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Resumen

Las enfermedades cardiovasculares constituyen la mayor causa de muerte a nivel
mundial, sin embargo la regulacion de los mecanismos post-transcripcionales vy el
papel de las proteinas de unidon a RNA (RBPs) en estas enfermedades continla siendo

un campo por descubrir.

Estudios recientes muestran que la expresion aberrante de RBPs puede afectar a
varios puntos del procesamiento del RNA, alterando la funcién de sus genes diana.
La RBP serine-arginine rich factor 4 (SRSF4) esta implicada en el desarrollo de
patologias neurolégicas y en cancer. Sin embargo, su papel en el corazéon es
completamente desconocido. Nuestros analisis ecocardiograficos mostraron que los
ratones con pérdida cardio-especifica de SRSF4 (SRSF4 KO) desarrollan hipertrofia
ventricular izquierda por un incremento del area de los cardiomiocitos, y disfuncion
diastdlica en edades mas avanzadas. Ademas, los ratones SRSF4 KO presentaron una
actividad electrofisioldgica alterada bajo condiciones de estrés cardiaco inducido por
isoproterenol, incluyendo una depresion después del QRS y un QT largo, indicando
un elevado riesgo de muerte subita. El andlisis por RNA-seq mostré cambios de
expresidon en un gran numero de RNAs largos no codificantes (IncRNAs), entre los
que se encontraba el INcCRNA-GASS5 (Growth Arrest Specific 5), el cual hemos
identificado como diana directa de SRSF4 en cardiomiocitos mediante individual
nucleotide-resolution Cross-Linking and ImmunoPrecipitation (iCLIP). GAS5 es un
inhibidor del receptor de glucocorticoides (GR), y su expresidon se encontraba
disminuida en los corazones SRSF4 KO. Consecuentemente, encontramos una
elevacidon de la actividad transcripcional del GR que conducia a un incremento de
marcadores de hipertrofia y del drea celular. Ademas la sobreexpresion de GAS5

reducia la hipertrofia de los cardiomiocitos.
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Summary

Cardiovascular diseases are the main cause of death worldwide, however the
regulation of post-transcriptional mechanisms, like alternative splicing and the role
of the RNA Binding Proteins (RBPs) during these diseases continues to be a field to

be discovered.

Emerging studies have shown that RBPs play critical roles in human biology and
pathogenesis. Aberrant expression of RBP genes affect various steps of RNA
processing, altering target gene function. Serine/arginine splicing factor 4 (SRSF4)
has been related with neuropathies and cancer. However, its role in the heart is
completely unknown. Echocardiographic analysis showed that cardio-specific
knockout mice for SRSF4 (SRSF4 KO) develop left ventricular hypertrophy and
present an increased cardiomyocyte area compared to controls. These mice also
showed increased expression of heart disease markers. Older mice also presented
diastolic dysfunction. Moreover, SRSF4 KO mice presented an altered
electrophysiological activity under cardiac stress induced by isoproterenol, with a
depression after the QRS and long QT interval, indicating an elevated risk of sudden
cardiac death. RNA-Seq analysis showed expression changes in several long non-
coding RNAs (IncRNAs), among which we found the IncRNA-GAS5 (Growth Arrest
Specific 5), which we have identified as a direct target for SRSF4 in cardiomyocytes
by individual nucleotide-resolution Cross-Linking and ImmunoPrecipitation (iCLIP).
GASS is a repressor of the glucocorticoid receptor (GR) and it was downregulated in
SRSF4 KO hearts. Consequently, we found an elevated transcriptional activity of GR
in cardiomyocytes which leads to an increase in hypertrophy markers and cell size.
Furthermore, we also found that the GASS5 overexpression in cardiomyocytes lacking

SRSF4 reduces cell hypertrophy.
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Clave de abreviaturas y siglas

AAV: Virus adenoasociado

ANF: Atrial natriuretic factor

AS: Splicing alternativo

BNP: Péptido natriurético B

CVDs: Enfermedades cardiovasculares

DCM: Cardiomiopatia dilatada

DEX: Dexametasona

EF: ejection fraction (del inglés, fraccién de eyeccion)

GASS5: Growth Arrest Specific 5

GAPDH: Deshidrogenasa glyceraldehido-3-fosfato

GR: Receptor de glucocorticoids

HCM: Miocardiopatia hipertrofica

iCLIP: individual nucleotide-resolution Cross-Linking and ImmunoPrecipitation
KO: Knockout

LncRNA: long non coding RNA (del ingles, RNA largo no codificante)
Luc: Luciferasa

LVAW(: pared anterior del ventriculo izquierdo en diastole

LVPWd: pared posterior del ventriculo izquierdo en diastole

MI: Infarto de miocardio

MYH7: cadena pesada de la miosina 7

ncRNA: non coding RNA (del inglés, RNA no codificante)

RBP: Proteina de union a RNA

RNA: Acido ribonucleico (del inglés, RiboNucleic Acid)

RRM: motivo de reconocimiento de RNA

SEM: standard error of the mean (del inglés, error estandar de la media)
SRSF: Factor de splicing rico en serina-arginina

TAC: transaortic constriction, del inglés.

VI: Ventriculo izquierdo
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Enfermedades Cardiovasculares

Las enfermedades cardiovasculares (ECV) representan la primera causa de
muerte en todo el mundo. Se estima que 17.7 millones de personas fallecieron en
2015 a causa de las enfermedades cardiovasculares, lo que representa el 31% de
muertes en todo el mundo?. Solo en Europa, las ECVs causan 3.9 millones de muertes
cada afio, constituyendo el 45% de las muertes europeas?. A pesar de que la
mortalidad asociada a ECVs ha disminuido, la incidencia de las mismas en los ultimos
25 afos se ha incrementado. Entre las ECVs, la insuficiencia cardiaca (IC) causa el
20% de todas las hospitalizaciones en pacientes de mas de 65 afios3. El infarto agudo
de miocardio (IAM) y la hipertrofia son dos de las principales causas de IC.

Corazdén normal Infarto de miocardio

Regién
del infarto

2.5mm

Figura 1. Infarto de miocardio. Tras el infarto, los cardiomiocitos muertos son reemplazados por una
cicatriz de matriz extracelular y el ventriculo izquierdo (VI) del corazdn se dilata. Tincidn de tricrémico

de Masson de corazones extraidos de ratones C57BL/6 pre y 28 dias post-infarto. VD, ventriculo derecho.
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El infarto se produce tras la oclusién de una arteria coronaria epicardica. Los
cardiomiocitos irrigados por dicha arteria mueren progresivamente debido a la falta
de oxigeno y nutrientes. Aunque la reperfusion de la arteria ocluida reduce la
extensién del infarto (y por consiguiente la mortalidad), la magnitud del dafio y el
area necrdtica son en la mayoria de los casos todavia considerables. Los
cardiomiocitos muertos son reemplazados por una cicatriz compuesta
mayoritariamente de matriz extracelular (Figura 1). Ademas de una ausencia de
contractilidad del miocardio necrosado, el miocardio remoto (no infartado) sufre un
remodelado progresivo consistente en hipertrofia y fibrosis difusa. Todo ello provoca
un deterioro progresivo de la funcién cardiaca post-infarto que desemboca en una

situacion de insuficiencia cardiaca.

Por otro lado, la hipertrofia ventricular izquierda se caracteriza por el
crecimiento en la masa del ventriculo izquierdo causado por un aumento en el tamafio
de los cardiomiocitos. Puede representar una adaptacion fisioldgica al ejercicio fisico
intenso, como en los atletas, o puede ser causada por una afeccion patoldgica, ya
sea genética o secundaria a la sobrecarga del ventriculo izquierdo. La hipertrofia
fisioldgica suele ser benigna y revierte tras la reduccion o cese de la actividad fisica.
La hipertrofia patoldgica es un fendmeno compensatorio, que eventualmente puede
descompensarse y evolucionar hacia una disfuncidon progresiva del ventriculo

izquierdo e insuficiencia cardiaca (Figura 2).

A pesar de avances significativos en la practica clinica, el prondstico de la
insuficiencia cardiaca continla siendo muy pobre. La identificacion de nuevos
mecanismos y dianas terapéuticas para su tratamiento y prevencion es por lo tanto
de gran importancia. Durante los ultimos afios se ha profundizado en el conocimiento
de los patrones de expresién génica durante el desarrollo de las enfermedades
cardiacas y de su regulacidn por rutas de sefalizacién intracelular, factores de
transcripcién y microRNAs*>. Por desgracia esta informacion es en gran medida
incompleta, ya que la regulacién de los mecanismos post-transcripcionales y el papel
de las proteinas de union a RNA (RBPs, por sus siglas en inglés) en las ECVs continta

siendo un campo por explorar.
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Corazon normal

Ventriculo

izquierdo

Hipertrofia e Hipertrofia
fisiologica - . patoldgica

r'd A

Figura 2. Hipertrofia Ventricular Izquierda. La
hipertrofia puede ser una condicién fisiolégica reversible,
0 una condiciéon patoldgica. En este ultimo caso puede
ser genética o secundaria a la sobrecarga del ventriculo
izquierdo. El remodelado del corazén que acontece por
un aumento de la presién produce una hipertrofia inicial
del mdsculo cardiaco para intentar compensar el
incremento de demanda contractil. Si este problema se
mantiene, el corazén comienza a sufrir un remodelado
que promueve la aparicion de fibrosis perivascular e
intersticial que impide la correcta contraccion del corazon

y su funcién, promoviendo su dilatacion.
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Proteinas de Unién a RNA

La importancia del estudio de proteinas de unién a RNA (RBPs) ha emergido
como resultado de su capacidad para regular la expresion génica a través de una
gran variedad de mecanismos post-transcripcionales. Son capaces de hacerlo por
presentar dominios de union a RNA. Esta unién se produce gracias al reconocimiento
de una secuencia especifica de nucledtidos y/o de motivos estructurales presentes
en el RNA®. De esta forma, las RBPs estan implicadas en varios aspectos del
metabolismo del RNA, como son el splicing constitutivo y alternativo o el transporte,

localizacién, estabilidad y traduccion de RNAs’.

Se estima que el genoma humano codifica para mas de 700 RBPs®. Debido a
la variedad de procesos que estas proteinas regulan durante la vida de los RNAs, su
ausencia o expresidon anormal puede tener un fuerte impacto en el mantenimiento de
la homeostasis celular. De hecho, se ha relacionado la pérdida de funciéon de un
numero significativo de RBPs con manifestaciones clinicas en varias enfermedades
humanas. La mayoria de ellas son enfermedades neurodegenerativas vy
neuromusculares, incluidas la enfermedad de Alzheimer, la demencia frontotemporal
o la esclerosis lateral amiotréfica (ELA)®1°, La alteracién de la expresion de RBPs es

también una caracteristica comun en varios tipos de cancer!l.

Ademas, aunque la implicacién de las RBPs en el correcto funcionamiento del
corazon no ha sido tan explorada como en otros campos, estudios recientes ponen
de manifiesto la implicacién de estas proteinas en diversas enfermedades
cardiovasculares!?. Un articulo reciente muestra como la pérdida de funcién de
RBM24 lleva a una progresiva cardiomiopatia dilatada (MCD), debido a cambios en el
splicing alternativo de genes relacionados con la funcion cardiaca3. También se ha
descrito que la alteracion en la expresién de RBM20 conduce al desarrollo de MCD
como consecuencia de cambios en el splicing de genes como la titina y otros genes
relacionados con la contraccién cardiaca'*. No solo en cardiomiopatia dilatada,
también hay estudios que muestran que la ausencia o alteracion de la expresién de
RBPs produce hipertrofia cardiaca, como es el caso de PCBP2. La expresidon de esta
RBP se encuentra disminuida en ratones con hipertrofia cardiaca. Se describe como

un factor anti-hipertréfico que actia mediante la inhibicién de la estabilidad del RNA
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mensajero (MRNA) de GPR56%. De forma similar, la expresion de RBFox1 también
se ve disminuida en corazones enfermos tanto de pacientes como de ratén. Este
estudio muestra la relacién de RBFox1 con el splicing alternativo de los miembros de
la familia de factores de trascripcién MEF2, el cual tiene un papel muy relevante en
el desarrollo de hipertrofia e insuficiencia cardiaca'®. De la misma manera, otro
estudio asocia la funcién de RBFox2 como regulador de splicing con insuficiencia
cardiaca en un modelo de hipertrofia inducido por constriccidén adrtical’. También, se
han descrito alteraciones electrofisioldgicas en el corazén asociadas a un mal
funcionamiento de los canales de sodio y potasio debido a un cambio en su regulacién
génica por parte de RBPs!&1°,

La familia SR de proteinas de uniéon a RNA

Una familia muy conservada de proteinas de unién a RNA es la familia de las
proteinas SR (del inglés, serine-arginine rich factors). Esta familia estd compuesta
por 12 miembros (SRSF1-12). Cada uno de ellos contiene uno o dos motivos de unién
a RNA en su region N-terminal, y por un dominio SR rico en serinas y argininas en su
extremo C-terminal. El dominio de unidn a RNA determina la especificidad de la unién
de las proteinas SR a sus respectivos RNAs diana?°, mientras que el dominio SR estd
principalmente involucrado en las interacciones con otras proteinas (Figura 3). El
estado de fosforilacién del dominio SR es importante para la funcidén de la proteina.
Sin embargo, también hay evidencias que indican que el dominio SR puede
interactuar con otros RNAs, y que el dominio de unién a RNA participa en

interacciones proteina-proteina?!.

Las proteinas SR fueron definidas originalmente como factores de splicing. El
splicing del RNA es el proceso por el cual los intrones son eliminados del pre-mRNA
inmaduro y los exones son unidos para crear el mMRNA maduro (Figura 4). El proceso
de splicing es llevado a cabo por un gran complejo ribonucleoproteico conocido como
spliceosoma, compuesto por mas de 100 proteinas y cinco RNAs nucleares pequefios,
que reconoce tres elementos presentes en todos los intrones: el sitio de splicing 5’

(que incluye los nucledtidos GU), el sitio 3’ (que incluye los nucledtidos AG vy la
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secuencia de polipirimidina) y la secuencia de ramificacién (BPS, por sus siglas en
inglés)?2. El splicing no es un proceso rigido. Muy a menudo ocurren variaciones en
la combinacién final de exones e intrones en el mMRNA maduro. Esta variacion es
debida al splicing alternativo (SA). Las SR no forman parte de la maquinaria de
splicing pero si tienen un importante papel durante su ensamblaje y activacién?!. Su
funcion es determinar los sitios de corte en el RNA mensajero, influyendo asi tanto
en el splicing constitutivo como en el alternativo. En este proceso, se ha visto que la
union de las proteinas SR estd enriquecida pero no limitada a los exones, ya que

también pueden regular el splicing uniéndose a secuencias en los intrones?324,

SRSF1 RRM  RRM2 | SR |

SRSF2 RRM \ SR .

SRSF3 RRM \ SR

SRSF4 RRM  RRM2 | SR )
SRSF5 RRM RRM2 \ SR
SRSF6 RRM  RRM2 | SR )
SRSF7 | RRM | z¢ [ SR

SRSF8 RRM ‘ SR |

SRSF9 RRM  RRM2 \K\

SRSF10 | RRM || SR

SRSF11 | RRM | SR "

SRSF12 | RRM || SR

Figura 3. La familia de proteinas SR. La familia estad formada por 12 proteinas. Cada uno posee uno
o0 dos dominios de uniéon a RNA (RRM) y un dominio SR de interaccién con otras proteinas. Ademas,
SRSF7 posee un dominio de dedo de zinc (ZnF).
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Figura 4. El Splicing Alternativo permite obtener a partir de un transcrito primario de mRNA o pre-

mRNA distintas isoformas de mRNA y proteinas, las cuales pueden tener funciones diferentes.

