar el término RNasa, nos estaremos refiriendo exclusivamente
a este grupo de proteinas dejando de lado las multiples enzimas capaces de cortar el RNA que

existen dentro de las células.

El miembro prototipico de esta familia, la RNasa A pancreatica -aislada originalmente del

pancreas de chanchos!#!

y homologa a la RNasa 1 humana y murina- fue uno de los modelos
favoritos de los bioquimicos durante el siglo XX. La RNasa A fue una de las primeras proteinas
en secuenciarse (luego de la insulina y hemoglobina)!*>!*3 | la primera enzima con mecanismo

catalitico propuesto (atn sin conocerse su estructura)!#*

y la tercera enzima cuya estructura
tridimensional fue resuelta.'* Ademas, el uso de la RNasa A dio lugar a varios premios Nobel,
relacionados al estudio del plegamiento de las proteinas, la secuenciacion proteica y la sintesis de
proteinas en fase solida. A pesar de su extenso uso como modelo, como veremos mds adelante,
recién en la ltima década se ha tomado conocimiento de que estas proteinas estan implicadas en

multiples procesos bioldgicos adicionales a la digestion del RNA en el aparato digestivo (funcion

inicialmente sugerida para estas proteinas).!4®
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El genoma humano codifica 13 genes de RNasas que localizan en un tnico cluster en el
cromosoma 14. Ocho de estas proteinas (RNasa 1-RNasa 8) son RNasas prototipicas o candnicas
ya que poseen actividad catalitica. Estas incluyen a la RNasa 1 (también llamada RNasa
pancreatica), RNasa 2 (o EDN, del inglés eosinophil derived neurotoxin), RNasa 3 (o ECP, del
inglés eosinophil cationic protein), RNasa 4, RNasa 5 (también conocida como Angiogenina),
RNasa 6, RNAsa 7 y RNasa 8. Por otro lado, las RNasas 9-13 carecen de actividad nucleasa.'#7:148
En ratones, el panorama es mas complejo, ya que existen dos clusteres gendmicos que codifican
genes de RNasas: uno ubicado en el cromosoma 14, sinténico con el genoma humano, y otro en el
cromosoma 10, que no tiene homologia con el genoma humano. Como resultado de multiples
rondas de duplicacion génica -particularmente de los genes correspondientes a las RNasas 2, 3y
5- los ratones expresarian alrededor de 15 o mas RNasas funcionales. Sin embargo, carecen de

homologos para RNasa 7 y 8.147

Las RNasas de la familia A han experimentado una répida evolucion y divergencia, similar
a lo que ocurre para ciertos genes del sistema inmune. A pesar de que existe una baja identidad de
secuencia entre algunos miembros de esta familia (menor al 30%), todas presentan similar
estructura y el motivo firma CKXXNTF'#¢ (Figura 2A). Las RNasas de la familia A se caracterizan
por ser proteinas pequeias, monocatenarias, de unos 130 aminoacidos que adquieren un
plegamiento globular en forma de rifidn, en donde su estructura terciaria esté estabilizada por entre
3 y 4 puentes disulfuros (Figura 2B). Estas proteinas son endonucleasas de secrecion que degradan
preferentemente RNA simple cadena.!'* El mecanismo catalitico, que involucra a los residuos
His12, Lis41 e HIS119 (Figura 3A), consiste en una primera reaccion de transfosforilacion que
rompe el enlace P-O° entre dos nucledtidos consecutivos del RNA (YpN, [Y:pirimidians y
N:cualquier nucléotido]) generado como producto un RNA con fosfato ciclico en el extremo 3’
(Y>p). Posteriormente, la hidrolisis del enlace P-O? resuelve el fosfato ciclico.'**!° Las RNasas
de la familia A presentan preferencia por cortar el enlace fosfodiéster del RNA al 3’ de residuos de
pirimidina y escasa actividad frente a las purinas.!>! Utilizando a la RNasa A pancreatica bovina y
homopolimeros de RNA simple cadena, se observé que la enzima presenta la siguiente preferencia
de sustratos: poly(C) > poly(U) >>> poly(A).!*? Poly(C) es cortado 20 veces mas rapido que
poly(U) y poly(A) es cortado 10*-10° veces mas lento que poly(U).!>? Similares preferencias se

han observado para la RNasa 1 humana, homoéloga de la RNasa A bovina pancreatica.!>>!* Sin
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embargo, otros miembros de esta familia, como las RNasas 2, 3 y 4 serian cataliticamente mas

).153,154

activas frente a poly(U) que a poly(C
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Figura 2. Alineamiento de las secuencias peptidicas (A) y comparacion de las estructuras (B) correspondientes a las RNasas
canonicas humanas. El sitio catalitico se sefiala en negro. Los puentes disulfuros se muestran en magenta. Figura adaptada de:'*.

Por otra parte, algunos miembros de la familia de las RNasa A, en particular RNasa 1,
pueden degradar -aunque en forma menos eficiente- RNA doble cadena de origen viral, y de origen

).149153 Ta actividad RNasa pareceria variar entre los

sintético, como poly(A:U) y poly(I:C
diferentes miembros de esta familia. En humanos, donde se dispone de mdas informacion, se
observa que las RNasas 1, 2 y 3 presentan elevada actividad catalitica de magnitud comparable.
En contraste, las RNasas 4, 6, 7 y 8 son 8-100 veces menos activas, mientras que la RNasa 5 se
considera la menos activa de todas siendo 10° veces menos activa que RNasa.'#¢ Sin embargo,
recientemente se ha reportado que esta enzima se posiciona en el sitio aceptor vacio de los
ribosomas durante el estrés celular, y alli sufre un cambio conformacién que aumenta su actividad
catalitica, pudiendo cortar tRNAs que se acercan al ribosoma bajo estas condiciones de estrés.!>
También resulta interesante que la actividad de estas enzimas variaria entre diferentes especies de

vertebrados, en el caso de la RNasa 1, esta pareceria ser mas activa en humanos y murciélagos que

en roedores y rumiantes.'#’

Las RNasas son proteinas de expresion ubicua, aunque sus niveles varian entre distintos

tejidos. Las RNasas 1, 4, 5, se detectan en multiples 6rganos y tejidos, mientras que la expresion
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de las RNasas 2 y 3 esté restringida principalmente a la médula 6sea y al tracto urinario, donde
son secretadas principalmente por eosinéfilos y neutr6filos.!*6157 El plasma es especialmente rico
en RNasas, en particular RNasa 1, la cual es secretada al torrente sanguineo principalmente por
células endoteliales.!*®!5° La expresion ubicua de las RNasas, su rapida evolucion y la diversidad
de miembros que forman parte de esta familia, sugiere que estas proteinas participan en multiples
procesos biologicos, mas alld de su funcidn originalmente propuesta en la digestion de RNA en el

aparato digestivo.

b) Algunas funciones extracelulares de las RNasas de la familia A

Ademas de su funcion clasica en la digestion del RNA de origen dietario, las RNasas de la
familia A han sido implicadas en una amplia variedad de procesos biologicos. Estos incluyen: la
regulacion de los niveles de RNA intra y extracelular, la angiogénesis y reparacion de tejidos, la
defensa contra patdgenos -gracias a la actividad antibacteriana, antiviral y antifingica de algunas
de ellas-, el mantenimiento de la esterilidad en ciertos biofluidos y la generacion de pequeios
fragmentos de RNA con funciones reguladoras a partir del clivaje selectivo de algunos RNAs no

codificantes como tRNAs, entre otras varias funciones. 46160

Las RNasas de la familia A serian actores relevantes del sistema inmune innato. Varias de
estas proteinas son secretadas por células inmunes como neutréfilos y eosindfilos (RNase 2 y
RNase 3), macrofagos y células dendriticas (RNase 4 y RNase 6) y su expresion se induce frente
a infecciones.!®® En este contexto, las RNasas favorecerian la eliminacion de patdogenos por
diferentes mecanismos. Por ejemplo, las RNasas 4, 6 y 7 desempefiarian un papel clave en el
combate de infecciones bacterianas del tracto urinario.'®!~163 Esto se debe, en parte, a su alta carga
neta positiva, que les permite comportarse como péptidos antimicrobianos capaces de
desestabilizar la membrana y pared de bacterias gram+ y gram- lo cual culmina con la lisis
bacteriana. Por otra parte, se ha sugerido que la RNasa 2 podria actuar como quimioquina, y

alarmina al unirse directamente a TLR2164

, esto probablemente esté relacionado a la gran similitud
estructural que existe entre RI y los TLRs.!® Por cuestiones de espacio, nos focalizaremos
principalmente en aquellas posibles funciones mas directamente relacionadas a la temética de la

tesis, en particular el rol de estas enzimas sobre el exRNA.
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A finales de 1980, Steven Benner not6 que la amplia distribucion de las RNasas de la
familia A en tejidos y biofluidos sugeria que estas enzimas debian desempefiar un rol sobre
sustratos extracelulares. Desde su perspectiva, la existencia de RNasas careceria de sentido
evolutivo si no existieran RNAs extracelulares sobre los cuales pudieran actuar.!3%137 A partir de
esta observacion, propuso la hipdtesis -en ese momento sin evidencia experimental concluyente-
de que una de las funciones principales de las RNasas podria ser la regulacion de los niveles de
exRNAs circulantes en biofluidos.!*” Esto se basaba en la posibilidad de que dichos RNAs, al igual
que las hormonas, contuvieran informacion relevante para el desarrollo de los organismos y
actuasen como agentes en la comunicacion intercelular, razon por la cual, regular su concentracion
por parte de estas enzimas seria central para el correcto funcionamiento del organismo.!?137
Trabajos mas recientes han encontrado evidencia a favor de esta hipotesis. En este sentido, ratones
knockout en RNasa 1 (la principal RNasa sanguinea) presentan mayores niveles de RNAs
extracelulares totales en sangre.!* Esto tienen sentido ya que, como fue mencionado
anteriormente, las células endoteliales secretan grandes niveles de RNasa 1 al torrente
sanguineo.'® Se ha sugerido que la RNasa 1 actuaria como "scavenger" de RNAs extracelulares,
tanto en condiciones de homeostasis como en contextos patoldgicos, evitando que estas moléculas
sean reconocidas por el sistema inmune y que se desencadenen respuestas inflamatorias
perjudiciales.!®® En esta linea, en modelos murinos de isquemia/reperfusion, la administracion
ectopica de RNasa 1 redujo los niveles de TNF-a y atenud el dafio tisular en el corazon,
posiblemente al degradar exRNAs proinflamatorios liberados durante el evento isquémico. Por
otra parte, en modelos murinos transgénicos que sobreexpresan TLR7 y desarrollan una patologia
similar al Lupus, la sobreexpresion de RNasa 1 reduce la inflamacion sistémica y prolonga la

supervivencia de estos animales.'?

¢) las RNasas de la familia A pueden ingresar al interior de las células

Las RNasas de la familia A, pueden ingresar al interior celular por la via endocitica. Se
especula que el ingreso de estas proteinas estaria mediado por su carga neta positiva que permitiria
interacciones con proteoglicanos como heparan sulfato.!¢” Posteriormente, a través de mecanismos
atn no completamente comprendidos, escapan de la via endocitica e ingresan al citosol. Una vez

168

alcanzan este compartimiento, incluso pueden dirigirse al nucleo.'*® En el interior de las células,
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estas enzimas retienen su actividad endonucleasa y cumplirian multiples funciones. En situaciones
de estrés celular como dafio oxidativo, estrés nutricional e infecciones virales, algunas RNasas, en
particular Angiogenina, cortan selectivamente tRNAs a nivel del anticodon y de los bucles Ty D
generando pequefios fragmentes de tRNA.!*1 Estos fragmentos de tRNA inducidos por estrés
regulan la expresion génica al inhibir la sintesis de proteinas mediante el desplazamiento de los
factores de traduccion eIF4G/elF4A de RNAs capeados y no capeados.!!!7 Angiogenina contiene
una sefal de localizacion nuclear que media su transporte al ntiicleo. Dentro del nticleo induce la
transcripcion de RNA ribosomal y gatilla la proliferacion celular.!®® Otras miembros de la familia,
en particular RNasa 2 y la RNasa 6, en accidon coordinada con otras enzimas con actividad
ribonucleolitica como la RNasa T2, actuarian dentro de endosomas mediando el procesamiento
parcial de RNAs simple cadena para generar los sustratos necesarios para la activacion de

TLR8.%>97

Si las RNasas de la familia A pueden ingresar a la célula, ;por qué no degradan
indiscriminadamente los RNAs celulares causando muerte celular? Esto no ocurre debido a que
las células del organismo expresan una proteina capaz de unirse e inhibir la actividad
ribonucleolitica de las RNasas de la familia A. Esta proteina, denominada Inhibidor de RNasas
(RI), es una proteina citosélica de unos 50kD rica en repetidos de leucina que adquiere una
estructura en forma de herradura.!”! RI une a las RNasas de la familia A con una estequiometria
1:1 e impide que las RNasas puedan unir y degradar RNA.!7"172 (Figura 3B) Esta interaccion
proteina-proteina es una de las mas fuertes que se conocen en la naturaleza, con constantes de
disociacion del orden del femtomolar, lo que resalta la importancia de inhibir estas enzimas dentro
de la célula para asegurar la supervivencia celular.!’”> De hecho, RNasas ingenierizadas para evadir
RI son toxicas y conducen a la muerte celular.!’>!7* En esta misma linea, células knockout para
RNHI, el gen que codifica RI, son vulnerables a la accion de RNasa 1 y de Angiogenina
extracelular.!’>176 RI es rico en cisteinas y pareceria ser un sensor redox. De hecho, la oxidacion
de algunas de estas cisteinas y la posible formacion de puentes disulfuro disminuye la afinidad de
RI por las RNasas permitiendo que estas sean liberadas.!”’ La oxidacion de R y la fosforilacion
de algunas RNasa han sido postulados como mecanismos para romper la union RI:RNasa y

permitir la accion regulada de estas enzimas dentro de la célula.!”®
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El RI recombinante es ampliamente utilizado en los laboratorios de biologia molecular
cuando se trabaja con RNA. Por ejemplo, el RI suele anadirse durante la sintesis de cDNA, en
diversos tratamientos enzimaticos del RNA y durante la generacion de librerias para RNAseq. Si
bien las formulaciones més frecuentes de RI comercial se basan en la secuencia humana o porcina,
el RI recombinante murino carece de ciertos residuos de cisteina que lo vuelven mas resistente a

la oxidacion, permitiendo que pueda ser utilizado in vitro € in vivo.'"’

Durante mi maestria, realizada en otro laboratorio, puse a punto un método de deteccion
por RT-qPCR, para lo cual debi usar frecuentemente RI como un reactivo para evitar la
degradacion de las muestras con las que trabajaba. En aquel momento, no me habia percatado que
el RI era un inhibidor proteico de preciosa estructura, esencial para protegernos de las RNasas
extracelulares, y que un dia seria no ya un mero reactivo de laboratorio, sino un componente

bioldgico esencial de mis estudios doctorales.

Figura 3. A) Estructura cristalografica de la RNasa A bovina pancreatica homologa a la RNasa 1 humana y murina en
complejo con el analogo de sustrato de ssSRNA: 3’-fosfotimidina (3’-5")-pirofosfato adenosina 3’-fosfato (PDB:1U1B).
En Amarillo se muestran los residuos involucrados en la catalisis (Histidina 12, Lisina 41, Histidina 119). B) Estructura
cristalografica del inhibidor de RNasa humano en complejo con la RNasa 1 humana (PDB:1Z27X). En Amarillo se
muestran los residuos involucrados en la catalisis que quedan enmascarados por la formacion del complejo RI:RNasa 1.
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8. exRNAs desnudos: [tienen relevancia funcional?

Llegado este punto, resulta pertinente retomar algunas interrogantes que, de forma explicita
o implicita, han sido planteadas a lo largo de esta introduccion ;Son los nV-exRNAs, en particular
los exRNAs desnudos, moléculas funcionales? Es decir, ;pueden ser reconocidos, internalizados
y modular la expresion génica en células receptoras? En la literatura cientifica existe una
controversia sobre este punto, con evidencia tanto a favor como en contra respecto a su
funcionalidad biologica. En lo que refiere a evidencia a favor, por mencionar algunos ejemplos
ilustrativos, se ha observado que la administracion intravenosa de RNasa 1 atentia la inflamacion
en modelos de isquemia/reperfusion!® y de politraumatismo!”, o que la sobreexpresion de esta
enzima reduce la inflamacion en un modelo murino de Lupus Eritematoso Sistémico.'** Dado que
las RNasas actuarian principalmente sobre nV-exRNAs, y en particular sobre exRNAs desnudos,
estos trabajos sugieren que los exRNA desnudos tienen relevancia funcional, en particular en lo
que refiere a su reconocimiento por parte del sistema inmune. Por otra parte, en pacientes con LES
y otras enfermedades autoinmunes, se generan autoanticuerpos dirigidos contra complejos
ribonucleoproteicos, e incluso contra RNA.!8-182 Dado que la generacion de anticuerpos requiere
la internalizacioén de antigenos por parte de los linfocitos B, estos hallazgos sugieren que algunos
nV-exRNAs podrian ser internalizados por células del sistema inmune en determinados contextos.
Sin embargo, la comunidad cientifica ha asumido casi que como un dogma la idea de que las
células son impermeables al exRNA desnudo y que estds moléculas por si solas no pueden
atravesar las membranas bioldgicas, razoén por la cual los RNAs terapéuticos (salvo pequefios
ASOs modificados) deben si o si ser transfectados y/o encapsulados en nanoparticulas lipidicas
para poder ingresar a sus células diana.>>!%* En esta misma linea, y por poner un ejemplo muy
ilustrativo, la estimulacién de macrofagos cultivados in vitro con RNA desnudo bacteriano no
genera ningun tipo de efecto en este tipo de células fagociticas. Por el contrario, iinicamente
cuando el RNA bacteriano es transfectado se desencadena la liberacion de multiples citoquinas
pro-inflamatorias.!%%-184 Estas y otras observaciones parecerian echar por tierra la idea de que los

exRNAs desnudos sean funcionales y/o puedan participar en la comunicacion célula-célula.

(Podemos reconciliar estas discrepancias? Esta tesis de doctorado buscara resolver esto.
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Hipotesis

El nV-exRNA, incluyendo a los exRNAs desnudos, son moléculas bioactivas capaces de

ser internalizadas y reconocidas por distintos tipos celulares.

Esto no ha sido observado en muchos trabajos debido al hecho de que la mayoria de los
estudios en cultivo se realizan en presencia de suero fetal bovino, que es una fuente rica de RNasas

extracelulares.

Inhibiendo las RNasas extracelulares, podemos estudiar la biologia de la internalizacion y

el reconocimiento de exRNAs desnudos.

La funcion biolédgica de las RNasas extracelulares, presentes y abundantes en biofluidos,
es precisamente la de regular la biodisponibilidad de exRNAs no vesiculares, a los efectos de
contrarrestar sus propiedades biologicas en contextos en los que esto podria dar lugar a respuestas

sistémicas perjudiciales para el organismo.
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Objetivo General

Estudiar el impacto de las RNasas extracelulares en determinar la composicion del RNA
extracelular no vesicular, y el elucidar el rol que tendrian estas enzimas en modular el ingreso, el
reconocimiento, y la respuesta del sistema inmune al RNA extracelular no vesicular, con particular

énfasis en el RNA extracelular desnudo.

Objetivos especificos

1. Caracterizar, mediante secuenciacion de RNAs cortos (small RNA sequencing), la poblacion
de exRNAs no vesiculares liberados al medio extracelular por lineas celulares humanas, y
elucidar la contribucion de la actividad RNasa extracelular en la composicion de los perfiles

de RNAs extracelulares no vesiculares. (Articulo cientifico 1)

2. Estudiar la capacidad de células del sistema inmune innato, principalmente células dendriticas,
monocitos y macrofagos, de responder al exRNA desnudo y evaluar el rol de las RNasas en

este fenomeno (Articulo cientifico 2)

3. Elucidar los mecanismos moleculares implicados en el reconocimiento del exRNA desnudo

por parte de células del sistema inmune innato (Articulo cientifico 2)
4. Determinar el rol de las RNasas en regular el ingreso de exRNAs desnudos al citosol y de
actuar como moduladores de la captura y traduccion de mRNAs desnudos extracelulares.

(Articulo cientifico 2)

5. Estudiar el rol de las RNasa extracelulares en la deteccion de exRNAs desnudos en modelos

in vivo (Articulo cientifico 2)
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6. Escritura de un capitulo de libro sobre metodologias experimentales para el estudio de los

tRNAs extracelulares vesiculares y no vesiculares. (Articulo cientifico 3)
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Tesis por compendio de articulos
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Articulo cientifico 1: Fragmentation of extracellular
ribosomes and tRNAs shapes the extracellular RNAome

En este articulo cientifico se aborda el objetivo especifico 1 de mi tesis doctoral. Mi
contribucion principal fue la realizacion completa de los analisis bioinformaticos de small RNA-
seq sobre fracciones de RNA extracelular no vesicular liberadas por células humanas en cultivo,
que fueron recolectadas en presencia o ausencia de inhibidores de RNasas (RI) y luego

fraccionadas por tamafio mediante cromatografia de exclusion molecular.

La principal conclusion del estudio es que las células en cultivo liberan al espacio
extracelular no vesicular practicamente todos los biotipos de RNA, probablemente como
consecuencia de la muerte celular. Sin embargo, debido a diferencias en la estabilidad intrinseca y
en la susceptibilidad a la degradacion por RNasas extracelulares, solo persisten aquellos exRNAs
no vesiculares ultrarresistentes, tales como los fragmentos de tRNA y ciertos fragmentos de rRNA.
Esta observacion se evidencié al comparar los perfiles de secuenciacion entre muestras
recolectadas con y sin inhibicion de la actividad de RNasas. Otra importante observacion que surge
de este trabajo es que las células liberan ribosomas extracelulares que pueden inducir la
maduracion de células dendriticas. Lo que fue de hecho el primer paso de nuestro laboratorio hacia
el estudio de las propiedades inmunoldgicas de los exRNAs, y constituyd el primer caso de
colaboracion entre mis dos tutores, siendo este el antecedente inmediato y principal sobre el que

se constituyd mi proyecto de tesis de doctorado.
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ABSTRACT

A major proportion of extracellular RNAs (exRNAs)
do not copurify with extracellular vesicles (EVs) and
remain in ultracentrifugation supernatants of cell-
conditioned medium or mammalian blood serum.
However, little is known about exRNAs beyond EVs.
We have previously shown that the composition
of the nonvesicular exBRNA fraction is highly bi-
ased toward specific tRNA-derived fragments capa-
ble of forming RNase-protecting dimers. To solve
the problem of stability in exBRNA analysis, we de-
veloped a method based on sequencing the size
exclusion chromatography (SEC) fractions of non-
vesicular extracellular samples treated with RNase
inhibitors (RI). This method revealed dramatic com-
positional changes in exRNA population when en-
zymatic RNA degradation was inhibited. We demon-
strated the presence of ribosomes and full-length
tRNAs in cell-conditioned medium of a variety of
mammalian cell lines. Their fragmentation generates
some small RNAs that are highly resistant to degra-
dation. The extracellular biogenesis of some of the
most abundant exRNAs demonstrates that extracel-
lular abundance is not a reliable input to estimate
RNA secretion rates. Finally, we showed that chro-
matographic fractions containing extracellular ribo-
somes are probably not silent from an immunolog-

ical perspective and could possibly be decoded as
damage-associated molecular patterns.

INTRODUCTION

Extracellular RNA (exRNA) profiling in biofluids such as
urine, plasma or serum is a promising approach for early
disease detection and monitoring in minimally invasive lig-
uid biopsies (1). Although plasma cell-free DNA analysis
has proven powerful to detect cancer-associated mutations
(2) or altered DNA methylation events (3), exRNA analy-
sis has the potential to inform about transcript expression,
post-transcriptional modifications and splicing variants (4).
Additionally, it was reported that cells use exRNAs to com-
municate and reciprocally regulate their gene expression,
even in distant tissues (5-7).

Because RNA is widely recognized as unstable in bioflu-
ids such as plasma due to their high R Nase content (8), exR-
NAs are typically studied in the context of lipid membrane-
containing extracellular vesicles (EVs) (7,9,10) or lipopro-
tein particles (LPPs) (11,12). Alternatively, exRNAs can
achieve high extracellular stability by their association with
proteins (13,14). However, extracellular soluble ribonucleo-
proteins remain the least studied exRNA carriers (15), with
most attention thus far placed at the level of EVs.

Strikingly, a major proportion of extracellular small
RNAs are found outside EVs (13,16). Furthermore, non-
vesicular exRNA profiles are highly biased toward glycine
and glutamic acid 5 tRNA halves. This has been extensively
documented both in cell culture media (16,17) and in bioflu-
ids such as urine, blood serum, saliva or cerebrospinal fluid
(18-21). The abundance of these species in the extracellular,
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nonvesicular fraction (16,20,21)challenges the widespread
belief that exRNAs are unstable when not present inside
EVs and raise the question on the origin of their remark-
able extracellular stability.

A possible answer to this question arises from our re-
cent report that glycine and glutamic acid 5’ tRNA halves
can form homo- or heterodimeric hybrids, which render
them resistant to single-stranded RNases (22). The RNAs
with predicted dimer-forming capacity are those of 30 or
31 nucleotides, which are slightly shorter than the 5’ tRNA
halves generated by endonucleolytic cleavage of the anti-
codon loop (typically 34-35 nt) during the stress response
(23-25). Interestingly, nonvesicular extracellular fractions
are usually enriched in glycine and glutamic acid tRNA
halves of precisely 30-31 nt (16,18), suggesting a causal link
between extracellular stability and abundance (18). As a
consequence, the enrichment of glycine and glutamic acid
tRNA halves in extracellular samples does not necessar-
ily imply that these sequences are released at higher rates
from cells when compared to other small RNAs. Differen-
tial extracellular stability might as well produce the same
outcome. Furthermore, the possibility that these fragments
could be generated by extracellular fragmentation of tRNA
precursors has not been sufficiently explored.

We hypothesized that extracellular RNA degradation is
a major force shifting what cells release to the extracellular
space toward those species with higher extracellular stabil-
ity. Consequently, we speculated that conventional exRNA
profiling fails to capture the complete set of RNAs re-
leased from cells to the extracellular space, frustrating at-
tempts to infer RNA secretion mechanisms from compar-
isons between intracellular and extracellular RNA profiles.
To study this, we compared exRNAs in cell-conditioned
media obtained with or without addition of recombinant
ribonuclease inhibitor (RI). Surprisingly, addition of RI
greatly increased the complexity of exRNA profiles, stabi-
lizing extracellular ribosomes and tRNAs which rapidly de-
cay to rRNA- and tRNA-derived fragments in the absence
of RNase inhibitors. Some of these fragments are highly
stable and can accumulate in samples with high RNase ac-
tivity, even when present outside EVs. Overall, we provide
a dynamic and comprehensive characterization of the non-
vesicular RNAome which can impact biomarker discovery
in biofluids.

MATERIALS AND METHODS
Reagents

A full list of reagents including antibodies, primers and
probes used in this study are reported in SI Materials and
Methods.

Preparation of cell-conditioned medium

Cells were cultured in DMEM + 10% fetal bovine serum
(S+ medium) at 37°C and 5% CO; or in different serum-
free formulations as depicted in SI Materials and Methods.
Recombinant ribonuclease inhibitor (RI; NEB) was added
in selected experiments at a final concentration of 4-8 U/ml,
either at the time of medium renewal or following collection
of cell-conditioned media.

Nucleic Acids Research, 2020, Vol. 48, No. 22 12875

Preparation of the nonvesicular extracellular fraction by ul-
tracentrifugation

The cell-condtioned medium already spinned at 2000 x g
was centrifuged for 2.5 h at 100 000 x g and 4°C in a Beck-
man Coulter Optima XPN-90 ultracentrifuge using a SW40
Tirotor. The supernatant was concentrated to ~250 .l with
10 000 MWCO ultrafiltration units (Vivaspin 20, Sartorious
Stedim Biotech) and subjected to size-exclusion chromatog-
raphy or RNA extraction with TRIzol (according to man-
ufacturer’s instructions).

Size exclusion chromatography

The 100 000 x g supernatants of the cell-conditioned
medium were concentrated by ultrafiltration by succes-
sive dilutions with PBS to remove phenol red and small
molecules. Concentrated EV-depleted fractions (500 pl)
were injected in a Superdex S200 10/300 column (Amer-
sham, GE) and size exlusion chromatography (SEC) was
performed at 0.9 ml/min in 0.22 pm-filtered 1 x PBS with
an Akta Pure (GE healthcare) FPLC system. All samples
were centrifuged at 16 000 x g for 10 min at 4°C before in-
jection in the columns. Fractions of 0.25 ml were collected
while monitoring the absorbance at 260 and 280 nm. Chro-
matograms were deconvoluted in silico using empirically de-
termined 260/280 ratios from pure bovine serum albumin
(BSA) and synthetic tRNASY e 5 halves (of 30 nt).

Sequencing of small RNAs

RNA was purified from selected chromatographic peaks us-
ing TRIzol LS and following manufacturer’s instructions.
The obtained RNA was diluted in 8 pl of ultra-pure R Nase-
free water, and 7 pl were used as input for NGS library
preparation using the NEBNext Small RNA Library Prep
Set for Illumina (New England Biolabs). Sequencing was
performed in a MiSeq benchtop sequencer for 200 cycles.
The analysis was performed as depicted in SI Materials and
Methods. FastQ files containing sequences of at least 15 nt
after 3’ adapter identification and removal are available at
NCBI SRA.

Northern blotting

Northern blots (10% denaturing gels transferred to
positively-charged nylon membranes) were performed
based on digoxigenin-labeled DNA probes and an alkaline
phosphatase-labeled anti-digoxigenin antibody (Roche).
Signals were visualized with CDP-Star ready-to-use
(Roche) and detected using ChemiDoc imaging system
(BioRad). A detailed protocol and probe sequences are
provided in SI Materials and Methods.

Differentiation of dendritic cells and flow-cytometry.

Adherent mouse bone marrow-derived dendritic cells
(BMDC) were prepared as described in (26). Selected chro-
matographic fractions or synthetic RNAs were added to 1 x
10° BMDCs. At ¢t = 24 hs, cells were harvested and analyzed
by flow cytometry using a CyAn ADP Analyzer (Dako). A
detailed protocol is provided in SI Materials and Methods.
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RESULTS

Inhibition of extracellular ribonucleases dramatically alters
exRNA profiles

We have previously shown that the most abundant non-
vesicular exR NAs have the capacity to form homo- and het-
erodimers and are therefore highly stable against the action
of extracellular RNases (16,22). Consequently, we reasoned
that conventional experimental approaches to assess exR-
NAs could be biased toward the most stable entities and
miss most of the RNAs actually released from cells due to
their low extracellular half-life.

In order to understand exRNA dynamics and capture
both stable and unstable RNAs, we developed a method
based on size-exclusion chromatography (SEC) fraction-
ation of RNase inhibitor (RI)-treated cell-conditioned
medium (RI-SEC-seq). Brieflyy, MCF-7 cell-conditioned
medium (CCM) was treated (or not) with a recombinant
RNase A family inhibitor, and EVs were later removed by
ultracentrifugation to obtain the ‘EV-depleted’ extracellu-
lar fraction. Next, SEC separation was used to identify ma-
jor RNA populations, which were subjected to standard
small RNA sequencing procedures.

Under basal (-RI) conditions, chromatographic analysis
of the EV-depleted fraction of MCF-7 CCM consistently
showed two peaks with Abs 260 > Abs 280 which we termed
P1 (Ve = 15.0 ml) and P2 (V. = 16.5 ml) (Figure 1 A;
top). The elution volume of P1 corresponds to that obtained
when injecting yeast full-length tRNAP™ or RNA dimers
of 30 nt (Supplementary Figure S1, A and (22)). In con-
trast, synthetic ssRNAs of 30 nt elute in P2. Treatment of
the CCM with exogenous RNase A prior to SEC depleted
the P1 peak and degradation products were evident with V
> 19 ml (Figure 1A, middle). However, absorbance in the P2
region was only modestly affected. Addition of the recombi-
nant RNase A-family inhibitor (RI) to the CCM precluded
the formation of P2 (Figure 1A, bottom), demonstrating
that the P2 peak also contains RNA. In this situation, the
P1 peak was still prominent, but similar amounts of nucleic
acids now eluted in the exclusion volume of the column (V.
= 7.5 ml; apparent MW > 800 kDa). For simplicity, we will
term this new peak ‘P0’.

The high MW RNA-containing complex in PO was mu-
tually exclusive with the P2 peak (Figure 1B). Furthermore,
P2 could be reconstituted by RNase A treatment of the
purified PO fraction (Figure 1C). Taken together, these re-
sults suggest that P2 contains a highly resistant small RNA
population formed by partial fragmentation of long RNAs
within PO (and possibly P1 as well).

RI-SEC-seq offers an unbiased and dynamic view of the ex-
tracellular RNAome.

Small RNA sequencing of the different chromatographic
fractions showed that PO is mainly composed of rRNAs
(Figure 1D). Sequencing of P1 obtained with or without ad-
dition of RI was previously published by our group (22) and
showed a predominance of 5" tRNA halves derived from
tRNASY 5 and tRNACM . However, tRNA-derived
fragments in the “+RI’ library tended to be longer than

in ‘“~R1I’ (33-35 versus 30-31) (Figure 1E and Supplemen-
tary Figure S1B). On top of that, PI — RI was highly en-
riched in glycine tRNA halves of 30 nt when compared
to PI + RI (Figure 1F). The ability of these fragments to
form RNase-resistant homodimers is consistent with their
detection in the absence of RI and their elution in the P1
peak. Interestingly, addition of RI recovered a higher di-
versity of small RNAs in the P1 peak, including fragments
of rRNA and full-length snoRNAs (Supplementary Figure
S1C). It is remarkable that the main rRNA-derived frag-
ments and snoRNAs sequenced in P1 + RI are known to
interact (Supplementary Figure S1D). Thus, it is possible
to speculate that dSRINA hybrids tend to accumulate in ex-
tracellular nonvesicular samples due to their intrinsic resis-
tance to extracellular single-stranded ribonucleases. Never-
theless, the stabilities of glycine tRINA halves are outstand-
ing since these are virtually the only species identified in the
absence of RI.

Sequencing of full-length mature tRNAs is challenging
due to the abundance of modified ribonucleotides and their
strong self-complementarity. Therefore, specific protocols
for tRNA sequencing and analysis have been developed in
recent years (27-30). Despite using conventional ligation-
based library preparation methods, we obtained a low but
nonnegligible number of reads corresponding to two full-
length tRNAS" isoacceptors (Supplementary Figure S1E).
These sequences were exclusively detected in the ‘P1 + RI’
library and contained the 3’ terminal nontemplated CCA
addition indicative of mature tRNAs. Analysis of the P1 +
RI fraction in a denaturing RNA gel showed that, indeed,
most RNAs migrated like full length tRNAs (Figure 1, G).
In contrast, the majority of RNAs in ‘P1 —RI” were < 33
nt, consistent with tRNA halves. Altogether, these results
suggest that exRNA profiles are biased toward highly sta-
ble tRNA halves by the action of extracellular ribonucle-
ases and they do not necessarily reflect the composition of
RNAs actually released by cells.

The PO peak contains mostly high-MW RNA, as evi-
denced by denaturing gel electrophoresis (Figure 1, G) and
because reinjection of the purified RNA from the PO peak
still eluted in the void volume (Figure 1C). Small RNA se-
quencing showed the same tRNA-derived fragments found
in P1, but overwhelmingly higher levels of rRNA fragments
(Figure 1D, H-I). The majority of these were 28S rRNA 5
fragments of 2040 nucleotides. Our size-selected libraries
were too short (<200 nt) to capture the complete 28S (5070
nt) or 18S (1869 nt) rRNAs, although sequences spanning
the entire 28S rRNA were detectable (Supplementary Fig-
ure S1F). Nevertheless, the entire 5.8S rRNA could be read
(156 nt; Figure 11 and Supplementary Figure S1G).

To demonstrate the presence of full-length rRNAS in
PO we performed random-primed reverse transcription and
gPCR amplification with primers spanning different re-
gions of 28S, 18S and 5.8S rRNAs (Figure 1J). All primer
sets amplified comparably and exclusively in PO, while
tRNASY 5 5 tRNA halves peaked in P1 and P2 as ex-
pected. This evidence, together with sequencing of the entire
5.8S rRNA, strongly suggests the release of intact rRNAs
from both ribosomal subunits to the extracellular space and
outside EVs.
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Figure 1. RNase inhibition stabilizes full-length extracellular rRNAs and tRNAs. (A) Size exclusion chromatography (SEC) of 100 000 x g supernatants of
MCEF-7 cell-conditioned medium (CM) following addition of RNase A (middle) or Ribonuclease Inhibitor (RI, bottom). Red, Blue: absorbance at 260 and
280 nm, respectively. (B) The earlier RI was added to the CCM during sample preparation, the higher the PO/P2 (left) and P1/P2 (right) ratios. S+, S—
serum-containing and serum-free media, respectively. SUP: supernatant. (C) The PO peak was purified after SEC and treated with RNase A, which partially
reconstituted the P2 peak. (D) Pie charts showing relative representations of different RNA biotypes in RI-SEC-seq datasets. (E) Size distribution of reads
mapping to the 5” half of glycine tRNA (left) or to all tRNAs (right) in the P1 peak from MCF-7 cells either with (black) or without (red) addition of RI.
(F) Relative representation of reads mapping to different tRNA isoacceptors in the P1 peak of cells treated (top) or not (bottom) with RI. (G) Analysis
of the P1 peak either with (+) or without (—) RI treatment (left gel) or the PO peak (right gel) in a denaturing polyacrylamide gel. (H) Size distribution
of small RNA sequencing reads mapping to different ncRNAs (see legend) in the PO peak of MCF-7 cells. RPM: reads per million mapped reads. (I) As
in (H) but showing only the reads aligning to rRNAs. Numbers indicate starting position of most reads. (J) Amplification of different rRNA regions by
random-primed RT-qPCR in fractions collected after SEC. Gly_GSP: amplification of glycine 5’ halves using a gene-specific primer during RT. Numbers
after underscores represent the 5’ position of the expected amplicon.
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Release of rRNAs and tRNAs occurs promptly after 30 sec-
onds of medium renewal

To clearly differentiate between RNAs directly released
from cells and fragments generated by extracellular pro-
cessing of longer precursors, we combined RI treatment
with exRNA profiling shortly after medium renewal. To
do this, we performed four sequential washes of cells with
PBS and analyzed the RNA content in the cell-conditioned
PBS, with a conditioning time as short as 30 s (Fig-
ure 2A). Strikingly, both the rRNA-associated PO and
the tRNA-associated P1 peaks were consistently detected
in the four washes (Figure 2B). Similar results were ob-
tained when washing with serum-free chemically defined
growth medium (MEGM; Supplementary Figure S2A), al-
beit with a higher wash-to-wash variability. Thus, detection
of rRNAs and tRNAs in the fourth PBS or MEGM wash
was not a consequence of carry-over from previously longer
incubations. Instead, fast release of these RNAs occurred
every time the cells were washed. Increasing incubation time
from 30 s to 10 min did not increase extracellular RNA lev-
els (Figure 2C). This phenomenon was highly reproducible
in a variety of adherent cell lines, including primary normal
cell lines such as BJ fibroblasts (Figure 2D and Supplemen-
tary Figure S2B).

As expected, the vast majority of cells were not affected
by the washing protocol and retained their anchorage (Sup-
plementary Figure S2C). Induction of cell stress was not ev-
ident based on elF2a phosphorylation levels (Figure 2E).
However, floating nuclei were observable after the washes
when serum-free media or different buffers were used (data
not shown), questioning the source of the exRNAs detected
in the media. Estimated RNA levels in each wash were 0.1—
0.5% of the total RNA present in the culture.

Extracellular nonvesicular RNAs mirror the intracellular
transcriptome

To distinguish between selective and nonselective release of
cytoplasmic contents, we scaled up our cultures in an at-
tempt to detect less abundant nonvesicular exRNAs. Sur-
prisingly, denaturing PAGE analysis of TRIzol-purified
RNA from extracellular, RI-treated fractions showed all
RNA bands typically found in cellular extracts and respect-
ing their relative intensities (Figure 2F). This was observed
also in the DU145 cell line which is deficient in ATGS and
therefore in autophagy (31) (Figure 2G) suggesting that the
release mechanism operating herein is unrelated to the re-
cently described autophagy-dependent secretion of cyto-
plasmic nucleic acids (32).

Identification of ribosomes and oligoribosomes in the extra-
cellular space

We could identify features with size and morphology con-
sistent with the presence of ribosomal particles by negative-
stain transmission electron microscopy of the concentrated
PO peak or unfractionated PBS washes of different adherent
cell lines (Figure 3A). To confirm the presence of extracellu-
lar ribosomes, we resort to study concentrated extracellular
fractions by velocity sedimentation in sucrose gradients op-

timized for polysome preparations (Figure 3B). Analysis of
the velocity gradients showed three clearly defined 254 nm
peaks in the region corresponding to ribosomal subunits or
ribosomes (Figure 3C). These peaks corresponded to the
small ribosomal subunit 40S (low levels of 288, 5.8S and 5S
rRNA, high levels of 18S rRNA, low levels of RPL7a, high
levels of RPS6), 80S monosomes (all rRNAs and all ribo-
somal proteins detectable with the expected stoichiometry),
and, considering a lack of detectable ribosomal proteins in
fraction #10 and their reappearance in fraction #11, two
ribosomes (2x). Interestingly, a small 254 nm peak in frac-
tion #14 was accompanied by a faint but detectable band
for RPL7a and RPS6 and was indicative of oligoribosomes
or polysomes. These were further stabilized by treating cells
with the translation elongation blocker cycloheximide (but
not with the premature terminator puromycin) straight be-
fore HBSS+ washes (Figure 3D).

Because polysomes are formed by ribosomes sitting on
messenger RNAs, we wondered whether the extracellular
fractions also contained mRNAs. A reanalysis of our small
RNA sequencing in the PO peak from MCF-7 cells revealed
a variety of reads unambiguously mapping to coding se-
quences. Considering only reads of 19 nt or longer, we could
detect 125 unique mRNAs supported by at least five counts
each. In many cases, reads mapped to different exons and
were long enough (30-40 nt) to discard the possibility of
ambiguous mapping. Once again, their extracellular repre-
sentation was positively correlated (r = 0.416, P < 0.0001)
to their expected intracellular levels, and included mRNAs
transcribed from the mitochondrial genome (Figure 3E).
One of the most abundantly detected mRNAs in our se-
quencing study, HSP90B1, could be amplified from the PO
peak of different cells using an oligo dT reverse transcrip-
tion primer and PCR primers aligning to its 5’ end (Figure
3F). Thus, complete, nondegraded mRNAs are detectable
in the extracellular space and co-purify with extracellular
ribosomes. Long reads representing full-length, spliced mR-
NAs were also identified by direct RNA sequencing of ex-
tracellular samples using an Oxford Nanopore MinION se-
quencer (data not shown). RNA inputs were too low to ob-
tain a reliable and representative description of extracellular
mRNAs. Nevertheless, the presence of full-length mRNAs
in these extracellular fractions is strongly supported.

