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RESUMEN

VtRNA2-1 es un ARN no codificante mediano cuya identidad ha sido controversial, siendo inicialmente anotado
como hsa-mir-886, un precursor de microARNs (hsa-miR-886-3p y hsa-miR-886-5p), y luego como vtRNA2-1, al ser
catalogado como un miembro de la familia de los ARN de tipo bdveda, en inglés “vault” ARNs (VvtRNAs). Los vtRNAs
son ARNs no codificantes que forman parte de la particula vault, el complejo ribonucleoproteico mas grande de
la célula, compuesto por las proteinas MVP, TEP1 y PARP4 y por los vtRNAs del locus 1 (vtRNA1-1, vtRNA1-2 y
vtRNA1-3). A pesar de que vtRNA2-1 procede evolutivamente de los vtRNAs, su funcidén no estaria asociada a este
complejo, encontrandose otras funciones relacionadas con la modulacion de la actividad de las proteinas PKR y
OAS1. Estos trabajos sugirieron su reclasificacion como non-coding RNA 886 (nc886), dado que su funcion no
estaria relacionada a los vtRNAs. Esta tesis estudid la funcién de vtRNA2-1/nc886 en cancer de prostata.
Determinamos que VtRNA2-1/nc886 actla como un gen supresor de tumor de esta enfermedad y que se
encuentra reprimido en la neoplasia debido a un incremento de la metilaciéon en su promotor. En base al estudio
de datos de metilacion de grandes cohortes de cancer de prdstata, tales como la de adenocarcinoma de prostata
del proyecto Atlas Gendmico del Cancer (PRAD-TCGA), observamos que el aumento en la metilacion del promotor
de vtRNA2-1/nc886 se encuentra asociado con un peor prondstico clinico, reflejado por su asociacién con una
mayor puntuacién de Gleason, un mayor valor de estadificacién T y mayor recurrencia bioquimica. Asimismo, el
aumento en la metilacién del promotor de vtRNA2-1/nc886 conlleva a un concomitante descenso de su expresion
y el resultante incremento de caracteristicas neoplasicas. Evaluamos los efectos de la sobreexpresion estable de
VvtRNA2-1/nc886 respecto a un ARN control en lineas celulares tumorales de préstata (DU145 y LNCaP) y
observamos una disminucidn en la viabilidad celular y de la capacidad invasiva in vitro, asi como una disminucién
del crecimiento tumoral in vivo. Adicionalmente, determinamos la asociacidon entre la represion de vtRNA2-
1/nc886 y la desrepresion de una firma molecular asociada a la proliferacidn celular en tumores de pacientes. Por
otro lado, hemos mostrado que vtRNA2-1/nc886 puede funcionar como un precursor de pequefios ARNs no
codificantes de tipo microARNs, como también ha sido evidenciado para otros vtRNAs. Determinamos que estos
pequefios ARNs no codificantes derivados de vtRNA2-1/nc886 (snc886-3p/hsa-miR-886-3p y snc886-5p/hsa-miR-
886-5p) serian producidos por el procesamiento especifico de DICER y se asociarian al complejo RISC. El estudio
de diferentes sets de datos publicos demostrd que snc886-3p/hsa-miR-886-3p posee un patrén de expresion de
tipo supresor de tumor en cancer de préstata al igual que su precursor vtRNA2-1/nc886. Concordantemente, la

sobreexpresién in vitro de snc886-3p/hsa-miR-886-3p en las lineas celulares DU145, LNCaP y PC3 reveld una
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disminucion de la viabilidad celular, un aumento de la apoptosis temprana y alteraciones del ciclo celular. La
busqueda de posibles genes blancos de accién utilizando microarreglos de expresidn génica de células DU145 que
sobreexpresan snc886-3p/hsa-miR-886-3p, revelé un enriquecimiento en ARNs mensajeros reprimidos que
poseen sitios complementarios a la semilla de snc886-3p/hsa-miR-886-3p (6nt-kmer seed) en el 3’-UTR. Estos
posibles genes blanco de accién directa estan asociados a procesos celulares como el ciclo celular y la apoptosis.
Los mismos también configuran una firma de expresion génica que se asocia con caracteristicas clinicas de la
enfermedad, incluida la capacidad de predecir la sobrevida libre de enfermedad de los pacientes. Finalmente, a
través del metaanalisis de estudios transcriptomicos de pequeios ARNs no codificantes disponibles en bases de
datos publicas, encontramos que durante la carcinogénesis ocurriria no solo una disminucion de snc886-3p/hsa-
miR-886-3p sino un aumento de snc886-5p/hsa-miR-886-5p. Estos resultados junto con la correlacién de los
niveles de snc886-5p/hsa-miR-886-5p y la clinica sugieren que podria actuar como oncogén en la prostata. El
conjunto de nuestros datos indica que vtRNA2-1/nc886 ejerce su funcidn principalmente mediante su transcrito
de ARN de tamaio completo, pero también dando origen a 2 microARNs, uno supresor de tumor y otro que podria
ser oncogénico; estos microARNs disminuyen y aumentan durante la carcinogénesis respectivamente. Teniendo
en cuenta este complejo escenario, hipotetizamos que vtRNA2-1/nc886 podria generar asi un triple impacto
molecular, que probablemente involucre vias diferentes en el cancer de prostata.

Motivados por la existencia de pocos datos masivos de expresion para los viRNAs, y la comprension de que la
regulaciéon de la cromatina es un factor determinante de la expresidn de los transcritos de la ARN polimerasa lll,
estudiamos los datos de “The assay for transposase-accessible chromatin using sequencing” (ATAC-seq) y de
metilacion del promotor (microarreglos de metilacién) para los 4 vtRNAs en el conjunto de muestras disponibles
en el set Pan-Cancer del TCGA. Confirmamos que los niveles de metilacion del promotor de los viRNAs representan
una buena aproximacién a los niveles de accesibilidad de la cromatina determinados por ATAC-seq. Producto de
los analisis realizados, evidenciamos un perfil de accesibilidad a la cromatina y de metilacién del promotor
especifico para cada vtRNA, y una posible co-regulacion de la transcripcion. El vtiRNA1-1, y en menor medida el
vtRNA1-3, presentan un estado de accesibilidad a la cromatina ubicua y constante en los diferentes tejidos
evaluados y en los estadios tumoral y normal adyacente. Si bien vtRNA1-1, vtRNA1-2 y vtRNA2-1/nc886
correlacionan con una peor sobrevida de los pacientes, vtRNA1-2 y vtRNA2-1/nc886 son los que presentan mayor
cambio en el tejido tumoral, posicionandose como OG y TSG/OG respectivamente. Llamativamente, revelamos
que VtRNA2-1/nc886 estaria co-regulado con genes asociados con la respuesta inmune nativa o la
inmunomodulacién y que vtRNA1-2 se encuentra asociado con la proliferacion y el proceso de herida-

cicatrizacion. De hecho, observamos asociacion entre la accesibilidad de la cromatina de los vtRNAs con otros
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genes que terminan por sugerir que, en conjunto, los vtRNAs podrian encontrarse relacionados globalmente con

la respuesta inmune en cancer.

Estos resultados contribuyen con la comprensién de la funcidon de vtRNA2-1/nc886 en cancer de préstatay de la

posible participacién de los 4 viRNAs en el cancer.
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INTRODUCCION

l. EL CANCER

Cancer es un término general utilizado para identificar un amplio numero de patologias, que pueden afectar a
cualquier érgano o tejido del cuerpo. Especificamente, puede definirse como un grupo heterogéneo de trastornos,
caracterizados por la presencia de células que no responden a los controles normales de la division celular (Pierce
et al., 1978). El cancer puede tener un componente hereditario producto de mutaciones presentes en las células
germinales, pero es mayormente esporadico, es decir, es el producto de mutaciones espontdneas y de la accidn
de agentes carcinégenos ambientales en ausencia de un componente heredado. Una gran variedad de factores se
encuentra involucrados en el origen del cdncer e influyen en el riesgo de padecerlo. Estos incluyen tanto factores
intrinsecos de la célula como también factores ambientales (virus, radiaciones o sustancias quimicas),
constatdndose tempranamente que aproximadamente el 80% de los canceres esporadicos son promovidos por la
exposicidon ambiental (Guerrero & Pellicer, 1987). Incluso, se determind que ciertas infecciones también pueden
estimular e inducir el desarrollo del cancer (Devi & Hossain, 2000; De Marzo et al., 2006). A pesar del intenso
esfuerzo internacional destinado al conocimiento acerca de los cambios moleculares y celulares involucrados en
el inicio y desarrollo del cancer, aun continta siendo el principal azote a la salud humana. El cdncer es la primera
causa de muerte a nivel mundial, segun la Agencia Internacional de Investigaciéon en Cancer (IARC, GLOBOCAN
2018). En 2018 hubo 18,1 millones de nuevos casos y 9,5 millones de muertes (Ferlay et al., 2019). De hecho, se
estima que para el 2040 esta cifra aumente hasta los 30 millones de afectados (Figura 1) (Ferlay et al., 2019). En
Uruguay se registraron mds de 15.000 nuevos casos de cancer en 2018 y es la segunda causa de muerte

(aproximadamente el 25% del total) (Garau et al., 2019).
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Figura 1. Proyeccion de la incidencia del cancer a nivel global.

Esquema que expone el aumento de la proyeccion de la incidencia del cancer a nivel global desde el 2018 al 2040, por la
Agencia Internacional de Investigacion en Cancer (IARC, GLOBOCAN 2018). Imagen extraida y modificada de
https://gco.iarc.fr/ Ferlay et al., 2019.

1. ASPECTOS BASICOS DEL DESARROLLO DEL CANCER.

La bibliografia acerca de la tematica expone que, en el transcurso del proceso de carcinogénesis, existen una serie
de cambios o alteraciones fenotipicas que resultan ineludibles o comunes en el proceso de transformacién a
células cancerosas. Estas alteraciones son revisadas en Hanahan & Weinberg, 2011 y se mencionan a
continuacién: capacidad de autosuficiencia en el desarrollo de sefiales de crecimiento y mantenimiento de sefiales
de proliferacién, evasion de las sefiales antiproliferativas, evasion del atague inmune, promocidn de la inflamacién
tumoral, activacién y adquisicion de capacidad invasiva (metastasis), inestabilidad genémica y mutaciones,
energética celular desregulada, desarrollo de una capacidad proliferativa inmortal, induccion de la angiogénesis y

resistencia a la muerte celular (Figura 2).
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Figura 2. Cambios o alteraciones fenotipicas comunes en el proceso de transformacion a células cancerosas.

Esquema que resume las diferentes capacidades o alteraciones que debe experimentar una célula normal en el desarrollo
del cancer (carcinogénesis) y sus potenciales drogas, inhibidores o puntos de control. Imagen extraida y modificada de
Hanahan & Weinberg, 2011.

I. CANCER DE PROSTATA.

Dentro de los tumores sélidos, el cancer de prdstata (PrCa) es una de las enfermedades oncolégicas de mayor
incidencia en paises occidentales. En nuestro pais el PrCa tuvo una incidencia de 1510 casos en 2018 (19% de
cancer en hombres (Bray et al., 2018)) y es el tumor maligno mds frecuente en hombres (Figura 3) (Barrios &
Garau, 2017; Garau et al., 2019). De hecho, uno de cada seis hombres sera diagnosticado con PrCa en su vida. El
PrCa es actualmente reconocido como una enfermedad multifactorial. A pesar de que se reconoce un aporte
ambiental al desarrollo del PrCa, se cree que la predisposicién genética cumple un papel importante en el
desarrollo de la enfermedad. De hecho, se estima que la predisposicidon genética al PrCa podria encontrarse entre

un 10-20% (Brandao et al., 2020; Pritzlaff et al., 2020). Una gran variedad de factores influye en el riesgo de
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padecer PrCa, incluyendo la edad, etnia, estilo de vida e historia familiar. Los hombres mayores de 65 afios
presentan el mayor riesgo de padecer PrCa (Zhang et al., 2019). Si consideramos las distintas etnias, los
afroamericanos son quienes presentan la tasa mas alta de riesgo de padecer PrCa, presentando un 50% mas de
probabilidades que los caucasicos de ser diagnosticados con PrCa (Farkas et al., 2000; Zhang et al., 2020). Los
factores ambientales relacionados al PrCa son muy diversos, e involucran numerosos aspectos como la actividad
sexual, laingesta de grasa animal, la ingesta de alcohol, el tabaquismo, la obesidad, la ingesta de minerales (calcio,

selenio, zinc) y vitaminas Dy E (Kral et al., 2011).

HOMBRES INCIDENCIA MORTALIDAD

PROSTATA

PULMON
COLO-RECTO

VEJIGA

RINON

ESTOMAGO

LINFOMA NO HODGKIN

PANCREAS

CAVIDAD ORAL Y FARINGE B?

ESOFAGO | ; § 6.98

80 60 40 20 0 20 40 60 80

Tasa Estandarizada por Edad
(casos por100.000)

Figura 3. Tasas de incidencia y mortalidad de los diferentes tipos de cancer en hombres en Uruguay (2009 - 2013).

Registro Nacional de Cancer (RNC), Comisidon Honoraria de la Lucha contra el Cancer. Imagen extraida y modificada de Barrios
& Garau, 2017.

1. ETIOLOGIA DEL CANCER DE PROSTATA.

Una de las caracteristicas que presenta el PrCa es la multifocalizacidn, presentandose multiples sitios de
transformacion neoplasica en la glandula prostatica. Sin embargo, la mayoria de estos focos iniciales daran origen
a la forma latente del PrCa, que no progresara a la enfermedad clinica agresiva (Abeshouse et al., 2015; Witte,

2009). La etapa precursora del PrCa es la denominada Neoplasia Intraepitelial Prostatica (PIN) (De Marzo et al.,
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2003, 2006). A nivel histoldgico en esta etapa se pueden observar algunas caracteristicas distintivas, expansion
del nucleo y nucléolo, aparicion de hiperplasia epitelial luminal, estado hipercromatico y atipia del nucleo.
Asimismo, a nivel molecular se reportan aumentos en los niveles de los marcadores de proliferacién celular
(Shappell et al., 2004). En el desarrollo del PrCa, aquellas formas latentes que avancen a la forma clinica, en el 95%
de los casos, serdn clasificados como adenocarcinoma; siendo mayoritariamente adenocarcinomas acinares, que
expresan los receptores de andrégenos (AR). Mientras que el tumor maligno no haya invadido el tejido
circundante y se encuentre confinado en la capsula prostatica, se clasificard como carcinoma in situ. Si el tumor
continla progresando y comienza a invadir los tejidos circundantes, pasara a ser considerado invasivo. Sin
embargo, si el desarrollo del mismo aun no ha alcanzado otros tejidos y 6rganos del cuerpo, se le denominara
carcinoma primario. Para que sea clasificado como carcinoma secundario o metastasico, algunas células
cancerosas deben trasladarse mas alla del sitio original (primario), invadiendo otros drganos donde estableceran
un nuevo foco. Las células tumorales invasivas (metastaticas) muestran la adquisicion de inestabilidad gendmica,
que se refleja en los multiples reordenamientos cromosdmicos, observados tipicamente en los estadios avanzados
de la enfermedad (Holcomb et al., 2008, 2009). Los sitios mas comunes de metastasis en el PrCa, suelen ser los
ganglios linfaticos y el tejido dseo (caracterizado por las lesiones osteoblasticas) (Bubendorf et al., 2000; Fornetti
et al., 2018; Gundem et al., 2015). Si bien el advenimiento de la era gendmica dio lugar a grandes avances en la
comprension de las metastasis, sin embargo, la relacién de las células tumorales y la formacion de metastasis,
sigue aun sin resolverse completamente. Asimismo, los factores moleculares que promueven y gobiernan la

metdstasis del PrCa al tejido dseo, se encuentran aiin mal caracterizados (Sartor & De Bono, 2018).

2. DIAGNOSTICO Y CLASIFICACION CLiNICA.

A pesar de que el PrCa es de alta incidencia, el curso indolente de la patologia en conjunto con el potencial adverso
del tratamiento, han generado controversias acerca de la deteccidon tempranay el tratamiento de la enfermedad.
La busqueda de una definicién del PrCa clinicamente significativo lleva décadas de investigacién, aln hoy se
continla investigando la definicidn de los criterios clinicos y la interpretacion de los métodos diagndsticos para
diferenciar el PrCa que necesita intervencién del que no la precisa (Matoso & Epstein, 2019). En este contexto, el
examen fisico es la primera aproximacion al diagnéstico, la examinacion digito-rectal (DRE) en busca de masas o
endurecimiento de la préstata son los primeros signos a evaluar. Complementariamente, la determinacion de los
niveles de PSA (antigeno prostatico especifico) en sangre es otro factor diagndstico clave. Por tanto, niveles de
PSA > 4ng/mL y un DRE sospechoso seran indicadores de posible PrCa (Castillejos-Molina & Gabilondo-Navarro,
2016). Sin embargo, a pesar de la alta sensibilidad del PSA, éste posee limitaciones debido a su baja especificidad

que da lugar a falsos positivos. De hecho, existe variacion en los niveles de PSA debido a variacidn entre individuos
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o producto del trauma, inflamacién e infecciones prostaticas que pueden elevar los niveles de PSA.
Recientemente, el marcador PCA3 (un ARN no codificante especifico de la préstata) que es cuantificado en el
sedimento urinario, ha presentado ventajas frente al PSA debido a su mayor sensibilidad y especificidad, por no
estar relacionado con el volumen de la prdstata o la prostatitis. Sin embargo, su utilizacién en la clinica adn es

limitada (Castillejos-Molina & Gabilondo-Navarro, 2016).

Actualmente, la biopsia de prdstata es el método estandar para el diagndstico del PrCa. Se basa en la evaluacién
al microscopio de biopsias extraidas mediante aguja, tipicamente entre 10 y 12 muestras de tejido (5-6 por cada
|6bulo de la préstata), guiadas por ultrasonido trans-rectal. Las muestras serdn examinadas por un
anatomopatélogo que realizara una categorizacién del tejido segun la arquitectura y apariencia microscépica de
las células. La categorizacion del grado de diferenciacidon histoldgica del tejido dard lugar una clasificacidon
numeérica, en una escala del 1 (diferenciado) al 5 (indiferenciado), lamado sistema de puntuacion o categorizacion
de Gleason (Litwin & Tan, 2017). El mismo consiste en la suma de los valores asignados a las categorizaciones del
patrén histolégico predominante primario y secundario del tejido prostatico obtenido por las biopsias.
Recientemente, se establecié una nueva reclasificacion para los valores de puntuacién de Gleason vy la
estratificacion del cancer de préstata. Se establecieron 5 grados, donde el grado 1 corresponde con un Gleason
primario 3 + secundario 3; el grado 2 con 3+ 4; el grado3 con4 + 3; el grado4con4+4,3+5y5+3; el grado 5

cond4+5,5+4y5+5(ver Tabla 1 (Epstein et al., 2016; Litwin & Tan, 2017).

Tabla 1. Estratificacion del PrCa basado en la clasificacion de Gleason.

Grupos Clasificacion de Gleason Descripcion

Grado 1 3+3 Glandulas bien diferenciadas

Predominan glandulas bien diferenciadas, con
Grado 2 3+4 un componente menor de tejido mas
indiferenciado o cribiforme

Predominan glandulas poco diferenciadas o
Grado 3 443 cribiformes, con un componente menor de
tejido con glandulas bien diferenciadas

Solo glandulas poco diferenciadas o cribiformes
Grado 4 4+4, 3+5 y 5+3 o tejido bien diferenciadas mas dreas con
ausencia de glandulas

Glandulas no diferenciadas o necrdticas, con o

Grado 5 445, 5+4 y 545 . . . -
rado ¥ sin zonas poco diferenciadas o cribiformes

Tabla extraida y modificada de Epstein et al., 2016.
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Conjuntamente con las biopsias, la imagenologia radioldgica permitird determinar la ubicacidn, extensién del
tumor y la busqueda de esparcimiento del tumor a nédulos linfaticos y a otros tejidos. En este sentido, la
tomografia computada e imagenologia de resonancia magnética han resultado muy util para estos fines y para la
determinacidn del estadio de la patologia. La determinacidn de la estadificacion del cancer es importante para
determinar el prondstico y tratamiento. Generalmente, se utiliza la escala tumor, nodo, metdstasis (TNM) para
clasificar clinica y patoldgicamente los estadios de la enfermedad (ver Tabla 2 (Litwin & Tan, 2017)). Entonces, los
médicos clinicos en base a la suma de la categorizacidon de Gleason, los niveles de PSA (el antigeno especifico
prostatico) y el estadio clinico podran realizar una estadificacion de la enfermedad y ponderar el riesgo de la
misma. De hecho, la clasificacién D’Amico (Hernandez et al., 2007) se basa en los pardmetros antes mencionados
para el establecimiento de 3 grupos de pacientes con diferente proporcion de sobrevida a 10 afios: 83% para bajo
riesgo (Gleason 6, PSA < 10 ng/mL y estadio de T1-T2a), 46% para riesgo intermedio (Gleason 7, PSA 10-20 ng/mL
y T2b) y 29% para alto riesgo (Gleason 8-10, PSA > 20 ng/mL y estadio mayor de T2c) (Castillejos-Molina &
Gabilondo-Navarro, 2016; Hernandez et al., 2007; Litwin & Tan, 2017).

Tabla 2. Clasificacidn del PrCa segun el sistema TNM.

Categorias TNM Definicion

T - tumor primario

X El tumor primario no pudo ser juzgado

T0 No hay evidencia del tumor primario

El tumor no puede identificarse durante el DRE y no se observa durante las pruebas por imagenes. El tumor invade el tejido
Tix conectivo subepitelial, es subcategorizado: a 5% o menos del tejido removido, b mas del 5% del tejido removidoy c el
paciente tenia un nivel elevado de PSA.

El tumor invade alguno de los siguientes: el estroma prostatico, el cuerpo esponjoso o el musculo peritelial. Es
T2x subcategorizado: a cuando el tumor compromete la mitad de un lado de la préstata, b el tumor compromete mas de la mitad
de un lado de la préstata, pero no ambos lados, ¢ el tumor ha crecido a ambos lados de la préstata.

El tumor invade alguno de los siguientes: el cuerpo cavernoso, fuera de la capsula prostatica, el cuello de la vejiga. Es
T3x subcategorizado: a el tumor ha crecido a través de la prdstata (extensidn extraprostatica), b el tumorinvadid la(s) vesicula(s)
seminal(es), el (los) conducto(s) seminales.

T4 El tumor invade otros organos adyacentes: invade la vejiga o el recto

N - nédulos linfdticos regionales (Ganglio)

NX Los nédulos linfaticos no pudieron ser juzgados
NO No hay metastasis en nddulos linféticos regionales
N1 Metastasis en un nédulo linfatico

N2 Metastasis en multiples nédulos linfaticos

M - metastasis distantes

MO No hay metastasis distantes

M1 Metastasis distantes

Tabla extraida y modificada de Litwin & Tan, 2017.
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3. UNA VISION MOLECULAR DEL CANCER DE PROSTATA.

La literatura de la temdtica expuso una serie de genes que se encuentran asociados a las distintas etapas de la
carcinogénesis del PrCa. Segun su funcidn, estos genes se clasifican como, genes supresores de tumor (TSG),
oncogenes (OG) y genes cuidadores o “caretakers” (Tabla 3) (De Marzo et al., 2007; Tomlins et al., 2007). Estudios
a nivel molecular, han revelado la presencia de una serie de eventos genéticos que se relacionan diferencialmente
con el origen y etapas tempranas del PrCa, o con las etapas avanzadas y metastaticas de la patologia. Los cambios
implicados con el origen y las etapas tempranas, comprenden tanto cambios generales, que involucran
mutaciones puntuales y alteraciones epigenéticas; o cambios especificos, como la pérdida del gen glutation-S-
transferasa P1, pérdida de heterocigosidad (LOH) del cromosoma 8 y cambios en el nimero de repetidos CAG en
el gen del receptor de andrégenos. Los cambios implicados con las etapas avanzadas y metastaticas, comprenden
la pérdida del brazo q del cromosoma 16, la pérdida del gen supresor de tumor RB, la inactivacion del gen supresor
de tumor p53 y la alteracién en la expresion del gen de E-cadherina, entre otros. También existen mutaciones de
genes que no se asocian directamente a una etapa particular, pero que son frecuentemente observados en los
tumores de préstata; por ejemplo, este es el caso del gen PTEN (Phosphatase and tensin homolog) (De Marzo et
al., 2007; Tomlins et al., 2007). Por otro lado, las mutaciones asociadas a los genes de AR estan directamente
relacionadas con la adquisicion de un fenotipo independiente de andrdgenos, que resulta fundamental en la

clinica puesto que definird si la terapia de privacién de andrégenos serd efectiva o no.
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Tabla 3. Genes directamente asociados al desarrollo del PrCa.

Localizacion Descripcion General

Genes Supresores de Tumor

Codifica el inhibidor de quinasas dependiente de ciclinas p27. Uno de los alelos es

CDKN1B 12p13.1 ; ;
deletado frecuentemente en los tumores primarios.
Codifica la proteina homeobox restringida a préstata. Suprime el crecimiento de las
NKX3.1 8p21.2 células prostaticas. Uno de los alelos es deletado frecuentemente en los tumores
primarios.
Codifica el homdlogo de la tensina yfosfatasa, suprime el crecimiento e incrementa
PTEN 10g23.31

la apoptosis. Uno de los alelos es perdido frecuentemente en los tumores primarios.

Posee muchas funciones supresoras de tumor, induce el arresto del ciclo celularen
TP53 17p13.1 respuesta a dafio en el ADN e induce la apoptosis. Frecuentemente mutado en
estados avanzados del cdncer de prostata.

Oncogenes

Factor de transcripciéon que regula muchos genes blancos involucrados en la
MYC 8q24 proliferacion celular, senescencia, apoptosis y metabolismo. Su sobreexpresién

conduce directamente a la transformacidn celular.
Propuesto como nuevo oncogén del cancer de prdstata. Transcriptos fusionados con la
ERG 21g22.3 porcion 5’ del gen regulado por andrégenos TMPRSS22, es comUnmente encontrado en
todas las fases del cancer de prdstata.
7p21.3,19913.12, Codificaf ’pa ra los factores de transcripci(?n de tipo ETS 1-4. Transcri’ptos fusionados con
ETV1-4 la porcién 5’ del gen regulado porandrégenos TMPRSS22, es comUnmente encontrado
1921,17qg21.31 . .

en todas las fases del cdncer de préstata.

Codifica para el receptor de andrégenos. Se observa su expresion la mayoria de los
AR Xql1-12 canceres de prostata. Generalmente, su locus se encuentra amplificado o mutado en
estados avanzados del cancer.

Activacion de la enzima Mantiene la funcidon telomérica y contribuye con el estado de inmortalizacion.
Telomerasa Generalmente, se encuentra activada en el cancer de préstata.

Genes “Caretakers”

Codifica la enzima que cataliza la conjugacion del glutation reducido a sustratos
GSTP1 11913 electrofilicos. Cumple funcidn detoxificante de carcinégenos. Es epigenéticamente
inactivado en mas del 90% de PIN.

Extremos Contribuye a la inestabilidad cromosdmica. El acortamiento de los telémeros es

Disfuncion Telomérica .. .
cromosomicos encontrado en mas del 90% de PIN.

Anormalidades
centrosomicas
Otros cambios somdticos
PTGS2, APC, MDR1, EDNRB, Alteraciones epigenética son frecuentemente encontradas en las regiones

Varios
RASSF1a, RARB2 reguladoras.

Contribuye a la inestabilidad cromosdmica.

Tabla extraida y modificada de De Marzo et al., 2007.

lll. PEQUENOS ARNS NO CODIFICANTES.

El dogma central de la biologia molecular fue desafiado cuando se identificé un subgrupo de pequefios fragmentos
de ARNSs no codificantes que poseian la capacidad de regular negativamente genes codificantes de proteinas (Lee
et al., 1993). El estudio de los pequefios ARNs no codificantes (sncARNs) ha ganado particular atencion desde el

descubrimiento de los microARNs (Lee et al., 1993) y, mas recientemente, desde el advenimiento de las técnicas
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de secuenciacidn masiva. Esto se marca muy notoriamente en el crecimiento del nimero de microARNs anotados
en miRBase (Griffiths-Jones, 2006). Si bien existen multiples estrategias para el estudio de microARNs, la
secuenciacion masiva de pequefios ARNs no codificantes (SRNA-seq) ha sido la técnica mas utilizada (Vickers et
al., 2015). El sSRNA-seq implica basicamente generar librerias de sncARNs mediante la ligacién de adaptadores en
los extremos de los pequefios ARNs no codificantes seleccionados por tamafio, la transcripcidn reversa y su
posterior secuenciacion en alguna de las plataformas disponibles en el mercado. Si bien los microARNs son una
de las multiples clases de sncARNs presentes en un set de datos obtenidos por sRNA-seq, hoy en dia siguen siendo
los mas reportados. En gran medida, esto es debido al mayor conocimiento de sus caracteristicas generales asi
como su mecanismo de accion (Bartel, 2009, 2018; Vickers et al., 2015). Sin embargo, actualmente conocemos
muchas otras clases de sncARNs presentes en el transcriptoma celular (Figura 4), los cuales demandan mas
investigacion. Se reconoce que los ARNs no codificantes (ncARNs) son actores clave en la iniciacidn y la progresion
del cancer (Bolton et al., 2014; Doldi et al., 2016; Mouraviev et al., 2016). Su identificacién en fluidos corporales y
su facil cuantificacidon estimuld su intensa investigacion (Wang et al., 2016; Yuan et al., 2016). Los ncARNs se
clasifican segun su tamafio y funcidn, aquellos de longitud <200 nt son denominados "ARNs pequefios no
codificantes" (sncARNs (microARNs, piwiARNs, snoARNs)), mientras que aquellos >200nt son denominados "ARNs

largos no codificantes" (IncARNs) (Figura 4) (Romano et al., 2017; Wilusz et al., 2009).
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Figura 4. llustracion esquematica de la diversidad de ARNs no codificantes pequefios y largos.

Las conexiones en color mostaza establecen los sncARNs que derivan de un precursor de mayor tamano. Los pequefios ARNs
no codificantes (Small RNAs) son menores de 200 nt, mientras que los ARNs no codificantes largos son mayores en longitud
(Long RNAs).

IncARNs (en inglés, Long RNAs): hTR, human telomerase RNA; lincRNA, large intergenic non-coding RNA; LINE, long
interspersed element; IncRNA, long non-coding RNA; LTR, long terminal repeat; mRNA; PASR, promoter-associated long RNA;
RMPR, RNA component of mitochondrial RNA processing endoribonuclease RPPH1, ribonuclease P RNA component H1; rRNA,
ribosomal RNA; SINE, short interspersed element; TASR, termini-associated sRNA; TERRA, telomeric repeat-containing RNA;
T-UCR, transcribed ultraconserved region. sncARNs (en inglés, Small RNAs): casiRNA, cis-acting siRNA; crasiRNA, centromere
repeat-associated sRNA; diRNA, double-strand breakinduced sRNA; endo-siRNA, endogenous small interfering RNA; exo-
SiRNA, exogeneous small interfering RNA; hc-siRNA, heterochromatic small interfering RNA; miRNA, microRNA; natsiRNA,
natural antisense siRNA; piRNA, Piwiinteracting RNA; qiRNA, QDE-2-interacting sSRNA; rasiRNA, repeat-associated siRNA;
ScaRNA, small Cajal-body RNA; sbRNA, stem-bulge RNA; sdRNA, snoRNA-derived small RNA; SNAR, small NF90-associated
RNA; snoRNA, small nucleolar RNA; snRNA, small nuclear RNA; srRNA, sRNAs-derived from rRNA; svRNA, small vault RNA;
tasiRNA, trans-acting siRNA; tDR, tRNA-derived sRNA; tel-sRNA, telomere-specific SRNA; tiRNA, transcription initiation SRNA;
tRH, tRNAderived halves; tRF, tRNA-derived fragments; TSS-miRNA, transcriptional startsite-microRNA; usRNA, unusually
small RNA; vtRNA, vault RNA; Y, Y RNA. Imagen extraida y modificada de Vickers et al., 2015.

La gran mayoria de estos sncARNs no son meros productos de degradacién, debido a que poseen extremos
claramente definidos en multiples tejidos y especies, y generalmente son sefiales de un producto del clivaje

especifico de ARNasas de tipo Il (Berezikov et al., 2011; Langenberger et al., 2013; Park et al., 2011). Incluso, la
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gran mayoria cuentan con un gran soporte de lecturas y caracteristicas propias de secuencia (Mifiones-Moyano
et al., 2013; Starega-Roslan et al., 2011). Si bien conocemos poco sobre muchas de estas categorias de sncARNSs,
esto no impide que posean un gran potencial para participar de importantes funciones biolégicas y regular la

expresion génica como se determind para los microARNs (Bartel, 2009, 2018; Martens-Uzunova et al., 2012).

IV. MICcROARNS.

Los microARNs son pequefias moléculas de ARN simple hebra de aproximadamente 22 nt de longitud, codificados
en el genoma de una diversidad de organismos como plantas, animales, hongos y virus. Es ampliamente aceptado,
gue los microARNs son moléculas centrales en la regulacidn post-transcripcional, desempefiando su funcién como
represores de la expresidén génica (Bartel, 2004, 2009, 2018; Friedman et al., 2008; Romano et al., 2017).
Especificamente, suprimen la expresion génica a través de una interaccidon por complementariedad de bases
imperfecta, principalmente con el 3’-UTR de sus respectivos ARN mensajeros blancos. Producto de esta compleja
interaccion pueden disparar mecanismos generales de represion de la expresion génica. Se estima que mas del
60% de los genes humanos se encuentran bajo el control de microARNs (Friedman et al., 2008; Seok et al., 2016).
Los genes de microARNs pueden estar presentes tanto en secuencias intergénicas, con sus propios elementos
reguladores, o en regiones intrénicas y en este ultimo caso se pueden transcribir de forma independiente o
dependiente del huésped, pudiendo llegar a escindirse mediante los eventos de “splicing” alternativo (miRtrons)

(Bartel, 2018; Berezikov, 2011).

1. BIOGENESIS.

A pesar de que el proceso individual en cada especie puede llegar a diferir en algunos detalles especificos, el
proceso basico de generacién de los microARNs es compartido en animales, plantas y hongos. El mecanismo
evolutivamente conservado que da lugar al microARN maduro, implica dos procesos consecutivos de corte
endonucleotidicos precisos, realizados por las enzimas tipo RNasa Il DROSHA y DICER (Figura 5) (Bartel, 2004; Kim
etal., 2009, 2016; Winter et al., 2009). Una vez, generado el transcrito primario por la ARN polimerasa Il (principal
ARN polimerasa de transcripcién de microARNs), los microARNs primarios (pri-microARN) poseen las propiedades
estructurales caracteristicas de los genes de clase Il (caperuza en el 5’, asi como cola poli(A) al 3’). En el siguiente
paso en la biogénesis, el complejo microprocesador nuclear enzimdatico compuesto por DROSHA y DGCRS8
(proteina de unién a ARN doble hebra (Pasha)), procesa el transcrito primario, generando una estructura en forma
de horquilla de aproximadamente 60-100 nt de longitud. Esta estructura es el lamado microARN precursor (pre-

microARN) (Bartel, 2004; Kim et al., 2009, 2016; Winter et al., 2009). En el proximo paso, la interaccion del pre-
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microARN con el factor de exportacion nuclear XPO5 (exportin 5) y Ran-GTP, promovera que el microARN sea
transportado al citoplasma donde sufrira una segunda ronda de clivaje especifico catalizado por la enzima DICER
en complejo con TRBP (proteina de union a ARN de doble cadena). Este evento de escision dara a lugar a un nuevo
fragmento de ARN doble hebra de aproximadamente unos 22nt, que estard compuesto por dos hebras de
microARN maduro, una correspondiente al 5’ (5p) y la otra al 3’ (3p) de los extremos del precursor de microARN
(Bartel, 2004; Kim et al., 2009, 2016; Winter et al., 2009). Inmediatamente, el microARN maduro sera incorporado
al gran complejo proteico denominado complejo de silenciamiento inducido por ARN (RISC). El microARN maduro
funcionara como guia del complejo RISC para el reconocimiento especifico de un grupo de ARN mensajeros
blancos. El complejo RISC podrd inhibir la traduccién de aquellos ARN mensajeros blancos que presenten

complementariedad parcial con el microARN en el 3’-UTR.
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Figura 5. Esquema de la biogénesis de los microARNs.

El proceso consiste basicamente en la transcripcién de moléculas de ARN bicatenario que posteriormente seran procesadas
en moléculas de ARN simple hebra mds pequeiias. Estas a su vez mediaran el reconocimiento de una secuencia especifica en
el ARN mensajero blanco por unién directa por complementariedad de bases, conllevando a la represidn de la expresion de
dicho ARN mensajero. Se pueden apreciar los tres mecanismos basicos de represion. Imagen extraida y modificada de Winter
et al., 2009.
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2. REPRESION GENICA.

Principalmente los microARNs regulan la expresion génica de sus ARN mensajeros (ARNm) blancos mediante la
interaccion de 6 nucledtidos ubicados en el extremo 5’ del microARN (2-7nt denominados regién semilla) con
secuencias fundamentalmente localizadas en la regidon 3’-UTR del ARNm blanco (Figura 6), produciendo la
inhibicién de la traduccidn o la desestabilizacion del ARNm (Bartel, 2009, 2018; Guo et al., 2010; Quévillon
Huberdeau & Simard, 2019). Tipicamente la represion efectuada por los microARNs afecta 20-50% de la expresion.
Muiltiples sitios de regulacion en el mismo ARN mensajero puede contribuir con un efecto mas pronunciado,
principalmente aquellos cercanos (8-40nt), pueden contribuir con un efecto cooperativo (Bartel, 2018). Los
mecanismos utilizados por los microARNs para regular la expresién génica mas ampliamente aceptados son
cuatro: degradacion co-traduccional de la proteina, inhibicién de la elongacién de la traduccidn, terminacién
prematura de la traduccidn e inhibicidn del inicio de la traduccién (Bartel, 2018; Eulalio et al., 2008). El modelo
mas aceptado en la actualidad es que el microARN produce la inhibicién de la traduccién del ARNm, contribuyendo
de esta manera con la desproteccion y consecuentemente con la degradacion del mismo (Wilczynska & Bushell,
2015). De hecho, mediante el uso de la técnica de “ribosome profiling” se identific6 que en mamiferos la
disminucion de los niveles de ARNm contribuye en gran medida (aproximadamente 84%) con el descenso de los
niveles de proteina (Guo et al., 2010). Los microARNs son usualmente considerados escultores del transcriptoma

Ill

celular, debido a que realizan un ajuste fino de la expresion génica y, en gran medida, eliminan el “ruido” o
variacién intrinseca en la expresidn génica celular (Schmiedel et al., 2015). Es importante destacar que el efecto
represor de un microARN sobre uno/varios ARNm blanco puede variar en diferentes tejidos, contextos celulares
y etapas del desarrollo, pudiendo contribuir con un efecto moderado de ajuste de la expresion o un efecto agudo

gue termine por gatillar una transicién o cambio celular (Bartel, 2018).
mRNA
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Figura 6. Esquema de reconocimiento del microARN al ARN mensajero blanco.

Complementariedad parcial del microARN (miRNA) a través de su region semilla “seed” (nucledtidos (nt) del 2-7 del extremo
5" del microARN) con el ARN mensajero blanco (mRNA) en su regidn al 3’ no traducida (3’ UTR). Imagen extraida y modificada
de Lam et al., 2015.
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3. MIcROARNS Y CANCER.

El hecho de que un Unico microARN presente numerosos ARNm blancos pertenecientes a una o multiples vias
celulares, sugiere que la expresion desregulada del mismo afectara a los procesos en los que participan los
productos proteicos de sus ARN mensajeros blancos. Hoy es conocido, que la desregulacion de los microARNs
afecta multiples procesos bioldgicos celulares que desembocan en eventos patolégicos complejos, como las
enfermedades cardiovasculares, neurodegenerativas, envejecimiento, desordenes metabdlicos, asi como el inicio
y progresion del cancer (Acunzo et al., 2015; Bouyssou et al., 2014; Esteller, 2011; Romano et al., 2017). Tal es asi,
gue los microARNs al igual que los genes asociados al cancer se clasifican segun funcionen como OG o como TSG.
Los microARNs TSG, se encontrardn subexpresados en el tejido tumoral, y tendran por blanco el ARNm de OGs
(Figura 7). Lo opuesto sucede con los microARNs OGs (oncomir), que se encontraran sobreexpresados en las
células tumorales y tendran por blanco ARNm de genes con funciones de TSG (Figura 7) (Acunzo et al., 2015;
Fuziwara & Kimura, 2014; Romano et al., 2017; Wang et al., 2010). Multiples reportes cientificos evidencian la
participacidon y modulacién de los microARNs en procesos como el desarrollo, proliferacidn celular, diferenciacién,
apoptosis, adhesioén celular, migracion e invasidn, angiogénesis, metastasis en otros procesos bioldgicos (Acunzo
et al,, 2015; Aghdam et al., 2019; Hesse & Taipaleenmaki, 2019; Rupaimoole & Slack, 2017; Subramaniam et al.,
2019; Weidle et al., 2019). Estudios de asociacion han encontrado un gran nimero de microARNs que se ubican
cercanos o directamente inmersos en regiones genémicas estrechamente asociadas al cancer (Calin et al., 2002).
Evidencia bioldgica experimental en modelos animales, muestra la asociacion de niveles anormales de expresién
de microARNs asociados con el desarrollo y progresion de canceres humanos (Takamizawa et al., 2004).
Particularmente, se ha comprobado que el mal funcionamiento de un Unico microARN resulta suficiente para
causar cancer en ratones (Costinean et al., 2006). Las nuevas tecnologias gendmicas, han facilitado el estudio de
perfiles de expresién de microARNs, demostrando una desregulacion general de los microARNs en los tumores
humanos (Abeshouse et al., 2015; Chu et al., 2016). Ha existido un progreso significativo en estos ultimos afios en
relaciéon con la asociacidn entre los microARNs y el cancer, gracias al gran avance y la disminucién de los costos
de las tecnologias gendmicas. Estudios a gran escala de perfiles gendmicos de expresidon de microARNs en diversos
tipos de tumores, muestran una estrecha asociacion entre el perfil de expresion de microARNs y el tumor
estudiado (Abeshouse et al., 2015; Devor et al., 2014). Esto motiva a que algunos autores lleguen a plantearse la
posibilidad de que cada tipo especifico de tejido y de cdncer pueda ser identificado por un perfil o una firma
determinada de microARNs desregulados. Incluso, la posible clasificacion y estratificacion de los distintos tipos de

cancer, basandose en los perfiles de expresion particular de microARNs de cada tumor (Volinia & Croce, 2013).
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Figura 7. Funcion de los microARNs como supresores tumorales y como oncogenes.

La desregulacidn de los microARNs conlleva al desbalance de la expresion de sus ARNs mensajeros blancos. Los microARNs
son denominados oncogén (oncomiR) cuando se encuentran sobreexpresados en el tumor y reprimen la expresién de un gen
supresor de tumor. Los microARNs son denominados supresores de tumor cuando se encuentran reprimidos en el tumor y
reprimen la expresion de un ARN mensajero oncogénico. Las dos situaciones suceden concomitantemente en el desarrollo
del cancer. Imagen extraida y modificada de Fuziwara & Kimura, 2014.