Se ha descrito previamente que la alteracidn del splicing alternativo contribuye
al desarrollo de un gran nimero de enfermedades humanas?>. Centrandonos en
cardiomiopatias, un estudio muestra que en la hipertrofia cardiaca inducida por
constriccion adrtica estan involucrados un gran numero de cambios de isoformas de
una misma proteina. Gran parte de estos cambios son comunes al programa de
regulacion de splicing fetal?®. Posteriormente, otro estudio predijo los factores que
podrian estar regulando los cambios de splicing que se estaban produciendo en un
modelo de hipertrofia cardiaca inducido por aumento de presién?’. Por otro lado

recientemente, en un estudio en pacientes con cardiomiopatia dilatada, se han
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detectado cambios de splicing en un gran numero de genes, 11 de ellos son genes
implicados directamente con esta patologia, y estan relacionados con la maquinaria
de contraccion de los cardiomiocitos?®. En otro estudio, Kong y sus colaboradores
demostraron por primera vez que el splicing alternativo estaba alterado en humanos
con insuficiencia cardiaca. Analizaron los cambios de splicing en muestras del
ventriculo izquierdo de pacientes con cardiomiopatia isquémica comparada con
muestras control. Los resultados mostraron cambios de splicing en varios genes
sarcomeéricos?®. Estos estudios muestran la desregulacion del splicing alternativo en
distintas patologias cardiacas. No esta claro si estos cambios tienen una contribucién
significativa en el desarrollo de la enfermedad y/o la progresidn hacia una

insuficiencia cardiaca.

Varios estudios han demostrado que las proteinas SR, ademas de en el
splicing, estan implicadas en la regulacion de muchos pasos del procesamiento de
los RNAs y de la transcripcién. Las SR estan principalmente localizadas en el nucleo
donde llevan a cabo su papel en el splicing, pero también pueden transportarse entre
el nucleo y el citoplasma para realizar otras funciones como ayudar al transporte,
estabilidad o traduccion de RNAs (Figura 5). La funcion de transporte es
imprescindible para poder trasladar los mRNAs desde el nucleo al citoplasma. Un
estudio demuestra como las proteinas SR estan implicadas en este proceso. La bajada
de la expresion de las proteinas SRSF1-7, produce la acumulacién de un nimero
significativo de mRNAs en el nucleo. Ademas se ha descrito la interaccién en mayor
o menor medida de determinadas proteinas SR con NXF1, que es un factor esencial

para el transporte de los mRNAs al citoplasma3°.

Se ha demostrado que las proteinas SR, ademas de unirse a las regiones
exonicas e intronicas pueden interaccionar con las secuencias 3 UTR (untranslated
region, del inglés) de sus RNAs diana para regular su estabilidad3!. Ademas las SR
pueden mediar la estabilidad de los RNAs mediante la regulacién de su degradacion.
El non-sense mediated decay (NMD) es un proceso de control por el cual los RNAs
aberrantes son degradados. Este mecanismo detecta unos codones de stop
prematuros (PTC, por sus siglas en inglés), generalmente generados por splicing

alternativo. Se determina si un codon de terminacidon es un PTC en funcidon de la
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presencia de un complejo de unidén exén-exoén (EJC, por sus siglas en inglés) después
del codo6n32. Se ha descrito la interaccidon de las proteinas SR con el EJC, lo que
refuerza la participacidn de las proteinas SR en el proceso de NMD33,

7
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Transcripcion (AAAA),
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Figura 5. Las proteinas SR desempeian miultiples funciones. Las proteinas SR intervienen en
multiples pasos del metabolismo de los RNAs, empezando por su transcripcion y procesamiento en el
nucleo y posterior transporte al citoplasma seguido de su traduccién o degradacién.
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Las proteinas SR también pueden unirse a la regién 5 UTR de los RNAs. Se ha
descrito que mediante esta interaccidn, la proteina SRSF3 puede inhibir la traduccion
de su RNA diana cambiando la localizacién celular del mismo, lo que produce un
descenso en la asociacion del mRNA con los ribosomas encargados de la traduccion34.
Ademas, las proteinas SR pueden regular la traduccién de forma opuesta,
promoviendo la entrada del mRNA en el ribosoma3°. Varios estudios describen
también el papel de algunas proteinas SR como activadoras de la transcripciéon3®. Por
tanto, queda claro que las proteinas SR no son solo factores de splicing, sino
proteinas multifuncionales que intervienen en diversas vias de regulacién génica

desde la transcripcién hasta la traduccion.

Las proteinas SR no solo se unen a distintas regiones de un RNA mensajero
sino que también se ha visto que interaccionan con varios tipos de RNAs, incluyendo
los RNAs no codificantes largos (IncRNAs) y microRNAs?!37, Aunque el papel funcional
de las proteinas SR en la biogénesis de los ncRNA es aun bastante desconocido, esta
interaccion expande la visidn de las proteinas SR como reguladores de la expresién

génica.

Proteinas SR implicadas en cardiopatias

La expresion en el miocardio de muchas RBPs cambia en insuficiencia cardiaca,
en humanos y en modelos de ratén. Esto, unido a la variedad de funciones que las
proteinas SR pueden desempeiiar en la regulacién del metabolismo del RNA, sugiere
que la bajada de expresion de estas proteinas en el corazén puede tener un papel
importante en el desarrollo de la enfermedad cardiaca. De hecho, la pérdida cardio-
especifica de SRSF2 en un modelo de raton, demostrada por primera vez por Ding y
sus colaboradores, conduce al desarrollo de cardiomiopatia dilatada (DCM) a las 5

semanas de vida38.

El mismo grupo demostré un afio mas tarde que la pérdida cardio-especifica
de otra proteina de la familia SR en un modelo de ratén, en este caso SRSF1, conducia
al desarrollo de cardiomiopatia dilatada 6 semanas después del nacimiento y a una

rapida progresion de la enfermedad, que finalmente produce la muerte del ratén a
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las 8 semanas debido a una insuficiencia cardiaca. Estos autores identificaron una
desregulaciéon del splicing en un conjunto de genes relacionados con la contraccién

cardiaca en este modelo3°.

Por otro lado, la pérdida generalizada de SRSF10 da lugar a la aparicion de
severos problemas en la formacién del corazén, lo que provoca que la mayoria de
embriones mueran alrededor del estadio embrionario E15.5. Esto es debido a un
defecto en el splicing de la triadina, el cual esta regulado por SRSF10, lo que reduce
sus niveles de expresion y finalmente produce un defecto en la liberacion del calcio

desde el reticulo endoplasmico durante la contraccion cardiaca®.

La proteina SRSF4

La proteina mas grande de la familia SR es SRSF4. Contiene dos dominios de
union a RNA en su extremo N-terminal encargados de determinar la especificidad de
la unién de la proteina al RNA. El dominio SR, en su extremo C-terminal, modula la
interaccion con otras proteinas. SRSF4 se encuentra principalmente localizado en el
nucleo, donde participa en el procesamiento del RNA mensajero, regulando su
splicing, pero al igual que otras proteinas SR puede moverse entre el nucleo y el
citoplasma para llevar a cabo sus funciones en el transporte, estabilidad y traduccidn
de los mRNAs*, Como otras proteinas de la misma familia, SRSF4 fue inicialmente
descrita como regulador de splicing. También puede interactuar con diferentes clases
de RNA, incluyendo ncRNAs, sugiriendo un papel multifuncional en la regulacién del
metabolismo del RNA3’.

Durante afios se penso que los intrones no codificantes se eliminaban antes de
terminar la transcripcién y la polyadenilacién de los mRNAs. Sin embargo, hay
estudios que han demostrado Ila existencia de intrones en transcritos
polyadenilados?*?, estos intrones fueron denominados intrones retenidos (DIs). Estos
pueden permanecer en el ndcleo con una vida media de aproximadamente 1 hora,
sin ser sensibles al punto de control del non-sense medited decay (NMD). En
condiciones normales, los transcritos con DIs permanecen en el nucleo. Cuando las

células son expuestas a condiciones de estrés, el splicing cambia para protegerlas y
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adaptarse a la nueva situacion. La traduccién de DIs no codificantes puede ser
activada o inhibida bajo condiciones de estrés celular. Se ha visto que SRSF4 participa
en el splicing de estos intrones retenidos*3.

Se sabe que SRSF4 estd asociado con la patologia de algunas enfermedades
neurodegenerativas llamadas tauopatias, como la enfermedad de Alzheimer o la
trisomia 21. SRSF4 regula el splicing del exén 10 del mRNA del gen tau, resultando
en un incremento de la isoforma anormal FTDD-17 de este gen**. Otro estudio
muestra que, SRSF4 puede interactuar con pinin, regulando su splicing, una proteina
predominante encargada de la adhesién celular en el epitelio de la cérnea*>.Ademas,
se ha descrito el papel de SRSF4 durante la diferenciacién neuronal en células P194,
También, hay estudios que muestran que SRSF4 participa en la patogénesis de la
leucemia mieloide aguda (AML) mediante la regulacién del splicing de la caspasa8+’.
De igual forma, mediante la regulacion del splicing alternativo de genes relacionados
con diferenciacién celular, se ha demostrado que SRSF4 esta asociado con la
proliferacién de las células progenitoras hematopoyéticas*.

Estos estudios muestran la relevancia de SRSF4 para el desarrollo neuronal, y
su relacion con diferentes patologias neuronales y cancer. Sin embargo, a diferencia
de otras proteinas SR, su funcion en el corazén aun no ha sido estudiada. Dado el
importante papel de las RBPs por su capacidad para regular la expresion génica a
través de una gran variedad de mecanismos post-transcripcionales, en esta tesis nos

planteamos estudiar el papel de la proteina SRSF4 en el corazon.
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Objetivos

1. Estudiar la expresion de SRSF4 en el corazén sano y en enfermedad cardiaca.
2. Caracterizar la funcion de SRSF4 en el corazén adulto.

3. Describir el mecanismo molecular de accion de SRSF4 en el corazon adulto.
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Materiales y métodos

Se aisld el RNA de células o tejidos usando el reactivo TRIzol (15596026,
Thermo Fisher Scientific). Para la sintesis de cDNA se usaron 100 ng de RNA total por
muestra con el kit de Applied Biosystems High Capacity cDNA Reverse Transcription
(4368814, Thermo Fisher) que usa cebadores seleccionados aleatoriamente para la
reaccion (random primers). Para la PCR cuantitativa (qQRT-PCR) se utilizd SYBR Green
(4367659, Thermo Fisher) y el cDNA se amplificd con los primers indicados en la
Tabla 1. Se usé el equipo de Applied Biosystems 7900 Fast real time PCR. Los
resultados se analizaron con el programa LinRegPCR*. Los valores se normalizaron
con GAPDH.

Los corazones fueron extraidos y fijados en 4% PFA (Paraformaldehido)/PBS
(137 mM NaCl, 10 mM NaxHPO4-2H;0, 2.7 mM KCI, 1.8 mM KH;PO4) durante 48
horas, lavados en etanol 70%, deshidratados e incluidos en parafina. Se cortaron en
secciones de 5 ym. El analisis histoldgico de los corazones se llevd a cabo mediante
tincion de tricromico de Masson. Para la inmunofluorescencia de corazones, los cortes
fueron desparafinados e incubados con aglutinina conjugada (W849, Thermo Fisher
Scientific) a una dilucion de 1:100. Posteriormente fueron permeabilizados con 0.3%
Tritdn X-100/PBS y bloqueados con solucidn de bloqueo que contenia 3% BSA
(albimina de suero bovino), 0.3% Tween20, 2% MgCl. y 5% de suero de cabra
diluido en PBS. Los cortes se incubaron durante la noche a 4°C con anti-troponina T
cardiaca (ab58544, Abcam) a una dilucién 1:200. Al dia siguiente, tras lavar con PBS,
se incubaron durante una hora a temperatura ambiente con el anticuerpo secundario
anti-rabbit Alexa 488 (A-11034, Thermo Fisher Scientific). Para Ila
inmunofluorescencia de cardiomiocitos neonatales, las células se sembraron en
cubres previamente tratados con fibronectina (F2006, Sigma-Aldrich), y fueron
fijados en 4% PFA (Paraformaldehido)/PBS (137 mM NaCl, 10 mM Na;HPO4-2H-0,
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2.7 mM KClI, 1.8 mM KH;PO4) durante 30 minutos. Posteriormente se bloquearon con
solucion de bloqueo. Los cristales fueron incubados con los mismos anticuerpos que
las inmunofluorescencias de los corazones. Tanto en los cortes de tejido como en
células asiladas se marcd el nucleo con DAPI (D1306, Thermo Fisher Scientific) y
finalmente se anadid medio de montaje Vectashield (H-1000, Vector Laboratories).

El area de los cardiomiocitos se midié usando el programa Image J.

Los ratones SRSF4 KO fueron originalmente generados en el Mouse Clinical
Institute - Institut Clinique de la Souris (France) (EMMA ID: EM: 07637). El cassette
de neomicina se elimind usando el sistema FLP-FRT para obtener una linea de ratén
SRSF4 floxeado con sitios LoxP flanqueando el exédn 2 de SRSF4. Esta linea se cruzé
con animales C57BL/6 para eliminar el cassette FLP y la linea SRSF4 resultante fue
cruzada con unos ratones transgénicos que expresan la recombinasa Cre bajo el
promotor cardio especifico Nkx2.5. La linea resultante fue mantenida en

heterocigosis. Los ratones SRSF4 floxeados fueron usados como controles.

Los experimentos se llevaron a cabo en ratones con edades comprendidas
entre los 2 y 14 meses. Los ratones se alojaron en una habitaciéon con un ciclo de luz
/ oscuridad de 12 h y acceso libre a agua y comida. Los animales fueron sacrificados
con camara de didxido de carbono. Todos los procedimientos fueron aprobados por
el comité del CNIC y el gobierno de la Comunidad de Madrid (PROEX 332-15).

El infarto de miocardio se llevé a cabo mediante la ligacién permanente de la
arteria coronaria descendiente izquierda. Para ello, los ratones fueron anestesiados
usando 3-3.5% de sevoflurano administrado con oxigeno al 100%, intubados y
mantenidos con ventilacién mecanica durante el procedimiento. La cirugia se realizd
rasurando el pelo del térax del animal, desinfectando la piel con etanol y realizando

un corte en el térax que permitiera la visualizaciéon de la arteria coronaria. Tras la
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ligacidon de dicha arteria con una sutura no reabsorbible, se procedié a suturar al
animal. Todos los animales recibieron una dosis de buprenorfrina (0.1 mg/kg) como
analgesia durante los dias posteriores al procedimiento.

La induccién de sobrecarga de presion se realizd mediante la ligadura de la
aorta. Los ratones fueron anestesiados usando 3-3.5% de sevofluorano administrado
con oxigeno al 100%, intubados y mantenidos con ventilacién mecanica durante el
procedimiento. Para la cirugia se rasurd el pelo de los animales, la piel se desinfectd
con etanol y se procedid a la realizacién de un corte en el torax que permitiese la
visualizacion de la aorta. Para la constriccion de la aorta se usd una sutura no
reabsorbible de polifilamento anudado alrededor de la aorta y una aguja roma de 27-
gauge. La ligadura se realiz6 en el cayado adrtico entre la arteria carétida y la arteria
innominada. Después de realizar la ligadura, la aguja de 27-gauge se retiré dejando
la aorta constrenida al didmetro de la aguja. Posteriormente, se procedié a la sutura
de las capas musculares y la piel para cerrar el térax del animal. Todos los animales
recibieron una dosis de buprenorfrina (0.1 mg/kg) como analgesia durante los dias

posteriores al procedimiento.