Next, we addressed whether extracellular ribosomes/
polysomes contained attached polypeptides. To do so,
we incubated concentrated extracellular samples with
puromycin (an analog of the 3’ end of aminoacyl-tRNA)
and evaluated incorporation of the antibiotic to nascent
peptides by Western blot. Interestingly, puromycin incorpo-
ration was independent of added ATP/GTP (Figure 3G)
but was dependent on temperature (Figure 3H), consis-
tent with the energy independency (33) but temperature de-
pendency (34) of the puromycylation reaction. These re-
sults also suggest that extracellular ribosomes contain pre-
formed polypeptides (considering elongation unlikely un-
der these experimental conditions) and were therefore en-
gaged in translation before their release to the extracellu-
lar space. To the best of our knowledge, this is the first ev-
idence of the peptidyl transferase reaction occurring in ex-
tracellular samples obtained without deliberated cell lysis
steps.
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Figure 2. rRNAs and tRNAs are rapidly released to the extracellular space. (A) Schematic representation of the experimental protocol used in panels B-E.
S+: DMEM + 10% FBS. S—: serum-free MEGM medium. (B) RNA analysis by SEC in PBS washes #1 to #4 of MCF-7 cells. Conditions identical to those
used in Figure 1. (C) Variation of RNA concentration corresponding to the PO (light red) and P1 (dark red) peaks in PBS washes #1 to #4. The variation
in the Abs 280 nm of the BSA peak is plotted in the right axis. Initial values correspond to those present in the CCM. (D) Denaturing electrophoresis
(6% PAGE) of the concentrated PO peak from the fourth PBS wash of HepG2, BJ and MCF-7 cell lines. No RNA purification was performed. ‘Cells’:
MCEF-7 RNA lysate. (E) Analysis of elF2 alpha phosphorylation (Wblot) in nontreated (NT) MCF-7 cells, in cells exposed to four consecutive PBS
washes (4x PBS), in cells cultured after confluency (100%) or exposed to 500 wM sodium arsenite for 1 h (ARS 500). Bottom: densitometry analysis in two
independent biological replicates of the experiment. (F) Denaturing electrophoresis (10% PAGE) of purified extracellular RNA from U2-OS cells incubated
for 1 h in a serum-free medium (DMEM + ITS, + RI; 5 x 10° cells), ran alongside 300 ng of purified U2-OS intracellular RNA. (G) Purified RNA from
U2-0S (left) or DU 145 (right) cell-conditioned medium (ITS + RI, 1 h) obtained in the presence (+) or absence (—) of 200 wM sodium arsenite.

Nonvesicular ribosomal RNAs co-purify with extracellular
vesicles

Isopycnic centrifugation of exRNAs obtained after short
washes of U2-OS cells with HBSS+ confirmed that virtually
all RNAs detectable by SYBR gold staining were not asso-
ciated with EVs (Figure 31). However, sequential ultracen-
trifugation of cell-conditioned HBSS (either with or with-
out divalent cations) showed sedimentation of rRNA- and
tRNA-containing complexes at speeds usually used to pu-
rify small EVs (100 000 x g; Figure 3J). Strikingly, presence
of divalent ions favored rRNA sedimentation at speeds typ-
ically used to collect large EVs (16 000 x g). This effect was

not observed for tRNAs (Figure 3K). These observations
are consistent with the involvement of magnesium ions in
the stabilization of ribosomes (35) and demonstrate that the
most frequently used method for EV purification (i.e. ultra-
centrifugation) does not allow separation of EVs from non-
degraded extracellular ribosomes.

Extracellular biogenesis of extracellular tRINA halves

As shown above (Figure 1), full-length tRNAs comprise
the majority of RNAs present in the P1 peak in RI-treated
CCM, but this profile shifted toward RNase-resistant
glycine tRNA halves (30-31 nt) in the absence of RI. One
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Figure 3. The extracellular space contains ribosomes. (A) Negative-stain TEM images of ribosome-like particles in concentrated cell-conditioned PBS
or chromatographic PO peak from U2-OS and Hep G2 cells, respectively. Scale bar: 25 nm. A Cryo-EM structure of the human ribosome (PDB: 4UGO0)
is shown for comparison, with 28S and 18S rRNAs colored red and blue, respectively. (B) Schematic representation of the experimental protocol used in
panels C and D. (C) Velocity gradient (10-40% sucrose, 3 h at 155 000 x g) of cell-conditioned HBSS (plus divalent cations and RI) from U2-OS cells.
Fractions of 0.5 ml were taken out from the top of the tube and treated with TRIzol. RNA was analyzed in a denaturing 10% PAGE and proteins were
analyzed by western blot using antibodies specific to human ribosomal proteins. (D) Same as (C), but cells were treated with puromycin (2 g /ml; 10 min)
or cycloheximide (10 pg/ml; 30 min) before washes. (E) Analysis of mRNAs in the PO peak of MCF-7 cells. Relative abundances (expressed as reads per
kilobase of transcript, per million mapped reads, RPKM) assume random fragmentation of parental mRNAs. Intracellular abundances in MCF-7 cells
were based on transcriptomic data from the Human Protein Atlas. (F) RT-PCR of human HSP90BI mRNA with an oligo-dT primer and PCR primers
complementary to exons 5 and 9 (2229 bp from 3’ end). (G) U2-OS cell-conditioned buffer (+R1I, + divalent cations) was concentrated by ultrafiltration
and treated with 5 g/ml puromycin for 2 h at 37°C with or without addition or ATP/GTP. Extracted proteins were analyzed by Western blot with an
anti-puromycin antibody. (H) Same as (G), but incubating samples at either 37°C or 4°C. (I) Isopycnic centrifugation in a 12-36% iodixanol gradient of
the concentrated fourth wash of U2-OS cells (HBSS+). Twelve fractions of 1 ml were collected from the top of the tube. Densities in each fraction were
comparable to ref 32. (J, K) U2-OS cells were washed with HBSS with/without divalent ions for 30 s. Samples were centrifuged twice at 2000 x g, followed
by sequential ultracentrifugation. Pellets were resuspended in water and, together with the concentrated 100 000 x g supernatant, ethanol precipitated,
resuspended, and analyzed by denaturing electrophoresis. Panels I and J show different regions of the same gel.
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possibility is that these tRNA halves were released directly
from cells and accumulated because of their resistance to
degradation. Alternatively, they could be generated by the
fragmentation of extracellular tRNAs.

To distinguish between both possibilities, we developed
different protocols where the activity of extracellular ri-
bonucleases could be experimentally modulated. These pro-
tocols allowed us to obtain exRNAs with virtually no degra-
dation (short washes in the presence of RI), or in the pres-
ence of FBS, which contains highly active RNase A.

As an intermediate situation between both extremes, a
third protocol was optimized where cells were washed and
incubated in serum-free medium (DMEM + ITS supple-
ment, hereafter ‘ITS’) for 1 h and in the absence of RI
(protocol 3, SI Materials and Methods). Under these ex-
perimental conditions, RNase activity relies mostly on en-
dogenous secreted ribonucleases. Cell-conditioned medium
was later incubated at 37°C for 24 h in order to amplify the
effects of endogenous RNases (‘cell-free maturation step’,
Figure 4A).

Iodixanol density gradient centrifugation confirmed that
most of the RNAs were present in the nonvesicular fractions
after an incubation of U2-OS cells in ITS for 1 h (Figure
4B). Endogenous R Nase activity was evident when compar-
ing exRNA profiles with or without R1, irrespectively of the
cell-free maturation step (Figures 2F and 4C). When includ-
ing this step, rRNA bands were no longer detectable, but the
tRNAs were affected to a much lower extent (Figure 4C).
Surprisingly, Northern blot analysis showed marked differ-
ences in tRNA stability (with tRNAWS yyy > tRNAMe -,
> tRNASY5cc), which were inversely correlated to their
corresponding 5 tRNA halves (Figure 4D). This strongly
suggest that extracellular tRNA halves are generated by ex-
tracellular cleavage of tRNAs. This cleavage is dependent
on extracellular RNase A family members because it can
be modulated by exogenously added RI, but Angiogenin is
dispensable or redundant based on almost identical results
in wild-type (Figure 4C) or ANG knock-out cells (Figure
4D).

Two bands were observed in the case of glycine 5" tRNA
halves. These were 33-35 nt (i.e. 5 tRNA halves cleaved
at the anticodon loop) or 30-31 nt (Figure 4D and Sup-
plementary Figure S3A). For simplicity, we will call these
fragments long tRNA halves (L-tRNAh) and short tRNA
halves (S-tRNAh), respectively. Both species are detectable
inside U2-OS cells stressed with sodium arsenite but L-
tRNAh are produced at much higher levels (36). In contrast,
only the S-tRNAh are predicted to form RNase-resistant
homodimers according to our previous study (22). Strik-
ingly, only the S-tRNAh was detectable in the extracellu-
lar milieu in the absence of RI (Figure 4D) confirming the
enhanced extracellular stability of this specific fragment.

Five prime tRNA halves were termed ‘stress-induced
tRNA-derived fragments’ or tiRNAs (24) because their pro-
duction is induced by cellular stress. Loading of one mi-
crogram of intracellular RNA from U2-OS cells did not
show production of these tRNA halves or tiRNAs above
the assay’s sensitivity (Supplementary Figure S3, A). De-
spite the full-length tRNASY 5 was not detectable after 24
h of cell-free maturation of the CCM (Figure 4D), the full-
length tRNA as well as the L-tRNAh and S-tRNAh were
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clearly present if this cell-free maturation step was omit-
ted (Supplementary Figure S3A). Interestingly, 3’ tRNA-
derived fragments were also detectable in the same sam-
ples although they are rarely found intracellularly, even in
arsenite-treated U2-OS cells (24). The higher the degra-
dation state of the exRNA population, the higher the
fragment-to-tRINA ratio for both 5" and 3’ fragments (Sup-
plementary Figure S3B).

To obtain direct evidence for the conversion of extracel-
lular tRNAs into tRNA halves, we briefly washed U2-OS
cells with HBSS+ in the absence of RI and divided the cell-
conditioned buffer into four aliquots. These aliquots were
incubated for 0, 1 or 5 h at 37°C before addition of RI
and subsequent analysis by Northern blot (Figure 4E). The
fourth aliquot was mixed 1:1 with S+ medium (to obtain
a final serum concentration of 5%) and incubated for 1 h
at 37°C. The full-length tRNAY5cc and the L-tRNAh
(but not the S-tRNAh) were present at ¢ = 0. Incubation
for 5 h at 37°C showed a slight decrease in the intensity
of the full-length band and a concomitant increase in L-
tRNAM. Strikingly, incubation for only 1 h in the presence
of serum (RNase-rich sample) entirely converted the full-
length tRNA band to S-tRNAh. The L-tRNAh band was
also lost. Thus, RNases present in serum perform a highly
efficient conversion of glycine tRNAs into 5 tRNA halves
of precisely 30 or 31 nt, which then accumulate due to their
capacity to form RNase-resistant homodimers (22). It re-
mains to be determined whether S-tRNAh are generated
by an alternative cleavage site at glycine tRNAs (Figure 4F)
or whether they are generated by cleavage or trimming of
L-tRNAh. Note that the concentration of tRNA-derived
fragments in S+ is below the limit of detection of our as-
say (Figure 4G). Thus, FBS is solely serving as a source of
RNases while not supplying RNAs at a concentration that
could interfere with these studies.

EVs contain full-length ncRNAs while the EV-depleted frac-
tion is enriched in ncRNA fragments.

To evaluate exRNA profiles under standard serum-
containing growth conditions (S+; protocol: 1, ST Materials
and Methods), we collected CCM at different time points,
separated vesicles from nonvesicular RNAs by density gra-
dients and analyzed exRNAs by northern blot.

One striking difference in respect to what was previ-
ously observed in ITS incubations (protocol: 3; Figure 4A)
or HBSS+ washes (protocol: 4; Figure 3A) was that the
tRNA and the 7SL RNA bands were enriched accord-
ing to what could be expected by rRNA band intensities
(Supplementary Figure S3C). Here, addition of RI (120 U;
12 U/ml) did not have any observable effect on exRNA
profiles.

Having observed that tRNASY ¢ is particularly suscep-
tible to the action of serum RNases (Figure 4E), we were
surprised to detect it by northern blot in the extracellu-
lar space of U2-OS cells incubated in the presence of 10%
serum (Figure 4G). Furthermore, the intensity of the full-
length tRNA band was positively correlated to the length
of the incubation. However, density gradient analysis later
confirmed that extracellular tRNAs and 7SL RNAs were
exclusively associated with EVs (Figure 4H). Conversely,
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Figure 4. Extracellular tRNAs are processed to extracellular tRNA-derived fragments. (A) Schematic representation of the experimental setup used
in panels B-D. (B) Iodixanol gradient showing most exRNAs were present in the nonvesicular fractions (RNPs) in the input sample (before cell-free
processing). (C) Analysis of exRNAs by denaturing electrophoresis before and after the cell-free (CF) maturation step. (D) Northern blot analysis with
probes targeting the 5’ region of different tRNAs in samples obtained as explained in (A). L: 5’ tRNA halves of 33-34 nt; S: 5 tRNA halves of 30-31 nt. (E)
Samples were obtained after a short (30 s) wash of U2-OS cells with HBSS+ (without RI addition), and incubated cell-free at 37°C for 0, 1 or 5 h, or for 1
h after addition of S+ medium in a 1:1 ratio. Northern blot was performed with two different probes targeting both halves of tRNASYgcc. (F) Cloverleaf
representation of glycine tRNA (GCC anticodon, isodecoder #2) with red arrow showing predicted cleavage at the anticodon loop (sequence CpCpA),
rendering a 33 or 34 nt 5’ fragment, and black arrows showing a putative alternative cleavage site (sequence CpCpU), generating 30-31 nt 5° fragments.
(G) Analysis of exRNAs in U2-OS CCM (1, 5 and 24 h, S+ medium). The concentrated nonconditioned medium was run as a control. Northern blot was
done with the same probes as in panel (D), plus a 7SL RNA-specific probe. (H) Isopycnic centrifugation of U2-OS CCM (¢ = 24 h in S+ medium). Color
code (dials): green (short wash with RI; low RNase activity), yellow (endogenous RNases, released during 1 h incubation in serum-free medium without
RI), red (FBS-derived RNases).
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tRNA-derived fragments (glycine S-tRNAh in particular)
were only present outside EVs. A similar tendency was
found for other RNA polymerase 11 transcripts like YR-
NAs and their fragments (Supplementary Figure S3D), in
agreement with previous reports in nematodes (37).

In summary, long transcripts (including tRNAs) cannot
resist prolonged incubation in samples with high RNase
activity such as those containing serum except when pro-
tected inside EVs. However, some of their fragments are
much more resistant and are consistently detected in the
EV-depleted fraction. These fragments define the extra-
cellular nonvesicular RNAome in the absence of added
RI, although many of them are not directly released from
cells.

Immunoregulatory potential of extracellular nonvesicular
RNAs

We wondered whether dendritic cells (DCs) could sense and
react to nonvesicular exRNAs. These cells are regarded as
the sentinels of the immune system and link innate and
adaptive immune responses (38). Thus, we reasoned that if
exRNAs are nonsilent from an immunological perspective,
they should be sensed by DCs in the first place.

ExRNAs obtained from MCF-7 cells were either treated
or not with RNase A and later separated by SEC in order to
obtain the following samples/fractions: PO, PO post RNase-
treatment and P1. These fractions were concentrated, fil-
tered and added directly to the media of freshly prepared
non-primed bone marrow-derived murine dendritic cells
(BMDC) (Figure 5A, B). The synthetic dsSRNA analogue
Poly (I:C) was used as a positive control. After incuba-
tion for 24 h, BMDC maturation was evaluated by flow cy-
tometry monitoring the percentage of CD11c-positive cells
expressing high levels of the activation-induced markers
MHC class II and CD80 (Figure 5C and Supplementary
Figure S4). Interestingly, the purified PO peak diluted to an
RNA concentration as low as 12 ng/ml was sufficient to
trigger BMDC maturation, at levels comparable to those
obtained when adding micrograms of Poly (I:C) (Figure
5D). Undiluted PO (1.2 pg/ml) was highly cytotoxic, with
more than 90% of cells staining positive for PI. Further-
more, high levels of the pro-inflammatory cytokine IL-13
were found in the media of these cells (Figure SE). Alto-
gether, these observations suggest that components in the
PO peak can be sensed by DCs when present in the extracel-
lular space. They can trigger DC maturation and, at higher
concentrations, a form of cell death presumably related to
over activation or pyroptosis. The latter effect is dependent
on RNA because undiluted RNase-treated PO did not in-
duce IL-1B release nor triggered significant BMDC mat-
uration in viable cells. These observations strongly argue
against potential endotoxin contamination of the PO frac-
tion that may have led to DC maturation and/or IL-13
secretion. These results afford new avenues in the biolog-
ical characterization of exRNAs, suggesting at least some
of these RNAs are immunologically nonsilent. This sup-
ports the possibility of an immune surveillance mechanism
involving exRNAs or RNP complexes such as extracellular
ribosomes.
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DISCUSSION

A substantial fraction of exRNAs are not encapsulated in-
side EVs, yet the extracellular nonvesicular RNAome has
not been studied in a comprehensive manner yet. By in-
hibiting extracellular RNases, our results highlight that the
nonvesicular exRNA fraction is highly dynamic. This exper-
imental approach enabled us to obtain exRNA profiles with
an unprecedented level of detail and with temporal resolu-
tion. Furthermore, we succeeded in stabilizing extracellu-
lar full-length tRNAs and ribosomes, which have not been
identified before outside EVs due to their susceptibility to
extracellular ribonucleases. In contrast, some of their frag-
ments were found to be highly stable and they collectively
define the nonvesicular RNAome under standard condi-
tions, especially in the presence of serum. These results have
profound implications on the way we understand the mech-
anisms responsible for RNA release.

The presence of ribosomal aggregates in the extracellu-
lar EV-depleted fraction is further supported by the co-
isolation of rRNAs, ribosomal proteins and polyA+ mR-
NAs from the same chromatographic fractions. Extracel-
lular ribosomes were described in the 70’s in the blowfly
Calliphora vicina (39) but subsequently linked to an ex-
perimental artefact (40) and have received little attention
since then. However, we have demonstrated that extracel-
lular ribosomes exist at least transiently in the media of
cultured mammalian cells and possibly also in body fluids.
In support of the latter, a modified small-RNA sequencing
method has been recently reported that permits the iden-
tification of mRNA fragments in blood plasma or serum
(41). Strikingly, the authors found that the distribution
and length of reads mapping to mRNAs was reminiscent
of ribosome profiling, suggesting that the sequenced frag-
ments could be the footprints of ribosomes circulating in
biofluids.

There is an increasing body of evidence showing that
EVs actually contain more full-length ncRNAs than mi-
croRNAs or ncRNA fragments. For instance, Bioanalyzer’s
peaks corresponding to intact 18S and 28S rRNAs have
been identified in purified EVs (32,42-45), while full-length
YRNAs and other ncRNAs have been identified by se-
quencing, RT-qPCR and/or Northern blot (17,46). The
use of thermostable group II intron reverse transcriptases
(TGIRT-seq) has allowed the identification of full-length
tRNAs in EVs, which greatly outnumber tRNA-derived
fragments (47-49). Our results are consistent with these re-
ports, and clearly show the presence of tRNAs and 7SL
RNAs in EVs purified by buoyant density flotation in lin-
ear iodixanol gradients. At the level of sensitivity achievable
by DIG-based Northern blotting, tRNA-derived fragments
were not detectable in EVs (Figure 4H). Therefore, TGIRT-
seq does not seem to be biasing results toward full-length
tRNAs (48), and gives a picture of the RNA content of
EVs which is in good agreement with our Northern blot re-
sults. This can change, however, when EVs are purified from
stressed cells. Considering stressed cells upregulate tRNA-
derived fragments (23,24) and that changes in intracellular
RNA profiles are mirrored in EVs (50), it is reasonable to
speculate that EVs coming from stressed cells could contain
higher payloads of stress-induced tRNA halves (51).
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Figure 5. The contents of the PO peak can trigger dendritic cell maturation in an RNA-dependent manner. (A) SEC separation of the PO and P1 peaks
used for dendritic cell maturation assays. Cell-conditioned PBS was concentrated and separated into two aliquots, one of which was treated with RNase
A before SEC. (B) Concentrated and sterilized SEC fractions were incubated with nonprimed murine bone marrow-derived dendritic cells (BMDC). The
TLR3 agonist Poly (I:C) was used as a positive control. (C) Flow cytometry analysis of BMDC at = 24 h post exposure to the PO and P1 peaks (or
synthetic RNAs). PI: propidium iodide. FSC: forward scatter. SSC: side scatter. Numbers to the right correspond to the percentage of viable (PI negative),
CDl Ic-positive cells expressing high levels of class I MHC and CD80. (D) Percentage of matured BMDC (considered as antigen-presenting cells, APC)
at t = 24 h post exposure. Triangles correspond to diluted fractions (P0: 1/100; P1: 1/100; Poly [I:C]: 1/10). E) Quantitation by ELISA of IL-18 levels in

the media of BMDC analyzed by flow cytometry in the previous panel.

Nonvesicular exRNAs have received very little attention
(15) until recently (32). In the past, we have compared the
small RNA content between EVs and 100,000 x g super-
natants of cell-conditioned medium and found that the EV-
depleted fraction was highly enriched in 5 tRNA halves of
precisely 30 or 31 nucleotides and almost exclusively derived
from glycine or glutamic acid tRNAs (16). Similar results
were obtained by other groups working on primary cultures

of glioblastoma (17). Furthermore, glycine tRNA halves
are predominantly found outside EVs in serum (20) and
are ubiquitous in many biofluids including serum, urine,
saliva and bile (18). We are now showing that these frag-
ments are not directly released from cells in vitro. Instead,
they are generated in the extracellular space (Figure 6). En-
richment of these fragments, especially when found in the
EV-depleted fraction, is probably a consequence of their dif-
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by RI-SEC-seq. (B) A diagram explaining possible biogenetic routes for extracellular, nonvesicular tRNASY gcc 5° halves.

ferential extracellular stability rather than their preferential
or selective secretion. This is further supported by the re-
cent observation that circular RNAs, which are known to
be highly stable, are increased in nearly all human biofluids
when compared to matched tissues (52).

Live cells can release a representative fraction of their cy-
toplasm by mechanisms such as cytoplasmic extrusion (53)
or amphisome fusion with the plasma membrane (32), and
these mechanisms could be involved in the release of non-
vesicular ribosomes and tRNAs to the extracellular space.
However, a few events of cellular damage or death might
be quantitatively more important in defining exRNA pro-
files as has been discussed above. In support of this, it has
been shown that extracellular rRNA levels correlate with
extracellular lactate dehydrogenase (LDH) activity, which
is widely used as a marker of cell death (54). Even though
exRNA analysis derived from dead cells can be consid-
ered as an artifact of cell culture, there are situations where
nonapoptotic, immunogenic cell death (ICD) occurs at ab-
normal frequencies in an organism. These situations in-
clude aging (55), trauma (56), ischemia-reperfusion injury
(57), infectious diseases and cancer. In the latter, ICD can
occur because of the hypoxic inner mass characteristic of
solid tumors or following treatment with cytotoxic agents
(58). In all cases, dying cells release intracellular compo-
nents which are sensed by innate immune cells and inter-
preted as damage-associated molecular patterns (DAMPs).
Furthermore, the therapeutic activity of several anticancer
drugs eliciting ICD involves an autocrine and paracrine
circuit which depends at least in part on the release of
self RNAs by stressed or dying cancer cells (59). Because
rRNAs and tRNAs are highly abundant intracellularly and
they are exposed in the extracellular space in cases of dam-

age, and considering RNAs are actively sensed by the in-
nate immune system (60,61), we hypothesized that exRNA-
containing nonvesicular complexes could be endowed with
immunomodulatory abilities. The high turnover of these
complexes as a consequence of extracellular RNases could
prevent activation under physiological conditions.

As for the ribonuclease responsible for extracellular, non-
vesicular tRNA cleavage, it is clearly a serum-derived ri-
bonuclease in FBS-containing samples (probably RNase
A itself). When serum is not present or highly diluted,
such as after thoroughly washing cells with serum-free
media or buffers, it is possible that endogenous secreted
RNases are responsible for shaping nonvesicular exRNA
profiles. Stressed cancer cells secrete enzymes to perform
some metabolic reactions in the extracellular space and
then uptake the enzymatic products to fuel cellular ener-
getics (62). By analogy, we are tempted to speculate that se-
creted RNases such as ANG could play a role in extracel-
lular RNA metabolism, preventing the toxicity associated
with their intracellular activity in nonstressed cells (63). Al-
though the function of ANG in tRNA cleavage seems to be
partially redundant (36,64), its implications in extracellular
RNA cleavage under physiological conditions remains to be
elucidated. Redundancy might be lower in serum-free envi-
ronments as the nervous system, where several mutations in
ANG have been functionally linked to neurodegenerative
diseases (65). We have provided preliminary evidence sug-
gesting an involvement of extracellular, nonvesicular RNAs
or RNPs in immune surveillance. Thus, a link between mu-
tations in ANG and deregulated extracellular RNA frag-
mentation patterns is feasible in diseases such as ALS whose
etiology or evolution is deeply connected to inflammation
(66).
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Bacterial rRNA and tRNAs induce Toll-like receptor
(TLR)-dependent DC maturation and IL-18 secretion,
and are therefore considered pathogen-associated molecu-
lar patterns. However, to elicit such a response, addition of
the purified RNAs with cationic lipids seems to be essential
(67). In contrast, we have obtained high extracellular lev-
els of IL-1B when incubating BMDC with approximately
one microgram of RNA obtained from the PO peak of
MCF-7 cells (composed mainly of ribosome particles) in the
absence of any transfection reagent. Strikingly, this effect
was lost when incubating DCs with RNase A-pretreated
PO. It remains to be elucidated whether RNA itself or any
potentially associated RNA-binding proteins are respon-
sible for these effects. We address some limitations in our
experimental design, including the incubation of human-
derived RNAs with murine dendritic cells. Thus, these re-
sults should be interpreted with caution. Follow-up stud-
ies will confirm whether or not extracellular nonvesicular
RNAs are active players in immune surveillance.

Although extracellular ribosomes are not predicted to re-
sist extracellular RNases they might still achieve function-
ally relevant concentrations in vivo in extracellular microen-
vironments. The identification of a RNase-resistant peak
(P2) derived from partial fragmentation of PO (and possibly
P1 as well) suggests that, similarly to what we have shown
for 30-31 nt tRNA halves, rRNA-derived fragments may
accumulate in the extracellular space and their extracellular
concentration may increase in situations of abnormal cell
death. A new method has been recently described enabling
RNA sequencing from a few microliters of human serum
(68). With this method, almost perfect separation between
normal and breast cancer patients was possible based on
rRNA or mitochondrial tRNA sequences.

In conclusion, ribonuclease inhibition dramatically
shapes extracellular RNA profiles and uncovers a pop-
ulation of extracellular ribosomes, tRNAs and other
coding and noncoding RNAs. These RNAs, which are
not protected by encapsulation inside EVs, are rapidly
degraded by extracellular R Nases. However, some of their
fragments resist degradation and can accumulate in cell
culture media and in biofluids. This dynamic view of
exRNAs impacts our understanding of RNA secretion
mechanisms and may offer a window to new molecules
with biomarker potential. These include intrinsically stable
ncRNA fragments and extracellular RNPs stabilized by
addition of RI immediately upon collection of samples.

NOTE ADDED IN REVISION

During the review process of this manuscript, an article has
been accepted for publication in Nucleic Acids Research
which has shown that human RNase 1 generates tRNA-
and YRNA-derived fragments in the extracellular space
and outside EVs (69). This report supports many of our
findings. Taken together, the support for the extracellular
biogenesis of extracellular small RNAs seems to be strong.
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SUPPLEMENTARY INFORMATION: MATERIALS AND METHODS

LEGENDS TO SUPPLEMENTARY FIGURES

Supplementary Figure 1: data associated to Figure 1. A) Injection of synthetic RNAs of 30 nt corresponding to 5’
tiRNA“YGcc (which forms RNA dimers as reported in Tosar et al. (2018) **; red) and a mutant with a 25U/C substitution
(which is not able to dimerize; violet) in a Superdex 200 10/300 column with PBS 1x as the mobile phase. B-C) same as
Figure 1(H) and Figure 1(I) but in the P1 peak of MCF-7 CCM either treated (top) or not treated (bottom) with RI. D)
Representation of the predicted SNORD49A (U49A; black)/28S rRNA (red) interaction, as depicted in snoRNABase
(www-snorna.biotoul.fr). Below is the sequence with the highest number of reads. Its relative abundance is expressed as
reads per million mapped reads (RPM). Its ranking in the “P1 + RI” dataset is also shown. E) Alignment of reads mapping
to tRNA" (anticodons CUC and UUC) and the genomic sequence for tRNA"yyc with manual addition of the 3° CCA
sequence. “A.C”: anticodon. F) Coverage plots of sequences mapping to 28S rRNA in PO (red), “P1 + RI” (green), “P1 —
RI” (violet) and P2 (blue), either in linear scale (top) or Log2 scale (bottom). G) Coverage plot of sequences mapping 5.8
S rRNA.

Supplementary Figure 2: data associated to Figure 2. A) Same as Figure 2(B) but washing cells with MEGM instead of
PBS. B) Deconvolution of chromatograms obtained by SEC analysis of PBS washes of different adherent malignant and
nonmalignant cell lines, derived from different mammalian species. C) U2-OS cells before (left) and after (right) four

consecutive washes with HBSS for 30 seconds.

Supplementary Figure 3: data associated to Figure 4. A) Experimental conditions were similar to those used in Figure

4 A-D, but the cell-free processing step was omitted. Control lanes include RNA lysates from U2-OS cells incubated in
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DMEM + 10% FBS (S+) or in the same cells used for exRNA analysis (ITS, 1 hour). L: 5’ tRNA halves of 33 — 34 nt; S:
5’ tRNA halves of 30 — 31 nt. B) Comparison of SYBR gold-stained denaturing 10% PAGE gels from Figure 4, C and
Supplementary Fig. 4, A. A parameter named the RNA Degradation Number (RDN) was defined as the ratio between
SYBR gold intensities above and below the tRNA band. The lower the RDN (the higher extent of extracellular
fragmentation), the higher the fragment-to-full-length-tRNA ratio (estimated by densitometric analysis of Northern blot
bands). C) Effect of RI addition (120 U in 10 mL) in exRNA profiles from U2-OS CCM (1 hour in ITS medium or 1 —
24 hours in S+ medium). D) Analysis of YRNAs (left) or some selected 5° fragments (right) by RT-qPCR (left) or SL-
RT-qPCR (right) in 100,000 x g pellets (EVs) or concentrated 100,000 x g supernatants (RNPs) of U2-OS AANG
conditioned medium (t = 48 hs; MEGM).

Supplementary Figure 4: data associated to Figure 5C. Complete flow cytometry analysis in all the samples included in

Figure 5, D-E. Gly (31): a synthetic single-stranded RNA of 31 nucleotide with the sequence of glycine 5° tRNA halves.

SUPPLEMENTARY METHODS

Reagents

RI (ribonuclease inhibitor, murine; 40U / uL) was purchased from New England Biolabs. Sterile Phosphate buffered
saline, PBS (10x DPBS for chromatographic separations, 1x DPBS with or without calcium and magnesium for cell
culture), DMEM, trypsin—EDTA solution, fetal bovine serum (FBS), 100x Insulin-Transferrin-Selenium solution (ITS)
and nuclease-free distilled water were obtained from Gibco. Hank’s Balanced Salt Solution (HBSS, no phenol red), either
with or without calcium and magnesium were obtained from Corning as 1x sterile solutions. Trizol and Trizol LS reagents

were from Invitrogen (Thermo). The 60% Optiprep solution used to prepare iodixanol gradients was obtained from Sigma.
Cell lines and preparation of cell-conditioned medium/buffers.

Cell lines were obtained from ATCC. Creation and characterization of U2-OS AANG and U2-OS ARNHI1 cells was
described in Akiyama et al. 2019 (doi: 10.1101/811174). The gene-edited cells were clonally selected and genotyped.

Conditioned medium was typically derived from one 75 cm?flask for chromatographic analysis or from one 150 cm? flask
for electrophoresis. Cells were plated at a density which was adjusted to obtain a confluency of 80% at the endpoint of

the experiment.
Extracellular samples containing RNAs were prepared based on the following protocols:

Preparation of serum-containing conditioned medium (protocol 1): cells were grown in DMEM + 10% FBS (“S+”
medium). They were washed with S+ medium, and incubated in S+ for variable periods of time which ranged from 1 to

48 hours.
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Preparation of serum-free conditioned medium (protocol 2): cells were plated on day zero and grown in S+ for 24 hours.
Later, they were washed with PBS, grown in Mammary Epithelial Growth Medium without antibiotics and without bovine

pitutary extract (MEGM, Lonza) for 48 hours, washed again with PBS, and grown in MEGM for additional 48 hours.

Preparation of serum-free conditioned medium (protocol 3): cells were grown in S+, washed with DMEM and incubated

with DMEM + 1x Insulin-Transferrin-Selenium solution (“ITS” medium) for one hour.

ExRNA analysis after short washes in PBS or Hank’s Balanced Salt Solution (HBSS) (protocol 4): cells were grown in
S+ medium until 80% confluent, washed three times with warm buffer (5 seconds per wash), and washed a forth time for
30 seconds with 5 mL (in T75 flasks) or 10 mL (in T150 flasks) of warm buffer plus 20 — 40 U RI (respectively). Buffers
could correspond to PBS, PBS plus divalent cations (PBS+), HBSS or HBSS plus divalent cations (HBSS+) depending

on the experiment. Flasks were gently tilted from side to side during washes.

For protocols 1-4: conditioned media or conditioned-buffers were centrifuged at 800 x g at room temperature to remove
detached cells and then spinned twice at 4°C and 2,000 x g. The supernatants were either processed immediately or stored

at -20°C for later use. If frozen, media was spinned again at 4°C and 2,000 x g upon thaw.

Antibodies

The following primary antibodies were used for Western blot: anti-Puromycin (Millipore, cat # MABE343, clone 12D10);
anti-RPS6 (Santa Cruz Biotechnology; cat # sc-74459; clone C-8); anti-RPS23 (Santa Cruz Biotechnology; cat # sc-
100837; clone SJ-K2); anti-RPL7a (Cell Signaling; cat # 2415; clone E109); anti-CD63 (BD Biosciences; cat # 556019;
clone H5C6); anti-CD9 (Millipore; cat # CBL162; clone MM2/57); anti-CD81 (R&D; cat # MAB4615; clone 454720);
anti-elF2a (Cell Signaling: cat # 9722); anti-(p)elF2a (Ser51; Cell Signaling; cat # 9721). Antibodies for flow cytometry
where from BD and directed to mouse proteins CD11c (clone HL3), CD80 (clone 16-10A1), I-Ab (clone AF6-120.1).

Primers and RT-qPCR

In figure 1J: cDNA was obtained with SuperScript II (Thermo) using random hexamers and following manufacturer’s
instructions. For glycine 5° halves a gene-specific primer (GSP) was used (the sample was heated at 65°C, following by
primer annealing and extension at 42°C). Input material: 2 pL of each chromatographic fraction. Quantitative real-time

PCR was performed with a Kapa SYBR Fast qPCR Master Mix (2x) from Kapa Biosystems.

tRNAY 5° halves (RT GSP): TGCCATCCACCACCCTGTTGCTGTAGCGAGAATT
tRNAY 5° halves (F-primer): ccCCGCATTGGTGGTTCAGTGGTA
tRNAY 5° halves (R-primer): TCCACCACCCTGTTGCTGTA

28S rRNA (position 310; F-primer): GGGTGGTAAACTCCATCTAAGG
28S rRNA (position 310; R-primer): GCCCTCTTGAACTCTCTCTTC
28S rRNA (position 3744; F-primer): GTAAACGGCGGGAGTAACTATG
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28S rRNA (position 3744; R-primer): GACAGTGGGAATCTCGTTCATC
18S rRNA (position 442; F-primer): CTGAGAAACGGCTACCACATC
18S rRNA (position 442; R-primer): GCCTCGAAAGAGTCCTGTATTG
5.8S rRNA (position 25; F-primer): CTCGTGCGTCGATGAAGAA

5.8S rRNA (position 25; R-primer): TCGAAGTGTCGATGATCAATGT
5.8S rRNA (position 2; F-primer): ACTCTTAGCGGTGGATCACT

5.8S rRNA (position 2; R-primer): GATGATCAATGTGTCCTGCAATTC

In Figure 3E: Chromatographic fractions corresponding to the PO peak from BJ cells were concentrated to 50 uL by
ultrafiltration (Vivaspin 500; MWCO 5 kDa). One microliter was used as input. cDNA was obtained with SuperScript 11
(Thermo) using an oligo(dT)s primer and following manufacturer’s instructions. End-point PCR was performed with
recombinant Taq DNA Polymerase (Thermo) for 35 cycles. Annealing temperature: 58°C. Expected amplicon length: 731
bp (> 2200 bp from predicted mRNA 3’ end)

HSP90B1 (F-primer): GGTGTAGGAATGACCAGAGAAG
HSP90B1 (R-primer): GGAGCAGATGTGGGTACAAATA

In Supplementary Figure S4, F: cDNA for full-length YRNA analysis was obtained with SuperScript II (Thermo) using
random hexamers and following manufacturer’s instructions. cDNA for YRNA fragments was obtained based on the
stem-loop RT-qPCR method which was described in detail in our previous publication (Tosar et al. 2018; Nucleic Acids
Research 46, 9081-9093).

Full-length YRNAs (conventional RT with random hexamers):

RNA Y1 (F-primer): TGGTCCGAAGGTAGTGAGTTA
RNA Y1 (R-primer): GTCAAGTGCAGTAGTGAGAAGG
RNA Y3 (F-primer): CCGAGTGCAGTGGTGTTTA

RNA Y3 (R-primer): AGGGCTAGTCAAGTGAAGCAG
RNA Y4 (F-primer): GTCCGATGGTAGTGGGTTATC
RNA Y4 (R-primer): AAAGCCAGTCAAATTTAGCAGT
RNA Y5 (F-primer): GTCCGAGTGTTGTGGGTTATT
RNA Y5 (R-primer): ACAGCAAGCTAGTCAAGCG

YRNA fragments (SL-RT-qPCR; as described in Tosar et al. 2018):

Stem-loop RT primer (“X” denotes assay-specific 3’ overhangs):

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACXXXXXX
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RNA Y1 (5° fragment; 31 nt; 3° overhang): ATTGAG

RNA Y4 (5’ fragment; 32 nt; 3’ overhang): AGTTCT

RNA Y5 (5° fragment; 32 nt; 3° overhang): CTTAAC

miR-21-5p (3’ overhang): GTCAAC

RNA Y1 (5° fragment; 31 nt; F-primer): caagTGGTCCGAAGGTAGTGAGT
RNA Y4 (5’ fragment; 32 nt; F-primer): tgGTCCGATGGTAGTGGGTT
RNA Y5 (5° fragment; 32 nt; F-primer): agttgGTCCGAGTGTTGTGG
miR-21-5p (F-primer): gccccgTAGCTTATCAGACTGATGT

Universal reverse primer: GTGCAGGGTCCGAGGT

All primers were obtained from Integrated DNA Technologies (IDT, USA).

Density gradient separations

For separation of ribosomal subunits and ribosomes, a linear gradient composed of 10 — 40 % RNase-free sucrose was
used. The gradients were prepared in 20 mM Tris-Cl buffer (pH = 8), 4 mM MgCl,, 50 mM KCl and ImM DTT (added
fresh). Layers of 40%, 30% 20% and 10% sucrose were added sequentially to a 12 mL polypropylene tube and frozen at
-80°C in between. The whole gradient was thawed overnight in the cold-room and used the next day. Extracellular samples
were obtained from U2-OS cells using protocol 4 and washing with HBSS+ in the presence of RI. Washes four and five
were pooled, concentrated by ultrafiltration and stored at -80°C until use. Concentrated extracellular fractions (0.5 mL)
were thawed, layered gently on top of the gradient, and centrifuged at 186,000 x g for 3 hours at 4°C using a SW 40 Ti
rotor (acceleration: max; break: min). A density gradient analyzer and fractionator equipped with a Teledyne ISCO UA-
6 UV/Vis detector was used to collect fractions of 0.5 mL, starting from the top of the gradient. Collected fractions were

treated with 0.5 mL TRIzol to purify both RNA and proteins according to the manufacturer’s instructions.

To separate extracellular vesicles from ribonucleoproteins (RNPs) or other high-density components of the non-EV
fraction, high-resolution (12 — 36 %) iodixanol gradients were used following the protocol described in »*. Briefly, samples
were layered on the bottom of a 12 mL polypropylene tube, and layers of ice-cold 36%, 30%, 24%, 18% and 12%
iodixanol (prepared in PBS) were added sequentially on top. The gradients were centrifuged for 15 h at 120,000 x g and
4°C, using a SW40 Ti rotor. Twelve fractions of 1 mL were obtained from the top of the gradient and transferred to new
tubes. One half of each fraction was treated with an equal volume of TRIzol and used for RNA and protein purification
following manufacturer’s instructions. The other half was twice precipitated with cold (-20°C) 60% acetone, and the
pellets were resuspended in 1x loading buffer for Western blot analysis. Loading buffer contained reducing agents or not

depending on the primary antibodies intended to use.
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Sequencing data analysis

After sample demultiplexing and adapter trimming (only sequences > 15 bases which contained an identifiable 3" adaptor
were analyzed), FastQ files containing sequencing information were mapped to the human genome (hg38) with RNA
STAR (--outFilterMultimapNmax=2000, to allow mapping to repetitive tRNA and rRNA genes, --
outFilterMismatchNoverLmax=0.25, --alignIntronMax=30, and default settings). To determine read length distribution
counts for RNA biotypes across experimental samples, mapped reads were filtered with BAM-filter (-mapped=TRUE, -
include bed and default settings) using small nuclear RNA, small nucleolar RNA, vault RNA, YRNA (Ensemble release
100), mature miRNA (miRbase release V22), tRNAs (UCSC) and ribosomal RNA (custom GTF) genomic coordinates.
Filter reads were extracted, converted to Fasta and the length of each individual read was computed. The relative
abundance of reads with a given length was expressed as reads per million (RPM) mapped reads by dividing its absolute
count number by the total amount of mapped reads in the data set and multiplying by a million. rRNA 28s coverage was
determined with bamCoverage (--minMappingQuality=0, --region=chr21:8213887:8218941 and default settings). The
relative abundance of reads mapping to different tRNA isoacceptors was determined with feature counts (-M, --
fraction=TRUE, default settings). Data was submitted to NCBI’s small read archive (SRA) under the BioProject ID:
PRINA633249.

Northern blotting

RNA samples were run on 10% TBE-urea polyacrylamide gels (ThermoFisher Scientific), transferred to positively
charged nylon membranes (Roche). The membranes were cross-linked by UV irradiation. After cross-linking, the
membranes were hybridized overnight at 40°C with digoxigenin (DIG)-labeled DNA probes in DIG Easy Hyb solution
(Roche). After low stringency washes (washing twice with 2x SSC/0.1% SDS at room temperature) and a high stringency
wash (1x SSC/0.1% SDS at 40°C), the membranes were blocked in blocking reagent (Roche) for 30 min at room
temperature, probed with alkaline phosphatase-labeled anti-digoxigenin antibody (Roche) for 30 min, and washed with
1x TBS-T. Signals were visualized with CDP-Star ready-to-use (Roche) and detected using ChemiDoc imaging system
(BioRad) according to the manufacturer’s instructions. Oligonucleotide probes were synthesized by IDT. DIG-labeled
probes were prepared using the DIG Oligonucleotide tailing kit (2nd generation; Roche) according to the manufacturer’s

instructions. The sequences of the probes were as follows:

probe for 5'-tRNA™yyy : 5' CTGATGCTCTACCGACTGAGCTATCCGGGC 3"
probe for 5'-tRNA™¢c,y : 5' CTTCCGCTGCGCCACTCTGCT 3%

probe for 5'-tRNAYgcc : 5' CTACCACTGAACCACCCATGC 3,

probe for 3'-tRNA“Ygcc : 5' GCCGGGAATCGAACCCGGGCCTCCCGCG 3
probe for 7SL RNA: 5' CACTACAGCCCAGAACTCCTGGACT 3'.
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Protein puromycilation assays

Extracellular samples were obtained from four T150 flasks of U2-OS cells (70% confluency) based on protocol 4 (PBS+
in Figure 3, G and HBSS+ in Figure 3, H) and concentrated by ultra-filtration (cut-off: 10 kDa) to 300 pL, which were
then separated in three identical aliquots. Each aliquot received 40 U RI and 80 mM KCI. Puromycin was added to two
aliquots at a final concentration of 5 pg / mL. Two aliquots also received ATP and GTP at ImM each. All samples were
incubated at 37°C for two hours. Proteins were then precipitated with cold acetone, washed with cold acetone at 60%, and
analyzed by Western blot using an anti-puromycin antibody (1 / 1000, overnight, in PBS, BSA 5%, Tween 0.1 %). In a

separate experiments, samples were incubated at either 37°C or 4°C.