4. MICROARNS Y CANCER DE PROSTATA.

Inicialmente, se observd que los perfiles de expresion de microARNs en tumores de prostata poseen una extensa
desregulacion global de los mismos (Gandellini et al., 2009). Ademas, se demostrd que los patrones de expresion
diferencial de los microARNs en el PrCa, pueden correlacionarse robustamente con la clinica, postulando su uso
como indicadores de diagndstico y prondstico (Schaefer et al., 2009, 2010). Por ejemplo, se determind que los
tumores con elevada expresion de hsa-miR-21, presentan 2,5 veces mas riesgo de padecer recurrencia bioquimica,
posicionandolo como un posible biomarcador de la enfermedad (Leite et al., 2015). Existe un gran nimero de
microARNs que se expresan anormalmente en PrCa, asociados directamente al desarrollo del mismo (Figura 8)

(Aghdam et al., 2019). Muchos microARNs (oncomirs) se encuentran sobreexpresados en el PrCa regulando
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negativamente muchos TSG, conduciendo al crecimiento tumoral y a la metdstasis. Por ejemplo, dos microARNs
gue presentan una altisima homologia de secuencia entre ellos, el hsa-mir-221 y hsa-mir-222, han sido reportados
sobreexpresados en PrCa. Estos microARNs se encontraron directamente relacionados con la metastasis y el
crecimiento tumoral a través de la represion del gen blanco p27kip1 (Mercatelli et al., 2008). Por otro lado, el rol
tumor supresor de los microARNs en el PrCa se encuentra asociado con la habilidad de interferir con la migracidn
celular y la invasién, asi como mediar o promover la apoptosis celular. De hecho, la pérdida de microARNs
supresores de tumor es un mecanismo bastante comun asociado al PrCa. Por ejemplo, la pérdida del locus del
hsa-mir-101 asociado a la sobreexpresion del gen EZH2, se encontrd en un 37.5% de muestras clinicas de PrCa
localizado y en un 66.7% de muestras de PrCa metastasico. Asimismo, la sobreexpresion del hsa-mir-101 se
encuentra asociada con bajos niveles de EZH2, asi como con la supresiéon del crecimiento y de la invasividad en
células de PrCa (Varambally et al., 2008). Se observé también que los sncARNs (incluidos los microARNs) originados
de células tumorales de préstata pueden ser cuantificados en la sangre, lo que impulsé la posibilidad de su
seguimiento en el suero de pacientes con cancer (Pardini et al., 2019). En la actualidad, multiples trabajos se
centran en encontrar firmas de expresién o paneles de microARNs presentes en fluidos corporales que puedan
correlacionarse con la clinica, para su uso como indicadores de diagndstico, prondstico y terapéutica del PrCa
(Konoshenko et al., 2020). De hecho, varios microARNs presentes en el suero (por ejemplo: Let-7c, let-7e, let-7i,
hsa-miR-26a-5p, hsa-miR-26b-5p, hsa-miR-18b-5p y hsa-miR-25-3p), han sido confirmados como biomarcadores

capaces de discriminar estadios benignos y avanzados de la enfermedad (Cochetti et al., 2016).
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Figura 8. MicroARNs expresados anormalmente en el PrCa asociados con diferentes etapas y procesos celulares de la
enfermedad.

AR: Receptor de Androgenos; EMT: Transicidn Epitelial-Mesenquimal; PrCa: PrCa. Imagen extraida y modificada de Aghdam
et al., 2019.

V. LA PARTICULA VAULT.

1. BREVE DESCRIPCION DE LA PARTICULA VAULT Y SUS COMPONENTES.

En 1986 Kedersha y Rome (Kedersha & Rome, 1986), describieron a la particula bdveda, en inglés “vault”, como
la particula ribonucleoproteica mds grande descrita hasta hoy en dia (tres veces mas grandes que los ribosomas).
La particula vault estd formada por componentes proteicos y un pequefio ARN no codificante, denominado como
ARN boveda, vault ARN eninglés (vtRNA). El nombre de la particula refiere a su compleja estructura tridimensional
gue se asemeja a las bévedas (en inglés: vault) de las catedrales goéticas (Kedersha & Rome, 1986). Los primeros
estudios acerca de la particula vault estuvieron enfocados en su composicién proteica y estructural, hallando que
estas caracteristicas se encuentran altamente conservadas en mamiferos (Rattus norvegicus y Oryctolagus
cuniculus), anfibios (Rana catesbeiana y Xenopus laevis) y eucariotas inferiores como el Dictyostelium discoideum
(Kedersha et al., 1990). Estos primeros hallazgos revelaron una alta conservacién y sugirieron que la morfologia

de la particula vault (estructura, composicion y tamafio) es probablemente muy importante para su funcién. Cada
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particula vault se conforma por dos mitades huecas con forma de barril (Figura 9) (Kedersha et al., 1991) y posee
una masa total de aproximadamente 13MDa, de la cual el 70% de la misma corresponde a la proteina principal o
mayor denominada en inglés major vault protein (MVP), que se encuentra en 96 copias por particula. Sin embargo,
se describié que alrededor de un 5% de la proteina MVP no se encuentra asociada a la particula, despertando
preguntas acerca de una posible funcién independiente de la particula. Conjuntamente con la proteina MVP, la
particula vault estd compuesta por otras dos proteinas: TEP1 (telomerase-associated protein 1) y PARP4 (the vault
poly(ADP-ribose) polymerase), que son componentes menores de la misma, 2 copias y 8 copias por particula,
respectivamente (Kedersha et al., 1991; Van Zon et al., 2003). Estudios de crio-microscopia electrdnica revelaron
que las particulas vault poseen la capacidad de abrirse en estructuras similares a “flores”. De hecho, se observd
gue estas estructuras tipo flores, se encuentran de a pares lo que, sugiere que una particula vault estd organizada
por dos de estas estructuras, cada una compuesta por 8 pétalos que rodean un anillo central (Figura 9) (Kedersha
et al,, 1991). En cada célula se encuentran alrededor de 10,000—100,000 particulas vault y las mismas poseen una
distribucidn citoplasmatica (Kedersha et al., 1991; Kickhoefer et al., 1998). Estudios de expresidn en la ameba D.
discoideum revelaron que la proteina MVP se expresa en todas las fases del ciclo de vida, incluyendo las fases
mitéticas y no mitéticas, la fase de agregacion e incluso durante las fases finales de fructificacién (una fase de alto
catabolismo producto de la inanicidn). Llamativamente, MVP se mantiene en altos niveles de expresién en las
fases de alto catabolismo cuando la actina y miosina practicamente desaparecen, lo que sugiere una posible
funcidén en las fases no mitdticas y autofagociticas (Kedersha et al., 1990). Basandose en la simetria y geometria
de las particulas vault y en la marcada similitud estructural con los complejos de poros nucleares (NPCs), se
propuso que podrian poseer un origen y funcion comun (Van Zon et al., 2003). Sin embargo, aln se desconoce la

funcidn principal de la particula vault.
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Figura 9. Micrografia electrénica de las particulas vault y su modelado.

A. Micrografia electrdnica de particulas vault purificadas de higado de rata, tefiidas negativamente con acetato de uranilo
(barra negra corresponde a 100nm). B. Modelado de la particula vault evidenciando su estructura similar a un medio barril
formada por 8 estructuras similares a pétalos. La estequiometria indica que cada pétalo estad formado por 6 mondmeros de
la proteina MVP. Imagen extraida y modificada de Van Zon et al., 2003.

VI. Los VvAULT ARNSs (VTRNAS)

1. ASPECTOS GENERALES DE LOS VTRNAS.

Los vault ARNs, son los ARNs no codificantes que forman parte de la particula vault y comprenden como maximo
un 5% de la masa total de la particula. De hecho, no parecen cumplir un papel estructural en la misma, debido a
gue el tratamiento con ARNasas no reveld diferencias estructurales en la particula (Kedersha & Rome, 1986;
Kedersha et al., 1991). No obstante, el hecho de que la estructura secundaria de los vault ARNs se encuentre muy
conservada sugiere que los mismos son un componente esencial de las particulas (Kickhoefer et al., 1993). De
hecho, los vault ARNs de mamiferos poseen una similitud de secuencia de aproximadamente 80% (Stadler et al.,
2009). Aunque la mayoria de los mamiferos poseen un Unico vtRNA en su genoma (ejemplos: ratdn y rata),
inicialmente en el humano se identificaron por homologia 3 copias. Los primeros tres vault ARNs humanos
definidos fueron el vtRNA1-1 de 98pb, vtRNA1-2 y vtRNA1-3 de 88-89pb (Figura 10). Los primeros tres vault ARNs
humanos fueron denominado el cluster del locus vtRNA1. Estudios evolutivos determinaron que los vtRNA1-2 y
vtRNA1-3 son duplicaciones que ocurrieron recientemente en el linaje de los primates (Stadler et al., 2009). El
cluster locus vtRNA1, se ubica en el cromosoma 5 brazo q regién 33.1 (5933.1) y consiste en tres copias génicas
espaciadas por aproximadamente 7500pb. Asimismo, el cluster del locus vtRNA1 se posiciona entre los genes

ZMAT2 (Zinc Finger Matrin-Type 2) y PCDHA (protocadherin-a) (van Zon et al., 2001). Adicionalmente, se identificd
Pagina 28| 183



un pseudogen de los VtRNAs que no se expresa, el vtRNA3-1P, ubicado en el cromosoma X (van Zon et al., 2001).
Mas recientemente, se identificé un nuevo transcrito de vault ARN, que inicialmente fue anotado como un
precursor de microARNs (precursor miR-886 (Landgraf et al., 2007)). El pre-miR-886 fue re-clasificado como un
homoélogo de los vault ARNs y consecuentemente renombrado como viRNA2-1/nc886 (Stadler et al., 2009). El
VvtRNA2-1/nc886 (locus viRNA2) se localiza en el cromosoma 5 a una distancia de aproximadamente 0.5Mb de la
ubicacién del cluster locus vtRNA1 y se encuentra en direccién antisentido entre los genes SMAD5 (SMAD Family
Member 5) y TGFB1 (Transforming growth factor beta 1) (Stadler et al., 2009). Mientras que las copias del cluster
locus VtRNA1 poseen una gran similitud de secuencia en primates, el locus vtRNA2 presenta diferencias de
secuencia sustanciales en primates (Stadler et al., 2009). Llamativamente, existe sintenia evolutiva respecto a la
ubicacién del cluster locus vtRNA1 y vtRNA2 con sus genes vecinos, sin embargo, ain no se conoce la razén de la
misma (Stadler et al., 2009). Los vault ARNs son transcriptos de la ARN polimerasa lll. Los promotores de la ARN
polimerasa lll se clasifican en tres categorias: tipo-1, tipo-2 y tipo-3, basandose en las diferencias de la arquitectura
de los elementos que los componen (Park et al., 2017). Especificamente, los vault ARNs poseen promotores de
tipo-2, dado que poseen las cajas Ay B internamente en el transcrito (Figura 10) y un tracto de 4 Ts que es la sefial
de terminacién al final del transcrito (Kickhoefer et al.,, 1993). El pseudogen vtRNA3-1P, posee multiples
mutaciones en sitios clave de la caja B que explican su inactivacion (van Zon et al., 2001). Si bien los vtRNAs
humanos poseen alrededor de un 84% de similitud de secuencia entre ellos, la regidon de secuencia interna entre
las cajas A y B es mas divergente. Abordajes de ChlIP-seq (Inmunoprecipitacion de cromatina y posterior
secuenciacidn) permitieron confirmar la ocupacién de las regiones previamente predichas de unién en el
promotor de los vault ARNs humanos por los complejos del promotor de tipo-2. Especificamente, se verificd el
posicionamiento del complejo TFIIIB que se ubica al inicio transcripcional (TSS) conformado por: BDP1 (B double
prime 1), TBP (TATA-box binding protein), BRF1 (B-related factor 1) y POLR3D (RNA Polymerase Il Subunit D)
(Canella et al., 2010). Complementariamente, en la regién rio arriba de los vtRNAs se identificd varias regiones de
unioén a factores caracteristicos de promotores de tipo-3. Concretamente, se identificd la caja TATA posicionada a
unos > 20pb, una secuencia de elemento proximal (PSE) a unos = 70pb y dos elementos de secuencia distales (DSE)
a unos = 340pb y > 440pb (van Zon et al., 2001). El conjunto de los elementos internos de secuencia de los vault
ARNSs vy los factores Staf/Oct-1 (PSE) y SNAPc (DSE) que se unen a los elementos externos, contribuyen a la
regulacién de la expresion de los vtRNAs (Nikitina et al., 2011; Vilalta et al., 1994). Mas recientemente, se
evidencio que la regulacién epigenética de los promotores de los vtRNAs, es en gran medida el factor primario de
su regulacién transcripcional (Helbo et al., 2017). De hecho, se definié que el posicionamiento de los nucleosomas,
las marcas de histonas y la metilacidon del ADN, resultan elementos decisivos que permiten o no el acceso de los

factores en trans, que promoveran su posterior transcripcion (Helbo et al., 2017; Park et al., 2017).
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Figura 10. Los vault ARNs y la particula vault.

lzquierda: Estructura secundaria predictiva de los vault ARNs humanos donde se indica las bases correspondientes a los
elementos Ay B (promotor interno de la ARN polimerasa Ill). Imagen extraida y modificada de Mrazek et al., 2007. Derecha:
La estructura de la particula vault con una masa de aproximadamente de 13MDa (dimensiones: 400 x 400 x 700 A), se indica
en color gris los extremos de la particula vault donde se unen los vtRNAs (VRNA). La estructura cristalizada corresponde a la
mitad de una particula vault de rata a una resolucién de 3,5 A. Imagen extraida y modificada de Gopinath et al., 2010.

2. ELLocus VTRNA1: vTRNA1-1, vTRNA1-2 Yy vTRNA1-3.

En promedio entre el 5-20% del total de los vault ARNs se encuentra asociado a la particula vault. Incluso, no existe
una correlacion directa entre el nivel de expresion de los VtRNAs y su grado de asociacion a la particula vault,
siendo el viRNA1-1 el que se encuentra principalmente asociado a la misma (Nandy et al., 2009; van Zon et al.,
2001). Debido a que se determind que el restante 85-90% de los niveles de viRNAs no se asocia a la particula vault
y se encuentran en forma soluble en la fraccién citoplasmatica, surge la pregunta acerca de la funcién que podrian
cumplir independientemente de la particula. El estudio de la expresion de los vtRNAs en lineas celulares humanas
(5 lineas celulares tumorales y 2 no tumorales) reveld que éstos varian en las diferentes lineas celulares y que el
VvtRNA2-1/nc886 es el que mas variacion presenta respecto al resto (Stadler et al., 2009). Debido a que los
primeros hallazgos en torno a la particula vault revelaron que sus componentes proteicos se encuentran
incrementados en lineas celulares de cancer resistentes a multidrogas (MDR), se precipitd la busqueda de una
asociacién de los vtRNAs con este fendmeno. Incluso, esto se vidé potenciado por la observacién de que la

sobreexpresién de los componentes proteicos de la particula, no fue suficiente para el desarrollo del fenotipo de

resistencia a drogas (Scheffer et al., 1995). Sin embargo, se observé que el vtRNA1-1y el vtRNA1-2 (no el vtRNA1-
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3) interactian directamente con la mitoxantrona (Gopinath et al., 2005). Posteriormente, se confirmd esta
interaccion e incluso se describid nuevas interacciones directas para vtRNA1-2 con la doxorubicina y el etopdsido
(Mashima et al., 2008). Complementariamente, se evidencié que la sobreexpresion y la inhibicion de vtRNA1-1
contribuyen con el incremento y la disminucién de la resistencia a mitoxantrona, respectivamente (Gopinath et
al., 2010). La busqueda de proteinas que interacttian con los vault ARNs revel6 que los mismos co-localizan con la
proteina TEP1 en la particula. De hecho, se reportd que TEP1 es necesario para que los vtRNAs se asocien con la
particula vault (Kickhoefer et al., 2001). Otro reporte evidencid que los vtRNAs interacttan con la proteina La de
50kDa (actualmente Ilamada: SSB) (Kickhoefer et al., 2002). La fosfoproteina proteina La (SSB) es capaz de
asociarse con ARNs no codificantes durante su incorporacion y procesamiento a grandes complejos
ribonucleoproteicos (RNPs). La asociacién de la proteina SSB con sus ARNs no codificantes blanco es dirigida por
secuencias de poli-uridinas, comunes en las regiones 3’ de los transcritos de la ARN polimerasa Il (Kickhoefer et
al., 2002). Mas recientemente, se evidencié que el vtRNA1-1 se asocia con el factor de corte y empalme PSF/SFPQ
(PTB-associated Splicing Factor/Splicing Factor Proline-Glutamine rich), una proteina del “spliceosome” que ha
sido vinculada con procesos de replicacidn viral, recombinacion y cadncer (Chen et al., 2018a). Asimismo, ensayos
de EMSA e inmunoprecipitacidn evidenciaron que el vtRNA1-1 se asocia a PSF/SFPQ para formar un complejo con
la region promotora de GAGEG6 y asi modular la expresion transcripcional del gen (Chen et al., 2018a). Igualmente,
revelaron que el aumento y la represién de vtRNA1-1 en la linea celular MCF-7 (células de tumor de mama)
provocan la activacidn y represiéon de GAGE6, respectivamente. Incluso, la expresion ectdpica de vtRNA1-1
provocé un aumento de la proliferaciéon y la formacion de colonias, dependiente de la modulacion por PSF/SFPQ
(Chen et al., 2018a). Otro reporte revelé que vtRNA1-1, vtRNA1-2 y vtRNA1-3 son sustratos de la exonucleasa
DIS3L2 (una exoribonucleasa humana de sentido 3'->5") (tabno et al., 2016). La uridilacién de ARNs constituye
una sefial potenciadora de decaimiento mediado por DIS3L2 y las TUTasas son las proteinas encargadas de uridilar
diferentes ARNs, entre los cuales se encuentran los vtRNAs. Concordantemente, se expuso que la sobreexpresion
de TUT7 provoca el decaimiento de los niveles de vtRNA1-2. Incluso, se demostrd que la presencia de las TUTs,
conlleva a que DIS3L2 degrade mas rapidamente a vtRNA1-2 en comparacién a la degradacion en ausencia de
TUTs (tabno et al., 2016). Mas recientemente, se encontré que la proteina p62 es capaz de interaccionar con
multiples ARNs (165 ARNs) siendo los vtRNAs la categoria de ARNs mas enriquecida. Ensayos in vitro e in vivo
revelaron que el viRNA1-1 es capaz de unirse a p62 e inhibir la autofagia (revisado en Biischer et al., 2020). Incluso,
se expuso que la dependencia de la modulacién de la autofagia y la concomitante modulacién de los niveles de
p62, estd mediada por los niveles de vtRNA1-1. Asimismo, se logrd identificar que es mediante un dominio de
dedos de zinc que la proteina p62 se une a vtRNA1-1 y que esta interaccién modula su posterior interaccién con

las proteinas tipo Atg8 (LC3B y GABARAP) (Horos et al., 2019). En este escenario, los investigadores proponen que
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vtRNA1-1 no seria un sustrato candnico de p62 y por tanto, su unidn interfiere con la formacién del complejo
multimérico de p62, lo cual evita la interaccién del complejo con otras proteinas (Horos et al., 2019; Johansen,
2019). En el mismo sentido, se expuso el papel de viRNA1-1 en la regulacion de la apoptosis en multiples lineas
celulares, y se evidencié su capacidad para reprimir la via intrinseca y extrinseca de la apoptosis. Los autores
comprobaron que la capacidad de la modulacidn de la apoptosis por vtRNA1-1 se encontraria asociada a la via

ERK1/2 MAPK (Bracher et al., 2020).

Respecto a la regulacién epigenética del clister vtRNA1, se determind que el tratamiento con 5-aza-CdR en la
linea celular de cancer mieloide HL60 conlleva a la sobreexpresion de vtRNA1-2 y vtRNA1-3 (Helbo et al., 2015).
Incluso, se expuso que luego del tratamiento con 5-aza-CdR los promotores de vtRNA1-2 y vtRNA1-3 se
encontraban desmetilados y presentaban una mayor marcacién de histonas H3K4me (sefial de cromatina activa).
Por otro lado, se determind que el promotor de vtRNA1-1 se encuentra desmetilado en las lineas celulares
tumorales y normales hematopoyéticas. El promotor de vtRNA1-2 se encontré altamente metilado en niveles
similares en las lineas celulares tumorales y normales hematopoyéticas (Helbo et al., 2015). Sin embargo, el
promotor de vtRNA1-3, mostrd un perfil tumor supresor, por encontrarse mayormente metilado en las lineas
tumorales hematopoyéticas y asociarse con un peor pronéstico de sobrevida en los pacientes con sindrome
mielodisplasico (Helbo et al., 2015). Otro reporte que estudid la expresidon y asociacion del estado de la cromatina
para los vtRNAs humanos en las lineas celulares HL60, IMR90 (fibroblastos de pulmén), RKO (carcinoma de colon)
y K562 (leucemia mieldgena) reveld que el viRNA1-1 se expresa a mayor nivel que vtRNA1-3 (Helbo et al., 2017).
Incluso se evidencié que vtRNA1-1 se expresa en las 4 lineas celulares evaluadas y que en ellas el promotor se
encuentra mayormente depletado de nucleosomas. Sin bien los grandes cambios de expresion de los vtRNAs
podrian explicarse por la accesibilidad a la cromatina de los promotores, los cambios finos de expresidon entre las
lineas celulares no se explican Unicamente por la ocupancia de nucleosomas en el promotor, esto implicaria la

regulacién por la actividad de factores de transcripcién (Helbo et al., 2017).

3. Los VvAULT ARNS EN EL CONTEXTO DE LA INFECCION VIRAL Y RESPUESTA INMUNE.

Los vault ARNs fueron vinculados con la respuesta inmune e infeccidn viral en multiples reportes que evidenciaron
su sobreexpresion durante la infeccidn viral. De hecho, se encontré que el vtRNA1-1 experimenta una gran
induccidn (un incremento de aproximadamente 1200 veces), conjuntamente con los ARNs virales EBER1 y EBER2
durante la infeccién de y-herpesviridae (Nandy et al., 2009). Si bien el vtRNA2-1/nc886 también experimentd una
gran induccién producto de la infeccion viral, este no mostré correlacién con los ARNs virales EBER1 y EBER2. En

este sentido, otro grupo reportd la induccién de los 4 vtRNAs humanos durante la infeccidn con virus influenza A
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(IAV) que seria dependiente de la dosis de viral (Li et al., 2015). Concretamente, la proteina viral NS1 seria la que
promueve el aumento de los niveles de expresion de los vtRNAs durante la infecciéon de IAV (Li et al., 2015).
Adicionalmente, mostraron que la inhibicién de los vtRNAs con oligos antisentidos (ASOs), promueve la inhibicion
de la replicacion viral, siendo la inhibicion de vtRNA2-1/nc886 la que provoco la mayor represién de la replicacion
viral (Li et al., 2015). Concordantemente, la represion de la expresidon del vtRNA en ratones infectados con IAV,
conduce a una menor pérdida de peso, menor severidad de los edemas pulmonares y una reduccién de la
infiltracidn de células inflamatorias. La inhibicidn con ASOs de vtRNA1-1 y vtRNA2-1/nc886 provocé un aumento
de la activacion de PKR (fosforilacion del residuo Thr446) durante la infeccidn viral en células A549 (carcinoma
pulmonar), lo que sugiere que los viRNAs modularian la activacion de PKR. Globalmente estos resultados sugieren
gue lainfeccidn viral provoca el aumento de los vtRNAs, con el fin de evitar o atenuar la respuesta antiviral celular
provocada por la transcripcidn de los ARNs virales que activan a PKR (Li et al., 2015). En este mismo sentido, Amort
et. al. (2015) reporté que la infeccion del virus Epstein-Barr (EBV) en células BL2 (linfoma), conduce a un aumento
significativo de vtRNA1-1 inducido por la proteina LMP1 (latency phase Ill protein) (Amort et al., 2015).
Adicionalmente, se observd que los inhibidores de NFkB reprimen la activacion de la expresion de vtRNA1-1
inducida por LPM1. Concordantemente, la sobreexpresién de vtRNA1-1 en células BL41 (linfoma) evidencié un
mejor establecimiento viral de la infeccion de EBV y una disminucion de la muerte celular respecto a la
sobreexpresion de los paralogos vtRNA1-2 o vtRNA1-3 (Amort et al., 2015). Llamativamente, fuera del contexto
de infeccidn viral, la represion de vtRNA1-1 provocé un aumento de la muerte celular espontanea en células Hela
(carcinoma cervical) y HS578T (cancer de mama). En este sentido, la modulacién de vtRNA1-1 alterd los niveles
de genes vinculados a las vias de apoptosis intrinseca y extrinsecas (NOL3, BCL2-like 1 y TNF/TNFR). Finalmente,
los autores comprobaron que si bien la expresién estable de viRNA1-1 provoca un aumento de la proteina MVP,
la represidon de MVP no altera los niveles de vtRNA1-1 ni los efectos funcionales asociados, lo que sugiere que el

efecto de vtRNA1-1 es independiente de la particula vault (Amort et al., 2015).

4. Los VAULT ARNSs Y LA viAa DE LOS PEQUENOS ARNS NO CODIFICANTES.

El hecho de que los vtRNAs posean estructuras secundarias tipo horquillas y que se encontraran pequenos ARNs
derivados de ellos, condujo a la posibilidad de que puedan participar en la via de los microARNs. El primer reporte
que explord esta posibilidad expuso que los vtRNAs producen pequefios ARNs derivados (svARNs) y que éstos
poseen una funcidn tipo microARN (Persson et al., 2009). De hecho, Persson et. al. 2009 demostré que los
pequefios ARNs derivados de vtRNA1-1 (svRNAa y svRNAb) se generan de manera independiente de DROSHA pero
dependientes de DICER. Incluso reportd que svRNAa y svRNAb, muestran asociacion y enriquecimiento en las
proteinas argonautas AGO2 y AGO3 del complejo (RISC) (Persson et al., 2009). Adicionalmente, demostraron que
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sVRNADb es capaz de modular la expresion de CYP3A4 (cytochrome P450 family 3 subfamily Amember 4) de manera
directa. Recientemente un reporte independiente, confirmd la represiéon directa de la expresion de CYP3A4 por
sVRNAD en la linea celular HepG2 (carcinoma hepatico) (Meng et al., 2016). En este sentido, mediante ensayos de
HITS-CLIP (High-throughput sequencing of RNA isolated by crosslinking immunoprecipitation) se confirmo la
asociacion de fragmentos derivados de los vtRNAs a las proteinas de la biogénesis de los microARNSs, incluso a las
argonautas (AGO2 y AGO3) (Wang et al., 2020). Por otra parte, ensayos de miCLIP (versidon customizada del
método individual-nucleotide-resolution crosslinking and immunoprecipitation (iCLIP)) revelaron que la proteina
NSUN2 (NOP2/Sun RNA methyltransferase 2), una metiltransferasa de ARN m°C de eucariotas superiores, es capaz
de metilar a vtRNA1-1, vtRNA1-2 y vtRNA1-3 (Hussain et al., 2013). Concretamente, NSUN2 metila la citosina 69
en el vtRNA1-1y las citosinas 27 y 59 en los vtRNA1-2 y vtRNA1-3, lo que provoca un aumento del procesamiento
del viRNA1-1 a pequeiios ARNs, concretamente, la formacion del pequefio ARN derivado del extremo 3” (svRNA4)
(Hussain et al., 2013). Incluso, evidenciaron que svRNA4 es capaz de asociarse con las proteinas AGO2 y AGO3, y
gue su sobreexpresion regula negativamente a CACNG7 y CACNGS8 (calcium voltage-gated channel auxiliary
subunit gamma 7/8) (Hussain et al., 2013). Recientemente, el mismo grupo confirmd la produccién de svRNA4 en
fibroblastos de dermis y que su aumento es debido a la metilacién de la citosina 69 de vtRNA1-1 por NSUN2 (Sajini
et al., 2019). Asimismo, ensayos de cuantificacidon de proteinas por SILAC (Stable Isotope Labeling by/with Amino
acids in Cell culture) donde se compard a vtRNA1-1 metilado y no metilado, revelaron que SRSF2 (serine and
arginine rich splicing factor 2), una proteina vinculada en el corte y empalme de ARNs mensajeros, se une
diferencialmente (Sajini et al., 2019). Incluso, reportaron que la unidn de SRSF2 a vtRNA1-1 prevenia la formacidn
de svRNA4, mientras que la metilacion de vtRNA1-1 mediada por NSUN2 evita la unién e induce la concomitante
formacion de svRNA4. Adicionalmente, demostraron que este proceso es clave en el proceso de diferenciacion de

gueratinocitos (McElhinney et al., 2020; Sajini et al., 2019).

VII. ELLocus VTIRNA2: PRE-MIR-886/VTRNA2-1/NC886.

Inicialmente, pre-miR-886 fue anotado como un precursor de microARNs (hsa-mir-886) en la version 10 de
miRBase (08/2007) (Griffiths-Jones, 2006), debido a la identificacién de microARNs derivados (Landgraf et al.,
2007). Posteriormente, su homologia de secuencia con los vtRNAs humanos del clister viRNA1 condujo a su
reclasificacién como vault ARN (vtRNA2-1) (Stadler et al., 2009) y a su eliminaciéon de miRBase v16 (11/2011). En
2011, el grupo de Y. S. Lee determind la disminucién de la expresion de hsa-miR-886-3p y hsa-miR-886-5p en
células de cancer de pulmdn (H1299) respecto a células epiteliales de pulmdn (CRL2741) utilizando microarreglos

de expresién de microARNs. Sin embargo, mediante ensayos de Northern blot demostraron que el precursor
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(VtRNA2-1/nc886) se encontraba mas ampliamente expresado en relacién con sus microARNs derivados (hsa-miR-
886-3p y hsa-miR-886-5p) en células de pulmén (Lee et al., 2011). De hecho, revelaron que los niveles de expresion
de vtRNA2-1/nc886 se encuentran en el orden de otros ARN no codificantes de alta expresién como, snoRNAs y
snRNAs (aproximadamente 1x10° copias por célula) en las lineas celulares HelLa, WI-38 (fibroblastos de pulmén) y
CRL2741 (Lee et al.,, 2011). Incluso, reportaron la expresidon elevada de vtRNA2-1/nc886 en tejidos y lineas
celulares normales respecto a tumorales de mama, melanoma, cérvix, pulmodn, oral y prdstata, sugiriendo un
papel TSG en estos tejidos (Lee et al., 2011). Llamativamente, aunque los vtRNAs fueron descubiertos y definidos
debido a su asociacion con la particula vault (Kedersha & Rome, 1986), ensayos de centrifugacion diferencial
revelaron que vtRNA2-1/nc886 no se asocia a la particula vault, lo que despertd preguntas acerca de su posible
funcion (Lee et al., 2011). Igualmente, se determind que VvtRNA2-1/nc886 se encuentra mayormente en el
citoplasma celular en foci discretos indicando una localizacidén no aleatoria. Incluso, se observd que vtRNA2-
1/nc886 no es procesado por DROSHA y que es poco eficientemente procesado por DICER (aproximadamente 5%
de produccién de sus derivados 3p y 5p) (Lee et al., 2011), observaciones que fueron confirmadas posteriormente
por otros reportes (Mifiones-Moyano et al., 2013; Treppendahl et al., 2012). En este sentido, evaluaron el
potencial funcional de los microARNs derivados de vtRNA2-1/nc886 utilizando ensayos de luciferasa pero no se
observé modulaciéon de la expresidn de los reporteros con sitios complementarios a hsa-miR-886-3p y hsa-miR-
886-5p (Lee et al., 2011). El conjunto de estas evidencias condujo a que el grupo de Y. S. Lee postulara a vtiRNA2-
1/nc886 como un ncARN ubicuo y conservado, cuya funcidn no estaria relacionada a la particula vault o como
precursor de microARNs, renombrandolo como “non-coding RNA 886" (nc886) (Lee et al., 2011). Ensayos
funcionales reprimiendo la expresidén de vtRNA2-1/nc886 con ASOs en lineas celulares tumorales (mama, cérvix,
colon y pulmodn), evidenciaron una disminucién de la proliferacién (Lee et al., 2011). La busqueda de interactores
de vtRNA2-1/nc886 mediante ensayos de captura con vtRNA2-1/nc886 biotinilado como presa identificé a PKR
(Protein kinase R) como una de las proteinas capaces de asociarse al mismo. PKR es una quinasa centinela celular
gue es capaz de activarse (autofosforilarse) al entrar en contacto con ARNs doble cadena u horquillas mayores de
30pb (revisado en Lee et al., 2019b). El papel de PKR en la célula estd muy bien establecido en el contexto de una
infeccidn viral, donde se generaran multiples ARNs doble cadena que induciran la activacién de PKR y conduciradn
a la subsecuente muerte celular, debido al paro traduccional provocado por la fosforilacién de elF2a (Eukaryotic
translation initiation factor 2 subunit 1), que previene la expansion del virus (Li et al., 2015). Si bien la activacién
de PKR provoca la fosforilacidn del factor de traduccidon elF2a que conduce al paro traduccional por inhibir la
traduccion global de ARNm (sefial anti-proliferativa), en simultaneo PKR activada también conduce a la activacion
de la via NF-kB mediante la fosforilacién de su subunidad inhibidora IkB (sefial pro-proliferativa) (Lee et al., 2011).

NF-kB activado regula al alza la expresion de las citoquinas del interferdn, que funcionan para propagar la sefial
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antiviral de manera local. La interaccidn directa entre PKR y vtRNA2-1/nc886 fue caracterizada y se definié que
PKR une a vtRNA2-1/nc886 utilizando sus dos dominios de unién al ARN doble cadena (dsRBM1 y dsRBM2), con
una afinidad similar a la que posee para el ARN Polyl:C sintético (un activador conocido de PKR) (Calderon & Conn,
2017; Jeon et al., 2012a). Ensayos de proteccién con RNAsa | mostraron que la asociacién de vtRNA2-1/nc886 con
PKR es a través de la region central de vtRNA2-1/nc886 (region apical de la horquilla en estructura secundaria), y
gue ésta no depende de los extremos de la secuencia. De hecho, la mutacién de bases en la regién comprendida
entre las bases 46-56nts de vtRNA2-1/nc886 provoca un descenso en la afinidad por PKR (Jeon et al., 2012a). Sin
embargo, vtRNA2-1/nc886 en lugar de activar a PKR, atenua su activacién frente a otros ARNs doble cadena
(Calderon & Conn, 2017; Golec et al., 2019; Jeon et al., 2012b; Kunkeaw et al., 2019; Lee et al., 2011; Li et al.,
2015). El conjunto de estas evidencias condujeron a que se propusiera tempranamente el modelo de “supervision

III

tumoral” (tumor surveillance model (Jeon et al., 2012b; Lee, 2015)), que explicara el papel de vtRNA2-1/nc886 y
PKR en el contexto tumoral. El grupo de Y.S. Lee propone que en células normales con altos niveles de vtRNA2-
1/nc886, PKR se encontraria atenuada, sin embargo, durante la carcinogénesis el silenciamiento de la expresion
de VtRNA2-1/nc886, provocaria la activacion de PKR y consecuentemente, la muerte celular debido al paro
traduccional (fosforilacién de elF2a) (Figura 11) (Jeon et al., 2012b; Lee, 2015). Este seria un mecanismo normal
de control tumoral o supervisidon tumoral (en inglés, tumor surveillance model) de las células (Jeon et al., 2012b;
Lee, 2015). No obstante, sabemos que la activacion de PKR también induce la activacion de la via de NF-kB que
posee un efecto prosupervivencia y protumorigénico que contribuiria con la progresién tumoral. Entonces, este
modelo también supone que aquellas células tumorales que lograron franquear el paso de control de PKR,
contaran con la contribucion protumorigénica de la via NF-kB (Jeon et al., 2012b; Lee, 2015). En este sentido, la
restauracion de la expresion de viRNA2-1/nc886 en aquellas células tumorales que lograron franquear el paso de
control, conllevaria a una atenuacion de la activacidon de PKR y por tanto, a una reduccién de la contribucién de la
via NF-kB; que consecuentemente disminuiria los atributos malignos asociados (Jeon et al., 2012b; Lee, 2015). De
todos modos, se deben considerar las diferencias naturales observadas en las células normales y tumorales, por

origen de tejido, antecedentes genéticos, epigenéticos y ambientales que podrian contribuir a las diferencias en

la respuesta a la activacion de PKR.
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Figura 11. Modelo de “supervisién tumoral”.

Similitud entre el modelo de supervision tumoral y de respuesta a una infeccion viral. PKR (en inglés protein kinase R); elF2a

(en inglés eukaryotic initiation factor 2a subunit). Imagen extraida y modificada de Lee, 2015.

Posteriormente, se identificd a OAS1 (2'-5'-oligoadenylate synthetase 1) como otra proteina que es capaz de ser
modulada por vtRNA2-1/nc886 (Calderon & Conn, 2018; Vachon et al., 2015). Andlogamente a PKR, OAS1 participa
de la respuesta inmune activdndose en respuesta a la unién de ARN doble cadena, principalmente, durante la
respuesta a infecciones virales provocando el paro de la maquinaria traduccional y replicacion viral (Calderon &
Conn, 2018). De hecho, se reporté que vtRNA2-1/nc886 provoca la induccion de OAS1, similar a la activaciéon que
provocan otros ARNs virales como EBER1. En este sentido, la transfeccion de vtRNA2-1/nc886 provocé la
activacion de OAS1 y la consecuente activacién de la via de RNAsa L de degradacién del ARN ribosomal (Calderon
& Conn, 2018). Analogamente a lo observado para PKR, se determind que la regidén central de la secuencia de
vtRNA2-1/nc886 (37-67nt) es clave para la interaccion y activacién de OAS1 (Calderon & Conn, 2018).
Llamativamente, vtRNA2-1/nc886 conduce a la activacion de OAS1, pero a la atenuacion de PKR. Mas
recientemente, otro reporte confirmé la asociacién de vtRNA2-1/nc886 a PKR en las células HUT78 (linfocitos T)
donde exploraron la implicancia de vtRNA2-1/nc886 en la modulacidn y respuesta del sistema inmune,
evidenciando que vtRNA2-1/nc886 se encuentra inducido en células T CD4* activadas. En este sentido, revelaron
que vtRNA2-1/nc886 es altamente inducido en células T CD28 y CD46 co-estimuladas, en aquellas con alta
expresion CD46 y en células Th1 que secretan IFN-gamma y/o IL10 (Golec et al., 2019). Por ultimo, revelaron que
la modulacién de la expresidn de vtRNA2-1/nc886 en las lineas celulares Jurkat y PM1 (linfocitos T) es necesaria

para la expresién de IFN-gamma en células T activadas (Golec et al., 2019).
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1. VTRNA2-1/Nc886 SuU PERFIL DE EXPRESION Y FUNCION EN CANCER.

El descubrimiento de la accién de vtRNA2-1/nc886 como modulador de PKR (Lee et al., 2011) y el modelo de
supervision tumoral propuesto por el grupo de Y.S. Lee (Jeon et al., 2012b; Lee, 2015) contribuyo al desarrollo de

multiples reportes que evidenciaron funciones de tipo TSG y OG para vtRNA2-1/nc886 en diferentes tejidos.

Un aspecto muy importante de vtRNA2-1/nc886 en el cancer es su regulacidén epigenética, debido a que se
encuentra inmerso en una isla CpG. El primer reporte que reveld la vinculacién entre la expresidon de vtRNA2-
1/nc886 y la metilacidn de su promotor fue Treppendahl et al. (2012), evidenciando que el promotor de vtRNA2-
1/nc886 se encuentra hemimetilado en el 75% y completamente metilado en el 25% de las células sanguineas de
donantes sanos (Treppendahl et al., 2012). Incluso evidenciaron que el tratamiento de la linea celular HL60 con 5-
azacitidina (5-aza-CR) o 5-aza-2'-desoxicitidina (5-aza-CdR), conducia a un incremento de la expresién de vtRNA2-
1/nc886 acompaniada con la disminucién de la metilacion del promotor (Treppendahl et al., 2012). En este mismo
sentido, mostraron que el aumento de la expresion de vtRNA2-1/nc886 producto del tratamiento con agentes
desmetilantes se asociaba con la atenuacién de PKR. Finalmente, al evaluar la asociacién de la metilacion del
promotor de VtRNA2-1/nc886 en pacientes con leucemia mieloide aguda (AML), encontraron que la
hipermetilacion del promotor de vtRNA2-1/nc886 se asociaba con una peor sobrevida de los pacientes
(Treppendahl et al., 2012). Otro reporte donde analizaron el perfil de metilacidn del promotor de vtRNA2-1/nc886
en diferentes canceres, reveld que el mismo se encuentra hipermetilado en un 25%, 36%, 16.5% y 29% en tumores
de vejiga, mama, colon y pulmén respectivamente (Romanelli et al., 2014). Multiples reportes evidenciaron un
perfil de expresidn TSG de vtRNA2-1/nc886 asociado a un incremento de la metilacion de su promotor en el tejido
tumoral respecto al tejido normal en cancer de mama, pulmon, colon, vejiga, higado, esofago y estémago (Cao et
al.,, 2013; Jooetal., 2018; Lee et al., 2014a, 2014b; Romanelli et al., 2014; Treppendahl et al., 2012; Yu et al., 2020).
Incluso se expuso la asociacion de la metilacion de vtRNA2-1/nc886 con el prondstico/supervivencia del paciente
en cancer de pulmodn, eséfago, estdmago, higado y AML (Cao et al., 2013; Joo et al., 2018; Lee et al., 2014b;
Treppendahl et al., 2012; Yu et al., 2020).

El estudio funcional de vtRNA2-1/nc886 en cancer evidencié una funcidén TSG en colangiocarcinoma, eséfago,
estdmago y prostata (Im et al., 2020; Kunkeaw et al., 2012; Lee et al., 2014a, 2014b; Ma et al., 2020), y sugiere
una funcién TSG en cancer de piel y colorectal (Lee et al., 2019a; Ortega-Garcia et al., 2020). Concretamente, se
evidencio que el aumento de vtRNA2-1/nc886 conduce a la inhibicién de la proliferacion acompafiada de una
induccion de la apoptosis en colangiocarcinoma, eséfago y estémago (Im et al., 2020; Lee et al., 2014a, 2014b).
En esofago incluso se observd una asociacion con alteraciones en la transicion G1/S (Im et al.,, 2020).

Particularmente en cancer gastrico, se observd que la transfeccion especifica de la regidon central de vtRNA2-
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1/nc886 (sin las regiones 5 y 3’ de vtRNA2-1/nc886) es suficiente para mantener el efecto funcional
antiproliferativo (Lee et al., 2014b). En este sentido, los autores también exploraron el posible efecto funcional
asociado a los pequefios ARNs derivados de vtRNA2-1/nc886 y no encontraron una modulacién de la proliferacion,
pese a que fueron capaces de modular la expresién de reporteros de luciferasa con sitios complementarios en su
3’-UTR (Lee et al., 2014b). En un reporte reciente donde evaluaron la respuesta inmunitaria al establecimiento de
metdstasis de células de prdstata en ratones, determinaron que la linea celular tumoral de prdstata PC3M-1E8
(altamente invasiva) al sobreexpresar vtRNA2-1/nc886 presenta una menor capacidad de establecimiento del
tumor respecto a las células control (Ma et al., 2020). En este contexto, observaron que vtRNA2-1/nc886 es capaz
de reprimir directamente la expresién de TAP1 (Transporter associated with Antigen Processing 1) y MHC-I (Major
Histocompatibility Complex Class 1), por lo que alteraria la presentacidn de antigenos tumorales. En este sentido,
evidenciaron un aumento de células T citotdxicas CD8+ en las lesiones déseas de las inyecciones de células de
PC3M-1E8 que sobreexpresan vtRNA2-1/nc886 respecto a las células control. Esto sugiere que las células que
sobreexpresan vtRNA2-1/nc886 serian mas facilmente reconocidas en etapas tempranas por las células T
citotdxicas CD8+ del sistema inmune respecto a las células control (Ma et al., 2020). Finalmente, evidenciaron que
la sobreexpresion de vtRNA2-1/nc886 reprime la expresion de TGFB1 respecto a las células control, contribuyendo
a la polarizacidn de macréfagos tipo M1 proinflamatorios, mientras que la alta expresion de TFGB1 en las células

control induciria la polarizacion de macrdfagos tipo M2 contribuyendo con la inmunosupresion (Ma et al., 2020).

Es importante destacar que en colangiocitos se establecid uno de los posibles mecanismos de evasién de las
células tumorales a la actividad supervisora de tumor de PKR. Concretamente, proponen que aquellas lineas
celulares tumorales que poseian PKR activada (linea celular M214) y consecuentemente elF2a fosforilado,
presentan una sobreexpresién de elF2B, lo que permitia contrarrestar el efecto de detencién traduccional
normalmente provocado por la fosforilacion de elF2a (Kunkeaw et al., 2012). Los autores propusieron que ésta
puede ser una de las alteraciones que permitiria a las células tumorales escapar del efecto de elF2a, y por ende
gue predomine el efecto pro-tumoral de NF-kB. En acuerdo con esta hipétesis, determinaron el aumento de genes
blancos de la activacidn de la via NF-kB en las células tumorales que presentaban PKR activada (Kunkeaw et al.,
2012). En este contexto, la supresion de vtRNA2-1/nc886 con ASOs provocé la activacidn de PKR en las células no
malignizadas MMNK1 e indujo el clivaje de la caspasa-3 y PARP (Poli(ADP-ribosa) polimerasa), mientras que la
sobreexpresion atenud la activacién de PKR en las células tumorales (Kunkeaw et al., 2012). En carcinoma de
esofago, el andlisis de genes modulados por la inhibicién de vtRNA2-1/nc886 en tres lineas celulares diferentes,
identificd 33 genes inducidos y 6 reprimidos en comun, relacionados con cancer, blancos de NF-kB, inflamacidn y

apoptosis (Lee et al., 2014a). Mas recientemente, el mismo grupo profundizdé en su mecanismo de accién en
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cancer de esofago, revelando que el silenciamiento de vtRNA2-1/nc886 conlleva a la activacion de la via AKT.
Incluso lograron definir una firma de genes asociadas al silenciamiento de vtRNA2-1/nc886 que se asocia al
prondstico de los pacientes (Im et al., 2020). En células de céncer gastrico, la represion con ASOs de vtRNA2-
1/nc886 respecto a las células control reveld la induccion de genes de la familia de FOS (FOS, FOSB y FOSL1), MYC,
MAP quinasas y blancos de la via de NF-kB cuantificados mediante ensayos de microarreglos de expresion génica

(Lee et al., 2014b).