Para el estudio ecografico se adquirieron imagenes en modo M y en modo
bidimensional utilizando un ecégrafo de alta resolucidén con un transductor de 30 Mhz
(Vevo 2100, VisualSonics Inc., Canada). Los ratones fueron anestesiados con
isoflurano (Esteve Veterinaria, Proyma Ganadera S.L., Ciudad Real, Espafa) y
emplazados en una placa térmica ajustada a 38.3°C para mantener la temperatura
corporal en condiciones de normotermia. El isoflurano se administré con oxigeno al
100%, a través de una mascarilla nasal y utilizando inicialmente una concentracién
de isoflurano del 2% para la induccién, y del 1.5% para el mantenimiento. La
frecuencia cardiaca (FC) se monitorizd constantemente, utilizando 4 electrodos
conectados a la placa térmica. La concentracion de isoflurano administrado se ajusto
con el objetivo de mantener la FC en 450-550 latidos por minuto, para mantener al
raton en un plano superficial durante la adquisicién de las imagenes ecograficas. Tras

las ecografias los animales fueron mantenidos en una caja aislada iluminada con luz
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roja hasta que se despertaron, para asegurar su correcta recuperaciéon y el
mantenimiento de su temperatura corporal. El andlisis de las imagenes también se
hizo de forma ciega, utilizando la estacién de trabajo del equipo (Vevo 2100 analysis

software, VisualSonic, Toronto, Canada).

Los ECG se obtuvieron en ratones SRSF4 KO y control anestesiados con
isoflurano, utilizando cables de extremidades bipolares (cables I, II y III) y cables de
extremidades unipolares (cables aVR, aVL y aVF), durante 5 minutos en condiciones
basales (MP36R, BIOPAC Systems, Inc.). Posteriormente, se inyectd por via
intraperitoneal isoproterenol (16504, Sigma-Aldrich) (1,5 mg / kg), y se midid la
actividad eléctrica durante 15 minutos. Los ECG fueron analizados por un experto
ciego utilizando Acgknowledge 4.1.1 para MP36R (BIOPAC Systems, Inc.). Los
valores medios se calcularon a partir de 10 intervalos de tiempo y ondas de ECG

estandar consecutivos.

Para la secuenciacién del RNA (RNA-Seq), se extrajo RNA total de corazones
SRSF4 KO y control a 2 meses de edad. En el caso de SRSF10 se extrajo RNA total
de corazones infartados y sobreexpresantes del virus AAV9-SRSF10 o control, 28 dias
tras el infarto. La extraccidn se realizé con el kit de aislamiento de RNA de Qiagen
(74104, Qiagen), tratando las muestras con DNAsa. Se aislé RNA de 3 ratones para
cada condicidn. El proceso de secuenciacidn fue realizado por la Unidad de Gendmica
del CNIC. Las librerias se prepararon haciendo seleccion positiva por polyA y la
secuenciacion se llevé a cabo usando la plataforma Illumina-Hiseq y asegurando 15
millones de lecturas por muestra. El alineamiento de las lecturas fue realizado por la
Unidad de Bioinformatica del CNIC. Para ello, las lecturas se mapearon en el
transcriptoma de ratdn GRCm38 y se cuantificaron usando RSEM v1.2.3. El analisis

de expresidon diferencial se realizé usando el paquete edgeR Bioconductor. Se
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consideraron cambios significativos aquellos con un p valor ajustado <0.05. El

analisis de ontologia genética se realizé usando el recurso libre GOrilla.

La produccién y purificacion de los RNAs modificados (modRNA) se realizo
usando el kit de transcripcién MegaScript T7 (AM1334, Thermo Fisher Scientific). Para
evitar la activacién de la via de sefalizacion del interferén se incluyeron dos
nucledtidos modificados: 5-methyl-CTP y pseudo-UTP (N-1014 y N-1019, Trilink).
Estos nucledtidos producen un cambio en la estructura de la cadena de RNA que evita
su deteccidn por parte del sistema del interferén, a la vez que permite su traduccion
por el ribosoma®?>!, Asi mismo, se afiadidé un grupo CAP al inicio del transcrito durante
el proceso de transcripcion in vitro. No obstante, se ha descrito que este proceso sélo
es eficiente aproximadamente en un 60% de las moléculas, por lo que los transcritos
producidos requerian ser desfosforilados tras su purificacién. La desfosforilacion de
los RNA se realizé a 37°C durante 30 minutos en un bloque térmico usando fosfatasa
alcalina (M0289S, NEB). Tras la desfosforilacidn los transcritos fueron purificados con
el kit MEGAclear Transcription Clear-Up (AM1908, Thermo Fisher Scientific).

Cardiomiocitos neonatales de animales wild type C57BL/6 fueron aislados
como se describe previamente>2. Un total de 8 millones de cardiomiocitos neonatales
fueron sembrados en placas de 10 cm? Al dia siguiente, las células fueron
transfectadas con 15 pg de SRSF4-GFP modRNA usando 21 pul de Lipofectamina 2000
(11668027, Thermo Fisher Scientific). Tras 48 horas, las células fueron irradiadas
una vez con 100 mJ de luz UV (254 nm), y el protocolo del iCLIP se llevé a cabo como
se describié anteriormente®3. Brevemente, El RNA irradiado con luz UV fue digerido
con RNasal (Ambion) para producir fragmentos de 80-200 nucledtidos, y los
complejos RNA-proteina fueron inmunoprecipitados con Protein G Dynabeads anti-

GFP® (ThermoFisher Scientific). Los fragmentos de RNA fueron entonces ligados a
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un adaptador 3° de DNA pre-adenilado (IDT) y retrotranscritos usando unos primers-
RT barcoded y SuperscriptIlV (ThermoFisher Scientific). Tras la seleccién del tamanio,
los fragmentos de cDNA fueron circularizados usando CircLigaseTM (Epicentre) y
relinearizados con BamHI (NEB). Las librerias finales de cDNA que contenian
adaptadores en 5° y 3" fueron amplificadas usando AccuPrime (ThermoFisher
Scientific), y fueron secuenciadas en la maquina Illumina HiSeq2000 (single-end 75
nucleotide reads, 20 millones de reads por réplica). La secuenciacion fue llevada a
cabo en la Universidad de Dresden, Alemania. El alineamiento de las lecturas fue

realizado por la Unidad de Bioinformatica del CNIC, usando Bowtie (version 0.10.1).

La construccidon de la quimera SRSF4-GFP se realizé mediante la amplificacion
de SRSF4 y su insercién en pEGFP-N1. El clonaje de los cDNAs para la produccién de
RNA modificados se realizé segun el protocolo descrito por Pankaj K. Mandal y Derrik
Rossi®*. Brevemente, la region codificante de GFP o SRSF4-GFP fue fusionada a una
region 5'UTR que contenia un sitio de unién para la T7 polimerasa junto a una
secuencia Kozak, y a la regién 3’UTR de la alfa globina para favorecer unos altos
niveles de expresion. El cDNA de GASS5 se obtuvo de la empresa abm (ORF020064).

Las construcciones de los virus adeno-asociados (AAV) se realizaron clonando
SRSF4, tras el promotor de troponina T cardiaca en un vector que contiene las
secuencias ITR necesarias para el empaquetamiento del DNA dentro de la capsida
viral. A continuacién de SRSF4 se clond IRES-Luciferasa para que el DNA tuviera el
tamafio Optimo para su empaquetamiento. El virus contienen al final de las

secuencias codificantes el polyA de SV40.

Todas las amplificaciones por PCR se realizaron usando el kit de alta fidelidad
KAPA HiFi HotStart ReadyMixPCR kit (KR0370, Kapa Biosystems) y se clonaron en el
vector pGEM-T Easy (A1360, Promega) para proceder a su secuenciacién antes de

clonarlos en el vector final.
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Los cardiomiocitos neonatales fueron extraidos de ratones SRSF4 y control el
mismo dia del parto o un dia después segun el protocolo previamente descrito>?.
Brevemente, se extrajeron los corazones en el mismo dia del nacimiento de la cria
de raton o un dia después, se hicieron digestiones parciales con colagenasa Tipo 2
(LS004176, Worthington) y se fueron guardando las células extraidas en suero fetal
bovino hasta la completa digestion de los corazones. Se sembraron las células en
placas de 10 cm2 pretratadas con gelatina 1% y se mantuvieron en medio DMEM
suplementado con 20% medio 199, 15% suero fetal bovino, 15% HEPES (acido 4-
(2-hidroxietil)-1-piperazinaetanosulfénico) y 2 mM L-glutamina. Al dia siguiente las
células fueron tratadas con 100 uM dexametasona (DEX) (D4902, Sigma-Aldrich) o
DMSO (D2650, Sigma-Aldrich), durante 72 horas. Para los experimentos de
sobrexpresion de GASS5 las células fueron transfectadas con GAS5modRNA o el
modRNA control usando Lipofectamina 2000 (11668027, Thermo Fisher Scientific),
un dia después del tratamiento con DEX. Para los experimentos de estabilidad de
GASS5, las células fueron tratadas con 10 pg/mL actinomicina D (ActD) (A9415,
Sigma), comenzando 24 horas tras el aislamiento celular, y las células fueron

recogidas 0, 4, 8 y 14 horas tras el tratamiento.

Los cardiomiocitos neonatales fueron aislados de corazones de ratones wild
type. Posteriormente fueron lisados con RIPA (150 mM NaCl, 1% IGEPAL, 0.5%
deoxicolato sodico, 0.1% SDS y 50 mM Tris pH 8.0) en presencia de inhibidores de
proteasas (04693159001, Roche Diagnostics). Los lisados fueron separados en geles
SDS-PAGE y transferidos a membranas PVDF (polifluoruro de vinilideno). El bloqueo
se realizé con solucion de leche en polvo desnatada al 3% en PBS. La incubacion con
el anticuerpo primario, anti-SRSF4 (NBP2-04144, Novus Biologicals), se realizé
durante toda la noche a 4°C, y al dia siguiente se incubd con el anticuerpo secundario
marcado con HRP (anti-rabbit P0448, Dako) durante una hora a temperatura

ambiente. Las membranas se revelaron utilizando el reactivo ECL (RPN2106, GE
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Healthcare Life Sciences). El brillo y contraste de las membranas ha sido ajustado

linealmente utilizando PowerPoint.

La produccién de los virus adeno-asociados se llevé a cabo en la Unidad de
Vectores Virales del CNIC en el caso de SRSF4, a quienes se les proporcionaron las
construcciones de DNA de los mismos. Previamente se comprobd la correcta
secuencia de los ITRs mediante digestiones con Bgll y Ahdl. La produccidn virica se
llevd a cabo en células HEK293 vy utilizando las proteinas de la capsida de serotipo 9.
El titulo obtenido fue de 7.41-10* particulas virales (VP)/ml para AAV-SRSF4.

Para la administracidén de los virus adeno-asociados se anestesid a los ratones
usando 3-3.5% de sevoflurano administrado con oxigeno al 100%. Se mantuvo al
raton bajo anestesia hasta el final de la inyeccion utilizando una mascarilla nasal.
Para la administracion del virus se desinfectd la piel del raton con etanol y se realizé
un corte en la piel de la extremidad trasera que permitiese visualizar la vena femoral.
A través de dicha vena se inyectd un total de 50 pl por ratén, conteniendo 1-10%
particulas virales (VP). Al finalizar se suturd la piel del animal y se esperd a la

completa recuperacion de la anestesia antes de devolverlo a su caja. AAV-SRSF4.

Para averiguar si pacientes con hipertrofia idiopatica mostraban mutaciones en
SRSF4 se usaron muestras de sangre de 98 pacientes gracias a la colaboracién con
el Dr. Pablo Garcia Pavia del Hospital Puerta de Hierro de Majadahonda. Se extrajo
el DNA gendmico, se amplificé cada exdn, y se secuencid por el método de Sanger.
Para determinar la expresién de SRSF4 en algunos de estos pacientes se extrajo

tejido cardiaco y se aislé el RNA del tejido para posteriormente cuantificar la
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expresion de RNA mensajero de SRSF4 por gRT-PCR. En cuanto a los resultados de
los pacientes con enfermedad de Cushing, con la ayuda de Carlos Marti, se extrajeron
los datos crudos publicados previamente en GEO, cuyo numero de acceso es

GSE66446, y se generd la grafica a partir de estos resultados.

Para el analisis estadistico de los datos se usaron: T-Test para dos condiciones
a un tiempo, ANOVA de 1 via seguido del post-test de Bonferroni para mas de dos
condiciones a un tiempo, y ANOVA de 2 vias seguido del post-test de Bonferroni para
analisis de multiples condiciones y dos variables, como se indica en la leyenda de las
figuras. El test de Fisher se usé para asociar dos variables cualitativas. Los datos se
analizaron con GraphPad Prism 5.0 y los cambios se consideraron significativos a
partir de p<0.05.
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Tabla 1. Secuencia de los primers de SYBR Green utilizados para la qRT-PCR (5'-3").

Gen Forward Reverse
SRSF4 GATCCTGGAGGTGGATCTGA ACAGGTCTTTGCCGTTCAGT
GAPDH CTGCACCACCAACTGCTTAG AGATCCACGACGGACACATT
BNP GCCAGTCTCCAGAGCAATTC TCTTTTGTGAGGCCTTGGTC
MYH7 CAACTGGAGGAGGAGGTCAA CCTCTGTATGGCATCCGTCT
GAS5 TCTCACAGCCAGTTCTGTGG TCTGGTCTTCTATTCTAGCACATTG
ANF GATGGATTTCAAGAACCTGCT CCTGCTTCCTCAGTCTGCTC
Fkbp5 CGAAGGAGCAACGGTAAAAG ATCGGAATGTCGTGGTCTTC
Gilz AGGCCATGGACCTCGTGA TCAGGTGCTGGCTCTTCAG
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Caracterizacion de la expresion de SRSF4 en el coraz
y en enfermedad cardiaca

Expresion y localizacion de SRSF4 en el corazon

Para el estudio de la expresion de SRSF4 en el corazén, se extrajeron
corazones de ratones C57BL/6 a distintos tiempos comprendidos entre el estadio
embrionario E12.5 hasta los 6 meses de edad y se cuantificaron por qRT-PCR los
niveles de expresién del mMRNA de SRSF4. Los resultados mostraron que la expresion
de SRSF4 es mayor durante el desarrollo embrionario y en general decrece

progresivamente hasta la etapa adulta (Figura 6A).