Transmission electron microscopy

Two T75 flasks containing cells grown in S+ at 80% confluency were washed twice with serum-free DMEM, once with
PBS, and once with PBS + 40U RI. This last wash was concentrated and subjected to size exclusion chromatography as
previosuly described. The fractions corresponding to the PO peak were concentrated to 20 pL by ultrafiltration and frozen.
Once thawed, samples were incubated on carbon-coated grids for 1.5 min. The grids were washed by touching a miliQ
water drop and blotted with filter paper (twice), then two series of touching a 1% phosphotungstic acid drop and blotting
with filter paper before air drying. Grids were imaged in a JEOL JEM-2100 electron microscope at 200 kV.

Extracellular samples from U2-OS cells were obtained following protocol #4, concentrated to 20 pL by ultrafiltration and
frozen. Once thawed, samples were incubated on carbon-coated grids for 10 min. The grids were washed once by touching
and blotting a miliQ water drop, placed inverted on top of a droplet containing 1% uranyl acetate for 1 minute, then grids
were washed by touching and blotting a miliQ water drop, air dried and imaged in a JEOL JEM-2100 electron microscope

at 200 kV.

Sample preparation for dendritic cell maturation assays
Bone marrow cells were obtained from the leg bones of C57BL/6 mice and differentiated in culture for eight days in the

presence of 0.4 ng / mL GM-CSF as described in *°.

Two T75 flasks containing MCF-7 cells were grown in MEGM for 48 hours (80% confluency) and then washed with PBS
+ 40U RI for 30 seconds. The cell-conditioned PBS was separated into two aliquotes. One aliquot was treated with 320
ng RNase A and incubated at 37°C for 30 min. Both aliquotes were then subjected to SEC in order to obtain the following
fractions/samples: PO, RNase-treated PO and P1. Each of these fractions were concentrated to 100 pL by ultrafiltration
(MWCO 5 kDa) and filter-sterilized in the cell culture room. PO and P1 were also diluted 100-fold with sterile PBS. All
samples (100 uL) were added directly to the media of 1 x 10° BMDCs grown in 900 pL of complete media (RPMI + 10%
FBS, 0.05 mM 2-mercaptoethanol, 2mM L-glutamine, ImM sodium pyruvate, 1% HEPES, 100 U/mL penicillin, 0.1
mg/mL streptomycin ; 6-well plates) and incubated for 24 hours at 37°C and 5% CO,. Control wells contained: 100 pL
PBS (NT; nontreated cells), synthetic tRNAYscc 5° halves or a mutated version of this RNA (25YC; both at 10 pg / mL

62



final concentration), or the synthetic dSRNA analogue Poly(I:C) (Invivogen) at either 30 pg / mL or 3 pg / mL, diluted in
PBS.

At that time, cells were harvested and resuspended in PSA (PBS, 0.2% fetal bovine serum, 0.1 sodium azide) to stain
them with antibodies against CD11¢, CD80 and I-Ab for 20 minutes on light-protected ice. After two washes with PBS,
propidium iodide was added. The samples were acquired in the CyAN ADP Analyzer (Dako) and the data analyzed with

the FlowJo vX.0.7 software (FlowJo, LLC)

Levels of IL-1p in the media were measured using a commercial ELISA kit from Biolegend.
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Articulo cientifico 2: Ribonuclease activity undermines
immune sensing of naked extracellular RNA

Este es el articulo cientifico central de la tesis de doctorado en donde se abordan los
objetivos especificos 2-5. En este trabajo demostramos que las RNasas extracelulares condiciona
la internalizacion, reconocimiento y escape endosomal de los exRNAs desnudos indicando que las
membranas biologicas no son totalmente impermeables a estas moléculas. La inhibicion de las
RNasas extracelulares permite que los exRNAs desnudos ingresen a células dendriticas y
macrofagos, desencadenen potentes respuestas proinflamatorias principalmente a través de la
activacion de TLRs endosomales. Ademas, estos exRNAs pueden escapar del compartimento
endosomal y activar sensores de RNA en el citosol. También observamos que mRNAs
extracelulares desnudos pueden ser internalizados espontdneamente y traducidos por diversos tipos
celulares en presencia de RI. En modelos in vivo, la coinyeccion intravenosa de exXRNAs desnudos
inflamatorios junto a RI potencia la activacion de linfocitos esplénicos. Asimismo, se evidencia
que el exRNA desnudo presenta una actividad proinflamatoria intrinseca en compartimentos
pobres en RNasas, como la cavidad peritoneal. En conjunto, estos hallazgos demuestran que el
exRNA desnudo posee actividad bioldgica intrinseca sin necesidad de ser encapsulado en vesiculas
extracelulares o nanoparticulas lipidicas. Los resultados de este articulo respaldan la existencia de
un rol del exRNA desnudo en la comunicacion intercelular y abren la puerta a posibles desarrollos

biotecnoldgicos.
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SUMMARY

Cell membranes are thought of as barriers to extracellular RNA (exRNA) uptake. While naked exRNAs can be
spontaneously internalized by certain cells, functional cytosolic delivery has been rarely observed. Here, we
show that extracellular ribonucleases (RNases)—primarily from cell culture supplements—have obscured the
study of exRNA functionality. When ribonuclease inhibitor (RI) is added to cell cultures, naked exRNAs can
trigger pro-inflammatory responses in dendritic cells and macrophages, largely viaendosomal Toll-like recep-
tors (TLRs). Moreover, naked exRNAs can escape endosomes, engaging cytosolic RNA sensors. In addition,
naked extracellular mRNAs can be spontaneously internalized and translated by various cell types in an RI-
dependent manner. In vivo, Rl co-injection amplifies naked-RNA-induced activation of splenic lymphocytes
and myeloid leukocytes. Furthermore, naked RNA is inherently pro-inflammatory in RNase-poor compart-
ments like the peritoneal cavity. These findings demonstrate that naked RNA is bioactive without requiring ve-

sicular encapsulation, making a case for nonvesicular-exRNA-mediated intercellular communication.

INTRODUCTION

Lipid bilayers are considered to be impermeable to negatively
charged RNA molecules. However, cells can pack and release
RNA inside biological lipid nanoparticles called extracellular ves-
icles (EVs).'™ These vesicles can be internalized by recipient cells
enabling the intercellular exchange of genetic information.*®
Similarly, therapeutic delivery of messenger RNA (mRNA) or dou-
ble-stranded small interfering RNA (siRNA) also requires RNA
encapsulation inside synthetic lipid nanoparticles (LNPs).

The spontaneous uptake of naked RNA molecules is less stud-
ied and considered highly inefficient. Nevertheless, some phar-
maceutical preparations containing antisense oligonucleotides
(ASOs) lack cationic lipids or any other transfection reagents.®
These drugs manage to enter cells and gain access to the
cytosol or even the nucleus through an endocytosis-dependent
naked-RNA-specific uptake process referred to as gymnosis.”
Although the molecular mechanism(s) responsible for this func-
tional uptake route are still obscure, gymnosis might depend
on the increased hydrophobicity conferred by phosphorothioate
bonds, a frequent modification in therapeutic ASOs.®

Gymnotic uptake and subsequent translation of naked mRNA
vaccines has been reported, usually following intramuscular, in-
tradermal, or intralymphatic administration in mice.>'? These
studies have also shown that dendritic cells are the main cell
type responsible for gymnotic mMRNA uptake, probably through
a macropinocytosis-dependent mechanism. However, intrano-
dal injection of naked mRNA vaccines in humans failed to
show a response compared with placebo.'® The clinical success
of LNPs as delivery vectors for mRNAs and siRNAs'*'® has
consolidated the view that cationic or ionizable lipids are
required for efficient RNA uptake, as supported by analysis of
delivery methods in clinical trials."®

Compared with lipofection, gymnotic uptake is considered a
slower and less efficient process.” Currently, its study is mostly
restricted to the context of short and highly modified therapeutic
ASOs. Several factors explain the disadvantage of this uptake
route for longer or unmodified RNAs. For example, endosomal
escape, the rate-limiting step in RNA therapeutics, '® is facilitated
by an LNP-induced endosomal rupture mechanism that would
not apply in the case of gymnosis. Immunological studies also
argue against extracellular naked RNAs being functional. For
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Figure 1. Naked bacterial exRNA activates BMDCs in an RI-dependent manner
(A) Heatmap showing top 25 most differentially regulated genes in BMDCs stimulated for 6 h with 100 ng/mL naked RNA from E. coli or from BMDCs in the
presence of RNase inhibitors (+Rl) or a thermally inactivated Rl instead (+RIA).
(B) Volcano plot of differentially expressed genes (adjusted p [p-adj] < 1 x 1073, |log,FC| > 3) between BMDCs stimulated with naked total E. coli RNA

(+Rl vs. +RIA).

(C) Pathway enrichment analysis corresponding to BMDCs stimulated with naked E. coli RNA + RI.
(D) II-1b and il-6 expression measured by RT-gPCR in BMDCs stimulated with varying doses (1, 5, 10, or 25 pg/mL) of naked E. coli RNA, with or without Rl. DPBS

was used as negative control.

(E) TNF-a secreted by BMDCs after stimulation (6 h) with 1 pg/mL naked E. coli RNA (or DPBS) with varying doses of RI.
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instance, transfection of bacterial RNAs using cationic lipids trig-
gers immune cell activation in human and murine macro-
phages,'”'® but this response is abrogated when the RNA is
spiked into the media in the absence of lipofection reagents.'”

Finally, naked RNA is highly unstable in biofluids and extracel-
lular samples, which tend to contain high quantities of active ri-
bonucleases (RNases). This fact, coupled with the low efficiency
of gymnotic uptake,” and the apparent lack of immune cell acti-
vation induced by naked extracellular bacterial RNAs,'” explains
why RNA-mediated intercellular communication is mostly—and
almost exclusively—studied in the context of EVs.'®

We have recently shown that some RNAs are intrinsically sta-
ble in the extracellular space and act as stable reservoirs of
shorter RNA fragments that can enter cells spontaneously.?® In
addition, when adding a broad-range ribonuclease inhibitor (RI)
to human cancer cell-conditioned medium, we stabilized a pre-
viously unknown population of extracellular ribosomes that
induced dendritic cell maturation.”’ These results suggest that
extracellular, nonvesicular RNAs, comprising both naked RNAs
and ribonucleoprotein complexes, can interact with recipient
cells and induce downstream signaling responses. Importantly,
to observe any functional interaction involving nonvesicular
extracellular RNAs (exRNAs), strict control of extracellular
RNase activity is required. This is impossible in typical cell cul-
ture experiments, in which 10% fetal bovine serum (FBS) is
usually employed. We hypothesize that failure to control for
serum-derived RNase activity has so far precluded the study of
intercellular communication pathways mediated by nonvesicular
RNAs, hence underestimating the efficiency of gymnosis as a
functional and efficient RNA uptake process.

Here, using a broad-spectrum RI, we show that both single-
stranded and double-stranded long and short RNAs can be
spontaneously internalized by different murine and human cell
types in the absence of any transfection reagents. Internalized
RNAs can be sensed by Toll-like receptors (TLRs) inside endoso-
mal compartments. Furthermore, at least some RNA molecules
can escape the endosomes into the cytosol and regulate or
modify gene expression in recipient cells. Intravenous adminis-
tration of Rl enhances the inflammatory responses triggered by
naked exRNA in vivo. In contrast, compartments with low RNase
activity, such as the peritoneal cavity, seem to be inherently
prone to nonvesicular exRNA recognition. Altogether, these re-
sults suggest that naked or nonvesicular exRNAs and extracel-
lular RNases might work as antagonistic inducers and regulators
of compartment-specific inflammatory responses.

RESULTS

Naked bacterial exRNA activates BMDCs in an RI-
dependent manner

Earlier studies showed lack of exRNA recognition by innate im-
mune cells when bacterial RNA, a well-known pro-inflammatory
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molecule, was spiked into the medium instead of trans-
fected.'”?? This suggests that the spontaneous uptake of naked
exRNA is inefficient, possibly due to the fact that cells are refrac-
tory to internalizing negatively charged nucleic acids.® Alterna-
tively, it could simply be a consequence of RNA stability.
Because cell-culture experiments are typically done in the pres-
ence of FBS, a rich source of RNases, we hypothesized that this
could explain the apparent lack of naked-exRNA bioactivity seen
in earlier studies.'*" To study this, we worked with primary cul-
tures of murine bone-marrow-derived cells (BMDCs), differenti-
ated into antigen-presenting cells.?>** We incubated these
BMDCs with purified Escherichia coli RNA in the absence of
any transfection reagents, but adding either a broad-range
extracellular RNase inhibitor (+RI) or a thermally inactivated in-
hibitor (+RlA), lacking any protective activity (Figure S1A).
Consistent with our hypothesis, naked bacterial exRNA induced
a highly pro-inflammatory transcriptional signature only in the
presence of RI (Figures 1A-1C, S1B, and S1C). Of note,
BMDC-derived self-RNA was immunologically silent regardless
of Rl addition (Figures 1A and S2).

Previous results were further confirmed by RT-gPCR. All
tested genes (Cxcl10, Ifit2, ll1a, II1b, 1I6, Oas3) showed a dose-
dependent induction in the presence of Rl (Figures 1D and S3).
Additionally, pretreatment of naked E. coli RNA with RNAse1
completely abrogated the observed effects regardless of RI
addition (Figures S1B and S1C). Interestingly, BMDCs exposed
to naked E. coli RNA released high levels of tumor necrosis factor
(TNF)-a (Figure 1E) and increased the expression of cell surface
markers associated with DC activation, such as CD40 and CD86
(Figures 1F and 1G), only in the presence of RI.

Interestingly, when previous experiments were repeated in
serum-deprived medium (—FBS), the response elicited by
BMDCs to naked E. coli RNA was as strong as previously
observed but now completely independent of RI (Figure 1H).
Overall, these results demonstrate that naked bacterial RNA
can be specifically sensed by murine BMDCs, but this recogni-
tion cannot be observed if extracellular RNases are not previ-
ously inhibited or removed.

RI enhances the endocytic uptake of naked RNA by
exRNA stabilization

To understand whether naked-exRNA sensing requires prior
internalization, we incubated BMDCs with Dynasore, a dynamin
inhibitor that blocks clathrin-dependent endocytosis and macro-
pinocytosis,”” before the addition of naked exRNAs. Upregula-
tion of 116, I11b, Cxcl10, and [fit2 in response to bacterial exRNA
was strongly inhibited in the presence of the drug (Figure 2A). Of
note, although /16, II1b, Cxcl10, and Ifit2 induction was strongly
dependent on Rl (as previously observed; Figures 1D and S3),
endocytosis of Dextran-AF647 was independent of RI (Figure
2B). These results demonstrate that the main mechanism by
which RI facilitates naked-exRNA uptake is by stabilizing RNA

(F and G) Flow cytometry analysis of CD40 and CD86 in BMDCs stimulated for 24 h with 50 ug/mL naked E. coli RNA with or without RI. Median fluorescence

intensity of CD86 (F) and CD40 (G) are shown.

(H) I11b expression (RT-gPCR) in BMDCs stimulated with 1 pg/mL naked E. coli RNA with or without R, in either serum-deprived medium (—FBS) or serum-

containing medium (+FBS) for 6 h. RPMI was used as mock.

(F-H) ns, not significant; *p < 0.05, ***p < 0.0001; one-way ANOVA with Tukey’s multiple comparison test.
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Figure 2. TLR13 senses naked bacterial ribosomal RNA in BMDCs and Raw264.7 macrophages

(A) il6, IlI1b, Cxcl10, and Ifit2 expression by RT-gPCR in BMDCs stimulated for 6 h with 1 pg/mL of naked E. coli RNA, with or without RI, in the presence of
Dynasore (red circles) or vehicle (gray circles).

(B) Flow cytometry analysis of BMDCs untreated or incubated with Dextran-AF647 for 1 h, with or without RI.

(C) Diagram of RNA-sensing endosomal TLRs in mouse (top) and human (bottom). TLR3 senses double-stranded RNA (dsRNA) larger than 40 bp, TLR7 and TLR8
(in humans) sense short single-stranded RNA (ssRNA) in the presence of guanosine (G) or uridine (U), respectively, and TLR13 recognizes an ssRNA fragment
derived from 23S bacterial rRNA.

(D) Denaturing PAGE of total and ribosomal RNA-depleted (—rRNA) RNA from E. coli.

(E and F) /-6 expression (RT-qPCR) and levels of secreted TNF-a (ELISA) of BMDCs stimulated with 1 pg/mL of naked total or rRNA-depleted E. coli RNA, in the
presence of RI.

(G) 16 expression (RT-gPCR) in BMDCs stimulated with 1 or 5 pg/mL of synthetic unmodified naked Ec12 RNA (a known agonist of TLR13), or its mutated version
(Ec12s6G), both in the presence of RI. Mock: RPMI.

(legend continued on rB)gpage)
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in the extracellular space, and not by increasing endocytosis
rates.

Naked bacterial RNA is sensed by TLR13 in BMDCs and
murine macrophages

The requirement of endocytosis (Figure 2A), and the potential
role of the nuclear factor (NF)-kB pathway in BMDC response
to naked exRNA (Figure 1C), suggests the involvement of endo-
somal pattern recognition receptors (PRRs) in these processes
(Figure 2C).

To infer which receptor-ligand interaction is mostly responsible
for the observed effects, we separated total E. coli RNA into a small
(<200 nt) and a large (>200 nt) fraction (Figure S4A) and observed
that only naked RNAs longer than 200 nt triggered the production
of pro-inflammatory cytokines at both the RNA and the protein
levels (Figures S4B and S4C). Considering that RNAs longer than
200 nt are mainly ribosomal RNAs (rRNAs), we speculated that
extracellular bacterial rRNAs were triggering these effects. Indeed,
probe-based selective depletion of bacterial rRNAs (Figure 2D)
abrogated both //6 transcription and TNF-a release, despite using
equal RNA concentrations across conditions (Figures 2E and 2F).
This suggests the involvement of TLR13, a mouse-specific endo-
somal PRR that recognizes bacterial 23S ribosomal RNA and that
is expressed in dendritic cells.??°

A 23S rRNA segment, encompassing 12 nucleotides, was pre-
viously identified as the ligand of TLR13 in Staphylococcus
aureus.’”> We first corroborated that this sequence, named
here as Ec12, is conserved in Escherichia coli. Interestingly,
BMDCs stimulated with a synthetic and unmodified naked
RNA comprising the sequence of Ec12 triggered //6 expression
(Figure 2G). Strikingly, this response was completely abrogated
when adenosine in position six of Ec712 was substituted for gua-
nosine (Ec12s6G), a substitution that is known to affect TLR13
recognition.”?

To gain further insights into the potential role of TLR13 in the
recognition of naked bacterial RNA, we leveraged the fact that
the murine macrophage cell line Raw264.7 expresses TLR7
and TLR13 as the only RNA sensors (Figure 2H). Like BMDCs,
Raw264.7 cells can recognize and respond to naked E. coli
RNA in an Rl-dependent manner (Figure 21 and S4D-S4F). Of
note, in agreement with previous observations,”’ the human
monocytic cell line THP-1, which lacks TLR13, did not respond
(Figures S4G-S4l). This lack of response was not due to lack
of uptake, as we found that 100% of cells were positive for
labeled Ec12 RNA, even when testing concentrations as low as
1 nM (Figure S5).

Interestingly, the response to naked E. coli RNA remained un-
changed when macrophages were incubated with M5049, a
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TLR7/8 specific inhibitor. As expected, M5049 significantly
reduced the response to R848, a TLR7/8 agonist (Figure 2J).
On the other hand, inhibiting MyD88 in these cells completely
abolished the observed response (Figure 2K). Taken together,
these results strongly suggest the involvement of the TLR13/
MyD88 axis in the response of murine macrophages to naked
bacterial RNA. Furthermore, siRNA-mediated knockdown of
TLR13 (50% reduction) reduced the response by an almost iden-
tical amount (Figure 2L).

Overall, using BMDCs and Raw264.7 macrophages as
models, we have shown that naked exRNAs can gain access
to the endocytic pathway and trigger activation of endosomal
RNA sensors when extracellular RNases are inhibited.

Naked double-stranded RNA is also recognized by
BMDCs

To study whether other nonvesicular exRNAs could also activate
BMDCs, we used poly(l:C) as a model to understand naked dou-
ble-stranded RNA (dsRNA) recognition. This molecule is known
to be recognized by TLR3 at the endosomal level and by the
RIG-I-like receptors (RLRs) RIG-I and MDA5 in the cytosol
when dsRNAs are transfected?®?° (Figure 3A). Interestingly,
when BMDCs were incubated with naked extracellular poly(l:
C), there was a strong, RI-dependent increment in the expres-
sion of Cxcl10 and [fit2 (Figures 3B and 3C). These two genes
were tested since they are known to be induced by poly(l:C) in
human DCs (Figures S6A and S6B), and we also validated their
induction with naked poly(l:C) in the murine dendritic cell line,
Jawsll (Figure S6C). In contrast, Raw264.7 macrophages did
not respond to naked poly(l:C) (Figures S4D-S4F), in agreement
with these cells not expressing any of the above-mentioned RNA
sensors (Figure 2H).

Naked double-stranded RNA is recognized by
mitochondrial antiviral-signaling protein-dependent
cytosolic RNA sensors in human macrophages
We could not easily determine whether poly(l:C) was being
recognized at the endosomal or cytosolic level in BMDCs
because these cells express all of the sensors involved in dsRNA
recognition (Figure 3D). Human THP-1 monocytes and macro-
phages could serve as a better model to understand the molec-
ular basis of naked dsRNA recognition because they lack TLR3
but express high levels of RIG-I and MDA5 (Figure 3E). Hence,
any response to poly(l:C) in these cells can be attributed, at least
in theory, to either of these RLRs.

First, using flow cytometry, we observed that Rl enhanced
naked fluorescein-labeled poly(l:C) uptake in THP-1 mono-
cytes without altering endocytosis rates, as measured by

(H) Expression of cytosolic and endosomal RNA-specific PRRs in Raw264.7 cells. Data were obtained from GEO: GSE103958.

(l) il6 expression (RT-qPCR) in Raw264.7 stimulated for 6 h with 2 pg/mL of naked E. coli RNA, with or without RI.

(J) il6 expression (RT-qPCR) in Raw264.7 preincubated with or without the TLR7/8 inhibitor M5049 at 1 uM for 3 h and later stimulated for 6 h with 1 pg/mL of naked
E. coli RNA, with or without RI. The TLR7/8 agonist, R848 at 1 pg/mL, was used as a positive control.

(K) il6 expression (RT-gPCR) in Raw264.7 preincubated with a Myd88 inhibitory peptide (at 0, 1, or 10 uM) for 4 h, and later stimulated for 6 h with 1 ug/mL of naked

E. coli RNA, with or without RI.

(L) siRNA-mediated TIr13 knockdown in Raw264.7. Left: TIr13 expression (RT-gPCR) 48 h post transfection with either a control siRNA at 50 nM or a mix
containing two siRNAs directed against TIr13 (25 nM each). Right: 48 h post siRNA transfection, Raw264.7 cells were stimulated for 6 h with 1 pg/mL of naked
E. coli RNA with Rl and il6 expression was measured by RT-gPCR. **p < 0.001; unpaired two-tailed t test.
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Figure 3. Naked exRNA triggers MAVS-dependent cytosolic RNA sensors in human macrophages

(A) Diagram of RNA-sensing endosomal and cytosolic receptor capable of recognizing naked poly(l:C) in BMDCs and THP-1 cells.

B and C) BMDC expression of Cxc/10 (B) and /fit2 (C) by RT-qPCR after 6-h stimulation with varying doses (0.1, 1, 10 pg/mL) of naked poly(l:C), with (+) or without
—) Rl. RPMI was used as negative control.

D) Expression (fragments per kilobase per million [FPKM]) of cytosolic and endosomal RNA PRRs in BMDCs.

E) Expression of cytosolic and endosomal RNA-specific PRRs in THP-1 cells or in THP-1-derived macrophages (GEO: GSE130011).

F and G) Flow cytometry of THP-1 monocytes stimulated for 3 h with naked fluorescein-labeled poly(l:C) at 0.5 pg/mL (F) or dextran conjugated to AF647 (G), both
with and without 160 U/mL RI. ns: not significant; ***p < 0.0001; one-way ANOVA with Tukey’s multiple comparison test.

(H) Confocal microscopy (z stack) and 3D rendering of THP-1 macrophages stimulated for 30 min with naked fluorescein-labeled poly(l:C) at 0.5 pg/mL. Nuclei
(white), dsRNA (cyan), and Rab5 (purple) are represented.

(legend continued on next page)
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AF647-Dextran (Figures 3F, 3G, S7A, and S7B). These cells
showed, by confocal microscopy, a labeling pattern consis-
tent with endosomal localization of the labeled RNA (Figure
S7C). A similar pattern was also observed in BMDCs
(Figure S7D). Importantly, the endosomal localization of inter-
nalized poly(l:C) was confirmed in THP-1 macrophages co-
stained for Rab5, a well-established early endosome marker
(Figures 3H and S7E). Last, in these cells, we also observed
a strong CXCL10 and IFIT2 induction upon stimulation with
naked poly(l:C), but only in the presence of Rl (Figures 3l
and 3J).

Considering that THP-1 cells lack endosomal TLR3
(Figure 3E), the above results make a strong case for naked
poly(I:C) being internalized by endocytosis and then escaping
from endosomal compartments into the cytosol to engage cyto-
solic RLRs. To test this, we used a reporter THP-1 cell line that
expresses a secreted luciferase under the control of the inter-
feron regulatory factor (IRF) transcription factors. The IRF
pathway is activated in response to type | interferons or several
PRR agonists, including RIG-I and MDAS5, which are both depen-
dent on the mitochondrial antiviral-signaling protein (MAVS). In
agreement with previous results (Figures 31 and 3J), only naked
extracellular poly(l:C) in the presence of RI triggered the IRF
pathway (Figure 3K). Furthermore, this response was completely
abrogated in MAVS knockout (KO) cells. This behavior cannot be
attributed to a non-responsive KO cell line, as they behaved simi-
larly to wild-type cells when using lypopolysaccharide (LPS), a
MAVS-independent IRF pathway inductor.

Overall, these results demonstrate that naked exRNAs can
also reach the cytosol, where the MAVS pathway is located, pre-
sumably by endosomal escape.

RI facilitates protein translation after gymnotic uptake
of mRNA

Our previous observations suggest that naked exRNA can, in the
presence of R, be internalized by cells and reach the cytosol af-
ter escaping the endosomal network. To assess the generaliz-
ability of this phenomenon, we studied gymnotic uptake of
mRNAs in different human and murine cell types. Because trans-
lation occurs exclusively in the cytosol, observation of protein
synthesis would provide conclusive evidence of gymnotic up-
take, possibly involving endosomal RNA escape. We synthe-
sized capped and polyadenylated nanoLuc mRNA by in vitro
transcription (IVT) and confirmed its translatability using a rabbit
reticulocyte extract (Figure 4A). Then, purified nanoLuc mRNA
was added to murine BMDCs either with or without RI. Surpris-
ingly, when extracellular RNases were inhibited, the intracellular
levels of intact full-length mMRNA molecules increased by 40-fold
(Figure 4B). After 24 h, we detected nanoLuc protein exclusively
in BMDCs when extracellular RNases were inhibited (Figure 4C).
To further underscore the influence of extracellular RNases on
nanoLuc mRNA uptake and translation, we subjected BMDCs
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to varying concentrations of FBS and Rl prior to their incubation
with naked extracellular mMRNA. As expected, increasing doses
of RI stimulated translation, while increasing percentages of
FBS had the opposite effect (Figure 4D). Beyond 10% FBS,
RNase activity was sufficiently high to abolish nanoLuc transla-
tion, even in the presence of RI (Figure 4D).

Since BMDCs are professional phagocytic cells, we sought to
determine whether gymnosis also occurred in other cell types.
Interestingly, several human epithelial cell lines could uptake
and translate nanoLuc mRNA in the presence of Rl (Figures 4E
and 4F). As previously observed in murine BMDCs, nanolLuc
translation in human epithelial cells was abrogated in the pres-
ence of endocytosis inhibitors (Figure 4G). Additionally, using
confocal microscopy, we could detect that U-2 OS cells are
also able to capture and translate naked eGFP mRNA, but only
if cells are cultured in the absence of FBS and Rl is added to
the medium (Figures 4H and 4lI).

Compartment-specific RNase activity modulates naked-
exRNA-induced inflammation

We have observed that naked exRNA induces pro-inflammatory
responses in cultures of human and murine immune cells and
that these responses are modulated by extracellular RNase ac-
tivity. To assess whether naked exRNAs could also induce in-
flammatory responses in vivo, we intravenously injected both
naked E. coli RNA and poly(l:C) (Figure 5A) with or without 480
units of RI, a dose sufficient to inhibit mouse serum RNases
(Figure S8A). Naked exRNAs increased the percentage of acti-
vated (CD86*MHCII*) pDCs and macrophages in the spleen
(Figure S9), and, more surprisingly, the percentage of activated
splenic B cells (CD86*CD69*) and T cells (CD69") (Figures 5B
and S10), with minor or no changes in total cell numbers. Impor-
tantly, despite the lower RNase activity observed in mouse
serum compared with FBS (Figure S8B), we could still recapitu-
late the effect of Rl addition, which was stronger in the case of
poly(l:C). These results are in good agreement with previous
findings using LNP-formulated RNAs.*® We cannot currently
determine whether B and T cell activation was cell autonomous
due to exRNA recognition by their own innate sensors®' or re-
quires prior activation of myeloid cells (Figure S9). Nevertheless,
these results highlight that naked exRNAs can trigger systemic
inflammation in vivo.

Our in vitro experiments in BMDCs showed that Rl is not
required for naked-exRNA-induced inflammation when cells
are cultured in serum-deprived medium (Figure 1H). This
made us wonder whether naked exRNA alone could be suffi-
cient to induce inflammatory responses when released into tis-
sues or compartments with low RNase activity. Using a highly
sensitive fluorometric assay, we found that the RNase activity
of mouse peritoneal fluid is approximately 4.5-fold lower than
an equivalent dilution of mouse serum (Figure 6B). In agreement
with this observation, intraperitoneal injection of either naked

(land J) The expression of CXCL10 (I) and IFIT2 (J) in THP-1 macrophages, measured by RT-gPCR after 22-h stimulation with naked poly(I:C) at 10 pg/mL, with (+)

or without (—) RI. RPMI was used as a negative control.

(K) Relative luciferase activity corresponding to IRF pathway activation in reporter THP-1 dual wild-type or MAVS knockout cells after stimulation for 24 h with
5 pg/mL of naked poly(l:C), with or without RI. RPMI and 200 ng/mL LPS were used as negative and positive controls, respectively.

****p < 0.0001 Welch ANOVA with multiple comparison Dunnett T3 test.
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Figure 4. Rl facilitates protein translation after gymnotic uptake of mRNA
(A) Bioluminescence of in vitro translated nanoLuc protein (left) and denaturing PAGE of in vitro-transcribed nanoLuc mRNA (right).

(B) BMDCs cultured without FBS were incubated with 1 pg/mL naked nanoLuc mRNA with or without 80 U/mL RI. After 6 h, intact intracellular nanoLuc mRNA was
quantified by RT-qPCR.

(C) After 24 h, nanoLuc protein levels were quantified by bioluminescence.

(D) Heatmap showing nanoLuc intracellular protein levels detected by bioluminescence in BMDCs (cultured with varying doses of FBS) as a function of Rl
concentration.

(E and F) MCF-7 (E) and U-2 OS (F) cells cultured in 0.1% FBS were incubated with increasing doses of nanoLuc mRNA (0, 0.25, 1, 4 pg/mL) with 80 U/mL RI. After
24 h, NanoLuc protein levels were quantified by bioluminescence.

(G) U-2 OS cells cultured in 0.1% FBS were incubated with nanoLuc mRNA and Rl in the presence of 80 uM Dynasore or vehicle. After 24 h, nanoLuc protein levels
were determined by bioluminescence.

(H) Denaturing PAGE corresponding to in vitro-transcribed eGFP mRNA.

(1) Confocal microscopy of U-2 OS cells incubated with 5 pg/mL naked eGFP mRNA with or without 80 U/mL Rl at the indicated FBS dose. Non-treated cells and
DOTAP-transfected cells were used as negative and positive controls, respectively. Green channel, eGFP; red channel, nuclei.
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E. coli RNA or poly(l:C) (Figure 6A) triggered a strong inflamma-  (comprising monocytes and/or neutrophils) and inflammatory
tory response that was completely independent of Rl (Figures  macrophages (iMFs) at 24 h, a hallmark of peritoneal inflamma-
6C, 6D, and S11). This response was characterized by a tion.** Of note, the recruitment of monocytes/neutrophils was
strong, dose-dependent disappearance of resident large peri- not observed in the case of poly(l:C) treatment, which deserves
toneal macrophages (LPMs) and recruitment of myeloid cells  further investigation.
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Figure 5. Rl enhances the immunostimulatory effects of naked exRNAs circulating in the blood

(A) Experimental scheme.

(B) Flow cytometry analysis of splenic total B cells (defined as CD19"), total T cells (defined as T cell receptor [TCR]-p*), activated B cells (defined as
CD19*CD69*CD86"), and activated T cells (defined as TCR-g*CD69*) 6 h after intravenous administration of naked poly(l:C) (1 ug) or naked total E. coli RNA
(10 pg), with or without 480 U of RI. Mock: DPBS. Total cells are shown in the top panel, and activated cells are shown in the bottom panel. “o < 0.05, **p < 0.01,

Hokk

p <0.001; unpaired two-tailed t test (if normally distributed data) or unpaired two-tailed Mann-Whitney test (when data had no normal distribution) [naked RNA -

Rl vs. naked RNA + RI], [naked RNA — Rl vs. mock — RI]. See also Figures S9 and S10.

In summary, naked exRNA is inherently bioactive in RNase-
poor environments such as the peritoneal cavity, while Rl is
needed for maximum activity in the bloodstream. Altogether,
these results suggest a key role for bloodborne extracellular RN-
ases in the regulation of exRNA-induced systemic inflammation.

DISCUSSION

RNA-mediated intercellular communication has been almost
exclusively studied in the context of EVs,® despite most exRNAs
being present outside EVs in human biofluids,**** cell-condi-
tioned media,”'**° and even in plants.®”*® A bias against the
study of nonvesicular exRNAs can be explained by the wide-

spread assumption that exRNA is unstable unless protected in-
side EVs. Additionally, EVs provide a mechanism for functional
RNA delivery into recipient cells.® In contrast, naked RNA is
assumed to be incapable of penetrating the “billion-year-old
barrier” comprising the plasma membrane and the membrane
of endocytic vesicles.® By being refractory to the uptake of ex-
RNAs, cells could protect themselves from selfish genetic ele-
ments such as viroids and positive-stranded RNA viruses, while
preserving their transcriptional identity.

However, several RNA species are stable in the extracellular
space even when not associated with EVs. These resilient
exRNAs include ribonucleoprotein particles (RNPs) such
as Ago2/miRNA complexes,®***3° protein-protected RNA
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fragments*® derived from the ribosome,?**"*! U2 snRNPs,"’
and possibly Xist RNPs.*? Additionally, a population of intrin-
sically stable nicked tRNAs circulates in human biofluids,
probably unprotected or naked.?°

Rather than being inert, naked exRNAs can enter cells by gym-
nosis. It should be noted that this term was not defined in the
context of a precise molecular mechanism’; the name axiomat-
ically refers to functional naked RNA delivery into the cytosol.*®
Since best results in the original publication were obtained with
locked nucleic acid (LNA)-containing phosphorothioate ASOs,”
gymnotic uptake was later considered as an emerging property
of phosphorothioate-containing oligonucleotides.® Unmodified
and longer naked RNAs are thought to lack any biological
activity.

In this work, we provide a different interpretation: any naked
RNA can enter cells by endocytosis, and even reach the cytosol,
as long as its extracellular stability is sufficiently high. The main
factor limiting the concentration of naked exRNAs are extracel-
lular RNases, which are highly abundant and active in biofluids
such as the human blood.?’** Phosphorothioate-containing
ASOs are resistant to degradation, and this may be why gym-
notic uptake can occur for ASO-based biotherapeutics.® By add-
ing a broad-range RNase inhibitor to cell culture medium, we
demonstrated that uptake can be extended to naked bacterial
rRNAs, synthetic short oligonucleotides (e.g., the Ec12
sequence), poly(l:C), and in vitro-transcribed mRNAs. This was
shown in a variety of different cell types, including primary cul-
tures of professional phagocytes and human epithelial cell lines.

It should be noted that we used the term “naked RNA”
throughout this study because all stimuli were added in the
absence of proteins or transfection reagents, including lipid
nanoparticles. However, we cannot rule out the possibility that
these naked RNAs might form a complex with one or more solu-
ble extracellular protein(s) or other binding partners before
cellular uptake. Having said that, the fact that similar responses
were obtained in experiments performed in FBS-containing and
FBS-free fresh media (Figure 1H) argues against this possibility.

We have shown that naked exRNAs, when stabilized by RI, are
intrinsically bioactive in recipient cells. They can engage with en-
dosomal RNA sensors such as TLR13 (in BMDCs and Raw264.7
macrophages), but they can also escape from endosomes into
the cytosol, where they can be recognized by MAVS-dependent
cytosolic RNA sensors (at least in human THP-1 macrophages).
More strikingly, two different mMRNAs encoding reporter proteins
could be internalized by gymnosis and still be capable of serving
as templates for protein synthesis in both BMDCs and human
epithelial cell lines. This suggests their capacity to perform endo-
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somal escape because ribosomes are present only in the
cytosol. It is important to mention that these mRNA translation
assays are highly sensitive to extracellular RNases, because a
single cleavage event would render an mRNA untranslatable.
Hence, the effect of Rl was more pronounced in these assays
and was potentiated by FBS depletion.

RNA endosomal escape in the absence of LNPs means that
the billion-year-old barrier® may actually be leaky under certain
circumstances. Interestingly, while efficient translation of our
GFP-encoding mRNA required the use of modified nucleotides
to avoid recognition by TLR7,* nanoLuc mRNA was translated
even with unmodified uridine. These results encourage further
basic research in naked mRNA therapies and vaccines. Although
positive results were obtained after localized naked mRNA
injections in organs with presumably low extracellular RNase ac-
tivity,” "' co-administration of Rl could enable more systemic
delivery routes.

If pathogen-derived naked exRNAs are potent pro-inflamma-
tory molecules, how are potentially life-threatening systemic in-
flammatory responses avoided? For example, the complement
system could induce bacterial lysis in the bloodstream, releasing
high loads of pro-inflammatory bacterial rRNAs that could acti-
vate circulating leukocytes. This study strongly suggests that
extracellular RNases are highly abundant in the bloodstream to
avoid RNA-induced systemic inflammation. We showed this by
demonstrating that Rl co-administration enhances immune cell
activation in the spleen after intravenous injection of naked
RNA. Interestingly, Rl was dispensable when a similar assay
was performed in the peritoneal cavity, an important site of im-
mune surveillance with much lower RNase activity. Thus, naked
exRNAs might convey important information for immune cells
residing in tissues with relatively low blood irrigation and hence
with low extracellular RNase content.

The immune system has multiple regulatory layers to ensure
an optimal response to the different stimuli that immune cells
could encounter. One key challenge is to differentiate self
from non-self nucleic acids, which is achieved by regulating
both the affinity*® and the subcellular localization of endosomal
TLRs.””**® Indeed, we observed a dramatically different
response when comparing bacterial and murine RNAs incubated
at the same concentration, both in the presence of RI. Surpris-
ingly, the effect of Rl itself was as dramatic as the capacity of
BMDC RNA sensors (predominantly TLR13) to discriminate self
from non-self RNAs. Thus, RNase-mediated control of exRNA
stability lies on top of a series of layers comprising control of
endocytosis, TLR loading and recognition, endosomal escape,
and engagement with cytosolic RNA sensors.

Figure 6. Naked exRNA is intrinsically bioactive in the peritoneal cavity

(A) Experimental scheme.

(B) Comparison of RNase activity in serum and peritoneal fluid of three mice using a fluorometric assay. Top: kinetic curves. Bottom: the relative RNase activity

derived from initial reaction velocities. “p < 0.05; paired two-tailed t test.

(C) Representative flow cytometry dot plots showing expression of F4/80 and Ly6c (gated on lineage™ CD11b*) to characterize immune cell populations in the
peritoneal cavity 24 h after intraperitoneal (i.p.) injection of DPBS or 25 pg of naked total E. coli RNA, with or without 40 U of RI. Resident large (LPM) and small
(SPM) peritoneal macrophages, recruited myeloid cells and inflammatory macrophages (iMFs) are shown. See also Figure S11.

(D) Graphs showing the percentage of resident large peritoneal macrophages (LPMs) defined as Lin~CD11b*F40/80"Ly6c ", recruited myeloid cells defined as
Lin"CD11b*F4/80"Ly6c*, and inflammatory macrophages defined as Lin"CD11b*F4/80™Ly6c™, 24 h after i.p. injections of increasing doses of naked total
E. coli RNA (top panel, 0.025, 0.250, 1.25, 12.5, 25, and 62.5 ug) or naked poly(l:C) (bottom panel, 0.0025, 0.025, 0.250, 1.25, 12.5, and 20 pg) in the presence or
absence of 40U of RI. The lowest concentration of naked E. coli RNA corresponds to DPBS, adjusted to fit the log scale.
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One interesting finding that deserves further discussion is that
the uptake of Ec12 RNA, unlike poly(l:C), did not depend on RI
addition (Figures S5 and 3F, respectively). Moreover, the uptake
efficiency in FBS-containing medium was almost identical when
the Ec12 sequence was presented in the context of a single-
stranded RNA or a double-stranded DNA, although the latter is
presumably more stable (Figure S5). These results imply that
the Ec12 RNA is inherently stable against RNase A family mem-
bers, which might be explained by its pyrimidine-poor sequence
composition, lacking any uridine residues. This observation
made us wonder about the evolution of RNA sensors. For
example, TLR13 is known to recognize a conserved sequence
motif in bacterial 23S rRNA,?? but our results suggest that this
specific sequence might have also been selected based on its
extracellular stability. This conclusion would be consistent with
RNA-sensing TLRs recognizing mainly cell-free exRNAs.

There are several lines of evidence pointing to a role of
enhanced and sustained exRNA sensing as a trigger of systemic
inflammation or autoimmunity.>'#2:46:47:49-51 |t is striking that all
single-stranded endosomal RNA sensors (i.e., TLR7, TLR8, and
TLR13) are codified in the X chromosome, possibly explaining
sex-biased autoimmunity due to defects in dosage compensa-
tion.>” These studies demonstrate that endosomal RNA sensing
must be exquisitely fine-tuned*® and that the control of TLR
expression and localization is an effective way of doing so. Our
study strongly suggests that extracellular RNases may act as
an additional regulatory layer to control the levels of pro-inflam-
matory exRNAs and that they should therefore be considered as
a regulatory arm of the innate immune system.

Supporting the role of extracellular RNases in the regulation of
inflammatory responses, several reports have shown that
ectopic administration of extracellular RNases reduces inflam-
mation in mouse models of lupus-like disease,’® traumatic brain
injury,>* and myocardial infarction.®® In humans, sterile inflam-
mation causing cell death and the release of RNPs into the extra-
cellular space seems to be an important trigger of systemic lupus
erythematosus.*?°° In this and other autoimmune diseases, clin-
ical trials using RNase-based drugs have shown evidence of
efficacy.””*®

On a more technical note, we would like to emphasize that in-
tents to understand exRNA biology using cell-culture-based as-
says will inevitably fail if fetal or calf serum is used without Rl sup-
plementation. This technical problem has led to the wrong
assumption that exRNA biology is relevant only in the context
of EVs, or that the study of intracellular nucleic acid sensors re-
quires the use of transfection reagents.’” We envision that this
study will renovate interest in nonvesicular exRNAs in intercel-
lular communication, particularly in the context of inflammatory
and autoimmune diseases.