Como mencionamos, otros reportes recientes sugieren una funcién TSG para vtRNA2-1/nc886 en cancer de piel y
cancer colorectal. En células de la piel se reportd que los niveles de expresion de vtRNA2-1/nc886 disminuyen con
la radiacion UV. De hecho, se observd que la radiacion UVB en queratinocitos (HaCat) conduce a la represién de
VvtRNA2-1/nc886 respecto a las células no irradiadas. Incluso, observaron que la represidén e incremento de
vtRNA2-1/nc886 se da concomitantemente con el aumento y disminucion de MMP9 (matrix metallopeptidase 9)
y PTGS2 (Prostaglandin-Endoperoxide Synthase 2) respectivamente (Lee et al., 2019a). Asimismo, el knockdown
de PKR contribuyd a disminuir lainduccion de MMP9 y PTGS2, provocada por la irradiacion con UVB lo que sugiere
un posible rol TSG de vtRNA2-1/nc886 en queratinocitos (Lee et al., 2019a). Por otro lado, un estudio reciente
ambispectivo con 197 pacientes con cancer colorectal metastasico, evalud el nivel de expresién de vtRNA2-
1/nc886 y determind que niveles de expresidn altos de viRNA2-1/nc886 se relacionan con una buena respuesta a

la terapia con la droga 5-fluorouracilo (Ortega-Garcia et al., 2020).

Paralelamente, también existen reportes que demostraron una funcién OG para vtRNA2-1/nc886 en cancer de
tiroides, ovario, endometrio, cérvix y rifién (Ahn et al., 2018; Hu et al., 2017; Lee et al., 2016; Lei et al., 2017; Li et
al., 2017). En cancer de tiroides se reportd que vtRNA2-1/nc886 experimenta un incremento de la expresion en el
tejido tumoral respecto al tejido normal, e incluso que su expresion correlaciona con mayor agresividad del tumor
y metastasis en nddulos linfaticos (Lee et al., 2016). Ademas, la represion de vtRNA2-1/nc886 con ASOs condujo
a un incremento de la activacion de PKR y la concomitante represion de la proliferacién. Asimismo, observaron la
disminucién de la viabilidad celular, la formacién de colonias, migracidn e invasidn en aquellas lineas celulares con
knockout de vtRNA2-1/nc886 (PKRwt/vtRNA2-1%°; PKR*/vtRNA2-1%°), respecto a lineas celulares con VtRNA2-
1/nc886 silvestre (PKR"!/vtRNA2-1") (Lee et al., 2016). Llamativamente, las células que presentan el knockout de
PKR y VtRNA2-1/nc886 (PKR*/vtRNA2-1*°) o PKR silvestre y vtRNA2-1/nc886 knockout (PKR"!/vtRNA2-1%°), no
mostraron diferencias significativas de crecimiento entre ellas. Esto revela que el efecto constatado para la
modulacion de vtRNA2-1/nc886 en este tejido podria ser independiente de su modulacidén de PKR (Lee et al.,
2016). Posteriormente, evaluaron la expresion génica de las tres lineas celulares ensayadas (PKR"!/vtRNA2-1"

PKR"!/VtRNA2-1*° y PKR*°/vtRNA2-1%°) mediante microarreglos, evidenciando la alteracién de 13 procesos
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ontoldgicos vinculados con el ciclo celular, crecimiento, apoptosis y organizacion del citoesqueleto (Lee et al.,

2016).

En cancer de endometrio, mediante FISH (fluorescence in situ hybridization) evidenciaron un aumento de la
expresion de vtRNA2-1/nc886 en el tejido tumoral respecto al tejido normal. Incluso evidenciaron que el
silenciamiento de vtRNA2-1/nc886 en las células HEC-1A (adenocarcinoma endometrial) conducia a un aumento
de PKR y de caspasa-3, pero a una disminucion de NF-kB y VEGF (vascular endothelial growth factor) (Hu et al.,
2017). Congruentemente, el silenciamiento de vtRNA2-1/nc886 fue acompafiado por una disminucion de la
proliferacién y un aumento de la apoptosis (Hu et al., 2017). En cancer de rifidn, observaron un aumento de
VvtRNA2-1/nc886 en el tejido tumoral respecto al tejido normal e incluso mostré mayor expresion en los estadios
mas avanzado llI-V respecto los estadios mas tempranos I-1l de la carcinogénesis de rifidén (Lei et al., 2017). El
incremento de vtRNA2-1/nc886 reveld una disminucion de la apoptosis y un aumento de la proliferacion e
invasion, mientras que la represion de vtRNA2-1/nc886 mostrd los efectos opuestos (Lei et al., 2017). Estos
resultados fueron relacionados con la activacion de la via JAK2/STAT3 asociada al aumento de la expresidon de
VvtRNA2-1/nc886 en las células de carcinoma renal A-498 (Lei et al., 2017). En cancer cervical, se identificé un
aumento de la expresidn dosis dependiente de viRNA2-1/nc886 con las drogas paclitaxel y etopdsido (Li et al.,
2017). Incluso, revelaron la expresién aumentada y coordinada de vtRNA2-1/nc886, MVP y E2F1 en el tejido
tumoral respecto al normal de cérvix. Adicionalmente, mediante ensayos funcionales en células SiHa observaron
que la inhibicion de vtRNA2-1/nc886 provoca un aumento de la sensibilidad al paclitaxel asociada a un aumento
de la apoptosis. Finalmente, identificaron a E2F1 como un regulador de vtRNA2-1/nc886 y demostraron que su

sobreexpresidon conduce a un aumento de los niveles de vtRNA2-1/nc886 (Li et al., 2017).

Un reporte reciente, revelé un nuevo aspecto de la biologia de vtRNA2-1/nc886 en cancer de ovario. El reporte
de Ahn et. al. 2018 evidencid que vtRNA2-1/nc886 es capaz de emular la accion de TGFB1, desde el punto de vista
molecular y fenotipico en cancer de ovario metastasico (Ahn et al., 2018). En primer lugar, observaron que
VtRNA2-1/nc886 y TGFB1 correlacionan positivamente en 25 tejidos tumorales de pacientes con cancer de ovario.
Incluso evidenciaron que TGFB1 promueve la induccién de vtRNA2-1/nc886 a nivel de la regulacién de la
cromatina, fundamentalmente modulando la metilaciéon del promotor de vtRNA2-1/nc886 (Ahn et al., 2018).
Utilizando lineas celulares tumorales que expresan establemente vtRNA2-1/nc886 (SKOV3 y A2780), observaron
la induccidn de la migracidn e invasion in vitro, conjuntamente con un aumento de la invasidon y metdstasis in vivo,
emulando el fenotipo observado por las células tratadas con TGFB1 (Ahn et al.,, 2018). De igual manera, la
expresion de vtRNA2-1/nc886 o el tratamiento con TGFB1 evidencié una disminucion de la sensibilidad a la

citotoxicidad provocada por el paclitaxel en células de cdncer de ovario. Asimismo, el analisis de expresién génica
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mediante microarreglos expuso que VtRNA2-1/nc886 emula el perfil de expresidn génica del tratamiento con
TGFB1 en las lineas celulares tumorales (OSE80PC, SKOV3 y A2780). De hecho, definieron una firma de 118 genes
asociada a la alta expresion de vtRNA2-1/nc886, que permitié estratificar pacientes con peor prondstico, alta
recurrencia y baja sobrevida. Llamativamente, observaron que la modulacién de vtRNA2-1/nc886 y TGFB1
coincidian en la modulacién global de genes modulados por microARNs, concretamente, la actividad de
microARNSs supresores de tumor (Ahn et al., 2018). Confirmaron que tres microARNs (miR-124-3p, -200c-3p, y -
203a-3p) aumentan cuando vtRNA2-1/nc886 es eliminado, pero se ven reprimidos cuando vtRNA2-1/nc886 es
incrementado o frente al tratamiento con TGFB1. Ensayos de pull-down con vtRNA2-1/nc886 biotinilado
mostraron que vtRNA2-1/nc886 se asocia a DICER. Globalmente, los autores proponen que vtRNA2-1/nc886
funcionaria como un pseudo sustrato de DICER y por ende terminaria bloqueando el procesamiento de
precursores de microARNSs. Esto conllevaria a la disminucién global de los microARNs maduros y por ende, a una

disminucién de la actividad de esos microARNs en el tejido tumoral (Ahn et al., 2018).

El conjunto de estos reportes evidencia que vtRNA2-1/nc886 posee efectos TSG y OG en diferentes tejidos, con
efectos que difieren en los tejidos normales y tumorales dependiendo del contexto celular. Estos reportes también
exponen que vtRNA2-1/nc886 podria alterar o interactuar con diferentes proteinas que afectan diferentes vias

dependiendo el contexto y origen celular (Figura 12) (revisado en Yeganeh & Hernandez, 2020.
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Figura 12. VtRNA2-1/nc886 en cancer.

En células normales el locus de vtRNA2-1/nc886 esta metilado de manera alelo especifica y los niveles de expresion de
vtRNA2-1/nc886 son suficientes para atenuar la activacion de PKR mediante asociacion directa. Una de los modelos aceptados
en células normales, es que la disminucion de los niveles de vtRNA2-1/nc886 conduce a la activacién de PKR y al consecuente
paro traduccional, disminucién de la proliferacién e induccion de la apoptosis. También se reportd que los efectos funcionales
de vtRNA2-1/nc886 pueden ser independientes de PKR. Se describié que en algunos tipos de cancer la expresion de vtRNA2-
1/nc886 disminuye debido al aumento de la metilacion del locus dependiente de las DNMTs. Alternativamente, se determiné
que los niveles de vtRNA2-1/nc886 aumentan debido al aumento de la expresién de MYC y/o TGFB1, lo que conlleva a la
desmetilacion del locus de vtRNA2-1/nc886. El global de la literatura evidencia que los cambios en los niveles de expresion
de vtRNA2-1/nc886 pueden conducir a cambios a nivel transcriptdmico, la modulacion de la actividad de DICER, modulacion
de PKR, modulacién de la via de JAK2/STAT3 y/o NF-kB y/o VEGF. Imagen extraida y modificada de Yeganeh & Hernandez,
2020.
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2. Los PeqUENOS ARNS DERIVADOS DE VTRNA2-1/Nc886.

Como comentamos anteriormente, la capacidad precursora de pequefios ARNs derivados de vtRNA2-1/nc886 y
su actividad tipo microARNs fue previamente descrita. Existen varios reportes que demostraron que los pequefios
ARNSs derivados de viRNA2-1/nc886 se generan de manera no candnica, independiente de DROSHA y dependiente
de DICER (Figura 13) (Cloonan et al., 2011; Mifiones-Moyano et al., 2013; Pillai et al., 2010; Treppendahl et al.,
2012).
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Figura 13. Biogénesis de vtRNA2-1/nc886 y formacion de pequefios ARNs.

El locus de vtRNA2-1/nc886 es transcripto por la ARN polimerasa lll, el transcrito de vtRNA2-1/nc886 no es procesado por
DROSHA, es exportado del nucleo y al llegar al citoplasma no se asocia con la particula vault. Su asociacién a DICER y la
formacién de pequefios ARNs derivados (hsa-miR-886-5p y hsa-miR-886-3p) ha sido evidenciada en algunos reportes. Imagen

extraida y modificada de Lee et al., 2011.

Adicionalmente, el advenimiento de las tecnologias de transcriptdmica de pequefios ARNs no codificantes condujo
a la aparicion de varios reportes que también revelaron la presencia de fragmentos derivados de los vtRNAs en
plasma y vesiculas extracelulares (EVs) (Arroyo et al., 2011; van Balkom et al., 2015; Li et al., 2013; Lunavat et al.,

2015; McDonald et al., 2019; Nolte’T Hoen et al., 2012; Perfetti et al., 2014; Tosar et al., 2015; Xiang et al., 2019),
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incluso para los pequefios ARNs derivados especificamente de vtRNA2-1/nc886 en plasma o EVs (Arroyo et al.,
2011; McDonald et al., 2019; Perfetti et al., 2014; Xiang et al., 2019). Se ha mencionado el posible potencial
biomarcador de hsa-miR-886-5p/snc886-5p en mieloma y distrofia miotdnica (Perfetti et al., 2014; Xiang et al.,
2019). Es por esto que a pesar de que los microARNs (hsa-miR-886-3p/snc886-3p y hsa-miR-886-5p/snc886-5p)
fueron eliminados de la base datos miRBase a partir de la actualizacién v16 (11/2011), igual existen reportes en

cancer sobre los pequefios ARNs derivados de vtRNA2-1/nc886.

En particular, hsa-miR-886-3p/snc886-3p el fragmento derivado del extremo 3’ de vtRNA2-1/nc886 ha sido
reportado como TSG en cancer: prostata (Aakula et al., 2015; Fendler et al., 2011), vejiga (Nordentoft et al., 2012),
mama (Tahiri et al., 2014), colon (Yu et al., 2011), pulmdn (Bi et al., 2014; Cao et al., 2013; Gao et al., 2011; Shen
et al,, 2018) vy tiroides (Dettmer et al., 2014; Xiong et al., 2011). Multiples reportes de evidenciaron efectos
funcionales de tipo TSG al modular la expresién de hsa-miR-886-3p/snc886-3p, concretamente su expresion
disminuye la proliferacion en préstata (Aakula et al., 2015), vejiga (Nordentoft et al., 2012), mama (Tahiri et al.,
2014), pulmdn (Cao et al., 2013; Shen et al., 2018) y tiroides (Xiong et al., 2011); disminuye la migraciéon y/o
invasion in vitro en pulmon (Cao et al., 2013; Shen et al., 2018) y tiroides (Xiong et al., 2011); la capacidad de
crecimiento de esferoides en tiroides (Xiong et al., 2011) y disminuye la invasion y el crecimiento tumoral in vivo
en pulmén (Cao et al., 2013; Shen et al., 2018). No obstante, pocos reportes demostraron un perfil de expresion
OG para hsa-miR-886-3p/snc886-3p en cancer: renal (Yu et al., 2014), colorrectal (Schou et al., 2014) y eséfago
(Okumura et al., 2016). De hecho, sélo encontramos un reporte en cancer renal que evidencia una funciéon OG
asociada a hsa-miR-886-3p/snc886-3p, donde aumentd la proliferacién, migracion y redujo la apoptosis (Yu et al.,

2014).

En la literatura encontramos multiples genes blanco de accién directa reportados para hsa-miR-886-3p/snc886-
3p: PLK1 (polo like kinase 1), TGFB1, CDC6 (cell division cycle 6), CXCL12 (C-X-C motif chemokine ligand 12), PITX1
(paired like homeodomain 1) y FXN (frataxin) (Cao et al., 2013; Mahishi et al., 2012; Pillai et al., 2010; Xiong et al.,
2011; Yu et al., 2014).

Globalmente, de los 6 reportes en cancer donde realizaron ensayos funcionales con hsa-miR-886-3p/snc886-3p

en 5 de ellos evidencian su funcién TSG mientras que en uno su funcién OG.

En paralelo, existen reportes sobre la actividad en cancer de hsa-miR-886-5p/snc886-5p, el sncARN derivado del
extremo 5’ de vtRNA2-1/nc886. Llamativamente, la mayoria de los reportes sobre hsa-miR-886-5p/snc886-5p lo
postulan como OG en cancer: cervical (Kong et al., 2015; Li et al., 2011), oral (Xiao et al., 2012), linfoma (Liu et al.,

2013), mama (Zhang et al., 2014), tiroides (Dettmer et al., 2014), vejiga (Khoshnevisan et al., 2015) y mieloma
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multiple (Xiang et al., 2019). No obstante, sélo dos reportes mostraron un perfil TSG para hsa-miR-886-5p/snc886-
5p: pulmdn (Gao et al., 2011) y carcinoma hepatocelular (Han et al., 2012). Los reportes que realizaron ensayos
funcionales modulando la expresion de hsa-miR-886-5p/snc886-5p en cancer, evidencian un efecto OG.
Resumidamente, estos reportes exponen que hsa-miR-886-5p/snc886-5p contribuye: aumentando la
proliferacién y disminuyendo la apoptosis en cancer cervical (Kong et al., 2015; Li et al., 2011), mama (Zhang et
al., 2014) y mieloma multiple (Xiang et al., 2019); regulando positivamente la transicién de G1/S del ciclo celular
en mieloma multiple (Xiang et al., 2019); disminuyendo la sensibilidad al cisplatino en cancer cervical (Kong et al.,
2015); aumentando la capacidad de migracién e invasion en cadncer cervical (Kong et al., 2015), mama (Zhang et
al., 2014) y mieloma multiple (Xiang et al., 2019); y aumentando el crecimiento tumoral in vivo en cancer cervical

(Kong et al., 2015).

También se reportaron posibles genes blancos de accidn de hsa-miR-886-5p/snc886-5p: BAX (BCL2 associated X,
apoptosis regulator) y p53 en céncer cervical (Kong et al., 2015; Li et al., 2011) y mieloma multiple (Xiang et al.,
2019). Sin embargo, el Unico gen blanco de accién directa de hsa-miR-886-5p/snc886-5p validado en cancer es

p53 (Kong et al., 2015).

Complementariamente a las funciones descritas en cancer para los fragmentos derivados de vtRNA2-1/nc886
existen reportes que los mencionan participando en otras patologias. En este sentido, hsa-miR-886-3p/snc886-3p
fue descrito como un microARN involucrado en enfermedades hematoldgicas (Pillai et al., 2010) y en la ataxia de
Friedrich (Mabhishi et al., 2012). Por otro lado, hsa-miR-886-5p/snc886-5p fue vinculado con la enfermedad de

Parkinson (Mifiones-Moyano et al., 2013).

3. OTROS ASPECTOS DE LA REGULACION EPIGENETICA DE VTRNA2-1/Nc886.

Como se menciond anteriormente la regulacion epigenética de vtRNA2-1/nc886 ha sido objeto de multiples
reportes en la literatura de cancer y ha revelado aspectos poco convencionales en su regulacidén epigenética. El
estudio del perfil de metilacién de vtRNA2-1/nc886 en tejidos normales (leucocitos, higado, cerebro y placenta),
mediante ensayos de secuenciacion de bisulfito y microarreglos de metilacion (Infinium HumanMethylation450
BeadChip array) reveld que el 76% de las muestras presentan un alelo metilado, siendo mayoritariamente el alelo
materno y que la metilacién de vtRNA2-1/nc886 es un evento post-fertilizacién (Romanelli et al., 2014). Mas
recientemente, se evidencié que vtRNA2-1/nc886 es uno de los epialelos metastables que mas responde al
ambiente (van Dijk et al., 2018; Richmond et al., 2018; Silver et al., 2015). De hecho, un reporte evalud la influencia
del momento de la concepcidn, diferentes estaciones climaticas, sobre la metilacién global del genoma en

individuos de Gambia rural. Llamativamente, reportaron que vtRNA2-1/nc886 presenta una distribucién bi-modal
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de la metilacidn en los individuos, que no seria mediada genéticamente (Silver et al., 2015). Incluso, se evidencid
que los nifios concebidos en la estacion seca exhiben hipometilacion del promotor vtRNA2-1/nc886 (<40%)
comparado con aquellos nifios que fueron concebidos en la estacion lluviosa. Conjuntamente, se determind que
la metilacion fue establecida en las etapas iniciales del embridn y que esta es mantenida durante el desarrollo y
la diferenciacion (Silver et al., 2015). Asimismo, se logré establecer un vinculo entre el estado nutricional de las
madres y el establecimiento de la metilaciéon en los nifios, concretamente, vinculado a los biomarcadores del
metabolismo del carbono. Se encontrd que aquellas madres con baja vitamina B2 (riboflavina) y metionina en el
momento de la concepcidn, se asociaban con un estado hipometilado de vtRNA2-1/nc886. Contrariamente, los
bajos niveles de dimetilglicina resultaron protectivos del estado de hipometilacion de vtRNA2-1/nc886 (Silver et
al., 2015). Finalmente, evidenciaron que el estado de metilacién de vtRNA2-1/nc886 una vez establecido en el
individuo es preservado durante al menos 10 afios (Silver et al., 2015). Incluso se observé que el vtRNA2-1/nc886
presenta variabilidad inter-individuos, mostrando un patrén de metilacién atipico denominado impronta

polimérfica (Joo et al., 2018; Lei et al., 2017; Park et al., 2017; Romanelli et al., 2014).
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HIPOTESIS

VtRNA2-1/nc886 es un ARN no codificante transcripto por la ARN polimerasa Il que posee la capacidad de
modular la activacion de proteinas como PKR y/o OAS1, que consecuentemente alteran funciones celulares como
la traduccidn global, proliferacién y apoptosis. Asimismo, el vtRNA2-1/nc886 se encuentra diferencialmente
regulado en algunos tipos de cancer, pudiendo actuar como supresor de tumor u oncogén de manera tejido
especifico. Sumado a esto existen evidencias que permiten suponer que vtRNA2-1/nc886 puede ser procesado a
pequefios ARNs no codificantes, y que los mismos poseen la capacidad de regular la expresion génica mediante la
via de microARNs. En este contexto, entendemos que la represion de la expresion de vtRNA2-1/nc886, asi como
la de los pequefios ARNs no codificantes con funcidn tipo microARNs derivados (hsa-miR-886-3p/snc886-3p),

contribuyen al desarrollo y/o mantenimiento del fenotipo maligno en el cancer de prostata.
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OBIJETIVOS

1. OBIJETIVO GENERAL

Descubrir las implicancias de la desregulacién de vtRNA2-1/nc886 y su pequefio ARN derivado (hsa-miR-886-

3p/snc886-3p) en el fenotipo tumoral de adenocarcinoma de proéstata.

2. OBIETIVOS ESPECIFICOS

2.1. Determinar las implicancias de la desregulacién de vtRNA2-1/nc886 en el origen y el mantenimiento
del fenotipo tumoral de adenocarcinoma de prostata.
2.1.1. Determinar el nivel de expresidn y la posible desregulacién de vtRNA2-1/nc886 en muestras de
tejido normal y tumoral.
2.1.2. Identificar el origen molecular de la desregulacion de vtRNA2-1/nc886.
2.1.3. Determinar el efecto de la desregulacién de vtRNA2-1/nc886 en el fenotipo neoplasico.
2.1.4. Descubrir posibles mecanismos moleculares regulados por vtiRNA2-1/nc886.

2.1.5. Valorar la relevancia clinica de la desregulacion de vtRNA2-1/nc886.

2.2. Determinar si vtRNA2-1/nc886 funciona como precursor para la formaciéon de pequefios ARNs no
codificantes y evaluar las implicancias de su desregulacion en el origen y el mantenimiento del fenotipo
tumoral de adenocarcinoma de prostata.

2.2.1. Validar la expresidn y desregulacion de hsa-miR-886-3p/snc886-3p en muestras de tejido normal y
tumoral.

2.2.2. Determinar si los fragmentos derivados de vtRNA2-1/nc886 funcionan como microARNSs.

2.2.3. Determinar el efecto de la desregulacién de hsa-miR-886-3p/snc886-3p en el fenotipo neoplasico.

2.2.4. Descubrir mecanismos moleculares regulados por hsa-miR-886-3p/snc886-3p.

2.2.5. Determinar la expresiéon de hsa-miR-886-5p/snc886-5p en la carcinogénesis prostatica y su

asociacion con la enfermedad.
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2.3. Determinar el perfil de expresion global de vtRNA2-1/nc886 y su posible asociaciéon con los vtRNAs
candnicos en el cancer de diferente origen tisular.
2.3.1. Determinar la expresion global de los cuatro vtRNAs humanos en cancer.
2.3.2. Determinar si existe co-regulacién y asociacién funcional de los cuatro vtRNAs.
2.3.3. Determinar si la expresion de los vtRNAs se asocia a diferencias en la sobrevida de los pacientes.
2.3.4. Identificar transcritos co-regulados junto con los vtRNAs y las vias celulares sobrerepresentadas en

estos genes.
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RESULTADOS Y DISCUSION

1. IMPLICANCIAS DE LA DESREGULACION DE VTRNA2-1/NC886 EN EL ORIGEN Y EL

MANTENIMIENTO DEL FENOTIPO TUMORAL DE ADENOCARCINOMA DE PROSTATA

Objetivo especifico 2.1: Determinar las implicancias de la desregulacién de vtRNA2-1/nc886 en el origen y el

mantenimiento del fenotipo tumoral de adenocarcinoma de prdstata.

Los resultados obtenidos respecto al desarrollo del objetivo especifico 2.1 en el marco de la hipdtesis de |a tesis

fueron incluidos en una publicacién cientifica (Fort et al., 2018) adjunta a continuacion.

En este manuscrito abordamos el estudio de la expresidn del transcrito completo de vtRNA2-1/nc886 en tejido
tumoral y normal adyacente de prostatectomias radicales incluidas en parafina, de una cohorte pequena del
Hospital Policial de Montevideo que seleccionamos con Anatomopatélogos de la Institucidn (objetivo especifico
2.1.1). A continuacidn, para abordar el objetivo especifico 2.1.2, extendimos el analisis de expresion de vtRNA2-
1/nc886 a lineas celulares modelo de la enfermedad y evaluamos su asociacion con el estado de metilacién de su
promotor. Complementariamente, valoramos en lineas celulares de PrCa el impacto del tratamiento con agentes
desmetilantes en la expresidén de vtRNA2-1/nc886 y el estado de metilacidn de su promotor. Incluso evaluamos la
posible asociacion entre el estado de metilacion del promotor de vtRNA2-1/nc886 y las enzimas DNMTs (ADN
metiltransferasas) en la transicién tumoral de la prdstata. Asimismo, examinamos los niveles de metilacion del
promotor de viRNA2-1/nc886 en muestras de tejido tumoral y normal adyacente de prdstata, y su asociacidon con
pardmetros de la clinica de la enfermedad, disponibles en los grandes repositorios de datos publicos (The Cancer
Genome Atlas (PRAD-TCGA) y Gene Expression Omnibus (GEQ)) (objetivo especifico 2.1.5). Para explorar el objetivo
especifico 2.1.3 generamos lineas celulares modelo de PrCa (DU145 y LNCaP) con la transduccién estable de
vtRNA2-1/nc886 y un ARN control con estructura de horquilla correspondiente. Utilizamos estas lineas celulares
para evaluar el efecto de su sobreexpresion (restitucidn) in vitro sobre la viabilidad celular, la alteracion del ciclo
celular y la capacidad invasiva in vitro. El crecimiento tumoral fue también evaluado in vivo mediante ensayos de
xenotransplante en ratones inmunocomprometidos. Finalmente, como parte del objetivo especifico 2.1.4
exploramos la asociacion entre los niveles de metilacién del promotor de vtRNA2-1/nc886 y una firma de genes
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asociada con la progresién del ciclo celular (CCP, (Cuzick et al., 2011) en muestras de PrCa (PRAD-TCGA),
encontrando una correlacién invertida con los transcritos de esta firma que apoya su efecto anti-proliferativo en

los tejidos de los pacientes.

El conjunto de las aproximaciones realizadas y expuestas en el manuscrito (Fort et al., 2018) nos permitié ponderar
la hipdtesis acerca de la presencia y desregulacion de viRNA2-1/nc886 en el PrCa y determinar que es un transcrito
de expresion relativamente alta cuyos niveles disminuyen cuando el tejido maligniza, lo que esta de acuerdo con
una funcién de TSG. Determinamos la asociacién del estado de metilacidon de su promotor con la desregulacion
de su expresion en la carcinogénesis prostatica, asi como su relacién con los pardmetros clinicos de la enfermedad.
Esto nos llevd a establecer que la etiologia de la desregulacidn consiste en alteraciones epigenéticas del promotor
del gen, las cuales se asocian a la evolucidn. Finalmente, evaluamos la contribucién de vtRNA2-1/nc886 en la
alteracién de fenotipos tumorales en el PrCa a través de su sobreexpresion, y encontramos que afecta diversos

atributos tumorales como un TSG.

Articulo cientifico 1: Fort, R.S., Mathg, C., Geraldo, M.V., Ottati, M.C., Yamashita, A.S., Saito, K.C., Leite, K.R.M.,

Méndez, M., Maedo, N., Méndez, L., et al. (2018). Nc886 is epigenetically repressed in prostate cancer and acts as

a tumor suppressor through the inhibition of cell growth. BMC Cancer 18, 127. doi: 10.1186/s12885-018-4049-7

Las contribuciones y actividades en las que participd cada autor estan discriminadas en el manuscrito.
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Abstract

Background: Nc886 is a 102 bp non-coding RNA transcript initially classified as a microRNA precursor (Pre-miR-886)
, later as a divergent homologue of the vault RNAs (vtRNA 2—-1) and more recently as a novel type of RNA (nc886).
Although nc886/vtRNA2-1/Pre-miR-886 identity is still controversial, it was shown to be epigenetically controlled,
presenting both tumor suppressor and oncogenic function in different cancers. Here, we study for the first time the
role of nc886 in prostate cancer.

Methods: Nc886 promoter methylation status and its correlation with patient clinical parameters or DNMTs levels
were evaluated in TCGA and specific GEO prostate tissue datasets. Nc886 level was measured by RT-gPCR to compare
normal/neoplastic prostate cells from radical prostatectomies and cell lines, and to assess nc886 response to
demethylating agents. The effect of nc886 recovery in cell proliferation (in vitro and in vivo) and invasion (in
vitro) was evaluated using lentiviral transduced DU145 and LNCaP cell lines. The association between the
expression of Nc886 and selected genes was analyzed in the TCGA-PRAD cohort.

Results: Nc886 promoter methylation increases in tumor vs. normal prostate tissue, as well as in metastatic
vs. normal prostate tissue. Additionally, nc886 promoter methylation correlates with prostate cancer clinical
staging, including biochemical recurrence, Clinical T-value and Gleason score. Nc886 transcript is downregulated in
tumor vs. normal tissue -in agreement with its promoter methylation status- and increases upon demethylating
treatment. In functional studies, the overexpression of Nc886 in the LNCaP and DU145 cell line leads to a decreased in
vitro cell proliferation and invasion, as well as a reduced in vivo cell growth in NUDE-mice tumor xenografts. Finally,
nc886 expression associates with the prostate cancer cell cycle progression gene signature in TCGA-PRAD.

Conclusions: Our data suggest a tumor suppressor role for nc886 in the prostate, whose expression is epigenetically
silenced in cancer leading to an increase in cell proliferation and invasion. Nc886 might hold clinical value in prostate
cancer due to its association with clinical parameters and with a clinically validated gene signature.
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Background

Prostate cancer (PrCa) is the solid tumor with the highest
incidence in men in Western countries, representing the
second leading cause of male cancer death [1, 2]. World-
wide, one sixth of men will be diagnosed with prostate
cancer in their lifetime. Although most patients can be
treated successfully, a minor proportion develop an ag-
gressive form of the disease that is currently incurable. It
is fundamental to develop biomarkers that allow the
precise prognosis at early stages, as well as new thera-
peutic tools to treat these patients in advanced stages.
Non-coding RNAs have recently emerged as key players
in cancer initiation and progression [3, 4], therefore their
clinical value is under intense investigation [5-7].

The large collection of non-coding RNAs (ncRNAs) of
the human genome is broadly grouped per size and
function in two main types: a group of <40 nt long
RNAs known as “small RNAs” (including microRNAs,
piwiRNAs, snoRNAs) and a group of >200 nt long RNA
named “long non-coding RNAs” [8]. The “vault” RNAs
(VtRNAs) are a class of 84-141 nt long eukaryotic RNAs,
that are transcribed by RNA polymerase III. They associ-
ate with conserved vault proteins forming the vault par-
ticle, a complex whose function and relevance in cancer
remains scarcely understood [9]. Whereas the three hu-
man vtRNA1-1-3 are integral components of the vault
particle, vtRNA 2-1 is a more divergent homologue,
whose transcript is neither associated to the vault par-
ticle or co-regulated with the vtRNA1-1-3 [10, 11]. Be-
fore miRBase version 16, vtRNA2-1 was classified as a
microRNA precursor, thus annotated as “precursor of
hsa-miR-886-3p” (pre-miR-886); however, the recogni-
tion of its sequence homology with the three vtRNA-1
RNAs [11] led to its re-classification as vtRNA2-1 and
the elimination of its derived microRNAs from miRBase.
However, vtRNA2-1/pre-miR-886, was more recently
proposed to be a new type of non-coding RNA (referred
there as “nc886”), that acts as a tumor suppressor, inhi-
biting the activation of Protein Kinase RNA-activated
(PKR) by direct interaction [12-14]. Consistent with
these findings, Treppendahl et al. showed that nc886
functions as an epigenetically regulated tumor suppres-
sor gene in acute myeloid leukemia, and that genome
demethylating treatment inhibits PKR phosphorylation
[15]. However, in the same work, the authors detected
mature miRNAs derived from nc886, and showed they
are products of the processing of pre-miR-886 by a
non-canonical pathway independent of DROSHA. In
addition, other groups have identified the mature micro-
RNAs derived from pre-miR-886 in lung small cell car-
cinoma [16] and prostate cancer [17], presenting
evidence of its association with disease progression.

Different lines of evidence have revealed that the epi-
genetic control of nc886 is complex and may own
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clinical relevance. Independent reports in breast, lung,
colon, bladder, esophagus and stomach cancer showed
that its promoter is differentially methylated in tumor
vs. normal tissue [18, 19]. In fact, in lung cancer, chronic
myeloid leukemia and gastric cancer, its differential
methylation correlates with patient prognosis and sur-
vival [15, 16, 20]. Although these findings support a
tumor suppressor role for nc886, a recent communica-
tion proposed its action as an oncogene in thyroid
cancer [21]. Intriguing aspects of the epigenetic regula-
tion of this locus, include its dependence on the parental
origin of the allele [22], and its sensitivity to the peri-
conceptional environment [23].

The aim of this study was to investigate the possible
involvement of nc886 in PrCa etiology and behavior.
Analyzing clinical samples, we found that the full
transcript of nc886 is present in prostate tissue and di-
minishes its abundance in tumor compared to normal
tissue, thus showing a gene expression pattern of a
tumor suppressor gene. The increased methylation of
nc886 promoter in transformed vs. non-transformed tis-
sue, as well as demethylating agent treated vs. untreated
cell lines, indicate that the molecular etiology of nc886
downregulation is the methylation of its promoter.
Indeed, nc886 promoter methylation level correlates
with clinical parameters of PrCa (Gleason Score, clinical
T value and biochemical relapse). Forced restitution of
nc886 in DU145 and LNCaP cell lines produces an
inhibition of cell invasion and proliferation in vitro and
a reduction of DU145 tumor growth in vivo. These re-
sults are consistent with a tumor suppressor role,
suggesting a nc886 antiproliferative function in normal
prostate tissue. Finally, the interrogation of the Prostate
Adenocarcinoma of The Cancer Genome Atlas (TCGA-
PRAD) cohort, uncovered a negative association
between the expression of nc886 and the expression of
genes belonging to the PrCa cell cycle progression gene
signature (CCP), providing a molecular support for the
phenotype experimentally observed after nc886 recovery.

Methods
Human specimens
Tissue sections were obtained from paraffin fixed blocks
stained with hematoxylin and eosin (H&E) of 6 archived
radical prostatectomies and were evaluated by three pa-
thologists at the Department of Anatomic-pathology of
the Police Hospital. This study was approved by the
Hospital Policial, D.N.AA.SS., Montevideo, Uruguay (2010).
Matched normal and tumor regions, showing similar
parenchyma-stroma ratio and similar cytological findings
at the stroma were selected. Unstained section of 10-um
thickness, contiguous to the sections selected by the
pathologist, were then freshly obtained to extract small
RNAs using the RNeasy FFPE (Qiagen) Kit, with the
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following modifications: two extra washes with xylene
and absolute ethanol were added. The RNA was resus-
pended in RNAse free water and stored at — 20 °C for
further analysis.

Cell lines

RWPE-1, LNCaP (ATCC CRL-1740), PC-3 and DU145
human prostate cancer cell lines were obtained from
ATCC (Manassas, VA, USA). LNCaP, DU145 and PC-3
were maintained in RPMI 1640 (R7755) supplemented
with 10% FBS (PAA™) and penicillin/streptomycin.
RWPE-1 cell line was cultured in Keratinocyte Serum
Free Medium (Gibco by LifeTechnologies™) supple-
mented with 0.03 mg/mL bovine pituitary extract (BPE)
and 0.5 ng/mL EGF human recombinant epidermal
growth factor (EGF) and penicillin/streptomycin. All cell
lines were maintained in a 5% carbon dioxide atmos-
phere at 37 °C.

A lentiviral vector bearing the precursor nc886 or a
scrambled sequence of the same length, both cloned
downstream of the CMV promoter (miExpress precursor
expression clones, pEZX-MR02, GeneCopoeia) were
transduced in DU145 and LNCaP. Transduced cells were
then selected by growth in the presence of puromycin.

5-Azacytidine treatment

DU145, RWPE-1, PC-3 and LNCaP cells were treated
for 72 h with 1.5 pmol/L 5-Azacytidine (ab142744,
Abcam) and DMSO as control, replacing the medium
with freshly added drug every 24 h following manufac-
turer’s instructions.

RNA extraction, reverse transcription and quantitative
real time PCR

Total RNA was extracted using the Qiagen™ miRNAeasy
kit. Reverse transcription was performed using the
Qiagen PCR miScript II System. Quantitative real time
PCR (qPCR) was performed with the miScript SYBR
Green PCR Kit using specific oligonucleotides. For
nc886: 5'CGGGTCGGAGTTAGCTCAAGCGG3' for-
ward primer and 5'AAGGGTCAGTAAGCACCCGCG3’
reverse primer, as in Lee K et al. [12]. U6 RNA was amp-
lified using the primer assay purchased from Qiagen
(Hs_RNU6-2_11 miScript Primer Assay (MS00033740))
and the miScript Universal Primer (Qiagen). The relative
quantification was attained using the AACT method, in
a Rotor-Gene 6000 equipment (Corbett Life Science),
employing U6 as the internal control of RNA load.

MTT assay

Five thousand DU145 and LNCaP cells per well were
seeded in 96 culture plates. Twenty pL of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
5 mg/mL solution dissolved in 1X PBS was added to the
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wells and cultures were incubated for 4 h at 37 °C in a 5%
CO, controlled atmosphere. The medium was then aspi-
rated and 100 puL of DMSO was added to each well and
incubated at room temperature in the dark for 15 min with
moderate orbital shaking. Optical density (OD) was read in
a plate spectrophotometer (Thermo Scientific Varioskan®
Flash Multimode) at 570 nm and 690 nm wavelengths.

Flow cytometry for DNA content

DU145 cells transfected with lentiviral vectors producing
nc886 or a scrambled RNA control were seeded in tripli-
cate in 6-well plates. Upon reaching 60% confluence,
cells were harvested by trypsinization, washed twice with
1X PBS and resuspended in 1X PBS by gentle vortexing.
Cells were then fixed by adding 1 mL of ice cold 70%
ethanol dropwise in 1X PBS and incubated at — 20 °C for
30 min. Next, cells were washed with 1X PBS and cen-
trifugated at 1200 rpm at 4 °C for 5 min and the resus-
pended cell pellets were incubated with 0.1 mg/mL of
RNase and 50 pg/mL propidium iodide for 15 min at
room temperature in the dark. Flow cytometry measure-
ment of nuclear DNA content was performed in a
Accuri™ C6 flow cytometer (BD Bioscience), counting
10.000 total events per sample (BD Accuri C6 software).

Matrigel invasion assays

24-well transwell inserts of 8 uM pore size (Corning
#3422) were coated with Matrigel (Corning) for in vitro
invasion assays. Fifteen thousand (DU145) or 20,000
(LNCaP) cells were seeded in serum-free RPMI 1640
and migrated towards the bottom chamber containing
RPMI 1640 supplemented with 10% FBS. After 48 h the
cells were fixed with 100% methanol and stained with
hematoxylin and eosin (H&E). Non-invading cells were
scrubbed with a cotton swab. Five microscopic fields
were photographed and counted for each sample. Values
were averaged from at least 3 independent experiments.

Mice xenograft

Six 4-week-old male athymic NUDE BALB/C mice were
maintained according to the protocols and ethical
regulations of the animal facility of the Institute of
Biomedical Science, at the University of Sao Paulo, Brazil
(protocol 134/10, approved by the Ethics Committee for
Animal Use). In order to grow tumors, these mice were
subcutaneously injected on both flanks using 3 x 10°
DU145 cells resuspended in 50 pl of Matrigel matrix
(Corning Inc.) per inoculation. The tumor growth was
measured weekly with calipers and the corresponding
volumes were calculated as: length x width x height x 1/
2. When tumors reached 2 c¢m, the animals were eutha-
nized, and tumors were extracted and properly stored
for further analysis.
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Analysis of mice tumors

The study of histological sections of the tumors
extracted from the mouse xenotransplantation assays,
was conducted at the Laboratory of Medical Research —
LIM55, Urology Department, of the University of Sao
Paulo, Brazil. Specifically, the percentage of necrosis and
mitotic indexes in the histological sections of the tumors
stained with H&E were quantified.

Dataset analysis

The TCGA-PRAD data was downloaded from the
TCGA portal (https://tcga-data.nci.nih.gov/docs/publi-
cations/tcga/?) [24] and the Methhc database (http://
methhc.mbc.nctu.edu.tw/php/index.php) [25]. This
dataset includes the RNA-Seq expression values of 50
matched normal and tumor tissue and additional un-
matched normal and tumor samples, generated using Ilu-
mina sequencing technology. The methylation data of the
TCGA-PRAD cohort, was extracted from the Illumina Infi-
nium Human Methylation 450 BeadChip array data of the
49-paired normal and prostate tumor samples and add-
itionally unmatched normal and tumor tissues (336 in
total). Several public methylomes available at the Gene Ex-
pression Omnibus (GEO) repository [26] were also ana-
lyzed: matched normal and tissue PrCa GSE76938 [27],
PrCa metastasis GSE38240 [28], PrCa cell lines GSE34340,
GSE62053 and GSE54758 [29, 30] and HCT166 cell lines
GSE51810 [31]. The average of the normalized beta-values
for the 6 CpGs sites located at the nc886 TSS200 promoter
(cg18678645, cg06536614, g26328633, cg25340688,
€g26896946, ¢g00124993) were calculated. Hierarchical
clusterization obtained through Euclidean algorithm was
performed using the Gene-E (http://www.broadinstitu-
te.org/cancer/software/ GENE-E/) for the methylation beta-
values and Morpheus (https://software.broadinstitute.org/
morpheus/) for gene expression values.

Statistical analysis

All experiments were performed at least in triplicate,
and the corresponding variables are expressed as average
value + standard deviation or standard error. Statistical
analyses were done using single and two-tailed t-test,
and the statistical significance of the observed differ-
ences were expressed using the p-value (* p <0.05, **
p <001, ** p <0.001). D’Agostino-Pearson was
conducted as the normality test and nonparametric
Spearman was used to test correlation.

Results

Nc886 promoter methylation is increased in neoplasic
relative to normal prostatic tissue and correlates with
biochemical recurrence and tumor grade

In view of the existing background about the role of
nc886 promoter methylation in other types of cancer
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[15, 16, 18, 19], we analyzed the methylation levels of its
proximal promoter in PrCa. For that, we selected the re-
gion of 200 nt located upstream of the transcription start
site (TSS200) of nc886 in the genome wide methylation
microarray data available at TCGA-PRAD. The analysis
of the available 50 paired tissue samples showed a statis-
tically significant increase of the methylation average in
tumor (0.6615 +0.08215) relative to normal tissue
(0.5734 + 0.08049) (p-value < 0.001) (Fig. 1la). An identi-
cal analysis was performed using a recently published
PrCa cohort [27] comprising 52 matched cancer and
benign-adjacent tissue of radical prostatectomies from
Stanford University Medical Center, yielding very similar
results (0.5437 +0.06445 normal vs 0.6092 +0.06278
tumor) (Fig. 1a). It is worth to note that nc886 TSS200
methylation is quite variable among the samples. Never-
theless, regardless of the initial methylation status, the
tumor tissue consistently shows a higher methylation
relative to the adjacent normal tissue, as depicted in the
TSS200 methylation clustering of patient samples pre-
sented in Additional file 1: Figure S1.