Para el estudio de la localizacion de SRSF4 en el corazén, se hicieron cortes
histolégicos de corazones C57BL/6 a distintos estadios del desarrollo embrionario,
gue es cuando mas se expresa SRSF4. Los anticuerpos usados no fueron capaces de
reconocer la proteina de SRSF4 en tejido cardiaco por inmunohistoquimica ni
inmunofluorescencia. Por ello se llevd a cabo un aislamiento de cardiomiocitos
neonatales para medir la expresidon de la proteina de SRSF4 por WB. Los resultados
mostraron que al menos la proteina de SRSF4 se expresa en cardiomiocitos (Figura
6B).
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Figura 6. Expresion de SRSF4 en animales wild type. A, La expresién de SRSF4 se cuantificé por
gRT-PCR en corazones extraidos de ratones C57BL/6 de distintas edades desde estadios embrionarios
(E) hasta dias (P) y meses (M) post-parto. Los datos estan representados como la media £SEM. n=3-4
ratones por grupo. *p<0.05, **p<0.01, ***p<0.001 vs E12.5, ANOVA de una via con test de Bonferroni
de comparacidon multiple. B, Expresion de la proteina SRSF4 en cardiomiocitos neonatales aislados por
Western Blot en tres muestras (WT1, WT2, WT3).
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Expresion de SRSF4 en enfermedad cardiaca

Para investigar la posible relacion entre SRSF4 y la patologia cardiaca, se
decidié estudiar su expresion en el infarto de miocardio. Para ello se midio la
expresion del mRNA de SRSF4 por gRT-PCR en ratones en los que se les indujo un
infarto de miocardio por ligacién permanente de la arteria coronaria descendente
izquierda. Los resultados mostraron que la expresion de SRSF4 no cambia nia 7 ni a
28 dias después del infarto (Figura 7A).

Ademas, se estudio la expresidn de SRSF4 en el miocardio tras la induccion de
hipertrofia cardiaca patoldgica, la cual se indujo mediante constriccidon adrtica (TAC).
De la misma forma, la expresion de SRSF4 no cambid pasados 21 dias tras la cirugia
(Figura 7B).
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Figura 7. La expresion de SRSF4 no cambia después del infarto de miocardio (MI) ni tampoco
en un modelo de hipertrofia inducida por constricciéon aértica (TAC). A, Analisis por gRT-PCR de
la expresion cardiaca de SRSF4 en animales no infartados (No MI) y en animales a 7 y a 28 dias tras el
infarto (MI 7P y MI 28P). Los datos estan representados como la media £SEM. Cada simbolo representa
un raton. B, Analisis por qRT-PCR de la expresion cardiaca de SRSF4 en animales control (Sham) y
animales con constriccién adrtica (TAC) 21 dias después de la cirugia. Los datos estan representados
como la media £SEM. Cada simbolo representa un ratéon. No se encontraron cambios estadisticamente
significativos ni en A ni en B.
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Caracterizacion de la funcion de SRSF4 en el corazon

La pérdida cardio-especifica de SRSF4 induce una hipertrofia del

ventriculo izquierdo

Para estudiar el papel de SRSF4 en el corazdén, se cruzaron ratones que
contenian sitios loxP flanqueando el exén 2 del gen de SRSF4 con ratones
transgénicos que sobreexpresaban la recombinasa Cre bajo el promotor de Nkx2.5.
De esta forma se generd un modelo de ratén knockout (KO) cardio-especifico para
SRSF4 (SRSF4 KO). La pérdida cardio-especifica de SRSF4 no afecté a la viabilidad
de los ratones. Se comprobd por gRT-PCR la bajada de expresién de SRSF4 en el
corazon de los ratones SRSF4 KO comparada con los ratones control (Figura
suplementaria 1).

Se hicieron ecocardiografias de los ratones control y los SRSF4 KO a diferentes
edades en un rango comprendido entre los 2 meses y los 14 meses. El analisis del
resultado mostré que la pared del ventriculo izquierdo de los ratones KO era
significativamente mas gruesa que la de los controles. Al normalizar con el peso del
cuerpo, los ratones SRSF4 KO presentaban un aumento de la masa cardiaca. En
consonancia con los resultados ecocardiograficos, los corazones KO se ven mas
gruesos a la lupa y por histologia y mostraron un incremento en la expresién de
marcadores de enfermedad cardiaca BNP y MYH7 (Figura 8A-D y tabla suplementaria
1).

Para comprobar si el fenotipo observado se debe a un problema cardiaco o
esta asociado a otros factores externos, se midid la presidn arterial a 2 y 4 meses en
los ratones KO y control. Los resultados no mostraron ningln cambio significativo
entre los grupos, sugiriendo que el fenotipo observado esta asociado a un problema

intrinseco en el corazén (Figura 9A-B).

Con el objetivo de averiguar si el incremento en las paredes del corazén que
observamos por ecocardiografia estaba asociado con un incremento del tamafio de
los cardiomiocitos, se hicieron cortes histoldgicos de los corazones SRSF4 KO vy
control para medir el drea de los cardiomiocitos. Los resultados mostraron que los

ratones KO presentan un incremento del tamafio de los cardiomiocitos. Ademas
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detectamos focos de fibrosis en el ventriculo izquierdo de los ratones SRSF4 KO a los

10 meses de edad (Figura suplementaria 2).
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Figura 8. La pérdida cardio-especifica de SRSF4 lleva a una hipertrofia del ventriculo
izquierdo. A-B, Analisis ecocardiografico en los animales control y en los SRSF4 KO del grosor de las
paredes del ventriculo izquierdo (A), y la masa cardiaca normalizada con el peso del cuerpo del ratén
(B). Los datos estan representados como la media £SEM. Cada simbolo representa un animal. *p<0.05,
**p<0.01, ***p<0.001 SRSF4 KO vs Control. ANOVA de dos vias con post-test de Bonferroni. C, Imagen
e histologia con tincidn tricrémica de Masson representativa de corazones control y SRSF4 KO a 6 meses
de edad. D, Analisis por gqRT-PCR de la expresion cardiaca del RNA mensajero de BNP y Myh7 en
animales control y SRSF4 KO. Los datos estan representados como la media £SEM. n=4-5 ratones por
grupo. *p<0.05, **p<0.01, ***p<0.001 SRSF4 KO vs Control. ANOVA de dos vias con post-test de

Bonferroni. M, meses.
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Figura 9. La hipertrofia de los ratones SRSF4 esta asociada a un incremento del area del
cardiomiocito. A-B, Presién arterial medida en la cola de los animales en un equipo BP2000 (Visitech
Systems) a 2 (A) y 4 meses (B) de edad en ratones control y SRSF4 KO conscientes. Los datos se han
expresado como media £SEM, p>0.05. No se encontraron diferencias estadisticamente significativas
(p<0,05) en un ANOVA de dos vias. Cada simbolo representa un ratén. C, Inmunofluorescencias
representativas de cortes histoldgicos del corazén de ratones control y SRSF4 KO a 2 y 4 meses. WGA
(rojo) y DAPI (azul). D, Analisis de la medida del area de los cardiomiocitos de ratones control y KO a

2 y 4 meses. Los datos estan representados como la media £SEM. *p<0.05 SRSF4 KO vs Control.
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ANOVA de dos vias con post-test de Bonferroni.
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La sobreexpresion de SRSF4 tras la constriccion de la aorta no reduce

la hipertrofia patoldgica

Tras el fenotipo observado, y a pesar de que no observamos una bajada de
SRSF4 tras la constriccion de la aorta (TAC), se investigd si la sobrexpresidon de
SRSF4 podria reducir la hipertrofia en un modelo en el cual la hipertrofia se indujo
por constriccion aodrtica. Para ello se generd un virus adenoasociado serotipo 9
(AAV9), que contenia el promotor TnT para sobrexpresar SRSF4 de forma cardio-
especifica. Primero se comprobd que habia sobrexpresién de SRSF4 por gqRT-PCR en
animales no sometidos a cirugia a distintos tiempos tras la inyeccion del virus (Figura
10A). Tras comprobar que habia sobrexpresion de SRSF4, se realizaron las cirugias
por constriccion adrtica. La inyeccion del virus se produjo dos dias después de la
cirugia. Se llevé a cabo un analisis ecocardiografico de animales control y animales
sometidos a cirugia a los que se les habia inyectado el virus control y el virus
sobrexpresante de SRSF4. Los resultados mostraron que la sobreexpresion de SRSF4

no reducia la hipertrofia del ventriculo izquierdo (Figura 10B-D).
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Figura 10. Efecto de la sobrexpresion de SRSF4 tras la constriccion de la aorta. A, Analisis por
gRT-PCR de la expresion cardiaca de SRSF4 en animales wild type inyectados con el virus control (AAV9-
LUC) y el virus sobrexpresante de SRSF4 (AAV9-SRSF4) a 7 y 21 dias tras la inyeccion. N=3-4 ratones.
**p<0.01, ***p<0.001 AAV9 SRSF4 vs AAV9 LUC. ANOVA de dos vias con post-test de Bonferroni. B-
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D, Analisis ecocardiografico del grosor de las paredes del ventriculo izquierdo (B, C), y la funcidn sistélica
(D) en los animales control y con TAC 21 dias tras la cirugia, con virus control y virus sobrexpresante
de SRSF4. Los datos estan representados como la media £SEM. n=3-5 ratones por grupo. No se

encontraron diferencias estadisticamente significativas con una ANOVA de dos vias con post-test de

Bonferroni.

Los ratones SRSF4 KO desarrollan disfuncion diastélica

Con el fin de estudiar si la hipertrofia observada en los ratones SRSF4 KO
podria conducir a una disfuncion cardiaca, se analizd la funcidn sistdlica y diastdlica
por ecocardiografia en los ratones control y los SRSF4 KO (Figura 11A-D). La pérdida
de SRSF4 no alterd la funcidn sistdlica como muestran los datos de fraccion de
eyeccion del ventriculo izquierdo (Fig. 11A). Tampoco encontramos cambios
significativos del volumen en diastole del ventriculo izquierdo entre ambos grupos.
Para analizar la funcion diastdlica se midid la relacion entre las ondas E y A del flujo
mitral y el tiempo de relajacién isovolumétrico (IVRT). De esta forma se vio que el
numero de ratones con un flujo mitral normal decrecia en los SRSF4 KO comparado
con los controles mientras que el IVRT incrementaba. Estos resultados demuestran
gue aunque los ratones SRSF4 KO no desarrollan disfuncion sistélica, la funcion

diastdlica se ve alterada con el tiempo.
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Figura 11. Analisis de la funcién cardiaca del ventriculo izquierdo. A, Fraccién de eyeccién del

ventriculo izquierdo. B, Volumen en diadstole del ventriculo izquierdo. C, E/A ratio del flujo mitral,
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considerando flujo normal el comprendido entre 1.2 y 1.8. **p<0.01 normal E/A ratio (1.2-1.8) vs
anormal, Fisher's test. D, Tiempo de relajacion isovolumétrico. En A, B y D los datos estan representados
como la media £SEM. *p<0.05 SRSF4 KO vs Control. Cada simbolo representa un raton. ANOVA de dos

vias con post-test de Bonferroni.

Los ratones SRSF4 KO muestran caracteristicas electrofisioldogicas de

hipertrofia cardiaca y una repolarizacion anormal

Para estudiar si la hipertrofia causada por la pérdida de SRSF4 puede llevar a
una alteracién de la actividad electrofisioldgica del corazéon, se hizo un estudio
electrocardiografico a los ratones control y SRSF4 KO en condiciones basales y de

estrés cardiaco (Figura 12A).

Los ratones KO mostraron un incremento significativo del ritmo cardiaco y un
ensanchamiento del complejo QRS, que es una caracteristica de la hipertrofia
cardiaca. La condicidn de estrés cardiaco fue simulada farmacolégicamente por
inyeccion intraperitoneal de isoproterenol. Bajo estas condiciones los ratones SRSF4
KO presentaron una repolarizacion anormal, como se pudo observar por un
alargamiento del intervalo QT, asi como una depresidon ST con una onda ] negativa,
gue esta normalmente relacionado con una isquemia subendocardica (Figura 12B-E).
Estos resultados muestran que la pérdida de SRSF4 provoca una actividad
electrofisioldgica anormal asociada con una hipertrofia cardiaca patoldgica y una
prolongacién del intervalo QT con depresion ST en condiciones de estrés, lo cual esta

asociado con un incremento del riesgo de padecer muerte subita.
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Figura 12. Los ratones SRSF4 KO desarrollan alteraciones electrofisiolégicas. A, ECGs
representativos de ratones control y KO en condiciones basales y tras inyeccién de isoproterenol. La
flecha marca la depresidn tras el complejo QRS. B-E, Analisis de la frecuencia cardiaca (B), Amplitud
QRS (C), Amplitud de la onda J (D), y el intervalo QT corregido (E) en condiciones basales y con
isoproterenol. Los datos estan representados como la media £SEM. Cada simbolo representa un ratén
a los 6 meses de edad. *p<0.05, ***p<0.001, SRSF4 KO vs control; ##p<0.01, ###p<0.001,

isoproterenol vs basal; ANOVA de dos vias con post-test de Bonferroni.
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Caracterizacion del mecanismo_ molecular de accién d

SRSF4 en el corazon

El IncRNA GASS5 es una diana directa de SRSF4 en cardiomiocitos y su

expresion baja en los ratones KO

Con el objetivo de estudiar el mecanismo molecular de accién de SRSF4 por el
cual los ratones SRSF4 KO desarrollaban hipertrofia del ventriculo izquierdo, se llevé
a cabo un analisis por RNA-seq para comparar el patron de expresién génica entre
los corazones de los ratones control y los KO a los 2 meses de edad. Se detectaron
cambios de expresion en 858 genes (Tabla Suplementaria 2), incluyendo un nimero
significativo de RNAs largos no codificantes (IncRNAs). El analisis de ontologia
genética (GO) de los genes diferencialmente expresados en los ratones KO, muestra
un enriquecimiento en genes asociados con el transporte de sodio, vasoconstriccidén

y regulacion del potencial de accion (Figura 13A-C).
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Figura 13. Genes diferencialmente expresados en el raton KO de SRSF4. A, Volcano plot para
los resultados del analisis de expresién diferencial de genes. Los puntos corresponden con los genes que
se consideran diferencialmente expresados (DEG) en el SRSF4 KO, en rojo y azul se encuentran los que
tienen un p-valor ajustado <0.05. B, Proporcion de genes anotados como IncRNAs en Ensembl,
comparados con anotaciones diferentes, entre aquellos diferencialmente expresados en el ratén KO.
Test de Fisher. C, Analisis de GO donde se ven representadas las principales categorias enriquecidas en
los DEG en el ratén KO de SRSF4.
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El analisis del splicing alternativo en los corazones de los ratones control y
SRSF4 KO, sin embargo, reveldé cambios de isoformas significativos en pocos genes,
sugiriendo que el splicing no estaba severamente afectado por la pérdida de SRSF4

(Tabla Suplementaria 3).

Para conocer las dianas directas de SRSF4 en el corazoén, se usé una técnica
llamada Individual-nucleotide resolution Cross-Linking and ImmunoPrecipitation
(iCLIP). Esta herramienta permite la identificacion de interacciones directas entre
proteinas y RNAs. Los resultados del iCLIP mostraron que SRSF4 se une

especificamente a 836 genes en cardiomiocitos.

Para poder determinar cudles de los RNAs que aparecian diferencialmente
expresados en el analisis de RNA-seq son dianas directas de SRSF4 en cardiomiocitos,
se comparo el resultado obtenido en el iCLIP con el del RNA-seq. De esta forma se
obtuvo una lista de 44 genes (Tabla Suplementaria 4), entre los cuales se encontraba
el IncRNA GAS5 (Growth Arrest Specific 5). GAS5 también se encontraba en la lista
de genes que sufrian splicing alternativo (Tabla suplementaria 3). Aunque no
pudimos validar este cambio de splicing alternativo por qRT-PCR, el anélisis del
mapeo de las lecturas del RNA-seq sugiere que se podria estar expresando otra
isoforma de GAS5 aunque en menor cantidad. En consonancia con el resultado del
RNA-seq, se validé por gRT-PCR la bajada de expresion de GAS5 en los corazones
SRSF4 KO. Ademas, se estudid la expresidon de GAS5 en el corazén de ratones wild
type, la cual sigue un patrén similar a la de SRSF4 (Figura 14A-B).