In conclusion, this study clearly demonstrates that naked ex-
RNA is intrinsically bioactive both in vitro and in vivo. Moreover,
in the absence of RNases, exRNA can spontaneously enter cells
and even escape from endosomal compartments, engaging
both endosomal and cytosolic RNA sensors. Earlier studies
may have failed to observe these phenomena due to the con-
founding effect of extracellular RNases. Furthermore, this study
suggests that the multiple RNases that exist in the extracellular
space may have evolved to avoid potentially harmful systemic in-
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flammatory responses triggered by either host- or pathogen-
derived naked or nonvesicular exRNAs.

Limitations of the study

Although this study has several strengths, including the use of
diverse cellular models, multiple naked RNA species, and the
combination of in vitro and in vivo results, a key limitation is the
reliance on exogenous RNAs (lacking RNA modifications) for
in vivo studies. Future work should complement these findings
by modulating endogenous exRNA levels. Additionally, findings
on TLR13 activation in murine cell lines may not directly translate
to humans, as this RNA sensor is not expressed in primates.
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PE anti-mouse CD86 BD Biosciences Cat# 553692; RRID:AB_394994
APC anti-mouse MHCII(I-A/I-E) BiolLegend Cat# 107614; RRID:AB_313329
APC/Cyanine7 anti-mouse CD19 BioLegend Cat# 115529; RRID:AB_830706
APC/Cyanine7 anti-mouse TCR beta chain BioLegend Cat# 109220; RRID:AB_893624
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PerCP/Cyanine5.5 anti-mouse/human CD45R/B220 BioLegend Cat# 103236; RRID:AB_893354
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Alexa Fluor(R) 488 anti-mouse IgG (H + L) Invitrogen Cat# A-11029; RRID:AB_2534088
Alexa Fluor(R) 647 anti-mouse IgG (H + L) Invitrogen Cat# A-21236; RRID:AB_2535805

Chemicals, peptides, and recombinant proteins

3'-O-Me-m7G(5')ppp(5’)G RNA Cap Structure Analog
Acetone

Albumin fraction V pH = 7.0

Ammonium chloride

Blasticidine

Chloroform

Collagenase D

DAPI

Dextran conjugated to Alexa Fluor 647
DMEM, high glucose, pyruvate
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DNasa |

DOTAP

DPBS without Ca?* Mg?*

Dithiothreitol

EDTA disodium salt

EDTA for molecular biology

Ethanol absolute anhydrous

FastStart Universal SYBR Green Master
Fetal bovine serum, qualified Brazil

HEPES

L-Glutamine

LIVE/DEAD™ Fixable Violet Dead Cell Stain
Lipopolysaccharides from Escherichia coli O111:B4
MEGM

MEM Non-Essential Amino Acids Solution

N1-Methylpseudouridine-5'-Triphosphate
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Sigma-Aldrich
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New England Biolabs
Carlo Erba
Roche
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Gibco

Gibco
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Gibco

TriLink Biotechnologies

Cat #S1411

Cat #UN1090

Cat #A1391

Cat #A9434

Cat #ant-bl

Cat #41191

Cat #11088858001
Cat #D9542

Cat #D22914
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Sodium acetate Sigma-Aldrich Cat #52889
Sodium pyruvate Gibco Cat #11360070
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M-MLYV reverse transcriptase Thermo Fischer Cat #28025013
Monarch RNA Cleanup Kit New England Biolabs Cat #T2040
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PureLink quick gel extraction kit Invitrogen Cat #K210012
Retic Lysate IVT Kit Thermo Fischer Cat #AM1200
TNF-a mouse ELISA Kit Biolegend Cat #430904
RNaseAlert Lab Test Kit Thermo Fischer Cat #AM1964

Deposited data

Raw and processed bulk RNA-seq data
Raw and processed bulk RNA-seq data
Raw and processed bulk RNA-seq data
Raw and processed bulk RNA-seq data

This paper

Zhang et al.%®

Hartveit and Thunold®®
Galaxy Community”®

SRA: SRP512141

GEO: GSE130011
GEO: GSE125817
GEO: GSE103958

Experimental models: Cell lines

MCF-7
U2-0S

THP-1

JAWSII

RAW 264.7

THP-1 Dual wild type

ATCC
ATCC
ATCC
ATCC
ATCC
Invivogen

Cat#HTB-22
Cat#HTB-96
Cat#TIB-202
Cat#CRL-3612
Cat#TIB-71
Cati#thpd-nfis

(Continued on next page)

82

Cell Genomics 5, 100874, May 14,2025  e2



¢? CellPress

OPEN ACCESS

Cell Genomics

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
THP-1 Dual Mavs knockout Invivogen Cat#thpd-komavs

Experimental models: Organisms/strains

E. coli 5-alpha Competent cells New England Biolabs Cat #C2987H
Oligonucleotides

RNA sequence Ec12: This paper N/A
5'-GrArCrGrGrArArArGrArCrC-3'

RNA sequence Ec12s6G: This paper N/A
5'-GrArCrGrGrGrArArGrArCrC-3'

RNA sequence Ec12 conjugated toTye665: This paper N/A
5’-/Tye665/-GrArCrGrGrArArArGrArCrC-3’

Ec12 ssDNA forward sequence conjugated This paper N/A

to Cy5: 5°-/Cy5/-GACGGAAAGACC-3'

Ec12 ssDNA reverse sequence: This paper N/A
5-GGTCTTTCCGTC-3'

DsiRNA negative control siRNA IDT Cat# 51-01-14-04
DsiRNA 1 against TLR13: IDT Cat#mm.Ri.TIr13.13.1
5'-GrCrCrCrCrArArCrUrUrArArArArGrCrUrU-3’

5'-CrArGrArUrUrCrArArGrCrUrUrUrUrArArG-3'

DsiRNA 2 against TLR13: IDT Cat#mm.Ri.TIr13.13.2
5'-CrUrUrGrArArGrGrUrCrArUrUrArArUrCrA-3'

5'-ArUrGrArCrUrUrUrGrArUrUrArArUrGrArC-3'

Poly(l:C) (HMW) Fluorescein Invivogen Catittlrl-picf

Poly(l:C) HMW Invivogen Catitlrl-pic

DNA primer sequences for gPCR This paper See Table S1

DNA primer sequences for IVT template amplification This paper See Table S2
Recombinant DNA

pEGFP-N2 plasmid Clontech TaKaRa N/A

pUAS-NanoLuc plasmid Zhang et al.%® Addgene Cat #87696

Software and algorithms

FlowJo v10.8.1
SnapGene
Prism 9
Imaged
Galaxyproject
Qualimap
FastQC

RNA Star
FeatureCounts
DESeq2
Pheatmap

Ggpubr
Enhanced volcano plots

ShinyGO v0.77

PhotoScapeX

LLC

N/A

Graphpad

Galaxy Community”®

Schneider et al.”’

Okonechnikov et al.®’

N/A

Dobin et al.?®
Liao et al.®®
Love et al.%®

N/A

N/A
N/A

Ge et al.*

N/A

https://www.flowjo.com
https://www.snapgene.com/
https://www.graphpad.com
https://imagej.net/ij/
https://usegalaxy.eu/

N/A

http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/

N/A
N/A
N/A

https://cran.r-project.org/web/
packages/pheatmap/pheatmap.pdf
https://cran.r-project.org/package=ggpubr
https://bioconductor.org/packages/
release/bioc/vignettes/
EnhancedVolcano/inst/doc/
EnhancedVolcano.html
http://bioinformatics.sdstate.

edu/go77/

http://x.photoscape.org/
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Other

Novex TBE-Urea Gels, 10% Invitrogen Cat #EC68755BOX
Novex TBE-Urea Gels, 6% Invitrogen Cat #EC6865BOX

EXPERIMENTAL MODEL DETAILS

Animals

Male and female C57BL/6 mice, aged between 8 and 12 weeks, were used (Jackson Lab; Bar Harbor, ME). Mice were bred for up to
20 generations in a pathogen-free environment at the Laboratory Animal Biotechnology Unit of the Pasteur Institute of Montevideo.
All experiments were performed under strict adherence to the guidelines set by the National Commission for Animal Experimentation.
Experimental procedures were approved by the Ethics Committee on Laboratory Animals of the Pasteur Institute of Montevideo
(protocol: 022-22). For primary cell cultures both male and female C57BL/6 mice were used. For in vivo experiments, C57BL/6 female
mice were used.

Cell lines

U-2 OS and MFC-7 cells were cultured in DMEM supplemented with 10% FBS. Raw264.7 cells were cultured in DMEM (high glucose)
supplemented with 10% FBS, 1 mM sodium pyruvate and 100 U/mL penicillin-streptomycin. THP-1 cells were cultured in RPMI with
glutaMAX supplemented with 10% FBS, non-essential amino acids, 1 mM sodium pyruvate, 10 mM HEPES and 100 U/mL Penicillin-
Streptomycin. THP-1-Dual and THP-1 Dual MAVS knockout reporter cell lines (Invivogen, USA) were cultured in RPMI with glutaMAX,
supplemented with 10% FBS, 25 mM HEPES, 2mM Glutamine, 100 U/mL Penicillin-Streptomycin and 100 pg/mL Normocin. Selec-
tion pressure was maintained with 10 pg/mL Blasticidin and 100 pg/mL Zeocin. THP-1, THP-1-Dual and THP-1 Dual MAVS knockout
monocytes were differentiated to macrophages by 3 h stimulation with 40 nM Phorbol 12-myristate 13-acetate (PMA), followed by
48-72 h incubation without PMA.

Primary cell culture

Differentiated Bone Marrow Derived Cells, containing dendritic cells, were cultured from bone marrow cell precursors as described
in.>° Briefly, bone marrow cells were collected form 8-12 weeks-old C57BI/6 mice and differentiated with 0.4 ng/mL GM-CSF for
8 days in RPMI supplemented with 10% heat-inactivated FBS, 2mM glutamine, non-essential amino acids, 1 mM sodium pyruvate,
10 mM HEPES, 0.05 mM p-mercaptoethanol and 100 U/mL Penicillin-Streptomycin. At day 8, BMDCs were harvested and used as
needed.

METHOD DETAILS

Total E. coli RNA purification and fractionation

Total RNA was extracted from exponentially growing E. coli DH5a cells with OD = 0.6. Cells were lysed in RLT buffer supplemented
with 20 mM DTT using a bullet blender homogenizer (Next Advance). The homogenate was precipitated with 2.5 volumes of 100%
acetone. The resulting pellet was resuspended in TRIzol, and total RNA was purified from the aqueous phase using a Monarch RNA
cleanup kit. To isolate large (>200 nt) and small (<200 nt) RNAs, total RNA was sequentially bound to Monarch spin columns using
binding buffer with 33% ethanol (allows binding of only >200 bp RNAs) and 66% ethanol (binds all RNAs). Additionally, 23S, 16S and
58S ribosomal RNAs were selectively removed with a NEBNext rRNA Depletion Kit for bacteria. When required, total E. coli RNA was
degraded with recombinant human RNase 1.

RNA-seq and bioinformatic analysis

BMDCs (300,000 cells per well) cultured in growth medium with 10% FBS and supplemented with 10 pg/mL Polymyxin B were stim-
ulated with 100 ng/mL naked total RNA from E. coli or naked total self-RNA from BMDCs (isolated from cultures at day 8), in the pres-
ence of either 80 U/mL Rl or heat-inactivated RI (RIA) for 6 h. Afterward, cells were lyzed with TRIzol and RNA present in the aqueous
phase after addition of chloroform was purified with a Monarch RNA cleanup kit. RNA integrity was confirmed by electrophoresis in
10% TBE-urea polyacrylamide gels. RNA was precipitated with 0.1 volumes of 3M sodium acetate pH = 3.2 and 2 volumes of 100%
ethanol and shipped to Macrogen (Korea) for paired-end mRNA sequencing (TruSeq Stranded mRNA, lllumina). Then, FastQ
files containing paired-end sequencing information were mapped to the mouse genome (GRCm39) using STAR® (default settings).
Mapping quality was assessed with QualiMap®' (default settings). Expression of mRNAs across samples was analyzed with
FeatureCounts®® (default settings and paired-end reads counted as a single fragment) using Ensembl mouse annotation (Release
v109). Differential expression across samples was computed with DESeq2°°® (default settings). Heatmaps showing topmost differ-
entially expressed genes were calculated using rlog-transformed counts and the pheatmap R package and row-scaled. Volcano
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plots and MA-plots were constructed using EnhancedVolcano and ggpubr R packages, respectively. Differentially expressed genes
between conditions of naked E. coli RNA with RI and naked E. coli RNA with inactivated RI having fold change >2, adjusted
pp-value < 1x10~° and base mean >16 were used for pathway enrichment analysis using ShinyGO (v0.77).%* To determine expres-
sion differences between RNA sensors, fragments per kilobase per million (FPKM) were calculated for Tir3, Tir7, Tir8, Tir13, Rig-I,
Mda-5. Raw sequencing data can be accessed at NCBI under BioProject: PRUINA1120732; SRA: SRP512141.

Bioinformatic analysis of publicly available datasets

Publicly available transcriptomic datasets of THP-1 cells differentiated to THP-1 macrophages with PMA (GEO: GSE130011),°° hu-
man monocyte-derived dendritic cells stimulated with different TLR agonists (GEO: GSE125817)°° and Raw264.7 macrophages
(GEO: GSE103958)°” were downloaded from the NCBI SRA repository and subjected to a similar bioinformatic pipeline as previously
described.

Cell stimulation

BMDCs seeded in 24 well plates (300,000 cells/well) cultured with growth medium containing 10% FBS were stimulated for either 6 or
24 h with the following RNAs at the indicated dose: total E coli RNA, rRNA-depleted E coli RNA, size-fractionated E. coli RNA, syn-
thetic RNAs Ec12 and Ec12s6G (sequences provided in the key resources table) and high molecular weight poly(l:C), together with
80 U/mL RI, thermally inactivated RI (RlA), or without RI. RPMI or Dulbecco’s phosphate-buffered saline (DPBS) were used as nega-
tive controls and 100 ng/mL R848 was used as a positive control. Whenever bacterial RNA was used, cells were cultured with
10 pg/mL Polymyxin B to quench any endotoxins remaining after RNA purification. After 6 h, the expression of Il1b, ll1a, II6,
Cxcl10, Ifit2, and Oas3 was analyzed by RT-qPCR (See primers in Table S1). Secreted TNF-a was quantified in cell-conditioned me-
dium by ELISA. After 24 h, cell surface expression of CD40 and CD86 was analyzed by flow cytometry. To study involvement of dy-
namin-dependent endocytosis on internalization and responses of naked inflammatory RNAs, BMDCs were stimulated for 6 h with
1 pg/mL naked total RNA with or without 80 U/mL Rl in the presence of 80uM Dynasore or vehicle (DMSO). Dynasore was preincu-
bated for 1 h before the addition of the stimuli. In other experiments, BMDCs were stimulated with 0.5 pg/mL naked fluorescein-
labeled poly(l:C) or Dextran-AF647 in the presence or absence of 120 U/mL Rl for 1 h, and analyzed by confocal microscopy and
flow cytometry.

Raw264.7 cells, seeded in 24 well adherent plates (at 200.000-300.000 cells/well) and cultured in 10% FBS-containing medium,
were stimulated for 6 h with naked total E. coli RNA at 1 or 2 pg/mL, naked poly(l:C) at 10 pg/mL or R848 at 1 pg/mL. When indicated,
80 U/mL RI was added. M0549, a TLR7/8 selective inhibitor, was used at 1 pM and preincubated for 3 h before stimuli. A MyD88
inhibitory peptide was used at 1 or 10 pM and preincubated for 4 h before stimuli.

THP-1 cells, seeded in 24 well adherent plates (250.000-350.000 cell/well) and cultured in 10% FBS-containing medium, were
differentiated to THP-1 macrophages with 100 nM PMA for 48 h. THP-1 monocytes or THP-1 macrophages were stimulated for
22 h with naked E. coli RNA at 1 pg/mL, naked poly(l:C) at 10 pg/mL, or R848 at 1 pg/mL. Rl was added at 80 U/mL. In other exper-
iments, THP-1 cells, cultured in 10% FBS, were seeded in 96 well plates (100.000 cells/well) and stimulated with 0.5 pg/mL naked
fluorescein-labeled poly(l:C) or Dextran-AF647 in the presence or absence of 160 U/mL RI for 180 min and analyzed by flow
cytometry.

THP-1 dual wild type and Mavs knockout cells (Invivogen) seeded in 96 well adherent plates and cultured with growth medium
containing 10% FBS were differentiated to macrophages with PMA. Then THP-1 derived macrophages were stimulated for 24 h
with 5 pg/mL naked poly(l:C), with or without 80U/mL RI. RPMI and 200 ng/mL LPS were used as negative and positive controls,
respectively. After 24 h, luciferase activity in the medium was detected following manufacturer’s instructions using a LUMIstar Op-
tima luminometer.

RT-gPCR

BMDC RNA was extracted with TRIzol following manufacturer’s instructions and quantified spectrophotometrically. cDNA was syn-
thesized from 300 to 1000 ng total RNA using M-MLYV reverse transcriptase (Thermo). Briefly, total RNA was treated with 2 units of
DNase | for 20 min at 25°C to eliminate genomic DNA, in a reaction volume of 10 pL. DNase | was inactivated by addition of EDTA ata
final concentration of 4.5 mM and heating at 75°C for 10 min. Then, RNA was reverse-transcribed in a 20-puL reaction volume using
oligo(dT)sg primers, following manufacturer’s instructions and employing a two-step PCR program: 52 min at 37°C, followed by
15 min at 70°C. Then, cDNA was diluted 1/5 and stored at —20°C until use. Gene expression was quantified by gPCR in a
QuantStudio 3 Real-Time PCR System (Applied Biosystems) employing a FastStart Universal SYBR Green Master Mix. Briefly, a
10-pL reaction was carried out using 2 pL of cDNA, a primer mix at 0.3 pM final concentration, and 5 pL of an SYBR Green Master
Mix. The gPCR program was: 2 min at 50°C, followed by 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min annealing/
extension at 60°C-65°C, and a final melt curve stage. Comparative gene expression analysis was calculated using the 2744¢T
method. Data was normalized against mock treatment (RPMI or DPBS) and actb was used as a housekeeping, reference gene.

TIr13 knockdown in Raw264.7
Tir13 knockdown was carried out in Raw264.7 cells with DsiRNAs (IDT) and RNAIMAX as transfecting agent. 80.000 cells seeded
in 24 well adherent plates were cultured in complete growth medium for 24 h. Afterward, fresh growth medium (450 pL; without
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antibiotics) containing 50 pL of preformed DsiRNA-lipid complexes was added to each well. Cells were incubated for 24 h with
DsiRNA-lipid complexes containing either control DsiRNA or an equimolar mixture of two DsiRNAs targeting TLR13. Afterward,
the medium was replaced for 1,000 pL of fresh growth medium containing antibiotics and cells were cultured for additional 24 h.
To assess TIr13 silencing, cells were lyzed with TRIzol and TIr13 was measured by RT-gPCR. To assess the functional involvement
of TLR13 in the recognition of naked exRNAs, cells were stimulated with naked E. coli RNA for 6 h in the presence of 80 U/ml Rl and
20 pg/mL Polymyxin B. The levels of //6 were measured by RT-qPCR. DsiRNA-lipid complexes were made using lipofectamine
RNAIMAX according to manufacturer’s instructions. Briefly, a ratio of 2.5 pL of DsiRNA at 10 pM, 0.8 uL RNAIMAX, and 50 pL
Opti-MEM (Thermo), was used for each well. DsiRNAs were used at a final concertation of 50 nM. Using a fluorescent DsiRNA-
tye563, we confirmed transfection efficiencies of 80%), and minimal cell death.

In vitro transcription

mRNAs coding for nanoLuc or eGFP were synthesized by in vitro transcription: nanoLuc and eGFP coding sequences were amplified
by PCR from the pUAS-NanoLuc®® and pEGFP-N2 plasmids, using primers shown in Table S2. Forward and reverse primers were
designed to incorporate a T7 RNA polymerase sequence and a Kosak sequence, and a 30-31 nt polyA tail, respectively. PCR reac-
tions were carried out with Phusion Polymerase. The amplification program was: 30 s at 98°C, followed by 30-35 amplification cycles,
each comprising 10 s at 98°C, 10 s at 60°C, and 30 s at 72°C. A final extension step of 10 min at 72°C was included. PCR products
were analyzed by 1% agarose gel electrophoresis and purified with PureLink quick gel extraction kit directly from the PCR solution
(for nanoLuc) or from excised gel bands (for eGFP). DNA was concentrated by overnight ethanol precipitation and used as template
for mRNA synthesis. nanoLuc and eGFP mRNAs were synthesized and co-transcriptionally capped using HiScribe T7 High Yield RNA
Synthesis Kit. Briefly, reactions were performed in a 20-pL reaction volume at 37°C for 2 h using 1 pg of template and a 3'-O-Me-m7G
(5")ppp(5’)G RNA Cap Structure Analog, with 4:1 CAP:GTP ratio, and following manufacturer’s instructions. For eGFP, UTP was
substituted with N1-Methylpseudouridine-5’-Triphosphate. Afterward, DNA templates were digested with Turbo DNase I. In vitro-
synthesized mRNAs were purified with a Monarch RNA Cleanup Kit and stored at —80°C until use.

In vitro translation

NanoLuc mRNA was translated in vitro with Retic Lysate IVT Kit following manufacturer’s instructions. Briefly, 100 ng of NanoLuc
mRNA was incubated for 45 min at 30°C with a rabbit reticulocyte extract. Afterward, nanoLuc bioluminescence was measured using
a Bio-Glo-NL Luciferase Assay System and detected in a LUMIstar Optima luminometer.

RNase activity in mouse serum and peritoneal wash

Blood from three female mice was collected from the submandibular vein and allowed to clot for 45 min at room temperature. Serum
was obtained by centrifuging the blood for 15 min at 4°C. A cell-free peritoneal wash was collected from the same mice. To that end,
3.3 mL DPBS was introduced into the peritoneal cavity, collecting 2.5 mL of peritoneal wash fluid. To remove peritoneal cells and
debris, the peritoneal wash was centrifuged four times: 5 min at 300 g, 6 min at 450 g, 6 min at 500 g, and 10 min at 2,000 g. RNase
activity in both serum and peritoneal wash was measured using a continuous fluorometric assay with the RNaseAlert Lab Test kit
(Thermo). Briefly, 5 puL serum (diluted 1/100 in DPBS) and 5 pL of an identical effective dilution of peritoneal wash (1/3 in DPBS;
assuming a peritoneal volume of 100 uL° that was previously diluted to 3.4 mL with DPBS) were assayed, following the manufac-
turer’s instructions. Fluorescence was measured using a Varioskan fluorimeter for over 35 min, with excitation at 490 nm and emis-
sion at 520 nm. RNase activity was determined based on the initial reaction velocities and expressed as a percentage relative to the
sample with the highest RNase activity.

nanoLuc mRNA internalization and translation assays

Naked nanoLuc mRNA capture and translation was assessed in murine primary cells (BMDCs) and two human epithelial cell lines
(U-2 OS and MCF-7). To quantify nanoLuc mRNA levels and nanolLuc protein in BMDCs (Figures 4B and 4C), cells were seeded
in 24 (250.000 cells/well) or 48 (120,000 cells/well) well plates and cultured for 2 h to allow adhesion. Then, growth medium containing
FBS was removed, cells were washed, incubated in growth medium without FBS and stimulated for 2 h with 1 pg/mL naked nanoLuc
mRNA with 80 U/mL RI, thermally inactivatedRI, or without RI. To investigate the impact of varying concentrations of FBS and Rl on
nanoLuc translation by BMDCs (Figure 4D), cells were seeded in 48 well plates (120,000 cells/well) and cultured for 2 h to allow
adhesion. Then, growth medium containing FBS was removed, cells were washed, incubated in growth medium containing varying
concentration of FBS (0, 0.1, 1, 10%) and RI (0, 80, 120, 240, 320 U/mL) and stimulated with 1 pg/mL naked nanoLuc mRNA for 2 h.
Subsequently, the medium containing the stimuli was removed and fresh growth medium with 10% FBS was added. After 6 h, nano-
Luc mRNA was quantified by RT-gPCR. The RT-gPCR protocol was specifically designed to enable detection of full-length, unde-
graded nanoLuc mRNA. This was achieved by designing primers that selectively amplified the transcript 5’ end, which had been pre-
viously reverse-transcribed using oligo(dT) primers. After 24 h, nanoLuc protein translation in BMDCs was detected with Bio-Glo-NL
Luciferase Assay System using a LUMIstar Optima luminometer. MCF-7 and U-2 OS cells were seeded in 48 well adherent plates.
After reaching 80% confluence, growth medium was replaced with growth medium containing 0.1% FBS. Then, cells were incubated
with varying concentration of nanoLuc mRNA (0, 0.25, 1, 4pg/mL), with either 80 U/mL Rl or thermally inactivated Rl for 2 h. To assess
the involvement of dynamin-dependent endocytosis in naked nanoLuc mRNA capture, U-2 OS cells were incubated for 2 h with
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80 uM Dynasore or DMSO, before addition of 1 pg/mL nanoLuc mRNA, with or without 80 U/mL RI. After 2 h, media was replaced with
growth medium containing 10% FBS. Cells were cultured for additional 24 h, and nanoLuc protein levels were measured as previ-
ously described.

Naked eGFP internalization and translation assays

U-2 OS cells were seeded onto 35-mm glass bottom dishes (100,000 cells) and incubated overnight with growth medium. The next
day, cells were washed 3 times with MEGM (Lonza), and MEGM either without or with 0.1% FBS was added. Cells were incubated for
2 h with 5 pg/mL naked eGFP mRNA in the presence or absence of 80 U/mL RI, or with a DOTAP-eGFP mRNA complex. After the
incubation, cells were washed 3 times and cultured for an additional 24 h in complete growth medium, containing 10% FBS. To visu-
alize and analyze eGFP translation, cells were imaged using a Zeiss LSM 880 confocal microscope. Nuclei were stained with NucRed
(Thermo). Imaging was performed utilizing a 63 x oil immersion objective with a numerical aperture of 1.4, employing a Plan Apochro-
mat configuration. The imaging acquisition parameters were set with a pixel dwell time of 4.10 ps and size of 0.55 microns, utilizing
bidirectional scanning. The total scanning duration for each acquisition was 1 min and 20 s, with an image size of 655.8 x 655.8 mi-
crons. Images were subsequently processed and analyzed using Imaged. The segmentation was conducted on both the green
(eGFP) and red (nuclei) fluorescence channels. Quantitative analysis of the cellular responses was executed through Integrated Den-
sity calculations. Prior to calculations, a noise subtraction step was implemented to ensure data integrity. The resultant processed
images were subjected to total image calculations, facilitating the extraction of Integrated Density values indicative of cellular re-
sponses. The image in the GFP channel (488 nm) was processed by setting the minimum value at 3 and the maximum value at 8.
Then, a Gaussian blur filter of value 2 was applied. The same was done for data visualization and figure creation. Images were crop-
ped to aid visualization.

In vivo experiments

For intraperitoneal administration of RNAs, female mice were i.p inoculated with 250 pL of varying doses (0.025-62.5 pg) of naked
total E. coli RNA with or without 40, 200 or 400 units of Rl in DPBS. DPBS and 62.5 pg LPS were used as positive and negative con-
trols, respectively. After 24 h, animals were euthanized and 4-5 mL of DPBS supplemented with 3 mM EDTA was injected into the
peritoneal cavity to extract peritoneal cells. Peritoneal cells were pelleted at 375 g for 5 min at 4°C, resuspended in FACS buffer (0.5%
w/v BSA, 2 mM EDTA in DPBS), counted, and stained for flow cytometry analysis. For systemic administration of RNAs, female mice
were retro-orbitally inoculated with 100 pL of either high molecular weight naked poly(l:C) (200 ng or 1000 ng) or naked total E. coli
RNA 10 pg in the presence or absence of 480 units of Rl in DPBS. DPBS with or without Rl was used as control. After 6 h, mice were
euthanized, and spleens were collected. To obtain spleen cells, spleens were incubated in 1mL of collagenase solution (2 mg/mL
Collagenase D, 2% v/v FBS in RPMI), cut on ice with a bistoury and incubated for 20 min at 37°C. The reaction was stopped with
100 pL of 100 mM EDTA. Spleen cells were passed through a 100 pm filter and resuspended in 40 mL of PES buffer (0.7 mM
EDTA, 2% v/v FBS in DPBS). Cells were pelleted at 1500 rpm for 15 min at 4°C, resuspended in 5 mL RBCL buffer (154 mM
NH,4CI, 10 mM KHCO3, 0.1 mM EDTA; pH = 7.2-7.4), and incubated for 10 min at room temperature to lyse red blood cells. Then,
spleen cells were washed two times with PES solution, resuspended in FACS buffer, counted, and stained for flow cytometry
analysis.

Flow cytometry

Cells suspended in FACs buffer were seeded in V-shaped 96 well plates (200,000-500,000 cells/well). When live/dead viability dye
was used, cells were stained with 200 pL of 1/200 live/dead violet in FACS buffer and incubated on ice for 30 min in the dark. If viability
was assessed with DAPI, the previous step was not performed. Then, cells were pelleted at 2200 rpm for 2 min and blocked with 25 pL
of 10% normal rat serum in FACS buffer for 30 min on ice. For cell surface antibody staining, 25 pL of 2x antibody mix (see Table S3)in
FACS buffer was added, and cells were stained for 30 min on ice in the dark. Stained cells were washed 2 times with FACS buffer,
resuspended in 200 puL FACS buffer, and analyzed by flow cytometry. To assess viability, 0.5 pg/mL final concentration of DAPI was
added immediately before sample analysis. Myeloid and lymphoid spleen cells were analyzed in a Cytek Aurora spectral flow cytom-
eter. Peritoneal immune cells were analyzed in an Attune NxT flow cytometer or in a Cytek Aurora spectral flow cytometer. BMDCs
cells were analyzed in a BD Accuri C6 flow cytometer or in a Cytek Aurora spectral flow cytometer.

RNA polyacrylamide electrophoresis

RNAs were analyzed by polyacrylamide gel electrophoresis under denaturing conditions using 6-10% acrylamide TBE-urea gels.
Briefly, RNA samples were mixed with 2x RNA loading dye, heated at 65°C for 5 min, cooled on ice and analyzed on an XCell SureLoc
Mini-Cell Electrophoresis system (Invitrogen) using 0.5x TBE as running buffer. Gels were run at constant voltage (160V) for
60-80 min. Gels were stained for 15 min with 1/10000 SYBR Gold in 0.5x TBE and imaged with a transilluminator (Loccus bio-
tecnologia) with a coupled imaging platform (Carestream). When needed, images were cut and contrasted using PhotoScapeX.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using R or GraphPad Prism 9. For RNA-seq experiments, 3 biological replicates for all 4 experi-
mental conditions were performed. Significant differences in gene expression across samples was computed with DESeg2 and mul-
tiple hypothesis testing was controlled for using the Benjamini-Hochberg method to estimate false discovery rates (FDR). Differen-
tially expressed genes with adjusted pp-values lower than 0.001 were reported. For in vitro experiments, each dot in bar plots
represents a biological replicate. For in vivo experiments, each dot in bar plots represents a different mouse. Bar plots correspond
to mean, error bars to standard deviation. For microscopy experiments, each dot in violin plots represents an individual cell. When
statistical analysis was performed, normal distribution of data was assessed using Shapiro-Wilk and Kolmogorov-Smirnov tests. For
statistical comparisons between two conditions, unpaired two-tailed t-test was used when the data followed a normal distribution,
and unpaired two-tailed Mann-Whitney test was applied when the data did not follow a normal distribution. For multiple comparisons,
if data was normally distributed and had variance homogeneity, one-way ANOVA was used. If data was normally distributed but had
no variance homogeneity, Welch ANOVA test was used. If data had no normal distribution, Kruskal-Wallis test was used. Mouse
serum and peritoneal wash RNase activity was compared using a paired two-tailed t test. Statistically significant differences are indi-
cated with asterisks (*, p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, ***: p-value < 0.0001).
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Figure S1. Naked exRNA recognition is completely dependent on Rl enzymatic activity, related to Figure
1. A) Denaturing PAGE of U-2 OS total RNA incubated in 10% fetal bovine serum together with 400 U / mL Rl
(+R1), heat inactivated RI (+RIA), or without RI (-RlI), for 45 minutes. B,C) //17b (B) and il6 (C) expression by RT-
gPCR in BMDCs stimulated for 6 hs with 1 ug / mL naked total RNA from E. coli with 80 U / mL RI (+RI), heat-
inactivated RI (+RIA), or without RI (-). RNAse1-treated E. coli RNA with (+RI) or without RI (-) were used as
controls, as well as DPBS (mock).
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Figure S2. Additional results corresponding to the BMDC RNA-seq experiment, related to Figure 1. A)
Heatmap showing top 150 most differentially regulated genes in BMDCs stimulated for 6hs with 100 ng / ml naked
total RNA from E. coli or 100 ng / mL total RNA from BMDCs in the presence of 80 U / mL RI (+Rl) or thermally
inactivated Rl (+RIA). B) PCA plots corresponding to all experimental conditions. C) Abundance of RNA biotypes
across samples. D) MA-plot of BMDCs stimulated with 100 ng / mL naked total RNA (RIA vs. RI).
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Figure S3. Induction of several pro-inflammatory cytokines and chemokines in BMDCs, related to Figure
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Figure S4. Response of BMDCs, Raw264.7 and THP-1 cells to different naked exRNAs, related to
Figures 2 and 3. A) Denaturing PAGE of E. coli total RNA (total) or fractioned into “small RNAs” of less than
200 nt (< 200nt) or “large RNAs” of more than 200 nt (> 200nt). B,C) //6 expression (RT-gPCR) and levels of
secreted TNF-a (ELISA) of BMDCs stimulated with 1 ug / mL of naked total E. coli RNA, “small RNAs” or “large
RNAs”, all in the presence of RIl. Mock: DPBS. D,E,F) /I1b (D), /16 (E) and Cxcl/10 (F) expression (RT-qPCR) in
Raw264.7 stimulated for 6 h with 2 yg / mL naked E. coli RNA, 10 ug / mL naked Poly(I:C), DMEM as mock and
1 ug / mL R848 as a positive control. When indicated, 80 U / mL Rl was added. G,H,I,) IL1B (G), IL6 (H) and
CXCL10 (1) expression (RT-qPCR) in THP-1 cells stimulated for 18 h with 1 ug / mL naked E. coli RNA, RPMI
as mock and 1 ug / mL R848 as a positive control. When indicated, 80 U / mL Rl was added.
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Figure S5. Uptake efficiency of Ec12 with an RNA or DNA backbone, related to Figure 3. A,B) Flow
cytometry of THP-1 monocytes stimulated for 3 h with Tye665-labeled naked Ec12 ssRNA or Cy5-labeled naked
Ec12 dsDNA at 0.01; 0.1; 1; 10; 100 or 1000 nM. When indicated, 160 U / mL Rl was added. The histogram plots
display oligonucleotide uptake at each concentration (left and center panels). A curve representing the normalized
mean fluorescence intensity (MFI) is plotted against the concentration for each oligonucleotide (right panel). Data
was fitted to sigmoidal curves, and the EC50 values were determined.
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Figure S6. Transcriptional signature of Mo-DCs and Jawsll dendritic cell line in response to R848 and
poly(l:C), related to Figure 3. A,B) Data mining and differential gene expression analysis of a transcriptomic
dataset!S (GEO:GSE125817) from monocyte derived dendritic cells stimulated with Poly(l:C) or R848 for 6 h.
A, B) Heatmap (A) with the top 15 most upregulated genes (including //1b and 1/6) and the corresponding PCA
(B) plot. C,D) Expression (RT-gPCR) of /I1b (or ll1a), il6, Cxcl10 and Ifit2 in Jawsll dendritic cell line (C) or in
BMDCs (D), stimulated for 6 h with 10 ug / mL poly(l:C) or 100 ng / mL R848. DPBS was used as negative
control.



Poly(l:C) uptake Dextran uptake B
i +RI +RI 15+ 100+
AR A R == _ | [
///A\ \:\,, A i; Dﬂc i:f 754
\VV A §10— % % %k §
B . A £ 2 501
@ o
Y A /‘\ 2 5 s
/\E\I < /\ = © 254
7~ A : :
//\‘ : / \ : 0 Faj 0-Lespel L
0 10t 10° 108 0 10t 10° 108 RO - -+ R - - +
FITC AF647 & Poly(I:C)- &t Dextran-
C FITC AF647

o
N
(¢}

MFI per cell
o
=
1

o
o
T

mock

% %k k

-RI +RI
Poly(l:C)

Figure S7. Uptake of labeled dsRNA by THP-1 and BMDCs, related to Figure 3. A,B) Flow cytometry of THP-
1 monocytes stimulated for 3 h with naked fluorescein-labeled poly(l:C) at 0.5 ug / mL or AF647-Dextran, with or
without 160 U / mL RI. Histograms (A) and bar plots (B) with the percentage of positive cells are shown. C,D)
Confocal microscopy of THP-1 monocytes (C) or BMDCs (D) stimulated for 1 h with naked fluorescein-labeled
poly(l:C) at 0,5 ug / mL. For BMDCs, experiments were carried out with or without 80 U / mL RI. E) Confocal
microscopy of THP-1 macrophages stimulated for 30 min with naked fluorescein-labeled poly(l:C) at 0,5 ug / mL.
Nuclei (white), dsRNA (green) and RAB5 (red) are visualized. Colocalization of dsRNA with RAB5 is depicted in
yellow in the merged image. **x* p < 0.001; Kruskal-Wallis with Dunn’s test.
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Figure S8. RNA stability in different fluids assessed by PAGE, related to Figure 5 and 6. A) Denaturing
PAGE of human total RNA incubated in 90% mouse serum for either 5 or 30 min in the presence of 160 U / mL
(++), 40 U / mL (+), or without RI (-). B) RNA stability assays in different biofluids. Denaturing PAGE of U-2 OS
RNA incubated ex vivo in peritoneal wash (PW), mouse serum (MS) or fetal bovine serum (FBS). RNA
degradation was analyzed after 1, 5, 30 or 60 min. All biofluids were diluted to 3.33 % (v/v) in DPBS.
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Figure S10. Effect of naked exRNA on splenic lymphoid cells, related to Figure 5. A) Flow cytometry gating
strategy to study splenic B and T cells populations after intravenous administration of RNA. B) Dot plots showing
flow cytometry analysis of spleen cells 6 h after intravenous administration of 10 ug naked total E. coli RNA, 1 ug
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Table S1. Primers for RT-gPCR, related to Star Methods

Gene Forward Primer Reverse Primer
murine //6 5'-AAGCCAGAGTCCTTCAGAGAG-3' 5'-GTCTTGGTCCTTAGCCACTCC-3'
murine /l1a 5'-AGTCAACTCATTGGCGCTTG-3' 5-AGAGAGAGATGGTCAATGGCAG-3'

murine Cxcl/10

5'-AGTGCTGCCGTCATTTTCTG-3'

5'-GCAGGGATGATTTCAAGCTTCC-3'

murine [fit2

5-TGCTTTGAGCGCTTTGACAC-3'

5-TCGCAGATTGCTCTCCAGTG-3'

murine Oas3

5'-AGGCTACCGTGTACGCATC-3'

5'-CTTCACACAGCGGCCTTTACC-3'

murine //1b 5-TGCCACCTTTTGACAGTGATG-3 5-ATGTGCTGCTGCGAGATTTG-3
murine Actb 5-TGGCTCCTAGCACCATGAAG-3' 5'-AACGCAGCTCAGTAACAGTCC-3'
NanoLuc 5-ATGGTCTTCACACTCGAAGATTTCG-3' | 5-CTGGACACACCTCCCTGTTC-3
human IL6 5-CCTGAACCTTCCAAAGATGGC-3' 5-TTCACCAGGCAAGTCTCCTCA-3'
human IL1B 5-ATGATGGCTTATTACAGTGGCAA-3' 5-GTCGGAGATTCGTAGCTGGA-3'

human CXCL10

5'-GTGGCATTCAAGGAGTACCTC-3'

5-TGATGGCCTTCGATTCTGGATT-3'

human GAPDH

5'-CGGAGTCAACGGATTTGGTC-3'

5-TTCCCGTTCTCAGCCTTGAC-3'




Table S2. Primers for in vitro transcription template amplification, related to Star Methods

Gene Forward Primer Reverse Primer
N L 5'-ACGACGTAATACGACTCACTATAGG S-TTTTTTTTTTTTTTTTTTTITTTTITTTITTTT
anolLuc
GTATCCGCCACCATGGTCTTCACACTCG-3' | CGACTCTAGAATTATTACGCCAGAATG-3'
5'-
S-TTTTTTTTTTTTTTTTTTTTTTTITTTITTTTI

eGFP ACGACGTAATACGACTCACTATAGGGTATC

CGCCACCATGGTGAGC-3' ACTTGTACAGCTCGTCCATGC-3'




Table S3. Antibodies mixes used, related to Star Methods

Antibodies Concentration
CD40-FITC 1/500
BMDCs CD86-PE 1/200
MHCII-APC 1/200
CD19-APC-Cy7 1/200
TCR-B-APC-Cy7 1/200
Ly6G-BV711 1/200
CD11¢c PE-Cy7 1/200
Spleen myeloid cells MHC-II-APC 1/200
B220-PerCP-Cy5.5 1/200
F4/80-PE 1/200
CD11b-AF700 1/200
CD86-FITC 1/500
CD19-PerCP-Cy5.5 1/200
) TCR-B-APC-Cy7 1/200
Spleen lymphoid cells
CD69-PECy7 1/200
CD86-FITC 1/500
CD19-APC-Cy7 1/200
Peritoneal macrophages TCR-B-APC-Cy7 1200
CD11b-AF700 1/200
and monocytes F4/80-PE 1/200
Ly6c-FITC 1/500
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Articulo cientifico 3: Discrimination between vesicular
and nonvesicular extracellular tRNAs and their
fragments

El articulo 3 de esta tesis de doctorado consiste en el desarrollo de un protocolo, en parte
extraido del articulo 1, que resulta de gran utilidad para separar exRNAs vesiculares de exRNAs

no vesiculares. Este protocolo permite obtener fracciones que facilita el estudio de nV-exRNAs.

105



CHAPTER TEN

Discrimination between vesicular
and nonvesicular extracellular
tRNAs and their fragments

Mauricio Castellano™", Marco Li Calzi®, Maria Rosa Garcia?,
Alfonso Cayota™®, and Juan Pablo Tosar™“"

*Functional Genomics Laboratory, Institut Pasteur de Montevideo, Montevideo, Uruguay
*Immunoregulation and Inflammation Laboratory, Institut Pasteur Montevideo, Montevideo, Uruguay
“Analytical Biochemistry Unit, Center for Nuclear Research, School of Science, Universidad de la Republica,
Montevideo, Uruguay

dHospital de Clinicas, Universidad de la Republica, Montevideo, Uruguay

*Corresponding author. e-mail address: jptosar@pasteur.edu.uy

Contents

1. Introduction 172
2. Purification of vesicular and nonvesicular tRNA/tDRs by isopycnic centrifugation 175
(iodixanol flotation gradients)

2.1 Materials 175
2.2 Equipment 176
2.3 Procedure 176
3. Purification of vesicular and nonvesicular tRNA/tDRs using commercial size- 179
exclusion chromatography (SEC) columns
3.1 Materials 180
3.2 Equipment 180
3.3 Procedure 180
4. Conclusion 182
Acknowledgments 182
Conflict of interest statement 183
References 183
Abstract

The extracellular space contains RNAs both inside and outside extracellular vesicles
(EVs). Among RNA types, tRNAs and tRNA-derived small RNAs (tDRs) tend to be
abundant and are frequently detected when performing small RNA sequencing of
extracellular samples. For several applications, including answering basic biology
questions and biomarker discovery, it is important to understand which specific
extracellular tRNAs and tDRs are inside EVs and which are not.