Seeking to investigate the relevance of nc886 promoter
methylation in the metastatic stage of PrCa, we analyzed
its status in 4 normal prostates from organ donors and 8
PrCa metastases in a rapid autopsy cohort of lethal
metastatic PrCa available at the GEO [28]. We observed
that the metastases have a significant higher average
nc886 promoter methylation (0.7456 +0.0771) than the
normal tissue (0.4331 + 0.1283) (p-value < 0.001) (Fig. 1b)
of the same study. Interestingly, the metastatic tumors
present similar levels of nc886 promoter methylation
(0.7456 £ 0.0771) than the highest methylated group of
samples among the primary tumors (0.7239 + 0.0478)
and normal tissues (0.6945 +0.0386) defined in
Additional file 2: Figure S2. To assess the clinical
relevance of nc886 promoter methylation, we studied its
association with the clinical data of the patients of the
TCGA- PRAD cohort. We found that nc886 TSS200
average methylation is significantly associated with
Gleason score (p-value < 0.05), clinical T-value (p-value
<0.05) and biochemical relapse (p-value <0.01)
(Fig. 1c-e). We also found that the nc886 methylation
status in the normal prostatic tissue dissected from pros-
tatectomies [19], calculated with the 10 selected CpG
sites (Additional file 2: Figure S2), is associated with the
clinical T-value of the matched patient tissue
(Additional file 2: Figure S2D) (p-value < 0.05).

Increased promoter methylation of nc886 causes a
reduction of the transcript level in prostate cancer
Although growing evidence is demonstrating a tumor
suppressor role for nc886 in several types of cancer,
there is fewer assessment of the molecular etiology of its
downregulation by promoter methylation during
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Fig. 1 Nc886 TSS200 methylation status and its correlation with clinical parameters of PrCa in patients of the TCGA-PRAD cohort. a Average TSS200
methylation of Nc886 in matched normal and tumor prostate tissue of 50 patients from TCGA cohort and 52 patients from STANFORD cohort data
available in GSE76938 GEO dataset. b Average TS5200 methylation of nc886 for normal and metastatic prostate tissue data available in GSE38240 GEO
dataset. In A and B the numbers below the boxes indicate the mean value of each distribution. ¢ Average TSS200 methylation of nc886 in association with
Gleason Score of tumor tissue of 329 patients. d Association between average TSS200 methylation of nc886 and clinical T values of tumor tissue of 272
patients. e Association between average TS5200 methylation of nc886 and biochemical recurrence in 276 patients. Clinical data analyses incorporate
TCGA-PRAD DNA methylation data of the tissues with available associated Gleason score data (c), Clinical T-value data (d) and Biochemical recurrence data
(e). Two-tailed T test was performed for all categories, and only significant differences are depicted: * P value < 0.05; ** P-value < 0.01; *** P -value < 0.001;
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carcinogenesis. Thus, we sought to find a direct associ-
ation between nc886 transcripts levels and the methyla-
tion of its promoter in PrCa clinical samples. We first
investigated the presence and deregulation of the full
nc886 transcript in PrCa. Consequently, we isolated RNA
from six paired normal and tumor samples from paraffin
blocks obtained from radical prostatectomies, and we per-
formed RT-qPCR with oligonucleotides specific for the
nc886 transcript. We found that nc886 transcript is sig-
nificantly suppressed in tumor relative to normal tissue,
with an average fold change in expression of — 0.56 + 0.14
(Fig. 2a). Furthermore, the interrogation of several data-
sets available at GEO showed that the average methylation
value of nc886 promoter in prostate cell lines (PrEC,
DU145, RPWE-1, LNCaP and PC-3) inversely correlates
with the levels of its transcript (rs = - 0.80) (Fig. 2b). In
addition, the treatment of DU145, LNCaP, RWPE-1 and
PC-3 cell lines with the DNA demethylating agent 5-Aza-
cytidine increases nc886 levels (Fig. 2c). As seen in the

clinical specimens, the level of nc886 expression/nc886
methylation in the PrCa cell lines is variable (Fig. 2b).
Although we know the nc886 status in the matched
normal/tumor tissue of the clinical specimens (Fig. 1a), we
unfortunately do not know the nc886 status in the normal
prostate cells of the cell line donor patients. However,
based on the clinical data, nc886 expression is expected to
be higher in the non-transformed cells of the donor. In
this context, what is relevant for the hypothesis is the
decrease in nc886 expression during malignant transform-
ation independently of the initial status of the gene.
Interestingly, nc886 status separates the cell lines in
two groups, one comprising PrEc and DU145 and an-
other comprising RWPE-1, LNCaP and PC3. These
two groups of cell lines are representative of the vari-
able nc886 status in the prostate tissues. Therefore,
DU145 and LNCaP/PC-3 PrCa cell lines represent
suitable models for the spectrum of nc886 variability
observed in the clinical set.
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NMT3B KO

D

Patterns of DNA methylation during development and
carcinogenesis are established by DNA methyl transfer-
ases, comprising maintenance DNMT1 and de novo
DNMT3A and DNMT3B. To investigate which of these
enzymes would be responsible for the increase in nc886
TSS200 methylation in prostate carcinogenesis, we com-
pared the expression of the DNMTs with the level of
nc886 TSS200 methylation in TCGA-PRAD tumor
samples. Of the 3 DNMTs both DNMT3A and DNMT3B
increase their transcript level in tumor compared to
matched normal samples of this cohort (Additional file 3:
Table S1), as calculated from the RNA-seq data.

Interestingly, nc886 TSS200 average methylation posi-
tively correlates with the expression of DNMT3B, and
DNMTS3A, but not DNMT1 (Additional file 3: Table S1).
More interestingly, a correlation between the fold change
of expression of DNMT3B and the fold change in nc886
methylation in the 34-paired normal vs. tumor tissues is
observed (rs=04402, p-value <0.001, Fig. 2d and
Additional file 3: Table S1). Further support for the spe-
cific role of DNMT3B in nc886 promoter methylation is
provided by the analysis of a GEO dataset [31], which
uncovered a drastic reduction in its methylation upon the
deletion of DNMT3B in the HCT116 cell line (Fig. 2e).
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Overexpression of nc886 causes a decrease in tumor
growth in vitro and in vivo

Since the pattern of expression and promoter methyla-
tion of nc886 in PrCa suggested that nc886 could func-
tion as tumor suppressor gene in the prostate, we
decided to investigate the phenotypic consequence of
nc886 transcript recovery. The overexpression of nc886
was forced into the cell line DUI145 and LNCaP by
stable transfection of a lentiviral vector encoding nc886
under CMV promoter regulation. A control vector, over-
expressing a random RNA sequence, which has no com-
plementarity with human genomic sequences, was used
as a control in all the experiments. The overexpression
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of nc886 was confirmed by RT-qPCR, demonstrating an
increase of nc886 of 4.9+ 0.2 in DU145 and 43.87 £ 0.01
in LNCaP (Fig. 3a). The fold change in expression in
DU145 transfectant mimics the difference observed be-
tween the expression of nc886 in the malignant DU145
vs. the normal PrEC cell line (Fig. 2b); it is also compar-
able with the fold change in nc886 expression observed
in the tumor vs. normal tissue of the clinical samples
(Fig. 2a). Since one of the essential hallmarks of malig-
nant transformation is the increased cell proliferation,
we evaluated this phenotype using the cell viability MTT
assay. We found that DU145 and LNCaP cell lines over-
expressing nc886 have a lower rate of proliferation
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Fig. 3 In vitro effect of the overexpression of nc886 in tumor cell proliferation and invasion. a Expression of nc886 in DU145 and LNCaP nc886
overexpressing relative to control cell line. Expression levels of nc886 were determined using RT and gPCR with specific primers (see Methods) and RNAU6
was used as and endogenous control of RNA amount. b Cell viability assay by MTT for DU145 and LNCaP cell lines overexpressing nc886 and control
hairpin RNA. The absorbance at 72hs (570-690 nm) is shown as percentage. ¢ Flow cytometric cell cycle assay based on DNA content measured with
propidium iodide. The cumulative percentage of cells at the different cell cycle phases are shown for DU145 cell line overexpressing nc886 and control
hairpin RNA. d Matrigel invasion assay of DU145 (3 replicates) and LNCaP (4 replicates) overexpressing nc886 and control hairpin RNA. Percentage invasion
for nc886 overexpressing cell lines was calculated relative to control cell lines. * P value < 0.05; ** P-value < 0.01; *** P-value < 00001 two tailed t-test
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relative to the corresponding control cell lines (Fig. 3b).
To study this phenotype in greater depth, we performed
an analysis of DNA content by flow cytometry in
DU145, whose results revealed an enrichment of cells in
G2/M phase in the nc886 overexpressing transfectant
compared to the control (Fig. 3c).

To investigate whether this anti-proliferative effect also
took place in vivo, we performed a xenograft assay in
NUDE BALB-C mice. Specifically, 6 male mice were sub-
cutaneously inoculated in opposite flanks with DU145 cell
line overexpressing nc886 or the control vector. As shown
in Fig. 4a and b, the tumors resulting from the DU145
control cell line had a significantly higher growth relative
to the tumors of the DUI145 cell line overexpressing
nc886. This growth difference is also reflected in the mass
of the tumors (Fig. 4b and c). Additionally, the histology
of the tumors was analyzed by optical microscopy of par-
affin derived tumor sections stained with hematoxylin and
eosin. This showed a trend towards a higher mitotic index
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and a lower percentage of necrosis in tumors of the con-
trol cell line compared to the tumors overexpressing
nc886 (Fig. 4d and e). Thus, the results obtained in vivo
reinforce those previously observed in vitro.

Overexpression of nc886 causes a decrease in tumor cell
invasion in vitro

The ability of the tumor cells to cross the extracellular
matrix (which in epithelia is represented by the base-
ment membrane) and invade surrounding and distant
tissues is a fundamental hallmark of malignancy. Taking
in consideration the increment in nc886 promoter
methylation in metastatic relative to normal tissue ob-
served in the cohort of Aryee et al. (Fig. 1b), we sought
to investigate the effect of its overexpression in cell inva-
sion. We then performed Matrigel in vitro invasion
assays with the overexpressing cell lines (Fig. 3a). A sig-
nificant decrease in the invasion capacity was observed

shown. * P value < 0.05; ** P-value < 0.001; two-tailed t-test
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for both DU145 and LNCaP cell lines overexpressing
nc886 relative to their corresponding controls (Fig. 3d).

The expression of nc886 correlates with the expression of
genes linked to tumor proliferation in PrCa

In order to study the molecular basis of the effect of
nc886 in cell proliferation, we analyzed the putative as-
sociation between the expression of nc886 and selected
gene sets using the TCGA-PRAD cohort. Initially, we
studied the expression of differentially expressed genes
identified in a knock down of nc886 in esophageal, gas-
tric and thyroid cell lines [18, 20, 21]. We did not find
the predicted association between nc886 and these gene
signatures in prostate samples (Additional file 4: Table
S2). Indeed, none of the analyzed genes correlate with
nc886 expression as described in the former reports and
18 out of 38 showed significantly negative correlation
with TSS200 nc886 average methylation in the TCGA--
PRAD cohort (p-value <0.0001). In addition, based on
our in vitro and in vivo phenotypic data, we looked at
the expression of the genes belonging to the PrCa CCP
proposed by Cuzick et al., a 31-gene subset of 126 previ-
ously identified cell-cycle-related genes [32]. The score
derived from the CCP has been later shown to possess
clinical value by several independent studies, and is
commercialized as the Prolaris test (Myriad Genetics,
Salt Lake City,Utah, USA). When we analyzed all the tu-
mors of the TCGA-PRAD dataset, 6 out of 28 genes of
the signature show a concordant significantly positive
correlation with the TSS200 nc886 methylation (p-value
<0.0001) and none of them show a negative correlation
with TSS 200 nc886 methylation (Additional file 5: Table
S3). Additionally, we defined two group of samples (25
tumors each one) showing low and high nc886 promoter
methylation (Fig. 5a); tumors at the 10th percentile
(average beta-value 0.542 + 0.003) were classified as low
TSS200 methylation and consequently high nc886 ex-
pression, while tumors at the 90th percentile (average
beta-value 0.780 + 0.003) were classified as high TSS200
methylation and consequently low nc886 expression. As
depicted in the Fig. 5b, low and high TSS200 nc886
methylation tumors tend to cluster based on the expres-
sion of the CCP signature. Furthermore, the transcripts
belonging to the CCP signature showed increased ex-
pression in the high TSS200 methylation compared to
the low TSS200 methylation group.

Discussion

Nc886 has been recently shown to act as a tumor sup-
pressor ncRNA in cholangiocarcinoma, esophageal
carcinoma, gastric cancer and leukemia [15, 18, 20, 33].
The etiology of its downregulation in cancer has been
linked to the methylation of its promoter in leukemia,
colon, lung, gastric, bladder, breast and esophageal
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tumors [15, 16, 18—20]. Furthermore, nc886 has been
proposed both as a tumor suppressor and as an onco-
gene, depending of the context and the tissue involved,
as was recently showed in thyroid cancer [21]. Thus, a
more comprehensive picture of nc886 action in cancer,
including tissue specific differences and potentially
specific molecular mechanisms is still required.

Here we present the first study of the role of nc886 in
PrCa. We found an increased methylation of nc886 gene
promoter in prostatic tumor tissue vs. its matched nor-
mal counterpart, analyzing the samples available at the
TCGA-PRAD dataset and in the cohort of Kirby et al. A
similar observation was made in leukemia, colon, lung,
gastric, bladder, breast and esophageal tumors [15, 16,
18-20], supporting the hypothesis of increased nc886
promoter methylation as a recurrent event in the initi-
ation step of solid tumors. Indeed, we found that the
level of nc886 promoter methylation correlates with
PrCa patient clinical evolution, reinforcing previous
findings in gastric, lung, leukemia and esophageal cancer
[15, 16, 18, 20]. Furthermore, the predominant medium
and high nc886 methylation groups tissues, in both nor-
mal and tumor TCGA-PRAD samples, positively correl-
ate with the clinical outcome of the disease. It is worth
to note, that the so-called “normal adjacent” prostatic
tissue from PrCa patients (Fig. 1a), may be in fact abnor-
mally modified by tumor induced changes at the organ
level [28], thus conclusions derived exclusively from this
type of tissue should be taken with caution. Indeed, the
study of Aryee et al. (Fig. 1b) reports lower levels of
average nc886 promoter methylation in bona fide pros-
tate normal tissue obtained from organ donors, suggest-
ing that “normal tissue” adjacent to tumor tissue may
had already undergone an increase in nc886 promoter
methylation. Alternatively, methodological differences
between the two studies may explain the divergence in
the average methylation. The fact that another recent
study using normal adjacent tissue reports nc886
promoter methylation comparable to TCGA-PRAD,
favors the former interpretation. In addition, we found
significantly lower levels of average nc886 promoter
methylation in bona fide normal tissue obtained from
organ donors in comparison with metastatic tissues. The
finding of similar levels of TSS200 methylation in high
methylated samples from normal and primary tumors in
comparison with metastatic tissue, suggests that nc886
promoter methylation is a pre-requisite for tumor me-
tastasis. Altogether, our results favor a tumor suppressor
role for nc886 in several steps of PrCa tumorigenesis. It
also indicates that nc886 silencing is a driver epi-muta-
tion in PrCa. Finally, our findings point out to a poten-
tial use of nc886 for disease stratification in PrCa.

Our study also proves that the level of expression of
nc886 in PrCa tissue is significant lower than in the



Fort et al. BMC Cancer (2018) 18:127

Page 10 of 13

1.0

0.9

0.8 82228

0.7

0.6

nc886 methylation

{

osf
oo
..5;.

0.4

all tumors
percentile 10
percentile 90

row min row max
sample_type Low Methylation
Metastatic Ly
I Primary solid Tumor
Solid Tissue Normal

High Methylation
WM

[

1
1

po—

a46e
a46h

LM
[

=33 =3 = =
3355 1919 =] =]

Low Methylation INEEEEEES NN NN SN

LM
LM
[
LM
LM
LM
[
LM

H

High Methylation

the Euclidean algorithm clusterization with the Morpheus software

(A mrn T )

Fig. 5 Association between TSS200 nc886 methylation status and the prostate cancer cell cycle progression (CCP) gene expression signature in the
TCGA- PRAD cohort. a Box plot of the distribution of nc886 average promoter methylation in the total TCGA-PRAD dataset and the edge 10-percentile
samples selected for the clusterization. b Heat map of the expression of the genes belonging to the prostate cancer cell cycle progression (CCP) gene
expression signature [32] in 10th percentile low and 90th high nc886 promoter methylated samples of TCGA-PRAD. The heatmap was generated using

normal counterpart. This goes in agreement with
findings in other tissues, in which nc886 was proposed
as a tumor suppressor gene [12, 15, 18, 20, 33]. In
addition, we show that nc886 promoter methylation
negatively regulates its transcript abundance in PrCa cell
lines, as was shown previously in leukemia, gastric and
esophageal tumors [15, 18, 20].

Although aberrant DNA hypermethylation in PrCa is a
fundamental driver of tumor progression and overex-
pression of the DNMTs is a signature of disease origin
and evolution, the mechanism responsible for the epi-
genetic silencing of nc886 in cancer has not been
addressed so far. Among the three DNMTs, DNMT3B
has been consistently shown to increase its levels in
transformed vs. normal prostate tissue, both in patient

tumors and in cell lines [34-37] and its expression in-
crease along with adverse clinical parameters [36, 37].
Functional studies in siRNA cell lines, cadmium-
transformed prostate epithelial cells and TRAMP mouse
models [35, 38, 39], together with the association
between PrCa risk and a polymorphism in DNMT3B
leading to increased enzyme expression [40], have
provided further support to this hypothesis. Thus,
DNMT3B seems to be the most important DNMT
driver in PrCa. Concordantly, we found a positive correl-
ation between the fold change in expression of
DNMTS3B and nc886 promoter methylation in matched
normal to tumor tissue in the TCGA-PRAD cohort,
which favors DNMT3B involvement in nc886 promoter
methylation during neoplastic transformation in the
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prostate. Nevertheless, further experiments in PrCa
models are needed to prove the hypothesis.

Seeking the effect of nc886 deregulation in prostate
tissue, we analyzed several PrCa cell lines finding sup-
port for the correlation between nc886 expression and
methylation seen in the clinical samples. In addition, the
cell lines show quite variable expression of nc886 in
agreement with the patient data. Accordingly, an import-
ant heterogeneity in nc886 promoter methylation has
been reported in several studies. The natural variation in
the methylation of the locus in humans might be ex-
plained by imprinting and methylation in response to
the peri-conceptional environment [19, 22, 23]. Never-
theless, the increase in the methylation of nc886
promoter in tumor vs. matched normal tissue regardless
of the initial level of expression in the normal tissue, has
strong support in the cancer literature [15, 16, 18—20].
In this context, we chose two cell lines with different
levels of nc886 methylation and concomitant expression
to cover the spectrum of nc886 variation in prostate tis-
sue. In addition, these cells lines model the androgen
sensitive (LNCaP) and androgen insensitive (DU145)
forms of PrCa disease. We found that nc886 overexpres-
sion produces a significant decrease of the in vitro pro-
liferation, possibly by a retention of the cells in the G2/
M stage of the cell cycle. Additionally, when we assessed
the effect of overexpression of nc886 in vivo we found a
significant decrease in tumor growth. The decreased
growth of nc886 overexpressing tumors was accompan-
ied by a high percentage of necrosis, low number of
mitosis and low tumor weight trends. Forced overex-
pression of nc886 causes a reduction in in vitro invasion
through Matrigel. The concordant pattern of methyla-
tion and expression of nc886 observed together with the
phenotype of the overexpressing cells strongly contrib-
utes to the idea that nc886 functions as a tumor
suppressor gene in the prostate.

Then we looked for possible transcriptomic changes
responsible for the proliferative effect of nc886 in PrCa.
We observed that most of the expression of genes previ-
ously shown to be upregulated upon nc886 knock-down
in cell lines models of esophageal, gastric and thyroid
cancer, do not correlate with nc886 expression in pros-
tate tumor tissues. This finding suggests that the mo-
lecular changes induced by nc886 deregulation in
esophageal, gastric and thyroid cancer are different that
those in the prostate, thus favoring a tissue specific
model of nc886 action in cancer. Remarkably, we found
that the CCP, a validated clinically useful PrCa prolifera-
tion gene signature, positively associates with nc886 ex-
pression in the TCGA-PRAD cohort. This goes in
agreement with the negative effect of nc886 in cell pro-
liferation observed both in vitro and in vivo using a
gain-of-function of nc886 in PrCa cell lines and poses
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candidate genes that might be co-regulated with, respon-
sive to or regulators of nc886. While different molecular
mechanisms of nc886 action in cancer have been
proposed, including the modulation of the PKR/NFkB
pathway [12, 41] and the generation of microRNAs [16,
17], the relative contribution of nc886 and derived
microRNAs in cancer has been hardly addressed in the
literature. They could either modulate the same or com-
pletely independent cellular processes through diverse
molecular pathways. Interestingly, some of the genes
belonging to the CCP signature have mRNA motifs
complementary to the seed region of the microRNAs
potentially derived from nc886. Indeed, one of these has
already been validated as a target gene in another tissue
[16]. Although more work is necessary to elucidate the
precise molecular mechanism of action of nc886 in the
prostate cells, its association with the CCP at the level of
gene expression in the clinical set reinforces its clinical
relevance in PrCa disease.

Conclusions

This investigation validates the presence of nc886 tran-
script in the prostate, and its downregulation during the
progression of PrCa. The correlation between nc886
promoter methylation and several PrCa clinical parame-
ters suggest its clinical importance in PrCa progression
and is consistent with data previously reported for other
cancers. The analysis of cell lines provided direct prove
of nc886 regulation by DNA methylation and identifies
DNMTS3B as potentially responsible for the increase in
nc886 methylation during malignant transformation in
the prostate. Functional studies using a gain-of function
of nc886 in PrCa cell lines exposed its negative influence
on cell proliferation and invasion. The relevance of the
proliferative effect in the clinical set is supported by the
positive correlation between TSS200 nc886 methylation
and the PrCa proliferation gene signature (CCP) in the
TCGA-PRAD. These data point out to a tumor suppres-
sor role nc886 in PrCa, whose expression is epigeneti-
cally silenced in cancer resulting in an increased cell
proliferation and invasion through tissue specific
molecular mechanisms.

Additional files

Additional file 1: Figure S1. Hierarchical cluster based on nc886
methylation status of paired normal and tumor tissue of PrCa patients
from TCGA-PRAD and Stanford datasets. Clusterization was performed
by MEV [42] using Euclidean algorithm with default parameters. The
beta-values of methylation of the 6 CpG sites comprise the TSS200 in
the normal and tumor tissue considered as a unit. Each row corresponds to
one patient whose identity is indicated at the right of the heatmap using
the ID provided by the original study. Upper rulers indicate the amplitude

of gene expression represented by the colors of the heatmap. (PDF 147 kb)
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Additional file 2: Figure S2. Hierarchical cluster of 50 paired normal
and tumor tissue of PrCa patients from TCGA-PRAD dataset. A. 50 normal
prostate tissue B. 50 prostate tumor tissues. Clusterization was performed
by Gene-E Euclidean algorithm using default parameters. The two major
clusters, indicated as “high” and “medium” methylation, were selected for
further clinical association studies shown in D and F. The average methylation
of 10 CpG sites of Nc886 promoter (including the 6 sites of the TSS200, 1
located at the gene body and 3 located 200-350pb upstream of the TSS200)
is shown for normal (C) and tumor tissue (E). The clinical variables reported at
the TCGA-PRAD were analyzed for correlations with the methylation status of
nc886 promoter, and only the statistically significant associations found are
shown. D. Average clinical T value is associated with the methylation status of
the normal tissue (normal) of the patient. F. Average pathological T value is
associated with the methylation status of the tumor tissue (tumor) of the
patient. *P-value < 0.05; ** P-value < 0.01; ** P-value < 0.001 two-tailed t-test.
(PDF 419 kb)

Additional file 3: Table S1. Correlation of the expression of the DNMTs
with nc886 TSS200 methylation level in TCGA-PRAD tumor samples.
(XLSX 9 kb)

Additional file 4: Table S2. Correlation of the differentially expressed
genes identified in a knock down of nc886 in esophageal, gastric and thyroid
cell lines and nc886 TSS200 methylation level in TCGA-PRAD tumor samples.
(XLSX 11 kb)

Additional file 5: Table S3. Correlation of the expression of PrCa cell-cycle
progression gene signature (CCP) and nc886 TSS200 methylation level in

TCGA-PRAD tumor samples. (XLSX 10 kb)
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Il. SNC886-3P EL PEQUENO ARN NO CODIFICANTE DERIVADO DEL EXTREMO 3’ DE
VTRNA2-1/Nc886 Y SU IMPLICANCIA EN EL ORIGEN Y EL MANTENIMIENTO DEL FENOTIPO

TUMORAL DE ADENOCARCINOMA DE PROSTATA.

Objetivo especifico 2.2: Determinar si vtRNA2-1/nc886 funciona como precursor para la formacién de
pequeiios ARNs no codificantes y evaluar las implicancias de su desregulacion en el origen y el mantenimiento

del fenotipo tumoral de adenocarcinoma de prostata.

Objetivo especifico 2.2.1 al 2.2.4

Partiendo de los antecedentes previamente mencionados en Resultados y discusion 1, abordamos el objetivo
especifico 2.2. Los resultados obtenidos fueron incluidos en una publicacidn cientifica (Fort et al., 2020) adjunta a

continuacion.

En este manuscrito evaluamos la formacion de pequefios ARNs derivados de viRNA2-1/nc886 y su posible papel
en la biologia del PrCa. Comenzamos abordando el objetivo especifico 2.2.1, realizando el re-andlisis de datos de
transcriptémica de pequefios ARNs no codificantes en células de préstata para determinar la presencia y
desregulacion de los pequefios ARNs derivados de vtRNA2-1/nc886 a nivel de RNA-seq. Asimismo, evaluamos el
procesamiento de los pequefios ARNs derivados de vtRNA2-1/nc886 en la via de biogénesis de microARNSs,
incluyendo el estudio de su asociacidn con las proteinas argonautas del complejo RISC mediante el re-andlisis de
datos de estudios de inmunoprecipitacion de Argonauta y knock-out de las proteinas de procesamiento de
microARNs publicados por otros autores (objetivo especifico 2.2.2). Ademas, evaluamos la correlacion de la
expresion del sncARN derivado del extremo 3’ de vtRNA2-1/nc886 (hsa-miR-886-3p/snc886-3p) con la expresidn
de su precursor vtRNA2-1/nc886 en una cohorte. Incluso estudiamos la expresion de hsa-miR-886-3p/snc886-3p
en lineas celulares de préstata y en cohortes de datos publica de tejidos de PrCa (GEO, SRA y PRAD-TCGA). Con el
fin de abordar el objetivo especifico 2.2.4 realizamos la transfeccién de mimics de hsa-miR-886-3p/snc886-3p en
una linea celular modelo de PrCa (DU145) y evaluamos vias y procesos celulares alterados por hsa-miR-886-
3p/snc886-3p mediante microarreglos de expresion génica. Con estos datos, elaboramos una lista de posibles
genes blanco directo de represidn por hsa-miR-886-3p/snc886-3p, buscando genes con regulacién diferencial y

presencia de sitios blanco de accion para hsa-miR-886-3p/snc886-3p en su 3’-UTR. Para evaluar los efectos
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funcionales asociados a la desregulacion de hsa-miR-886-3p/snc886-3p, realizamos la transfeccion con mimics de
hsa-miR-886-3p/snc886-3p de lineas celulares modelo de PrCa (DU145, LNCaP y PC3) y exploramos el efecto de
esta sobreexpresion in vitro sobre la viabilidad celular, el ciclo celular y la apoptosis temprana (objetivo especifico
2.2.3). Finalmente, relativo al objetivo especifico 2.2.4, evaluamos la asociacion de los niveles de expresidn de los
genes blanco de accion de hsa-miR-886-3p/snc886-3p seleccionados con la recurrencia de la enfermedad y otros

pardmetros clinicos.

El conjunto de estas aproximaciones nos permitié investigar si se forman pequefios ARNs derivados de vtRNA2-
1/nc886, y si los mismos pueden actuar como microARNSs en células de glandula prostatica. También nos permitio
evaluar su desregulacidn en la carcinogénesis y su asociacion con la desregulacion de su precursor. Finalmente,
los experimentos permitieron evaluar la hipotesis de una accidén de TSG para hsa-miR-886-3p/snc886-3p, al
estudiar su contribucion en la alteracién de atributos tumorales en la biologia de las lineas celulares derivadas de

prostata.

Articulo cientifico 2: Fort, R.S., Garat, B., Sotelo-Silveira, J.R., and Duhagon, M.A. (2020). vtRNA2-1/nc886
Produces a Small RNA That Contributes to Its Tumor Suppression Action through the microRNA Pathway in
Prostate Cancer. Non-Coding RNA 6, 7. d0i:10.3390/ncrna6010007

Las contribuciones y actividades en las que participd cada autor estan descritas en el manuscrito.
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Abstract: vtRNA2-1 is a vault RNA initially classified as microRNA precursor hsa-mir-886 and
recently proposed as “nc886”, a new type of non-coding RNA involved in cancer progression
acting as an oncogene and tumor suppressor gene in different tissues. We have shown that
vtRNA2-1/nc886 is epigenetically repressed in neoplastic cells, increasing cell proliferation and
invasion in prostate tissue. Here we investigate the ability of viRNA2-1/nc886 to produce small-RNAs
and their biological effect in prostate cells. The interrogation of public small-RNA transcriptomes
of prostate and other tissues uncovered two small RNAs, snc886-3p and snc886-5p, derived from
vtRNA2-1/nc886 (previously hsa-miR-886-3p and hsa-miR-886-5p). Re-analysis of PAR-CLIP and
knockout of microRNA biogenesis enzymes data showed that these small RNAs are products of
DICER, independent of DROSHA, and associate with Argonaute proteins, satisfying microRNA
attributes. In addition, the overexpression of snc886-3p provokes the downregulation of mRNAs
bearing sequences complementary to its “seed” in their 3’-UTRs. Microarray and in vitro functional
assays in DU145, LNCaP and PC3 cell lines revealed that snc886-3p reduced cell cycle progression
and increases apoptosis, like its precursor vtRNA2-1/nc886. Finally, we found a list of direct candidate
targets genes of snc886-3p upregulated and associated with disease condition and progression in
PRAD-TCGA data. Overall, our findings suggest that vtRNA2-1/nc886 and its processed product
snc886-3p are synthesized in prostate cells, exerting a tumor suppressor action.

Keywords: vault RNA; vtRNA2-1; nc886; hsa-miR-886-3p; cancer; prostate; small RNA; microRNA;
TCGA; PRAD

1. Introduction

Prostate cancer (PrCa) is a heterogeneous disease, the molecular mechanisms of which are still
not fully elucidated [1]. It is currently the solid tumor with the highest incidence in men in Western
countries, representing the second leading cause of male cancer death [2]. The incidence of PrCa is
increasing mainly because of population ageing, increased awareness, and the widespread introduction
of the prostate-specific antigen (PSA) test. Despite the fact that most patients can be successfully
treated, a minor proportion develop an aggressive form of the disease that is currently incurable.
Despite the remarkable progress in the development of molecular biomarker to aid disease diagnosis

Non-coding RNA 2020, 6, 7; doi:10.3390/ncrna6010007 www.mdpi.com/journal/ncrna


http://www.mdpi.com/journal/ncrna
http://www.mdpi.com
http://www.mdpi.com/2311-553X/6/1/7?type=check_update&version=1
http://dx.doi.org/10.3390/ncrna6010007
http://www.mdpi.com/journal/ncrna

Non-coding RNA 2020, 6,7 2 of 22

and risk stratification [3], improved biomarkers for treatment prediction and patient surveillance are
still needed. The current advance of genomic technologies has contributed to the identification of
thousands of non-coding RNAs (ncRNAs) in the human genome; nonetheless, no function has been
assigned for the majority of them [4]. NcRNAs have emerged as significant players in cancer initiation
and progression [5], therefore their clinical value is under intense investigation [6]. Pre-miR-886 was
annotated as a microRNA precursor in 2007 (hsa-mir-886) (release v10 of miRBase (08/2007)) [7] after
the identification of microRNAs derived from it in small RNA libraries from different human cell
types [8]. Due to the recognition of its sequence homology with the human vaults RNAs (vtRNAs)
vtRNA1-1/2/3 [9], pre-miR-886 was later re-classified as a vault RNA (vtRNA2-1) and therefore removed
from miRBase (release v16 (11/2011)). Although the vtRNAs were discovered for their association
with the vault particle [10], there is a large cytoplasmic fraction of vtRNAs, including vtRNA2-1,
not associated withit[11,12]. Recently, vtRNA2-1 was proposed as a new type of ncRNA functioning as a
tumor suppressor that inhibits Protein Kinase RN A-activated (PKR), and was consequently renamed as
“nc886” [12-15]. In agreement with the former result, we previously found that vtRNA2-1/nc886 (from
here on referred as nc886) is a tumor suppressor in the prostate, the expression of which is epigenetically
silenced in tumors and associated with a worse clinical behavior [16]. In addition, its overexpression
leads to a decrease in in vitro cell proliferation and invasion and a decrease in in vivo tumor growth [16].
Nevertheless, the ability of nc886 to function as a small RNA precursor by a non-canonical pathway
independent of DROSHA was recognized early [17-19]. Indeed, despite the removal of microRNAs
derived from hsa-mir-886/vtRNA2-1/nc886 from miRBase (release v16 (11/2011)) several groups
detected hsa-miR-886-3p and hsa-miR-886-5p in cells and tissues and assigned them a microRNA
function in cancer. Hsa-miR-886-3p was proposed as a tumor suppressor microRNA in several types
of cancer (prostate [20], bladder [21], breast [22], colon [23], lung [24-27] and thyroid [28,29]) and
as a microRNA involved in other diseases (hematological [30] and Friedreich ataxia [31]). In the
prostate, the loss of expression of hsa-miR-886-3p was associated with early biochemical relapse
(<1 year after radical prostatectomy) [20], but a recent study shows an increased abundance of
circulating hsa-miR-886-3p in high-grade compared to low-grade prostate cancer in plasma samples [32].
Notwithstanding, few reports showed an oncogenic action of hsa-miR-886-3p in renal cell carcinoma [33],
colorectal carcinoma [34] and esophageal squamous cell carcinoma [35]. A recent finding proposing a
nc886/PKR loss mediated doxorubicin cytotoxicity raised a novel view about its specific contribution
to chemotherapy response [36]. Overall, despite of the various reports assigning a microRNA function
to hsa-miR-886-3p, its production as a specific nc886 processed product, its dependence on DICER and
its association to Argonaute proteins has not been consistently demonstrated.

The aim of this study was to investigate the production of small RN As with microRNA-like function
from nc886, and the biological effect and clinical significance of this small RNAs in prostate cancer.
The analysis of small-RNA-seq data from prostate cell lines and tissues demonstrated the presence of
small RNAs derived from nc886 (herein designated as snc886-3p and 5p). Snc886-3p shows DICER
processing hallmarks and associates with Argonaute proteins. Snc886-3p level decreases in tumor
compared to normal tissues, correlating with the methylation of its gene promoter and the expression
of its precursor nc886 in prostate tissue. Furthermore, we found that snc886-3p functions as a tumor
suppressor microRNA-like RNA in prostate tissue, affecting cell viability, cell cycle phases and early
apoptosis in PrCa cell lines. Through global gene expression analysis of cancer cell lines overexpressing
snc886-3p, we identified a group of transcripts that might be targets of direct repression by snc886-3p
and could explain the observed phenotype. We finally built a snc886-3p direct candidate target gene
set supported by in silico predictions of microRNA binding sites AGO-PAR-CLIP (photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation) and gene expression analysis in
PRAD-TCGA and cell line data. This approach led us to the identification of 106 direct snc886-3p
candidate target genes the expression of which is associated with the methylation of the nc886 promoter
and a poor prognosis of PrCa patients. Overall, these findings suggest that snc886-3p functions as a
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non-canonical tumor suppressor microRNA derived from nc886 in prostate tissue that executes an
antiproliferative effect per se, concordant with the effect of its precursor nc886.

2. Results

2.1. vtRNA2-1/mc886 Produces Small RNAs with microRNA-Like Features

To investigate the presence of small RNAs derived from nc886 in prostate tissue, we performed a
re-analysis of publicly available small-RNA-seq data sets of prostate tissues and cell lines. We pooled the
reads from normal and tumor cell lines transcriptomes (GSE26970, GSE66035 and SRP109305 [37-39]),
available at Sequence Read Archive (SRA, [40]) and Gene Expression Omnibus (GEO, [41]). This
analysis reveals that most of the reads mapping to nc886 gene piles up over the two sequences
corresponding to the previously annotated microRNAs hsa-miR-886-3p (23 nt) and hsa-miR-886-5p
(24-25 nt), both in normal (Figure 1A) and tumor (Figure 1B) cell lines. Considering the controversy of
the function of hsa-mir-886/vtRNA2-1/nc886 we named the microRNA-like fragments derived from it as
snc886-3p and snc886-5p. Genome BLAST analysis of the mature sequences of snc886-3p and snc886-5p
shows that their only possible origin is the nc886 transcript (Table S1). Remarkably, while snc886-3p is
more abundant than snc886-5p in the normal cell lines (Figure 1A), the opposite is observed in the
cancer cell lines (Figure 1B), suggesting a strand preference switch of nc886 processing upon malignant
transformation. Figure 1A,B also show that the precise distribution of reads over nc886 sequence
is consistent with a specific nuclease processing of nc886 instead of its random degradation [42].
Moreover, the pattern of mapping recalls the distinctive processing of DICER, defined by a sharp 5
end cut and a less precise 3" end cut [42,43], which is seen at both snc886-3p and snc886-5p in prostate.
Consistently, a similar stacking of reads over nc886 and the same strand preference is observed in cell
lines derived from different human tissues (Figure S1A,B).

A predictive secondary structure of nc886 (101 nt) obtained using RNAstructure (MFE) essentially
agrees with previous reports [45,46] (see Figure 1C, indicating the location of the two small RNAs
identified in the small-RNA-seq data). The RNA folds into a hairpin (stem loop) with a 1-3 nt
nucleotides overhangs in one end and an internal loop contiguous to the mature derived small RNAs,
thus complying to the requirements of a DICER processing substrate [19,47].

A fundamental feature of a small non-coding RNA functioning as a microRNA is its association
with Argonaute proteins [48,49]. To investigate if the snc886-3p/5p fragments satisfy this criterion, we
re-analyzed Argonaute PAR-CLIP (AGO-PAR-CLIP) small-RNA-seq data and total small-RNA-seq of
DU145 PrCa cell line (SRP075075 and SRP109305) [38,50]. We observed an enrichment of snc886-3p in
the fraction associated with Argonaute proteins, similar to that observed for canonical microRNAs
such as hsa-miR-301b, hsa-miR-130b and hsa-miR-320b (Figure 1D). Even though snc886-5p is more
expressed than snc886-3p, it is not preferentially associated with the Argonaute fraction in DU145 cell
line (Figure 1D). These findings are confirmed by a correlation analysis of AGO-PAR-CLIP versus
total RNA reads of the same cell line, which shows a lower abundance but higher association with
AGO-associate fraction of snc886-3p relative to snc886-5p, in the context of all the small RNAs detected
in the study (Figure S1C). Indeed, the association to Argonaute of snc886-3p in DU145 is above the
average of microRNAs (log2 RPM Average microRNAs AGO association = 5.56, log2 RPM snc886-3p
AGO association = 6.44), suggesting an active association of snc886-3p to the RISC (RNA-induced
silencing complex) machinery. It is worth mentioning that experiments in other PrCa cell lines analyzed
by Hamilton et al. [50] do not detect snc886-3p, probably because of its low expression (see below and
Figure 2B,C) due to the high DNA methylation of its promoter [16].
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Figure 1. nc886 derived fragments are produced in prostate cell lines and exhibit microRNA features.
(A,B) Mapping of prostate cell small RNA reads along the sequence of nc886. Reads obtained from
small-RNA transcriptomes of non-transformed prostate PrEc and PrSC (GEO id: GSE26970) (A) and
tumor DU145, PC-3 and LNCaP cell lines (SRA id: SRP109305 and GEO id: GSE66035) (B) were mapped
tonc886. A diagram of nc886 (Refseq (NR_030583.2)), plus additional 10 nt at both ends, is depicted
below the plots. Red lines in the plots represent the previously annotated hsa-miR-886-3p and -5p.
(C) Predicted secondary structure of nc886 (Refseq (NR_030583.2)) based on maximum free energy
(MFE) generated with the RN Astructure software [44]. (D) Association of small RNAs to Argonaute
in transcriptomic analysis of DU145 cell line. The graph shows the normalized expression, reads per
million (RPM), of small non-coding RNAs in total cellular RNA (TOTAL DU145) and in the Argonaute
PAR-CLIP fraction (AGO DU145). Data set available at SRA id: SRP075075. (E) Transcriptomic analysis
of small non-coding RNAs of the HCT116 cell line with knockouts for the microRNAs biogenesis
proteins DROSHA, EXPORTIN 5 and DICER. Data set available at GEO id: GSE77989. Average value
and standard error are shown.
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Figure 2. Snc886-3p is downregulated in tumor vs normal prostate tissue and cell lines. (A) Expression
of snc886-3p in paired normal and tumor tissues from patient prostatectomies. Expression of snc886-3p
in tumor relative to normal matched prostate tissue was determined by gRT-PCR (AACt) using RNAU6
as normalizer. Two-tailed paired T-test was performed. (B) Expression of snc886-3p in prostate cell
lines. Expression of snc886-3p relative to normal prostate cell line PrEc, determined by qRT-PCR (AACt)
using RNAU6 as normalizer. The order of the cell lines is only based on the expression of snc886-3p
(C) Expression of snc886-3p in transcriptomic analysis of small non-coding RNAs from different prostate
normal (GEO id: GSE26970) and tumor (SRA id: SRP109305 and GEO id: GSE66035) cell lines. For a
better comparison of the different cell lines considering the differences in the depth sequencing among
experiments, ranking number of appearances of snc886-3p is shown. (D) Correlation between nc886
and snc886-3p expression and average TSS200nt methylation on prostate cell lines (GSE68379: PrEc,
RWPE-1, DU145, PC3, VCAP and LNCaP). Expression data is the same as in (B). Average values and
standard deviation are shown.

Seeking additional evidence of the role of snc886-3p, we investigated its dependence on the
canonical microRNA biogenesis pathway through the analysis of the changes in the small-RNA-seq
transcriptome in knockouts (KO) of DROSHA, XPO5 and DICER generated in the HCT116 cell line [51].
We used a canonical microRNA (hsa-miR-130b), a Drosha-independent microRNA (hsa-miR-320b) [51]
and a small RNA fragment derived from the three prime region of RNY3 RNA (sRNY3-3p) as controls.
We reasoned that the global reduction in microRNA biogenesis would lead to the overrepresentation of
DROSHA-independent small RNAs in the transcriptome. Thus, the observed reduction in hsa-miR-130b
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and increase of snc886-3p/5p and hsa-miR-320b in the DROSHA-KO indicates that the processing of
the last three small RNAs is DROSHA-independent (Figure 1E). In addition, XPO5-KO produces a
significant reduction in hsa-miR-130b and a small decrease in snc886-3p and snc886-5p, indicating
that the two latter may be substrates of this exportin. In concordance with previous reports [12,19],
DICER-KO decreases the production of snc886-3p and snc886-5p by 96% and 93% respectively, as well
as the production of the control microRNAs (Figure 1E). As expected, no reduction of the fragment
derived from RNY3 (sRNY3-3p) was observed for all these knockouts [52].

Overall, our findings indicate that nc886 is a precursor of two small RNAs that meet key microRNA
criteria in prostate tissue.

2.2. Snc886-3p Has the Expression Profile of a Tumor Suppressor in Prostate Cells

In order to assess the relevance of snc886-3p in prostate we evaluated available microRNA
expression datasets of prostate tissues (microarray and qRT-PCR). The analysis reveals a decrease in

the expression of snc886-3p in cancer vs normal prostate tissue but no association with stage/prognosis
(Table 1).