Posteriormente, para investigar si la bajada de expresiéon de GAS5 en ausencia
de SRSF4 se debia a una mayor tasa de degradacion, se inhibié la trascripcion en
cardiomiocitos neonatales de ratones control y SRSF4 KO usando actinomicina D
(ActD), y se midid la expresion de GASS5 a distintos tiempos tras el tratamiento. La
expresion de GAS5 decrecié a una velocidad significativamente mayor en los
cardiomiocitos SRSF4 KO comparados con los de los controles (Figura 14C).

Con el objetivo de determinar si la degradacién de GAS5 en ausencia de SRSF4
podria estar mediada por la ruta del non sense mediated decay (NMD), se trataron
cardiomiocitos neonatales de ratones control y SRSF4 KO con un inhibidor del NMD.

Los resultados mostraron un incremento significativo de GASS5 tras el bloqueo del
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NMD en las células control y SRSF4 KO. Ademas, se midid la expresion de GADD45,

una diana conocida del NMD, para confirmar la eficacia del inhibidor (Figura 14D-E).

Todos estos resultados sugieren que SRSF4 se une de forma directa a GAS5

protegiéndolo asi de la degradacién.
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Figura 14. La bajada de GAS5 esta mediada por la ruta del NMD. A, Analisis por gRT-PCR de la
expresion cardiaca del RNA mensajero de GASS en el corazén de ratones control y KO a distintas edades
desde la etapa postnatal (P) hasta la adulta (M=meses). Los datos estan representados como la media
+SEM. n= 4-5 ratones por grupo. **p<0.01, ***p<0.001 SRSF4 KO vs Control. ANOVA de dos vias con
post-test de Bonferroni. B, Anadlisis por qRT-PCR de la expresion cardiaca del RNA mensajero de GAS5
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en el corazdn de ratones wild type a distintas edades desde estadios embrionarios (E) hasta dias (P) y
meses (M) post-parto. Los datos estan representados como la media £SEM. n= 3-4 ratones por grupo.
**p<0.01, ***p<0.001 vs E12.5, ANOVA de una via con test de Bonferroni de comparaciéon multiple.
C, Analisis por qRT-PCR de la expresion de GAS5 en cardiomiocitos neonatales controles y KO tratados
con ActD. Los valores estan normalizados para cada tiempo por el valor medio de cada grupo sin tratar

y con la media de las células control tratadas con DMSO (linea de puntos). Los datos estan representados
como la media £SEM. n= 3 ratones por grupo. **p<0.01 SRSF4 KO vs Control; ANOVA de dos vias con
post-test de Bonferroni. D, E, Analisis por QRT-PCR, de la expresion de GAS5 (D) y GADD45 (E) en

cardiomiocitos neonatales control y SRSF4 KO tratados con DMSO o inhibidor de NMD durante 7 horas.

Los valores fueron normalizados por el valor medio de cada grupo tratado con DMSO. Los datos estan

representados como la media +SEM. Cada simbolo representa un animal. *p<0.05, **p<0.01,

***p<0.001 Control vs NMD inhibitor. ANOVA de dos vias con post-test de Bonferroni.

El incremento del tamano de los cardiomiocitos de los ratones SRSF4
KO se debe a una actividad transcripcional aumentada del receptor de

glucocorticoides, causada por la bajada de expresion de GASS5.

Se ha descrito previamente que el IncRNA GASS5 es un represor del receptor
de glucocorticoides (GR). Ademas, también se ha visto que la activacién del GR

induce cambios hipertréficos en células H9C2 y en cardiomiocitos neonatales de rata.

Con el objetivo de averiguar si los corazones de los ratones SRSF4 KO podrian
presentar una menor mayor actividad del GR debida a la bajada de expresiéon de
GASS5, se trataron in vitro con dexametasona (DEX), un glucocorticoide sintético,
cardiomiocitos neonatales aislados de los corazones control y KO, con el fin de activar
el GR. Tras 72 horas de tratamiento con DEX, se midié por qRT-PCR la expresion
génica de diferentes marcadores de hipertrofia y de algunas dianas directas conocidas
del GR en los cardiomiocitos control y en los KO. Los resultados mostraron un
incremento en la expresion de los genes analizados en las células tratadas con DEX
comparando con las no tratadas en ambos grupos. Ademas, se observé que el
aumento de los marcadores de hipertrofia ANF y BNP era significativamente mayor
en los cardiomiocitos del KO comparado con los de los controles en las células
tratadas con DEX (Figura 15A-B). De la misma forma, la expresién de las dianas

directas del GR, Fkbp5 y Gilz, estaba también significativamente incrementada en las
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células del KO de SRSF4 tratadas con DEX (Figura 15C-D). Ademas de la expresion
génica, se midié el area de los cardiomiocitos y se observé un incremento significativo
en los cardiomiocitos del KO tratados con DEX comparados con los controles tratados

con DEX y con las células que no recibieron tratamiento (Figura 15E).

Estos resultados demuestran que la hipertrofia de los cardiomiocitos de los
ratones SRSF4 KO es debida a un incremento de la actividad transcripcional del GR,

la cual podria explicarse por la bajada de GAS5.
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Figura 15. Los cardiomiocitos de los ratones SRSF4 KO presentan mas hipertrofia en
presencia de DEX que los controles. Andlisis por gqRT-PCR de la expresion de marcadores de
hipertrofia (A, B) y de dianas directas del GR (C, D) en cardiomiocitos neonatales aislados de ratones
control y SRSF4 KO tratados con 100 nM de DEX. Cada grupo estd normalizado con la media de las

muestras control tratadas con DMSO (tratamiento control) representado por la linea de puntos. Los
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datos estan representados como la media +SEM. Cada simbolo representa un pocillo. *p<0.05,
**p<0.01, ***p<0.001. T-test. E, Andlisis de la medida del area de lo cardiomiocitos neonatales
aislados de ratones control y SRSF4 KO tratados con 100 nM de DEX y DMSO como tratamiento control
(No DEX). Los datos estan representados como la media *SEM. Cada simbolo representa un
cardiomiocito. ***p<0.001 SRSF4 KO vs Control con 100 nM DEX. ANOVA de dos via con test de

Bonferroni.

La sobrexpresion del IncRNA GAS5 reduce la hipertrofia de los

cardiomiocitos de los ratones SRSF4 KO in vitro.

Para determinar si el aumento del tamafo de los cardiomiocitos de los ratones
SRSF4 KO en respuesta a DEX esta asociado a la bajada de expresion de GASS5, se
sobrexpresé el INncRNA GASS5 en cardiomiocitos neonatales aislados del corazén de
los ratones control y SRSF4 KO tratados con DEX.

La eficiencia de transfeccion de DNA en cardiomiocitos neonatales es baja. Por
ello, para incrementar esa eficiencia en lugar de transfectar el DNA de GASS5, se
procedié a sintetizar el RNA modificado quimicamente (RNAmod) de forma exdgena
para después transfectar el RNA directamente, lo cual es mas eficiente. Una vez
producido el RNAmod de GASS5 y su respectivo control se procedié con la transfeccidn
de los mismos. Después de 72 horas desde la transfeccidon y del tratamiento con DEX,
se midid por qRT-PCR la expresién de marcadores de hipertrofia y de dianas
conocidas del GR en los cardiomiocitos control y SRSF4 KO (Figura 16A-D). Ademas,
se midié el area celular en ambos grupos (Figura 16E). Se encontré un descenso
significativo del marcador de hipertrofia ANF y también una disminucion del area
celular en los cardiomiocitos aislados de los ratones SRSF4 KO tratados con DEX que

sobreexpresaban GAS5 comparado con los no sobrexpresantes.

Estos resultados demuestran que la sobrexpresion de GAS5 reduce la

hipertrofia de los cardiomiocitos SRSF4 KO.
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Figura 16. La sobrexpresion de GAS5 reduce la hipertrofia en los cardiomiocitos SRSF4 KO.
Analisis por qRT-PCR de la expresion de marcadores de hipertrofia (A, B) y de dianas directas del GR
(C, D) en cardiomiocitos neonatales aislados de ratones control y SRSF4 KO tratados con 100 nM de
DEX vy transfectados con GAS5 RNAmod o control RNAmod. Cada grupo esta normalizado con la media
de las muestras control tratadas con DMSO (tratamiento control) representado por la linea de puntos.
Los datos estan representados como la media £SEM. Cada simbolo representa un pocillo. *p<0.05,
***p<0.001. ANOVA de dos via con test de Bonferroni. E, Analisis de la medida del area de lo
cardiomiocitos neonatales aislados de ratones control y SRSF4 KO tratados con 100 nM de DEX y
transfectados con GAS5 RNAmod o control modRNA. Los datos estdn representados como la media
+SEM. Cada simbolo representa un cardiomiocito. ***p<0.001 SRSF4 KO DEX GAS5 RNAmod vs control
RNAmod. ANOVA de dos via con test de Bonferroni.
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Estudio de SRSF4 en pacientes con hipertrofia idiopatica y
pacientes con enfermedad de Cushing

El fenotipo observado en el modelo de pérdida de funcién de SRSF4 tiene
caracteristicas en comun con la miocardiopatia hipertréfica. Se han descrito
mutaciones en varios genes sarcomeéricos y no sarcoméricos asociados con esta
patologia. Tras los resultados obtenidos quisimos averiguar si pacientes con
hipertrofia idiopatica podrian presentar una mutacion en SRSF4 que pudiera explicar
el origen de su patologia. Para ello se usaron muestras de sangre de 98 pacientes
gracias a la colaboracién con el Dr. Pablo Garcia Pavia del Hospital Puerta de Hierro
de Majadahonda. Se extrajo el DNA gendmico de las células sanguineas de cada
paciente. Posteriormente, se puso a punto la PCR para cada uno de los 6 exones del
gen de SRSF4. El producto de PCR de cada exdn y de cada paciente fue enviado a la
empresa Secugen donde fueron secuenciados por el método de Sanger. El analisis
de la secuenciacién no mostré mutaciones en ninguno de los 6 exones de SRSF4 en

ninguno de los 98 pacientes.

También se quiso averiguar si la expresién de SRSF4 podria estar disminuida
en algun paciente con hipertrofia idiopatica. Para ello se extrajo tejido cardiaco de
pacientes, se procedié a la extraccion de RNA del tejido y se cuantificd la expresidn
del RNA mensajero de SRSF4 por qRT-PCR. Los resultados mostraron que no habia
una bajada de expresion de SRSF4 en los pacientes con hipertrofia idiopatica
analizados (Figura 17).
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Figura 17. La expresion de SRSF4 no baja en pacientes con hipertrofia idiopatica. Analisis por
gRT-PCR de la expresion cardiaca del RNA mensajero de SRSF4 en pacientes con hipertrofia idiopatica
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y en controles. Los datos estan representados como la media +SEM. Cada simbolo representa un

paciente. No se encontraron diferencias estadisticamente significativas.

Segun los resultados obtenidos, que implican una regulacién del GR por parte
de SRSF4 y GAS5, nos planteamos averiguar que ocurre con estos genes en pacientes
con enfermedad de Cushing, la cual se caracteriza por un aumento del nivel de
glucocorticoides en sangre. Encontramos un paper en el cual no miraban
especificamente estos genes, pero en el anadlisis de su RNA-seq hecho en pacientes
con Cushing y controles en tejido adiposo, encontramos una bajada de expresion de
GAS5 y SRSF4>> (Figura 18).
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Figura 18. Expresion del mRNA de GAS5 y SRSF4 analizado por RNA-Seq en tejido adiposo

procedente de pacientes con enfermedad de Cushing y controles.

68



DISCUSION



70



La pérdida cardio-especifica de SRSF4 da lugar a un fenotipo
patoldgico

El creciente interés por el estudio de las proteinas de uniéon a RNA ha surgido
como resultado de su potencial como reguladores de la expresion génica dado su
papel en la regulacién de un gran nimero de mecanismos post-transcripcionales,
mientras que el viejo paradigma se centraba solo en la activacién de programas
transcripcionales por proteinas de unién a DNA. Defectos en un gran numero de RBPs
han sido vinculados con el desarrollo de diversas patologias, incluyendo
enfermedades cardiovasculares. La RBP SRSF4 ha sido vinculada con el desarrollo de
neuropatias y cancer, sin embargo su papel en el corazén no habia sido estudiado

previamente.

En esta tesis se describen por primera vez las consecuencias de la pérdida
cardio-especifica de SRSF4. Nuestros analisis ecocardiograficos demuestran que los
ratones deficientes en SRSF4 desarrollan hipertrofia del ventriculo izquierdo,
acompafiada por un aumento de marcadores de enfermedad cardiaca. Se sabe que
la hipertensidn puede dar lugar a hipertrofia cardiaca. Sin embargo, los valores de la
presién arterial de los ratones SRSF4 sugieren que la hipertrofia es debida a un
problema intrinseco en el corazén y no a hipertensién. Por otro lado, la medida del
area de los cardiomiocitos en los corazones de los ratones SRSF4 KO muestra que la
hipertrofia estd asociada a un aumento del tamafio de las células. Ademas, los
analisis histoldgicos revelan que los ratones SRSF4 KO desarrollan focos de fibrosis
a partir de los 10 meses de edad. En cuanto a la funcién cardiaca, los datos muestran
que la funcion sistolica se mantiene, sin embargo los ratones desarrollan disfuncién
diastdlica de forma progresiva siendo mas visible a edades avanzadas. Por tanto, el
primer sintoma que observamos tras la pérdida de SRSF4 en el corazéon es la
hipertrofia, y posteriormente los ratones desarrollan disfuncion diastélica con la edad.
La disfuncion diastdlica del ventriculo izquierdo esta asociada con una variedad de
condiciones médicas. La hipertrofia ventricular izquierda es una de las anomalias mas
comunes que inducen disfuncidon diastdlica®®. Ademads, encontramos cambios
electrofisioldgicos que apoyaban la presencia de hipertrofia. En condiciones de estrés

cardiaco, los ratones muestran una onda J negativa y un QT-largo, por lo que
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presentan un mayor riesgo de padecer una muerte subita. Estd descrito que la
hipertrofia cardiaca es un factor de riesgo para la prolongacién del intervalo QT y la
muerte subita cardiaca®. Por tanto, creemos que estas alteraciones electrofisioldgicas
y de la funcion cardiaca podrian ser causadas por la hipertrofia de forma secundaria
a la pérdida de SRSF4, aunque seria interesante profundizar en ello. Con estos
resultados podemos concluir que la pérdida cardio-especifica de SRSF4 produce un

fenotipo patoldgico.