We have observed that EVs contain mainly full-length tRNAs, while cells also release
full-length tRNAs into nonvesicular fractions. However, these nonvesicular tRNAs are
fragmented by extracellular ribonucleases into nicked tRNAs, which can dissociate
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into tDRs both in extracellular samples and in the laboratory. It is therefore crucial to
separate EVs from other nonvesicular RNA-containing extracellular carriers to prevent
cross-contamination. Otherwise, extracellular tDR profiling may mix up signals coming
from structurally and functionally different carrier types.

Here, we provide two protocols that achieve this by: (a) density gradient separation
and, (b) the use of commercial, pre-packed size-exclusion chromatography columns.
The first protocol is time-consuming but achieves high resolution, while the second
protocol is faster, simpler, and recommended for routine separations. Taken together,
they form a solid experimental toolkit for addressing different questions related to
extracellular tRNA biology or biomarker discovery.

1. Introduction

Small, non-coding RNAs (sncRNAs) are important regulators of gene
expression and genome integrity. They are involved in key cellular processes
such as cell differentiation, proliferation, migration and death, acting at both
the transcriptional and posttranscriptional levels. The best-known members
of this family are microRNAs (miRNAs), small interfering RNAs (siRNAs),
Piwi-interacting RNAs (piRNAs), and tRNA-derived small RNAs (tDRs).
The latter have been observed across various cells, tissues, and organisms
(Fu et al., 2009; Garcia-Silva, Fruiger et al., 2010; Garcia-Silva, Tosar et al.,
2010; Haiser, Karginov, Hannon, & Elliot, 2008; Jochl et al., 2008; Lee &
Collins, 2005; Li et al., 2008; Thompson, Lu, Green, & Parker, 2008;
Yamasaki, Ivanov, Hu, & Anderson, 2009), and are also present in extra-
cellular samples and biofluids such as cerebrospinal fluid, urine or blood
serum (Dhahbi et al., 2013; Garcia-Silva et al., 2014; Godoy et al., 2018;
Hulstaert et al., 2020; Nolte’T Hoen et al., 2012; Tosar et al., 2015; Wei
et al.,, 2017; Wu et al., 2023; Zhang et al., 2014).

Over the past decade, our group has focused on the role of non-coding
RNAs in intercellular communication. Searching for new small RNA
families in the protozoan parasite Trypanosoma cruzi, we discovered a
population of tDRs that was induced by stress and recruited to cytoplasmic
granules (Garcia-Silva, Fruiger et al., 2010; Garcia-Silva, Tosar et al., 2010).
These tDRs were potential substrates of TcPIWI-tryp, the only Argonaute
protein present in these parasites (Garcia-Silva, Fruiger et al., 2010; Garcia-
Silva, Tosar et al., 2010). Surprisingly, we later found that T. cruzi releases
extracellular vesicles (EVs) containing these tDRs into the extracellular space
(Fernandez-Calero et al., 2015; Garcia-Silva et al., 2014). In addition, these
EVs could be internalized by both human and T. cruzi cells, affecting parasitic
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proliferation and infection rates (Garcia-Silva et al., 2014). These results
suggested that tDRs could be involved in non-cell autonomous functions
mediating host-pathogen interactions.

In the following years, we shifted our focus to the study of extracellular
tDRs in human cells. By that time, several studies had either compared
intracellular and extracellular small RNNA profiles, revealing human EV-asso-
ciated tDRs (Nolte”I" Hoen et al.,, 2012), or compared the distribution of
miRNAs between cells, EVs, and an EV-free extracellular fraction containing
mostly ribonucleoproteins (RINPs) (Arroyo et al., 2011; Turchinovich, Weiz,
Langheinz, & Burwinkel, 2011). However, whether extracellular tDRs were
mostly present inside or outside EVs was unclear. We found that extracellular
samples were enriched in tDRs (compared to miRINAs and other small RINA
families), and that most of these extracellular tDRs were not in EVs (Tosar
et al., 2015). In addition, nonvesicular extracellular tDRs were mostly 5’
tRNA halves derived from tRNASE- and tRNASS - (Tosar et al., 2015).
Bias toward these specific tRNAs was also observed in human serum and
plasma (Srinivasan et al., 2019).

To get a comprehensive picture of the exRNAs that are released by cells
irrespectively of their stability, we designed RI-SEC-seq (T osar et al., 2020;
Tosar, Gambaro, Castellano, & Cayota, 2021; Tosar, Witwer, & Cayota,
2021). This method 1s based on small RNA sequencing of chromatographic
fractions obtained after separating nonvesicular extracellular RNAs, with or
without prior addition of ribonuclease inhibitors (RI) into the media. Sur-
prisingly, this method showed that, in the presence of RI, extracellular
nonvesicular tRNA halves became larger (~ 34-35 nt vs ~ 30-31 nt). By
northern blot, we confirmed a shift toward larger 5" tRINA halves in the
media, but we also observed a new peak corresponding to full-length tRINAs
(Tosar et al., 2020). Another research group arrived independently to a
similar conclusion (Nechooshtan, Yunusov, Chang, & Gingeras, 2020).

The model that arises from these studies is the following: cells not only
release EVs into the extracellular space; they also release ribosomes and full-
length tRNAs that are not associated with EVs and remain in 100,000 X g
centrifugation supernatants. Whether nonvesicular exRINAs are actively
released by living cells, or passively released by damaged or dead cells remains
an open question. These extracellular tRINAs are then cleaved by extra-
cellular RNases to produce nonvesicular tRNA halves. While dimerization
could potentially explain the stability of some of these tRINA halves in the
extracellular space (Tosar et al.,, 2018), later research from our lab showed
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that most extracellular nonvesicular tRINA halves are intrinsically stable
nicked tRINAs, rather than bona fide tDRs (Costa et al., 2023).

Thus, the abundance of nonvesicular tRINA halves in extracellular
samples 1s better explained by survivorship bias than by preferential release
into the extracellular space (Tosar & Cayota, 2020; Tosar, Gambaro et al.,
2021; Tosar, Witwer et al., 2021), due to the intrinsic stability of nicked
tRINAs against further RNase A-mediated processing (Costa et al., 2023).

In summary, interpreting small RNNA sequencing data generated on
extracellular samples is complicated because:

a) Extracellular tDRs are found both inside and outside EVs (Tosar et al., 2015)

b) Full-length tRNAs are stable and abundant inside EVs (Shurtleff et al.,
2017; Tosar et al., 2020), but they are also present, transiently, in
nonvesicular fractions (Nechooshtan et al., 2020; Tosar et al., 2020).
Furthermore, they are later converted into nicked tRINAs (Costa et al.,
2023), which look exactly like tRINA halves and tDRs by standard
sequencing techniques (Tosar, Castellano, Costa, & Cayota, 2024).

c) Vesicular and nonvesicular tRNA halves / tDRs can play a role in
intercellular communication, as both can be internalized by recipient
cells (Costa et al., 2023; Gambaro et al.; 2020). They might also serve as
disease biomarkers for early-stage disease detection and treatment
monitoring (Dhahbi, Spindler, Atamna, Boftelli, & Martin, 2014).

It is therefore important to obtain methods that: (i) achieve almost perfect
separation between EVs and nonvesicular fractions, to study tRINAs/tDRs
separately in both compartments, and (i1) have the capacity of distinguishing
between full-length tRNAs, nicked tRNAs and tDRs, despite all having
virtually identical sequences. The latter is presented in Chapter 11 of this
volume. The former is usually performed by difterential ultracentrifugation,
as we described earlier (Tosar & Cayota, 2018), or by the use of EV pre-
cipitation reagents. However, these methods do not achieve acceptable levels
of separation for exRNA profiling applications, with EVs usually being
contaminated with nonvesicular nicked tRNAs/tRINA halves.

Reverse isopycnic centrifugation (“flotation gradients”), where con-
centrated extracellular samples are loaded in the bottom of an iodixanol
(OptiPrep™) density gradient, was shown to achieve perfect separation
between vesicular and nonvesicular extracellular fractions (Jeppesen et al.,
2019). We adapted this method to profile EVs and the entire extracellular
nonvesicular fraction (Tosar et al., 2020), as described in one of the protocols
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presented in this chapter. However, this method is time-consuming and
requires expertise and the availability of an ultracentrifuge. In many cases,
researchers already know if the RINA they are studying is vesicular or non-
vesicular, and they simply want to obtain both extracellular fractions with a
reasonable level of purity for downstream analysis. For these cases, we provide
a second protocol based on commercial size exclusion columns designed for
EV purification. When coupled with an automated fraction collector, this
alternative protocol is rapid, convenient, and highly reproducible.

by isopycnic centrifugation (iodixanol flotation

> 2. Purification of vesicular and nonvesicular tRNA/tDRs
gradients)

EVs and nonvesicular RNAs (or other extracellular particles) have
traditionally been purified by difterential ultracentrifugation, relaying on their
size and weight differences. However, this method does not achieve high
purity. Consequently, EVs and nonvesicular fractions tend to be cross-con-
taminated (Jeppesen et al., 2019). There are many examples in the literature
where functions attributed to EV are actually mediated by nonvesicular
proteins that co-isolate with EVs during ultracentrifugation. An interesting
alternative i1s to employ buoyant density centrifugation, also known as
equilibrium density-gradient centrifugation or isopycnic centrifugation. This
technique can separate EVs from other extracellular particles and macro-
molecules, thanks to differences in density between these components.
Density-gradient centrifugation with iodixanol (sold as a sterile 60 % m/v
solution called OptiPrep™) can efficiently separate EVs from other RNA-
containing extracellular complexes and particles (Jeppesen et al., 2019; Tosar
et al.,, 2020; Zhang, Jeppesen, Higginbotham, Franklin, & Coftey, 2023).
Compared with sucrose, which is a commonly used density gradient-forming
molecule, iodixaol has the advantage of having lower viscosity and osmo-
larity, as well as being highly soluble.

2.1 Materials

o Sterile plastics, media and supplements for mammalian cell culture

o RNase inhibitor, murine (New England Biolabs, #M0314S) — OPTIONAL

e Amicon® ULTRACEL®—10 regenerated cellulose filters, 10 kDa MWCO
(Merck, #UFC9019)

e PBS or DPBS (Gibco), 1x, sterile
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e 60 % w/v iodixanol (OptiPrep™ Density Gradient Medium, Sigma-
Aldrich # D1556). Keep stock sterile.

e 14 mL ultracentrifugation polypropylene tubes (14 X95 mm; Beckman
Coulter #331374)

e TRIzol™ Reagent (Invitrogen, #15596026).

o Chloroform, isopropanol, absolute ethanol and acetone (for RNA pur-
ification)

2.2 Equipment
e Optima XPN ultracentrifuge (Beckman Coulter)
e SW 40 Ti swinging-bucket rotor (Beckman Coulter, # 331301)

2.3 Procedure

This protocol describes the purification and characterization of extracellular
tRNAs and nicked tRNAs/tDRs from cell-conditioned media obtained
from U2 O-S or MCE-7 cells, grown under standard culture conditions
(DMEM + 10 % FBS). It can be readily applied to other cell types and
culture conditions with minimal modifications. It can also be adjusted to
the use of biofluid samples. However, when working with serum or
plasma, the high concentration of albumin can cause problems during the
concentration step, and when analyzing the denser gradient fractions.

2.3.1. In a T150 flask, grow U-2 OS or MCF-7 cells with 30-35 mL of
DMEM, supplemented with 10 % FBS, until 6070 % confluence
is reached.

Note: cell confluence should be adjusted depending on the growth rate
of the cells

2.3.2. Remove and discard the cell-conditioned medium (CCM), and
wash cells with pre-warmed fresh medium or warm PBS. Discard
the wash. Add fresh medium and grow cells for an additional 24 h.

Note: at this point, the medium can be substituted for a serum-free
defined formulation where the effect of RI addition can be tested, if desired.
With MCF-7 cells, we use MEGM (Lonza) without the addition of the
antibiotics or the bovine pituitary extract included in the kit. The cell
density after this 24 h period should be 90 % or less. When adding RI to
defined, serum-free media, we repeat RI addition at the point of collection of
the cell-conditioned medium, due to concerns on the activity of RI after the
24 h incubation (see Section 3). Addition of RI does not make much sense
when growing cells in 10 % FBS, unless adding high volumes of RI to
completely inhibit all serum-derived RNases.
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2.3.3.

2.3.4.

2.3.5.

2.3.6.
2.3.7.

2.3.8.

2.3.9.
2.3.10.

2.3.11.

2.3.12.

2.3.13.

OPTIONAL: If working with serum-free media, add 1-2 uL of RI
per 10 mL of CCM to avoid further RNA degradation during
centrifugation.
Collect CCM; put on ice for 5 min
Centrifuge the CCM at 500 x g for 10 min at 4°C to remove cells
that could have detached. Transfer the supernatant to a new tube.
Repeat step 2.3.5.
Centrifuge the supernatant from step 6 at 2000 x g for 10 min at 4°C
to remove apoptotic bodies / cell debris or other large particles.
Concentrate the supernatant up to ~500 pL by ultrafiltration using
Amicon® ULTRACEL®—10 regenerated cellulose filters, 10 kDa
MWCO
Note: rinse the membrane with water and then briefly spin PBS to
hydrate and clean the membrane before adding the sample. Be aware that
samples containing 10 % FBS might take time to concentrate. Every
5—10 min, pause the centrifuge and gently pipette up and down the con-
centrate to avoid the formation of a protein gradient in the upper chamber
(easily seen with the naked eye). If the starting volume is > 25 mL, split
the sample in two and use two separate ultrafiltration devices. Remember to
balance the centrifuge with a separate ultrafiltration device.
Dilute the concentrate in ice-cold PBS to a final volume of 1.2 mL
Mix the sample from step 2.3.9 with 1.8 mL iodixanol (60 % w/v)
to make 3 mL of a 36 % iodixanol solution containing the sample
Load 2.4 mL of the sample from step 2.3.10 in the bottom of a
14 mL ultracentrifugation polypropylene tube.
Prepare the gradient:
— mix 1.5 mL of iodixanol (60 % w/v) and 1.5 mL of ice-cold PBS
to make 3 mL of a 30 % iodixanol solution
— mix 1.2 mL of iodixanol (60 % w/v) and 1.8 mL of ice-cold PBS
to make 3 mL of a 24 % iodixanol solution
— mix 0.9 mL of iodixanol (60 % w/v) and 2.1 mL of ice-cold PBS
to make 3 mL of a 18 % iodixanol solution
— mix 0.6 mL of 1odixanol (60 % w/v) and 2.4 mL of ice-cold PBS
to make 3 mL of a 12 % 1odixanol solution
Carefully, add sequential layers of ice-cold, 30 %, 24 %, 18 % and
12 % 1odixanol solutions (2.4 mL each), to form a discontinuous
12-36 % 1odixanol gradient.
Note: this protocol is a variation of the protocol described in (Jeppesen
et al., 2019). The main difference is that, in Jeppesen et al. (2019), the
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2.3.14.

2.3.15.

2.3.16.
2.3.17.

2.3.18.

authors loaded a 120,000 x g pellet in the bottom of the tube. Their main
objective was to discriminate true EV components from nonvesicular proteins
that co-isolate with EVs by ultracentrifugation. Here, we are loading the
entire concentrated cell-conditioned medium (1.e., we skipped the 120,000
x ¢ ultracentrifugation step). These samples contain both EV-RNA and
most nonvesicular exRNA (and their associated proteins).

Centrifuge overnight (for 15 h) at 120,000 X g (30,800 rpm) and
4°C, using a SW40 Ti rotor. With max acceleration (1) and a
deceleration of 7.

Note: sample volumes and centrifugation speeds can be adjusted to other
ultracentrifuges, tubes and rotors. Ultracentrifugation is a technique that requires
expettise to manage potential risks. If running an odd number of gradients,
equilibrate the rotor with identical gradients containing PBS instead of the sample.
The next day, slowly and gently collect twelve 1 mL fractions using
a p1000 pipette, starting from the top of the gradient. Transfer each
fraction to a nuclease-free 1.5 mL tube.

Note: the gradient is linear after the 15 h ultracentrifugation step. Keep the

pipette’s tip about 1 cm below the meniscus and move it down as the liquid’s
level moves down as well. Avoid the entrance of air or the generation of con-
vection forces in the gradient that could mix the content of each collected fraction.
Split each sample into two 0.5 mL aliquots.
To one of the aliquots, add an equal volume (0.5 mL) of TRIzol
for RNA purification, following manufacturer’s instructions. Use
the purified RNA for downstream applications (e.g., RT-qPCR,
sequencing, northern blot)

Note: if the original sample was CCM obtained in the presence of 10 %

FBS, fraction 12 contains a high concentration of albumin. This can
interfere with RINA purification.
Precipitate proteins from the other aliquot by adding two volumes
of pure acetone, previously chilled at —20°C. Spin down the
sample. Wash the pellet with 60 % acetone (at —20°C) and spin
down again. Suspend the pellet in 1x loading buffer and proceed
for western blot analysis. The loading buffer should not contain
reducing agents if the primary antibodies recognize epitopes con-
taining disulfide bonds (common with some antibodies for EV
surface markers).

Note: same as in 2.3.17, fraction 12 contains too much albumin if starting
from FBS-containing cell-conditioned media (Fig. 1). We suggest not munning
this sample in the gel as it can induce artefacts during electrophoresis.
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Fig. 1 Expected results. Cell-conditioned medium from U-2 OS cells grown in DMEM
+10% FBS for 24 h was analyzed using iodixanol 12-36 % density gradients. RNA was
extracted from each sample and run on a 10 % TBE-Urea gel, and stained with SYBR Gold
(A). As can be seen, most extracellular RNA is present in the high-density fractions (8 —
12), and contains mostly fragmented RNA. The EV fractions (3 — 6) contain full-length 7SL
RNA and full-length tRNA. This can be confirmed by northern blot using probes against
the 5 half of tRNAZY- (B) and tRNAS, (C). On the contrary, nonvesicular fractions do not
contain full-length tRNAs (in samples containing 10 % FBS). They do contain 5’ tDRs, at
least some of them being nicked tRNAs. A control was performed running only RNA from
fresh DMEM + 10 % FBS medium (not shown). This control confirmed that all the signal at
this level of detection came from U-2 OS cells and not from FBS. An aliquot of each
fraction was analyzed by western blot using antibodies against RPL7a (a ribosomal
protein; not EV-associated) and CD81 (a typical EV marker). The gel was run under non-
reducing conditions (D). Ponceau red staining of the membrane shows the distribution of
albumin in the gradient. As can be seen, EV fractions are free from albumin and hence
represent true vesicular contents. Data from: Tosar et al. (2020).

3. Purification of vesicular and nonvesicular tRNA/tDRs
using commercial size-exclusion chromatography
(SEC) columns

The flotation gradients (Section 2) are better suited for situations
where it 1s crucial to distinguish between vesicular and nonvesicular RINA.
However, it is not a practical separation method for everyday applications.
For these cases, the method described below is, in our opinion, the best
suited in terms of balance between purity and simplicity.
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Unlike the protocol described in Section 2, which separates EVs from
nonvesicular RNAs or RNPs based on density, this protocol separates
based on size. Using SEC columns with a pore size of 70 nm, EVs elute in
the exclusion volume, or in the first fractions. Fractions 5 + can be con-
sidered, in practical terms, EV-free. It is important to consider that large
macromolecular particles, if present in the extracellular space, might also
co-isolate with EVs.

We have used this protocol to show that the nonvesicular fraction of
U-2 OS CCM contains nicked tRNAs (Costa et al., 2023). Nevertheless,
the protocol can be adapted to other applications such as the purification
and analysis of EV-associated tRINAs or tDRs, etc.

Maximum efficiency is obtained using an automatic fraction collector.
However, samples can also be collected manually.

3.1 Materials

e Mammary Epithelial Cell Growth Medium (MEGM, Lonza, reference
number: CC-2551; not complemented with the Bovine Pituitary Extract
included in the MEGM kit)

e 1.5mL RNase Free DNase Free Eppendorf test tubes (CNWTC,
reference number: #TYA10)

e DPBS (Invitrogen, reference number: 14190144)

o RNase inhibitor, murine (New England Biolabs, #M0314S)

e Size exclusion chromatography 75nm columns (Izon qEV Original,
reference number SP1)

e Vivaspin 6 Ultrafilter MWCO 10 kDa (Sartorius, #VS0601)

3.2 Equipment
e Automatic Fraction Collector (Izon, model code: AFC-V1) with 1.5-
2mL carrousel

3.3 Procedure
3.3.1. Incubate 4 million U-2 OS cells in a 75 cm? cell culture flask with 7 mL
MEGM at 37°C, 5% CO,, for 24h. Add 1-2 L (40-80 U) murine
RNase inhibitor to the media, before adding it to the cell monolayer.
Note: in this example, we are using serum-free medium to isolate a mixture of
full-length tRNAs and nicked tRNAs from the nonvesicular fraction of the
extracellular space. If using culture medium containing FBS (as in Section 2),
virtually all full-length tRINAs are going to be either degraded or nicked. Under
these experimental conditions, full-length tRINAs are only expected in the frac-
tions containing EV’s.
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3.3.2. Harvest the cell-conditioned medium (CCM). Add 1-2 pL murine
RNase inhibitor and centrifuge at 300 X g at 4°C for 15 min.
Discard the pellet.

3.3.3. Centrifuge the supernatant at 2000 X g at 4°C for 20 min. Discard
the pellet.

3.3.4. Concentrate the supernatant using a Vivaspin 6 Ultrafilter,
MWCO 10 kDa. Centrifuge at 3000 rpm at 4°C for as long as it
takes to bring down the total volume to 500 uL

Note: this step usually takes around 30 min. However, every five
minutes, stop the centrifuge and pipette up and down the concentrator filter
with a 1000 uL micropipette to prevent clogging.

3.3.5. Once the total CCM has been concentrated down to 500 pL, open
a new 75nm Izon qEV Original SEC column and place it in the
automatic fraction collector.

Note: the sample should be placed on ice until it is loaded onto the
column. Columns can be reused up to five times if stored appropriately. It is
crucial to check if reused columns do not induce on-column RNA degra-
dation due to contamination with RNases.

3.3.6. Assemble the fraction collection plastic tube to the lower end of the
column.

Note: if the collection tube is not new, it is important to clean it with
20 % ethanol and rinse it multiple times with PBS to rid it of particles and
debris. ‘To perform this action, use a 5 mL syringe tube.

3.3.7. Flush the column with 15 mL of ice-cold PBS.

3.3.8. Place 1.5mL sterile, RNase-Free microcentrifuge tubes in the
fraction collector. One for every fraction that will be collected.
Label the tubes.

Note: after loading the carrousel with the tubes, set up the automatic
fraction collector to collect 1 mL fractions consecutively just after a 2 mL void
volume that should be discarded (or analyzed separately).

3.3.9. After the column has been flushed down, load the 500 uL sample
onto the column’s top filter

Note: it is important to avoid touching the white filter on top of the
column with the tip. This could create fissures inside the column that could
ruin the sample.

Note: the sample will run through the filter for a few seconds. During
those few seconds, the system end will drip down PBS from inside the
column. When the sample finishes going through the filter, PBS will stop
dripping down.
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3.3.10. Once the sample has gone through the filter and entered into the SEC
resin, add 15 mL ice-cold PBS to the column’s mobile phase container.
Let 2mL of PBS (void volume) go through to the waste container.

3.3.11. After the void volume has been discarded, start collecting the 1 mL
fractions.

Note: affer the first mL has dripped down into the test tube, immediately close
the lid, label the tube as “fraction #1” and place it in ice.

IMPORTANT NOTE: fractions 1-3 contain most EV’s and fractions 5-
12 correspond to the nonvesicular fractions. Fraction 4 might contain both types of
extracellular RNA carriers. Proceed to downstream applications.

3.3.12. After all samples have been collected and placed in ice, flush the
column twice with 15 mL PBS. Load another sample or flush the
coloumn with water and store it in ethanol following manu-
facturer’s instructions.

Note: this is of great importance to clean the column of particles and debris.

4, Conclusion

In this chapter, we addressed the problem of separating extracellular
vesicles from nonvesicular extracellular RNAs using two efficient protocols.
Adequate separation between both extracellular RINA carrier types is essential
because tRINAs/tDRS are found both inside and outside EVs. In our experi-
ence, EVs contain mostly full-length tRNAs, while nonvesicular fractions
contain either full-length tRNAs and nicked tRNAs (in Rl-treated samples
lacking RNases or serum), or only nicked tRINAs (in samples containing active
R Nases or biofluids, Fig. 1) (Costa et al., 2023; Tosar et al., 2020).

The two protocols described herein achieve adequate levels of separation
between both extracellular RINA carriers and are much better in terms of purity
than other popular methods like differential ultracentrifugation. The first pro-
tocol has a better resolution but is more time consuming and requires experience
with handling density gradients. The second protocol is fast but also efficient.
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Discusion

La discusion especifica de cada uno de los articulos que conforman esta tesis se encuentra
en las secciones de “Discusion” correspondientes a los mismos. A continuacion, se presenta una
discusion global sobre los alcances, hallazgos y limitaciones de esta tesis, poniendo énfasis en

aspectos poco discutidos en los articulos en cuestion.

Como fue mencionado previamente, la caracterizacion de los exRNAs en el espacio
extracelular y el estudio de la comunicacion intercelular mediada por estas moléculas ha sido casi
exclusivamente estudiada en el contexto de EV. Sin embargo, la mayoria de los exRNAs en
biofluidos y en el medio condicionado de células en cultivo, se encuentra por fuera de las EV. Es
posible que la abundancia de RNasas en el espacio extracelular haya disuadido a la comunidad
cientifica de hacer foco en esta fraccion de exRNAs, al extenderse la idea de que el nV-exRNA
seria degradado casi de inmediato luego de ser liberado. Esto ha resultado en un conocimiento
limitado sobre la biogénesis y composicion de biotipos de nV-exRNA; la relevancia que los nV-
exRNA, en particular los exRNAs desnudos, podrian tener en la comunicacion célula-célula; y el
papel que podrian desempefiar las RNasas extracelulares en la regulacion de ambos procesos.
Mediante estrategias de inhibicion de las RNasas extracelulares, esta tesis busco echar luz sobre

ambas problematicas que son centrales al campo del exRNA.

En el articulo 1 observamos que modular y/o inhibir la actividad de las RNasas en el medio
condicionado de células en cultivo junto a la aplicacion de técnicas bioquimicas clasicas y de
estrategias de small RNA sequencing nos permitid evidenciar que lo que normalmente vemos en
el medio extracelular no guarda relacion alguna con el conjunto de moléculas de RNA liberadas
por las células. Lo que induce a conclusiones erréneas. Por ejemplo, nuestro grupo de investigacion
observd, en 2015, que ciertas mitades de tRNA estan altamente enriquecidas en la fraccion nV-
exRNA, concluyendo que las mismas podrian ser liberadas selectivamente por las células.”® Sin
embargo, en el articulo 1 comprendimos que las células en realidad liberan tRNAs completos, y
que estas mitades de tRNA se enriquecen debido a su estabilidad diferencial. Lo que se

complementan con otro de los articulos en los que he participado como coautor en el periodo (no
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incluido como articulo de la tesis), en el que evidenciamos que los “nicked tRNAs” son

extremadamente resistentes a la degradacion.

Ahondando un poco més en los resultados, al inhibir a las RNasas extracelulares se logrd
secuenciar diversos biotipos de RNAs: miRNAs, tRNAs enteros, fragmentos de tRNA y rRNA,
yRNAs, snoRNAs e incluso reads que mapeaban a mRNAs. A su vez, fue posible detectar
ribosomas extracelulares y, mediante otras técnicas (incluyendo secuenciacion directa de RNA por
Oxford Nanopore), mRNAs enteros asociados a estos ribosomas extracelulares. En contraposicion,
al no inhibir a las RNasas, la fraccidon no vesicular consistié mayormente de fragmentos de tRNA,
principalmente derivados de tRNA de glicina. Estos hallazgos tienen profundas relevancias para
el campo e implican que: 1) las células son capaces de liberar a la fraccion extracelular no vesicular
gran parte de su transcriptoma intracelular. 2) Las RNasas rapidamente degradan aquellos nV-
exRNA menos estables moldeando la composicion final de esta fraccion. Debido a esto, los nV-
exRNAs que perduran, y son detectados atin en ausencia de RI, serian aquellos mas resistentes

frente a la accidn de las RNasas extracelulares.

La liberacion de casi la totalidad del transcriptoma celular al espacio no vesicular plantea
la interrogante sobre los mecanismos subyacentes que podrian estar explicando este fenomeno.
Una posibilidad es que algunos nV-exRNAs escapen por transportadores/canales de RNA
localizados en la membrana plasmatica, aunque este mecanismo no seria viable para complejos
macromoleculares de gran tamafio como ribosomas extracelulares, si podria explicar la presencia
de pequenios nV-exRNA. Aunque existirian transportadores de RNA de esta naturaleza como las
proteinas SIDT1 y SIDT2, estos parecen localizarse mayormente en la membrana de endosomas
y lisozomas y permitir la translocacion de RNA desde el lumen de estos organelos hacia el
citosol.'¥3-187 Otra posibilidad, tal vez un poco descabellada, es que algunos nV-exRNAs sean
secretados por mecanismos similares a los que utilizan las proteinas secretorias. Esta posibilidad
se basa en el reciente descubrimiento de una nueva poblacion de RNAs glicosilados post
transcripcionalmente que se detectan desnudos en el espacio extracelular en asociacion a las
membranas plasmaticas de las células.”* Al igual que para las proteinas, la glicosilacion de estos
RNAs ocurriria en el reticulo endoplasmatico/golgi, lo que implica que estos RNAs deben ingresar
y transitar por compartimientos del sistema secretor antes de ser liberados.”* Otro mecanismo

plausible podria estar ligado a la llamada “autofagia secretora”. Por ejemplo, se ha visto que los
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amfisomas, un organelo degradatorio formados por la fusiéon de autofagosomas y lisosomas,
pueden fusionarse a la membrana plasmatica'®® y liberar su contenido al exterior celular. Por
ultimo, es posible que distintos procesos de muerte celular no apoptdtica tales como la necrosis,
piroptosis, y netosis puedan dar origen a al menos parte de los exRNAs detectados en la fraccion
no vesicular. En este sentido, la necrosis se caracteriza por la ruptura de la membrana plasmatica
y liberacion de gran parte del contenido citoplasmatico al exterior.”® Durante la activacion del
inflamasoma y la posterior muerte por piroptosis, se generan poros en la membrana celular a través
de los cuales se secretan, de forma no canonica, IL-1pB e IL-18.77-7® Pensamos que por estos poros
también podrian escapar ciertos nV-exRNAs. En la Netosis se liberan trampas extracelulares que
ademas de contener exDNA, tienen exRNA.” Aunque la apoptosis es generalmente considerada
un proceso de muerte celular silencioso, y el exXRNA liberado estaria en principio confinado dentro
de vesiculas membranosas, se ha visto que las vesiculas apoptoticas son permeables y liberan parte
de su contenido al exterior, lo que se exacerba si las mismas no son rapidamente removidas de las

muestras con las que se trabaja.!®

La rapida liberacion de nV-exRNA observada durante los lavados celulares, el hecho de
que sucesivos lavados no atenuaran la liberacién de nV-exRNAs y la gran diversidad de biotipos
y tamafios de exRNAs detectados lleva a especular que esta estrategia experimental posiblemente
haya desestabilizado membranas ya débiles de células apoptdticas o cursando algin tipo de muerte
celular en el cultivo, lo cual pudo haber provocado la liberacion de su contenido al exterior. La
muerte celular es un proceso fisiologico clave, de hecho, miles de millones de células mueren a
diario en el organismo, con algunos estimativos llegando a sugerir que hasta Imillon por
segundo.’® Ademas, en patologias como el cancer y ciertas enfermedades autoinmunes, la muerte
celular se encuentra exacerbada.!®!:!? Por lo tanto, aunque la muerte celular pueda parecer menos
atractiva como mecanismo de liberacion de nV-exRNA que otros procesos activos y mas selectivos
del tipo de RNA a liberar, es posible que constituya la principal via de liberacion al espacio

extracelular de estas moléculas. Tanto en homeostasis como en condiciones patologicas.

Como se menciond en la introduccion, nuestro grupo y otros autores han observado que la
fraccion no vesicular del medio condicionado de células en cultivo y de biofluidos estd enriquecida
en ciertos biotipos particulares de RNA como fragmentos de tRNA, yRNAs, rRNA y algunos

miRNAs. Naturalmente esto lleva a proponer mecanismos de secrecion selectiva de estas
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moléculas.®® Sin embargo, la observacion de que las células liberan gran parte de su transcriptoma
al medio extracelular, y que las RNasas moldean de forma dramética el RNAoma extracelular no
vesicular, sugiere una explicacion alternativa a la secrecion selectiva: las células liberan de forma
no selectiva nV-exRNAs y, producto de la accion de las RNasas extracelulares, sobreviven
Unicamente los nV-exRNAs mas estables.!> En otras palabras: la estabilidad extracelular
diferencial de distintos RNAs puede confundirse con la liberacion selectiva de los mismos, y

postulamos que la inhibicion de RNasas es la forma mas efectiva de distinguir ambos fendmenos.

La alta estabilidad extracelular de ciertos nV-exRNAs podria explicarse por la asociacion
de los exRNAs con proteinas. Por ejemplo, algunos snRNAs como RNU?2 se asocian al complejo
proteico U2 del espliceosoma'?®, mientras que los miRNAs se encuentran protegidos por su union
a la proteina Ago2.*® Otra explicacion es la existencia de secuencias de exRNAs desnudas
intrinsicamente estables. Tal es el caso de los tRNA en el espacio extracelular no vesicular.*!
Nuestro grupo ha observado que algunos fragmentos de tRNA puede formar dimeros de dsSRNA
cuya naturaleza doble cadena los vuelve intrinsicamente resistentes a las RNasas.”! Mas
recientemente observamos que gran parte de los “fragmentos de tRNA™ extracelulares son de
hecho “tRNAs enteros mellados” con un corte a nivel del anticodon en donde las mitades
permanecen unidas y probablemente conserven la estructura secundaria y terciara del tRNA entero.
La estructura de los tRNAs se caracteriza por presentar extensas regiones de RNA doble cadena y
plegamientos sobre si misma que hemos visto le confieren una elevada resistencia a las RNasas
extracelulares. Ademas, los tRNAs son extensamente modificados postranscripcionalmente.!3 Y
esto es esperable que impacte también en su estabilidad. Por ejemplo, se ha observado
recientemente que ciertas modificaciones como la pseudouridina, abundante en los tRNAs,
confieren una mayor resistencia a la degradacion por RNasas en comparacion con la uridina.'** No
seria sorprendente que en el futuro cercano se constatara que otras bases modificadas aun mas
voluminosas también puedan conferir mayor estabilidad a los tRNAs extracelulares. En tal sentido,
hemos visto que el tRNA de lisina UUU posee una estabilidad extracelular muy mayor a la de

otros tRNAs, lo cual atribuimos a la base mem35s2U en la primera posicion del anticodon.*

Si la muerte celular es principal fuente de liberacion de nV-exRNAs ;qué relevancia
bioldgica podria esto tener? Esta pregunta llevo a cambiar nuestro foco desde la célula liberadora

de los nV-exRNAs, hacia la célula receptora de los mismos. Una célula que se muere podra no
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tener ninguna “intencion” de liberar cierto tipo de molécula de RNA (si se me permite este
antropomorfismo por fines didacticos), pero el sistema inmune si que podria beneficiarse en leer
estas moléculas e interpretarlas como DAMPs, o PAMPs cuando las moléculas liberadas ocurren
como consecuencia de una infeccion, y se corresponden con RNAs virales o bacterianos. En suma:
pensar en la muerte celular como fuente de nV-exRNAs llevd a uno de mis tutores a interesarse
(un poco mas) por la inmunologia, establecer una incipiente colaboracién con mi otra tutora, y de

alli podriamos decir que nacio esta tesis.

Volviendo a los resultados del articulo 1, en este trabajo se observo que la fraccion no
vesicular rica en ribosomas extracelulares puede inducir la maduracion de células dendriticas y
que el tratamiento con RNasa impide estos efectos. Esto sugiere que algunos nV-exRNAs,
posiblemente ribosomas, podrian actuar como sefiales de peligro. En esta linea se ha observado
que el rRNA ribosomal purificado o el rRNA 18S generado por transcripcion in vitro induce la
produccion de citoquinas proinflamatorias en macréfagos y astrocitos cuando se lo incuba junto a
agonistas de TLR2.!>-1%7 En modelos in vivo de isquemia y reperfusion, la liberacion de ribosomas
o de rRNA -posiblemente a la fraccion no vesicular- pareceria ser responsable de parte del dafio
cardiaco.!®® Ademas, se ha identifica que el eje TLR3-TRIFF participaria en este proceso.'”® Esto
podria ser indicativo de que tal vez parte de la respuesta inflamatoria desencadenada por la fraccion
“P0” (utilizando la nomenclatura del articulo 1) se deba al reconocimiento de estos nV-exRNAs

por parte de los TLRs que sensan RNA.

Los resultados previos nos llevaron a preguntarnos sobre la posibilidad de que los nV-
exRNAs, en particular los exRNAs desnudos, pudieran participar en la comunicacion intercelular,
y ser reconocidos por células del sistema inmune. La nocion ampliamente aceptada de que los
exRNAs son inestables, a menos que se encuentren encapsulados en nanoparticulas lipidicas, junto
con la idea de que las membranas plasmaticas son impermeables a exRNAs desnudos, ha

sustentado la creencia de que las células no pueden captarlos ni responder a ellos.

En el articulo 2 se propuso desafiar estos conceptos y explorar si la comunicacion mediada
por exRNAs desnudos, lejos de ser una excepcion, podria constituir un fendmeno mas comun de
lo que se ha considerado hasta el momento, al menos bajo determinadas condiciones. Utilizando
diversos modelos celulares murinos (cultivo primario de BMDCs, linea de macrofagos Raw264.7)

y humanos (monocitos y macréfagos THP-1, lineas epiteliales U-2 OS y MCF-7) demostramos
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que al inhibir las RNAsas extracelulares las células internalizan, reconocen y responden a diversos
tipos de exRNAs desnudos como: RNA total bacteriano, RNA ribosomal bacteriano, pequefios
oligonucledtidos sintéticos, poly(I:C) e incluso mRNA. En BMDCs y la linea de macréfagos
Raw264.7, el RNA desnudo de E. coli desencadeno una fuerte respuesta inflamatoria inicamente
cuando se inhibieron las RNasas extracelulares con el agregado de RI. Mediante aproximaciones
genéticas y farmacoldgicas demostramos que esta respuesta es dependiente del ingreso del RNA a
la via endocitica y del reconocimiento de estos exRNAs desnudos por sensores endosomales de la
inmunidad innata, en particular TLR13. En macréfagos humanos observamos que el RNA, una
vez internalizado, es capaz de escapar de los endosomas y ser reconocidos por los RLRs
citosolicos, también en forma dependiente de la actividad de las RNasas extracelulares. Asimismo,
observamos que tanto las BMDCs como las lineas celulares epiteliales U-2 OS y MCF-7 pueden
internalizar y traducir mRNAs extracelulares desnudos en presencia de RI. Esta traduccion no se
detecta si las células son tratadas con Dynasore, lo que indica que la internalizacion de los mRNAs
depende de una via endocitica activa. Dado que la traducciéon solo ocurre en el citosol, estos
resultados sugieren que los exRNAs desnudos, una vez internalizados, escapan del compartimento

endosomal y acceden al citosol, donde pueden ejercer sus funciones bioldgicas.

En conjunto, los resultados in vitro obtenidos en este trabajo aportan evidencia de que: 1)
Las membranas plasmadticas no son completamente impermeables al exRNA desnudo. 2) tanto
exRNAs desnudos de cadena simple como doble, y de distintos tamafios, pueden ser internalizados
si su estabilidad extracelular es lo suficientemente alta. 3) El exRNA desnudo puede ingresar a las
células por via endocitica, escapar del compartimento endosomal y alcanzar el citosol. 4) el exRNA
desnudo tiene el potencial de modular la expresion génica en las células aceptoras, ya sea mediante
la activacion de receptores de reconocimiento de patrones como TLRs y RLRs, o a través de la
interaccion con su blanco fisiologico, como los ribosomas en el caso de los mRNAs. 5) La
funcionalidad de los exRNAs desnudos esté estrictamente supeditada a la actividad de las RNasas

extracelulares.

Aunque no podemos descartar completamente que algunos exRNA desnudos atraviesen la
membrana plasmatica e ingresen directamente al citosol, este no pareceria ser un mecanismo de
ingreso relevante para estas moléculas dada su carga, tamafio e inexistencia de transportadores de

RNA en las membranas plasmaticas de mamiferos.> Al igual que otros autores, hemos observado
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que la internalizacion y respuesta al exRNA desnudo requiere de su endocitosis, ya que Dynasore,
un inhibidor de dinaminas, inhibid la respuesta inflamatoria previamente observada. Las dinaminas
son requeridas para dos tipos de endocitosis gatilladas por interaccion receptor-ligando:
endocitosis media por clatrinas y endocitosis mediada por endofilina A2.'? Esto sugieren la
existencia de uno o mas receptores de superficie que reconocen y gatillan el ingreso del exRNA
desnudo a los endosomas. En este sentido, el receptor RAGE (del inglés, Receptor for advance

glycation end-products) ha sido involucrado en la internalizacion de RNA extracelular>*

, pero atn
se desconoce qué otros receptores podrian estar involucrados en la internalizacion de exRNAs
desnudos. Llegado este punto, es importante mencionar que dynasore podria tener efectos off-
target sobre otras vias endociticas, en particular vias dependientes de filamentos de actina como

la macropinocitosis y la fagocitosis!*?2%!

, por lo cual no podemos desestimar la posibilidad de que
estos mecanismos jueguen un papel en la internalizacion de los exRNAs desnudos. De hecho, otros
trabajos han mostrado que mRNAs desnudos administrados por via intradérmica o intranodal son
captados por células dendriticas residentes mediante macropinocitosis, lo que fue confirmado
utilizando inhibidores de la polimerizacion de actina como la rottlerina y la citocalasina D.292-203
Esto sugiere que los exRNAs desnudos podrian también ingresar a la via endocitica sin la
necesidad de unirse a receptores especificos en las membranas celulares, al menos para las células
dendriticas. Sin lugar a duda, futuros estudios son necesarios para elucidar completamente los
mecanismos moleculares que median el ingreso del exRNA desnudo y las multiples variables que

podrian afectar este proceso como: tipo celular, presencia-ausencia de receptores RNA célula-

especificos, etc.

En este trabajo observamos que mRNAs largos (de aproximadamente 1000 pares de bases)
y RNAs doble cadena largos pueden escapar de endosomas, alcanzar el citosol, y desencadenar
cambios en la expresion génica. Los pocos trabajos publicados que han estudiado el escape
endosomal de RNAs desnudos se han focalizado en pequefios siRNAs y ASOs terapéutico.?** Esto
trabajos sugieren que mas del 99% del RNA que ingresa a estos compartimentos es incapaz de
alcanzar el citoplasma celular debido a: reciclaje y exocitosis de los endosomas; imposibilidad de
atravesar la bicapa lipidica endosomal; fusion con lisosomas y posterior degradacion del RNA. De
hecho, se estima que solamente entre un 0.3-1% de los siRNAs y ASOs terapéuticos logran escapar
de endosomas y alcanzar el citosol.2*> El escape endosomal es uno de los grandes cuellos de botella

para el delivery de RNAs terapéuticos, tanto para pequefios oligonucleétidos desnudos como
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RNAs encapsulados en EVs o nanoparticulas lipidicas.?® Los mecanismos por los cuales ocurre
el escape endosomal de RNAs desnudos no se comprenden completamente y existe un gran
esfuerzo por poder modular este fendmeno y asi aumentar la eficacia de las terapias basadas en
RNA. Se cree que las membranas endosomales podrian experimentar perturbaciones transitorias
en la bicapa lipidica, generando poros temporales a través de los cuales el RNA desnudo podria

207 Asimismo, durante la maduracién endosomal, los endosomas se fusionan entre si

escapar.
formando endosomas tardios / cuerpos multivesiculares, los cuales se convierten luego en
endolisosomas degradatorios por fusién con los lisosomas; se cree estos eventos de fusion podrian

1.297 Desconocemos si

inducir pequefias fugas que liberen moléculas de RNA desnudo al citoso
estos procesos también pueden estar implicados en el escape de RNA desnudos largos como los
mRNASs que observamos en esta tesis. Por otra parte, tampoco puede descartarse la posibilidad de
que algunos RNAs desnudos escapen al citosol a través de transportadores endo-lisosomales de
RNA. En este sentido, se ha propuesto que las proteinas de membrana SIDT1 y SIDT2 podrian
cumplir este rol, al menos para RNAs doble cadena.!8>!187 Trabajos de la tesis de doctorado del Dr.
Marco Li Calzi sugieren que el proceso de acidificacion de los endosomas seria clave para que
ocurra el escape de RNAs desnudos ya que la inhibicion farmacolédgica de este fendmeno retiene
el RNA desnudo dentro de los endosomas. Sin embargo, como dicho trabajo también muestra, la
inhibicion de la acidificacion endosomal provoca un detenimiento de la maduracion endosomal e

inhibe las fusiones entre vesiculas endociticas, por lo que resulta dificil establecer exactamente la

razon por la que el escape endosomal del RNA se ve inhibida.