Table 1. Analysis of snc886-3p abundance in PrCa microRNA datasets.

Fold .
GEO ACC* PUBMED Platform Total Benign Cancer Change p-Value Analytical
ID Samples Tool
(N/B vs T)
GSE45604 24518785 Affymetrix 60 10 Normal 50 Cancer -1.4 0.05 GEO2R
GSE26964 21647377  Capitalbio 13 6 Primary 7 Metastasis -2.7 NS. GEO2R
PrCa Bone
GSE23022 21400514 Affymetrix 40 20 Normal 20 Cancer -13 0.03 GEO2R
. 20 20
GSE55323 24967583 Agilent 40 Non-Recurrent  Recurrent -12 N.S. GEO2R
Tagman 14 22
GSE62610 25416653 qPCR 36 Non-Recurrent  Recurrent 17 N.S. GEO2R
GSE21036 20579941 Agilent 140 28 Normal 112 Cancer -2.0 0.001 GEO2R
GSE36802 23233736 Affymetrix 42 21 Benign 21 Cancer -1.8 0.0002 GEO2R
TCGA data 26544944 Small-RNA-Seq 242 12 Normal 12 Cancer -3.2 0.03 miRDeep2

* GEO accession number; * PRAD-TCGA paired normal/tumor samples (52) with at least 2 reads for sdnc886-3p in
normal tissue (24), paired t-test; N.S. non-significant.

In addition, we analyzed the expression of snc886-3p in six paired normal and tumor samples
obtained from paraffin fixed tissues derived from radical prostatectomies [16]. Quantitative RT-PCR
confirmed a significant decrease of the expression of snc886-3p in tumor compared to normal tissues
in this cohort (Figure 2A). Similarly, the qRT-PCR quantitation of various prostate cell lines shows a
reduction in the expression of snc886-3p in tumor cell lines in comparison to the normal prostate cell
line PrEc (Figure 2B). Further analysis of publicly available small-RNA-seq data of prostate cell lines
(GSE26970, GSE66035 and SRP109305) reinforce this finding (Figure 2C). The reduced expression of
snc886-3p in malignant vs benign cells, observed in both patient tumors and prostate cancer cell lines,
is in agreement with a tumor suppressor function.

We have previously demonstrated an epigenetically driven reduction of nc886 in PrCa, thus we
wonder whether the decrease in snc886-3p is due to it. As expected, there is a positive correlation
between the expression of snc886-3p and nc886 in the cell lines (r Spearman = 0.95, Figure 2D). Likewise,
the expression of snc886-3p correlates with the methylation status of the 200nt region upstream to the
transcription start site (TS5200nt) of nc886 (r Spearman = 0.71, Figure 2D).

Altogether these findings suggest that the reduction of snc886-3p levels in prostate cancer is due to
the decreased levels of its precursor nc886, which in turn is a consequence of the increased methylation
of the nc886 promoter.
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2.3. Snc886-3p Modulates Transcripts Affecting Cell Cycle and Apoptosis

Aiming to discover the snc886-3p effect on gene expression, we overexpressed the small RNA in
DU145 cell line (Figure 3A) and performed a global gene expression analysis using Affymetrix gene
microarrays 48 h after transfection. We used Sylamer algorithm [53] to estimate the enrichment of all
6-nt k-mers in the 3’ untranslated regions (3’-UTR) of transcripts of the differentially expressed genes.
A landscape plot that tracks the occurrence biases of the different k-mers on all transcripts ranked by
their differential expression is obtained. We observed that 5’ ACCCGC3’, which is the complementary
sequence to the snc886-3p seed (6-mer, 2-7-nt), is the most enriched 6-nt k-mer in the 3’-UTR of the
repressed transcripts (adjusted p-value < 0.01) (Figure 3B). This finding favors a direct and sequence
specific repressive interaction of snc886-3p with the mRNA targets. Furthermore, we identified 1358
DEGs (fold change > 1.5) including 704 downregulated and 654 upregulated transcripts (Table S1).
Microarray experiments were confirmed by qRT-PCR of selected transcripts (r = 0.97, p-value < 0.0003)
(Figure S2A). Independent snc886-3p overexpression experiments in DU145, LNCaP and PC3 (Figure
S2B) demonstrate a similar regulation of these genes in these cell lines (Figure S2C).
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Figure 3. Snc886-3p downregulates transcripts bearing a 5’ ACCCGC3’ sequence complementary to
its putative seed in their 3’-UTR. (A) Expression of snc886-3p in DU145 cells transfected with 20nM
of mimic snc886-3p and negative control (Dharmacon) after 48 h. Quantification by qRT-PCR using
RNAUG as a normalizer. (B) Sylamer enrichment landscape plot for 6-nt k-mer in all genes ranked
by their change in abundance after snc886-3p overexpression compared to control determined by
Affymetrix microarrays. The x-axis represents the sorted gene list (downregulated and upregulated
genes are plotted in the left and right part of the axis respectively). The y-axis shows the hypergeometric
significance for each 6-nt k-mer at each leading bin. Positive and negative values indicate enrichment or
depletion of the 6-nt k-mer sequence at the 3’-UTR of the genes. The dotted horizontal line symbolizes
an E-value threshold of 0.01 (Bonferroni corrected). The red line embodies the values obtained for the
6-nt k-mer (5’ ACCCGC3’) complementary to the 6-nt seed (6-mer, 2-7-nt) of snc886-3p. The blue line
shows the average profile of 6-nt k-mer unrelated to the seed region of snc886-3p (dark blue), with
standard deviation as vertical bars.

Since canonical microRNAs are known to act mostly through complementary nucleotide pairing
at the 3’-UTR of the target gene mRNAs, we analyzed if the repressive action of snc886-3p transfection
was associated with the location of its binding site along the gene. We calculated the average fold
change in expression of the transcripts bearing 6-8-mers sequence complementary to the snc886-3p
seed in DU145 cell line transfected with snc886-3p (microarray experiments) (Figure S3A and Table S1).
As expected, snc886-3p causes an average global repression of the genes bearing its complementary
site. Most important, its action is significantly stronger when the site is located at the 3’-UTR of the
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transcript (Figure S3A). Furthermore, we confirmed this finding using most stringent direct target
genes narrowed down for their association to AGO [50]. Transcript with a snc886-3p 6-mer (2-7-nt)
binding motif at their 3’-UTR show a higher proportion of repression (39%) than those having motifs
differing in two-nucleotides (24% and 22%) (Fisher’s exact test, p-value < 0.0001 and Odds ratio 2.0
to 5’ AACCCC3’ and 2.2 to 5 AGCCAC3’ for the substituted sequences) (Figure S3B and Table S1).
Overall, the evidence indicates that snc886-3p negative regulation of mRNA levels is dependent on the
seed sequence and on the location of the complementary site in the 3’-UTR of the target genes.

In order to investigate the functional consequences of snc886-3p perturbation, we performed gene
enrichment analysis of pathways and processes among the DEGs using GSEA curated gene sets [54].
The top 10 significant terms are shown in Table 2. In agreement with our previous study [16], cell cycle,
apoptosis and mitogenic pathways are enriched. Particularly, three formerly validated direct targets of
hsa-miR-886-3p, PLK1, TGFB1 and CDC6 [25,28], are downregulated upon snc886-3p overexpression.
Additionally, candidate snc886-3p direct target CDT1, which is a partner of CDC6, has been associated
with cell cycle impairment [55]. A more detailed picture of the snc886-3p responsive genes belonging
to the KEGG cell cycle pathway highlights additional downregulated genes (Figure S2D).

Table 2. Gene enrichment analysis GSEA (curated gene sets).

Gene Set Name Genes in Gene Set (K)  Genes in Overlap (k) p-Value q_F‘Z 11:1 e
KEGG,NEUROPTETOPR}VJE;LSIGNALING, 126 n 126 % 10-9 234 % 10-7
KEGG_INSULIN_SIGNALING_PATHWAY 137 18 7.63 x 1077 6.13 x 1075
KEGG_APOPTOSIS 88 14 1.26 x 107® 6.13 x 1075
KEGG_CELL_CYCLE 128 17 1.32x 1076 6.13x 1075
KEGG_PATHWAYS_IN_CANCER 328 28 6.45 x 1076 240 x 1074
L Do s :
KEGG_TGF_BETA_SIGNALING_PATHWAY 86 12 2.81x 1075 6.73 x 1074
KEGG_CHRONIC_MYELOID_LEUKEMIA 73 11 2.89 x 1075 6.73x 1074
KEGG_MAPK_SIGNALING_PATHWAY 267 23 3.61x 1075 746 x 1074
KEGG_MTOR_SIGNALING_PATHWAY 52 9 499 x 1075 9.28 x 1074

2.4. Snc886-3p Causes a Decrease in Cell Viability

We had previously shown that the forced recovery of nc886, the precursor of snc886-3p, reduced
in vitro and in vivo cell viability of PrCa cells [16]. In view of the enrichment of cell cycle related
pathways in the DEGs caused by snc886-3p overexpression (Table 2), we sought to determine if
snc886-3p affects cell viability. We found that the overexpression of snc886-3p in the prostate cell
lines DU145, LNCaP and PC3 produces a significant decrease in cell viability relative to the control
(Figure 4A). In addition, we performed cell cycle analysis with propidium iodide to determine cells
distribution in the different cell cycle phases (Figure 4B). We found an accumulation of cells in the
S and G2/M phase of the cell cycle in DU145 cell line, that could be associated with the decreased
expression of PLK1 evidenced previously (Figure S2A,C). Indeed, PLK1 was reported as a target of
hsa-miR-886-3p, the downregulation of which leads to an arrest in the anaphase stage of mitosis [25,56].
Additionally, LNCaP and PC3 showed an accumulation of cells in G1 phase of the cell cycle (Figure 4B).
These results lead us to propose an effect of snc886-3p on apoptosis. Annexin V, a marker of early
apoptosis, significantly increases in DU145 (14% of early apoptosis equivalent to an increase of 69%
relative to control) and LNCaP (24% of early apoptosis equivalent to an increase of 366% relative to
control) when snc886-3p is overexpressed (Figure 4C). On the contrary, we found no changes of early
apoptosis in PC3 cells between conditions, though we cannot completely discard earlier apoptotic
events completed at 72 h (Figure 4C). Despite the significant overall decrease in cell viability caused by
snc886-3p overexpression in the three prostate cell lines tested, the distinct contribution of proliferation
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and apoptosis may be due to the intrinsic differences of these cell lines. Globally, these analyses show
that snc886-3p decreases cell viability, due to a modulation of cell proliferation and early apoptosis.

G2/M IP + & ANNEXV +
A B S c IP - & ANNEX V +
@8 control - G1 W IP - & ANNEX V-
snc886-3p
DU145 LNCaP L= T DU145 LNCaP PC3
1207 2 p0os ., 1007  —— = — = = = 1007 — -+ = = - —
= * ey
11 | | o L =
i 801 EReY 80

— kkk Frrry
== kkkk

601 60-

Hkkk

401 401

Relative cell number (%)
Relative cell number (%)

% MTT 570 - 690 nm

20 20

0- - 0-
DU145 LNCaP PC3 All control snc886-3p control snc886-3p control snc886-3p control snc886-3p control snc886-3p control snc886-3p

Figure 4. Cytotoxicity, cell cycle and early apoptosis assay in prostate tumor cell lines overexpressing
snc886-3p. DU145, PC-3 and LNCaP cells transfected with 20 nM of mimic snc886-3p and negative
control (Dharmacon) were evaluated 72 h after transfection. All analyses were performed in triplicates
to determine average values and standard error. * p-value < 0.05; *** p-value < 0.001; **** p-value <
0.0001. (A) MTT assay to determine cell viability. p-values of T-test of the individual cell lines and the
three cell lines considered as replicates (all) are indicated over the horizontal brackets. (B) DNA content
analysis to determine the distribution of cell cycle stages. 10,000 cells/experiment were stained with
Propidium Iodide and evaluated by flow cytometry. (C) Early apoptosis assay. 10,000 cells/experiment
were stained with Annexin V (Annex V) and Propidium Iodide (IP) and evaluated by flow cytometry.
Viable cells are negative for Annexin V and Propidium Iodide, cells positive for Annexin V and negative
for Propidium Iodide are in early apoptosis and cells positive for Annexin V and Propidium Iodide are
necrotic cells. Two-way ANOVA Test for the cell cycle and early apoptosis assays was used to estimate
statistical significance of the observed differences.

2.5. Direct Candidate Target Genes of snc886-3p Are Associated with Clinical Worse Prognosis in Prostate
Cancer Patients

We had previously found that nc886 [16] and snc886-3p expression (Table 1) are associated to
worse clinical outcome in PrCa. We now sought to investigate if snc886-3p direct candidate target
genes are also associated with the disease. A list of 253 snc886-3p possible direct target genes was
built based on two criteria: the association to Argonaute determined by AGO-PAR-CLIP experiments
using DU145 (reads with a sequence complementary to the 6-mer (2-7-nt) snc886-3p seed sequence)
identified in Hamilton et al. [50] and the downregulation of at least 1.25 FC in DU145 after snc886-3p
overexpression (Table S1). A hierarchical clustering of the PRAD-TCGA samples in association with
clinical status (pathological, clinical, Gleason score, residual tumor, biochemical recurrence) is shown
in Figure 5. The expression of the 253 genes segregates the samples of patients with worse (red/violet)
from those with better (non-red) clinical presentation as well as the normal tissues (green). Additionally,
two major gene groups are clustered. Remarkably, the positive association of the 106 genes cluster with
worse clinical parameters suggests that they may be the relevant direct candidate targets of snc886-3p
repression in vivo (individual genes are listed in Table S1). We also found that men harboring tumors
with low expression of the 253 snc886-3p direct candidate target genes (percentile 25th) have a longer
disease-free survival compared with the high expressing ones (percentile 75th) (HR=2, p-value 0.031)
(Figure 6A). Disease-Free Survival analysis based on the expression of the 106-gene list showed a
greater statistical difference in patient survival probability (HR=3.2, p-value 0.00018) compared with
the 253-gene list (Figure 6A,B). Furthermore, the expression of the 106-genes associates with higher
methylation of nc886 TSS200nt (thus of snc886-3p) (r 0.29, p < 0.0001) (Figure S4A,B). These results
provide in vitro and in vivo support of a tumor suppressor microRNA-like role of snc886-3p in prostate,
acting through the direct repression of transcripts bearing complementary sequences at their 3’-UTR.
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Figure 5. Hierarchical clustering based on the expression of 253-snc886-3p direct candidate target
genes in prostate tissue of PRAD-TCGA. Heatmap of the expression of the 253 genes obtained by a
two-way hierarchical clustering using the Spearman rank correlation algorithm with the Morpheus
software and PRAD-TCGA data. The principal two gene clusters formed are shown (cluster of 106
genes and cluster of 147 genes). Color scale indicates the relative expression level of the genes across
the samples (red and blue represent higher and lower expression relative to the mean). Clinical status
for different parameters (Clinical T value, Pathological T value, Gleason Score, Residual Tumor and
Biochemical Recurrence) are represented by horizonal marks on the top of the heatmap. The values for
each parameter are indicated by colors in the top right legends.
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Figure 6. Disease-Free Survival analysis for PRAD-TCGA patients according to the expression of the
snc886-3p direct candidate target genes. Disease-Free Survival Kaplan-Meier curve for the expression
status of candidate target genes of snc886-3p in PRAD-TCGA was generated using GEPIA2 software [57].
(A) 253-snc886-3p direct candidate target gene list. (B) 106-snc886-3p direct candidate target gene
list. Two groups of patient tumors are compared: percentile 25th expression of the candidate target
genes (low expression: blue line) and percentile 75th expression of the candidate target genes (high
expression: red line). Hazard Ratio (HR), p(HR) and number of patients in each group are indicated.
The dotted lines represent the confidence interval of each group.
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3. Discussion

Hsa-miR-886-3p (snc886-3p) was initially classified as a microRNA derived from pre-miR-886 [8],
which was later removed from miRBase microRNA precursors (Release v16) due to its homology with
vtRNA1-1/2/3 and renamed as vtRNA2-1 [9]. Although several studies reported the dysregulation
of hsa-miR-886-3p in different pathological conditions [20-22,24-28,33,58], the specific synthesis of
fragments with microRNA-like function from nc886 has been poorly addressed.

We previously found that nc886 acts as a tumor suppressor in prostate cancer and the vector-driven
overexpression of this RNA inhibited cell proliferation and invasion [16]. Due to existing reports about
the production of small RNA with microRNA function derived from vtRNAs [59-61], we wonder
if there is a specific processing of nc886 into small RNAs in prostate cells and if it could possibly
contribute to the described nc886 induced phenotype in prostate cancer cells [16].

To assess the synthesis of vtRNA2-1/nc886 small fragments, we interrogated published
small-RNA-seq prostate datasets, revealing a pattern of small RNA read stacking over nc886 sequence
that resemble the cleavage of DICER which generates complementary 5p and 3p fragments (Figure 14,
Figure S1A,B). Additionally, the analysis of Kim et al. dataset showed that DICER knockout impaired
the production of snc886-3p/5p in the HCT116 cell line [51]. Interestingly, although the secondary
structure of nc886 resembles a microRNA hairpin precursor, it is not fully optimized as a canonical
microRNA precursor [47,62-64]. Indeed, the 101 nt nc886 sequence of is longer than the median 83 nt of
human microRNA precursors (range 41-180 nt), generating mature small RNA fragments that are also
longer (23 nt of snc886-3p and 24-25 nt of snc886-5p) than the 22 nt median human mature microRNAs
(range 16-27 nt); this pattern was described for other DICER substrates of similar length [63,64].
Moreover, the presence of asymmetrical mismatches and bulges in the predictive nc886 secondary
structure is associated with longer mature sequences [63]. Overall, its structural divergence with the
optimized human microRNA hairpin precursor might lead to a low efficient DICER processing and
consequently a small amount of microRNAs observed in our and former studies [12,18]. Evolutionary
hypothesis of new microRNA precursor proposes their birth as non-efficiently processed precursor
RNAs, until specific target genes are evolutionary selected; this avoids the non-specific repression of
genes allowing the optimization of the hairpin structure for DICER processing [65]. The identification
of the presence of a large fraction of nc886 and a less abundant fraction of derived small RNA may be
the result of its recent evolutionary origin in eutherians [9].

To further investigate the putative microRNA-like function of snc886s we analyzed their association
with Argonaute proteins. Previously, other groups reported small RNA fragments derived from
vtRNAL1 associated to Argonaute, holding microRNA function in breast and lymphoid tissue [59,60].
Here, we show that snc886-3p is also associated with Argonaute in lung cell line WI-38 (Figure S1D),
which is in agreement with the proposed microRNA identity of hsa-miR-886-3p (here snc886-3p) acting
through direct repression of PLK1 and TGFB1 in lung cancer [25,27]. Concordantly, we found proof for
the association of snc886-3p with Argonaute protein in prostate by analysis of AGO-PAR-CLIP available
small-RNA-seq data from prostate cell line DU145 [50]. Indeed, snc886-3p enrichment is above the
average of the microRNAs in these experiments, indicating a specialized microRNA-like function
for this small RNA product in comparison to the 5p. Although our study shows a low association
of snc886-5p to AGO it does not rule out the function of snc886-5p as a microRNA, which has been
shown previously in other tissues (brain [19], cervical [66,67], breast [68]). Alternatively, snc886-5p
might be involved in another pathway or be a non-functional secondary product of nc886 processing.

In view of the possible microRNA-like identity of snc886-3p, we then investigated its association
with PrCa in existing small RNA studies obtained using various techniques (qQRT-PCR, microarray and
small-RNA-seq). We found that hsa-miR-886-3p/snc886-3p is globally downregulated in worsened
disease conditions in the published datasets (Table 1), as well as in our patient cohort (Figure 2A) and
laboratory stablished cell lines (Figure 2B,C). These datasets show that snc886-3p has the expression
pattern of a tumor suppressor gene the level of which in prostate cells is in the low-medium microRNAs
expression range. In addition, we found that snc886-3p expression positively correlates with nc886
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expression and negatively correlates with the methylation of nc886 TSS200nt. Furthermore, snc886-3p
has a bimodal expression in prostate cell lines (Figure 2B,D), similar to what we reported for nc886
promoter methylation in prostate cell lines and tissues. This distribution could be explained by zygotic
differences in the promoter methylation status of the gene [16]. Despite this pre-existing variation in the
methylation status of nc886 TSS200nt, both patient groups present an increased promoter methylation
in tumor compared with the normal matched tissue [16].

Different direct targets of microRNA regulation by hsa-miR-886-3p have been proposed in the
literature mostly after its removal from miRBase (PLK1, TGFB1, CDC6, CXCL12 and FXN) [25,28,30,31].
If snc886-3p functions as a microRNA in PrCa it is expected to sequence-specifically bind to target
mRNAs to repress their expression. In order to test this hypothesis, we performed a global gene
expression study of DU145 cell line overexpressing snc886-3p vs a control small RNA. Sylamer analysis
of the differentially expressed transcripts demonstrated that the sequence complementary to snc886-3p
seed is the most overrepresented 6-nt k-mer in the 3’-UTR of the downregulated transcripts by
snc886-3p overexpression, which strongly favors a microRNA mechanism of action. Furthermore, the
identification of previously validated targets PLK1, CDC6 and TGFB1, among the downregulated
transcripts of this experiment, reinforces the assumption.

To obtain an insight of the biological effect of snc886-3p, we studied the pathways enriched in
the DEGs identified by the microarray experiment, finding an enrichment in cell cycle and apoptosis
processes which predicts a proliferative inhibition. This inference was confirmed by in vitro cell
viability and cell cycle distribution determination in DU145, LNCaP and PC3 PrCa cell lines. Snc886-3p
overexpression reduces proliferation of the three cell lines and provokes a distinctive phase specific
cell cycle arrest in DU145 (G2/M) compared to LNCaP and PC3 (G1). An increase in early apoptosis
after snc886-3p transfection was validated through Annexin V determination in DU145 and LNCaP,
while no change was observed in PC3 cell line. Cell line specific effects may be due to differences in
cell cycle control. A similar effect of snc886-3p in cell viability was previously reported in thyroid,
lung and breast tissues in vitro and in vivo [22,25,27,28]. Additionally, a high-throughput analysis
of seed 6-nt k-mers RNAs exposed that the snc886-3p 6-nt seed k-mer causes a significant decrease
in cell viability in several non-prostate cancer cell lines [69]. In agreement with these findings,
the overexpression of nc886 produces a similar phenotype in tissues where is described as a tumor
suppressor (prostate [16,70], thyroid [28], gastric [71] and esophageal [72]), whereas its silencing
produces the same effect in non-malignant cells in agreement with the tumor surveillance model
proposed by Kunkeaw et al. (cholangiocarcinoma [73]). Accordingly, hsa-miR-886-3p and nc886 act
as pro-proliferative and anti-apoptotic RNAs in tissues where it is proposed as an oncogenic RNA
(renal [33], ovarian [74], thyroid [75] and endometrial [76]). Our current results together with our
previous study indicate that both snc886-3p and nc886 have an antiproliferative effect and a tumor
suppressor function in prostate cells. Nonetheless, given their different size, structure, and abundance,
they are expected to participate in different effectors pathways. The specific production of small RNAs
from nc886 is controversial in the literature, probably because of the differences in the tissue types
and methods employed for its detection (RNA-seq, northern blot, microarray, qRT-PCR). In addition,
the effect of both molecules has been studied using exclusively the nc886 or the snc886-3p, thus their
interdependence has been mostly ignored. Indeed, the overexpression and inhibition of nc886 is
expected to produce an increase/decrease of hsa-miR-886-3p/snc886-3p respectively. Meanwhile, the
inhibition of snc886-3p using anti-miRs could modify the abundance, folding or endogenous interactors
of the precursor molecule. As an example, a study in bladder cancer, where hsa-miR-886-3p expression
is associated with short patient survival, found that both hsa-miR-886-3p knock down and nc886
overexpression lead to a decrease of cell viability in half of the cell lines tested [21]. For that reason, the
effects assigned to only one of the molecules could be in fact the result of the modulation of both nc886
and its snc886 products. Indeed, the study of snc886 mimics circumvents most of these problems,
allowing the discrimination of the sole effect of hsa-miR-886-3p/snc886-3p. Nevertheless, it is worth
recalling that in vivo both molecules are synthesized and functional in the cells. To our knowledge,
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five previous reports analyzed functional effects and direct target genes of hsa-miR-886-3p/snc886-3p
using mimic molecules (lung cancer) [25,27], human marrow stromal cells [30], breast cancer [22] and
gastric cancer [71] and their findings are consistent to ours in prostate cancer cells. Remarkably, the
only study that examined the function of both nc886 (transfection) and snc886-3p (mimic) using gastric
cancer cells, found that only the transfection of nc886 (but not snc886-3p) affects cell proliferation and
viability, although they showed its ability to function as a microRNA in a reporter gene assay harboring
a complementary binding site at the 3’-UTR [71].

We and others have shown that the expression of nc886 and snc886s is associated with patient
clinical outcome [20,25,71,72,74,75]. The group of Lee also showed the clinical association of the gene
signature of nc886 knockout [71,72,74,75]. To our knowledge, there is no clinical association study of
the snc886-3p direct candidate target genes in the literature. We built 253- and 106-gene sets composed
of transcripts bearing a sequences complementary to snc886-3p seed (6-mer, 2-7-nt) protected in
AGO-PAR-CLIP experiments and downregulated in our microarray experiments, the expression of
which turned out to be significantly associated with a lower disease-free survival in PRAD-TCGA
and unfavorable clinical parameters. Furthermore, the negative association of the 106-gene set with
nc886 promoter methylation strengthens the specificity of these in vitro defined gene set. Overall,
these results are strong indicators of the validity of the snc886-3p DEGs identified in vitro in DU145
cell line and reinforce the tumor suppressor function of snc886-3p in PrCa in the clinical set.

Although RNA biomarkers are increasingly established in prostate cancer management [77],
snc886-3p does not fulfill relevant biomarker attributes, such us tissue specificity and upregulation in
the disease condition. However, small non-coding RNAs derived from nc886 have been repeatedly
detected in body fluids [78-85] and, contrary to our findings in the tumor tissue, a recent study of
circulating microRNAs in the plasma of prostate cancer patients reported an increase expression
of snc886-3p in high-grade compared to low-grade tumor biopsy [32]. In this context, the value of
snc886-3p as a cancer biomarker is still unclear. Notwithstanding, previous reports suggested that
the methylation of the nc886 promoter may be worthy of further investigation in the prostate cancer
biomarker field [16,86]. Finally, the expression of snc886-3p candidate direct target genes that associate
with prostate cancer prognosis may be valuable for future biomarker research.

4. Materials and Methods

4.1. Human Specimens

Tissue sections were obtained from paraffin fixed blocks stained with hematoxylin and eosin (H&E)
of 6 archived radical prostatectomies and were evaluated by three pathologists at the Department
of Anatomic-pathology of the Police Hospital. This study was approved by the Hospital Policial,
D.N.AA.SS., Montevideo, Uruguay (2010).

Matched normal and tumor regions, showing similar parenchyma-stroma ratio and similar
cytological findings at the stroma were selected. Unstained section of 10-micron thickness, contiguous
to the sections selected by the pathologist, were then freshly obtained to extract small RNAs using
the RNeasy FFPE (Qiagen) Kit, with the following modifications: two extra washes with xylene and
absolute ethanol were added. The RNA was resuspended in RNAse free water and stored at —20 °C
for further analysis.

4.2. Cell Lines

LNCaP and DU145 cell lines derive from a supraclavicular lymph node and a brain metastasis
respectively, while PC3 and VCaP derive from vertebral bone metastatic sites. In addition, LNCaP and
VCaP are androgen sensitive, whereas DU145 and PC3 are androgen independent. Cell lines PCSC-1,
PCSC-2 and PCSC-3 are highly metastatic androgen independent primary prostate cancer cell lines
enriched in CD133+ stem cells. RWPE-1/2 are non-malignant cells derived from normal adult prostate
epithelium and WPE-int is a less differentiated derivative of RWPEI.
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LNCaP, PC-3 and DU145 human prostate cancer cell lines were obtained from ATCC (Manassas,
VA, USA). LNCaP, DU145 and PC-3 were maintained in RPMI 1640 (R7755) supplemented with 10%
FBS (PAA™) and penicillin/streptomycin. Cell lines PCSC-1, PCSC-2 and PCSC-3 prostate cancer stem
cells (PCSCs) were purchased from Celprogen®; RWPE-1/2, VCaP and WPE were obtained from ATCC
(Manassas, VA, USA) and maintained following the recommendations of the vendor’s specifications.
All cell lines were maintained in a 5% carbon dioxide atmosphere at 37 °C.

4.3. Cell Transfection

The snc886-3p mimic (5’CGCGGGUGCUUACUGACCCUU3) and negative controls
(5UCACAACCUCCUAGAAAGAGUAGA3’) (NC, CN-001000-01-05) were synthesized Dharmacon
(Miridian). According to the manufacturers’ instructions, the mimic and control mimic 20nM,
were transfected into cells in 12 and 96 well plates using Lipofectamine™ 3000 (Invitrogen, Carlsbad,
CA, USA). After 24 h of transfection the medium was removed and fresh medium was added and 48 h
(Affymetrix microarray and qRT-PCR analyses) or 72 h (Cytotoxicity assay, Flow Cytometry for DNA
content analysis, Annexin V Alexa Fluor 488/PI apoptosis detection assay) after transfection cells were
collected for further analysis.

4.4. RNA Extraction Reverse Transcription and Quantitative Real Time PCR

Total RNA was extracted using the Qiagen™ miRNAeasy kit. Quantification by reverse
transcription and quantitative real time PCR (qRT-PCR) was performed using the Qiagen PCR
miScript II System with oligonucleotides specific for snc886-3p (hsa-miR-886-3p (MS00010675, Qiagen)),
RNAU6 (MS00033740, Qiagen) as the internal control of RNA load and the following specific gene
primers pairs:

nc886: 5'CGGGTCGGAGTTAGCTCAAGCGG3 forward primer and 5’ AAGGGTCAGTAA
GCACCCGCGS3' reverse primer, as in Lee K et al. [12], PLK1: 5CCTTGTTAGTGGGCAAACCACC3
forward primer and 5CGGGGTTGATGTGCTTGGGAA3’ reverse primer; TGFBl: 5CCGTGGAGG
GGAAATTGAGGG3' forward primer and 5GCCGGTAGTGAACCCGTTGATS' reverse primer;
CDTL: 5 CGGAGCGTCTTTGTGTCCGAA3’ forward primer and 5 GGTGCTTCTCCATTTCCCC
AGG3 reverse primer; CDC6: 5 ATCAGGTTCTGGACAATGCTGC3’ forward primer and
5'CAATAGCTCTCCTGCAAACATCCA3 reverse primer; C8orf82: 5'CGCGAGTATTTCTACT
ACGTGGACCY forward primer and 5 CTGCGGGTCTTTGAAGCAGGT3’ reverse primer;
NLPR13: 5'CATTGCACACACTTGGGTTGGC3" forward primer and 5'CCAGGCTCTTAC
TGCTGCTGAGS3’ reverse primer; MMD: 5’ CACACGCATTCCTCATTGTTCCG3’ forward primer and
5 TGAAGAGGGCACAGAGTCCCAZ reverse primer; TBP: 5 GATCAAACCCAGAATTGTTCTCC3’
forward primer and 5’ ATGTGGTCTTCCTGAATCCCTTT3’ reverse primer. The relative quantification
was attained using the 2-AACT method [87], in a Rotor-Gene 6000 equipment (Corbett Life Science).

4.5. Microarray Experiments

Total RNA from 3 replicates of snc886-3p (hsa-miR-886-3p) mimic and negative controls (NC,
CN-001000-01-05) was extracted after 48 h of transfection using the Qiagen™ miRNAeasy kit according
to the manufacturer’s protocol. The total RNA of the three replicates was pooled and labeled according
to Affymetrix (Affymetrix, Santa Clara, CA, USA). Hybridization, staining and washing of the
Affymetrix® HG-U133 Plus 2.0 Arrays were performed with the Affymetrix Fluidics Station 450 and
Hybridization Oven 640 under standard conditions (Affymetrix, Santa Clara, CA, USA). Quality control
analysis and Pre-processing of the CEL-files microarray expression data was done using a graphical
user interface, Chipster (v1.4.3, CSC, Finland, http://chipster.csc.fi/) following the manufacturer’s
guidelines [88]. Normalization was performed using RMA algorithm [89] and annotation using
the specific Affymetrix® HG-U133 Plus 2.0 Arrays probe set library in Chipster. Normalized log2
expression values were used to determine the fold change expression of the snc886-3p (hsa-miR-886-3p)
mimic and negative controls (NC, CN-001000-01-05) (Table S1).
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4.6. Cytotoxicity Assay

At 72 h after of transfection with snc886-3p or control RNA (60-80% cell culture confluence), 20 uL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 5 mg/mL in 1X PBS was
added to the wells and cultures were incubated for 4 h at 37 °C in a 5% CO, controlled atmosphere.
The medium was then aspirated and 200 pL. of DMSO was added to each well and incubated at room
temperature in the dark for 15 min with moderate orbital shaking. Optical density (OD) was read on a
plate spectrophotometer (Varioskan® Flash Multimode, Thermo Scientific, Waltham, MA, USA) at
570 nm (for formazan absorbance measurement) and 690 nm (for background measurement).

4.7. Flow Cytometry for DNA Content Analysis

At 72 h after transfection with snc886-3p or control RNA (60-80% confluence) cells were harvested
by trypsinization followed by two washes and resuspension in 1X PBS with gentle vortexing. Cells
were then fixed by adding 1 mL of ice cold 70% ethanol dropwise and incubated at -20 °C for 30 min.
Next, cells were washed with 1X PBS, centrifuged at 1200 rpm at 4 °C for 5 min and the resuspended
cell pellets were incubated with 0.1 mg/mL of RNAse and 50 pg/mL propidium iodide for 15 min at
room temperature in the dark. Flow cytometry measurement of nuclear DNA content was performed
in an Accuri™ C6 flow cytometer (BD Bioscience), counting 10,000 total events per sample (BD Accuri
Cé6 software).

4.8. Annexin V Alexa Fluor 488/PI Apoptosis Detection Assay

Apoptosis was detected by initially staining the cells with 0.1% (v/v) Annexin V and 100 pg/mL of
propidium iodide solution, according to the Annexin V Alexa Fluor 488/PI apoptosis detection assay
kit (catalog n° V13241, Invitrogen, USA), followed by flow cytometry analysis in an Accuri™ C6 flow
cytometer (BD Bioscience), counting 10,000 total events per sample (BD Accuri C6 software).

4.9. Dataset Analysis

4.9.1. Analysis of microRNA Microarray Datasets

Depending on the type of study and the availability of the data, we followed different strategies.
Data deposited at GEO was analyzed using the GEO2R tool using default settings [90], selecting the
samples by clinical status definition. For all the microarray data of PrCa studies analyzed, relevant
features used in the analyses are listed in Table 1.

4.9.2. Analysis of Small RNA Transcriptomic Datasets

Data on microRNA expression from tumor and matched normal prostate patient samples generated
by the project The Cancer Genome Atlas (TCGA) were retrieved from dbGaP, miRNAseq data Level 2
Data (file names: *.bam) of 544 samples (project approved n° 7307). Additionally, several public
small-RNA sequencing expression data available at the repository Gene Expression Omnibus (GEO) [41]
or Sequence Read Archive (SRA) [40] were also analyzed: microRNA expression of several human
cancer cell lines (GSE16579, [91]), microRNA expression from the evaluation of the roles of DROSHA,
XPO5, and DICER in microRNA biogenesis (GSE77989, [51]), AGO-immunoprecipitation of microRNAs
in human senescent fibroblast WI-38 (GSE34494, [92]), microRNA transcriptome (normal prostate and
prostate cells, Figure S5 (GSE29904, [37])), microRNA transcriptome of DU145, LNCaP and PC3 cell lines
(Figure S6 (SRP109305, [38] and GSE66035, [39])), Human Prostate Cancer cell lines AGO-PAR-CLIP
(SRP075075, [50]). Data was downloaded with SRA Toolkit (https://www.ncbi.nlm.nih.gov/sra/docs/
toolkitsoft/) and then trimmed, mapped, annotated, counted, and normalized using miRDeep2 package
software [93]. We used the mapper module (mapper.pl) with the following parameters: -e -h -1 18 -m -k
“adapter-sequence” and quantifier module (quantifier.pl) with default parameters and miRBase fasta
files of precursor and mature sequences from Release v21 plus manually addition of RefSeq human
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vtRNAs (vtRNA1-1/2/3 and 2-1) and human RNYs (RNY1/3/4/5). Normalized (Reads Per Million Reads
(RPM)) log?2 values were used in all cases for analysis. For the elaboration of the snc886-3p direct target
candidate gene list, we used DU145 AGO-PAR-CLIP (SRP075075, [50]). Total sequencing reads were
trimmed with cutadapt software [94] with the following parameters: -m 18 -q 20 and those with the
sequence: 5" ACCCGC 3’ (complementary to snc886-3p seed (6-mer, 2-7-nt)) were aligned to human
genome (GRCh38/hg38) using Bowtie2 [95] with the following parameters: -L 6 -N 1. Total read counts
for each gene transcript were obtained with HTSeq [96] using the Ensembl GTF file, from the reference
genome sequence (GRCh38.97).

4.9.3. Analysis of Methylation Microarray Datasets

The methylation data of the PRAD-TCGA cohort, was extracted from the Illumina Infinium
Human Methylation 450 BeadChip array data of the 49-paired normal and prostate tumor samples
and additionally unmatched normal and tumor tissues (336 in total). Additionally, public methylomes
available at the repository Gene Expression Omnibus (GEO) [41] obtained using Illumina Infinium
Human Methylation 450 BeadChip arrays were also analyzed prostate cell lines PrEc, RWPE1, VCAPD,
LNCaP, DU145 and PC-3 gene dataset GSE68379 [97]. The average of the normalized beta-values
for the 6 CpGs sites located at the nc886 TSS200nt promoter (cg18678645, cg06536614, cg26328633,
€g25340688, cg26896946, cg00124993) were calculated.

4.9.4. Heatmap of Hierarchical Clusterization of 253 snc886-3p Candidate Direct Target Genes

Heatmap was performed by two-way hierarchical clustering using the Spearman rank correlation
algorithm using Morpheus (https://software.broadinstitute.org/morpheus/) and gene expression values
and clinical status for different parameters (Clinical T value, Pathological T value, Gleason Score,
Residual Tumor and Biochemical Recurrence) of PRAD-TCGA dataset.

4.10. Statistical Analysis

All experiments were performed at least in triplicate and the corresponding variables are expressed
as average value + standard deviation or standard error (referred in the figure). Statistical analyses
were done using single, two-tailed t-test, one-way and two-way ANOVA for multiple comparison
tests, including Tukey’s Honest Significant Difference test as a post-hoc tests (referred in the figure).
D’Agostino—Pearson was conducted as normality test and Pearson or nonparametric Spearman was
used to test correlation. Two-tailed Fisher exact test for difference in the proportions of genes was used.
All the analyses were done in GraphPad Prism 6. The observed differences were expressed using the
p-value (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p-value < 0.0001). Results with a p-value of < 0.05 were
considered significant.

5. Conclusions

Our study demonstrates the presence of hsa-miR-886-3p/snc886-3p in prostate tissue derived
from the DICER mediated processing of vtRNA2-1/nc886, which associates to argonautes repressing
transcripts bearing complementary seed sequences, thus functioning as a microRNA. We also found
a DNA methylation dependent downregulation of snc886-3p and a concomitant upregulation of
direct candidate targets of repression, both associated with PrCa disease condition and progression.
Snc886-3p effects on global gene expression support the modulation of cell cycle progression and
apoptosis observed in prostate cancer cell lines. Altogether, our results indicate that both nc886 and
snc886-3p are simultaneously expressed in prostate cells at different levels, exerting a tumor suppressor
action through probably different effector pathways.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-553X/6/1/7/s1, Figure
S1: nc886 derived fragments are produced in non-prostate cell lines and exhibit microRNA features, Figure
S2: Candidate target gene expression of snc886-3p in DU145, LNCaP and DU145, Figure S3: High expression
of 106-snc886-3p direct targets correlates with nc886 promoter methylation in prostate tissue, Figure S4: High
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expression of 106-snc886-3p direct targets correlates with nc886 promoter methylation in prostate tissue, Figure S5:
Sequencing reads alignment to nc886 precursor of small-RNA-seq data of non-transformed prostate cell lines (PrEc
and PrSc), Figure S6: Sequencing reads alignment to nc886 precursor of small-RNA-seq data of tumor prostate
cell lines (DU145, LNCaP and PC3), Table S1: snc886-3p and 5p human transcriptome BLAST results, snc886-3p
microarray expression data, snc886-3p microRNA target activity in DU145 based on seed and AGO-association
and snc886-3p candidate target gene list for clinical associations.
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Abbreviations

ncRNA non-coding RNA

vtRNA vault RNA

3’-UTR three prime untranslated region

PrCa Prostate Cancer

PSA Prostate-Specific Antigen

nc886 non-coding RNA 886 (viRNA2-1)

Pre-miR-886 hsa-mir-886 precursor of microRNAs hsa-miR-886-3p and 5p

snc886s small non-coding RNA derived from nc886

snc886-3p small non-coding RNA derived from nc886 at 3’ region

snc886-5p small non-coding RNA derived from nc886 at 5’ region

svtRNA2-1 small non-coding RNA derived from vtRNA2-1/nc886

PAR-CLIP Photoactivateb?e r%bonucleoside—enhanced crosslinking and
Immunoprecipitation

PRAD-TCGA Prostate Adenocarcinoma—The Cancer Genome Atlas

SRA Sequence Read Archive

GEO Gene Expression Omnibus

DEG Differentially Expressed Gene

MFE Maximum Free Energy

RISC RNA-induced silencing complex

qRT-PCR quantitative Reverse Transcription Polymerase Chain Reaction

TS5200nt 200nt region upstream to the transcription start site

GSEA Gene Set Enrichment Analysis

MTT 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl-2H-tetrazolium bromide
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Figure S1. nc886 derived fragments are produced in non-prostate cell lines and exhibit microRNA
features. (a). Normalized expression of snc886-3p (black) and 5p (gray) assessed in transcriptomic
studies of small non-coding RNAs of different human cell lines. Dataset available at GEO id:
GSE16579 (same used in part (b)). (b). Mapping profile of small non-coding RNAs along the nc886
sequence based on previous study. (c). Normalized expression of small non-coding RNAs in total
cellular DU145 (TOTAL DU145) and in PAR-CLIP Argonaute RNA fraction (AGO DU145). The red
dots highlight the snc886-3p and snc886-5p values in the scatterplot. Data set available at SRA id:
SRP075075. (d). The normalized expression of snc886-3p (black) and snc886-5p (gray) in total and
AGO-immunoprecipitate of WI-38 cell line. Data set available in GEO id: GSE34494.
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Figure S2. Candidate target gene expression of snc886-3p in DU145, LNCaP and DU145 (a).
Correlation between the expression of the indicated genes caused by the overexpression of snc886-3p
assessed by microarray (log2 of normalized fluorescence) and qRT-PCR (ACt using TBP expression
as a control) in DU145 cell line. The fold change (FC) between snc886-3p mimic and control mimic is
plotted. Pearson R correlation value is presented. (b). Expression of snc886-3p after transfection in
DU145, LNCaP and PC3 with transfected with 20nM of mimic snc886-3p and negative control
(Dharmacon), assessed by qRT-PCR (RNAU6 used as an internal control). (c). Effect of snc886-3p
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overexpression on 5 selected candidate direct target genes (PLK1, TGFB1, CDT1, CDC6, C80rf82) and
two control genes (NLRP13 and MMD lacking site for snc886-3p and identified as DEG in DU145
array). Expression was assessed by qRT-PCR and fold change between mimic (snc886-3p) and
negative control (Dharmacon) transfection in DU145, LNCaP and PC3 cell lines using TBP as a
normalizer is shown. Triplicated transfections and triplicated quantifications were analyzed for each
cell line; T-Test was performed, * P-value <0.05, ** P-value <0.01, *** P-value <0.001. (d). The DEGs
modulated after the overexpression of snc886-3p identified by microarrays (fold change > 1.25 and <
-1.25) are colored in green (downregulated) or red (upregulated) over a KEGG cell cycle pathway
flowchart.