La hipertrofia se debe a una actividad transcripcional
aumentada del receptor de glucocorticoides, causada por la
bajada de expresion de GAS5

Nuestros datos de RNA-seq revelan que la pérdida de SRSF4 en el corazdn
produce cambios de expresidn en un numero significativo de RNAs largos no
codificantes (IncRNAs). Estas moléculas de RNA tienen una longitud de alrededor de
200 nucledtidos®®. Otros ncRNAs como son los microRNAS (miRNAs) han sido muy
estudiados y se entiende su papel como reguladores de la expresion génica>®. Por el
contrario, el papel de los IncRNAs es menos conocido. Muchos IncRNAs han sido
funcionalmente asociados con el desarrollo de algunas enfermedades humanas, en
particular varios tipos de cancer®®. También, estudios recientes sugieren un papel
fundamental de los IncRNAs en el desarrollo de varias patologias cardiovasculares,
incluyendo ateroesclerosis, remodelado cardiaco post-infarto o miocardiopatia
hipertréfica®l. En concreto, en el caso de la hipertrofia cardiaca, se ha visto que Mhrt
(del inglés, Myosin heavy chain associated RNA transcript) es el primer ejemplo de
InNcRNA que actia inhibiendo la hipertrofia cardiaca patoldgica, mediante su
interaccion directa con Brgl, un factor remodelador de cromatina®?. De igual forma,
se ha descrito que la expresion del IncRNA Chast (del inglés, cardiac hypertrophy-
associated transcript) se encuentra elevada en cardiomiocitos procedentes de
animales sometidos a constriccion adrtica, y también en tejido cardiaco hipertrofico
procedente de pacientes con estenosis adrtica. El mecanismo por el cual se produce

esta hipertrofia tiene que ver con la regulacion de Plkhm1, un gen que se encuentra
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en la hebra opuesta a Chast, de forma que se inhibe la autofagia en el cardiomiocito
y se induce asi la hipertrofia®3. Otros IncRNAs también han sido identificados como
reguladores de la hipertrofia cardiaca mediante su papel como secuestradores de
miRNAs, como es el caso del IncRNA CHRF®* (del inglés, cardiac hypertrophy-related
factor) o ROR®® (del inglés, RNA regulator of reprogramming).

En nuestro caso, el analisis del iCLIP de SRSF4 identifica al IncRNA GAS5 como
una diana directa de SRSF4 en cardiomiocitos, cuya expresidn se encuentra
disminuida en los ratones SRSF4 KO, dato que observamos en el RNA-seq y
validamos por gRT-PCR. Ademas observamos que en ratones wild type el patréon de
expresidon de SRSF4 y GAS5 es similar. Los resultados del experimento con
Actinomicina D muestran que GAS5 se degrada mas rapidamente en ausencia de
SRSF4, sugiriendo que SRSF4 podria estar regulando de alguna forma la estabilidad
o degradacién del RNA de GASS5. El NMD (del inglés, non sense mediated decay) fue
descrito por primera vez como un proceso de control por el cual los RNAs aberrantes
son degradados®®. El NMD reconoce estos RNAs aberrantes gracias a la presencia en
los mismos de unos codones de parada de la traduccién prematuros (PTC, por sus
siglas en inglés). Por tanto se presenta como un mecanismo intimamente ligado con
la traduccién®’. Sin embargo, el NMD no estd restringido Unicamente a los mRNAs.
Varios estudios en diversas especies incluyendo ratén® y humano®®, han identificado
IncRNAs como dianas directas del NMD teniendo en cuenta que éstos pueden
asociarse a la maquinaria de traduccion, incluyendo el IncRNA GAS57°. Aunque ha
sido objeto de debate si la union de ciertos INcRNAs a los ribosomas hace que se
produzca una traduccién activa, los estudios mas recientes que abordan
concretamente esta cuestién muestran la presencia de ribosomas que participan
activamente en la traduccion de IncRNAs. Los productos han sido nombrados como
micropéptidos, o sPEPs (del inglés, small peptides), y su papel en procesos
fisioldgicos y patoldgicos demuestran su importancia bioldgica’'-73. No hay evidencias
de que el IncRNA GASS llegue a producir un producto a pesar de su demostrada

interaccidon ribosdmica.

Se ha descrito que GAS5 puede ser degradado por NMD; la eliminacion de

UPF1, uno de los componentes esenciales de la maquinaria del NMD, induce la bajada
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de expresidén del RNA de GAS5 con la consecuente bajada de expresién de algunos
genes cuyos promotores estan regulados por el receptor de glucocorticoides, una de
las dianas de GAS574. Otro estudio muestra como la bajada de expresién de la
maquinaria del NMD es esencial para la diferenciacién de los progenitores neuronales
y estd acompafiada por la subida de expresidon de varias dianas directas del NMD,
incluyendo GAS57. Otro trabajo también muestra que ademas de los mRNAs, los
miRNAs y IncRNAs como GAS5 son dianas directas del NMD’6. Aunque desconocemos
el mecanismo preciso por el cual SRSF4 regula a GASS5, es probable que implique la
degradacion del RNA a través de NMD. Nuestros resultados demuestran que al inhibir
el NMD los niveles de expresion del RNA de GASS5 suben. A pesar de que la pérdida
cardio-especifico de SRSF4 en general no parezca tener una gran repercusion en el
splicing alternativo en el corazén, segin nuestros datos SRSF4 podria estar regulando
la expresion de otra isoforma de GAS5. No hemos podido validar este cambio ya que
hemos observado que aunque se estuviera produciendo otra isoforma, ésta podria
estar degraddndose rapidamente. Esto podria explicarse debido a que ante la
ausencia de SRSF4, se produce una isoforma de GAS5 capaz de interaccionar con la
maquinaria de traduccién y por tanto ser degrada por NMD. De esta forma, SRSF4
estaria regulando si se produce la forma codificante, la cual no seria funcional ya que

se degradaria por NMD, o la no codificante de GASS5.

El IncRNA GAS5 se expresa en tejido adulto y durante el desarrollo
embrionario, y su expresién baja en varios tipos de cancer, incluyendo el cancer de
mama’’. GASS5 se localiza tanto en el ndcleo como en el citoplasma’ y tiene una vida
media de ~6 horas’. En los linfocitos, GAS5 regula la apoptosis y el ciclo celular®®.
Ademas, GAS5 disminuye en pacientes con diabetes mellitus tipo 2; se une al
promotor del receptor de insulina para regular su expresion, y su eliminacién inhibe
la absorcién de glucosa y la senalizacion de insulina®. También se ha descrito que
GASS5 interacciona con el dominio a unién de DNA del receptor de glucocorticoides
(GR), inhibiendo asi la unién de éste a los GRE (del inglés, glucocorticoid response
elements) de sus genes diana, modulando de esta forma la actividad transcripcional
del GR™. Nuestros resultados sugieren que la interaccion SRSF4-GAS5 regula la
actividad transcripcional del GR en el corazén, en linea con los estudios in vivo e in

vitro que implican la relacién que existe entre los glucocorticoides y el desarrollo de
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hipertrofia cardiaca®=24, y la induccion de cambios hipertréficos mediante la activacién
del GR en células H9C2 y cardiomiocitos neonatales de rata®. Nuestros resultados
demuestran que la actividad transcripcional del GR se encuentra incrementada en los
cardiomiocitos neonatales de los ratones SRSF4 KO, en los cuales la expresion de
GAS5 se encuentra disminuida. Ademas, mostramos que los cardiomiocitos
neonatales de los ratones SRSF4 KO responden a una activacién del GR mediada por
dexametasona con un incremento mas pronunciado en la expresion de marcadores
de hipertrofia y un area celular superior a lo observado en los cardiomiocitos control.
Estos resultados son consistentes con la acciéon pro-hipertréfica que tienen los
glucocorticoides sugerida por los estudios previos. Ademas, también encontramos
que la sobreexpresidon de GAS5 reduce la hipertrofia en los cardiomiocitos KO SRSF4,
lo que sugiere un papel causal de la pérdida de expresidn de GAS5 en la respuesta
hipertréfica observada en ausencia de SRSF4.

Por tanto, nuestros resultados muestran que la pérdida de SRSF4 en
cardiomiocitos produce una degradacion mayor de GAS5 que conlleva a una bajada
en la expresion del mismo, lo que conduce a un incremento de la actividad
transcripcional del GR, ya que se pierde la inhibicidon por parte de GASS5, lo cual a su

vez causa la hipertrofia del cardiomiocito (Figura 19).
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Figura 19. Mecanismo molecular por el cual se produce hipertrofia cardiaca en ausencia de
SRSF4. GASS5 es una diana directa de SRSF4 en cardiomiocitos. Cuando SRSF4 esta presente, GAS5
se une al GR e inhibe su unién a la regién GRE de sus genes diana. En ausencia de SRSF4, la expresién

de GASS5 disminuye y el GR induce la expresién de genes diana implicados en la hipertrofia de los

cardiomiocitos.
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Comparacion de SRSF4 con otras proteinas SR

Haciendo un repaso del resto de proteinas SR cuyo papel en el corazén ha
sido también estudiado, podemos decir que la deplecién constitutiva y ubicua de
SRSF1, SRSF2, SRSF3 y SRSF10 resultan letales en estadios embrionarios39:40.86.87,
En el caso de la deplecién de SRSF10, los ratones desarrollan un fenotipo cardiaco
patolégico y la mayoria de los ratones mueren durante el desarrollo debido a
multiples defectos en la formacidn del corazén*®. Sin embargo, la eliminacién cardio-
especifica de SRSF1 y SRSF2 no parece tener el mismo efecto, ya que en ambos
casos las camadas de ratones cumplen con la proporcion mendeliana esperada 383°,
al igual que ocurre con SRSF4. En el caso de SRSF3, la pérdida en el corazén desde

el desarrollo también resulta letal para los embriones?®s.

En el corazén adulto, la pérdida cardiaca de SRSF1 resulta letal para los
animales, que empiezan a morir entre las 6-8 semanas tras el parto3°, mientras que
la eliminacidn cardiaca de SRSF2 no tiene efecto sobre la vida media de los
animales3®, como ocurre también en SRSF4. Sin embargo, la pérdida de SRSF3 en el
corazon adulto causa un fenotipo muy severo, los animales apenas son capaces de
sobrevivir una semana®. Los fenotipos causados por la pérdida de estas tres
proteinas también difieren mucho. En el KO de SRSF3 observamos una falta de
contraccion, pero a diferencia del KO de SRSF2, el corazén no se dilata y no se llega
a producir cardiomiopatia dilatada 8. Los ratones KO de SRSF1 muestran un fenotipo
opuesto, donde los cardiomiocitos desarrollan hipercontraccién3®. En el caso de

SRSF4, como ya se ha descrito antes vemos una hipertrofia del ventriculo izquierdo.

De acuerdo a la variedad en los fenotipos cardiacos de las distintas proteinas
SR, sus dianas y mecanismos de accién también son distintos. Los fenotipos causados
por la pérdida de SRSF1, SRSF2 o SRSF10 parecen estar causados por un
determinado RNA, mientras que las dianas cardiacas de SRSF3 son mas variadas.
SRSF1 afecta al splicing de CaMKIIJ, la pérdida de SRSF2 reduce los niveles de
expresion de RyR2 y SRSF10 afecta al splicing de triadina reduciendo sus niveles de
expresion y los de calsequestrina (CASQ2) 3840, En SRSF3, multitud de genes

implicados en la contraccién cardiaca disminuyen su expresion®s,
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En resumen, los estudios previamente mencionados demuestran que las
funciones de las proteinas SR en el corazéon no son redundantes, ya que su
eliminacidon causa fenotipos patoldgicos distintos. Dicho esto, en el caso de SRSF4
nuestros datos de RNA-seq muestran un aumento en los niveles de expresion de otro
miembro de esta familia, SRSF6. Hay estudios que sugieren que SRSF4 y SRSF6
compiten por la union a mRNA similares, y que la deplecidn de ambas proteinas es
letal®°. Esto sugiere que podria existir un mecanismo compensatorio entre ambas y
podria por tanto explicar el fenotipo menos agresivo de SRSF4 comparado con el de

otras proteinas SR.

Seria_interesante observar qué ocurre con la expresion de
SRSF4 en_otros pacientes con hipertrofia idiopatica y
enfermedad de Cushing

Como se ha mencionado, SRSF4 se ha relacionado con el desarrollo de diversas
patologias neuroldgicas y cancer. Sin embargo, su papel en el corazén no habia sido
estudiado hasta ahora. A pesar de que hemos demostrado que la pérdida cardio-
especifica de SRSF4 produce hipertrofia cardiaca, los niveles de SRSF4 no varian en
un modelo de ratén de hipertrofia inducida por constriccion de la aorta, ni la induccién
de SRSF4 consigue minimizar la hipertrofia en este mismo modelo. Tampoco hemos
visto un cambio de expresidon de SRSF4 en otras patologias cardiacas como el infarto
de miocardio inducido por la constriccidon permanente de la arteria coronaria

descendente izquierda en ratén.

Por ello, y dado que los cambios estructurales y funcionales observados en el
corazén de los ratones SRSF4 KO son parecidos a los que se encuentran en una
miocardiopatia hipertréfica en humanos, quisimos averiguar si pacientes con
hipertrofia idiopatica podrian presentar una mutacién en SRSF4 que pudiera explicar
el origen de su patologia. La mayoria de las causas genéticas estan relacionadas con
mutaciones en genes sarcoméricos, pero se observan también mutaciones genéticas
no sarcoméricas en una proporcion importante de pacientes®. Nuestros resultados

muestran que la cohorte de pacientes analizada no presenta mutaciones en SRSF4
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en ninguno de los exones. Todos los pacientes proceden de la misma o de
localizaciones cercanas por lo que seria interesante observar mas cohortes de

pacientes con hipertrofia idiopatica en otras zonas geograficas.

Por otro lado, segun el mecanismo molecular que hemos descrito, que implica
gue como consecuencia de una bajada de SRSF4 y por tanto de GASS5, hay una mayor
activacion del receptor de glucocorticoides, seria interesante observar qué ocurre con
SRSF4 y GAS5 en pacientes con sindrome y/o enfermedad de Cushing. Esta
enfermedad se caracteriza por la presencia de niveles elevados de glucocorticoides
en sangre, lo cual puede ser consecuencia del uso de medicamentos con
corticoesteroides orales, pero también puede producirse cuando el cuerpo genera
demasiado cortisol por si solo debido a defectos en el funcionamiento de la hipofisis
o las glandulas suprarrenales. Como consecuencia de estos niveles elevados de
glucocorticoides en sangre, la hipertensién y la hipertrofia del ventriculo izquierdo
son caracteristicas entre otras, en la enfermedad de Cushing®®. Aunque también, un
elevado niumero de pacientes desarrollan hipertrofia sin presencia de hipertension.
Estudios recientes indican que es mas probable que el exceso de glucocorticoides
induzca cambios cardiovasculares estructurales y funcionales que no pueden
explicarse Unicamente por el desarrollo de hipertension®®2. Por tanto, seria
interesante observar si la hipertrofia del ventriculo izquierdo en estos pacientes
estaria favorecida por la presencia de algun defecto en la expresién de SRSF4 y GASS5,
qgue hiciera que la actividad del receptor de glucocorticoides estuviera aumentada en
los cardiomiocitos. De hecho, los datos del RNA-seq de un estudio que analiza los
cambios de expresidn génica en tejido adiposo de pacientes con Cushing, muestran
gue hay una bajada de expresién de SRSF4 y GASS5 en este tejido>>. Seria interesante

observar si esto ocurre también en los cardiomiocitos.
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Conclusiones

1. La expresion de SRSF4 es mayor durante el desarrollo embrionario y decrece

progresivamente hasta la etapa adulta.

2. La expresidon de SRSF4 en ratdn no cambia significativamente tras la induccién
de un infarto de miocardio, ni tampoco en un modelo de hipertrofia inducida

por constriccién adrtica.

3. La pérdida cardio-especifica de SRSF4 induce hipertrofia del ventriculo
izquierdo asociado con un incremento del tamafio de los cardiomiocitos,

disfuncién diastolica y alteraciones electrofisiologicas.

4. La sobreexpresion de SRSF4 tras la constriccion adrtica no reduce la hipertrofia

patoldgica.