Un aspecto a comentar es que la activacion de TLR7, TLR8 y TLR13 requiere que el RNA
endocitado sea parcialmente clivado por RNasas endosomales.?+2729829% A priori, podria pensarse
que el RI afadido al medio de cultivo también ingresa a los endosomas, donde podria inhibir la
actividad de algunas de estas enzimas y, en consecuencia, dificultar el reconocimiento del RNA
desnudo. Se desconoce si RI logra ingresar a los endosomas y/o si permanece funcional en su
interior. Sin embargo, una de las principales nucleasas implicadas en la generacion de ligandos
para estos sensores es la RNasa T2. Esta enzima no pertenece a la familia A y, por lo tanto, no seria
inhibida por RI. De todas formas, en el caso del TLR8 humano, se ha reportado que ciertas RNasas
de la familia A, como la RNasa 2 y la RNasa 6, si son necesarias para generar los sustratos que

activan este receptor.”>°7 En este contexto, cabe preguntarse si la estabilizacion con RT de exRNAs
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desnudos potencialmente agonistas de TLR8 y tal vez de TLR7 podria impedir la activacion de

estos sensores.

Las células del sistema inmune emplean diversas estrategias para discriminar lo propio de
lo ajeno.?! En este sentido, observamos una respuesta dramaticamente diferente de las BMDCs al
RNA desnudo de origen murino en comparacion con el RNA desnudo bacteriano, cuando ambos
fueron incubados en presencia de RI. Considerando que en ausencia de RI el RNA bacteriano
desnudo no genera respuesta, podemos afirmar que el efecto de RI fue tan o més importante que
la capacidad de los sensores de RNA, en particular TLR13, de discriminar el RNA propio del
foraneo. Esto sugiere que el control de los niveles de exRNA desnudo por parte de las RNasas
posiblemente constituye un mecanismo central de regulacion de la activacion de los sensores
innatos de RNA, que opera rio arriba de otros mecanismos como: la compartimentalizacion de
estos sensores, su especificidad por ciertos motivos de secuencia o su capacidad para reconocer
modificaciones en las bases del RNA que difieran entre RN As propios y RNAsde patégenos. Como
se menciono en la introduccion, cada vez se acumula mds evidencia de que la activacion aberrante
y sostenida en el tiempo de los sensores de RNA juega un rol en el desarrollo de patologias
autoinflamatorias y autoinmunes. Nuestros resultados sugieren que las RNasas extracelulares
probablemente sean un brazo del sistema inmune innato que regula los niveles de exRNAs
enddgenos no vesiculares evitando que se desencadenen estas respuestas patologicas. Apoyando
esto, se ha observado que la administracion exdgena de RNasa reduce la inflamacion en modelos

138.210 v traumatismo encéfalocraniano?!! mientras que la sobreexpresion

de isquemia/reperfusion
de RNasa mejora la sobrevida en un modelo de LES que sobre expresa TLR7.!* En humanos, la
inflamacion estéril y liberacion de complejos ribonucleoprotéicos al espacio extracelular esta
implicada en la desarrollo y patogenia del LES.?!2213 En este sentido, ensayos clinicos con RNasas
ingenierzadas han mostrado eficacia en esta y otras enfermedades autoinmunes, posiblemente al

remover algunos nV-exRNAs que estén ocasionando inflamacion.?!4215

En los experimentos in vivo en ratdn, observamos que la inyeccion de exRNAs desnudos
por via intravenosa indujo la activacion de células inmunes innatas y adaptativas del bazo y, en el
caso de los linfocitos B y T, estos efectos se ven fuertemente potenciados por la inhibicion de las
RNasas extracelulares que circulan en la sangre. Sin embargo, en el peritoneo los efectos

inflamatorios de exRNA desnudos fueros independientes de la inhibicion de las RNasas
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extracelulares. En acuerdo con esto, determinamos que la actividad RNasa del fluido peritoneal es
significativamente menor a la del suero. Estos resultados sugieren que en el organismo existen
compartimentos, tejido y o6rganos con diferente actividad RNasa extracelular, y que esto podria
correlacionar con la conveniencia o no del uso de los RNAs extracelulares para la vigilancia
inmunologica en dichos compartimientos. En aquellos con baja actividad RNasa es posible
concebir que la comunicacion intercelular mediada por nV-exRNAs liberados por el propio
organismo o por patdgenos sea clave. En este sentido, los ganglios linfaticos, la dermis y ciertos
musculos -sitios clave de vigilancia inmunolédgica e inicio de respuestas frente a patogenos-
parecen presentar una baja actividad de RNasas, ya que se ha detectado traduccion tras la inyeccion

de mRNAs desnudos.203-216.217

En conjunto, y en contraste con lo que se consideraba previamente, los resultados de esta
tesis de doctorado demuestran que el exRNA desnudo es bioactivo por si mismo y no requiere
encapsulacion en vesiculas lipidicas, sintéticas o bioldgicas, para su captacion y funcionalidad
celular. Estos hallazgos respaldan fuertemente la hipodtesis de una forma de comunicacion
intercelular mediada por exRNAs desnudos que esta supeditada a la presencia/ausencia de RNasas.
Ademas, nuestros estudios aportan evidencia de que las multiples RNasas presentes en el espacio
extracelular podrian haber evolucionado como un mecanismo para controlar y regular los niveles
de exRNAs desnudos circulantes, ya sea de origen enddégeno o patégeno, y asi evitar respuestas
inflamatorias sistémicas que podrian contribuir a desencadenar o exacerbar patologias

autoinflamatorias o autoinmunes.

El articulo 3 de esta tesis es un protocolo extraido en parte del articulo 1, que resulta
conveniente para la separacion de exRNAs vesiculares y no vesiculares, y, por lo tanto, facilita el
estudio de nV-exRNAs. Aunque de utilidad para los investigadores que trabajan en este campo de
estudio, no amerita mayores comentarios en esta discusion. El articulo 4 (Anexo 1) es una revision
relevante sobre los sesgos que existen en los distintos métodos de small RNA sequencing, sobre
todo cuando a partir de sus resultados se intentan explicar observables como la abundancia de
distintos RNAs en el medio extracelular que, como dijimos, no pueden entenderse sin un analisis
exhaustivo de cuestiones bioquimicas que los métodos de secuenciacion no suelen ser capaces de
inferir. Dicho articulo se construye sobre experiencia acumulada a lo largo de los afios en nuestro

laboratorio, mucha de la cual proviene del articulo 1 y del articulo 5 (Anexo 1; PNAS 2023, que
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ya fue comentado). Ademas, posee un apartado especifico sobre la problematica del estudio de
transferencia vertical de RN As no reguladores, desde los espermatozoides a la progenie, lo cual se
ve afectado por estos factores, tomando como modelo de estudio el articulo 6 (Anexo 2), al que
contribui desde el andlisis bioinformatico de los datos. Como puede verse, los articulos incluidos
en el Anexo 1 conforman por tanto una unidad tematica coherente con los articulos 1 a 3, dandole

forma y unidad a esta tesis doctoral.

Conclusion

Esta tesis abordd el estudio del nV-exRNA y el impacto crucial de las RNasas
extracelulares en las transformaciones que sufren los RNAs al ser liberados al medio extracelular.
La primera fase de la tesis (articulos 1, 3, 4, 5) abord6 esta problemadtica en cultivos celulares,
intentando entender estas transformaciones. La segunda parte de la tesis (articulos 2 y 6) intentaron
llevar este conocimiento bioquimico a un contexto bioldgico, relacionado con la comunicacion
intercelular en un modelo de herencia epigenética (articulo 6) y, sobre todo, en el contexto de las
respuestas inmunologicas mediadas por RNAs extracelulares desnudos (articulo 2). La tesis
demostrdé que nuestras células son capaces de internalizar y sensar RNAs extracelulares no
vesiculares, demostrando ademds que los mismos pueden ser sensados tanto a nivel endosomal
como a nivel citosdlico, lo que implicaria la existencia de mecanismos de escape endosomal que
deben atin esclarecerse. Ademas, nuestros resultados explican por qué biofluidos como la sangre
tendrian tan alta actividad RNasas, ya que estas enzimas parecerian evitar respuestas inflamatorias
sistémicas inducidas por RNAs liberados al medio extracelular. El sensado de estas moléculas, sin
embargo, posiblemente sea relevante en otros compartimientos del organismo. Algo que, junto con
las potenciales aplicaciones biotecnoldgicas derivadas de estos hallazgos, pretendemos seguir

explorando en el futuro inmediato.
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Perspectivas

Este trabajo genera nuevas preguntas sobre el papel de la RNasas extracelulares en la
comunicacion intercelular mediada por nV-exRNAs en situaciones de homeostasis y su papel en
el desarrollo de algunas patologias. Ademas, abre la puerta a posibles nuevas estrategias de terapia
basadas en RNA que podrian sortear algunos de los principales problemas que afectan a este

campo.

El cancer es una enfermedad de enorme complejidad, tanto en su origen como en su
abordaje terapéutico. Dos caracteristicas clave de los tumores son su capacidad para estimular la
formacion de nuevos vasos sanguineos, con el fin de satisfacer las elevadas demandas metabdlicas

asociadas al rapido crecimiento celular?!®

, ¥ la activacion de mecanismos de inmunoevasion que
dificultan su eliminacion por parte del sistema inmune, especialmente por linfocitos T
citotoxicos.?!” Las RNasas han sido implicadas en el proceso tumoral, ya que alteraciones en la
expresion de estas enzimas se asocian con variaciones en la sobrevida en distintos tipos de
cancer.!4%220 A futuro, resultaria interesante explorar el uso de RI como potencial estrategia
terapéutica, dado que podria ejercer un efecto antitumoral dual en modelos murinos de tumores
solidos. Especulo que este efecto antitumoral podria derivarse de dos mecanismos: por un lado, el
secuestro de RNasa 5 (Angiogenina) reduciria la neovascularizacion; por otro, la administracion
de RI podria estabilizar nV-exRNAs liberados al microambiente tumoral como consecuencia de la
muerte celular asociada al crecimiento tumoral. Estos nV-exRNAs podrian ser internalizados tanto
por células tumorales como por células inmunes infiltrantes, desencadenando respuestas
inflamatorias que favorezcan generar nuevas respuestas adaptativas contra neoantigenos tumorales
o la reversion de sefiales inhibitorias presentes en el microambiente tumoral. Ademas, el RI podria
tener efectos sinérgicos ya que al inhibir la vascularizacidon generaria mas muerte celular basal y
mas liberacion de nV-exRNAs. Esta accion dual del R1 y la altisima afinidad entre el RI y la RNasa
5 podria resultar en respuestas aiin mejores que terapias antitumorales ya aprobadas que solamente
inhiben la neovascularizacion tumoral mediante anticuerpos monoclonales contra VEGF-A (del
inglés, vascular endothelial growth factor A) o contra su receptor, VEGFR-2 (del inglés, vascular

endothelial growth factor receptor 2). Considerando estas posibilidades, hemos dado algunos
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pasos iniciales como la generacion de lineas tumorales capaces de secretar RI en el microambiente
tumoral, en el caso de tumores murinos generados por inyeccion de estas células. Nos gustaria
investigar si estas lineas, que podrian inducir la secrecién condicionada de RI, desarrollan tumores
inmunologicamente mas calientes y, por consiguiente, de menor tamafio o mas susceptibles de ser

eliminados en comparacion con sus respectivas lineas salvajes.

Otra perspectiva interesante consiste en esclarecer el rol de las RNasas y los nV-exRNA en
el desarrollo de patologias autoinmunes y autoinflamatorias. De este trabajo de doctorado y de
otros estudios se desprende que una de las funciones principales de las RNasas de la familia A en
mamiferos seria degradar exRNAs circulantes y prevenir respuestas inflamatorias patologicas que
podrian desencadenar o agravar este tipo de enfermedades. Aunque se han identificado mutaciones
en RNasa 5 asociadas con el Parkinson y la esclerosis lateral amiotrofica??! -dos enfermedades
neurologicas con componente inflamatorio en las que los exXRNAs podrian desempefiar un papel-
no se han hallado, hasta el momento, mutaciones en RNasas de la familia A vinculadas a patologias
autoinmunes como el LES. De hecho, ratones knockout para RNasal, si bien presentan niveles
reducidos de exRNA circulante, son viables y no desarrollan autoinmunidad. Esto sugiere que las
distintas RNasas de la familia A podrian tener funciones complementarias o sinérgicas, lo que
explicaria por qué la ausencia de solo una de ellas no es suficiente para generar efectos evidentes.
En este sentido, seria interesante desarrollar modelos murinos KO para multiples RNasas de esta
familia o, alternativamente, un ratén transgénico condicionado espacial y temporalmente cuyas
células endoteliales expresen y secreten RI a la circulacion. En estos ratones seria muy interesante
estudiar si desarrollan autoinmunidad y poder cuantificar, identificar y caracterizar nV-exRNAs

circulantes clave que puedan estar involucrados en estos procesos.

Esta tesis de doctorado también abre la posibilidad de desarrollar nuevas estrategias
terapéuticas basadas en la inhibicion de las RNasas y en la administracion de mRNAs desnudos
con fines terapéuticos, como alternativa a algunas de las plataformas actualmente disponibles. Las
terapias basadas en RNA estan revolucionado la medicina, como lo evidencid el rotundo éxito de
las vacunas de mRNA frente a la COVID-19.22? Estas vacunas podrian emplearse no solo contra
enfermedades infecciosas, sino también en el tratamiento del cancer mediante vacunas
personalizadas.??® Ademas, la tecnologia de mRNA tendria otras aplicaciones como expresar

proteinas faltantes, expresar citoquinas o ser una plataforma para la edicion génica mediante
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CRISPR/Cas9.2%3 No es sorprendente, por tanto, que exista una gran cantidad de ensayos clinicos
en curso explorando estas posibilidades.?** En la actualidad, la mayoria de las terapias con mRNA
emplean nanoparticulas lipidicas (LNPs) como sistema de delivery al interior celular.??® Sin
embargo, los complejos LNP-mRNA son intrinsecamente inflamatorios, debido al reconocimiento
del mRNA por sensores de la inmunidad innata, asi como debido a la ruptura endosomal que
gatillan las LNPs, lo que constituye un paso fundamental que permite la liberacion del mRNA al
citoplasma. Esta propiedad constituye un arma de doble filo: es beneficiosa en aplicaciones que si
requieren iniciar una respuesta inflamatoria, como en vacunas contra patdgenos o tumores, pero
representa una limitacion en terapias donde es crucial evitar la activacion del sistema inmune,
como en la edicion génica o en la expresion de proteinas terapéuticas.??* Una posible alternativa
es evitar el uso de LNPs y emplear mRNA desnudo. No obstante, los ensayos clinicos realizados
hasta el momento con mRNA desnudo han arrojado resultados poco alentadores. En este contexto,
seria interesante explorar la viabilidad de coadministrar mRNA desnudo junto con inhibidores de
RNasas y compuestos que modulen el escape endosomal sin inducir respuestas inflamatorias
exacerbadas. Recientemente, se ha aprobado un proyecto de articulacion financiado por ANII que

apunta precisamente en esta direccion.
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M Check for updates

High-throughput sequencing has had an enormousimpact on small
RNA research during the past decade. However, sequencing only offers

aone-dimensional view of the transcriptome and is often highly biased.
Additionally, the ‘sequence, map and annotate’ approach, used widely
insmallRNA research, canlead to flawed interpretations of the data,

lacking biological plausibility, due in part to database issues. Evenin the
absence of technical biases, the loss of three-dimensional information is
amajor limitation to understanding RNA stability, turnover and function.
For example, noncoding RNA-derived fragments seem to exist mainly

as dimers, tetramers or as nicked forms of their parental RNAs, contrary

towidespread assumptions. In this perspective, we will discuss main
sources of bias during small RNA-sequencing, present several useful
bias-reducing strategies and provide guidance on the interpretation of
small RNA-sequencing results, with emphasis on RNA fragmentomics.

As sequencing offers a one-dimensional projection of a four-dimensional
reality, prior structure-level knowledge is often needed to make sense of the
data. Consequently, while less-biased sequencing methods are welcomed,
integration of orthologous experimental techniques is also strongly

recommended.

Small RNAs are more than just short sequences composed of A, C, G
and U. They areintegral constituents of complex gene regulatory path-
ways shaped by evolution. Although exceptions do exist, such as the
noncanonical biogenesis of miR-451 (ref. 1), arule of thumb s to always
consider small RNAs in their biological context.

For the three main small RNA classes (small interfering RNAs,
microRNAs (miRNAs) and PIWI-interacting RNAs (piRNAs)), biogenesis
and effector pathways are reasonably well understood and several
updated reviews are available'”. In addition, high-throughput sequenc-
ing (HTS) has shown the ubiquity of anew small RNA class composed of
noncoding RNA fragments®. Among the members of this newly defined
(butevolutionary ancestral) small RNA class, tRNA-derived fragments
(tDRs) are undoubtedly the best studied. These fragments have been

shownto participateinavariety of cellular processes, from translation
regulation to epigenetic inheritance.*

Recent reports have shown that many tDRs might correspond to
invitro-dissociated nicked tRNAs>¢, which are stable intermediates of
tRNA fragmentation® %, This example illustrates an important caveat
of conventional small RNA-sequencing (RNA-seq): it is constrained
to one-dimensional (1D) information and often fails to provide the
structuralinsights that would be needed tointerpret sequencing data
correctly. Toaddress thisissue, several structure probing methods have
been developed to identify solvent-accessible regions by HTS’. How-
ever, these methods have several limitations, especially when it comes
to handling transient and long-range RNA interactions’. Better and
less-biased sequencing methods can provide a more comprehensive
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view of the small RNA transcriptome’. Nevertheless, prior knowledge
and understanding of the underlying biochemistry is essential to make
sense of the data.

In the following sections, we briefly discuss the main sources of
bias in small RNA-seq. We then highlight other potential issues, such
as contamination and erroneous sequence annotations. Finally, we
show theimportance of obtaining structure-level information for the
correctinterpretation of sequence-level HTS results.

Sources of bias in small RNA-seq library
preparation

Inferring RNA abundance from RNA-seq data has two major problems.’
Thefirstis that sequencing is not an absolute quantification technique.
Irrespective of the normalization method, read counts of any given
RNA will be affected by variations in the levels of other abundant spe-
cies. The second problem is that all RNA-seq methods are biased and
fail to provide an accurate representation of the small RNA content
of any given sample. As such, within-sample relative abundances are
unreliable. In other words, ‘A’ can be more abundant than ‘B’, despite
‘B’ producing a higher number of reads. Fortunately, between-sample
comparisons tend to be highly reproducible'®. As most studies focus on
differential expression (comparing treated versus control samples), this
isreassuring. Although no single method is bias-free, severalimprove-
ments (Table 1) have allowed small RNA-seq methods to become more
quantitatively reliable, as reviewed in the following sections.

Biasesintroduced during adapter ligation

During library preparation, sequencing adapters need to be attached
to the RNA’s 5 and 3’ ends. The 3’ adapter provides a binding site to
initiatereverse transcription, while both adapters provide sites for PCR
amplification and the addition of platform-specific sequences. Adapt-
ers canbeefficiently attached to RNA molecules by using acombination
of phage RNA ligases (Fig. 1a,b). This ligation-based approach is used
inseveral popular small RNA-seq library preparationkits (Fig.1m). We
refer to these methods as ‘miRNA-seq’, due to their capacity to capture
miRNAs efficiently, at the expense of other small RNAs.

Adapter ligation presents two important problems. First, it
requires specific end chemistries in the input RNA. Second, ligation
efficiencies are strongly sequence dependent, introducing a strong
bias in the process". As such, overestimation or underestimation of
RNA abundance can be as high as 10,000 fold (ref. 10). At least in part,
this can be addressed by the use of adapters containing terminal ran-
domized bases™ (Fig. 1i), such as those used in Absolute Quantifica-
tion sequencing' (AQRNA-seq; Fig. 1n) or in commercial kits such
as PerkinElmer’s NEXTFLEX Small RNA-seq v3 (Fig. Im). It should be
noted that the new version of this kit (v4) no longer employs degener-
ated adapters. Another way to minimize ligase-dependent biasesis to
maximize ligation efficiency using molecular crowding agents (e.g.,
polyethylene glycol) while optimizing adapter concentration and
incubation times™* (Table1).

Ligase-free methods also avoid this source of bias. RNA can be
enzymatically polyadenylated to attach an oligo(dT)-containing 3’
adapter duringreverse transcription® (Fig. 1d). Subsequently, 5’ adapt-
ers can be attached to the 3’ end of the cDNA in a ligase-free manner
using the SMART method" (Fig. 1c). This method requires the termi-
nal transferase (TT) activity shown by several reverse transcriptases
(RTs), which can add a few nontemplated nucleotides to the cDNA’s
3’ end. Subsequently, a template-switching oligonucleotide contain-
ing the desired 5" adapter sequence plus three terminal RNA guanine
moieties pairs with the cDNAs containing nontemplated Cs added by
the TT activity of the RT. Then, the RT extends the cDNA, using the
template-switching oligonucleotide as the new template. This pro-
cess is often called ‘template-switching’, although we will refer to it as
templatejumping (for reasons explainedinref.17). It should be noted
that the addition of nontemplated nucleotides is influenced by the

sequence composition and the 5’ end chemistry of the RNA', which
could constitute a potential source of bias. The polyadenylation step
canalso affect the performance of these methods”.

An alternative to Poly(A) tailing is to attach the 3’ adaptor using
the template-jumping activity of retroelement-derived RTs such as
the Thermostable Group Il Intron RT (TGIRT)?*** or the Bombyx mori
BoMoC" (Fig.1f). Template jumping is defined as the ability of anRT to
extend a cDNA using a new RNA molecule as the template, when only
afewbase pairs existbetweenthe cDNA and the 3’ end of the new RNA
template (a configuration that would only be stable within the enzyme
activesite)". A variation of the TT activity-based SMART method'® can
be combined with the aforementioned 3’ adapter attachment strategy
toaddboth 5 and 3’ adaptersina protocol comprising two sequential
template-jumping steps” (OTTR-seq; Fig. 1n).

DNA ligases can be used to ligate 5" adapters to the 3’ end of the
cDNAs (Fig.1e,h). This strategy is used, for example, in some versions of
TGIRT-seq***and in AQRNA-seq" (Fig. 1n). Alternatively, circularization
of the cDNA bypasses the need to attach a 5" adapter®>”*** (Fig. 1g).
However, in both cases, the 5’ end of a read no longer corresponds to
the 5’ end of the sequenced smallRNA, due to the possibility of having
shortened cDNAs caused by premature RT stops?.

Although ligase-free methods are considered ‘low bias’, they are
notentirely bias free. For example, there are reported sequence biases
associated with the template-jumping reaction’>*. Additionally, non-
templated nucleotides added by the TT activity of retroviral RTs are
also affected by the RNA’s 5’ sequence content'®. Of note, AQRNA-seq is
ligationbased but still showed excellent quantitative responses when
benchmarked against several commercial methods®, probably due to
theaddition of several other bias-reducing steps, such as degenerated
adaptersand RNA demethylation (Fig. 1n). However, it has not yet been
benchmarked against other low-bias methods such as TGIRT-seq***
or OTTR-seq". It is therefore still not possible to say that one specific
adapter attachment strategy is superior to the others, as the overall
performance of each method depends on multiple factors.

Effect of modified bases

Noncoding RNAs are heavily posttranscriptionally modified. Several of
these modifications can abortreverse transcription. Asaconsequence,
transcripts containing ‘hard-stop’ modifications can either disap-
pear from the sequencing output® or appear as shorter transcripts in
circularization-based protocols that avoid 5’ adapter ligation”. Com-
pared with retroviral RTs, TGIRT has the ability to read through these
modified bases (Fig. 1j), enabling base modifications to be identified
by misincorporation analysis?. Alternatively, treating the RNAwith the
demethylase AlkB can remove several of the roadblocks that impair effi-
cientreverse transcription (Fig. 11). This strategy has been successfully
implemented both with TGIRT?” and retroviral RTs'>****, However, the
impact of AlkB treatment in the overall performance of several other
tRNA-seq methods was not dramatic®**. Additionally, RNA fragmen-
tation can occur during incubation with AlkB and complicate data
interpretation®?%,

Effects of RNA structure

Highly structured RNAs (e.g., tRNAs) are not efficiently reverse tran-
scribed unless the RT reaction is done at high temperatures (=50 °C).
This requires engineered RT enzymes with increased thermostability
such as TGIRT**, PrimeScript" and Superscript I’ or IV°. For example,
tRNA halves have been reported as major constituents of extracellular
vesiclesinseveral studies using conventional small RNA-seq® . How-
ever, TGIRT-seq later showed that full-length tRNAs (rather than tDRs)
are the most abundant transcriptsin extracellular vesicles*, consistent
with data obtained by northern blot®. This example illustrates how
some sequencing library preparation methods can provide radically
different pictures of the RNA content of asample by failing to capture
certain RNA types. 154
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Table 1| Problems and biases in standard small RNA-seq (miRNA-seq) and potential solutions to minimize bias

Process Problem Solutions
Use adapters with randomized terminal bases to mitigate T4 RNA ligase-induced biases'*"”
RNA ligases have strong Optimize adapter ligation conditions™"
H Ul
sequence biases Use ligase-free approaches, such as: (i) Poly(A) tailing and an oligo(dT)-modified 3' adapter to prime
Ligation of the 3' reverse transcription® or (i) template jumping by retroelement-derived RTs'""*°%
adapter T4 PNK treatment converts 3'-P and 3'-cP into 3'-OH, enabling detection of RNA fragments
Requires a 3'-OH termini in (e.g., tDRs)”*?4%540
the RNA Lowering salt concentration enhances 3' adapter attachment based on the template jumping activity
of TGIRT in 2'-O-methylated transcripts (e.g., piRNAs) or transcripts ending in 3'-P (or 3'-cP) (e.g., tDRs)*®
Use adapters with randomized terminal bases to mitigate T4 RNA ligase-induced biases'*"?
— — S
R Optimize adapter ligation conditions
sequence biases” Use ligase-free approaches, such as: (i) variations of the SMART method'®, exploiting the TT activity
Ligation of the 5' exhibited by several RTs"™, (ii) ligate a 5' DNA adapter to the 3' end of the cDNA using T4 DNA ligase'
adapter and (iii) circularize the cDNA to bypass the need for a 5' adapter?®?"?*

T4 PNK treatment, in the presence of ATP, converts 5'-OH into 5'-P, enabling detection of RNA

Requires a 5'-P termini in

fragments (e.g., tDRs;

)77,78,38,40

the RNA

Pyrophosphatases (e.g., RppH) can convert 5'-PPP into 5'-P (ref. 59)

Base modifications can induce

Use RTs that can read through modified bases (e.g., TGIRT)?****

RT stops

Enzymatically remove problematic modifications (e.g., AlkB treatment)'>*26-28

Reverse transcription
Structured RNAs might not be

Use thermostable RTs (e.g., TGIRT, Superscript lll, Superscript IV,

)5,21,24,30,34

efficiently reverse transcribed

Hydrolyze RNA and sequence the fragments®

Beware low-input samples, which are contamination prone®®

Contamination can lead to
erroneous conclusions

Check potential sources of contamination, including media, plastics and reagents™. If possible,

sequence blank samples with spike-ins

Use curated databases (e.g., MirGeneDB for miRNAs)*

Analysis
Transcriptomic databases

Consider biological plausibility: are sequencing results consistent with what is known about the
biogenesis of this specific small RNA family?

contain erroneous entries***’

Always do a Basic Local Alignment Search Tool (BLAST) search to identify potential alternative

annotations, and explore the genomic loci that could have produced the sequence under study:
what else is encoded in that genomic region?*®

Use RNase inhibitors to understand what is lost due to RNases

35,54

RNAs with short half-lives
are not sequenced

Think about survivorship bias when the existence of undetectable RNAs could change conclusions

(e.g., extracellular RNAs)®'

Use RNA extraction methods that preserve RNA:RNA interactions®

Small RNA-seq
(all steps)

Use T4 PNK + T4 Rnl1 (or RtcB) to repair nicked RNAs®

Intermolecular RNA
interactions are lost

Use separation methods to preserve RNA:RNA interactions (e.g., chromatography) to isolate
macromolecular complexes before performing sRNA-seq

53554

Think about sSRNA-seq as a projection of a four-dimensional reality into 1D space, to avoid
overinterpretation of sequencing results

Hydro-tRNA-seq bypasses issues related to base modifications
and tRNA secondary and tertiary structure by hydrolyzing tRNAs and
sequencing their fragments®. A size-selection step at the start of the
protocol avoids interference of tDRs. However, bioinformatic recon-
stitution of tRNAs from sequenced fragments is not straightforward
duetosequence similarities among tRNAs.

RNA end chemistry
Small RNAs (<200 nt) can be presentin the cell as primary transcripts
or as processed RNAs. Unprocessed small RNAs are mainly RNA Pol Il
transcripts bearing a5’ triphosphate (5-PPP RNAs) such as the 5SrRNA,
YRNAs, intergenic small nucleolar RNAs (snoRNAs), etc. Others, such
as small nuclear RNAs (snRNAs), are transcribed by RNA Pol Il and
bear a (modified) 5’ cap. The 5-PPP RNAs, either capped or not, are
incompatible with protocols requiring the ligation of adapters to both
ends of the RNA. In fact, these protocols were designed for captur-
ing 5’ monophosphate-containing miRNAs. However, cellular phos-
phatases can convert 5’-PPP-RNAs into 5’-P-RNAs, making a fraction of
primary transcripts amenable to standard small RNA-seq”. This might
explainwhy some 5’ YRNA-derived fragments are efficiently sequenced
when using conventional miRNA-seq protocols*-**,

Most smallRNAs must be processed by ribonucleasestoacquire their
mature, functional form. Depending on the nucleasesinvolved, processed

RNAs will have different end chemistries. For example, miRNAs are
sequentially processed by Drosha and Dicer, two RNase Ill enzymes that
leave a5 monophosphate and a3’ OH; a characteristic that is exploited
by miRNA-seq. Pre-tRNAs containa5’leaderand a3’ trailer sequence that
are cleaved by RNase Pand tRNase Z, respectively, alsoleavinga5’-P and
a3’-OHinthe mature tRNA. Then, a CCA sequence is posttranscription-
allyaddedtothe3’end. Whilethe CCA addition stillleaves a3’-OH that s
amenable to adapter ligation, thisis impaired by tRNA aminoacylation.

Unlike full-length tRNAs, tDRs are endonucleolytically processed
by RNase A family members. These ubiquitous enzymes leave a3’ cyclic
phosphate (3’-cP), which is later converted into a 3’ monophosphate
(3’-P),anda5’-OH.Intheory, 5 tRNA fragments should not appearinthe
output of miRNA-seq, because they wouldbeara5’-Pand a3’-cP;in prac-
tice, they do®"*, perhaps due to exonucleolytic trimming. Nevertheless,
tDR diversity increases after treating the RNA with T4 polynucleotide
kinase (T4 PNK)*®, an enzyme that converts 3’-cPinto3’-OH and, in the
presence of ATP, 5-OH into 5’-P.

Treatment with T4 PNK therefore makes both 5 and 3’ coding® and
noncoding®**’ RNA fragments amenable to standard adapter ligation
protocols (Fig. 1k). This is a key step in methods claiming to provide
an unbiased picture of the small RNA transcriptome, such as cP-RNA-
seq’®, phospho-RNA-seq*’, Cap-Clip acid pyrophosphatase, T4 PNK
and AlkB-facilitated small RNA sequencing (CPA-seq)” afgganoramic
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Adapter attachment and bias-reducing strategies

a Ligation b Ligation
toRNA toRNA
5 3
adapter adapter
T4 Rnl2
T4 Rnl1 + ATP (truncated)
RNA
(\ P 5/,\/\/\3,OH /‘\
5 OH APD m— 3
< 2 RT primer
e Ligation f Template jumping
tocDNA ]
5" App DNA/
RNA ligase RNA
ANANANAN e
(\ HO <€ N 5
3/ — ppA A A
“‘ Retroelement RT ,"
‘\ (e.g. TGIRT) '.'
JRRTIUNINPEL e CircLigase
9 cDNA circularization
T4 DNA
ligase
RNA
(\ /\A_ 3
< 5
NNNNNN
h Ligation
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M Strategies used in some popular commercial kits

3’adapter 5’ adapter VBias strat.

o Illumina TruSeq
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o PerkinElmer NEXTFLEX (v3) b a i

» TakaraBio SMARTer
« Diagenode D-Plex

Fig.1|Overview of small RNA-seq library preparation methods. a-1, Strategies
for 3’ adapter attachment (b, ligation; d, anchored oligo(dT) adapter; f, template
jumping), 5’ adapter attachment (a, ligation; ¢, template switching/jumping;

e,h, ligation to the cDNA) or methodological innovations to reduce sequencing
bias (i, randomized bases; j, thermostable RTs with tolerance to modified

bases; k, end healing; I, removal of RNA modifications). Nucleic acids with RNA
backbone (input RNAs and RNA adapters) are depicted in red. Nucleic acids with

C TT activity + template d (dT)Anchorin

jumping (SMART) RT primer
RNA
AN o4
Poly(A)
polymerase
SN NS\ AAAARAAAA
P2 CcCcC TTTTTTTT T e 5’
5 e— GGG
Retroviral RT
(e.g. M-MLV)
i Adapters with randomized bases
(—\ RNA m
NN
NNNN - PZ 3" App NNNN e

j Thermostable RT that can read through most modified bases

RNA

CH, CH,

k End healing

RNA T4 PNK + ATP
OH NN P — p NN\ OH
5 3’ 5 3
L RNA demethylation
RNA AlkB
_— aVaVaN
CH, CH,

N Strategies used in some published low-bias small RNA-seq methods

3’ adapter 5’ adapter {Bias strat.
TGIRT-seq (circ.)® f g j
TGIRT-seg?% f e j
AQRNA-seq™ b h i, L
CPA-seq? b a ij kU
PANDORA-seq® b a k, L
OTTR-seq"” f c k, L

DNA backbone are depicted in blue. 5 phosphate and 3’ OH groups are shown
only when required for efficient adapter attachment. m, Examples of commercial
library preparation kits and their adapter attachment or bias-reducing

strategies (¥ bias strat.). n, Examples of published library preparation methods
and their adapter attachment or bias-reducing strategies. Codesinmand n
correspond to strategies depicted ina-1. App, 5’ pre-adenylated adapter; circ.,
circularization-based protocol; M-MLV, Moloney murine leukemia virus RT.

RNA display by overcoming RNA modification aborted sequencing
(PANDORA-seq)*® (Fig. 1n). These methods strongly enhance the rep-
resentation of tDRs and rRNA-derived fragments, including internal
tDRs (5’-OH and 3’-cP)* that are obscured by traditional methods, at
the expense of miRNA-derived reads.

Itis notjust adaptor ligation-based protocols that are affected by
RNA end chemistries. For instance, the terminal (3’) 2’-O-methylation
that is characteristic of mammalian piRNAs inhibits TGIRT template
jumping®®??, The same effect happens with 3’-cP or 3’-P groups, which
are characteristic of ncRNA fragments®**. Templa;leé%mping at
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lower salt concentrations reduces these biases, but produces more
concatamers due to multiple template switches*.

Other frequent pitfalls in small RNA-seq
Contamination

Due to the high sensitivity of next-generation sequencing, contami-
nation is a pervasive and often underestimated problem. Low levels
of background contaminants can be irrelevant in concentrated sam-
ples, but samples containing minute amounts of RNA are particularly
vulnerable. Documented sources of contaminating nucleic acids
include spin columns, laboratory reagents such as glycogen, FBS
and cross-contamination between samples processed in parallel.*?
Even serum-free media formulations can be a source of contaminat-
ing miRNAs, due to the use of protein growth factors containing RNA
impurities®.

Erroneous entriesin transcriptomic databases
Mappingaread toatranscriptomic database (e.g., miRbase for miRNAs
and piRBase for piRNAs) does not mean that such aread was produced
from abona fide miRNA or piRNA, respectively. This is not simply a
semantic problem; labeling asequence asamiRNA, for example, allows
several assumptions to be made about its biogenesis and function that
oftengo untested. Additionally, misclassified sequences erode concep-
tual frameworks built across the years. Paradigm-shifting research is
exciting butshould not be based on erroneously annotated sequences.
Built as a community resource with an inclusive policy, miRbase
contains entries that are known not to be miRNAs. Curated data-
bases such as MirGeneDB** do not list several miRbase entries that,
in sequencing studies, lack the processing pattern that is expected
based on miRNA biogenesis. Among these, miR-1246 has been widely
described as an extracellularly enriched miRNA. However, extracel-
lular enrichment could be a consequence of contamination, since
it is the second-most abundant small RNA sequence in FBS*. Addi-
tionally, miR-1246 is a short fragment derived from the U2 small
nuclear RNA that, in the extracellular space, is protected as part of a
ribonucleoprotein complex involving core spliceosome proteins*.
The situation is no better in the piRNA field. Mammalian piRNA
databases contain asmall percentage of entries mislabeled as piRNAs
thatactually belong to other smallRNA classes*’. Although these ambig-
uous entries account for only ~1% of most databases, they account for
virtually all human piRNAs recently described in cancer cells and in
biofluids***®. Claims based on somatic piRNA expression in mammals
are, therefore, built on top of a misclassification problem.

RNA fragments
It has been shown that tDRs can form dimers*’ or tetramers>°, with
increased resistance to degradation*>*°. Intermolecular RNA structures
canalso define binding partners and, hence, small RNA function®. Addi-
tionally, we have recently shown that many (if not most) cellular and
extracellular tDRs are derived from nicked tRNAs’. The endonucleolytic
cleavage of atRNA molecule at the anticodon loop produces a nicked
tRNA and these species were originally thought to rapidly dissociate
into tRNA halves. However, later studies have shown that nicked tRNA
dissociation is alaboratory artifact, at least in some cases.*®

Nicked tRNAs are stable against RNases’, and the cell might need
the action of helicases to unwind them’, paying an energetic cost. We
used phage enzymes to repair and regenerate nicked tRNAs in vitro®,
but nicked tRNA healing could also occur naturally inside human® or
bacterial® cells, as part of a stress or DNA-damage response, respec-
tively. Importantly, heat or denaturing agents induce nicked tRNA
dissociationinvitro*®. Therefore, itis possible that many tDRs observed
when using smallRNA-seq or northernblot are produced by laboratory
techniques inducing nicked tRNA dissociation.

How to distinguish between a bona fide 5’ tRNA half, dimers or
tetramers of 5 tRNA halves, or a nicked tRNA? They all look the same

by denaturing northernblot, by miRNA-seq or even by the less-biased
TGIRT-seq (Fig. 2). To solve this, we have designed an enzymatic
RNA repair protocol® that, when combined with thermostable RTs
with tolerance to base modifications or RT roadblock removal steps
(i.e.,'REJOIN-seq’), can differentiate between monomeric or oligomeric
tRNA halves and nicked tRNAs (Fig. 2). However, it is not a one-size-
fits-all method. For example, aminoacylated tRNAs could be missed
when using REJOIN-seq unless atRNA deacylation step isincluded.

As sequencing is limited to 1D information, we only see projec-
tions of what is happening at a higher, structural level, which should
be considered when we interpret data and design validation experi-
ments. For example, it is not clear from sequencing data which sperm
small RNAs mediate epigenetic inheritance (Box 1). Structure probing
(e.g., selective 2’-hydroxy acylation and primer extension sequencing
(SHAPE-seq)**and dimethylsulfate mutational profiling with sequencing
(DMS-MaPseq)**) and structure-aware methods (e.g., REJOIN-seq) can be
helpful, butacombination of biochemical and sequencing techniques®™
will probably be needed to push the small RNA field forward.

Conclusions

RNA biology occurs in four dimensions. RNA structure determines
protein partners and interactions with other nucleic acids. Structure
and modifications also determine RNA stability, whichin turn dictates
RNA abundance and function. Structural plasticity isamajor challenge
in RNA research. For example, ATP-dependent helicases can induce
RNA folding and unfolding, depending on cell metabolic states®.
Riboswitches also illustrate how RNA structures can be altered in the
presence of ligands. Altogether, understanding RNA biology from a
structural perspective is no easy task. Nevertheless, most researchers
working on RNA acknowledge this need and are aware of the limitations
of 1D sequencing data.

Small RNA biology research has lagged behind other areas of
researchinthisrespect. MiRNA biology can be explained by relatively
simple miRNA/mRNA pairing rules that operate at the sequence
level. For example, biochemical and structural data show that mature
miRNAs act as extended single-stranded molecules when bound to
Argonaute proteins. This validates the design of target prediction
algorithms based on sequence queries. However, extrapolating this
approach to the study of other small RNA families, where we still lack
generalizable biochemical models, can produce meaningless predic-
tions. For nicked tRNAs,** analyzing small RNA sequencing data could
lead to conclusions on the function of an RNA fragment thatis actually
not present in fragment form. The consequences of ignoring alternative
possibilities that are consistent with the data (Fig.2) are more obvious
when thinking about validation experiments: should they be performed
with synthetic single-stranded RNAs?¢

Thereis nobias-free sequencing method that willgiveanaccurate
snapshot of reality. What we have are a variety of methods with differ-
enttypes of biases. These methods might be useful to answer specific
questions. When doing long-read RNA-seq, mRNAs are enriched by
polyA capture or ribosomal RNA depletion. We do not refer to these
enrichment protocols as ‘biased methods’, even if they are indeed
biased. When biasis explicitly acknowledged, we use the term ‘enrich-
ment’ instead of the term ‘bias’. Our goal is to understand the benefits
and limitations of different small RNA-seq methods, and embrace
sequencing bias to enrich specific small RNA populations. If the pur-
pose of astudy is to comprehensively explore the small RNA content of
asample, then acombination of different methods is probably needed
to compensate for the intrinsic biases of each method.

Undoubtedly, the quest to obtain less biased small RNA sequenc-
ing protocols should be encouraged. However, we need progress in
other directions too. Imagine the current state of protein science if
efforts had only been made to obtain more powerful mass spectrom-
eters. Tomove forward, we need interdisciplinary research, where bio-
chemists, molecular biologists and computer scientists*gn} together
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Fig.2|SmallRNA-seq does not provide an accurate representation of

structured small RNAs. Sequential steps in tRNA fragmentation are depicted®
and the predicted outputs of miRNA-seq, TGIRT-seq and REJOIN-seq are shown
below. Note that 3’ tRNA halves cannot be sequenced by miRNA-seq due to the
presence of a hypothetical ‘hard-stop’ posttranscriptional modification (CH,).

In contrast, TGIRT-seq can handle these modifications and canalso capture
full-length tRNAs. The template-jumping reaction is inhibited by 3’ phosphates,
but this can be remediated by treating the RNA with T4 PNK*2. Nicked tRNAs are
dissociated and sequenced as a collection of separate fragments. In contrast,
REJOIN-seq converts nicked tRNAs back into (almost) full-length tRNAs.