SEED 6-mer SEED 7-mer SEED 8-mer B so-
| || || | SUTR
0.00 454 cDS
B8 3UTR
o kkkk
2224 4gq9 40
L 1 1847

-0.051 L 1
*kkk

2336
1323
-0.10 1 | 1L
*kkk
-0.151 ok

351
479
| 30
251 B0 #
S 102 B43
201
134
15+
117
104
* &
I 5
*
-0.251— T T T T . r T r
0 T T

Repressed Genes associated to AGO (%)

-0.20
S5UTR CDS 3UTR 5UTR CDS 3UTR 5UTR CDS 3UTR §
ACCCGC AACCCC AGCCAC

Figure S3. Analysis of snc886-3p microRNA-like target activity in DU145 cell line. DU145 cells were
transfected with 20nM of mimic snc886-3p and negative control (Dharmacon) and cultured 48hrs. Total
RNA was extracted for Affymetrix microarray global gene expression analysis. (a) Average change in the
expression of all genes bearing a nucleotide motif complementary to the snc886-3p seed (5’ ACCCGC3’)
detected by the microarray. Seed binding site of 6-8-mer (2-7nt 5 ACCCGC3’, 2-8nt 5cACCCGC3’, 1-8nt
5cACCCGCg3’) were evaluated. One-way ANOVA test was used to estimate the statistical significance of
the differences. (b) Percentage of genes bearing a motif complementary to the 6-mer snc886-3p seed that are
downregulated in snc886-3p DU145 transfectants and present reads with this sequence motif in the AGO-
bound fraction identified by PAR-CLIP experiments in DU145 cell line (Data set available at SRA id:
SRP075075). The location of the motif at the 5"UTR, CDS or 3"UTR is discriminated and the number of genes
in each group is shown inside the bars. Two motifs differing in 2 bases from the snc886-3p binding site were
used as controls (5’ AACCCC3’ and 5’ AGCCAC3’, differing in position 2 and 6 of the 6-mer scn886-3p 6-mer
seed). They were verified to be not complementary to any known human microRNA binding site. Fisher’s
exact test for the category “3’'UTR” of 5’ ACCCGC3’ yield significant different proportions for the “3'UTR”
marked with # (P-value <0.0001 and Odds Ratio of 2.0 and 2.2 for 5’AACCCC3" and 5 AGCCAC3
respectively).
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Figure S4. High expression of 106-snc886-3p direct targets correlates with nc886 promoter
methylation in prostate tissue of PRAD-TCGA. (a). Heatmap of the expression of the genes of 106
direct candidate target genes of snc886-3p generated using the Spearman rank correlation algorithm
clusterization with the Morpheus software and PRAD-TCGA data. The horizontal bars above the
heatmap indicate the sample type and the methylation status of the nc886 TSS200nt: Percentile 25th
(low methylation - high expression nc886: blue box LM) and 75th (high methylation - low expression
nc886: red boxes HM). (b). Correlation between nc886 TSS200nt methylation and 106 snc886-3p direct
candidate target gene expression in the TCGA-PRAD. Spearman R correlation and p-value are
indicated.
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lll. SNc886-5P EL PEQUENO ARN NO CODIFICANTE DERIVADO DEL EXTREMO 5’ DE

VTRNA2-1/Nc886 Y SU EXPRESION EN ADENOCARCINOMA DE PROSTATA.

Objetivo especifico 2.2.5:

Para continuar profundizando en la comprensién del efecto de la desregulacion de vtRNA2-1/nc886 en el PrCa y
considerando los antecedentes presentados en Resultados y discusion 1y Il, surge el objetivo especifico 2.2.5. Los
antecedentes de la literatura y nuestros resultados previos en células de prdstata, exponen que vtRNA2-1/nc886
no solo es precursor de hsa-miR-886-3p/snc886-3p, sino que también origina un pequefio ARN no codificante del
extremo 5’, el hsa-miR-886-5p/snc886-5p. Mas aln, nuestros analisis en lineas celulares mostraron que este
ultimo esta aumentado en el tumor, en contraste con la disminucidn de su analogo originado del extremo 3’. Por
estos motivos, buscamos estudiar si el perfil de expresion de hsa-miR-886-5p/snc886-5p también se observaba
en muestras de pacientes, para lo que realizamos el re-andlisis de datos de transcriptdmica de sncARNs en
muestras de tejido tumoral y normal adyacente de prdostata (PRAD-TCGA), asi como su asociacion con parametros
clinicos de la enfermedad (objetivo especifico 2.2.5). Adicionalmente, evaluamos la expresion global de hsa-miR-
886-3p/snc886-3p y hsa-miR-886-5p/snc886-5p en células normales y tumorales, en datos de transcriptomica de

sncARNs disponibles en repositorios de datos publicos (SRA).

El conjunto de estos andlisis nos permitié determinar la expresion de hsa-miR-886-5p/snc886-5p en el PrCa y su
asociaciéon con parametros clinicos de la enfermedad. Asimismo, estudiamos la expresion de hsa-miR-886-
3p/snc886-3p y hsa-miR-886-5p/snc886-5p en células tumorales y normales de diversos tejidos. Los resultados
sugieren la posibilidad de que vtRNA2-1/nc886 sea blanco del fendmeno de procesamiento diferencial de brazos
“arm switching” en la carcinogénesis. Dado que no hay muchos ejemplos descritos de un ARN que tenga un efecto
como transcrito completo y origine productos mas pequeiios cuyos niveles cambien en forma opuesta y que
provoquen efectos diferentes y opuestos en la carcinogénesis, nos parecio relevante dejar estas observaciones.
Las mismas forjan la hipdtesis de que hsa-miR-886-5p/snc886-5p podria actuar como oncogén, tal vez adicionando
impacto a la supresién de vtRNA2-1/nc886 por metilacidn en la carcinogénesis y la disminucién de hsa-miR-886-

3p/snc886-3p, constituyendo asi un antecedente interesante para una investigacion futura.
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Analisis de la expresion de hsa-miR-886-5p/snc886-5p en la carcinogénesis prostatica y
su asociacion con la enfermedad.

INTRODUCCION

En nuestro trabajo previo, donde mostramos la formacién de snc886-3p/hsa-miR-886-3p a partir de vtRNA2-
1/nc886, también observamos la presencia de pequefios ARN con la secuencia especifica de snc886-5p/hsa-miR-
886-5p en tejido prostatico, siendo los fragmentos predominantes derivados del precursor (Fort et al., 2020)
Figura 1. Asimismo, notamos que en lineas celulares tumorales de prostata (DU145, PC-3 y LNCaP) aumentaba la
expresion de snc886-5p en relacion a la de lineas celulares no transformadas PrEc y PrSC, ademas de disminuir la
de snc886-3p. Por otro lado, el estudio de la expresion de snc886-5p en células HCT116, mostrd que los niveles
de snc886-5p dependen de DICER pero son independientes DROSHA, al igual que ocurre para snc886-3p. Sin
embargo, el andlisis de inmunoprecipitaciones de la proteina argonauta en la linea celular DU145 expuso que
snc886-5p no se asocia tanto a argonauta como snc886-3p, lo que sugiere que pueda actuar en forma diferente a

la de los microARNs.

Estos hallazgos nos llevaron a preguntarnos si snc886-5p estaria también diferencialmente expresado en los
tumores prostdticos humanos y si ocurriria un cambio en la preferencia de brazos en el procesamiento del
precursor vtRNA2-1/nc886 durante la transformacién neoplésica. Un incremento de la expresidn en tejido tumoral
posiciona a snc886-5p como un potencial ARN oncogénico. Si esto fuera cierto la contribucién de vtRNA2-1/nc886
podria ocurrir a 3 niveles, en primer lugar, la accion supresora de tumor del vtRNA2-1/nc886, probablemente por
la interaccidn directa con proteinas, en segundo lugar, la accién supresora de tumor de snc886-3p actuando como
microARN y en tercer lugar, la accién oncogénica de snc886-5p, cuyo mecanismo podria ser otro, fenédmeno que

no ha sido descrito aun en la literatura para un vtRNA o un precursor de microARNs segln nuestro conocimiento.

En este capitulo realizamos el andlisis de |la expresidn de snc886-5p en la cohorte del PRAD-TCGA, que nos muestra
gue lo que observamos en forma preliminar en lineas celulares, efectivamente ocurre en los tumores prostaticos
humanos y en multiples lineas celulares de diversos origenes tisulares. Es sugestivo ademas el hallazgo de que la
expresidon de snc886-5p se asocia con un mal prondstico de la enfermedad, lo que nos lleva a preguntarnos si
ademds funciona como un gen conductor de esta neoplasia y no sélo como un producto secundario del
procesamiento de vtRNA2-1/nc886. Estos resultados apoyan la importancia de corroborar nuestra hipétesis en

experimentos funcionales.
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MATERIALES Y METODOS.

Datos de transcriptomica de pequefos ARNs no codificantes.

Los re-analisis de expresién de microARNs de tejido tumoral y normal adyacente de prostata fueron realizados
utilizando las muestras de pacientes del repositorio publico “The Cancer Genome Atlas” (PRAD-TCGA), miRNAseq
data Level 2 Data (archivos*.bam), 546 muestras. Debido a que son datos de naturaleza restringida, porque
contienen informacidn de secuencia que puede permitir la identificacion de los individuos, solicitamos el acceso
a los datos al National Institute of Health de los Estados Unidos (NIH, National Cancer Institute (NCI-NIH), y al
National Human Genome Institute (NHGRI-NIH), sometiendo un proyecto que fue aprobado oportunamente
(Project #7307 : Study of cannonical and non-cannonical microRNAs expression and pathogenicity in Prostate
Cancer, dbGAP 2015, PI: Maria Ana Duhagon, Institution: Facultad de Medicina). Adicionalmente, utilizamos sets
de datos de transcriptomica de pequenos ARNs no codificantes disponibles en bases de datos publicas (Sequence
Read Archive, SRA): lineas celulares humanas primarias normales (37 human normal primary cell lines,
PRINA358331 (McCall et al., 2017)) y celulares tumorales (59 NCI-60 human tumor cell lines, PRINA390643
(Marshall et al., 2017)). Los datos de transcriptdmica disponibles en SRA fueron descargados utilizando la

herramienta SRA toolkit (https://github.com/ncbi/sra-tools).

Analisis de datos transcriptémicos de pequefios ARNs no codificantes.

Se realizé el recorte de adaptadores, el mapeo, la anotacion y el conteo de los microARNs utilizando el programa
miRDeep2 (algoritmos: mapper.ply quantifier.pl), como se hizo previamente en Fort et al. (2020). Posteriormente,
se realiz6 una normalizacién de los datos de las lineas celulares humanas primarias normales y tumorales,
utilizando el método TMM (trimmed mean of M values (Robinson & Oshlack, 2010; Robinson et al., 2010)). Para
el andlisis de expresion diferencial, filtramos los microARNs de baja expresion, es decir, de bajo soporte
estadistico, aplicando el algoritmo conducido por datos HTSFilter (Rau et al., 2013). Finalmente, para realizar el

analisis de expresién diferencial de microARNs se utilizé el programa EdgeR (Robinson et al., 2010).
Analisis estadisticos.

Las variables se expresan como promedio y error estdndar, o desvio estandar, y el test utilizado en cada caso se
indica en los pies de las figuras. Aplicamos T-test de dos colas pareados (muestras pareadas tumor y normal
adyacente) y no pareadas. Aplicamos Anova-test para ensayos de multiples variables con la prueba de Tukey como
post-hoc. Evaluamos la correlacion entre dos variables mediante correlacién de Spearman y aplicamos la regresién

lineal de la curva para la evaluacion de las pendientes de las curvas. Consideramos significativos aquellos
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resultados con p-valor < 0,05. Se utilizd el programa GraphPad Prism (https://www.graphpad.com/scientific-
software/prism/) y paquetes estadisticos en R (https://www.r-project.org/about.html), EdgeR (Robinson et al.,

2010) y HTSFilter (Rau et al., 2013).

RESULTADOS.

Buscando profundizar en el estudio del sncARN derivado del extremo 5 de vtRNA2-1/nc886 (hsa-miR-886-
5p/snc886-5p), decidimos explorar su expresion en muestras de tejido de préstata. Para ello recurrimos a la mayor
base de datos publica de transcriptémica de sncARNs de cancer, que consiste en “The Cancer Genome Atlas”
(TCGA). El set de datos de adenocarcinoma prostatico (PRAD) presente en TCGA (PRAD-TCGA), cuenta con un total
de 494 tumores prostaticos, de los cuales 52 tumores cuentan con muestras pareadas de tejido normal adyacente.
Debido a que anteriormente hsa-mir-886 fue re-clasificado como vtRNA2-1, fue eliminado de miRBase (v16
(11/2011)), y por tanto hsa-miR-886-3p/snc886-3p y hsa-miR-886-5p/snc886-5p no son considerados desde ese
entonces en los analisis de transcriptomica de sncARNs. Esto conlleva a que para determinar sus niveles de
expresion debamos re-analizar los datos de transcriptdmica de sncARNs (sRNA-seq) para estas muestras, tal como
se hizo en Fort et al. 2020 (Fort et al., 2020). Comenzamos con los archivos miRNAseq data Level 2 Data
(archivos*.bam), que poseen las lecturas secuenciadas o “reads” filtradas por calidad y mapeadas al genoma
humano segun los criterios utilizados en el proyecto TCGA (Chu et al., 2015). Realizamos la anotacién y conteo de
todos los microARNs humanos utilizando la anotacion de miRBase v22 e incluimos manualmente a snc886-5p (hsa-
miR-886-5p), siguiendo la estrategia de andlisis bioinformatico realizada por Mifiones-Moyano et al. 2013
(Mifnones-Moyano et al., 2013), ya implementada para snc886-3p en Fort et al. (2020). El resultado de este re-
analisis evidencid que snc886-5p se expresa en la glandula prostatica, como evidenciamos anteriormente para
lineas celulares de prostata (Fort et al., 2020). Sin embargo, observamos que snc886-5p muestra un incremento
estadisticamente significativo de su expresién en el tejido tumoral respecto al tejido normal adyacente,
correspondiente a un log2 FCirumorvsnormal) = 0,76 + 0,11 (Normal 52 y Tumor 494; Figura 1A) y pareado log2
FC(rumorvsnormay = 0,43 £ 0,13 (Normal 52 vs Tumor 52; Figura 1B).
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Figura 1. Expresion de snc886-5p en tumores primarios de adenocarcinomas de préstata y tejido normal adyacente de la
cohorte PRAD-TCGA y su asociacion con parametros clinicos.

Se grafica la media y desvio estandar de la expresién normalizada de snc886-5p expresada en log2(CPM+1) (CPM: Counts Per
Million) en el set de datos de transcriptoma de ARNs pequefios disponible analizados con el programa miRDeep?2 (Friedlander
et al., 2012) en los tejidos o en los agrupamientos clinicos indicados, para las muestras de PRAD-TCGA. A. Expresion de
snc886-5p en muestras normales (52) comparada contra el total de las muestras tumorales (494). B. Expresidn de snc886-5p
en muestras normales (52) comparada contra las muestras del mismo paciente o pareadas de tejido normal y tumoral (52).
Expresion de snc886-5p en muestras tumorales clasificadas en funcién de su valoracion de Gleason (Gleason Score) (C),
Pathological N (D) y Pathological T (E). T-test de dos colas pareado en B y no pareado en A, C, Dy E. ** p-valor < 0,01; ****
p-valor < 0,0001.

Los resultados evidencian que snc886-5p posee un perfil de expresidon oncogénico debido a que se encuentra
sobre-expresado en el tumor de prdstata respecto al tejido normal adyacente. Esto resulté llamativo debido a que
expone un perfil de expresidn opuesto al de su precursor vtRNA2-1/nc886 y al de snc886-3p (fragmento que deriva
del extremo 3°), en la transicidn carcinogénica prostatica (Fort et al., 2018, 2020). Adicionalmente, evaluamos la
posible asociacion de la expresion de snc886-5p con los diferentes parametros clinicos de la enfermedad

disponibles en la cohorte PRAD-TCGA. Observamos que snc886-5p presenta una asociacion positiva entre el
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aumento de su expresion y los pardmetros clinicos de la enfermedad que se indican en los graficos (Figura 1C, 1D
y 1E). Mostrando una asociacién estadisticamente significativa con peores valores de puntacion de Gleason, en
inglés Gleason Score (Figura 1C), y los valores de estadificacion del sistema TNM de tipo T (del tumor primario del
inglés Pathological T) (Figura 1E) y N (de la propagacién a nddulos linfaticos cercanos, del inglés Pathological N
(Figura 1D). En suma, evidenciamos que snc886-5p aumenta su expresion en la transicién de tejido normal a
tumoral (Figura 1A y 1B, Tabla suplementaria 1) y que su expresidn correlaciona con peores parametros clinicos
de la enfermedad (Figura 1C-E, Tabla suplementaria 1). Consecuentemente, estos resultados posicionan a snc886-
5p como un posible oncogén en el PrCa, si bien también puede ser una alteracidn secundaria o pasajera sin efecto
funcional. En cualquiera de los casos, este hallazgo supone que snc886-5p aumenta mientras que vtiRNA2-1/nc886
y snc886-3p disminuye su expresién en el tejido tumoral respecto al tejido normal. Este fendmeno se conoce como
cambio de preferencia de brazos y es llamado en inglés “arm switching”, habiendo sido ya reportado en la
literatura para algunos precursores de microARNSs, incluso en la transicion carcinogénica (Chen et al., 2018b;

Griffiths-Jones et al., 2011; Guo et al., 2014; Kim et al., 2020; Kuo et al., 2016; Tsai et al., 2016).
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Figura 2. Andlisis transcriptémico de pequefios ARNs no codificantes en lineas celulares humanas primarias normales y
tumorales.

Estudio de 96 lineas celulares normales y tumorales. Para simplificar la representacién del eje, se indican solo algunos
nimeros de muestra. A. Suma de los conteos de las lecturas mapeadas (log2) asignadas a microARNs para el total 96
muestras, en rojo se indican las 2 muestras que fueron identificadas como outliers utilizando el método estadistico ROUT. B.
Promedio de cuentas totales y desvio estandar del total de microARNs anotados para cada muestra sin normalizar. En C se
muestra el analisis de componentes principales de los datos en B, donde el eje X (logFC dim1) e Y (logFC dim2) muestran los
componentes que representan la mayor varianza de las muestras. D. Promedio de cuentas totales y desvio estandar del total
de microARNs anotados en cada muestra normalizados con TMM (trimmed mean of M values). Expresidon normalizada

expresada en log2(CPM+1) (CPM: Counts Per Million). En E se muestra el analisis de componentes principales de los datos en
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D, donde se indican las lineas celulares primarias normales y tumorales. El eje X (logFC dim1) e Y (logFC dim2) muestran los
componentes que representan la mayor varianza de las muestras. F. Grafico de Jaccard index (eje Y) calculado para una serie
de valores de threshold (eje X) de los datos normalizados, la linea punteada roja indica el valor de threshold s = 2,4 CPM
seleccionado por el algoritmo (Rau et al., 2013).

Buscando extender la evidencia entorno al fendmeno de “arm switching” a datos de mas profundidad que los del
TCGA, asi como a modelos in vitro, ampliamos el meta-analisis transcriptomico de sncARNs a sets de datos
disponibles en repositorios publicos. Optamos por dos sets de datos de sSRNA-seq de altisima calidad, disponibles
en el repositorio Sequence Read Archive (SRA, (Leinonen et al., 2011)), que comprenden lineas celulares humanas
primarias normales (37 human normal primary cell lines, PRINA358331 (PNHC) (McCall et al., 2017)) y tumorales
(59 NCI-60 human tumor cell lines, PRINA390643 (CHC) (Marshall et al., 2017)). Efectuamos un nuevo analisis de
los datos siguiendo la misma aproximacion metodoldgica utilizada anteriormente (Figura 2A). Observamos que
para la mayor parte de las muestras no hay diferencias notorias en las lecturas mapeadas totales a microARNs
entre las lineas celulares normales y tumorales. Sin embargo, dos muestras tienen un total de lecturas bastante
inferior al resto, nos preguntamos si se trataba de valores atipicos, en inglés outliers. Entonces, considerando las
lecturas totales mapeadas a microARNs por libreria, efectuamos la blisqueda de outliers utilizando el método
estadistico ROUT (False Discovery Rate, Q = 1% (Motulsky & Brown, 2006)). Efectivamente, se identificaron como
outliers las dos muestras antes mencionadas (lineas celulares UACC-257 y MALME-3M), quedando descartadas
para los posteriores analisis (Figura 2A, Tabla suplementaria 2). Posteriormente, realizamos la normalizaciéon
aplicando el método TMM (trimmed mean of M values (Robinson & Oshlack, 2010)); en las Figuras 2B-E se aprecia
la distribucion de las muestras previo (Figuras 2B y 2C) y posteriormente (Figuras 2D y 2E) a la aplicacién de la
normalizacién. A continuacidn, excluimos los microARNs de baja expresidn (que portan bajo soporte estadistico
para los analisis de expresion diferencial), aplicando el algoritmo HTSFilter (Rau et al., 2013), que selecciona el
umbral o threshold basado en el célculo de un indice de similitud “s” entre réplicas bioldgicas e identifico un
umbral de 2,4 CPM (CPM: Counts Per Million) para estos datos (Figura 2F). Encontramos que luego de la
normalizacién y filtrado de lecturas de baja expresion las muestras permanecen con datos para 1230 microARNs
diferentes. Posteriormente, realizamos un ranking de expresién promedio de todos los microARNs y establecimos
la posicién de snc886-3p y snc886-5p en las lineas celulares (Figuras 3A y 3B, Tabla suplementaria 3). Este analisis
reveld que snc886-3p baja mientras que snc886-5p sube su posicidn en el ranking en las lineas celulares tumorales
(snc886-3p #489, snc886-5p #75) respecto a las primarias normales (snc886-3p #232, snc886-5p #147), mostrando
perfiles de cambio opuestos. Incluso observamos que snc886-3p se ubica por debajo de la linea de expresion

promedio de todos los microARNs en las lineas celulares tumorales (Figura 3B y Tabla suplementaria 3).
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Alternativamente, realizamos la determinacién de los sncARNs diferencialmente expresados entre las lineas
celulares primarias normales y las lineas celulares tumorales, aplicando el algoritmo EdgeR (Robinson et al., 2010).
Este analisis expuso la expresion diferencial estadisticamente significativa (FDR < 0,01) y opuesta de snc886-3p

(|0g2FC(TU|v|0Rv5N0R|v|A|_) = -2,3) y snc886-5p (|0g2FC(TUMORv5N0RMAL) = 4,2) (Figura 3Cy 3D, Tabla suplementaria 4).
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Figura 3. Expresion diferencial de los microARNs entre las lineas celulares normales y tumorales.

Expresidn normalizada expresada en log2(CPM+1) (CPM: Counts Per Million). Ranking de los microARNs segun su expresion
promedio en las muestras de lineas celulares primarias normales A (PNHC) y tumorales B (CHC). Los valores para snc886-3p
y snc886-5p se resaltan en rojo y azul, respectivamente. El grafico muestra la expresion de cada uno de los microARNSs,
ordenados en el eje de las abscisas segun su posicidn en el ranking, indicada por los nimeros. Las lineas punteadas denotan
la ubicacién en el ranking de snc886-3p (PNHC # 232, promedio = 4.85; CHC # 489, promedio = 1.78), snc886-5p (PNHC # 147,
promedio =6.71; CHC # 75, promedio = 8.81) y el valor promedio del total de los microARNSs (en gris) (PNHC promedio = 2.48;
CHC promedio = 2.47). C. Grafico de volcan de la expresion diferencial de los microARNs entre las lineas celulares tumorales
(Cancer) vs normales (Normal). En la abscisa se muestra los valores de cambio relativo expresado como loga(FCcancer vs Normal) Y
en la ordenada los valores de FDR (expresados como logio(FDR (Benjamini-Hochberg). D. Distribucién de los valores de
expresion de snc886-3p y snc886-5p en el total de muestras evaluadas de las lineas celulares primarias normales y tumorales,
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se indica el valor promedio y su error estandar. E. Mapa de calor “Heatmap” de la expresion diferencial de los 32 microARNs
y snc886 que presentan “arm switching” en el set de datos de las lineas celulares primarias normales (PNHC) y tumorales
(CHC), con diferencias de FCcancer vs Normal) 2 | 1| y FDR < 0,05. Set de datos disponibles en SRA PRJINA358331 y PRINA390643
analizados con el programa miRDeep2 y EdgeR (Friedlander et al., 2012; Robinson et al., 2010).

El cambio de expresidon opuesta entre snc886-3p (disminuye en las lineas celulares tumorales) y snc886-5p
(aumenta en las lineas celulares tumorales), constituye una nueva evidencia a favor de la hipdtesis del fenémeno
de “arm switching”. Del mismo modo, contribuye a la hipdtesis de una funcién TSG de snc886-3p y una funcidn
OG de snc886-5p en la tumorigénesis. Adicionalmente, es importante destacar que producto de este meta-analisis
encontramos un 5,4% de microARNs (32 microARNs) que experimentan el fendmeno de “arm switching” con
cambios 5p y 3p opuestos, es decir, FC(Cancer vs Normal) > |1| y FDR < 0,05 (Figura 3E y Tabla suplementaria 4).
El porcentaje de microARNs identificados que experimentan el fendmeno de “arm switching” es aproximado a lo
reportado en la literatura (14%) (Kim et al., 2020). Incluso en la lista de 32 microARNs encontramos a los
microARNs hsa-miR-193a, hsa-miR-146b y hsa-miR-744 (Figura 3E) que fueron anteriormente descritos como

blanco de este fendmeno de procesamiento en el cancer (Chen et al., 2018b; Tsai et al., 2016).

snc886

miR-193a miR-21

== PNHC
=8= CHC

3p log2(CPM+1)
3p log2(CPM+1)
3p log2(CPM +1)
N
1

5p log2(CPM+1) 5p log2(CPM+1) 5p log2(CPM+1)

Figura 4. Correlacion entre la expresion de los brazos 5p y 3p de microARNSs entre las lineas celulares normales y tumorales.

Expresion normalizada expresada en log2(CPM+1) (CPM: Counts Per Million) de los brazos 5p (eje x) y 3p (eje y) de los
microARNSs. En A snc886s (snc886-5p y snc886-3p), en B miR-193a (miR-193a-5p y miR-193a-3p) y en C miR-21 (miR-21-5p y
miR-21-3p). Los circulos de color azul corresponden a las muestras de lineas celulares normales (PNHC) y los circulos de color
rojo a las tumorales (CHC). Las lineas continuas muestran la regresién lineal de la curva y las lineas punteadas denotan el
intervalo de confianza al 95% de la curva.

Finalmente, para continuar examinando el procesamiento diferencial de vtRNA2-1/nc886, evaluamos la

correlacidn de la expresion de los brazos 5p y 3p de vtRNA2-1/nc886 entre las lineas celulares no transformadas
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(normales) (McCall et al., 2017) y las lineas celulares tumorales (Marshall et al., 2017), que comprenden en total
13 tipos diferentes de origen tisular, 12 diferentes en las células normales y 9 en las tumorales (Figura 4A).
Producto de este analisis observamos una correlaciéon global positiva (correlacion Spearman = 0,44) entre snc886-
5p y snc886-3p para todas las muestras, lo que es coherente con el origen de ambas moléculas de un precursor
comun. Sin embargo, identificamos dos curvas diferentes para la relacién 5p y 3p en las lineas celulares normales
(PNHC) y las tumorales (CHC) (Figura 4A). Entonces, si bien existe una correlacién global positiva entre la expresién
de los brazos 5p y 3p derivados de vtRNA2-1/nc886, la relacion 5p/3p en las lineas celulares normales es diferente
a la observada para las lineas celulares tumorales, esto se refleja en la diferencia significativa de las pendientes
entre ambas curvas (p-valor <0,0001) (Figura 4A). Particularmente, observamos que la relacién de 5p/3p es mayor
en las lineas celulares tumorales (pendiente = 0,43) respecto a las lineas celulares primarias normales (pendiente
=0,78) (Figura 4A). De igual manera, miR-193a que tiene antecedentes de “arm switching” en la literatura (Kim et
al.,, 2020; Tsai et al., 2016), también experimenta un comportamiento similar (correlacién Spearman = 0,30)
pudiéndose también observar dos curvas con pendientes diferentes (p-valor = 0,0017; Figura 4B). Sin embargo,
miR-21 (correlacidon Spearman = 0,71), que no evidencia “arm switching” en este set de datos, no presenta
diferencia entre las pendientes de las curvas para las lineas celulares normales y las lineas celulares tumorales (p-
valor = 0,12, Figura 4C). Estos resultados nos permiten suponer la existencia de un mecanismo que incide en el
cambio de procesamiento y/o estabilidad diferencial de los brazos 5p y 3p entre las lineas celulares normales y
tumorales para vtRNA2-1/nc886. Es importante mencionar que hubiera sido mas informativo realizar este ultimo
analisis en las muestras de pacientes del PRAD-TCGA. Sin embargo, la menor profundidad de la secuenciacién de
estas muestras, sumada a la baja expresion de snc886-3p en el tejido tumoral, hace que la mayor parte de los

transcriptomas no tengan lecturas confiables para este pequefio ARN.

DiScusION.

Hsa-miR-886-5p/snc886-5p fue inicialmente catalogado como uno de los microARNs maduros derivados de “hsa-
mir-886” (vtRNA2-1/nc886) (Landgraf et al., 2007). Posteriormente, debido a su homologia de secuencia con los
vault ARNs, hsa-mir-886 fue re-catalogado como vtRNA2-1/nc886 (locus vtRNA2) (Stadler et al., 2009). Esta
reclasificacién condujo a su eliminacion de la base de datos miRBase v16 (11/2011). A pesar de su pronta
eliminacion de miRBase y no ser considerado un precursor de microARNs candnico, posteriores reportes
evidenciaron que vtRNA2-1/nc886 es procesado por DICER (independiente de DROSHA) generando pequefios
sncARNs hsa-miR-886-5p/snc886-5p y hsa-miR-886-3p/snc886-3p (Cloonan et al., 2011; Fort et al., 2020;
Mifiones-Moyano et al., 2013; Pillai et al., 2010; Treppendahl et al., 2012). En la prdstata nosotros evidenciamos

que vtRNA2-1/nc886 también posee la capacidad de producir sncARNSs especificos (snc886-5p y snc886-3p) y que
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estos se asocian a las proteinas argonautas (Fort et al., 2020) y sus sintesis depende de DICER y no de DROSHA.
En ese mismo trabajo nosotros mostramos un descenso de la expresién de snc886-3p concomitante con un
incremento en la expresidon de snc886-5p, siendo ambos los fragmentos de ARN predominantes del vtRNA2-

1/nc886 en los tejidos.

La realizacion del meta-andlisis de sSRNA-seq de PRAD-TCGA nos permitio evaluar el perfil de expresion de snc886-
5p en el tejido de glandula prostatica. En acuerdo con nuestros resultados preliminares en las lineas celulares
prostaticas, evidenciamos que snc886-5p aumenta su expresion en el tumor respecto al tejido normal adyacente
(Figuras 1A y 1B). Si bien esto podia ser simplemente un cambio secundario sin valor funcional, el hecho de que
su expresion se asocia con peores parametros clinicos de la enfermedad en la cohorte estudiada, lo posiciona mas
fuertemente como un posible ARN conductor de la neoplasia con efecto funcional (Figuras 1C-D). Estos resultados,
en conjunto con los antecedentes de snc886-3p en préstata (Fort et al., 2020), exponen que durante la
carcinogénesis prostatica ocurriria una disminucién de la expresién de snc886-3p y en simultaneo, el aumento de
expresion de snc886-5p. Esto sugiere que vtRNA2-1/nc886 podria ser objeto de un cambio de preferencia de

| "

brazos “arm switching” durante la carcinogénesis prostatica. El “arm switching” implica un cambio en el
procesamiento de un precursor de microARNs que conduce a un cambio en la proporcién de la produccion de los
brazos/microARNs 5p (extremo 5’ del precursor) y 3p (extremo 3’ del precursor) derivados (Pundhir & Gorodkin,
2015a). Es importante destacar que este fendmeno ha sido descrito para otros precursores de microARNs, y es
fisiolégicamente relevante en varios procesos celulares, incluso en la transicién tumoral (Chen et al., 2018b; Kim
et al., 2015, 2020; Pundhir & Gorodkin, 2015b). Existen diferentes proteinas reportadas capaces de modificar y/o
asociarse al vtRNA2-1/nc886 y/o a los otros vtRNAs que podrian estar involucradas en el fenémeno de “arm
switching” (TEP1, DUSP11, SSB, NSUN2, TUTs y DIS3L2 (Burke & Sullivan, 2017; Burke et al., 2016; Hussain et al.,
2013; Kickhoefer et al., 1999, 2002; Kim et al., 2015, 2020; tabno et al., 2016; Sajini et al., 2019; Ustianenko et al.,
2016)). De hecho, las proteinas TUTs, que modifican a los vtRNAs (tabno et al., 2016), fueron directamente

involucradas en el fenédmeno de “arm switching” de microARNs en cancer (Kim et al., 2015, 2020).

En concordancia con los resultados aqui presentados encontramos un hallazgo analogo en los datos de un estudio
de “profiling” de microARNs de cancer de tiroides, donde se reporté la expresidon diferencial invertida de snc886-
3p (disminuye en el tumor) y snc886-5p (aumenta en el tumor), si bien los autores no dan cuenta del fendmeno
(Dettmer et al., 2014). Buscando fortalecer nuestra observacidon realizamos el re-analisis de transcriptomas de
sncARNs para determinar la expresion de snc886-5p y snc886-3p en lineas celulares normales primarias (n=37,
(McCall et al., 2017)) y lineas celulares tumorales (n=57, (Marshall et al., 2017)). El estudio de sncARNs expresados

diferencialmente entre las lineas celulares normales vs las lineas celulares tumorales, reafirmé el fenémeno de

107 | 183



cambio de preferencia de brazos o “arm switching” para vtRNA2-1/nc886, y el perfil de expresién oncogénico de
hsa-miR-886-5p/snc886-5p. Incluso, nuestros andlisis sugieren que existiria un cambio en la tasa de
procesamiento/estabilidad de los brazos 5p y 3p derivados de vtRNA2-1/nc886 entre las lineas celulares normales
y tumorales analizadas. Globalmente, los datos sugieren que durante la carcinogénesis ocurriria una disminucién
global de la expresidon de snc886-3p y en simultaneo el aumento global de la expresidén de snc886-5p (Figuras 3A-

D).

Es interesante destacar que los reportes existentes sobre la actividad en cancer de hsa-miR-886-5p/snc886-5p lo
postulan mayoritariamente como OG en cancer cervical (Kong et al., 2015; Li et al., 2011), oral (Xiao et al., 2012),
linfoma (Liu et al., 2013), mama (Zhang et al., 2014), tiroides (Dettmer et al., 2014), vejiga (Khoshnevisan et al.,
2015) y mieloma multiple. Incluso, los ensayos funcionales realizados con hsa-miR-886-5p/snc886-5p respaldan
una actividad oncogénica, asi como su funcién microARN donde se validé su capacidad de regular a p53 (Kong et
al., 2015; Li et al., 2011; Xiang et al., 2019; Zhang et al., 2014). No obstante, algunos reportes mostraron un perfil
TSG para hsa-miR-886-5p/snc886-5p en cancer de pulmdn (Gao et al., 2011) y carcinoma hepatocelular (Han et
al., 2012). Contrariamente, la literatura relativa a hsa-miR-886-3p/snc886-3p lo posiciona con funcion TSG en PrCa
(Aakula et al., 2015; Fendler et al., 2011; Fort et al., 2020), vejiga (Nordentoft et al., 2012), mama (Tahiri et al.,
2014), colon (Yu et al., 2011), pulmén (Bi et al., 2014; Cao et al., 2013; Gao et al., 2011; Shen et al., 2018) y tiroides
(Dettmer et al., 2014; Xiong et al., 2011). Sin embargo, algunos reportes muestran una accidén oncogénica de hsa-
miR-886-3p/snc886-3p en cancer renal (Yu et al., 2014), colorrectal (Schou et al., 2014) y de es6fago (Okumura et
al., 2016). Por lo tanto, la literatura acompafia en mayor medida la observacion de un perfil OG para snc886-5p y
TSG para snc886-3p en cancer, lo que se encuentra acorde con los datos de expresion diferencial determinados
en nuestros analisis para ambos sncARNs en PrCa. No puede sin embargo descartarse que ejerzan roles diferentes

en algunos tejidos.

En suma, estos resultados evidencian un incremento de la expresién de snc886-5p en el tejido tumoral vs el tejido
normal en prdstata humana, asi como su asociacidn con peores pardmetros clinicos de la enfermedad, lo que
termina sugiriendo su posible funcién como OG en la préstata. Los datos preliminares en préstata para viRNA2-
1/nc886 (Fort et al., 2018) y snc886-3p (Fort et al., 2020) mostraron su funcion TSG vy la disminucion de su
expresion durante la carcinogénesis prostatica, sin embargo, snc886-5p podria cumplir una funcidon OG ya que
aumenta su expresion/estabilidad en el tumor. Finalmente, hipotetizamos que VtRNA2-1/nc886 podria
experimentar el fenémeno de “arm switching” en la transicién carcinogénica de la préstata y probablemente en
otros tejidos. Esto representaria uno de los pocos casos en los que una molécula precursora de pequefios ARNs

de sintesis especifica posee una funcién como transcrito de ARN completo y ademds genera dos moléculas de
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ARN con contribuciones funcionales diferentes, es decir, el gen vtRNA2-1/nc886 genera 3 productos que son

conductores de la neoplasia, actuando por vias probablemente diferentes.

Link a los archivos suplementarios:

https://drive.qgoogle.com/drive/folders/14Q07jJ1wugEcKDyS3eGUiQ8 4717-fVH?usp=sharing
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IV. EXPRESION GLOBAL DE VTRNA2-1/NC886 Y SU POSIBLE ASOCIACION CON LOS

VTRNAS CANONICOS EN EL CANCER DE DIFERENTE ORIGEN TISULAR.

Objetivo especifico 2.3: Determinar el perfil de expresion global de vtRNA2-1/nc886 y su posible

asociacion con los vtRNAs candnicos en el cancer de diferente origen tisular.

Con el fin de explorar la expresidon de vtRNA2-1/nc886 globalmente en el cancer y su relacidn con los vtRNAs
canonicos humanos, realizamos el estudio del perfil de la estructura de la cromatina de sus regiones reguladoras
en el set de datos de Pan-Cancer del TCGA. Basados en la literatura y en los antecedentes de nuestro trabajo,
utilizamos el status de la cromatina del promotor de estos genes como marcador subrogado de su expresion.
Concretamente, evaluamos la cromatina en la regién promotora de los vtRNAs, explorando los datos de
accesibilidad y los datos de metilacion del ADN, determinados por ATAC-seq y microarreglos de metilacion de las
muestras de TCGA, respectivamente (objetivo especifico 2.3.1). Para estudiar si los vtRNAs se encuentran co-
regulados a nivel transcripcional, evaluamos la asociacidn de la accesibilidad de la cromatina de los promotores
de los 4 vtRNAs en las muestras del TCGA y comparamos los factores de transcripcion que se unen a sus
promotores (determinados en analisis de datos de lineas celulares producidos por el consorcio ENCODE).
Adicionalmente, abordamos los perfiles de asociacidn y de correlacién entre los diferentes vtRNAs a nivel de
accesibilidad de la cromatina en los tejidos tumorales, normales adyacentes y en la transicién normal-tumoral
para cada origen tisular, buscando descubrir diferencias especificas de tejido (objetivo especifico 2.3.2). Asimismo,
investigamos la asociacion de la accesibilidad de la cromatina y la sobrevida de los pacientes a nivel Pan-Cancer
(objetivo especifico 2.3.3). Finalmente, buscamos relacionar el estado de accesibilidad de la cromatina del
promotor de los VtRNAs con el de los promotores de otros genes, para de esta manera, explorar posibles grupos
de genes co-regulados a nivel de accesibilidad de la cromatina y su vinculaciéon con vias y procesos celulares
(objetivo especifico 2.3.4). Con los resultados obtenidos, indagamos especificamente en la posible vinculacion

entre la expresidn de los vtRNAs y los subtipos inmunolégicos.

El conjunto de estas aproximaciones nos permitié explorar la relacion de vtRNA2-1/nc886 con los otros vtRNAs y
su relacién con el cancer globalmente. Los resultados se encuentran compilados en un manuscrito cientifico que

se adjunta a continuacidn y serd sometido para su publicacidén en revista arbitrada.

Articulo cientifico 3: Fort, R.S., and Duhagon, M.A. (2020). Pan-Cancer chromatin analysis of the human vtRNA

genes uncovers their association with cancer biology.
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Abstract

The vault RNAs (VtRNASs) are 84-141-nt eukaryotic RNAs named for their association with the
vault particle, a riboprotein complex whose function remains poorly understood. Gene
expression studies of the four human vtRNA in large cohorts have been hindered by their
unsuccessful sequencing using conventional transcriptomic approaches. Here we infer the
landscape of VtRNA expression in cancer from the genome-wide DNA methylation and
chromatin accessibility data of The Cancer Genome Atlas (TCGA). VtRNA1-1 has the most
accessible chromatin, followed by viRNA1-2, viRNA2-1 and vtRNA1-3. Although the vtRNAs are
co-regulated by transcriptional factors related to viral infection, vtRNA2-1 is the most
independent homologue. VtRNA1-1 and VvtRNA1-3 chromatin status does not significantly
change in cancer, however, viRNA2-1 and vtRNA1-2 expression is widely deregulated in
neoplastic tissues and is compatible with a broad oncogenic role of viRNA1-2, and both tumor
suppressor and oncogenic functions of viRNA2-1. Yet, viRNA1-1, viRNA1l-2 and vtRNA2-1
promoter DNA methylation predicts a shorter patient overall survival cancer-wide. In addition,
gene ontology analyses of co-regulated genes identify a chromosome 5 regulatory domain
controlling viRNA1-1 and neighboring genes, and epithelial differentiation, immune and thyroid
cancer gene sets for viRNA1-2, viRNA2-1 and vtiRNA1-3 respectively. Furthermore, viRNA
expression patterns are associated with cancer immune subtypes and vtRNA1-2 expression is
positively associated with cell proliferation and wound healing. Overall, our study presents the
landscape of VtRNA expression cancer-wide, identifying co-regulated gene networks and
ontological pathways associated with the different viRNA genes that may account for their

diverse roles in cancer.

Keywords: vault RNA; viRNA1-1; vtRNA1-2, vtRNA1-3, viRNA2-1; nc886; cancer; TCGA; DNA

methylation; chromatin accessibility.



Introduction

The vault RNAs (VtRNAS) are a class of eukaryotic middle size non-coding RNAs (84-141 nt)
transcribed by the RNA polymerase lll, which associates to the vault particle (<5 % of the total
mass of the vault particle) (Boivin et al., 2019; Kedersha and Rome, 1986; Kedersha et al.,
1991). Although this particle is the largest cellular nucleoprotein complex, its function remains
scarcely understood. Most mammals have a single vtRNA gene (i.e., mouse and rat), but the
human genome has three copies, annotated as vtRNA1-1 (98pb), viRNA1-2 and vtRNA1-3
(88pb), which are located in the chromosome region 5933.1 (the vtRNA1 locus) and transcribe
the RNAs that are integral components of the vault particle. Another vault RNA gene in
chromosome X, was classified as a pseudogene (VtRNA3-1P) due to the absence of expression
in several cell lines and the presence of silencing mutations at the B box element of its promoter
(van Zon et al., 2001). Lately, a transcript initially annotated as the human microRNA precursor
hsa-mir-886 (Landgraf et al., 2007), was re-classified as another human vtRNA homologue and
consequently renamed as VtRNA2-1 (Stadler et al., 2009). VtRNA2-1 is also located in
chromosome 5 (5g31.1, locus VtRNA2) at 0.5Mb distance from the vtRNAL cluster, where is
placed between SMADS5 and TGFB1 genes in an antisense direction. Existing evidence indicates
that despite being a duplication of the viRNAs of locus 1, the vtRNA2-1 is neither associated
with the vault particle nor co-regulated with the vtRNAL locus (Lee et al., 2011; Stadler et al.,
2009). Nevertheless, the realization that only 5-20% of all the cellular vtRNA transcripts are
associated to the vault particle suggests additional roles for the majority of viRNA transcripts,
independent of the vault particle (Kickhoefer et al., 1998; Nandy et al., 2009; van Zon et al.,
2001).