5. SRSF4 se une a GASS5 y regula su degradacién.

6. La hipertrofia de los cardiomiocitos producida por la ausencia de SRSF4 se
debe, al menos en parte, al aumento de la actividad del receptor de

glucocorticoides, causada por la bajada de expresiéon de GASS.

7. La sobrexpresion de GAS5 reduce la hipertrofia de los cardiomiocitos de los
ratones SRSF4 KO in vitro.

8. En la cohorte de pacientes con hipertrofia idiopatica analizados, no se han

encontrado mutaciones ni bajada de expresion de SRSF4.
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Conclusions

1. SRSF4 expression is higher during embryonic development and decreases

progressively until adulthood.

2.In mice, SRSF4 expression does not change significantly neither after
myocardial infarction nor in a hypertrophic model induced by trans-aortic

constriction.

3. Cardio-specific loss of SRSF4 results in left ventricular hypertrophy associated
to an increase in the cardiomyocyte size, diastolic dysfunction and

electrophysiological alterations.

4. SRSF4 overexpression after trans-aortic constriction does not reduce

pathological hypertrophy significantly.

5. SRSF4 binds to GAS5 and regulates its degradation.

6. Cardiac hypertrophy induced by the lack of SRSF4 is associated with an
increase in the transcriptional activity of the glucocorticoid receptor, which is

caused by GAS5 downregulation.

7. GAS5 overexpression reduces hypertrophy in cardiomyocyte isolated from
SRSF4 KO mice in vitro.

8. In the cohort of patients with idiopathic hypertrophy that was analysed in this

study, neither mutations nor downregulation of SRSF4 expression were found.
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Material Suplementario: Figuras
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Figura suplementaria 1. Expresion de SRSF4 en corazones control y SRSF4 KO. Analisis por

gRT-PCR de la expresion del mRNA de SRSF4 en corazones control y SRSF4 KO a diferentes edades. Los
datos estan representados como la media +SEM, n=4-5 ratones por grupo. *p<0.05, **p<0.01,

***p<0.001 SRSF4 KO vs Control, ANOVA de dos via con test de Bonferroni.

Figura suplementaria 2. Focos de fibrosis en los ratones SRSF4 KO. Imagen representativa de
cortes histoldgicos de corazon de ratones control (A) y SRSF4 KO (B) a los 10 meses de edad con tincion

tricromico de Masson.
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Material Suplementario: Tablas

Tabla suplementaria 1. Datos ecocardiograficos de ratones control y SRSF4 KO a distintas

edades. Los datos estan representados como la media £SEM. LVWT, left ventricular wall thickness, del

inglés; LVEF, left ventricular ejection fraction, del inglés; LVVOLd, left ventricular end diastolic volume;

IVRT, isovolumetric relaxation time. *p<0.05, **p<0.01, ***p<0.001 for SRSF4 KO vs Control; 2-way

ANOVA followed by the Bonferroni post-test.

6 months 10 months 14 months
Control SRSF4 KO Control SRSF4 KO Control SRSF4 KO
LVWT (mm) 1.1520.04 1.352£0.05 1.13+0.05 | 1.41+0.06** | 1.07£0.07 | 1.38+0.05**
Normalized Cardiac Mass | 2.55+0.09 | 3.39+0.20 | 2.94+0.16 | 3.88+0.28** | 2.85+0.22 | 4.46+0.28***
LVEF (%) 54.97+£2.01 | 53.44+2.83 | 55.26+£2.22 | 50.86+5.12 | 54.46+2.23 | 57.21+1.94
LvvOoLd (ul) 67.20£2.97 | 67.14+2.91 | 55.72+3.32 | 61.36+£3.01 | 61.73+2.87 | 67.64+3.37
n 6 10 8 10 5 9
IVRT (ms) 10.83+0.80 | 11.52+1.38 | 13.13+0.46 | 14.67+0.34 | 13.65+0.65 | 17.53+£1.01*
n 6 6 6 6 6 6

Tabla Suplementaria 2. Analisis de diferencia de expresion génica en corazones de ratones

SRSF4 KO. Se encuentra incluida en el CD adjuntado con esta Tesis Doctoral.

Tabla suplementaria 3. Eventos de Splicing Alternativo en los corazones de los ratones control

y SRSF4 KO. Se encuentra incluida en el CD adjuntado con esta Tesis Doctoral.
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Tabla suplementaria 4. Genes que estan diferencialmente expresados en los corazones SRSF4

KO y que son dianas directas de SRSF4 en cardiomiocitos.

ID Ensembl Gene
ENSMUSG00000001870 Ltbpl
ENSMUSG00000003228 Grk5
ENSMUSG00000011256 Adam19
ENSMUSG00000016921 Srsf6
ENSMUSG00000017692 RhbdI3
ENSMUSG00000019848 Popdc3
ENSMUSG00000020646 Mboat2
ENSMUSG00000021219 Rgs6
ENSMUSG00000022111 Uchl3
ENSMUSG00000022587 Ly6e
ENSMUSG00000023067 Cdknla
ENSMUSG00000024072 Yipfa
ENSMUSG00000024780 Cdc37I1
ENSMUSG00000025579 Gaa
ENSMUSG00000026131 Dst
ENSMUSG00000026483 Fam129a
ENSMUSG00000026520 Pycr2
ENSMUSG00000026610 Esrrg
ENSMUSG00000026944 Abca2
ENSMUSG00000027381 Bcl2l11
ENSMUSG00000028911 Srsf4
ENSMUSG00000031636 Pdlim3
ENSMUSG00000037270 4932438A13Rik
ENSMUSG00000037940 Inpp4b
ENSMUSG00000038335 Tsrl
ENSMUSG00000039958 Mettl20
ENSMUSG00000042719 Naa25
ENSMUSG00000043445 Pgp
ENSMUSG00000050565 Torlaip2
ENSMUSG00000051451 Crebzf
ENSMUSG00000053332 GAS5
ENSMUSG00000053886 Sh2d4a
ENSMUSG00000054752 Fsdil
ENSMUSG00000059895 Ptp4a3
ENSMUSG00000060913 Trim55
ENSMUSG00000061589 Dot1l
ENSMUSG00000062210 Tnfaip8
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ENSMUSG00000064302
ENSMUSG00000066232
ENSMUSG00000070509
ENSMUSG00000073409
ENSMUSG00000074221
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Clasp1
Ipo7
Rgma
H2-Q6
Zfp568
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Material Suplementario: Publicaciones

Actualmente se encuentra en fase de revision en Circulation Research el

siguiente manuscrito:

Javier Larrasa-Alonso, Maria Villalba-Orero, Carlos Marti-Goémez, Paula
Ortiz-Sanchez, Marina M Lépez-Olaneta, Fatima Sanchez-Cabo, Frangois
McNicoll, Michaela Muller-McNicoll, Pablo Garcia-Pavia and Enrique Lara-Pezzi.
“"SRSF4-GAS5-IncRNA interaction regulates left ventricular hypertrophy by
inhibiting the glucocorticoid receptor”

Durante esta Tesis Doctoral se ha contribuido a las siguientes publicaciones:

Laura Padrén-Barthe, Maria Villalba-Orero, Jesis M. Gdémez-Salinero, Fernando
Dominguez, Marta Roman, Javier Larrasa-Alonso, Paula Ortiz-Sanchez, Fernando
Martinez, Marina Lopez-Olafieta, Elena Bonzén-Kulichenko, JesUs Vazquez, Carlos
Marti-Gémez, Demetrio J. Santiago, Belén Prados, Giovanna Giovinazzo, Maria Victoria
Gdémez-Gaviro, Silvia Priori, Pablo Garcia-Pavia, and Enrique Lara-Pezzi. “Severe
cardiac dysfunction and death caused by ARVC type 5 is improved by inhibition of
GSK3b". Circulation, 2019;140(14):1188-1204.

Paula Ortiz-Sanchez, Maria Villalba-Orero, Marina M Lopez-Olafieta, Javier Larrasa-
Alonso, Fatima Sanchez-Cabo, Carlos Marti-Gémez, Emilio Camafeita, Jesis M
Gbémez-Salinero, Laura Ramos-Hernandez, Peter ] Nielsen, Jeslus Vazquez, Michaela
Muller-McNicoll, Pablo Garcia-Pavia and Enrique Lara-Pezzi. “Loss of SRSF3 in
cardiomyocytes leads to decapping of contraction related mRNAs and severe systolic
dysfunction”. Circ Res. 2019, 5;125(2):170-183.

Jesis M Gomez-Salinero, Marina M Lépez-Olafieta, Paula Ortiz-Sanchez, Javier
Larrasa-Alonso, Alberto Gatto, Leanne E Felkin, Paul JR Barton, Inmaculada Navarro-
Lérida, Miguel Angel del Pozo, Pablo Garcia-Pavia, Balaji Sundararaman, Giovanna
Giovinaz, Gene W. Yeo and Enrique Lara-Pezzi. “The Calcineurin Variant CnAbetal
Controls Mouse Embryonic Stem Cell Differentiation by Directing mTORC2 Membrane
Localization and Activation”. Cell Chem Biol. 2016, 23(11):1372-82.
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Severe Cardiac Dysfunction and Death
Caused by Arrhythmogenic Right Ventricular
Cardiomyopathy Type 5 Are Improved by
Inhibition of Glycogen Synthase Kinase-3

BACKGROUND: Arrhythmogenic cardiomyopathy/arrhythmogenic

right ventricular cardiomyopathy (ARVC) is an inherited cardiac disease
characterized by fibrofatty replacement of the myocardium, resulting

in heart failure and sudden cardiac death. The most aggressive
arrhythmogenic cardiomyopathy/ARVC subtype is ARVC type 5 (ARVC5),
caused by a p.S358L mutation in TMEMA43 (transmembrane protein

43). The function and localization of TMEM43 are unknown, as is the
mechanism by which the p.S358L mutation causes the disease. Here,
we report the characterization of the first transgenic mouse model of
ARVCS.

METHODS: We generated transgenic mice overexpressing TMEM43 in
either its wild-type or p.S358L mutant (TMEMA43-S358L) form in postnatal
cardiomyocytes under the control of the a-myosin heavy chain promoter.

RESULTS: We found that mice expressing TMEM43-S358L recapitulate
the human disease and die at a young age. Mutant TMEM43 causes
cardiomyocyte death and severe fibrofatty replacement. We also
demonstrate that TMEM43 localizes at the nuclear membrane and
interacts with emerin and p-actin. TMEM43-S358L shows partial
delocalization to the cytoplasm, reduced interaction with emerin

and p-actin, and activation of glycogen synthase kinase-3f (GSK3p).
Furthermore, we show that targeting cardiac fibrosis has no beneficial
effect, whereas overexpression of the calcineurin splice variant
calcineurin AB1 results in GSK3p inhibition and improved cardiac
function and survival. Similarly, treatment of TMEM43 mutant mice
with a GSK3f inhibitor improves cardiac function. Finally, human
induced pluripotent stem cells bearing the p.S358L mutation also
showed contractile dysfunction that was partially restored after GSK3f3
inhibition.

CONCLUSIONS: Our data provide evidence that TMEM43-S358L

leads to sustained cardiomyocyte death and fibrofatty replacement.
Overexpression of calcineurin AB1 in TMEM43 mutant mice or chemical
GSK3p inhibition improves cardiac function and increases mice life span.
Our results pave the way toward new therapeutic approaches for ARVCS.
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Clinical Perspective
What Is New?

e This is the first animal model to reproduce human
arrhythmogenic right ventricular cardiomyopathy
(ARVC) type 5, the most aggressive subtype of
arrhythmogenic cardiomyopathy.

e Transgenic mice expressing TMEM43 (transmem-
brane protein 43)-S358L show fibrofatty replace-
ment of the myocardium and die at a young age.

e This model confirms that TMEMA43 is localized
mostly at the nuclear membrane and provides new
information on the pathophysiological mechanism
of ARVC5.

¢ As in other forms of ARVC, the glycogen synthase
kinase-3f signaling pathway plays an important
role in this disease.

What Are the Clinical Implications?

e Using this animal model, our work tests 2 new
therapeutic approaches for ARVC5, for which
there are currently no effective therapies to prevent
disease progression in humans.

e Although the antifibrotic drug GM-CT-01 did
not show a beneficial effect on transgenic mice
expressing TMEM43-S358L, inhibition of glycogen
synthase kinase-3f3 improved cardiac function and
survival, opening the way to a new therapeutic
approach focused on glycogen synthase kinase-
3B inhibition that could be used in humans with
ARVC5 in the future.

rrhythmogenic  cardiomyopathy  (ACM)/ar-
Arhythmogenic right ventricular cardiomyopa-

thy (ARVC) is an incurable genetically inherited
disease that causes heart failure and sudden cardiac
death.”? ACM/ARVC is an autosomal dominant dis-
ease with rare recessive forms. To date, 15 indepen-
dent loci and 13 dominant ACM/ARVC—causing genes
have been linked to the condition. Up to 60% of ACM/
ARVC cases have been attributed to mutations in genes
encoding proteins of the desmosomal complex, with a
significant minority caused by mutations in nondesmo-
somal genes.> The most aggressive ACM/ARVC sub-
type is ACM/ARVC type 5 (ARVC5), which is caused
by a point substitution (p.S358L) in a highly conserved
TMEMA43/LUMA (transmembrane region of transmem-
brane protein 43). The causal gene for ARVC5 was first
described in families from Newfoundland (Canada) in
2008 as the cause of a fully penetrant aggressive dis-
ease with a high incidence of malignant ventricular
arrhythmias.® Since then, several other patients have
been diagnosed around the globe. Prognosis is very
poor, with more than half of affected men dying by the
age of 50 years.” The pathogenic mechanism of ARVC5

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366
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and the role of TMEM43 in the genesis of the disease
are poorly understood, precluding the development of
effective therapies.

Here, we report the characterization of the first trans-
genic mouse model of ARVC5. We analyzed disease de-
velopment and progression in depth and determined
the localization, function, and mechanism of action
of TMEM43. Finally, we show that glycogen synthase
kinase-3fp (GSK3p) inhibition with a chemical inhibitor
or by calcineurin AB1 (CnAp1) overexpression improves
cardiac function and survival of mice with ARVC5.

METHODS

Data Availability

The data that support the findings of this study are avail-
able from the corresponding authors on reasonable
request. RNA sequencing data are available at the GEO
repository (GSE101301). Proteomic data are available at the
PeptideAtlas repository (http://www.peptideatlas.org/PASS/
PASS01063). Full Methods can be found in the online-only
Data Supplement.

Mice

TMEM43 wild-type (TMEM43WT) and TMEM43 mutant
(TMEM43mut) mice, in the C57BL/6JCrl (Charles River
Laboratories) background, express human WT TMEM43
and human TMEM43-S358L, respectively, specifically in
cardiomyocytes under the control of the myosin heavy
chain (MHC) promoter. WT C57BL/6JCrl mice were used
as controls. TMEM43mut male mice were crossed with o-
myosin heavy chain—CnAp1 mice® to generate the double-
transgenic mouse line TMEM43mut-CnAB1. Male and
female mice were used throughout the study. Mice were
housed in an air-conditioned room with a 12-hour light/
dark cycle with free access to water and chow. For the inhi-
bition of galectin 3, TMEM43mut mice were randomized
to the saline-treated control group (n=8) or the GM-CT-
01-treated group (n=8). Mice were treated twice a week
with intravenous injections of GM-CT-01 (120 mg/kg) or
placebo (normal saline) in the tail vein from 5 weeks to 4
months of age. For GSK3p inhibition, mice were injected
intraperitoneally daily with SB216763 (2.5 mg/kg per day).
All procedures were approved by the Centro Nacional de
Investigaciones Cardiovasculares Carlos Il Ethics Committee
and the Regional Government of Madrid (PA-27/13, PROEX-
177/17). All animal experiments conformed to EU Directive
2010/63EU and Recommendation 2007/526/EC, enforced in
Spanish law under Real Decreto 53/2013.