BOX1

Sperm small RNAs and epigenetic inheritance

Two landmark papers published in 2016 showed that sperm

tRNA halves could carry epigenetic information, be delivered to
mature oocytes and influence development®*® Later studies in
mice®®%* and fish® confirmed the role of sperm-derived RNAs in the
transmission of acquired heritable traits transmitted by the paternal
lineage. While sperm tDRs have been proposed as the mediators

of the observed transgenerational phenotypes®®, microinjection
experiments in zygotes did not always recapitulate these traits
when synthetic tDRs were used instead of sperm-derived RNAs®?.
One possibility is that endogenous tDRs harbor a set of methylated
bases that is absent in synthetic RNAs, consistent with an

to solve complex biological problemsinvolving multiple experimental
approaches. This means more thanjust collaboration. Several research
projects are constructed on ‘moving assembly lines’, where one lab-
oratory extracts RNA, then sends the RNA to a sequencing facility,
then sends the data to a colleague with experience in bioinformatics.

involvement of the RNA methyltransferase DNMT2 (refs. 63,65).
A second possibility is that other sperm RNAs (not tDRs) are

the actual mediators of epigenetic inheritance. In this regard,
PANDORA-seq showed that rRNA-derived fragments are the
most abundant small RNAs in sperm?. The third possibility is that
microinjection experiments with synthetic tDRs failed®” because
sperm actually contains nicked tRNAs, as recently suggested™.
This possibility is consistent with sperm small RNA profiling by
OTTR-seq®’. Acquired paternal traits could shape sperm tDR
profiles indirectly, by modifying tRNA methylation levels®*%®
and consequently affecting nicked tRNA formation.

However, without adequate biological context, applying out-of-the-box
computational algorithms can be problematic. Additionally, validation
of sequencing data should involve new orthogonal experiments® to
validate sequencing-derived hypothesis, rather than simply perform-
ing RT-qPCR or increasing the number of replicates. 158
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Nonvesicular extracellular RNAs (nv-exRNAs) constitute the majority of the extracellular
RNAome, but little is known about their stability, function, and potential use as disease
biomarkers. Herein, we measured the stability of several naked RNAs when incubated in
human serum, urine, and cerebrospinal fluid (CSF). We identified extracellularly produced
tRNA-derived small RNAs (tDRs) with half-lives of several hours in CSE Contrary to wide-
spread assumptions, these intrinsically stable small RNAs are full-length tRNAs containing
broken phosphodiester bonds (i.e., nicked tRNAs). Standard molecular biology protocols,
including phenol-based RNA extraction and heat, induce the artifactual denaturation of
nicked tRNAs and the consequent in vitro production of tDRs. Broken bonds are roadblocks
for reverse transcriptases, preventing amplification and/or sequencing of nicked tRNAs in
their native state. To solve this, we performed enzymatic repair of nicked tRNAs purified
under native conditions, harnessing the intrinsic activity of phage and bacterial tRNA
repair systems. Enzymatic repair regenerated an RNase R-resistant tRNA-sized band in
northern blot and enabled RT-PCR amplification of full-length tRNAs. We also separated
nicked tRNAs from tDRs by chromatographic methods under native conditions, identifying
nicked tRNAs inside stressed cells and in vesicle-depleted human biofluids. Dissociation
of nicked tRNAs produces single-stranded tDRs that can be spontaneously taken up by
human epithelial cells, positioning stable nv-exRNAs as potentially relevant players in
intercellular communication pathways.

extracellular RNA | liquid biopsies | tRNA halves | RNA stability | tRF

Extracellular RNAs (exRNAs) circulating in human bodily fluids can enable disease diag-
nosis before the onset of clinical symptoms (1). Beyond applications as disease biomarkers
in liquid biopsies (2), exRNAs are also involved in intercellular communication pathways
between cells in different tissues (3) and in host—pathogen interactions (4-6).

One key aspect governing both exRNA functionality and utility as biomarkers is their
stability against ubiquitous extracellular RNases (7). This can be achieved by RNA encap-
sulation inside extracellular vesicles (EVs) such as exosomes and microvesicles (8, 9).
However, despite the functional relevance (10) and biotechnological applications (11) of
EV-encapsulated RNA, the majority of exRNAs in cell culture (12-15) and in human
plasma (15-18) are not transported as part of EV cargo.

Transfer RNA-derived RNAs (tDRs) are among the most abundant nonvesicular small
RNAs (nv-exRNAs) in cell culture (12, 13). Inside cells, tRNA cleavage and the consequent
generation of specific tDRs is a conserved response to stress in all kingdoms of life (19-21).
In humans, RNase A superfamily members, such as RNase 5 (Angiogenin), are responsible
for stress-induced tRNA cleavage at the anticodon, generating stress-induced tRNA halves
(tiRNAs) (22, 23). tiRNAs can regulate gene expression at various levels, including global
inhibition of translation initiation (24, 25). Other, shorter tDRs can bind to mRNAs and
regulate their translation (26) or silence genes by a miRNA-like mechanism (27).

Extracellular tDRs were first reported in EVs from murine immune cells (28) but were
later shown to be present mainly outside vesicles in mouse serum (29, 30). In human
breast cancer cell lines, tDRs can be detected in vesicular fractions but are overwhelmingly
more abundant in EV-depleted ultracentrifugation supernatants (12). While a heteroge-
neous population of tDRs is detectable inside cells, extracellular nonvesicular tDRs are
mainly 5" tRNA halves of 30 or 31 nucleotides, derived from tRNA®Y and t(RNA®",
These specific fragments are also ubiquitous in human biofluids (31). A possible explana-
tion for the extracellular enrichment of these fragments is their enhanced stability against
degradation, because 5’ tRNA®Y . halves of 30 to 31 nt can form RNase-resistant
homodimers in vitro (32).

To study exRNA processing in more detail, we added RNase inhibitors (RI) to cell-con-
ditioned media and uncovered a population composed of nonvesicular ribosomes and full-

length t(RNAs (33). Knock-out of RNase 1 in K562 cells also shaped exRNA profiles from
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tRNA halves into full-length tRNAs (34). Thus, most nonvesicular
tRNA halves are generated directly in the extracellular space by
endonucleolytic cleavage of extracellular full-length tRNAs
(33-35).

We have found that extracellular ribosomes can induce dendritic
cell activation invitro in an exRNA-dependent manner (33).
However, the involvement of nonvesicular exRNAs (nv-exRNAs) in
intercellular communication pathways faces an important conceptual
challenge. As a consequence of the strong ribonuclease activity that
characterizes the extracellular space (36), nv-exRNAs are expected
to be rapidly degraded unless protected by RNA-binding proteins.
How, then, do these RNAs resist degradation, diffuse to recipient
cells, and trigger downstream effects, or even remain measurable and
thus serve as potential disease biomarkers?

In this study, we incubated protein-free RNA or purified ribo-
nucleoprotein complexes in human biofluids and measured their
decay kinetics by northern blot. As expected, the protective effect
of RNA-binding proteins was confirmed. Interestingly, though,
we also found that certain specific naked tRNAs are intrinsically
stable. Furthermore, the stability of 5" tRNA halves generated from
the endonucleolytic cleavage of unstable tRNAs was extremely
high, with half-lives of hours in certain human biofluids. Also
surprisingly, these ultra-stable RNAs are not single stranded.
Developing and employing different strategies of enzymatic repair
and electrophoretic or chromatographic separations under native
conditions, we show that these RNAs natively exist as full-length
tRNAs containing broken phosphodiester bonds. Commonly used
RNA purification methods, sequencing, and denaturing northern
blotting do not detect these forms, forcing them to melt into sin-
gle-stranded tRNA halves. Nevertheless, at low rates, nicked tRNAs
also seem to disassemble spontaneously into tRNA halves in the

extracellular space. These extracellular nonvesicular tDRs are
unstable, but they can be efficiently internalized by recipient cells.

Results

Identification of Naked RNAs that Are Stable in the Presence
of Serum. To search for intrinsically stable RNAs in extracellular
samples, we first screened the most abundant cellular transcripts
to see if, in the absence of their protein counterparts, they
can resist degradation in serum-containing media (Fig. 14).
Unsurprisingly, naked rRNAs were degraded in less than one
minute as judged by lack of northern blot signals in the absence
of added RI. In contrast, and consistent with our previous
observations (33), full-length tRNA"" i, was present at input
levels after 1.5 h, suggesting that this tRNA is not efficiently
targeted by serum RNases. This was not observed for other
tRNAs like tRNAGlyGCC, which, like rRNAs, were undetectable
after one minute (Fig. 14).

Ribosomal Proteins Stabilize rRNAs and Protect rRNA-Derived
Fragments. To assess the effect of RNA-binding proteins on the
stability of nv-exRNAs, we purified whole ribosomes from cells
(ST Appendix, Fig. S1) and studied rRNA decay kinetics in 10%
FBS (Fig. 1B). In ribosomes, full-length rRNAs and rRNA-derived
fragments were detectable for at least 10 and 60 min at 37 °C,
respectively, even in the absence of RI. Thus, ribosomes are more
stable than naked rRNAs and ribosomal proteins greatly stabilize
extracellular rRNA-derived fragments.

Based on these results, we searched for nonvesicular rRNA-derived
fragments in a cell-conditioned medium (CCM) obtained in the
presence of 10% FBS. We separated EVs from RNP complexes by
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Fig. 1. Identification of stable nonvesicular RNAs. (A and B) Northern blot of different rRNAs and tRNAs after incubating purified RNA (4) or ribosomes (B) from

human cells in 10% FBS. (C and D) Northern blot of 5" tRNA®Y . (D, Left) or 5’ 285 rRNA-derived fragments (D, Right) in extracellular nonvesicular fractions purified
by density gradients (C). U2-OS cells were treated or not with NaAsO, (ARS) before collecting the CCM. (E) Read coverage in small RNA-seq data of extracellular
ribosomes [from Tosar et al. (33)], revealing enrichment of 40-nt 5’-derived small RNAs among all other 28S rRNA-derived fragments.
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flotation on iodixanol density gradients (Fig. 1C). Extensive charac-
terization of this methodology has shown that the densest fractions
(F8-F12) are devoid of EVs (33, 37). We reproduced our previous
findings (33) showing the presence of 5’ tRNAY . halves of 30
to 31 nt and the absence of full-length tRNAs in these nonvesicular
fractions (Fig. 1D). Interestingly, northern blot detection of these
fragments was enhanced when cells were treated with the cytotoxic
agent sodium arsenite (Fig. 1D, +ARS). Additionally, using a probe
complementary to the first 20 nucleotides of the 28S rRNA resulted
in a single band of 40 nt in the conditioned medium of arsen-
ite-treated cells. Purified extracellular ribosomes analyzed by small
RNA-seq (33) also showed enrichment of these 40-nt 5 fragments
(Fig. 1E). Detection of these fragments in the presence of serum
suggests that at least some stable RNA-containing RNPs are pro-
duced after the release and subsequent fragmentation of extracellular
ribosomes, in agreement with recent findings (38).

Naked Full-Length tRNA"YS,,, Is Intrinsically Stable in Biofluids.
To precisely measure tRNA half-lives, we repeated the previous
assay with better temporal resolution (Fig. 24), confirming
complete degradation of rRNAs and the 7SL RNA within
seconds, while tRNA"*(;.,,, was still detectable after 1 h at 37 °C.
'The full-length tRNA®Y .. was also rapidly degraded, generating

A purified RNA
10% FBS, 37°C

purified RNA
r-RNase1, 37°C

B purified RNA
URINE, 37°C

fragments that lasted as much as the full-length (RNA"*(;;,,. In
fact, tRNA™,, and (RNAY ... constitute two extreme cases
in a wide range of extracellular stabilities shown by different
tRNAs (87 Appendix, Fig. S2A). In vitro incubation of RNA with
recombinant human RNase 1 (r-RNasel), representing the most
common RNase in human blood, resulted in virtually identical
results (Fig. 2A4). This observation argues against the possibility of
tRNA"" |, being stabilized by the interaction with FBS-derived
proteins or metabolites. Therefore, we conclude that naked
tRNA"Y" ,y, is intrinsically resistant to the action of RNase A
family members.

We then repeated these assays in human biofluids including
urine, diluted and undiluted serum, and cerebrospinal fluid (CSF)
(Fig. 2B and SI Appendix, Fi]gs. S2B and S34). Strikingly, the
stability of full-length tRNA™;;, was always higher than the
stability of any other tested RNA, irrespective of the sample type.
RNA decay kinetics were highly consistent among independent
replicates (SI Appendix, Fig. S2B).

Glycine tRNA Halves Produced in Biofluids Are Extremely Stable.
Full-length t(RNA®Y . was almost completely degraded in less
than one minute in 10% FBS (Fig. 24) and in human biofluids
(Fig. 2B). However, its cleavage resulted in the formation of 5
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Fig. 2. Naked tRNA halves are extremely stable in human biofluids. (A) Northern blot of several RNAs after incubating purified total RNA from human cells in
10% FBS or with recombinant human RNase 1 for different periods. (B) Samples were also incubated in human urine, 10% serum, and CSF. (C) Data were fitted
to a kinetic decay model, as explained in S/ Appendix, Supplementary Methods. Half-lives in each biofluid, calculated after inclusion of experimental replicates, are
presented in S/ Appendix, Fig. S3 B and C. r-RNase1: recombinant human RNase 1.
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halves that showed remarkable long half-lives, even in undiluted
human sera (Fig. 2 A and B and S/ G{)pe‘ndzx, Fig. S3A). For
instance, the half-life (t,,) of 5" tRNA"Y halves of 30 nt in
CSF was >2 h (Fig. 2C; 2 = 1 h when replicates were combined,
SI Appendix, Fig. S3 Band C), meaning that these RNAs are highly
stable once they are generated and will therefore persist in biofluids.

A closer inspection of the data shows strong differences in the
stability of fragments derived from the same parental tRNAs but
with shghtly dlf’ferent lengths. Consistent with our previous report
(33), tRNAY . is first cleaved at the anticodon loop, generating
34 to 35-nt 5’ halves that rapidly disappear. These fragments are
subsequently replaced by highly stable shorter fragments of approx-
imately 30 to 31 nt (t;, =6+ 1,8 + 2, and 126 + 65 min in urine,
diluted serum and CSE, respectively, Fig. 2B), with a cleavage site
at the start of the anticodon loop. An additional cleavage site in
the TWYC loop (position 54) could be identified and exposed by
using lower r-RNasel concentrations (S Appendix, Fig. S4A).

The sequential production of first longer (34 to 35 nt) and then
shorter (30-31) 5” halves from tRNAY ... was also observed with
recombinant human RNase 5 or Angiogenin (r-Ang; S/ Appendix,
Fig. S5). Thus, cleavage sites and tRNA processing dynamics seem
to be conserved among different RNase A family members.

Overall, tRNAs are more resistant to degradation than other
longer noncodmg RNA:s, but dlfferences in stability among tRNAs
(e.g., t(RNAP,; vs. tRNAY ) are also substantial (>30-fold
in CSF) Consistent with our previous reports (32, 33), naked 5’
tRNAY . halves of 30 to 31 nt are accumulated at higher RNase
concentrations or after longer incubations in biofluids and are
extremely stable.

Nicked tRNAs Are a Source of 5 and 3’ tRNA Halves. Next,
we compared the relative stabilities of 5" and 3’ tRNA®Y -
derived fragments (SI Appendix, Fig. S6). Surprisingly, 30 to
35-nt 3’ fragments were observed, and their rate of decay was
comparable to their 5" counterparts. In certain biofluids, such as
FBS (S Appendix, Fig. S6A) and urine (SI Appendix, Fig. S6B),
3’ tRNA-derived fragments <20 nt were observed after short
incubations (I min; black asterisks). However, these fragments
were rapidly degraded, in sharp contrast with the 5’ and 3’ halves.

We considered the possibility that 5 and 3’ (RNA®Y .. halves
could remain physically associated with each other after RNase
cleavage, representing a full-length tRNA bearing a cleaved phos-
phodiester bond at the anticodon loop (i.e., in the form of “nicked
tRNAs”). This would explain the similar decay kinetics of each
half among different biofluids. The introduction of any irreversible
denaturation steps in analytical determinations, such as those used
in standard molecular biology approaches, would induce dissoci-
ation of nicked tRNAs into single-stranded tRNA halves.
Therefore, testing this hypothesis required the generation of new
assays capable of interrogating oligomeric RNA complexes under
native conditions.

Nicked tRNAs are the natural substrates of T4 polynucleotide
kinase (PNK) and T4 RNA ligase 1 (Rnl1) (39). When Escherichia
coli is infected by the T4 Phage, a bacterial anticodon nuclease is
activated and cleaves the host’s tRNA"" in an attempt to prevent the
translation of viral proteins (40). This results in a nicked tRNA bear-
inga 3’ cyclic phosphate (3’ cP) and a 5'-OH adjacent to the cleavage
site. However, the phage evolved two enzymes capable of performing
end-healing (PNK) and tRNA repair (Rnll). We harnessed the
intrinsic activity of these enzymes and used them to investigate the
native structure of human tRNA halves in extracellular samples.

To optimize the system, we purified total RNA from cells and
incubated the RNA with r-RNasel for 0, 15 or 60 min (Fig. 34).
As expected, by 60 min, full-length tRNA® Y .cc was completely

https://doi.org/10.1073/pnas.2216330120

degraded and converted to a collection of tDRs (Fig. 34). RNase
1 degradation products were purified by phenol-free silica-based
solid phase extraction (SPE) columns and treated with either PNK
alone, PNK followed by Rnll, or PNK followed by Rnl2 (a dsR-
NA-specific ligase). Surprisingly, treatment with PNK and Rnll
regenerated a single band of approximately the size of the cognate
full-length tRNA (Fig. 3 A and B). Ligation with Rnl2 was less
efficient.

To demonstrate that the tRNA-sized religated products are
indeed repaired tRNAs, we designed a third probe (termed ACL,
for anticodon loop) bridging both sides of the anticodon of tRNA-
&Y cc (Fig. 30). This probe was designed so that the T,, of its
pairing with either the 5’ or the 3" half was below the hybndlzatlon
temperature of the assay (42 °C). Thus, the ACL probe would fail
to detect 5" or 3’ tDRs but should be able to hybridize with full-
length or repaired tRNA®Y . Due to sequence similarities
amon& tRNAs, ACL also recognizes the anticodon loop of
tRNA™ ¢, but fortunately, these tRNAs migrate slightly differ-
ently in denaturing urea gels, making this assay multiplex.
Strikingly, treatment of RNase 1-treated RNA with PNK and
Rnll regenerated tRNA-sized products observable with the 5,
the 3’ or the ACL probes (Fig. 3D). Furthermore, heating (A) and
then cooling the RNase-treated RNA before the addition of the
enzymatic cocktail (A + PNK + Rnll) prevented the generation
of a tRNA-sized band, demonstrating that ligation occurs in cis
under the assay conditions. Rnll alone or following incubation
with a mutant version of T4 PNK lacking its 3" phosphatase activ-
ity [(-)PNK] also failed to reconstitute a full-length tRNA.

Next, we studied whether tRNA halves generated in human
biofluids (Fig. 2B) are in fact nicked tRNAs Indeed, a short incu-
bation in CSF (1 min) produced 5" tRNA*P ;. halves that could
be enzymatically repaired back into a full-len th tRNA
(SI Appendiix, Fig. S7A). Enzymatic repair of tRNA™ . pro-
duced after longer (1 h) incubations in CSF was also highly effi-
cient (S/ Appendix, Fig. S7B). However, the main religated product
was approximately 11 nt shorter than the parental full-length
tRNA, consistent with an irreversible loss of the entire anticodon
loop (7 nt) plus the single-stranded NCCA 3’ overhang.

In summary, nicked tRNAs are produced in vitro and in bio-
fluids using different tRNAs as substrates. These nicked tRNAs
can be repaired enzymatically to regenerate an almost full-length
tRNA, presumably lacking the 3 NCCA overhang in in vitro
settings (34, 41). Additional bases can be trimmed after prolonged
exposure to extracellular RNases, but these shorter forms are still
reparable using our assay.

Nicked tRNAs Are Irreversibly Melted by Popular RNA Extraction
Methods. Whereas heating RNase-treated RNA before tandem
incubation with PNK and Rnll prevented the formation of a
tRNA-sized band, this also affected the detection of monomeric
5"and 3’ tRNA halves (Fig. 3D; A + PNK + Rnl1 lane). However,
when we repeated SPE purification under conditions optimized for
small RNA recovery (S Appendix, Fig. S7C), monomeric tRNA
halves were now detectable in the control (i.e., heat) reaction
(Fig. 44; red arrows).

Given that heat irreversibly affects nicked tRNAs, we studied
the effects of phenol-based RNA extraction methods, because this
chemical agent, like heat, can disrupt base-pairing interactions.
A recent study of different RNA purification methods for liquid
biopsies found that the miRNeasy kit (Qiagen) recovered a broad
spectrum of exRNAs associated with different carrier subclasses
(31). However, when we purified RNasel-treated RNA with this
kit following the manufacturer’s instructions, tRNA halves were no

longer amenable to enzymatic repair (87 z‘lppendz’:ii 6Fl§ S7D).
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Similar results were obtained when comparing phenol-free SPE-
based purification vs. TRIzol (Fig. 4B). Interestingly, adding a sec-
ond SPE-based purification round recovered reparable tRNA halves
with a yield close to 100%. Thus, guanidine salts included in the
SPE binding buffer do not affect nicked tRNAs, while heat and
phenol induce their irreversible separation. As previously observed,
the length of the repaired tRNA was slightly shorter (4 to 5 nt)
than that of the parental full-length tRNA (S7 Appendix, Fig. STE).

To confirm the effects of phenol and heat by an orthogonal
method, we studied RNase-1-treated RNAs by native northern blot
(run on TB + Mg2+ gels) (Fig. 4C). Under native conditions, the
electrophoretic migration of RNase1-treated tRNAY . was almost

PNAS 2023 Vol.120 No.4 e2216330120

identical to that of untreated full-length tRNAs. Only <10% of the
total signal in the treated lane corresponded to bona-fide tDRs. This
confirms that the rapid disappearance of the full-length tRNA band
observed in Fig. 24 is in fact an artifact caused by denaturing con-
ditions, with >90% of tRNAs remaining as nicked tRNAs after 1 h
of enzymatic digestion. Interestingly, the migration of nicked tRNAs
in native gels was slightly faster than that of full-length tRNAs,
consistent with the irreversible loss of the NCCA 3’ overhang
inferred from previous assays (S Appendix, Fig. S7E). Additionally,
heat or standard RNA purification methods such as TRIzol or
miRNeasy, unlike phenol-free RNA cleanup columns (SPE),
induced the irreversible dissociation of nicked tRNAs '%%gB 40).

https://doi.org/10.1073/pnas.2216330120 5 of 11
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The 3'-5' RNA Ligase RtcB Can also Ligate Nicked tRNAs. RtcB is
a ligase involved in tRNA splicing and RNA repair in all domains
of life (42—44). Unlike the 5'=3" T4 Rnll, RtcB seals broken
RNAs with 2',3” cyclic phosphate (2,3-cP) and 5'-OH ends (45).
Thus, RtcB should be sufficient to repair RNasel-treated RNAs
without prior end-healing by T4 PNK. Indeed, RtcB regenerated
a tRNA-sized band when incubated with RNasel-treated RNAs,
and generation of this ligation product was inhibited by heat
(Fig. 4D). Once again, the repaired tRNA-sized band was 4 to 5 nt
shorter than the parental full-length tRNA (87 Appendix, Fig. STF).

Nicked tRNAs Are Reverse-Transcribed Inefficiently unless
Repaired. Broken phosphodiester bonds could act as roadblocks
inhibiting reverse transcription (RT) of nicked tRNAs in their
native state, preventing the analysis of nicked tRNAs by RT-PCR
or sequencing. To evaluate this possibility, we used a thermostable
retroviral reverse transcriptase primed by a gene-specific RT primer

https://doi.org/10.1073/pnas.2216330120

aligning to the 3 end of tRNA®Y . (Fig. 4E). Forward and reverse
PCR primers were placed closed to the 5" and 3’ ends of tRNA®Y .,
respectively. Surprisingly, RNase-1-treated RNA was not amplified
unless enzymatic repair (T4 PNK + T4 Rnl1) was performed before
RT. Consistent with northern blot results (Figs. 3D and 4 A-D),
heating the samples before enzymatic repair also inhibited RT-PCR
amplification (Fig. 4E). Conversely, 5" tRNA®Y . halves of 30 nt
increased 200 to 700-fold in RNasel-treated samples vs. input,
illustrating the limitations of small RNA expression analysis in
samples containing nicked forms of their parental RNAs.

Nicked tRNAs Are Resistant to RNase 1 Cleavage In Vitro.
Having observed that nicked tRNAs can be purified efficiently
by SPE, we generated and purified nicked tRNAs and treated
them with r-RNase 1 (Fig. 4F). Nicked tRNAs were not degraded
by this treatment (up to 30 min at 37 °C). However, heating
and then cooling the nicked tRNAs before exposure to r-RNasel
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induced complete degradation of the tRNA halves, now in their
single-stranded form. This effect was not induced by heat itself.
In conclusion, nicked tRNAs are stable reservoirs of 5° tRNA
halves, which are degradation prone once dissociated from their
3’ counterparts.

Nicked tRNAs as a Source of Intracellular Stress-Induced
tRNA Halves. Our enzymatic repair assays were not useful to
interrogate the existence of nicked tRNAs inside cells due to
the large excess of full-length tRNAs in intracellular samples.
We thus resorted to a different strategy based on intracellular
RNA fractionation under nondenaturing conditions by size-
exclusion chromatography (SEC) (Fig. 5 A-D).

To stimulate the formation of stress-induced tRNA halves
inside cells (tiRNAs), U2-OS cells were treated with sodium arsen-
ite (23). Upregulation of tRNA halves in stressed cells was con-
firmed by northern blot (Fig. 5B). We then lysed tiRNA-containing
stressed cells by phenol-free methods, purified intracellular RNA
by SPE to avoid potential nicked RNA denaturation, and size-frac-
tionated the purified RNA by SEC in RNase-free PBS as running
buffer. Two peaks with ABS 260 nm > ABS 280 nm were observed,
corresponding to the elution of IRNAs and tRNAs (Fig. 5C, Lef?).
The elution of full-length tRNAs at elution volume (Ve) = 9.80
mL was confirmed by northern blot (Fig. 5C, Center; fractions 2
to 4). Surprisingly, intracellular 5" tRNA halves (of 35 and 30 nt)
coeluted with full-length tRNAs, suggesting that tiRNAs are not
single-stranded molecules inside cells. We considered the possi-
bility that the sensitivity of our DIG-based northern blot assay
was not sufficient to detect monomeric tiRNAs, which would be
expected at Ve > 11 mL (fraction = #6) based on the injection of
synthetic single-stranded RNAs of 30 nt (32). To study this, a
highly sensitive stem-loop RT-qPCR (SL-RT-qPCR) assay was
used (Fig. 5C, Righr). This assay is specific for mature miRNAs or
tRNA halves and does not amplify their precursors (pre-miRNAs
or full-length tRNAs, respectively) (32, 46) miR-21-5p eluted at
V, = 11.4 mL (fraction #7), 5’ tRNA®Y . halves of 30 nt
(Flg 5C) or 35 nt (SI Appendix, Fig. S8A) were again undetectable,
except in fraction #3, containing most full-length tRNAs. Heating
the RNA before injection (Fig. 5D) shifted the amplification of
5" tRNAY . halves toward fraction #6 (Ve = 11 mL), consistent
with the expected denaturation of nicked tRNAs and the release
of single-stranded tRNA halves, which now coeluted with
miR-21-5p.

Overall, while we do not discard that bona fide single-stranded
intracellular tiRNAs could be degraded upon cell lysis, our results
strongly suggest that at least some (if not most) intracellular tiR-
NAs are predominantly present in the form of nicked tRNAs.

Detection of Nonvesicular Nicked tRNAs in Cell-Conditioned
Media. To explore the presence of nicked tRNAs in extracellular
samples, we collected cell-conditioned media (CCM, t = 24 h) from
U2-0OS cells grown under-serum-free conditions and separated EVs
from nonvesicular proteins and RNAs by SEC, using commercial
qEV columns (Fig. 5E). To preserve both nicked tRNAs and
single-stranded tDRs, we added RI to the media. As expected in
RI-treated serum-free CCM (33), we observed full-length tRNAs
in nonvesicular fractions by northern blot (Fig. 5£; NT lane),
albeit most of the signal corresponded to ~30-nt fragments. In
this case, sequential treatment with PNK and Rnll generated at
least three bands with sizes close to, but slightly shorter than, the
size of the parental full-length tRNA. Once again, heating and
cooling the samples before ligation abrogated generation of these
products, arguing against nonspecific ligation in trans. The lowest
and most intense band had a size of 61 nt, consistent with the

PNAS 2023 Vol.120 No.4 e2216330120

main ligation product observed when incubating RNAs in CSF
for long periods of time (S Appendix, Fig. S7B). As previously
discussed, this suggests the presence of trimmed forms of nicked
tRNAs, lacking both the 3° NCCA tail and the entire anticodon
loop. Once formed, these ligation products could be heated and
remained resistant to the processive 3’ to 5’ exonuclease RNase
R (81 Appendix, Fig. S8B), suggesting the ligated products are
highly structured. In contrast, the remaining 30 to 35-nt band
after enzymatic repair was completely degraded by RNase R.

Interestingly, a band of approximately 24 nt was generated
by the combined action of PNK and Rnll in both heated and
nonheated samples (Fig. 5E; red stars). Because this band was
resistant to RNase R (87 Appendix, Fig. S8B), we speculate that
it corresponds to a circularized RNA generated by head-to-tail
ligation of 5" tRNA halves. Formation of this product in non-
heated samples implies that at least some extracellular tRNA
halves are present in fragment form in Rl-treated CCM. This
suggests that nicked tRNAs are spontaneously separating and
releasing single-stranded tRNA halves into the extracellular
space. Their detection is facilitated by the low RNase activity
in the conditions of this assay.

Nonvesicular Nicked tRNAs Circulate in Human Biofluids. Having
validated a method capable of separating nicked tRNAs from
single-stranded tRNA halves (Fig. 5 C and D), we implemented
this methodology to address the question of whether nicked
tRNAs circulate in human biofluids. To do so, small volumes
of serum or CSF were diluted in PBS, and EVs were pelleted
by ultracentrifugation. RNA was then isolated from Proteinase
K-treated supernatants and fractionated by SEC. Surprisingly,
30-nt 5" tRNAY . halves could be amplified by SL-RT-qPCR
(Fig. 5 Fand G), mostly in the size range corresponding to full-
length tRNAs, which are expected to be absent in these samples
(Fig. 2B).

Spontaneous Uptake of Nonvesicular tRNA Halves by Human
Epithelial Cells. Unless stabilized by dimerization or RNP complex
formation, we would expect single-stranded tRNA halves to be
degraded in a matter of seconds in extracellular samples with
high RNase activity (Fig. 4F). However, if stable nicked tRNAs
diffuse from the sites in which they are generated and they can
reach farther cellular populations, their spontaneous dissociation
could release single-stranded tRNA halves close to the surface
of potentially recipient cells. Could cells then internalize these
single-stranded tDRs?

We incubated synthetic and biotinylated 5’ tRNA“Y
halves of 30 and 35 nt, or scrambled (SCR) versions of these
oligonucleotides, with MCEF-7 cells grown in serum-free media
(Fig. 64). No lipids or transfection reagents were used. After
30 min, cells were thoroughly washed, fixed, stained with APC-
coupled streptavidin and observed under a confocal micro-
scope. Surprisingly, the red signal of the fluorophore’s emission
was observed within cellular boundaries in all conditions where
labeled RNAs were included (Fig. 6 Band C). As an orthogonal
approach, we incubated cells with nonbiotinylated SCR oli-
gonucleotides (which do not exist in recipient cells), washed
cells thoroughly, and observed a drop of almost 15 PCR cycles
when comparing with nontreated cells, based on a SCR-specific
SL-RT-qPCR assay (Fig. 6D). Taken together, these results
show that human epithelial cells can spontaneously incorporate
single-stranded small RNAs present in the media. Although
this uptake route seems to be sequence- independent, most
naked exRNAs will degrade before having the opportunity to
interact with recipient cells. However, tRNA1léaéves are
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Fig.5. Detection and analysis of nicked tRNAs in intracellular (A-D) and extracellular (E-G) samples. (A) Schematic representation of SEC-based (native) intracellular
RNA fractionation as performed in (C) and (D). (B) Northern blot of intracellular RNAs showing the presence of 5’ tRNA halves in arsenite (ARS)-treated samples
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northern blot (Center) or by stem-loop RT-qPCR (Right). C, values were normalized to the fraction containing the highest signal. (D) Same as in (), but the RNA was
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primers specific for 5" tRNA®Y . halves of 30 nt (red) and miR-21-5p (green). A tRNA icon in this figure indicates fractions where full-length tRNAs are expected

to elute (if present).

extremely stable in extracellular samples (Fig. 2), presumably
due to their transport in the form of nicked tRNAs. For this
reason, and because their extracellular concentration is
increased in the presence of cell stress (Fig. 1D), we foresee the
involvement of extracellular tRNA halves in intercellular com-
munication pathways mediated by naked, nonvesicular RNAs

(Fig. GE).

Discussion

This work challenges the widespread belief that all RNAs are
intrinsically unstable and cannot circulate in extracellular samples
unless in the context of RNPs, lipoproteins and/or EVs. Although
this holds true for rRNA-derived fragments (Fig. 1), full-length
or nicked tRNAs showed surprisingly long half-lives in human
biofluids, even when incubated in their naked forms. While these

80of 11 https://doi.org/10.1073/pnas.2216330120

RNAs might also be present in RNP complexes in the extracellular
space, our results demonstrate that protein complexation is not a
prerequisite for their remarkable extracellular stability.

An aspect of this study that certainly deserves more attention
is the differences in extracellular stabilities observed among
tRNAs. We are tempted to speculate that posttranscriptionally
modified bases at the anticodon are at least partially responsible
for these different behaviors. However, the difference in stability
between tRNAs is less pronounced when considering that nicked
tRNAs, and not tDRs, are the stable degradation intermediates
dictating the abundance of nonvesicular glycine tRNA halves.

Is the full-length tRNAY . unstable in human biofluids? It
is efficiently cleaved at several positions by extracellular RNases.
So the immediate answer would be “yes”. However, the result of
these cleavage events is a molecule that probably still resembles
a tRNA, although it bears some broken phosphodi%séegr bonds.
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Thus, although tRNAY,; and tRNAY ... show completely
different behaviors when analyzed by northern blot after being
exposed to RNases, this difference is exaggerated because stand-
ard northern blotting forces nicked tRNAs to denature. This is
also the case when purifying RNA using phenol and when RNA
is heated at any stage in a protocol (e.g., as done during small
RNA-seq library preparation). The important conclusion is that
we do not always apprehend the true, native form of RNA
because most available analytical techniques contain denatura-
tion steps at some point. Additionally, nicked tRNAs cannot be
reverse-transcribed and amplified unless repaired or denatured
into fragments.

The case of tRNA""(; i, is also interesting. Although it is highly
resistant to degradation, once cleaved by r-RNase 1 or by FBS-
derived RNase A, it typically does not survive as a nicked tRNA
(Fig. 2A4). This implicates extracellular RNases in the degradation
of tDRs (47). In contrast, t(RNA®Y . is sensitive to initial cleav-
age events, but nicked tRNAs produced therefrom are intrinsically
stable. Differential stabilities among distinct tRNA sequences
could be considered a new example of noncanonical “moonlight-
ing” functions of tRNAs, what has been related to the diversity of
the tRNA isodecoder pool (48).

In bacteria, phage infection (40) or DNA-damage (49) induces
regulated tRNA cleavage at the anticodon loop. This process can
be reversed by host-encoded tRNA ligases such as RtcB (44) or
by phage antitoxins like T4 PNK and T4 Rnl1. Thus, the existence
of nicked tRNAs that can be enzymatically repaired back into
full-length tRNAs is well established in prokaryotes.

In plants, the phloem sap (PS) has been shown to contain
70 to 80-nt RNAs, which resemble tRNAs, that are capable of

PNAS 2023 Vol.120 No.4 e2216330120

inhibiting translation. Importantly, this activity was lost when
purifying PS RNA by TRIzol (50). Thus, plants also seem to
generate nicked tRNAs in their vasculature. Nonvesicular tRNA
halves were also recently identified in the extracellular apoplastic
fluid (51). The theoretical capacity of nicked tRNAs to act as
regulators of the translation machinery was recognized early (52).
However, nicked tRNAs were not considered as stable degradation
intermediates in the subsequent literature (53).

Stress-induced tRNA cleavage at the anticodon loop is thought
to be an irreversible process. Nevertheless, it should be considered
that most of the enzymatic activities used in this work to repair
anticodon-cleaved nicked tRNAs are present in human cells
(54, 55). Reversibility of stress-induced nicked tRNA formation
in cellulo arises as an exciting possibility (56).

In the clinical setting, double-stranded RNAs usually require
encapsulation in lipid nanoparticles or GalNAc conjugation for
efficient uptake, but single-stranded oligonucleotides are spon-
taneously endocytosed (57). Thus, our proposed model where
nonvesicular nicked tRNAs are carriers of tRNA halves that can
transfer information to recipient cells is at least feasible (Fig. 6E).

On the applied side, we took advantage of phage and bacterial
enzymes involved in damaged tRNA repair to develop an analyt-
ical technique that can be used to detect and measure stable non-
vesicular RNAs circulating in biofluids. Although we focused
mostly on tRNAs, close inspection of gels shows additional bands
that could be restored by combined treatment with PNK and Rnl1
and that were lost in heated samples (Fig. 4B, yellow stars). This
strongly suggests that the nonvesicular RNAome is much more
complex than previously thought, in accordance with recent find-
ings (33). Many stable nonvesicular RNAs are sin%ls—atranded
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molecules tightly bound and protected by exRNA-binding pro-
teins (15, 16, 38). However, intrinsically stable RNAs could also
circulate freely in biofluids (58). These molecules are predicted to
be both highly structured and nicked. There are sequencing meth-
ods that can efficiently handle highly structured RNAs (59, 60).
However, nicked RNAs are more challenging because they contain
roadblocks for reverse transcriptases (i.e., the broken phosphodi-
ester bonds) and because nicked RNAs are dissociated by phenol
or heat. Our enzymatic repair protocol therefore increases the
number and types of RNA molecules that can be analyzed and
used as disease biomarkers.

Materials and Methods

Detailed versions of these protocols and additional methods are included in
Sl Appendix, Supplementary Materials and Methods.

Biofluids and Cell Culture. Biofluids samples were obtained at UC San Diego
(CSF) or at the Pasteur Institute of Montevideo (serum, urine), and deidentified
prior to use. Samples were spun down at 2,000 x g before storage at < —20 °C.
Fetal bovine serum (FBS) was from Gibco. Cell-conditioned media (CCM) were
obtained from either U2-0S cells grown under serum-free (MEGM, Lonza) or
serum-containing conditions (10% FBS), with or without addition of murine Rl
(NEB). Intracellular tRNA-derived fragments were generated by exposing cells to
500 puM sodium arsenite (Sigma) for 2 h.

RNA Purification by SPE. RNAwas purified by silica-based SPE using Monarch
RNA Cleanup Kits (for in vitro assays) or the Total RNA Miniprep Kit for intracellular
samples (NEB).

RNA Decay Assays. For determination of RNA half-lives in biofluids, 1 pg heated
and refolded U2-OS total RNA was incubated at 37 °C for variable periods with
50 pL undiluted or PBS-diluted biofluid samples. Digested RNAs were purified
by SPE and analyzed by northern blot.

In Vitro RNA Digestion. For in vitro generation of nicked tRNAs and/or tDRs,
1 ng heated and refolded U2-0S total RNA was incubated with recombinant
human RNase 1 (Bon Opus Bio; 0.0625 pg/mL) for 15, 30, or 60 min at 37 °C,
and purified by SPE.

RNA Ligation Assays. In vitro-digested or CCM-derived nonvesicular RNA was
incubated for 1 hat 37 °Cin a 10 pL reaction containing 20 U RI, T mM ATP, 1X
T4 PNK reaction buffer, 10 UT4 RNA ligase 1 (Rnl1, NEB), and/or 10 U of T4 PNK
(wild type or 3’ phosphatase minus, NEB). For RtcB ligation, reaction mixtures
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Folate is an essential vitamin for vertebrate embryo development. Metho-
trexate (MTX) is a folate antagonist that is widely prescribed for autoimmune
diseases, blood and solid organ malignancies, and dermatologic diseases.
Although it is highly contraindicated for pregnant women, because it is asso-
ciated with an increased risk of multiple birth defects, the effect of paternal
MTX exposure on their offspring has been largely unexplored. Here, we found
MTX treatment of adult medaka male fish (Oryzias latipes) causes cranial
cartilage defects in their offspring. Small non-coding RNA (sncRNAs) sequen-
cing in the sperm of MTX treated males identify differential expression of a
subset of tRNAs, with higher abundance for specific 5’ tRNA halves. Sperm RNA
methylation analysis on MTX treated males shows that m5C is the most
abundant and differential modification found in RNAs ranging in size from 50
to 90 nucleotides, predominantly tRNAs, and that it correlates with greater
testicular Dnmt2 methyltransferase expression. Injection of sperm small RNA
fractions from MTX-treated males into normal fertilized eggs generated cra-
nial cartilage defects in the offspring. Overall, our data suggest that paternal
MTX exposure alters sperm sncRNAs expression and modifications that may
contribute to developmental defects in their offspring.

Folate is a water-soluble vitamin obtained from the diet that is essential
for vertebrates. It is incorporated as an essential cofactor for the
synthesis of nucleotides and the generation of S-adenosylmethionine
(SAM) which serves as a universal donor of methyl groups for DNA,
RNA and proteins implicated in gene regulation during early
development'™. Maternal folate deficiency leads to severe neural tube
defects and craniofacial anomalies of descendants®”. Importantly, the
prevalence of these defects is highly reduced by folic acid

supplementation prior and during pregnancy®’. Despite global efforts
to supplement the maternal diets with folate, there is still a worldwide
prevalence of these congenital defects'">. Methotrexate (MTX) is a
recognized teratogenic folic acid antagonist that has been linked to an
elevated incidence of congenital anomalies in children born from
exposed women. Intrauterine MTX exposure has been linked to cra-
niofacial and limb defects, as well as developmental delays™". In
addition to oral clefts, folic acid antagonists may raise the risk of

TLaboratory of Developmental Biology, Instituto de Investigaciones Biotecnoldgicas- Instituto Tecnoldgico de Chascomus (CONICET-UNSAM),
ChascomUs, Argentina. 2Escuela de Bio y Nanotecnologias (UNSAM), Chascomus, Argentina. 3Functional Genomics Unit, Instituto Pasteur de Montevideo,
Montevideo, Uruguay. *School of Science, Universidad de la Reptblica, Montevideo, Uruguay. ®Department of Molecular Biology and Genetics, Johns
Hopkins University School of Medicine, Baltimore, MA, USA. ®Department of Pediatrics, HMS Initiative for RNA Medicine, Harvard Medical School, Boston, MA,

USA. "Division of Newborn Medicine, Boston Children’s Hospital, Boston, MA, USA.

e-mail: strobl@intech.gov.ar

175

Nature Communications | (2023)14:1617



Article

https://doi.org/10.1038/s41467-023-37427-7

cardiovascular, neural tube, and urinary tract abnormalities®. As a
result, current recommendations urge that mothers stop using MTX at
least three months before conception'. Prior research has also iden-
tified a variety of issues concerning MTX use and a probable genotoxic
effect on sperm, which might result in chronic disease or congenital
anomalies”. However, medical care recommendations for males taking
MTX while trying to conceive are less clear.

For decades, the sperm genome has been considered tran-
scriptionally quiescent and solely contributing to the restoration of the
ploidy of the zygote. However, more recently, a set of functional RNAs
have been characterized in mature spermatozoa that are delivered to
the oocyte upon fertilization, contributing to early embryo develop-
ment and thus, influencing the phenotypic outcome of the
offspring'®?*, Intriguingly, paternal folate concentrations can affect
the sperm epigenome®*°. Whereas the direct impact of these changes
is expected to be minimal given the protamine exchange and resetting
of DNA methylation during spermatogenesis and early
development”~?°, we wondered whether paternal folate levels may
also affect the RNA composition of mature sperm.