Most of the current knowledge of viRNA function focuses on viRNA1-1 and viRNA2-1 roles in
viral infection and cancer. Functional studies found that vtRNA1-1 and vtRNA1-2 (but not
VtRNAL1-3) can interact directly with drugs as mitoxantrone, doxorubicin and etoposide (Gopinath
et al., 2005, 2010; Mashima et al., 2008). A recent report demonstrated that p62 protein interacts
with vtRNA1-1 and inhibits the p62 dependent autophagy in vitro and in vivo (Horos et al., 2019).
The vault RNAs have also been linked to native immune response, because of their strong
upregulation during the infection of Influenza A virus (IAV) and Epstein-Barr virus (EBV) (Amort

et al., 2015; Li et al., 2015; Nandy et al., 2009). These studies proposed a viral activation of host



VtIRNASs as a mechanism to maintain the inhibition of PKR signaling pathway, representing a

viral strategy to circumvent host innate immunity.

Initial reports about tRNA2-1 (locus VtRNA2) revealed that it is abundant in normal tissues while
lowly expressed in cancer cell lines from different tissue origin (breast, melanoma, cervix, lung,
oral and prostate), which is consistent with a tumor suppressive role in cancer (Lee et al., 2011;
Treppendahl et al.,, 2012). Moreover, vitRNA2-1 was proposed as a new type of ncRNA
functioning as a tumor suppressor gene (TSG) that inhibits PKR, and was consequently
renamed as “nc886” (Golec et al., 2019; Jeon et al., 2012a, 2012b; Lee et al., 2011). Then, its
anti-proliferative and TSG function was described in prostate (Aakula et al., 2015; Fort et al.,
2018; Ma et al., 2020), skin (Lee et al., 2019a), gastric (Lee et al., 2014b) and esophageal (Im
etal., 2020; Lee et al., 2014a) and cholangiocarcinoma cells (Kunkeaw et al., 2012). Conversely,
a pro-proliferative and anti-apoptotic oncogenic role was proposed for viRNA2-1 in renal (Lei et
al., 2017), ovarian (Ahn et al., 2018), thyroid (Lee et al., 2016), cervical (Li et al., 2017) and
endometrial (Hu et al., 2017) tissues. A recent finding proposing a viRNA2-1/PKR loss mediated
doxorubicin cytotoxicity introduced a novel view about its contribution to chemotherapy response
(Kunkeaw et al., 2019). In addition, a potential TSG role has been put forward for vtRNA1-3 in
Myelodysplastic syndrome (MDS) (Helbo et al., 2015).

Apart from their role as full length RNAs, vtRNAs are precursors of small RNAs. Indeed, small
RNAs with microRNA like function were demonstrated to derive from vtRNA1-1 (svRNAs) and
to repress the expression CYP3A4, a key enzyme of drug metabolism (Meng et al., 2016;
Persson et al.,, 2009). VtRNA2-1 has also been shown to act as a microRNA precursor in
different tissues, serving both as TSG in prostate (Aakula et al., 2015; Fendler et al., 2011; Fort
et al., 2020), bladder (Nordentoft et al., 2012), breast (Tahiri et al., 2014), colon (Yu et al., 2011),
lung (Bi et al., 2014; Cao et al., 2013; Gao et al., 2011; Shen et al., 2018) and thyroid cancers
(Dettmer et al., 2014; Xiong et al., 2011) and as oncogene (OG) in renal (Yu et al., 2014),
colorectal (Schou et al.,, 2014) and esophagus cancer (Okumura et al., 2016) through the

repression of specific mMRNA transcripts in human cancer.

The VtRNAs transcription is controlled by promoter DNA methylation. Different lines of evidence
revealed that the epigenetic control of VtRNA2-1 is complex and owns clinical relevance in

several tissues solid tumors including breast, lung, colon, bladder, prostate, esophagus, hepatic



and stomach cancer (Cao et al., 2013; Fort et al., 2018; Lee et al., 2014a, 2014b; Romanelli et
al., 2014; Treppendahl et al., 2012; Yu et al., 2020). Intriguing aspects of the epigenetic
regulation of vtRNA2-1 locus comprise its dependence on the parental origin of the allele (Joo
et al., 2018; Paliwal et al., 2013), and its sensitivity to the periconceptional environment ((Silver
et al., 2015) and subsequent independent studies (van Dijk et al., 2018; Richmond et al., 2018)).
In addition, ViRNA1-3 promoter methylation was associated with significantly poor outcome in

lower risk myelodysplastic syndrome patients (Helbo et al., 2015).

Currently, transcriptomic sequencing is the benchmark technique to study global RNA
expression (Stark et al., 2019). Nonetheless, some classes of RNAs are elusive to the standard
transcriptomics due to their stable RNA structure and the presence of modified bases or ends,
which impair the cDNA synthesis and/or adapter ligation during the sequencing library
preparation (Sendler et al., 2011; Zheng et al., 2015). The vtRNAs belong to this group due to
their conserved stable stem/hairpin loop secondary structure. The latter, together with the lack
of sequencing of 40-200bp-long RNAs in the conventional transcriptomic studies, which are
mostly intended for small and long RNAs, probably delayed their study in comparison with other
regulatory RNAs. In fact, 50-300 nucleotides long RNAs are considered the black hole of RNA
biology (Boivin et al., 2018; Steitz, 2015). Nonetheless, since chromatin accessibility plays a
critical role in the regulation of gene expression, at some extent the transcription of an RNA can
be inferred from the chromatin status of its promoter (Corces et al., 2018; Duren et al., 2017; Liu
et al., 2018; Park et al., 2017b). Since mounting evidence has shown that vtRNAs expression is
tightly controlled by chromatin accessibility, dependent on nucleosome positioning and promoter
DNA methylation (Ahn et al., 2018; Fort et al., 2018; Helbo et al., 2015, 2017; Lee et al., 2014a,
2014b; Park et al., 2017a, 2017b; Sallustio et al., 2016; Treppendahl et al., 2012), the chromatin
structure is a suitable surrogate marker of vtRNA transcription and could be used as a proxy of

their expression.

The expression, regulation, and role of the four human vtRNAs in normal and disease conditions
are still poorly understood, and available knowledge indicates that they hold diverse tissue
specific activities. The availability of genomic data of large sets of human tissues provided by
The Cancer Genome Atlas (TCGA), allows the study of the human vtRNAs across 16 tissue
types and normal/cancer conditions. Here, we analyze vtiRNA genes chromatin of the TCGA



patient cohort withdrawn from two approaches: the assay for transposase-accessible chromatin
followed by NGS sequencing (ATAC-seq) to analyze chromatin accessibility (Buenrostro et al.,
2013, 2015; Corces et al., 2018; Thurman et al., 2012) and the lllumina Infinium Human
Methylation 450K BeadChip to analyze the CpG methylation of DNA (Moran et al., 2016). This
led us to determine the patterns of transcriptional regulation of the four human VvtRNAs
throughout cancer tissues. We also evaluate the association between vtRNA expression and the
patient clinical outcome in all the available cancer types. Finally, seeking for functional
discoveries, we analyze VvtRNA relations with immune subtypes and transcriptionally co-
regulated gene programs. Our study reveals specific patterns of expression for each viRNA that
support previous evidence and poses potential new roles and molecular programs in which they
may participate across and intra cancer types, increasing the comprehension of the role of the
human vtRNAs in health and disease.

Results

VtRNA genes have different chromatin accessibility at the promoter region.

The Cancer Genome Atlas consortium recently incorporated ATAC-seq data for tumor samples
of the GDC Pan-Cancer dataset (385 primary tumors samples across 23 cancer types (Corces
et al., 2018)). The ATAC-seq strategy is a genome-wide sequencing profiling approximation to
chromatin accessibility using the hyperactive Tn5 transposase that simultaneously cut and ligate
adapters preferentially to the accessible DNA regions. The counts of sequencing reads in a
particular genomic region provides a direct measurement of chromatin accessibility (Buenrostro
et al.,, 2015; Tsompana and Buck, 2014). For those gene promoters regulated by DNA
methylation, ATAC-seq is a more direct approximation to chromatin accessibility than promoter
CpG DNA methylation measurements because the latter is well correlated but not an exact
measurement of chromatin accessibility. Indeed, the effect of DNA methylation on chromatin
structure depends on the gene and the distribution of the methylation sites along it. It is also
important to mention that gene expression interpretations based solely on chromatin
accessibility are blind to post-transcriptional regulatory events such as processing, localization,

and stability of the RNA transcript. Nevertheless, since the chromatin status of the different



VIRNA promoters has been positively correlated with the abundance of their transcripts (Ahn et
al., 2018; Fort et al., 2018; Helbo et al., 2015; Lee et al., 2014a, 2014b; Park et al., 2017a, 2017b;
Sallustio et al., 2016; Treppendahl et al., 2012), ATAC-seq is likely a good surrogate of viRNA
expression. DNA CpG methylation data is available for 746 normal adjacent (across 23 tissues)
and 8403 primary tumors (across 32 tissues) tissue samples of the Pan-Cancer TCGA cohort
(Supplementary Table 1 and Supplementary Figure 1). The full data is listed in Supplementary
Table 1 and the tissue composition of the three datasets of the cohort, comprising tumor ATAC-
seq, normal and tumor DNA methylation, is shown in Supplementary Figure 1. The DNA
methylation data has 9 more tissue types and a higher number of samples than the others, while
the abundance of some tissues is skewed to twice enrichment in 1-4 specific dataset specific

tissue types.

Although several reports demonstrated that the DNA methylation of vtRNA promoters is well
correlated to VtRNA transcript expression in various tissues (Ahn et al., 2018; Fort et al., 2018;
Helbo et al., 2015, 2017; Lee et al., 2014a, 2014b; Park et al., 2017b; Sallustio et al., 2016;
Treppendahl et al., 2012), the association between the DNA methylation and chromatin

accessibility at their promoters was not previously investigated.
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Figure 1. Genomic view of human vtRNA genes epigenetic features. Genomic view of 1.5 kb region of human
VIRNA genes in UCSC Genome browser (GRCh37/hg19) centered at the 500bp bin highlighted in yellow, which
was used for ATAC-seq and CpG methylation analyses. VtRNAs of locus 1 (vtRNA1-1, vtRNA1-2, viRNA1-3) and
of locus 2 (VtRNA2-1) clusters are in the sense and antisense orientation respectively. Several Gene annotation
and ENCODE Project tracks for seven cell lines (GM12878, H1-hESC, HSMM, HUVEC, K562, NHEK, NHL) are



displayed: DNA accessibility (DNasel hypersensitivity clusters (color intensity is proportional to the maximum signal
strength)), DNA methylation (CpG islands length greater than 200 bp), histone modification (H3K27Ac, H3K4mel,
H3K4me3 marks), conservation of the region in 100 Vertebrates (log-odds Phylop scores). The vertical viewing
range of the tracks displays the default settings of the browser for each variable.

To assess the expression of viRNAs in cancer tissues, we analyzed a 500 bp region, containing
the full viRNA genes, the proximal promoter region and the RNA polymerase |l A and B box
elements located downstream of the transcription start site (TSS) (Figure 1). Indeed, Vilalta et.
al.,, 1994 demonstrated that the deletion of the 300bp 5’-flanking region of the rat viRNA
transcript largely reduced its transcription greater than 30-fold (Vilalta et al., 1994). As depicted
in Figure 1, this region bears epigenetic marks of transcriptionally active chromatin (Li et al.,
2007), including histone H3K27ac, H3K4mel, H3K4me3 at the promoters and DNasel
hypersensitivity clusters around the TSS in the cell types compiled by UCSC browser (Goldman
et al., 2013). Interestingly, viRNA2-1 is the only viRNA immersed in a CpG island and viRNA1-
1 displays the strongest epigenetic marks of transcriptional activity (Figure 1). The analysis of
the ATAC-seq values of this 500 bp region of all the TCGA primary tumors reveals that the four
human vtRNAs have different levels of chromatin accessibility (Figure 2A). Moreover, the
average DNA methylation of the promoters (Figure 2B) in primary tumor samples supports this
finding (32 tissues, Supplementary Figure 1 and Supplementary Table 1). VtIRNA1-1 promoter
has the highest chromatin accessibility and the lowest DNA methylation, showing the smallest
dispersion of values among the samples (Ave. 4.1, 0.6 SD) relative to the other three viRNAs.
Meanwhile, viRNA1-2 (Ave. 2.9, 1.6 SD), vtRNA1-3 (Ave. 1.7, 1.2 SD) and vtRNA2-1 (Ave. 2.5,
1.4 SD) have broader ranges of ATAC-seq and DNA methylation values (Figure 2, Table 1,
Supplementary Table 1 and Supplementary Figure 1). A comparison among the vtRNAs shows
that the average chromatin accessibility of their promoters is inversely proportional to their
average DNA methylation (Table 1 and Figure 2) (relative ATAC-seq values are viRNA1-1 (4.1)
> ViRNA1-2 (2.9) > vtRNA2-1 (2.5) and accordingly, relative DNA methylation are viRNA1-1
(0.09) < viRNA1-2 (0.4) < vtRNA2-1 (0.5)). Yet viRNA1-3 average low chromatin accessibility is
not accompanied by a comparatively denser promoter methylation (values 1.7 and 0.22
respectively). Nevertheless, the intra-sample correlation between the ATAC-seq and DNA
methylation for the VvtRNAs is between -0.24 and -0.78 (see rs-values in Table 1 and
Supplementary Figure 2), suggesting that regardless of the relatively smaller average effect of

DNA methylation on vtRNA1-3 promoter accessibility, all the viRNAs are regulated by DNA



methylation to some extent (Table 1). In addition, the CpG DNA methylation negatively
correlates with ATAC-seq values in the 500bp of the promoters of the four viRNAs (Table 1 and
Supplementary Figure 2). The strength of the correlation for each vtiRNA is higher for the two
VIRNAS that have a broader spectrum of DNA methylation, i.e. iRNA1-2 and vtRNA2-1 (rs = -
0.74 and rs = -0.78 respectively) (Table 1 and Supplementary Figure 2B and 2D). Meanwhile,
VtIRNA1-1 and vtRNA1-3 promoters, which have narrower range of DNA methylation (vtRNA1-1
has also a small range of chromatin accessibility) present a smaller association between both
values (rs = -0.24 and rs = -0.54 respectively) (Table 1 and Supplementary Figure 2A and 2C).
Technical differences in ATAC-seq and DNA methylation array approaches, as well as naturally
occurring non-linear correlation between average DNA methylation and chromatin structure may
account for these differences (Corces et al., 2018; Liu et al., 2018). The low ATAC-seq value of
the VtRNA3-1P pseudogene (Ave. -1.2, 0.6 SD), represents a proof of concept of the analyses
(Supplementary Figure 3 and Supplementary Table 1).

Table 1. Correlation between vtRNA promoters ATAC-seq and DNA methylation in the Pan-Cancer TCGA

dataset.
e
VtRNA Promoter ATAC-seq Promoter DNA methylation Rs p-value
vtRNA1-1 4.1+0.6 0.09 £ 0.07 -0.24 <0.0001
vtRNA1-2 29+1.6 0.42+0.20 -0.74 <0.0001
vtRNA1-3 1.7+£1.2 0.22 £0.15 -0.54 <0.0001
vtRNA2-1 25+14 0.47+0.21 -0.78 <0.0001

The Spearman correlation was calculated for the 329 primary tumors studied by ATAC-seq and DNA methylation.
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Figure 2. Chromatin accessibility and DNA methylation of the viRNA promoters. Analysis of viRNA 500pb
promoter region of A. Average chromatin accessibility ATAC-seq values for the 385 primary tumors available at the
Pan-Cancer TCGA dataset (23 tissues types) and B. Average DNA methylation beta-values for the 8403 primary
tumors (32 tissues types). Dashed horizontal lines denote unmethylated (bottom gray, average beta-value < 0.2),
50% methylated (middle red, average beta-value = 0.5) and highly methylated (top gray, average beta-value = 0.8)
promoter. The box plots show the median and the lower and upper quartile, and the whiskers the 2.5 and 97.5
percentile of the distribution.

Chromatin accessibility, DNA methylation and transcription factor binding at the four

VtRNA promoters are correlated.

Aiming to investigate a possible co-regulation of viRNA transcription, we determined the pairwise
correlations in chromatin accessibility and DNA methylation between the four viRNA promoters.
We found that all pairs of viRNAs, except viRNA1-2 and viRNA2-1, shown positive correlations
in both datasets (Figure 3A and 3B) (rs-values 0.23-0.41 for ATAC-seq and rs-values 0.20-0.50
for DNA methylation). The unsupervised clustering of these epigenetic marks indicates that the
three VtRNAs clustered at viRNAL locus (VtRNA1-1, viRNA1-2 and vtRNA1-3), which are the

vault particle associated viRNAs, are more similar than vtRNA2-1 (Figure 3A and 3B).
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Figure 3. Comparative chromatin accessibility and transcription factor occupancy at the vtRNA loci. A-B
Matrix of pairwise Spearman correlations (two-way hierarchical clustering distance measured by Euclidean and
Ward clustering algorithms) of vtRNA 500pb promoter region for ATAC-seq data (385 primary tumors samples
across 23 tissues) (A) and DNA methylation average beta-values data (8403 primary tumors samples across 32
tissues) (B). C. Venn diagram of transcription factors identified as ChlP-seq Peaks by ENCODE 3 project in the cell
line K562 (Venny 2.1; https://bioinfogp.cnb.csic.es/tools/venny/index.html). The region for TFs assignment was
defined as +3000 pb from the vtRNA transcript sequence boundaries. D. Interaction cluster of the core 23 TFs
common to all viRNAs performed with STRING (Szklarczyk et al., 2017). The colored labels of the top 3 enriched
KEGG pathway terms (FDR < 0.05) are indicated.
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Given that the chromatin accessibility of a DNA region is partially controlled by transcription and
chromatin remodeler's factors (Corces et al., 2018; Klemm et al., 2019), we analyzed
transcription factors (TFs) occupancy at a £ 3000 pb region centered at each viRNA gene. Since
there is no such study of the TCGA samples, we investigated the CHIP-seq data of the K562



chronic myelogenous leukemia cell line, which has the richest TFs data at ENCODE dataset
(Goldman et al., 2013). We observed that the 4 viRNAs share a common core of 23 TFs (26%).
The 3 members of the vtRNAL cluster share 16 additional TFs (18%), reaching 39 common TFs
(44%), while only 2-4 TFs with viRNA2-1 (Figure 3C and 3D and Supplementary Table 2). We
finally asked whether this common core of TFs is linked to a specific biological process. The
STRING enrichment analysis of the core of 23 TFs common to all viRNAs identified HTLV-I
infection (ATF1, ATF3, E2F1, EP300, NFATCS3, TBP), Hepatitis B (E2F1, EP300, NFATC3) and
Transcriptional misregulation in cancer (AFF1, ATF1, MAX) as the top 3 enriched KEGG
pathway terms (FDR < 0.05) (Figure 3C and Supplementary Table 2).

Taken together these findings indicate that the transcriptional activity of the viRNAs is gene
specific, being VtRNA1-1 the most accessible and possibly the most expressed. In addition, the
data suggest that the regulatory status of the vtRNA promoters is coordinately controlled, and
the three VtRNA1s are more co-regulated among themselves. Yet, the core of TFs shared by
the VtRNAS is associated with viral infection and cancer related terms in the myeloid cell line
K562.

The VvtRNA promoters present gene and tissue specific patterns of chromatin

accessibility in primary tumors.

In order to investigate the expression of viRNAs in different tissues we analyzed the Pan-Cancer
TCGA ATAC-seq data discriminating the tissue of origin. As expected, VtRNA1-1 has the highest
promoter chromatin accessibility among tissues and the smallest variation (Figure 4A,
Supplementary Table 1 and Supplementary Figure 1). Remarkably, low-grade glioma tumor
samples (LGG) show a global reduction in chromatin accessibility at the 4 viRNA promoters
(Figure 4A). An opposite pattern is seen in adrenocortical carcinoma tissue (ACC), where the
VtRNAs have the highest concerted chromatin accessibility (Figure 4A). Individually, vtRNAs
promoter accessibility is maximum and minimum in THCA (4.7) and LGG (3.3) for viRNA1-1,
ACC (4.2) and LGG (0.29) for vtRNA1-2, ACC (3.7) and LGG (0.24) for viRNA1-3 and KIRC
(4.2) and LGG (1.0) for vtRNA2-1 (Figure 4A). VtIRNA3-1P reaches a maximum of promoter
chromatin accessibility in Testicular Germ Cell Tumors (TGCT) (0.65) with an extremely low
average ATAC-seq value and its minimum in PRAD (-1.5) (Supplementary Figure 3C).
Remarkably, although VvtiRNA1-1 and VvtRNA1-3 have the highest and lowest promoter



accessibility in the majority of tissues respectively, VtRNA1-2 and vtRNA2-1 are the most
variable (vtRNA1-1 SD = 0.34, vtRNA1-2 SD = 1.4, viRNA1-3 SD = 0.75 and vtRNA2-1 SD =
0.78) (Figure 4A). In addition, in 12 tissues the chromatin accessibility of viRNA1-2 is higher
than viRNA2-1 (57%) whereas in 9 tissues the chromatin accessibility of viRNA1-2 is lower than

VIRNA2-1 (43%) (Figure 4A).
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Figure 4. Chromatin accessibility and DNA methylation of the vtRNA promoters in tumor and normal
tissues. A. ATAC-seq values for viRNA promoters in 21 primary tumor tissues. B. Average beta-values of promoter
DNA methylation for vtRNAs in 32 primary tumors tissues. C. Average beta-values of promoter DNA methylation
for viRNAs in 16 normal adjacent tissues. For A, B and C, the charts show the average value and standard deviation
of each vtRNAs for the tissues with at least five samples available at Pan-Cancer TCGA dataset.



Using the viRNAs promoter DNA methylation data, we extended the analysis to 32 primary tumor
tissues, incorporating nine more tissues than ATAC-seq samples (DLBC, KICH, OV, PAAD,
READ, SARC, THYM, UCS, UVM) (Figure 4B, Supplementary Figure 1) and 16 normal adjacent
tissues (Figure 4C, Supplementary Figure 1). Again, the DNA methylation profile mirrors the
chromatin accessibility in the individual tissue types (Figure 4). Remarkably, the association
between the average VtRNA promoter chromatin accessibility and DNA methylation of the
VIRNAL1 cluster in each tissue type is higher than that observed for the average of all tissues
(VtRNA1-1 rs =-0.28, vtRNA1-2 rs = -0.90 viRNA1-3 rs = -0.74 and vtRNA2-1 rs = -0.58) (Table
1 and Supplementary Figure 4). The opposite finding for viRNA2-1 may be explained by the
impact of the previously recognized chromatin polymorphisms in the locus (Silver et al., 2015),

which may prevail over the tissue specific variation for this gene.

In primary tumor tissues, promoter DNA methylation of viRNA2-1 is higher than vtRNA1-2 in 17
tissues (53%) and the opposite is observed in 15 tissues (47%) (Figure 4B), while in normal
tissues, promoter DNA methylation of vtRNA2-1 is higher than viRNA1-2 in 4 tissues (25%) and
the opposite is observed in 12 tissues (75%) (Figure 4C), indicating that although vtRNA1-2 is
more methylated in normal samples, VtRNA2-1 gains methylation in neoplastic tissue, becoming
more methylated than viRNA1-2 (in 7 tissue types: BLCA, BRCA, CHOL, HNCSC, LUAD, LUSC,
UCEC). Indeed, the Fisher's exact test identifies a mirrored profile of chromatin accessibility
between normal (4 tissues with high viRNA1-2 and 12 tissues with high viRNA2-1 from 16 total
tissues) and tumor tissues (17 tissues with high viRNA1-2 and 15 tissues with high viRNA2-1
from 32 total tissues) for viRNA1-2 and vtRNA2-1 (p-value = 0.07). Despite this deregulation in
transformed tissues, we wondered if the tissue specific differences in ViRNA promoters were
explained by their pre-existing status in the normal tissues. The correlation among average
VIRNA promoter DNA methylation in normal and tumor tissues suggest that the variation in
chromatin accessibility among tissue types is already established in the normal tissue
counterparts (VtRNA1-1 rs = 0.53, vtRNA1-2 rs = 0.84, viRNA1-3 rs = 0.47 and VtRNA2-1 rs =
0.75, Supplementary Figure 5).



VtRNA promoter’s DNA methylation is associated with tumor stage and tissue of origin.

The assessment of differential viRNA expression from normal to tumor condition at the TCGA
cohort can only be performed using DNA methylation dataset since no ATAC-seq analyses were
performed in the normal tissues. The average beta-value of CpG sites in the 500bp ViRNAs
promoter of normal and tumor tissue evidenced gene specific patterns of deregulation in
neoplastic tissues (Figure 5). As depicted in Figure 4, viRNA1-1 and viRNA1-3 promoter DNA
methylation and chromatin accessibility is low and high tissue-wide respectively, in both normal
and tumor tissues (yet, there are highly methylated tumor outliers as LGG, that lack normal
counterpart) (Figure 4 and Figures 5A and 5C). Conversely, ViRNA1-2 and vtRNA2-1 revealed
significant differences in average promoter DNA methylation among the tissue categories
(Figures 5B and 5D). In agreement with previous results the methylation of viRNA1-2 promoter
decreases from normal to tumor samples, while viRNA2-1"s increases (Figures 5B and 5D and
Figure 4).
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Figure 5. Promoter DNA methylation of vtRNAs in Normal and Tumor tissues of Pan-Cancer TCGA dataset.
Average beta-values of promoter DNA methylation of viRNA1-1 (A), vtRNA1-2 (B), viRNA1-3 (C) and viRNA2-1
(D), assessed in 746 normal and 8403 tumor tissues respectively. The box plots show the median line and lower
and upper quartile and the whiskers the 2.5 and 97.5 percentile. Horizontal grey striped and red dotted lines denote
unmethylated (average beta-value < 0.2), 50% methylated (average beta-value = 0.5) and highly methylated
(average beta-value = 0.8) promoters. One-way ANOVA multiple test analysis with Sidak as posthoc was
performed. **** p-value < 0.0001.

We next asked whether the promoter status of the viRNAs is deregulated during the normal and

tumor transformation of different tissue types. This comparison was restricted to the 16 tissues



with normal samples (with data of at least five samples, Supplementary Figure 1, Supplementary
Table 1 and Figure 6). The results revealed that viRNA1-1 is globally unmethylated in normal
and tumor from different tissue origins, but presents small but statistically significant changes in
4 tissue types (OG profile in BLCA, THCA UCEC and TSG in LUSC), whose biological impact
remains to be determined (Figure 6A). Similarly, viRNA1-3 is globally unmethylated, showing
larger variability and significant upregulation in BRCA and PRAD, compatible with a TSG
function (TSG trends for LIHC p-value = 0.08 and LUSC p-value = 0.09, Figure 6C). In
agreement with the literature, vtRNA2-1 presents a TSG pattern of deregulation in PRAD, LUSC
and BRCA (Cao et al., 2013; Fort et al., 2018; Romanelli et al., 2014), and an OG pattern in
KIRP that has not been previously described (Figure 6D). Finally, a statistically significant
dysregulation of viRNA1-2 promoter DNA methylation across almost all cancer types (13 out of
16 tissues analyzed) poses it as a candidate OG in cancer (Figure 6B).
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Figure 6. VtRNA promoters DNA methylation in Normal vs. Tumor samples. Average beta-values of promoter
DNA methylation for viRNA1-1 (A) vtRNA1-2 (B), viRNA1-3 (C) and vtRNA2-1 (D). Acronyms indicate the tissue
condition (normal (N) and tumor (T)). Blue and red colors indicate an increase or reduction in promoter methylation
in tumor vs their normal tissues counterparts, compatible with a TSG and OG function respectively. The box plots
show the median and the lower and upper quartile, and the whiskers the 2.5 and 97.5 percentile of the distribution.
Horizontal, lines denote the methylation level of the promoters: grey striped bottom and top for unmethylated
(average beta-value < 0.2) or highly methylated (average beta-value = 0.8) respectively, and red dotted for 50%
methylated (average beta-value = 0.5)) promoters. One-way ANOVA multiple test analysis with Sidak as posthoc
was performed. * p-value < 0.05; ** p-value < 0.01; **** p-value < 0.0001.

Overall, the data shows different DNA methylation changes in the vtRNAs promoters upon
malignant transformation in several tissues. In addition, the deregulation of each vtRNA occurs
mostly in a gene specific direction, where vtRNA1-2 has an OG like epigenetic de-repression
while ViRNA2-1 (and to a lesser extent vtRNA1-1, vtRNA1-3) has a TSG like repressive

methylation in tumor tissues.

High chromatin accessibility at the promoter of vtRNA1-1, vtiRNA1-3 and vtiRNA2-1 is

associated with low patient overall survival.

Seeking for a possible clinical significance of the chromatin accessibility changes of the viRNA
promoters, we studied its association with the overall survival of patients (Figure 7 and
Supplementary Table 3). The analysis of patients stratified by vtRNA promoter accessibility
quartiles did not show differences in overall survival (data available at Supplementary Table 3).
However, a significantly lower patient survival probability when patient tumors have lower
promoter DNA methylation is observed for vtRNA1-1 (p-value = 0.003), VtRNA1-2 (p-value =
0.004) and VvtRNA2-1 (p-value = 0.002) (patient stratified in quartiles of the promoter DNA
methylation cohort values, Figure 7). Therefore, a lower promoter DNA methylation of viRNA1-
1, vtRNA1-2 and viRNA2-1, a surrogate of their high expression, might be associated with poor

patient overall survival cancer-wide.
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Figure 7. Patient Overall survival relative to vtiRNA promoters DNA methylation status in Pan-Cancer TCGA
dataset. Kaplan-Meier curves of overall patient survival probability over the time (4000 days) discriminating the
primary tumors into two cohorts with relatively higher (75 and lower (25%") DNA methylation at each VtRNA
promoter. Promoter DNA methylation data of the 8060 primary tumors was used to stratify the patients in two
guartiles, based on the expression of viRNA1-1 (A) vtRNA1-2 (B), viRNA1-3 (C) and viRNA2-1 (D). Patient survival

probability of the two groups was analyzed using Log-rank (Mantel-Cox) test. The dotted lines represent the 95%
confidence interval for each curve.



Genome-wide chromatin accessibility correlations with vtRNA promoters reveals their

link to specific cancer related functions.

Seeking to get insight into the function of the vtRNAs from their transcription regulatory marks,
we searched for the genes co-regulated at chromatin level. We calculated the correlation of the
ATAC-seq promoter values of each vtRNA and all the individual genes in the 385 primary tumor
cohort and selected those showing a Spearman correlation rs = 0.4. Using STRING software
analysis, we then investigated their connection with Biological Process categories and KEGG
pathways (Szklarczyk et al., 2017). A few enriched terms for the genes correlated with viRNA1-
2, VIRNA1-3 and VtRNA2-1 is identified (FDR < 1x1073) (Supplementary Table 4). The 191
protein coding genes correlated with viRNA1-2 are enriched in the Biological Process “Epithelial
cell differentiation” (FDR < 1x104) (Supplementary Table 4). Meanwhile, the 353 protein coding
genes correlated with vtRNA2-1 are enriched in the Biological Processes “Immune system
process”, “Inflammatory response” and “Immune response” (FDR < 1x10®) and the KEGG
pathways term “Cytokine-cytokine receptor interaction” (FDR < 1x10-4) (Supplementary Table
4). The only 6 protein coding genes correlated with viRNA1-3 are enriched in the “Thyroid
cancer” KEGG pathway term (FDR < 1x104). Remarkably, although STRING analysis of the
VtRNA1-1 associated 37 protein coding genes did not find enriched process or pathways, 36 of
the 37 correlated genes are located at chromosome 5q region. Using the Cluster Locator
algorithm (Pazos Obregén et al., 2018), we found a statistically significant non-random clustering
behavior for the chromosomal location of the genes co-regulated with viRNA1-1 (p-value < 1x10-
10). Indeed, when the analysis was extended to 174 protein coding genes with Spearman
correlation rs = 0.3, 140 genes of 174 were situated at chromosome 5 (p-value < 1x10-10). These
genes are positioned in particular regions at chr5g31, chr5q35, chr5qg23, chr5ql4, chr5g32,
chr5g34 (FDR < 1x10%) (Kuleshov et al., 2016) (Supplementary Table 4). We did not find a
similar phenomenon for the other 3 vtRNAs. In summary, viRNA1-3, vtRNA1-2 and viRNA2-1
transcription may be co-regulated with genes belonging to specific biological processes located
elsewhere, while viRNA1-1 transcription may be controlled by a locally specialized chromatin

domain at chromosome 5q region lacking apparent functional relatedness.



Immune Subtypes associated with the vtRNAs profile.

Taking into account that viRNAs have been previously related to the immune response (Golec
et al., 2019; Li et al., 2015; Nandy et al., 2009), and that we found an association of viRNA2-1
with immune related terms, we sought to investigate a putative relation between the vtRNAs
expression and the six Immune Subtypes defined by Thorsson et al. (Thorsson et al., 2018),
compiled at Pan-Cancer TCGA (Supplementary Table 5). These six Immune Subtypes are
named because of the foremost immune characteristic, comprising wound healing, IFN-g
dominant, lymphocyte depleted, inflammatory, immunologically quiet and TGF-b dominant types
(Thorsson et al., 2018). As was expected, mirrored patterns were observed for promoter ATAC-
seq and DNA methylation data of the six groups (Figure 8). The immunologically quiet subtype
shows a concerted shutdown of all viRNA promoters (Figure 8), which is largely composed by
LGG samples showing low viRNA ATAC-seq and high promoter methylation average values in
LGG tumors (Figures 4A and 4B). The immunological quiet subtype exhibits the lowest leukocyte
fraction (very low Th17 and low Th2) and the highest macrophage:lymphocyte ratio (high M2
macrophages) (Thorsson et al., 2018). The remaining subtypes present a similar viRNA profile
except for the inversion of vtRNA1-2/vtRNA2-1 accessibility ratio, which is higher than 1 for the
wound healing and IFN-g dominant subtypes while is lower than 1 for the lymphocyte depleted
and inflammatory subtypes (Figure 8A). As expected, a mirrored pattern was observed for
VtIRNA1-2 and viRNA2-1 at DNA methylation data (Figure 8B). Since the wound healing and
IFN-g dominant subtype have high proliferation rate opposite to the lymphocyte depleted and
inflammatory subtypes (Thorsson et al., 2018), we evaluated the correlation between vtRNA1-2
and vtRNA2-1 chromatin status and proliferation rate or wound healing status defined by
Thorsson et al. (Supplementary Table 5) (Thorsson et al., 2018). A negative correlation between
VtRNA1-2 promoter DNA methylation and the proliferation rate (rs = -0.44) and wound healing
features of the tumors is revealed (rs = -0.48) (Supplementary Table 5). These findings suggest

that VtRNA transcriptional regulation may be associated with tumor immunity.
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Figure 8. Chromatin accessibility and DNA methylation of vtRNA promoters in the Six Immune Subtypes
analyzed in the PANCAN TCGA dataset. A. ATAC-seq values expressed as log2 normalized values for viRNA
promoters grouped in six Immune Subtype: wound healing (105 samples), IFN-g dominant (93 samples),
inflammatory (110 samples), lymphocyte depleted (43 samples), immunologically quiet (9 samples), TGF-b
dominant (4 samples). B. DNA methylation average beta-values for vtRNA promoters grouped in six Immune
Subtype: wound healing (1963 samples), IFN-g dominant (2137 samples), inflammatory (2126 samples),
lymphocyte depleted (933 samples), immunologically quiet (383 samples), TGF-b dominant (151 samples)
(Thorsson et al., 2018). The charts show the average and standard deviation for each vtRNA promoter in each
Immune Subtype group.

Discussion

Although important insight into the vtRNA function has been recently gained, the landscape of
VtRNA expression in human tissues and cancer was unknown, perhaps for the absence of viRNA

data in transcriptomic studies. Here we used ATAC-seq and methylation arrays data from the



Pan-Cancer TCGA consortium (Weinstein et al., 2013), as surrogate variables to uncover the
expression of viRNAs across multiple cancer types. A limitation of our study is its blindness to
post-transcriptional controls of VtRNA expression, such as RNA processing, transport,
localization and/or stability. Indeed, there is evidence of vtRNA transcript regulation via RNA
methylation by NSUN2, or via its association to other proteins like DUSP11, DIS3L2, SSB,
SRSF2 and DICER (Burke et al., 2016; Hussain et al., 2013; Kickhoefer et al., 2002; tabno et
al., 2016; Persson et al., 2009; Sajini et al., 2019). Nonetheless, the chromatin status of the
VIRNA promoters has been correlated with the expression of their transcripts in several reports
(Ahn et al., 2018; Fort et al., 2018; Helbo et al., 2015, 2017; Lee et al., 2014a, 2014b; Park et
al., 2017b; Sallustio et al., 2016; Treppendahl et al., 2012). These evidences unequivocally stand

for the use of chromatin structure as a suitable proxy for viRNA expression.

An integrated genomic view of the regulatory features of the viRNA genes compiled in UCSC
genome browser indicates that the 4 viRNAs have chromatin signs of active transcription in
different cell lines and defines a proximal promoter regulatory region of approximately 500pb
(Nikitina et al., 2011; Vilalta et al., 1994). High resolution chromatin accessibility mapping studies
by NOMe-Seq of the vtRNA promoters in cell lines validate this assumption (Helbo et al., 2017).
Particularly, viRNA2-1 is singular for being immersed in a CpG island, for lacking the TATA box,
DSE or PSE elements characteristic of the others viRNA promoters, and for bearing a cCAMP-
response (CRE) element (Canella et al., 2010; Helbo et al., 2017; Nandy et al., 2009). Since
ATAC-seq approach is currently the best high throughput method to determine the chromatin
accessibility of a DNA region directly (Chen et al., 2016; Sun et al., 2019; Tsompana and Buck,
2014), we interrogated the ATAC-seq data of TCGA samples as a surrogate marker of viRNA
expression (Corces et al., 2018). Although DNA methylation is a less direct and less accurate
measurement of chromatin accessibility compared to ATAC-seq, 25 times more TCGA samples
have been analyzed by DNA Methylation Arrays, including matched normal tissues samples,
thus this dataset is of great significance for the current study. Our analyses revealed that
VtIRNA1-1 has accessible chromatin and small variation in all the evaluated tissues, which is
consistent with its identity as the ancestor viRNA gene and its significance as the major RNA
component of the ubiquitous vault particle (Stadler et al., 2009; van Zon et al., 2001). In addition,
VtIRNA1-2, viRNA1-3 and vtRNA2-1, have lower chromatin accessibility at their promoters and



a larger variation among the samples. As expected, the average DNA methylation assessed by
microarrays is negatively correlated with the chromatin accessibility assessed by ATAC-seq.
Therefore, the landscape of viRNA chromatin status was corroborated by both approaches. Yet,
the low chromatin accessibility of vt(RNA1-3 promoter is not reflected by a concomitant high DNA
methylation, suggesting that additional regulatory features of this gene, acting in trans or cis,
play a major influence in its chromatin structure. As was reported by Helbo et. al. using NOMe-
seq assay (Nucleosome Positioning), the chromatin at viRNA1-3 may be poised for transcription,
and still require TFs to achieve physiological levels of transcription (Helbo et al., 2017).

The relative abundance of the 4 vtRNAs determined in the current study has been previously
observed in various cell lines, including H157, H1299, CRL2741, WI-38 and NTera-2 (Lee et al.,
2011), HSC CD34+, HL60 (Helbo et al., 2015), T24, colorectal RKO, human diploid fibroblasts
IMR90 (Helbo et al., 2017) and MCF7 (Chen et al., 2018). Yet, others found different levels of
the VtRNAs in MCF7, SW1573, GLC4, 8226, KB, SW620, MCF-7, HeLa, HEK-293 and L88/5
(van Zon et al.,, 2001), CBL, BL2 and BL41 (Nandy et al., 2009), EBV-negative Burkitt's
lymphoma cell lines and A549 (Li et al., 2015) and in LNCaP, PC3, DU145, RWPE-1, HEK, HelLa
and MCF-7 (Stadler et al., 2009) cell lines, suggesting that the expression of viRNAs may differ
in laboratory cell lines compared to tissues. Alternatively, the methods used to quantify the

VIRNAS are not comparable among the studies.

Seeking to investigate regulatory connections between the vtRNAs as a valuable tool to study
their function, we determine the pairwise correlations between the promoters of the viRNAs. The
positive correlations found are compatible with a coordinated transcriptional control of the
VIRNAs, that is greater for the three members of the vtRNAL1 cluster (specially viRNA1-1 and
VtRNA1-3). The exception is the pair viRNA1-2 and vtRNA2-1, whose chromatin accessibility
and promoter methylation are not linked in the cohort and are indeed negatively associated in

some comparisons.

As an alternative approach to investigate the vtRNA transcriptional co-regulation, we analyzed
transcription and chromatin remodeling factors associated with their proximal promoter region.

In agreement with their higher chromatin correlation, the viRNAL cluster have a larger core of



common TFs (39) in comparison with viRNA2-1 (23 TFs). The divergence of the transcriptional
control of tRNA2-1 was previously recognized given its unique regulatory elements and the
complex developmental methylation it undergoes (Canella et al., 2010; Carpenter et al., 2018;
Helbo et al., 2017; Nandy et al., 2009). Remarkably, the 23 TFs common to all vtRNAs are
related to viral infections and cancer. The upregulation of the four vtRNAs upon viral infection
has been reported for several viruses, so it is possible that this core of TFs participate in the
coordinated expression of viRNA during viral infection and related responses (Amort et al., 2015;
Li et al., 2015; Nandy et al., 2009). These TFs regulate cell cycle and translational arrest as well
as the inhibition of host innate immune response (Attar and Kurdistani, 2017; Ertosun et al.,
2016; Horsley and Pavlath, 2002; Jean et al., 2000; Persengiev and Green, 2003; Rohini et al.,
2018). Since these processes are also hallmarks of cancer, the dysregulation of the normal
function of vtRNAs in viral response may provide a selective advantage for cancer cell to
overcome the many sources of stress faced during neoplastic evolution. If that holds true, the
core VtRNA TFs may be co-opted in the malignant context to tune vtRNA expression favoring
tumor progression. In agreement with that hypothesis, ATF1 and ATF3 were associated with
CREB response and increased cell viability (Persengiev and Green, 2003). Likewise, Golec et.
al. 2019 showed that altered levels of viRNA2-1 modulate PKR activation and consequently
altered the levels of CREB phosphorylation during T cell activation, which is a prerequisite for
IFN-g activity (Golec et al., 2019). Furthermore, E2F1, a cell cycle regulator, was described as
a direct transcriptional regulator of viRNA2-1 in cervical cancer cells (Li et al., 2017). Moreover,
it was shown that MYC binding to VtRNA2-1 promoter raises its expression and could be the
explanation to the increased levels of vtRNA2-1 in some tumors (Park et al., 2017b). Similarly,
TGFB1 provokes the demethylation of VtRNA2-1 promoter and consequently increases its
expression in ovarian cancer (Ahn et al., 2018).

Due to its importance for cancer biology, vtRNA2-1 transcriptional regulation was recently more
investigated (Yeganeh and Hernandez, 2020). Various studies reported tissue specific roles of
VIRNA2-1 in normal (Golec et al., 2019; Lee et al., 2019a; Miflones-Moyano et al., 2013; Sallustio
et al., 2016; Suojalehto et al., 2014) and cancer tissue (Ahn et al., 2018; Fort et al., 2018; Hu et
al., 2017; Im et al., 2020; Jeon et al., 2012a; Kunkeaw et al., 2012; Lee et al., 2011, Lee, 2015;
Lee et al., 2016, 2014a, 2014b; Lei et al., 2017; Li et al., 2017; Ma et al., 2020; Treppendahl et



al., 2012) and epigenetic alterations of the locus have been described in different malignancies
(Ahn et al., 2018; Cao et al., 2013; Fort et al., 2018; Helbo et al., 2015, 2017; Joo et al., 2018;
Lee et al., 2014a, 2014b; Park et al., 2017b; Romanelli et al., 2014; Treppendahl et al., 2012).
Meanwhile, except for Kirsten Grgnbaek group’s contributions on the chromatin characterization
of ViRNA1-3 and vtRNA1-2 promoters (Helbo et al., 2015, 2017), little is known about the
transcriptional regulation and expression of the other vtRNAs. Likewise, to our knowledge, the
global landscape of viRNA expression across different cancer types has not been investigated.
Our study shows that, except for viRNA1-1, which has a high promoter chromatin accessibility
and low DNA methylation in all the tissues, the other vtRNA promoters exhibit different levels of
chromatin accessibility and DNA methylation among the tissue types. The relative status of the
chromatin in different tissues is accurately mirrored by both approaches in the tissues examined
by ATAC-seq and lllumina DNA methylation arrays. Interestingly, the same analysis performed
in the normal tissue samples reveals that the tissue specific variation in DNA methylation of
VtIRNA promoters in the neoplastic tissues is already established in their normal tissue
counterparts, indicating that the regulation of VtRNA expression is tuned during normal
development and cell differentiation.

While there is no apparent concerted modulation of the chromatin accessibility of the vtRNA
promoters in most tissues, ACC and LGG tumors seem to be the exception. Concordantly, a
global hypomethylation of malignant ACC tumors (Legendre et al., 2016; Rechache et al., 2012),
and an aberrantly methylation processes associated to altered DNMTs activity in LGG tumors
were reported (Nomura et al., 2019). However, more research is necessary to understand the

molecular basis of these observations.

The differential expression of the viRNAs from normal to primary tumor tissues revealed different
patterns depending on tissue origin. The average DNA methylation of the vtRNAl-1 and
VtIRNA1-3 promoters is not significantly deregulated, whereas viRNA1-2 and vtiRNA2-1 are
decreased and increased respectively in tumor tissues. The latter finding favors a candidate OG
and TSG function of viRNA1-2 and vtRNA2-1 in cancer respectively. Indeed, the epigenetic
repression of vtRNA2-1 was previously reported by Romanelli et al. in BLCA, BRCA, COAD and
LUSC analyzing the same data from TCGA (Romanelli et al., 2014). Furthermore, functional



studies in LUSC, PRAD, ESCA and AML provided experimental support to that hypothesis (Cao
et al., 2013; Fort et al., 2018; Lee et al., 2014a; Treppendahl et al., 2012). Yet, viRNA2-1 has
been also proposed as an OG in ovarian, thyroid, endometrial, cervical and renal cancer (Ahn
et al., 2018; Hu et al., 2017; Lee et al., 2016; Lei et al., 2017; Li et al., 2017; Yeganeh and
Hernandez, 2020). In agreement with the functional data found by Lei et. al. (Lei et al., 2017),
we found an epigenetic de-repression of ViRNA2-1 promoter DNA methylation in renal
carcinoma (KIRP). Likewise, a closer look at THCA samples, shows an average decrease in the
DNA methylation of vtRNA2-1 promoter that supports the OG function described in this tissue
(Lee et al.,, 2016). Unfortunately, normal ovarian, cervical and endometrial tissues are not
available at the TCGA. Finally, viRNA1-2 has an oncogenic pattern of inferred expression
between normal and tumor tissues for 13 of 16 tissues analyzed, raising a possible oncogenic
function for this RNA.

Our study found also an association of DNA methylation at the promoter with a shorter overall
survival for viRNA1-1, vtRNA1-2 and ViRNA2-1. This is surprising for viRNA2-1, since it has
both TSG and OG roles and TSG compatible expression profiles in 3 cancer types, inferred by
DNA methylation of its promoter in tumor vs normal tissues and the average promoter DNA
methylation is increased in tumor compared to normal tissue. A higher impact of vtRNA2-1
expression in patient survival in the oncogenic context may justify this discrepancy. On the
contrary, the association between vtRNA1-2 low promoter DNA methylation and low patient
survival is in agreement with its OG expression in cancer. The lack of survival association with

the ATAC-seq values may be due to the small number of patients.

VIRNA expression in individual cancer types, inferred from the epigenetic status of their
promoters, has been associated with patient survival in several studies of viRNA2-1, one of
VtRNA1-3 and none for viRNA1-1 or vtiRNA1-2. Low methylation or high expression of viRNA2-
1 promoter was associated with good prognosis or overall survival in lung (Cao et al., 2013),
esophageal (Lee et al., 2014a), prostate (Fort et al., 2018), AML (Treppendahl et al., 2012),
gastric (Lee et al., 2014b) and liver (Yu et al., 2020). Conversely, a worse prognosis or overall
survival association of viRNA2-1 was reported in thyroid (Lee et al., 2016) and ovarian (Ahn et

al., 2018). From these reports, only prostate (Fort et al., 2018) and gastric (Lee et al., 2014b)



studies used the TCGA data. Likewise, the methylation status of the VtRNA1-3 promoter
associates with overall survival in the lower risk Myelodysplastic Syndrome patients (Helbo et
al., 2015). Additionally, vtRNA1-1 and vtRNA1-2 correlate to chemotherapeutic resistance by
direct interaction with drugs (doxorubicin, etoposide and mitoxantrone) and the modulation of
VtIRNA1-1 confirmed this finding in osteosarcoma cell lines (Gopinath et al., 2005, 2010;
Mashima et al., 2008; van Zon et al., 2001). Furthermore, increased levels of viRNA1-1 were
associated with increased proliferation and chemoresistance due to GAGEG6 induction in MCF-
7 cells (Chen et al., 2018). Besides, Norbert Polacek group showed that viRNA1-1 expression
confers apoptosis resistance in several human cell lines (BL2, BL41, HS578T, HEK293, A549
and HelLa) and revealed it capacity to repressed intrinsic and extrinsic apoptosis pathway (Amort
et al., 2015; Bracher et al., 2020). The later findings are in agreement with the lower patient
survival associated with high levels of viRNA1-1 expression cancer-wide observed in our

analysis.

Seeking to get insights into the cancer related function of the vtRNAs we performed a genome
wide search for genes co-regulated at the level of promoter chromatin accessibility. Remarkably,
we identified immune and cytokine related terms for the genes co-regulated with viRNA2-1. This
association agrees with its proposed roles in innate immune modulation via PKR repression or
OASL1 regulation and in cytokine production (Calderon and Conn, 2018; Golec et al., 2019; Lee
et al., 2019b; Li et al., 2015). Furthermore, VtRNA2-1 has been associated with autoimmune
disorders (Renauer et al., 2015; Weeding and Sawalha, 2018) and tumor engraftment in prostate
cancer (Ma et al., 2020). This enrichment in viral infection pathways, together with the viral
infection involvement of the core TFs common to all viRNAs, reinforces the hypothesis of the re-
utilization of a regulatory RNA induced upon viral response in favor of cancer development at
upstream and downstream regulation steps. Additionally, we found a non-random clustering
localization at chromosome 5 for genes co-regulated with vtRNA1-1. The chromosome arm 5q
and regions chr5g31 and chr5932-933 were found frequently deleted in myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML) (Fuchs, 2012; Treppendahl et al., 2012).
Furthermore, the modulation of viRNA2-1 and vtRNA1-3 was previously associated with human
bone marrow CD34+ cells, AML and MDS (Helbo et al., 2015; Treppendahl et al., 2012). Yet,



our analysis points to viRNA2-1 and viRNA1-2, and to a lesser extent to viRNA1-1 and viRNA1-

3, as the most relevant players across cancer types.

Support for the involvement of the vtRNAs in the immune responses in the context of cancer
came from the association of their chromatin status with the immune subtype categories defined
by Thorsson et al. (Thorsson et al., 2018). Our findings suggest a possible role of the viRNASs in
lymphocyte response in tumor samples, since the immunologically quiet subtype shows the
lowest leukocyte fraction and vtRNAs promoter chromatin accessibility (Thorsson et al., 2018).
Meanwhile, the vtRNA2-1 and vtRNA1-2 expression distinguishes 2 groups among the
remaining 4 subtypes. The participation of vtRNA2-1 in the induction of the IFN-g and IL-2
expression in activated T cells through PKR modulation (Golec et al., 2019) goes in agreement
with this hypothesis. Although the same study demonstrated that viRNA1-1 expression was
unchanged during T cell activation, it is remarkable that the 59q31-q33 region, comprising the
VtRNAL locus and chromatin co-regulated genes, encodes several cytokines that regulate the
differentiation of Th1l and Th2 lymphocytes and has been linked with susceptibility to infections
(Jeronimo et al., 2007; Lacy et al., 2000; Naka et al., 2009; Rodrigues et al., 1999). Furthermore,
VtRNA2-1 levels were recently associated with macrophages M1/M2 fates in prostate PC3 cell
line mice xenografts via TGF-b (Ma et al., 2020), pathways that define the six immune subtypes
(Thorsson et al., 2018). Finally, we found that the proliferation rate and wound healing of the
tumors are associated with the levels of viRNA1-2 chromatin accessibility, which reinforces a
OG role of vtRNA1-2 in cancer. Nonetheless, the participation of the vtRNAs in immune cells

response inside the neoplastic niche needs to be further investigated.

Conclusion

Taken together our analysis reveals the pattern of chromatin accessibility and DNA methylation
at the four vtRNA promoters, analyzed by tissue of origin in the TCGA cohort. The agreement
between both dataset and previous related literature endorse the use of these variables as
surrogates of the vtRNA transcripts expression. The four viRNAs seem to be co-regulated at the
transcriptional level, and TFs involved in viral infection are likely to take part in their coordinated
transcription. The pattern of expression in normal vs tumor tissue and the association with cancer

cell pathways and patient survival suggest that viRNA2-1 and viRNA1-2 are possibly the more



relevant contributors to cancer. The results favor tissue specific TSG and OG roles for viRNA2-
1, a still not investigated oncogenic role of iRNA1-2 and a limited cancer driver effect of viRNA1-
1/3 in specific tissue types. Lastly, we uncovered new evidence linking the viRNAs with the
immune response, cell proliferation and overall survival in cancer, which guarantees further

investigation.

Materials and Methods.

ATAC-seq data

The ATAC-seq data obtained by The Cancer Genome Atlas (TCGA) consortium were retrieved
from UCSC Xena Browser (Goldman et al., 2020) on date 03/10/2018. It comprises the genomic
matrix TCGA_ATAC_peak Log2Counts_dedup_promoter with normalized count values for 404
samples (385 primary solid tumor samples across 23 tissues). As is described in UCSC Xena
Browser to calculate the average ATAC-seq values a prior count of 5 was added to the raw
counts, then put into a "counts per million", then log2 transformed, then quantile normalized; the
result is the average value in the file (log2(count+5)-gn values) across all technical replicates
and all biospecimens belonging to the same TCGA sample group. The gene promoter for ATAC-
seq is defined as a region within -1000 to +100bp from the TSS site. Assignment of promoter
peak to gene mapping information derives from the peak summit within the promoter region.
Peak location information of the ATAC-seq values for 500 bp gene promoter regions was
retrieved from the file TCGA_ATAC_Log2Counts_Matrix.180608.txt.gz. All the analyses were
performed for tissues with at least five primary tumor samples (21 tissues), which resulted in the
exclusion of CESC (2 primary tumor samples) and SKCM (4 primary tumor samples).
Correlations between ATAC-seq and DNA promoter methylation were performed for the 329

primary tumors that are studied by both strategies (Supplementary table 1).

DNA methylation data

The DNA methylation data obtained from The Cancer Genome Atlas (TCGA) consortium was
retrieved from UCSC Xena Browser (Goldman et al., 2020) on date 03/10/2018. It comprises the



normalized beta-value of DNA methylation obtained using Illlumina Infinium Human Methylation
450 BeadChip arrays of the total (9149 samples) normal adjacent tissues (746 samples across
23 tissues) and primary solid tumors (8403 samples across 32 tissues) of the Pan-Cancer TCGA
cohort. The current study is limited to solid tumors since only AML DNA methylation is available
at the TCGA. All the analysis was performed for tissues with at least five samples. Normal
adjacent tissue comprises 16 tissues, excluding CESC (2 samples), GBM (2 samples), PCPG
(3 samples), SARC (4 samples), SKCM (2 samples), STAD (2 samples) and THYM (2 samples).
Primary tumors comprise 32 tissues. The normalized promoter average beta-values (500 bp bin)
comprise the following CpG sites for VtRNA1-1: cgl2532653, cg05913451, cgl4633504,
cg16615348, cg25602765, cg13323902, cg18296956; for viRNA1-2: cg21161173, cg13303313,
cg00500100, cg05174942, cg25984996, cg11807153, cg15697852; for viRNA1-3: cg23910413,
cgl19065177, ¢g02053188, cg01063759, cg07379832, cg07741016; and for VtRNA2-1:
cgl16615357, cg08745965, cg00124993, cg26896946, cg25340688, cg26328633, cg06536614,
€gl18678645, cg04481923 (Supplementary table 1).

Immune Subtypes data.

The data of Immune Subtypes defined by Thorsson et al. (Thorsson et al., 2018) is available at
the Pan-Cancer TCGA and was retrieved from UCSC Xena Browser (Goldman et al., 2020) on
date 03/10/2018 and from the supplementary material of Thorsson et al. article (Thorsson et al.,
2018). ATAC-seq data of viRNA promoters for the six Immune Subtype comprised a total of 364
samples: wound healing (105 samples), IFN-g dominant (93 samples), inflammatory (110
samples), lymphocyte depleted (43 samples), immunologically quiet (9 samples), TGF-b
dominant (4 samples). DNA methylation average normalized beta-values of viRNA promoters
for the six Immune Subtype comprised 7693 samples including wound healing (1963 samples),
IFN-g dominant (2137 samples), inflammatory (2126 samples), lymphocyte depleted (933
samples), immunologically quiet (383 samples), TGF-b dominant (151 samples) (Supplementary
table 5).



Overall survival analysis.

The Kaplan Meier curve analysis was performed with software GraphPad Prism 6 using Log-
ranked Mantel-Cox test. We analyzed the ATAC-seq normalized values and DNA methylation
average normalized beta-values for viRNA promoters and survival data until 4000 days (99% of
data). The log-rank statistics was calculated for quartiles of vtRNAs promoter chromatin
accessibility comparison groups (25" and 75") (Supplementary Table 4).

Pathway enrichment and cluster chromosome localization analyses.

The genome wide correlation analysis of promoter chromatin accessibility (ATAC-seq
normalized values) for each viRNA in comparison with all the annotated genes was performed
using the genomic matrix TCGA_ATAC_ peak Log2Counts_dedup_promoter retrieved from
UCSC Xena Browser (385 primary tumor samples across 23 tissues) (Goldman et al., 2020) on
date 03/10/2018. The genes showing a Spearman correlation r > 0.4 were selected for pathway
and cluster location analysis. The pathway enrichment analysis was done using STRING
software for the Gene Ontology Biological Process and KEGG pathways categories (Szklarczyk
et al., 2017). The cluster localization analysis was performed with two approaches, the Cluster

Locator algorithm (Pazos Obregon et al., 2018) and the Enrichr software (Kuleshov et al., 2016).

Statistical Analysis.

Unless specified all the variables are expressed as average value * standard deviation (SD).
Statistical analyses were performed with one-way ANOVA for multiple comparison tests,
including Sidak’s Honest Significant Difference test as a post-hoc test, as referred in the legend
of the Figures. Spearman equations were applied to determine the correlations. All the analyses
were done in R software (version 3.6) using libraries ggcorrplot, corrplot, xIsx, heatmap.2
(clustering distance measured by Euclidean and Ward clustering algorithms) and software
GraphPad Prism 6. The statistical significance of the observed differences was expressed using
the p-value (* p < 0.05, ** p < 0.01, ** p < 0.001, *** p-value < 0.0001). Differences with a p-

value of < 0.05 were considered significant.



Supplementary Materials: Supplementary Tables and Figure Legends

Supplementary Figure 1. Data type and tissue sample distribution. Sample distribution per tissue type in the
ATAC-seq, DNA methylation, ATAC-seq & DNA methylation and Normal adjacent tissues sample groups. A.
Number of samples. B. Percentage of samples. The color reference, the number of samples of this tissue and the
accounted percentage are presented to each tissue. Names references: ACC (Adrenocortical carcinoma), BLCA
(Bladder Urothelial Carcinoma), BRCA (Breast invasive carcinoma), CESC (Cervical squamous cell carcinoma and
endocervical adenocarcinoma), CHOL (Cholangiocarcinoma), COAD (Colon adenocarcinoma), DLBC (Lymphoid
Neoplasm Diffuse Large B-cell Lymphoma), ESCA (Esophageal carcinoma), GBM (Glioblastoma multiforme),
HNSC (Head and Neck squamous cell carcinoma), KICH (Kidney Chromophobe), KIRC (Kidney renal clear cell
carcinoma), KIRP (Kidney renal papillary cell carcinoma), LGG (Brain Lower Grade Glioma), LIHC (Liver
hepatocellular carcinoma), LUAD (Lung adenocarcinoma), LUSC (Lung squamous cell carcinoma), MESO
(Mesothelioma), OV (Ovarian serous cystadenocarcinoma), PAAD (Pancreatic adenocarcinoma), PCPG
(Pheochromocytoma and Paraganglioma), PRAD (Prostate adenocarcinoma), READ (Rectum adenocarcinoma),
SARC (Sarcoma), SKCM (Skin Cutaneous Melanoma), STAD (Stomach adenocarcinoma), TGCT (Testicular Germ
Cell Tumors), THCA (Thyroid carcinoma), THYM (Thymoma), UCEC (Uterine Corpus Endometrial Carcinoma),
UCS (Uterine Carcinosarcoma) and UVM (Uveal Melanoma).

Supplementary Figure 2. Correlation between ATAC-seq values and promoter methylation values of vtRNAs
in Pan-Cancer TCGA dataset. A-D. The correlation was calculated between ATAC-seq data and DNA methylation
average normalized beta values data for viRNAs (ViRNAs1-1 (A), viRNA1-2 (B), viRNA1-3 (C) and viRNA2-1 (D)),
established in 329 primary tumors samples. The box plots show the median line and lower and upper quartile and
the whiskers the 2.5 and 97.5 percentile. Horizontal grey striped and red dotted lines are shown to denote
unmethylated (average beta-value < 0.2), 50% methylated (average beta-value = 0.5) and highly methylated
(average beta-value = 0.8). Spearman correlation value and the best-fit line (red line) with 95% confidence bands
(black dot lines) are shown.

Supplementary Figure 3. Genomic context of human vtRNA3-1P and the evaluated region of ATAC-seq.

A. Genomic view of the 1.5 kb region of human vtRNA3-1P gene in UCSC Genome browser (GRCh37/hgl19)
centered at the 500bp of the ATAC-seq. Highlighted in yellow is the 500 bp ATAC-seq region used in the posterior
analyses. The following Gene annotation and ENCODE Project tracks for seven cell lines (GM12878, H1-hESC,
HSMM, HUVEC, K562, NHEK, NHL) are displayed: DNA accessibility (DNasel hypersensitivity clusters (color
intensity is proportional to the maximum signal strength)), DNA methylation (CpG islands length greater than 200
bp), histone modification (H3K27Ac, H3K4mel, H3K4me3 marks), conservation of the region in 100 Vertebrates
(log-odds Phylop scores). The vertical viewing range of the tracks displays the default settings of the browser for
each variable. B. The assay for transposase-accessible chromatin using sequencing (ATAC-seq) values for viRNAs
in different tumors present in PANCAN TCGA dataset (385 tumors samples across 23 cancer types) expressed as
log2 normalized values. The box plots show the median and the lower and upper quartile, and the whiskers the 2.5
and 97.5 percentile of the distribution. C. The assay for transposase-accessible chromatin using sequencing (ATAC-
seq) values for vtiRNAs in 21 different tumors with at least 5 tumor samples present in Pan-Cancer TCGA dataset
(385 tumors samples) expressed as log2 normalized values. The chart shows the average and standard error for
each vtRNAs in each tumor.

Supplementary Figure 4. VtRNA promoter’s chromatin accessibility (ATAC-seq and DNA methylation)
average values for tumor tissues from Pan-Cancer TCGA dataset. The average vtRNA promoters ATAC-seq
and DNA methylation values for each primary tumor tissue type (21 tissues). VtIRNA1-1 (A), viRNA1-2 (B), viRNA1-



3 (C) and viRNA2-1 (D). The Spearman correlation between averages ATAC-seq and DNA methylation values was
calculated for each VtRNA. The chart shows the average and standard deviation for each tissue with at least five
samples available at Pan-Cancer TCGA.

Supplementary Figure 5. VtRNA promoter’s DNA methylation values for each normal and tumor tissues
from Pan-Cancer TCGA dataset. The average promoter DNA methylation beta-values of normal adjacent (Normal)
and all primary tumor (Tumor) tissues (16 tissue types) for viRNA1-1 (A), vtRNA1-2 (B), viRNA1-3 (C) and viRNA2-
1 (D) is shown. The Spearman correlation between tissue averages DNA methylation normalized beta values for
each vtRNA was calculated. The chart shows the average and standard deviation for each tissue with at least five
samples available at Pan-Cancer TCGA.

Supplementary Table 1. ATAC-seq and DNA methylation data for vtRNA promoters in primary tumors and
normal adjacent tissue samples. Excel spreadsheets: ATAC-seq_data_500bp: All ATAC-seq data of viRNAs
promoter (500bp) data for primary tumor samples; DNA_methylation_500bp: All DNA methylation data and ATAC-
seq data of VtRNAs promoter (500bp) data for total primary tumor and normal adjacent samples;
DNA_methylation_ NORMAL.: All DNA methylation data of viRNAs promoter (500bp) data for normal adjacent
samples; DNA_methylation_ TUMOR: All DNA methylation data of viRNAs promoter (500bp) data for primary tumor
samples; Normal_&_Tumor_matched: All DNA methylation data of viRNAs promoter (500bp) data for primary tumor
and normal adjacent samples.

Supplementary Table 2. VtRNAs Transcription Factors Binding and KEEG enriched terms. Excel
spreadsheets: Binding_Factors: Transcription factors identified in the cell line K562 as ChlP-seq Peaks by ENCODE
3 project; KEEG_terms: enriched KEGG pathway terms (FDR < 0.05).

Supplementary Table 3. DNA methylation, ATAC-seq data and associated survival data for primary tumors.
Excel spreadsheets: DNA-methylation_Survival_data: All DNA methylation data of viRNAs promoter (500bp) and
survival data for primary tumor samples; ATAC-seq_Survival_data: ATAC-seq data of viRNAs promoter (500bp)
and survival data for primary tumor samples.

Supplementary Table 4. Correlation of ATAC-seq values between viRNA and all genome promoters in
primary tumor samples. Excel spreadsheets: Spearman_correlation: Spearman correlation values of all promoter
genes and vtRNAs in primary tumors samples; viRNA1-1_cluster: Pathway enrichment and cluster chromosome
localization data of viRNA1-1; viRNA1-2_cluster: Pathway enrichment and cluster chromosome localization data of
VtRNAL-2; viRNA1-3_cluster: Pathway enrichment and cluster chromosome localization data of viRNA1-3; viRNA2-
1 cluster: Pathway enrichment and cluster chromosome localization data of viRNA2-1.

Supplementary Table 5. ATAC-seq and DNA methylation data for vtRNA promoters in primary tumors and
the associated Immune Subtypes data. Excel spreadsheets: DNA_methylation_data: All DNA methylation data
of VtRNAs promoter (500bp) and Immune Subtypes data for primary tumor samples;
DNA_methylation_Spearman_corr: Spearman correlation values of DNA methylation data of viRNAs promoter
(500bp) and Immune Subtypes data for primary tumor samples; ATAC-seq_data: All ATAC-seq data of viRNAs
promoter (500bp) and Immune Subtypes data for primary tumor samples; ATAC-seq_Spearman_corr: Spearman
correlation values of ATAC-seq data of viRNAs promoter (500bp) and Immune Subtypes data for primary tumor
samples.



Abbreviations:

VIRNA vault RNA

TCGA The Cancer Genome Atlas

ATAC-seq Assay for Transposase Accessible Chromatin with high-throughput sequencing
NoMe-seq Nucleosome Occupancy and Methylome sequencing

OG Oncogene

TSG Tumor Suppressor Gene

TCGA The Cancer Genome Atlas

TSS Transcription Start Site

Ave Average

SD Standard Deviation

ACC Adrenocortical carcinoma

BLCA Bladder Urothelial Carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma
CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and Neck squamous cell carcinoma
KICH Kidney Chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma
LGG Brain Lower Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

ov Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma
PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin Cutaneous Melanoma

STAD Stomach adenocarcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma



THYM Thymoma

UCEC Uterine Corpus Endometrial Carcinoma
UCSs Uterine Carcinosarcoma
UVvM Uveal Melanoma
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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CONCLUSIONES Y PERSPECTIVAS

l. CONCLUSIONES DE OBJETIVOS ESPECIFICOS.

En este trabajo buscamos aportar en la comprension del origen de la desregulacién de vtRNA2-1/nc886 vy sus

pequefios ARNs derivados, asi como explorar el efecto de la alteracion de sus niveles en la biologia del PrCa.

Respecto a las implicancias de la desregulacion de vtRNA2-1/nc886 en el origen y el mantenimiento del fenotipo

tumoral de préstata, Objetivo especifico 2.1:

Determinamos que vtRNA2-1/nc886 se expresa en la préstata y que el mismo se encuentra reprimido en muestras
de tejido tumoral respecto al tejido normal adyacente de prostactetomias radicales. Conjuntamente,
evidenciamos que la metilacion del promotor de vtRNA2-1/nc886 correlaciona negativamente con la expresion
del transcrito en las lineas celulares de préstata PrEc, DU145, RWPE-1, LNCaP y PC3. Incluso, observamos que el
tratamiento de lineas celulares de préstata (DU145, LNCaP, RWPE-1 y PC3) con agentes desmetilantes como 5-
aza-citidina, provoca el incremento de los niveles de expresion de vtRNA2-1/nc886. Ademas, evidenciamos que
los niveles de expresiéon de DNMT3B correlacionan positivamente con los niveles de metilacion del promotor de
VvtRNA2-1/nc886, e incluso con los cambios relativos del mismo en la transicién de tejido normal-tumor. La
extension del estudio de los niveles de metilacién del promotor de vtRNA2-1/nc886 a las grandes cohortes de
pacientes de PrCa, expuso que la metilacidn del promotor de viRNA2-1/nc886 incrementa en el tejido tumoral de
prostata respecto al tejido normal adyacente o benigno. En el mismo sentido, observamos que los niveles de
metilacion del promotor de vtRNA2-1/nc886 son alin mayores en muestras de metdastasis de préstata. Ademas,
los niveles de metilacion del promotor de vtRNA2-1/nc886 mostraron asociacidon con parametros clinicos de la
patologia; concretamente, establecimos que el incremento de los niveles de metilacion del promotor de vtRNA2-
1/nc886 se asocia con aumentos en los valores de estadificacion histoldgica de Gleason, los valores clinicos Ty
con la recurrencia de la enfermedad. El conjunto de estos resultados, nos permite decir que vtRNA2-1/nc886
posee un perfil de expresion de tipo TSG y que la metilacién de su promotor seria la etiologia molecular de su

represion en PrCa.

Adicionalmente, los ensayos funcionales de restitucion forzada de vtRNA2-1/nc886 en lineas celulares de PrCa

(DU145 y LNCaP), revelaron que su sobreexpresion reduce la capacidad invasiva y la viabilidad celular asociada
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con un enriquecimiento de células en la fase G2/M del ciclo celular. El ensayo in vivo de xenotransplante en seis
ratones inmunocomprometidos, confirmé los resultados in vitro, mostrando una reduccién del crecimiento
tumoral de las células que sobreexpresan vtRNA2-1/nc886 respecto al ARN control. Ademas, el impacto
proliferativo se relaciona con los tumores de los pacientes por la asociaciéon del aumento de los niveles de
metilacion del promotor de viRNA2-1/nc886 y el aumento de la expresidn de los genes de la firma de progresion
del ciclo celular (CCP) en las muestras de PRAD-TCGA. Llamativamente, no encontramos asociacion entre la
actividad inferida de vtRNA2-1/nc886 y la actividad inferida de PKR en muestras clinicas de PrCa de la misma
cohorte, lo que sugiere que vtRNA2-1/nc886 podria estar involucrado en la modulacion de vias ain no
identificadas en células prostaticas. El conjunto de los resultados, expone que vtRNA2-1/nc886 posee una
influencia negativa en la viabilidad celular in vitro e in vivo, asi como en la capacidad invasiva en células de

prostata, que podrian asociarse con genes asociados a la progresion del ciclo celular.

Respecto a las implicancias de la desregulacion de pequefios ARNs derivados de vtRNA2-1/nc886 y su posible

contribucidn en el origen y el mantenimiento del fenotipo tumoral de prdstata Objetivo especifico 2.2:

Determinamos que vtRNA2-1/nc886 produce pequefios ARNs derivados en células de préstata y que los mismos
poseen caracteristicas que los posicionan como pequefios ARNs no codificantes con funcidn tipo microARN. De
hecho, los andlisis de datos experimentales, indican que el procesamiento de los pequefios ARNs derivados de los
extremos 5" y 3" de vtRNA2-1/nc886, hsa-miR-886-5p/snc886-5p y hsa-miR-886-3p/snc886-3p, respectivamente,
son dependientes del procesamiento por DICER e independientes de DROSHA. Asimismo, evidenciamos que la
expresion de hsa-miR-886-3p/snc886-3p se correlaciona directamente con la de su precursor viRNA2-1/nc886 en
las lineas celulares y muestras de prostatectomias de una cohorte nacional. Por tanto, al igual que su precursor,
hsa-miR-886-3p/snc886-3p experimenta la represion de la expresion en la transicion carcinogénica en la préstata,
provocada por el incremento de la metilacion del promotor del gen. Asimismo, el andlisis de datos de
experimentos de inmunoprecipitacion, mostré la asociacion de hsa-miR-886-5p/snc886-5p y hsa-miR-886-
3p/snc886-3p con las proteinas Argonautas en la linea celular de prdstata de DU145. En particular, observamos
un enriquecimiento de hsa-miR-886-3p/snc886-3p en esta fraccion. Nuestros ensayos de microarreglos de
expresion génica diferencial modulando la expresién de hsa-miR-886-3p/snc886-3p en células de prostata,
revelaron que es capaz de reprimir la expresion de genes con sitios complementarios a su regidon semilla en el 3’-
UTR. Incluso, observamos que hsa-miR-886-3p/snc886-3p modularia genes relacionados con la via del ciclo celular
y apoptosis en la linea celular DU145. Complementariamente, evidenciamos que la restitucion de hsa-miR-886-
3p/snc886-3p utilizando mimics conduce a una reduccion de la viabilidad celular, alteracion del ciclo celular y un

aumento de la apoptosis temprana en lineas celulares modelo de PrCa (DU145, LNCaP y PC3). Adicionalmente,
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observamos que la expresion de una lista de posibles genes blanco de accidn directa de hsa-miR-886-3p/snc886-
3p, se asocia con peor sobrevida libre de enfermedad de PrCa. El conjunto de estos resultados permite hipotetizar
que hsa-miR-886-3p/snc886-3p deriva de vtRNA2-1/nc886 y que, al igual que su precursor, poseeria una funcidn
tipo TSG en células de prdstata al reducir la viabilidad celular e incrementar la apoptosis temprana. Hsa-miR-886-
3p/snc886-3p seria capaz de modular la expresion de genes que alterarian atributos tumorales, mediante su
funcién tipo microARN en células de prdstata, pudiendo contribuir en parte con el fenotipo TSG asociado a su
precursor. El mecanismo molecular de accién de la molécula precursora vtRNA2-1/nc886 ocurre probablemente

por otra via independiente.

Llamativamente, la extension de los andlisis de expresion al otro fragmento derivado del extremo 5” de vtRNA2-
1/nc886, hsa-miR-886-5p/snc886-5p, mostraron que éste posee una expresidon diferencial opuesta a la de su
precursor y a la de hsa-miR-886-3p/snc886-3p en tejidos de prostata. Incluso, la expresién aumentada de hsa-
miR-886-5p/snc886-5p en el tejido tumoral respecto al tejido normal adyacente de prdstata, se asocia con peores
valores clinicos de Gleason y patoldgicos Ny T. Esta relacion opuesta de expresion entre hsa-miR-886-5p/snc886-
5p y hsa-miR-886-3p/snc886-3p, se extiende al estudiar su expresion diferencial en datos de sRNA-seq de lineas
celulares primarias normales y de cancer disponibles en repositorios de datos transcriptomicos. El conjunto de
estos resultados, sugieren que hsa-miR-886-5p/snc886-5p posee un perfil OG en el PrCa, que es inverso al de su
precursor vtRNA2-1/nc886 y el pequefio ARN derivado del otro extremo, hsa-miR-886-3p/snc886-3p. Esto sugiere
que VtRNA2-1/nc886 seria blanco de un procesamiento diferencial que cambia la preferencia de brazos “arm

switching”. Estas hipotesis deberan ser validadas experimentalmente.

Respecto a la evaluacién del perfil de expresidn global de viRNA2-1/nc886 y su posible asociacidn funcional con

los vtRNAs candnicos en el cancer Objetivo especifico 2.3:

Confirmamos que los niveles de metilacién del promotor de los vtRNAs representan una buena aproximacién a
los niveles de accesibilidad de la cromatina determinados por ATAC-seq en el set de datos publicos de Pan-Cancer
del TCGA. Igualmente, confirmamos que los vtRNAs presentan niveles de accesibilidad de cromatina diferencial
entre siy entre los diferentes tejidos. De hecho, observamos que los viRNAs del cldster viRNA1 poseen una mayor
coordinacion de la accesibilidad de la cromatina y una mayor coincidencia en la ocupacion por factores de
transcripcion en comparacion con viRNA2-1/nc886. El viRNA1-1, y en menor medida el vtRNA1-3, presentan un
estado de accesibilidad a la cromatina ubicua y constante en los diferentes tejidos evaluados y en los estadios
tumoral y normal adyacente. Esto coincide con la denominacién en la literatura de vtRNA1-1 como el vtRNA
ubicuo y con mayor asociacion a la particula vault. En concordancia, nuestros analisis sugieren que los patrones

de metilacion de los vtRNAs se establecen durante el desarrollo y divergen durante la diferenciacidn tisular, de
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modo que la mayor parte de las diferencias entre tumores de diferente origen se deben a las diferencias
preexistentes en los tejidos normales. Por otro lado, observamos que vtRNA2-1/nc886 presenta un aumento del
nivel global de metilacion en el tejido tumoral respecto al tejido normal adyacente. Incluso observamos que
presenta un perfil de expresién TSG en tres tejidos y OG en un tejido, lo que sugiere una regulaciéon tejido
especifica. Llamativamente, vemos que vtRNA1-2 posee un perfil de metilacidn global que disminuye en el tejido
tumoral respecto al tejido normal adyacente. De hecho, observamos que posee un perfil OG en 13 de 16 tejidos
en TCGA. La evaluacidn de la asociacion de accesibilidad de la cromatina y la sobrevida de los pacientes reveld que
vtRNA1-1, vtRNA1-2 y vtRNA2-1/nc886 se encuentran globalmente asociados con peor sobrevida a mayores
niveles de accesibilidad de la cromatina de su promotor. Llamativamente, revelamos que vtRNA2-1/nc886 estaria
co-regulado con genes asociados con la respuesta inmune nativa o la inmunomodulacién y que vtRNA1-2 se
encuentra asociado con la proliferacion y el proceso de herida-cicatrizacién. De hecho, observamos asociacion
entre la accesibilidad de la cromatina de los vtRNAs con otros genes que terminan por sugerir que, en conjunto,

los VtRNAs podrian encontrarse relacionados globalmente con la respuesta inmune.

Il. CONCLUSION GENERAL

Globalmente observamos que los vtRNAs poseen perfiles de expresidn diferentes entre si y entre tejidos, lo que
sugiere que podrian tener funciones especificas. Confirmamos que el vtRNA1-1 se encontraria ubicuamente
expresado y que el viRNA2-1/nc886 seria el menos relacionado con los vtRNAs candnicos a nivel de coordinacion
de accesibilidad de cromatina de su promotor. Asimismo, expusimos que vtRNA2-1/nc886 y vtRNA1-2 poseen
perfiles de expresidn tejido especificos en cancer, en gran medida opuestos sugiriendo globalmente perfiles TSG
y OG respectivamente. Conjuntamente, los datos de expresidn y asociacion con otros genes, sugieren que los

vtRNAs podrian encontrarse relacionados con la respuesta inmune en cancer.

Especificamente en la préstata, confirmamos que el viRNA2-1/nc886 se expresa y que el mismo seria procesado
por DICER a pequefios ARNs no codificantes con funcidn tipo microARN, debido a que son capaces de asociarse a
las proteinas argonautas y reprimen transcritos con secuencias complementarias a su “seed”. Incluso,
evidenciamos que el aumento de la metilacidon de su promotor (represidén epigenética) durante la carcinogénesis
prostatica seria la etiologia de la desregulacion de vtRNA2-1/nc886 y hsa-miR-886-3p/snc886-3p. Conjuntamente,
mostramos el incremento de hsa-miR-886-5p/snc886-5p en el tejido tumoral de préstata, lo que sugiere que
VvtRNA2-1/nc886 sufriria el fendmeno de procesamiento diferencial de brazos o “arm switching”. La evaluacién de

muestras clinicas de PrCa reveld que la represidén de vtRNA2-1/nc886/hsa-miR-886-3p/snc886-3p y el aumento
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de hsa-miR-886-5p/snc886-5p, se asocian con peores valores clinicos de la enfermedad. Concordantemente, la
restitucion forzada de vtRNA2-1/nc886 y hsa-miR-886-3p/snc886-3p en lineas celulares de PrCa valida una funcidn
TSG para ambas moléculas, asociada a una reduccion de atributos tumorales, principalmente de la viabilidad
celular. En suma, planteamos que vtRNA2-1/nc886 ejerceria su funcidon en PrCa mediante su accién como ARN
completo, pudiendo contar con contribuciones adicionales producto de su procesamiento a dos sncARNs, uno
supresor de tumor (hsa-miR-886-3p/snc886-3p) y otro que seria oncogénico (hsa-miR-886-5p/snc886-5p),

guienes disminuyen y aumentan durante la carcinogénesis respectivamente.
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I1l. PERSPECTIVAS.

Los resultados obtenidos en la presente Tesis dan lugar a diferentes perspectivas, a continuacién, se destacan

algunas de ellas.

En el contexto del PrCa determinamos la funcion TSG de vtRNA2-1/nc886 mediante la restitucidon de su expresion
e incluso encontramos una asociacién con la firma de genes CCP (Cuzick et al., 2011). Sin embargo, no
encontramos asociacion con los genes determinados para el knockout de vtRNA2-1/nc886 en otros tejidos (Lee et
al., 2016, 2014a, 2014b), vinculados con la modulacién de PKR y no abordamos profundamente su asociacién con
un mecanismo molecular en concreto. Resultaria interesante determinar los niveles de expresidn/activacién de
proteinas o reporteros de vias moduladas por vtiRNA2-1/nc886 en otros tejidos, por ejemplo, NF-Kb, PKR y/o OAS1
(Calderon & Conn, 2018; Lee, 2015; Lee et al., 2019b). En particular, dada la probable funcién de vtRNA2-1/nc886
como modulador de la actividad proteina por interaccién directa con proteinas blanco, el analisis fosfo-
proteémico, asi como como el estudio de compafieros de unién directa podrian darnos una imagen completa de
efecto directo en el contexto celular. Esto nos permitiria confirmar o descartar su modulacidn en respuesta a los
cambios de expresion de viRNA2-1/nc886. En este sentido, debido a que se han definido multiples interactores,
vias y procesos celulares asociados a la modulacion de viRNA2-1/nc886 en la literatura, otra opcidn posible es
realizar una evaluacidn de la expresidn génica global alterando los niveles de vtRNA2-1/nc886. Este abordaje
Omico, permitiria una mirada global sin tener que enfocarse en ninguna hipétesis concreta. También podriamos
vincular los resultados funcionales obtenidos con aquellas vias o efectores moleculares que se relacionen mas
directamente con los efectos fenotipicos. Ademas, podriamos relacionarlos con los resultados de expresién génica
global obtenidos bajo la modulacidén de hsa-miR-886-3p/snc886-3p e intentar determinar aportes comunes e

independientes de vtRNA2-1/nc886 y hsa-miR-886-3p/snc886-3p en las células de préstata.

Por otro lado, considerando que vtRNA2-1/nc886 es reprimido durante la carcinogénesis prostatica, y de forma
alternativa a la estrategia utilizada de restitucion de vtRNA2-1/nc886 en células de PrCa, seria interesante reprimir
la expresién de vtRNA2-1/nc886 en células normales de prdstata. De hecho, esto permitiria abordar los posibles
efectos funcionales de vtRNA2-1/nc886 en el inicio de la transformacion maligna, asi como podria dar lugar a
efectos diferenciales debido a contextos celulares diferentes, revisado en Lee et al., 2015 y en Yeganeh &

Hernandez, 2020.

Otro aspecto a explorar, emerge de la observacién de que vtRNA2-1/nc886 posee la capacidad de alterar la
capacidad invasiva en células de prostata in vitro y disminuye en los tumores metastaticos. Por esto, seria

interesante extender el andlisis de la modulacién de hsa-miR-886-3p/snc886-3p a este fenotipo en el contexto in
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vivo en modelos de raton. Esto nos permitiria determinar si hsa-miR-886-3p/snc886-3p participa en este fenotipo,
incluso considerando que se ha reportado su participacién en este proceso en otros tejidos (Cao et al., 2013; Shen

et al., 2018; Xiong et al., 2011).

Por Ultimo, el hecho de que vtRNA2-1/nc886 forme parte de una firma epigenéticainmune, sumado a su presencia
en exosomas vy la sintesis de citoquinas, asi como antecedentes de la literatura, lleva a pensar que afecte el
secretoma celular, produciendo sefales que modifican el nicho tumoral, a nivel de las células inmunes, de la matriz
o la vasculatura o del estroma. Para investigar esta hipdtesis se podria primero evaluar si cambian los niveles de
citoquinas secretadas por las células que sobreexpresan o silencian vtRNA2-1/nc886 en cultivo utilizando
proteémica o microarreglos de proteinas secretadas, asi como ensayos de RT-qPCR o transcriptomas. En segundo
lugar, se podria también analizar el efecto del sobrenadante de células que sobreexpresan vtRNA2-1/nc886 sobre
otras células. La caracterizacion de los cambios provocados seria especifica para cada atributo y tipo celular

estudiado.

La evaluacion de los niveles de expresion de hsa-miR-886-5p/snc886-5p revelaron que este presenta un perfil OG
opuesto a su precursor y a hsa-miR-886-3p/snc886-3p en células de préstata. Esto estimula la realizacidén de una
caracterizacion funcional de hsa-miR-886-5p/snc886-5p en células de prdstata como la que hicimos para hsa-miR-
886-3p/snc886-3p. Un primer abordaje podria ser realizar ensayos funcionales para determinar si posee la
capacidad de modular la viabilidad celular, utilizando mimics de hsa-miR-886-5p/snc886-5p en células de prostata.
Fundamentalmente, esta perspectiva despierta gran interés debido a que en la literatura hsa-miR-886-5p/snc886-
5p ha sido reportado como OG en multiples tejidos (Dettmer et al., 2014; Khoshnevisan et al., 2015; Kong et al.,
2015; Li et al., 2011; Liu et al., 2013; Xiang et al., 2019; Xiao et al., 2012; Zhang et al., 2014). En gran medida, esta
perspectiva implica explorar una nueva hipétesis que plantea que el procesamiento de vtRNA2-1/nc886 a hsa-
miR-886s/snc886s durante la carcinogénesis experimenta un cambio de preferencia de brazos (fragmentos
derivados de los extremos 5’ y 3’ de la molécula) “arm switching”, que conllevaria a la disminucién del pequefio
ARN derivado del extremo 3’ (hsa-miR-886-3p/snc886-3p), al tiempo que provocaria un aumento del pequefio
ARN derivado del extremo 5’ (hsa-miR-886-5p/snc886-5p). Entonces, el aumento de expresidén de hsa-miR-886-
5p/snc886-5p con actividad OG en el tumor promoveria atributos pro-tumorales, efectivizando una contribucién
adicional en la carcinogénesis de préstata, que se suma a las ya reportadas por la pérdida en el tumor para vtRNA2-

1/nc886 y hsa-miR-886-3p/snc886-3p.

En conjunto, consideramos que vtRNA2-1/nc886 en conjunto con sus hsa-miR-886s/snc886s derivados podria

actuar globalmente en la carcinogénesis provocando tres impactos. Una aproximacion util para analizar si su
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efecto es aditivo o de otro tipo, seria modular la expresiéon de combinaciones de estas tres moléculas (ya sea

bloqueo o sobreexpresidn) y determinar el efecto funcional.

Respecto a la evaluacion de la accesibilidad de la cromatina de los vtRNAs en Pan-Cancer, seria sugestivo
determinar los niveles de expresién mediante RT-qPCR de los vtRNAs en una cohorte de muestras de tejido normal
y tumoral. Esto permitiria confirmar las diferencias globales determinadas mediante la accesibilidad de la
cromatina. Dado que revelamos a vtRNA1-2 como posible OG de efecto en muchos tipos de cancer, porque
observamos un marcado incremento de la accesibilidad de la cromatina en los tumores, seria especialmente
importante confirmar el perfil de expresidn tipo OG para vtRNA1-2, que no ha sido determinado y alentaria el

estudio de su posible efecto en la carcinogénesis.
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