Small non-coding RNAs (sncRNAs) are a particularly attractive
potential carrier of non-genetic information in the spermatozoa. In
particular, tRNA-derived small RNAs (tsRNAs) and microRNAs (miR-
NAs) are the most abundant in mature spermatozoa®?’; and have been
identified as molecular carriers of paternal experiences, including high
fat diet?****?, low protein diet®, stress®**, and odoriferous sensitivity
to chemicals®. Small RNA biogenesis, stability and functionality are
highly dependent on their post-transcriptional modification status,
primarily methylation®*’. Furthermore, transmission of paternally
acquired metabolic disorders is dependent on the presence of post-
transcriptional modifications in sperm sncRNAs"*,

Here, we explored the intriguing possibility that paternal folate
deficiency impacts the offspring’s development, and that it may do so
through changes in sncRNA abundance and methylation levels. We
injected medaka male fish with the folate inhibitor methotrexate
(MTX) and characterized their offspring’s developmental defects.
Next, we analyzed and compared the abundance and modifications of
sncRNAs present in the sperm of MTX-treated males to test the idea
that they work as mediators of congenital developmental defects.

Results

Paternal folate deficiency induced cranial cartilage malforma-
tions in their offspring

To investigate the impact of paternal folate deficiency on the devel-
opment of their progeny, we administered medaka male fish with an
intraperitoneal injection of methotrexate (MTX), a well-known folate
inhibitor***°, at 10 mg of MTX per Kg of body weight (10MTX) and
50 mg/Kg MTX (S50MTX)(Fig. 1a). After 7 days, we fertilized wild type
oocytes with sperm extracted from treated and untreated males. None
of our treatments had a significant impact on sperm fecundity,
hatching time, or overall embryo hatching (Fig. S1).

Several studies have shown that folate is an important vitamin for
neural and neural crest development in several vertebrate species
including humans**"*2, Moreover, maternal folate deficiency during
pregnancy leads to abnormal development of neural crest derivatives
such as cranial cartilages**¢. Taking this into account, we first eval-
uated the effect of paternal folate deficiency on the development of
the offspring’s cranial cartilages by performing alcian blue staining at
3 days post hatching-stage (3dph). We measured the length of three
dorsal cartilages (anterior orbital, epiphyseal bar and posterior orbi-
tal), four ventral cartilages (Meckel, ceratohyal, basibranchial and
palatoquadrate), and the Meckel’s area and ceratohyal angle (Fig. 1b-j).
From the dorsal cartilages, we found a significant reduction in the
length of the anterior orbital (also known as taenia marginalis anterior)
in the SOMTX group (115.02 um * 9.03, one-way ANOVA followed by
multiple comparison Tukey’s test p = 0.0164) when compared to the

10MTX (130.02 um * 10.22) and control (125.98 um +* 15.77). On the
ventral side, the basibranchial and Meckel’s cartilages were not affec-
ted. However, the ceratohyal was reduced to almost half the length, at
both 10MTX (192.99 um + 7.55, p <0.0001) and S50MTX (185.42 ym +
8.71, p<0.0001) compared with control (363.64 um + 18.96). Inter-
estingly, when we looked at the morphology of those cranial cartilages,
we found that two of them, the anterior orbital and basihyal, presented
an abnormal shape (Fig. 2). In particular, the anterior orbital has an
abnormal serpentine shape, compared with the normal curved shape
(Fig. 2a, b). This phenotype was significantly prevalent (p = 0.0059) at
the SOMTX group (Fig. 2c). However, one of the most drastically
affected cartilages was the basihyal, whose phenotypes presented a
curved trowel shape (mild) or hook shape (strong) (Fig. 2d). Quanti-
tation of those phenotypes evidences a significant increase in the
severity of them at both 10MTX (p = 0.0329) and 50MTX (p = 0.0006)
compared with Control group (Fig. 2e). Overall, these findings support
the notion that paternal MTX exposure affects the development of the
offspring’s cranial cartilage, indicating that sperm may convey some
information involved in the observed phenotypic inheritance.

SncRNAs abundance is altered in the sperm of MTX-

treated males

Epigenetic information, including histone modifications and DNA
methylation, particularly from the paternal lineage, is largely repro-
gramed during germline and early embryo development. However,
increasing evidence indicates that sncRNAs are a carrier of epigenetic
information across generations and may act as mediators of paternally
inherited traits'®>**’. To assess if paternal folate deficiency affects the
small RNA content, we sequenced size selected (-18-30 nt long) RNAs
from sperm of IOMTX and control males. Based on the analysis of three
biological replicated for each group, we were able to identify different
populations of sncRNAs including: ribosomal RNAs (rRNAs), small
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), micro RNAs
(miRNAs), transfer RNA fragments (tRNAs), and other miscellaneous
RNAs (miscRNA) (Fig. 3a). The comparative analysis showed that
rRNAs and tRNA fragments were the most abundant on both control
and 10MTX treatment. Some of the most abundant rRNAs mapped to
28S, 18S, and 5.8S rRNA. Reads mapping 5S rRNA and both 16S and 12S
mitochondrial rRNA (mtrRNA) were also detected, albeit in a much
lower proportion (Fig. 3b). Despite being the most abundant sncRNAs,
we found no statistically significant difference in either cytoplasmic or
mitochondrial rRNA expression between control and MTX-treated fish
(Fig. 3¢, d). On the other side, some of the most abundant tRNA frag-
ments, aspartic acid (having the anticodon Asp®"c), glutamic acid
(Glu®® and GIu""), lysine (Lys®") and glycine (Gly®“) (Fig. 3b),
became further significantly enriched upon MTX treatment (Fig. 3c, d).
Together, these results demonstrate that paternal MTX exposure
affects the relative abundance of specific sncRNAs in the sperm, with
tRNA fragments being the most affected population.

5" halves of particular tRNAs are preferentially affected by
methotrexate treatment

tRNAs can be cleaved into 5’ and 3’ halves, known as tsRNAs, in
response to stress or other external factors'*****5, Of particular
interest in the sperm RNA content is the large abundance of those
tsRNA fragments and their potential regulatory roles in early embryo
development’?°?*3%* Interestingly, we observed that 5’ tsRNA frag-
ments, product of the cleavage of three of the most abundant tRNAs (5’
tsRNA of Asp®c, Lys®"Y, and GIu®©), were significantly increased in
MTX sperm, without a concomitant increase in their respective 3’
tsRNA fragments (Fig. 4a, b, e). Quantification of the proportion of 5
halves relative to their corresponding 3’ halves showed a significant
increase in the percentage of 5 halves for tRNA Asp®““ and Gly®““ in the
MTX-treated samples (Fig. 4, e). It is interesting to note that for some
tRNASs (i.e., tRNA GIu®c, Glu'", and Gly'“) we mostly retrieve reads
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Fig. 1| Paternal MTX injection affects offspring’s cranial cartilages lengths.
a scheme of experimental design. b-j Violin plots represent the measurement of
different cranial cartilages lengths, angles and areas on control (Ctrl), 10MTX and

SOMTX. Statistical analyses were performed using ANOVA one-way followed by
multiple comparison Tukey’s test. Numbers of analyzed embryos: Control (n =14),
10MTX (n=14), 50MTX (n=26). *P=0.0164, **P=0.0008, ***P=0.0001.

for their 5 halves, but their corresponding 3’ halves are almost unde-
tected for both control and MTX. On the other hand, the 5" halves of
many (most) other tRNAs did not show differences compared with
their 3’ halves (tRNA Pro“°¢, Arg"®), or a major proportion of their 3’
halves (tRNA Ser®V) (Fig. S2). These results suggest changes in pro-
cessing or stability of specific tRNA fragments as a consequence of the
MTX treatment.

Production of 5’ tsRNAs fragments in the 15-22 nt range occurs in
multiple tissues and cell lines*’, whereas longer 5’ tsRNAs (31-40 nt
long) are preferentially generated in response to different stresses®®,
We thus compared the length distribution of tRNAs-derived fragments
in both conditions and observed a shift towards longer fragments in
10MTX relative to control samples (median length of 24 nt for control
and 29 nt for MTX) (Fig. 4d). A similar situation is found for the tRNAs
Glu®C, Asp®C and Lys“ where their 5tsRNAs are significantly
increased and their coverage lengths are greater in MTX-treated
samples than in controls (Fig. 4f). There is a chance that bias size
selection occurred when separating the small RNAs from the gel,
resulting in these differences. However, we found that the read cov-
erage and size distribution for the most abundant rRNA-derived frag-
ments are slightly larger after MTX treatment (Fig. S3a), but this is not
as dramatic as observed for tsRNAs (median length of 22 nt to 24 nt for
rRNAs, vs. 24 nt to 29 nt for tsRNAs; Fig. S3b). These findings suggest

that paternal MTX exposure alters the abundance and cleavage site of
specific 5tsRNAs in the sperm.

m5C modifications are increased by methotrexate

Post-transcriptional modifications of tRNAs, including methylation,
are important for their specific cleavage, stability, and functionality, as
well as for the transmission of paternal experiences to the
offspring®="2, We thus evaluated the methylation status of two
populations of RNAs isolated from polyacrylamide: a 20-50 nt popu-
lation (mostly enriched for miRNAs and tsRNAs), and a 50-90 nt
population (mostly enriched for mature tRNAs). Within the 20-50 nt
RNA population we did not observe significant differences in the
abundance of any of the analyzed methylation events between MTX
and control groups (Fig. 5a). Conversely, within the 50-90 nt popu-
lation, we found that MTX treatment led to a significant increase in the
relative abundance of several modifications (Fig. 5b). From the two
most abundant modifications analyzed (ml1A and m5C) only m5C was
significantly increased (p = 0.0155) in MTX treated samples. From the
other less abundant modifications only m2G, m7G and m2'2G pre-
sented a significant increase in MTX samples (p value = 0.0027;
0.0063; and 0.0090, respectively). Interestingly, the most abundant
modification observed to be differentially detected in MTX samples
has been described to be located at the 3’ ends of tRNAs**** (Fig. 5c).
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Fig. 2 | Paternal MTX injection produced offspring’s cranial cartilages mal-
formations. a, b Dorsal view of normal and affected anterior orbital (ao) showing a
meandering shape mostly observed on the offspring from MTX treated males.

¢ Quantification of the percentage of embryos presenting affected or normal
anterior orbital cartilages. Numbers in the graph represent the analyzed embryos.
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percentage of embryos presenting normal (non-affected), mild, or strong basihyal
cartilage abnormalities observed on the offspring from MTX-treated males. Num-
bers in the graph represent the analyzed embryos. Statistical analyses were per-
formed using a contingency table followed by two-sided Fisher’s exact test and
each treatment were compared with the control independently. *P=0.0329,
**P=0.0059, **P=0.0006.

Given the observed differences for certain RNA modifications, we
examined the expression of specific RNA methyltransferases on the
testis of control and 10MTX treated males (Fig. 5d). In agreement with
our results, there was no significant change in the expression of Trmt6
which catalyzes m1A methylation. Conversely, the expression of the
enzymes that catalyzed m5C was only significantly upregulated for
Dnmt2 (p =0.01), but not for Nsun2 (p =0.46). These results suggest
that an increase of RNA methyltransferase expression leads to changes
in the methylation status of sperm tRNAs upon MTX treatment.

Zygotic RNA injection derived from MTX-treated sperm par-
tially recapitulates the craniofacial phenotype
To uncover the potential role of altered small RNAs on the sperm as the
causes of offspring craniofacial defects, we isolated both 20-50nt and
50-90nt RNA fractions from MTX and control (DMSO) treated males
and injected them independently or combined (20-90 nt) into ferti-
lized wild-type eggs. Initially, we did not observe differences in the
percentage of hatching and embryo survival between zygotic RNA
injections derived from both control and MTX-treated sperm (Fig. S4).
We have focused our analysis on the ceratohyal and basihyal
cartilages because they were most affected in our initial experiments.
Importantly, we found that injection of 20-50 nt, 50-90 nt or the
combination of both (20-90 nt) at the two doses of MTX-treated
sperm showed a significant reduction (p <0.0001) on the ceratohyal
lengths compared to control (Fig. 6a). On the other side, when we
analyze the basihyal phenotypes we were unable to evidence any hook
shape malformation, but instead we evidenced embryos having curved

trowel shape (affected) with the tip of the cartilage upward and
downwards (Fig. 6b). Importantly, injection of 20-50 nt fraction from
both 10MTX and 50MTX, but not the 50-90 nt, significantly increase
the number of larvae having affected basyhial shape (Fig. 6b). Similarly,
injection of 20-90 nt RNA fractions have a similar effect than the
20-50 nt. All these together suggest that RNAs from exposed males
have the ability to alter the development of specific cranial cartilages
on the offspring.

Discussion

MTX binds to and inhibits dihydrofolate reductase aetivity, preventing
folic acid from performing its biological tasks. For more than 30 years,
this drug has been used to treat immunological illnesses (including
rheumatoid arthritis), blood and solid organ cancers, dermatologic
diseases, and for pregnancy termination®-¢, Despite the drug’s con-
traindication for pregnant women due to the risk of miscarriage and
birth abnormalities, the paternal influence of MTX on their offspring
was largely unknown. In addition to this, the vast majority of studies in
fish models such as medaka and zebrafish has been performed during
embryological stages” *°, while few have evaluated the effect on
adults® and the consequences on their offspring.

In agreement with other studies in mice®**, we found that
paternal MTX treatments had no effect on the fertility or survival of
their progeny during the early embryonic stages. Lifetime exposure to
folic acid-deficient diets, on the other hand, lead to lower sperm
counts, negative consequences in progeny, and epigenetic
changes®*®’, However, this may be due to folate deficiency during
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embryonic and post-embryonic development, which could compro-
mise early germ cell formation and adult spermatogenesis. Moreover,
major epigenetic reprogramming occurs at these periods, and multi-
ple imprinting areas may be altered as a result of the prolonged folate
shortage.

For many years, paternal contribution to offspring’s health was
thought to be restricted to the haploid genome of spermatozoa,
whereas mother health and nutrition were linked to offspring’s well-
ness. However, multiple recent studies have revealed that spermato-
zoa carry a variety of RNAs'®*% capable to transmit paternal
experiences'*???**2_ In this regard, our work illustrated the critical
significance of MTX therapy and its impact on sperm small non-coding
RNA content as a possible mechanism underlying the observed cra-
niofacial abnormalities or possibly other unexplored effects of this
treatment. We discovered that tsRNAs and miRNAs are the most
common small non-coding RNA in medaka sperm, which is consistent
with past findings in mammals'®*°*"¢*’_Furthermore, we revealed that
tsRNAs halves changed significantly owing MTX treatment, which is in
agreement with previous studies showing that tsRNAs are a dynamic
population that responds to a variety of environmental stressors'®*%,
Particularly, we observed a higher abundance of certain 5'tsRNAs,
where 5'tsRNA-Asp®““ was the most abundant. This result is in con-
cordance with several studies where external factors also modulated
the abundance of 5'tsRNA-Asp®U“**?*3!, thus highlighting the idea that
certain tRNAs may be preferentially cleaved and their 5" halves have a
longer half-life compared to their respective 3" halves.

tsRNAs can be generated through multistep cleavages, through
the formation of various intermediates. Moreover, there is growing

evidence that regulatory factors, such as RNA modifications and spe-
cific RNases, have a role in their specific cleavage and stability®®.
Interestingly, we found that 5'tsRNAs from Asp®’“ and Gly“““ are con-
sistently longer (35 nt) on the sperm of MTX-treated males. This is in
agreement with the discovery that small 15-22 nucleotide long frag-
ments are normally formed in multiple tissues and cell lines*’, whereas
longer 31-40 nucleotide tRNA halves are preferentially cleaved in
response to different stresses®'.

The tsRNA functions are very speculative, but have been asso-
ciated to translation, ribosome biogenesis, retrotransposition, cell-cell
communication, and epigenetic inheritance, as well as how tsRNA
dysregulation are related to a variety of human disorders (summarized
in recent reviews®”’°). Importantly, both tsRNAs and their precursor
tRNAs are heavily modified, which contributes to multiple aspects of
their function, biogenesis, stability, amino acid charging, and transla-
tional accuracy”’%. Our initial hypothesis was that MTX treatment may
reduce the tRNA methylation thus inducing their cleavage. This is
based on previous studies where the addition of m5C, which is con-
trolled by DNMT2 and NSUN2, increase tRNA stability in flies and mice,
but its deletion makes them more likely to be cleaved into tsRNAs
under stress conditions'****”. However, and contrarily to our predic-
tions, we observed that tRNAs-enriched samples (-50-70 nt) derived
from MTX-treated sperm showed significantly greater levels of
methylation in m5C, m2G, m7G and m2'2G. Increased levels of m5C
and m2G have been observed in the 30-40 nucleotide fraction of
sperm RNAs (predominantly tsRNAs) in mice fed with high-fat diets
compared with those from males fed with normal diets*. However, it is
important to mention that in our MTX-treatment we fail to observe
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indicated significant differences analyzed by multiple unpaired t-student’ test fol-
lowed by a correction for multiple comparison (Holm-Sidak method, with alpha =
0.05)). d Histogram showing the length variation of mapped tRNA reads on control
and MTX-treated males. Dotted lines represent the median length. Histogram
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differences in the methylation levels from the tsSRNAs/miRNAs fraction
(-20-50 nt). We speculate that because the most abundant tRNA
modifications found in our study (SmC) are stated to be positioned at
the 3’ end of tRNAs (positions 38C, 48C, 49C, 50C)”, then the cleaved
3'tsRNAs halves, which accumulate the bulk of these methylations,
may be preferentially degraded.

The high levels of 5mC in our 50-90nt fraction from MTX-treated
males correlated with the higher expression of Dnm¢2 (also known as
Trdmtl), but not Nsun2. Dnmt2 is structurally close to other DNA
methyltransferases but rather methylates only one tRNA, specifically at
the cytosine 38 in the anticodon loop of aspartic acid (tRNA-Asp)’*. The
role of Dnm¢2 in paternal non-genetic inheritance have been demon-
strated in mice’®**, and recently associated with the Intergenerational
effect of immune priming in insects, suggesting an evolutionary con-
servation of its functionality”. Interestingly, here we have found that

5'tsRNA-Asp®UC was the second most abundant tRNA in MTX-treated
males and presenting a significant increase respect to their 3'tsRNA-
Asp®““ half. In contradiction to our finding, Schaefe et al. *. demon-
strated that m5C modification mediated by DNMT2 improves tRNA
stability, where tRNA-Asp is protected from angiogenin cleavage dur-
ing the heat shock response in Drosophila. In mammals, it is well known
that angiogenin activity, RNase that cleaves tRNAs, is also inhibited by
the presence of 5mC?¢, However, it is important to mention that since
the endonuclease targeting the anti-codon loop of Drosophila tRNAs
has not been identified yet, the authors analyzed the cleavage of tRNA-
Asp induced by the addition of recombinant human angiogenin into
Drosophila S2 cells*, which may not reflect the truly physiological
condition. Moreover, it has been shown that the presence of angio-
genin is not mandatory for the generation of tsRNAs, and other RNases
(Dicer, RNase T2, L) can also cleave tRNAs®*”*”, In that sense, fish does
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not have angiogenin, but instead orthologues genes with the capacity
to cleave tRNAs have been found’®*° suggesting that the generation of
tRNA fragments is an evolutive response against environmental stres-
sors. In addition, it is important to mention that the activity’®,
structure’®"®, and targeted dinucleotides for cleavage are different in
between fish and mammals RNases®. These facts suggest that the
overall generation of tRNA fragments is an ancient response where
RNases have maintained their main role and have evolved as the
organisms did it. On the other hand, the presence of 5SmC, and/or other
modifications, might affect their activity in a different way as it was
speculated by Barraud and Tisné®’. These authors stated that tRNA
modifications are critical features of the cellular stress responses, and
described the existence of a streaky crosstalk among them regulating
the tRNAs stability®”. As a result, modifications may act as a “barcode”
to regulate the specific tRNA cleavage and stability resulting in the
accumulation of specific tsRNAs in the sperm, which could affect the
phenotype of their offspring. Finally, we showed that the zygotic
injection of small RNAs isolated from MTX-treated sperm can partially
reproduce the basihyal malformation and ceratohyal”s length reduc-
tion, which were also the most affected cartilages observed in the
offspring of MTX-treated males. It is important to mention that the
ceratohyal and basihyal cartilages form the ventral region of the hyoid
arch required for the stabilization of the jaw®> which has evolved in
mammals as a structure required for milk suckling®*. Facial character-
istics and growth deficiencies have been extensively linked to both
folate deficiency and fetal alcohol syndrome. This phenotypic linkage
is, in part, because chronic alcohol abuse affects the folate levels by
reducing their initial hydrolysis and subsequent uptake into the cells®.
Furthermore, fetal alcohol syndrome has also been connected with a
weak sucking ability and other feeding difficulties in humans®, which
may presume a hyoid malformation.

In summary, our data suggests that paternal MTX-exposure
influenced sperm tRNA methylation, as a result of alterations in the
expression of certain RNA methyltransferases. These epitran-
scriptomic changes may cause the selective tRNA cleavage and the
maintenance of certain 5’ tRNA halves. These changes in the sperm
RNA content and modifications might affect transcriptional cas-
cades in the fertilized oocyte, with possible implications in cranial
cartilage formation (see hypothetical model in Fig. 6c¢). The
understanding of how tRNA modifications and their derived frag-
ments impact on the transcriptional cascades occurring during
early embryo will provide valuable insights into several diseases
and it is expected that this will be a main focus of research in this
field in the near future.

Methods

Medaka Husbandry

All experiments were performed with medaka fish (Oryzias latipes)
(strain hi-medaka, ID:MT835) supplied by the National BioResource
Project (NBRP) Medaka (http://www.shingen.nig.ac.jp/medaka/). Fish
were maintained and fed following standard protocols for medaka®.
Fish were handled on the Care and Management of Laboratory Animals
(http://www.ufaw.org.uk) and internal approved regulations (SICUAE-
University of San Martin 33/2022). Adult fishes were divided and
acclimatized in 4L fish tank during 3 weeks under a constant photo-
period (14L:10D) and controlled temperature (26 + 0.5°C), prior to
experimental procedures.

Experimental design

Adults medaka fish were divided into 3 groups composed by 3 inde-
pendent replicates having 9 males and 2 females per tank (all of them
having a body weight of ~200 mg). After the acclimatizing period, each
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Fig. 6 | Zygotic RNA injection derived from MTX-treated sperm partially reca-
pitulates the craniofacial phenotype. a Violin plots represent the measurement
of ceratohyal lengths on wild-type fertilized eggs injected with sperm-RNA frac-
tions (20-50nt, 50-90nt, or both together) obtained from control, 1I0MTX and
S0MTX treated males. Statistical analyses were performed using ANOVA one-way
followed by multiple comparison Tukey’s test. b Lateral view of larvae presenting
non-affected (trowel shape) or affected (bended upward or downward) basihyal
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cartilage shape. Quantification of the percentage of embryos presenting affected or
non-affected basihyal cartilage abnormalities from zygotes injected with sperm-
RNA fractions (20-50nt, 50-90nt, or both together) obtained from control, 1I0MTX
and SOMTX treated males. Numbers in the graph represent the analyzed embryos.
Statistical analyses were performed using a contingency table followed by two-
sided Fisher’s exact test. ¢ Proposed model summarizing the results.

male was intraperitoneal injected with control solution (PBS/1%
DMSO0), 10 mg of MTX per kg of body weight (10 mg/kg MTX) or
50 mg/kg MTX (A6770-SigmaAldrich, diluted in PBS/1%DMSO). Briefly,
males were anesthetized with 1% benzocaine solution (Parafarm),
gently dried with a paper towel, and placed in a dampened sponge
ventral side up, with their anal fin and cloaca exposed. Immediately,
using a 10ul syringe (Hamilton), fish were injected using a binocular
stereoscope (Nikon SMZ745) and then returned to their tanks for
7 days until sperm collection for in vitro fertilization and small RNA
extraction.

In vitro fertilization

Sperm collection was carried by anesthetizing the fish and placed in a
dampened sponge ventral side up following published protocols for
medaka®. A micro-forceps was used to gently strip the fish and the
released semen was collected by using a micropipette (-0.5 pl/fish) and
pooled for the posterior in vitro fertilization and small RNA extraction.
For the in vitro fertilization, 0.2 ul from obtained sperm were used to
fertilize a pool of 24-28 eggs collected from mature untreated females.
Fertilized eggs were immediately transferred and incubated in 60 mm
petri dishes with embryo media (17 mM NaCl, 0.4 mM KCI, 0.27 mM
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CaCl,.2H,0, and 0.66 mM MgSO,4; pH:7) until 3 days’ post hatching
(dph). Incubation was monitored and the percentage of fertilization
and survival until hatching was evaluated.

Alcian blue staining

Cartilages from embryos were analyzed at 3 dph by using alcian blue
staining. Larvae were fixed in 4% paraformaldehyde overnight at 4 °C
and washed three times with PBSw (PBS-0.1% tween20). After that,
embryos were incubated in a bleaching solution (0.5X SSC, 5% for-
mamide, 10% hydrogen peroxide) and exposed to light during 2 h.
Larvae were washed several times with PBSw and immediately incu-
bated in alcian Blue solution (0.1%p/v alcian blue, 0.37%v/v HCI, 70%v/v
EtOH) for 1h on a nutator. Then, larvae were washed five times with
01%v/v HCI-70%v/v EtOH for 30 min on a nutator; the last wash was left
overnight at room temperature. Next, larvae were washed six times
with 50%v/v glycerol-0.5%v/v KOH for 30 min on a nutator and the last
wash was left overnight. Finally, larvae were washed four times with the
same solution and left in 90% glycerol-10% ETOH for imaging proces-
sing and phenotype analysis. Larvae were photographed at ventral,
dorsal and lateral view by using a trinocular stereoscope (SteREO
Discovery v20. Zeiss) and analyzed using the ImageJ software®,

Small RNA extraction and library preparation

Small RNAs were isolated from sperm following manufacturer’s
instructions (illustra RNAspin Mini RNA isolation kit-GE Healthcare).
The 3’ adapters (see Supplementary Table 2 for full list of adapter
oligos utilized for library preparation) were ligated using SRBC bar-
code adapters for each sample, additionally 18-mer and 30-mer mar-
kers were ligated and used as control for the ligation process and
markers for the product correct size. The 3-ligated small RNAs were
size selected using 15% denaturing urea polyacrylamide gels at a con-
stant power of 40-50 W for ~30 min and stained by using SYBR Gold
0.05%V/V in TBE 0.5X and the 3’ ligated RNAs ranging from 18 -30 mer
were cut out. RNAs were purified using Zymo PAGE elution kit (ZR™
small RNA PAGE recovery kit) according to manufacturer’s instruc-
tions, the elute 3’-ligated small RNAs were elute in 5’ linker mix con-
taining 5" adaptor. The 3’-ligated RNAs + 5" adapter were denaturated
for 5min at 70 °C, cooled on ice immediately, ligated with T4 RNA
ligase (NEB) and incubated at 16 degrees overnight. Ligated small RNAs
were purified by using MBS beads, briefly: MBS buffer, MBS bead slurry
(beads + buffer), mixed by vortexing, added isopropanol and incu-
bated at room temperature. Beads were separated on magnet and the
supernatant was removed, after several washes with ethanol the RNA
was eluted with ultrapure water and transferred into PCR strip. For
reverse transcription, small-RNAseq RT primer to each sample were
used and a negative control without reverse transcriptase was inclu-
ded, Superscript Il reverse transcriptase was used to obtain the
synthesis of the first strand. To amplify cDNA libraries, KAPA HiFi Real
Time Library Amplification Kit (Roche) was used; PCR were performed
using TruSeq Universal Adapter primer (Solexa_PCR_fwd) and TruSeq
Index reverse primers (Solexa_IDX _rev), this latter includes barcodes
assigned to each different sample. Briefly: master mix was added and
TruSeq Index reverse primer were added to PCR strips containing
cDNAs; then KAPA HiFi HS RM and Truseq Universal Adapter primer
were added to the mix. The cycling program was: Denaturation at
98 °C for 45s; 20 cycles of 98 °C for 15 s, 65°C for 30, 72 °C for 30,
72°C for 10s; and a final extension at 72 °C for 1 min. The amplified
cDNA was purified by using 3% Low-Range Ultra Agarose gel (Bio-Rad)
according to the manufacturer’s instructions at constant 80-100V
using GeneRuler 50 bp DNA Ladder (ThermoFischer Scientific) as
molecular marker. Gel was visualized on a long wave UV transillumi-
nator and DNA band between 150-200 bp were excised using a clean
scalpel blade and put into a clean 15 ml Falcon tube; the DNA was
purified using the Zymoclean Gel DNA recovery kit (Zymo Research)
according to manufacturer’s instructions.

Bioinformatics analysis

Adapters from reads were removed using CUTADAPT, the output were
reads >15 bp, reads whose adapters were not identified were discarded.
The output of 15bp were used to analyze differential expression of
sncRNAs (miRNAs, tRNAs, snRNAs, snoRNAs, and rRNAs) and differ-
ential expression of tRNAs, 5’ tRNA halves and 3’ tRNA halves by dif-
ferent strategies. First, differential expression of sncRNAs was
analyzed on reads where the random nucleotides on 5’ (4 bp) and 3’
(6pb) were cut using FASTQ Trimmer. The obtained reads having
<19 bp were discarded using Filter Fastq and the remaining reads were
aligned against the medaka genome (Assembly ASM00223467v1) with
RNA STAR (allowing multimapping reads, 1 mismatch, and not allow-
ing introns). Expression of miRNAs, tRNAs, snRNAs, snoRNAs was
analyzed using FeatureCounts (allowing multimapping reads to be
counted, and assigning 1/n fractions to multimapping reads) with
Ensembl annotation (Release v102). To analyze cytoplasmic and
mitochondrial rRNA expression, reads were mapped to a custom fasta
file containing 28s rRNA (RNA central: URS000215D18B_8090), 18s
rRNA  (refseq: XR_002874070.1), 5.8s rRNA (RNA central:
URS0000671FD1_8090), 5s rRNA (refseq: XR_002875036.1), 16s
mtRNA (RNA central: URSO0003A7D46_8090) and 12s mtRNA (RNA
central: URSO000033338A_8090) sequences. Differential expression of
all sncRNAs was calculated using DESEQ2. Second, to analyze differ-
ential expression of 5" and 3’ tRNA halves, an additional 3 base pairs
were removed with FASTQ Trimmer from the 3’end of all reads. Reads
having less than 15 bp were discarded using Filter Fastq. The output
was aligned to the reference genome and analyzed as mentioned
before using custom GTF files with genomic coordinates for either 5’ or
3’tRNA halves. To determine the sequence length of mapped tRNA and
rRNA reads, BAM files were filtered (using GTFs files containing
genomic coordinate for full length tRNAs o rRNAs), reads were
extracted, converted to fasta and their length computed with in-house
scripts. tRNA and rRNA read coverage was calculated with Bam-
Coverage (bin size 1, no smoothing) with RPM values representing
reads per million mapped to functional sncRNA categories (miRNAs,
tRNAs, snRNAs, snoRNAs and rRNAs).

UHPLC-MS-MS

The analysis of modified ribonucleotides from spermatic RNAs were
performed by UHPLC-MS-MS. For that purpose, ~1.5 ug of total RNAs
were isolated from two independent pools of stripped sperm from ~9
control and 10MTX-treated males and run in denaturant poly-
acrylamide gel (15%, 7 M Urea). The gel was then stained with ethidium
bromide and RNAs that have a ranged size from 20-50 nt and 50-90 nt
were cut and recovered using the ZR small-RNA™ PAGE Recovery Kit
(Zymo Research) by following the manufacturer’s instruction.
Approximately 100 ng of RNA was obtained on each fraction and uti-
lized for UHPLC-MS-MS analysis. Then, 100 ng purified RNA samples
were digested to nucleosides for 2 hr at 37 °C using the Nucleoside
Digestion mix (NEB, M069S). Quantifications were performed as in®,
briefly: digested RNA samples were diluted to 100 pl with ddH20 and
filtered through 0.22 pum Millex Syringe Filters. 5pl of the filtered
solution was injected for LC-MS/MS analysis using the Agilent 1290
UHPLC-MS/MS system with a Hypersil Gold C18 reversed-phase col-
umn (2.1 x 150 mm, 3 um). Mobile phase A consisted of water with 0.1%
(v/v) formic acid and mobile phase B consisted of acetonitrile with 0.1%
(v/v) formic acid. Mass spectrometry detection was performed using
an Agilent 6470 triple quadrupole mass spectrometer in positive
electrospray ionization mode and data were quantified in dynamic
multiple reaction monitoring (dIMRM) mode, by monitoring the mass
transitions 268%I1136 for Adenosine (A), 282%I150 for Né-
methyladenosine (ml1A), 244911112 for Cytidine (C), 258911126 for
C5-methylcytidine (m5C), 2849511152 for Guanosine (G), 298911166 for
N7-methyladenosine (m7G) and N2-methylguanosine (m2G),
312911180 for N2,N2-dimethylguanosine (m22G), 282911136 for 2’-O-
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methyladenosine (Am), 258%11112 for 2’-O-methylcytidine (Cm) and
298911152 for 2-O-methylguanosine (Gm). To quantify the con-
centrations of the various methylation modifications we used pure
nucleosides of A, C, G, m1A, m5C, m7G, m2G m22G, Am, Cm, and Gm
to generate calibration standard curves through serial dilution.

RNA quantification by RT-PCR

Dissected testis from adult males (Control and 10MTX groups) were
used for gene expression analysis. For this purpose, a complete testis
from 8 males were individually grinded in 300 ul of TRIzol Reagent
(Life Technologies) and total RNAs (-800 ng/testis) were isolated and
retrotranscribed®. Expression of target genes were measured by gPCR
using Fast Start Universal SYBR green Supermix (Roche Diagnostics,
USA) on Thermal Cycler StepOne Plus (Applied Biosystem, USA), using
ribosomal protein L7 (rpl7) and elongation factor 1 alpha (efia) as
reference genes with the geometric mean calculation as described by
Padilla et al. °°. Real-time PCR primers are listed in Supplementary
Table 1. Each sample was run in duplicate and a PCR reaction without
the addition of template, was used as negative control. The amplifi-
cation protocol consisted of an initial cycle of 1 min at 95 °C, followed
by 40 cycles: 15s at 95°C and 30 s at 60 °C. After the amplification, a
melt curve was performed by 1 cycle: 15s at 95°C, 60 s at 60 °C, and
15 s at 95 °C enabling confirmation of amplification of single products.
Gene expression levels were calculated by the 272" comparative
threshold cycle (Ct) method (where AACt=ACt sample - ACt refer-
ence). The efficiency of amplification ranged 95-105% for all genes
studied. The expression level in each group was normalized to the
control and was presented as a fold of change®.

Zygotic RNA injection

RNAs were isolated from pools from stripped sperm from -9 control,
10MTX, and 50MTX-treated males and run in denaturant poly-
acrylamide gel (15%, 7M Urea). RNAs that have a ranged size from
20-50 nt and 50-90 nt were cut and recovered using the ZR small-
RNA™ PAGE Recovery Kit (Zymo Research) by following the manu-
facturer’s instruction. Fertilized eggs at the stage of one cell were
injected with 45.1 pg of purified RNAs from 20-50 nt, 50-90 nt or a
combination of both (20-90 nt) by using the microinjector Nanoject Il
(Drummond Scientific Company). After this, the injected embryos
were transferred into petri dish containing embryo media and let them
grown up until 3 days post hatching. The embryos were monitored
every day and alcian blue staining was performed for larvae as pre-
viously mentioned. Stained larvae were analyzed as previously
mentioned.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Trimmed sequencing data that was generated in this study for the
initial bioinformatics analysis have been submitted to the NCBI
Sequence Read Archive under BioProject ID PRJNA857097. LC-MS/MS
data have been uploaded to Metabolights [http://www.ebi.ac.uk/
metabolights/MTBLS7368]. Source data are provided with this paper.
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Supplementary Figures
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Figure S1: (a) Histogram showing the percentage of fertilization utilizing the sperm from control and
MTX treated males. (b) Kaplan Meier plot displaying the survival of fertilized eggs until the beginning
of hatch. Histogram showing the percentage of hatching embryos (c¢) and the day of hatching (d) on
control and MTX group. Values are means + SEM. Numbers in the graph represent the analyzed
embryos. Statistics for A and C were generated by contingency table followed by Chi-square test.
Statistics for B and D were generated by using the Long-rank (Matel-Cox) test, Gehan-Breslow-

Wilcoxon test. ns: P > 0.05.
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Figure S2: (a) Histogram displaying percentage of 5’ halves relative to their corresponding 3’ halves
from tRNAs not affected (tRNA-ProY¢¢, -ArgUcV, -Val*AC) or having a reduction (tRNA-Ser®cV) on
MTX treatment. Data represent three biologically independent replicates (n = 3) composed by RNA
isolated from 9 males’ sperm. Asterisk indicated significant differences analyzed by multiple
unpaired t-student’ test followed by a correction for multiple comparison (Holm-Sidak method, with

alpha = 0.05). Values are means * SD. (b) Histogram showing the read coverage for tRNA-GIucY¢
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and -Ser®CU. See also Supplementary Data 5.
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Figure S3: (a) Histogram showing the read coverage and size distribution for the most abundant

rRNAs (28s, 18s and 5.8s) between control and MTX. (b) Histograms showing the size distribution

for all mapped tsRNA and rRNA on control and MTX treated males. Dotted lines represent the

median length. Values on read’s size distribution are means £ SD. See also Supplementary Data

5.
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Figure S4: Histogram showing the percentage of survival and hatching of different batches of
fertilized wild-type eggs injected with sperm RNA fractions obtained from control, 10MTX and
50MTX treated males. ). Each dot represents a biological experimental replicate composed by a
pool of embryos. Number of embryos utilized: 20-50nt RNA Control-Inj (n= 14, 24, 18, and 20);
10MTX-Inj (n= 26, 18, 20, and 38); and 50MTX-Inj (n=9, 14, 25, and 36). 50-90nt RNA Control-Inj
(n=16, 13, 12, 14, and 12); 10MTX-inj (n= 24, 22, 12, and 22); and 50MTX-Inj (n= 16, 21, and 39).
20-90nt RNA Control-Inj (n= 11, 20, and 28); 10MTX-Inj (n= 21, 18, and 16); and 50MTX-Inj (n= 24,

26, 15, and 21).
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Hatching rate; for 20-50nt RNA Injections: Control-Inj: n=13, 10, 11, 18; 10MTX-Inj: n= 8, 6, 20, 32:
and 50MTX-Inj: n=7, 6, 6 viable embryos at the hatching start point. For 50-90 nt RNA Inj: Control-
Inj: n= 15, 8, 6, 8, 11; 10MTX-Inj: n= 19, 9, 7, 18; 50MTX-Inj: n= 13, 15, 6 viable embryos at the
hatching start point. For 20-90nt RNA injection: Control-Inj: n= 10, 15, 21; 10MTX-Inj: n= 20, 13, §;
50MTX-Inj: n= 20, 23, 9, 13 viable embryos at the hatching start point. Statistics by one-way ANOVA
followed by Turkey’s multiple comparisons test. Non-significant differences were observed in all

cases (P > 0.05). Values are means + SE.
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Supplementary Tables

Fw: CGGGAACAGACAACAGGAATA

Trmt6 ENSORLG00000009862.2 o GACCCTTCAGACCTTGATCITT
Dnmt2 (Trdmt1) ENSORLG00000019403.2 R:"éég%ggfgfgggggﬁ c
Nsun2 ENSORLG00000014332.3 ;‘C’ﬁéﬁgggzggggﬁégg
RPL7 ENSORLG00000007967.2 F":’v’: i%%giiggﬁ?&ﬁg&f
. ENSORLGO0000007614 Fw: GGAGGCCAGCGACAAGATGAGC.

Rv: ACACGGCCGACAGGGACAGTTC

Supplementary table 1: Primer sequences utilized for RT-gPCR

Control-1 O. latipes SRBC1 CAGTG 5'- 5'- 5'- 5'- 5’-
/5rApp/NNNNNNCAG ACACUCUUUCCCUAC AGACGTGTGCTC AATGATACGGCGACCA CAAGCAGAAGA
TGAGATCGGAAGAGCA ACGACGCUCUUCCG TTCCGATCT -3' CCGAGATCTACACTCTT CGGCATACGAG
CACGTCT/3ddC/-3' AUCUNNNN-3" TCCCTACACGACGCTCT ATCAGTGGTGAC
TCCGATCT -3’ TGGAGTTCAGAC
GTGTGCTCTTCC
GATCT -3’
Control-2 O. latipes SRBC2 AGCAA 5'- 5'- 5'- 5'- 5’-
/5rApp/NNNNNNAGC ACACUCUUUCCCUAC AGACGTGTGCTC AATGATACGGCGACCA CAAGCAGAAGA
AAAGATCGGAAGAGCA  ACGACGCUcUuccG TTCCGATCT -3' CCGAGATCTACACTCTT CGGCATACGAG
CACGTCT/3ddC/-3' AUCUNNNN-3' TCCCTACACGACGCTCT ATAGCAAGTGA
TCCGATCT -3' CTGGAGTTCAGA
CGTGTGCTCTTC
CGATCT -3’
Control-3 O. latipes SRBC3 GGTAT 5'- 5'- 5'- 5'- 5
/5rApp/NNNNNNGGT ACACUCUUUCCCUAC AGACGTGTGCTC AATGATACGGCGACCA CAAGCAGAAGA
ATAGATCGGAAGAGCA ACGACGCUCUUCCG TTCCGATCT -3' CCGAGATCTACACTCTT CGGCATACGAG
CACGTCT/3ddC/-3' AUCUNNNN-3’ TCCCTACACGACGCTCT ATGGTATGTGAC
TCCGATCT -3’ TGGAGTTCAGAC
GTGTGCTCTTCC
GATCT -3’
10MTX-1 O. latipes SRBC4 TACCA 5'- 5- 5'- 5'- 5-
/5rApp/NNNNNNTACC ACACUCUUUCCCUAC AGACGTGTGCTC AATGATACGGCGACCA CAAGCAGAAGA
AAGATCGGAAGAGCAC ACGACGCUCUUCCG TTCCGATCT -3' CCGAGATCTACACTCTT CGGCATACGAG
ACGTCT/3ddC/-3' AUCUNNNN-3’ TCCCTACACGACGCTCT ATTACCAGTGAC
TCCGATCT -3' TGGAGTTCAGAC
GTGTGCTCTTCC
GATCT-3'
10MTX-2 O. latipes SRBCS GTCAG 5- 5’- 5'- 5'- 5’-
/5rApp/NNNNNNGTC ACACUCUUUCCCUAC AGACGTGTGCTC AATGATACGGCGACCA CAAGCAGAAGA
AGAGATCGGAAGAGC ACGACGCUCUUCCG TTCCGATCT -3' CCGAGATCTACACTCTT CGGCATACGAG
ACACGTCT/3ddC/-3' AUCUNNNN-3’ TCCCTACACGACGCTCT ATGTCAGGTGAC
TCCGATCT -3’ TGGAGTTCAGAC
GTGTGCTCTTCC
GATCT -3’
10MTX-3 O. latipes SRBC6 TGACT 5- 5- 5'- 5'- 5'-
/5rApp/NNNNNNTGA ACACUCUUUCCCUAC AGACGTGTGCTC AATGATACGGCGACCA CAAGCAGAAGA
CTAGATCGGAAGAGCA ACGACGCUCUUCCG TTCCGATCT -3' CCGAGATCTACACTCTT CGGCATACGAG
CACGTCT/3ddC/-3' AUCUNNNN-3" TCCCTACACGACGCTCT ATTGACTGTGAC
TCCGATCT -3’ TGGAGTTCAGAC
GTGTGCTCTTCC
GATCT -3’
Supplementary Table 2: Adapter oligos utilized for library preparation.
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