Echocardiography

Cardiac function, chamber dilatation, and wall thickness were
analyzed in neonatal mice and in mice 3 and 5 weeks and 2
and 4 months of age by transthoracic 2D and M-mode echocar-
diography. Measurements were carried out by a blinded opera-
tor using a high-frequency ultrasound system with a 50-MHz
linear probe for neonates and a 30-MHz probe for older mice
(Vevo 2100, Visualsonics Inc). For ultrasound scans, mice were
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placed on a heating pad; neonates were not anesthetized,
whereas older mice were kept under light anesthesia with iso-
flurane adjusted to obtain a target heart rate of 500+£50 bpm.
Left ventricular (LV) ejection fraction (EF) and LV end-diastolic
volume were obtained from the long-axis view, and LV pos-
terior wall in diastole was obtained from the short-axis view.
Right ventricular systolic function was assessed indirectly from
the tricuspid annular plane systolic excursion, estimated from
maximum lateral tricuspid annulus movement obtained from
a 2D 4-chamber apical view. Images were analyzed offline by
an expert using the Vevo 2100 Workstation software. Animals
were euthanized by gradually filling the chamber with carbon
dioxide. Mice, hearts, and lungs were weighed after death.

Electrocardiograms

ECGs were obtained in unanesthetized neonates and in
3- and 5-week-old and 2- and 4-month-old anesthetized
mice with bipolar limb leads (leads |, Il, and lll) and unipolar
limb leads (leads aVR, aVL, and aVF) for 60 to 90 seconds.
Measurements were taken by a blinded operator with mice
(except for neonates) placed under light anesthesia with iso-
flurane (MP36R, BIOPAC Systems, Inc). ECGs were analyzed
by an expert using Acgknowledge 4.1.1. for MP36R (BIOPAC
Systems, Inc). Mean values were calculated from 10 consecu-
tive standard ECG time intervals and waves.

Cell Culture, Transfection, and
Immunofluorescence

P19 cells were transfected with the following HA-tagged
expression vectors for TMEM43: TMEM43WT-Ct-HA, Nt-HA-
TMEM43WT, TMEM43-S358L-Ct-HA, and Nt-HA-TMEM43-
S358L, where Nt and Ct indicate attachment of the HA tag
to the N-terminus or the C-terminus. Cells were fixed in 4%
paraformaldehyde in PBS for 10 minutes at 4°C, permeabilized
for 10 minutes with 0.1% Triton X-100/PBS, and incubated in
10% goat serum/PBS for 30 minutes at room temperature. Cells
were incubated overnight in 1% goat serum/PBS with anti-HA
(11583816001, Roche). After primary antibody incubation, cells
were washed with PBS, incubated for 1 hour at room tempera-
ture with Alexa Fluor 488 goat anti-mouse immunoglobulin G
(A-11029; Thermo Fisher Scientific) and DAPlin 1% goat serum/
PBS, and mounted in Vectashield mounting medium. Images
were acquired with a Nikon A1R multiline inverted confocal
microscope, a Plan Apo VC 60x/1,4 Oil DIC N2 Oil objective,
and Nikon NIS reprocessing software. Brightness and contrast
were linearly adjusted with Adobe Photoshop CS5.1.

Immunoprecipitation

TMEM43 immunoprecipitation experiments were performed
in the P19 cell line. Briefly, cells were transfected as described
above. Cells were lysed with TBS buffer (150 mmol/L NaCl,
20 mmol/L Tris-HCI, pH 7.4) supplemented with 1% Nonidet
P-40, 5 mmol/L EDTA, 5 mmol/L MgCl,, and 1x complete pro-
tease, phosphatase, and acetylase inhibitors. Protein extracts
were incubated with anti-HA—conjugated Dynabeads (Life
Technologies) for 1 hour at 4°C. Beads were washed 3 times
with lysis buffer containing 0.05% Nonidet P-40 and 5 times
with lysis buffer without added detergent. Bound proteins
were released from beads by boiling in 4x Laemmli sample
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buffer. Immunoprecipitates and input samples were resolved by
SDS-PAGE or subjected to protein digestion followed by nano-
liquid chromatography coupled to mass spectrometry for pro-
tein identification and quantification by peptide counting.® The
proteomics data set (raw and msf files and protein database)
is available in the PeptideAtlas repository (http://Awww.peptid-
eatlas.org/PASS/PASS01063, which can be downloaded via ftp.
peptideatlas.org: username, PASS01063; password, FZ6532b).

Statistical Analysis

All data are presented as mean+SEM. All data sets were
analyzed for statistical significance by regular or repeated-
measures 1-way ANOVA followed by Bonferroni or Dunnett
posttest for multiple comparisons or 2-way ANOVA followed
by Bonferroni posttest (GraphPad Prism), as indicated in the
figure legends. Survival curves were compared by the log-
rank (Mantel-Cox) test. Differences were considered statisti-
cally significant at P<0.05.

RESULTS

Cardiac-Restricted Expression of Human
TMEMA43-S358L Induces Biventricular
Dysfunction and Reduces Survival

We generated transgenic mice expressing human
TMEMA43-S358L under the control of the a-myosin
heavy chain promoter (TMEM43mut mice) to pro-
vide cardiac-specific expression of the mutant protein.
As controls, we used mice overexpressing human WT
TMEM43 (TMEM43WT mice) and WT littermates (Figure
IA-IC in the online-only Data Supplement). TMEM43mut
mice were dead by 6 months of age, with a median life
span of 23 weeks, whereas TMEM43WT and WT mice
showed no notable mortality at this age (Figure 1A).
Echocardiography showed a decline in LVEF that was
already evident in the TMEM43mut group at 2 months
of age, indicating a loss of LV contractility (Figure 1B
and Table | and Video I in the online-only Data Supple-
ment). Accordingly, TMEM43mut mice also developed
progressive LV dilatation with a high LV end-diastolic
volume (Figure 1C). Right ventricular contractility was
also reduced in TMEM43mut mice at 4 months of age
(Figure 1D). Although death was slightly delayed in fe-
males, no significant differences in survival and cardiac
function were observed between males and females
(Figure ID—IF in the online-only Data Supplement).
Gross morphology at 4 months revealed a clear en-
largement of TMEM43mut hearts compared with TMEM-
43WT and WT hearts (Figure 1E). TMEM43mut mice also
had an elevated ratio of heart weight to body weight at 4
months (Figure 1F). However, no changes were observed
in ventricular wall thickness (Figure 1G). Decreased car-
diac function in TMEM43mut mice was accompanied by
pulmonary congestion at 4 months (Figure 1H).
Electrocardiographic analysis showed progressive P-
wave prolongation and defective depolarization of the

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366
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Figure 1. TMEMA43 (transmembrane protein 43)-S358L expression in cardiomyocytes causes severe cardiac dysfunction.

A, Wild-type mice (WT, n=27) and mice overexpressing either WT TMEM43 (TMEM43WT, n=29) or TMEM43-S358L (TMEM43mut; n=84) under the control of the
a-myosin heavy chain (aMHC) promoter were monitored for 60 weeks, and their survival rate was determined from a Kaplan-Meier curve. The indicated P value
was obtained with a log-rank test. B through D, Left ventricular ejection fraction (LVEF), end-diastolic volume (LVEDV), and tricuspid annular plane systolic excur-
sion (TAPSE) measured by echocardiography at birth (Neon) and at 3 and 5 weeks and 2 and 4 months of age. E, Gross morphology of representative hearts from
4-month-old WT, TMEM43WT, and TMEM43mut mice; bar, 500 pm. Inset, A thrombus in the left atrium of a TMEM43mut mouse; bar, 50 pm. F, Ratio of heart
weight to body weight (HW/BW) determined at birth and at 4 months. G, LV posterior wall thickness in diastole (LVPWd) analyzed by echocardiography. H, Ratio
of lung weight to body weight (LW/BW) determined at birth and at 4 months. Graphs show mean+SEM. **P<0.01, ***P<0.001, TMEM43mut vs WT. #P<0.05,
##P<0.01, ###P<0.001, TMEM43mut vs TMEM43WT. $P<0.05, $$P<0.01, $$$P<0.001 for different time points vs neonates (B, C, and G) or 3 weeks (D) for each
mouse line; 2-way regular (B, C, F, and H) or repeated-measures (D and G) ANOVA was used, followed by Bonferroni post-test; n=5 to 6 per group.

atria in TMEM43mut mice, some of which developed
atrial fibrillation and atrial paralysis (Figure 2A and 2D
and Table Il in the online-only Data Supplement). Simi-
larly, TMEM43mut mice had ventricular disease, as evi-
denced by a progressive widening of the QRS complex
(Figure 2B and 2E) and a progressive decrease in QRS
amplitude (Figure 2C and 2F). No differences were ob-
served between males and females (Figure Il in the on-
line-only Data Supplement). Together, the results of the
ECG suggest that TMEM43mut mice develop electric
defects already noticeable at 5 weeks of age.

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366

TMEMA43-S358L Expression in the Heart
Induces Cardiomyocyte Death and
Fibrofatty Replacement

An important hallmark of human ACM/ARVC is the
progressive fibrofatty replacement of the ventricular
myocardium'®; however, whether fibrofatty replace-
ment is preceded by cardiomyocyte death has not been
clearly demonstrated. We found a significant increase
in circulating cardiac troponin | levels in TMEM43mut
mice as early as 5 weeks of age (Figure 3A), indicating
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Figure 2. TMEM43 (transmembrane protein 43) mutant (mut) mice show cardiac conduction defects.

A through C, Surface electrocardiographic analysis of cardiac conduction in wild-type (WT), TMEM43WT, and TMEM43mut mice 1 day (A), 5 weeks (B), and 4
months (C) of age. Shown are 0.6-second traces from the V, lead. D through F, The p-wave duration (D) and QRS duration and amplitude (E and F) assessed at
birth (Neon) and at 3 and 5 weeks and 2 and 4 months of age. Graphs show mean+SEM. **P<0.01, ***P<0.001, TMEM43mut vs WT. ###P<0.001, TMEM43mut
vs TMEM43WT. $$$P<0.001 for different time points vs neonates for each mouse line; 2-way repeated-measures ANOVA followed by Bonferroni post-test; n=6.

cardiomyocyte necrosis. We also investigated the acti-  increased levels of cleaved caspase 3, which were main-
vation of apoptosis by assessing the presence of pro-  tained at 4 months, although the differences did not
caspase 3 and cleaved caspase 3 in the hearts of these  reach statistical significance (Figure 3B and Figure llIA in
mice. At 2 months of age, TMEM43mut mice showed  the online-only Data Supplement). In addition, a similar

1192 October 1,2019 Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366



6T0Z ‘TT $800100 U0 Aq Bio'sfeuinofeye/:dny wo.y papeojumoq

Padrén-Barthe et al

TMEM43 and ARVCS

D WT E

A B (o]
= — 5wk 2M __ 4M 5wk _2M___4M
|=m TMEM43mu| 353 ESE ES E S
= i S E ZE ZE ES £S5 E£S
= ek M m ™ m m ™ = E = E = £
= 3% < < <4< < % 55 g =5
: if 83, 8% 32 39 29
< E=EsSE==E== WL, WL, Wi
r SEFEFEFFSFF E=ssSEsSsE==
e e = SEFEEEZSEF
=
@
w

Pro-casp 3 -~ [ >/

TMEM43WT

I —_ WT
B TMEM43WT
10 = TMEM43mut $%$
fezzend
- a_ Hekk
3 &
[ J
£8°
o
58 4
O O
iLkF 5]
 Meon. 5wk 2M M

Figure 3. TMEMA43 (transmembrane protein 43)-S358L causes cardiomyocyte death and replacement by fibrofatty tissue.

A, Serum troponin | (Tnl) determined by ELISA in mice 3 and 5 weeks and 2, 3, and 4 months of age. B and C, Western blot analysis of the presence in myocar-
dium of activated and total caspase 3 (casp-3; B) and beclin1 (Becl; C) at the indicated time points. D through I, Masson trichrome staining in myocardial sections
from wild-type (WT, D), TMEM43WT (E), and TMEM43 mutant (mut) mice (F and G). Subepicardial adipocytes were stained with perilipin (H), and the percentage
of fibrotic tissue was quantified (1). Bar, 500 ym (D-F), 50 pm (G), and 100 pm (H). Graphs show data points for individual mice and mean+SEM. Vinc indicates
vinculin. A and I, **P<0.01, ***P<0.001, TMEM43mut vs WT, #P<0.05, ##P<0.01, ###P<0.001, TMEM43mut vs TMEM43WT, $P<0.05, $$P<0.01, $$$P<0.001
for different time points vs 3 weeks (A) or neonates (I) for each mouse line; 2-way regular ANOVA followed by Bonferroni post-test; n=6 to 18.

trend was found for Beclin1, a key protein involved in
autophagy'' (Figure 3C and Figure llIB in the online-only
Data Supplement). These results provide the first clear
evidence implicating cell-death pathways in the early
and sustained cardiomyocyte loss in ARVC5.

To determine whether dead cardiomyocytes were
substituted by fibrotic tissue, we analyzed heart sec-
tions by Masson trichrome staining. TMEM43mut mice
showed massive fibrosis in both ventricles at 4 months
of age (Figure 3D-3G). Mutant mice also showed accu-
mulation of adipose tissue in the subepicardial layer and
the myocardium, as revealed by perilipin staining (Fig-
ure 3H). Quantification of the fibrotic area confirmed
the strong fibrotic response as disease progressed (Fig-
ure 3I). In line with these results, TMEM43mut mice
showed an increase in collagen Ta1 mRNA at 2 and
4 months, together with strong induction of lysyl oxi-

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366

dase, which crosslinks collagen and elastin (Figure IlIC
and llID in the online-only Data Supplement). These
changes were accompanied by increased expression of
the myocardial remodeling markers skeletal muscle ac-
tin a1 and brain natriuretic peptide (Figure IlIE and IIIF
in the online-only Data Supplement). Together, these
results demonstrate that TMEM43-S358L induces car-
diomyocyte death followed by fibrotic replacement.

Epicardium-Derived Cells Contribute

to the Fibrotic Replacement of
Cardiomyocytes

Using the Cre-LoxP technology and cell type—specific
promoters, we generated 4 sets of Iineage-tracing

mice to determine the contribution made to the fi-
brotic replacement by endothelial cells (Tie2-Cre), mac-
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rophages (LysM-Cre), cardiomyocytes (cTnT-Cre), and
epicardium-derived cells (Wt1-Cre). In addition to the
TMEM43mut transgene, each line carried a floxed re-
porter allele (EYFP, RFP, or GFP) preceded by a STOP
codon that was removed on recombination by the Cre
recombinase. In these mice, Cre-expressing cells and
their progeny were permanently labeled by expression
of the reporter (Figure IVA-IVQ in the online-only Data
Supplement). To locate collagen fibers in myocardial tis-
sue, we used second-harmonic-generation microscopy
(Figure IVA in the online-only Data Supplement), which
highlights organized mature collagen fibers, and confo-
cal reflection microscopy (Figure IVB in the online-only
Data Supplement), which reveals general tissue fibrosis.
Labeled macrophages were found in the tissue but did
not colocalize with the collagen fibers (Figure IVC-IVE
in the online-only Data Supplement), and neither did
the cardiomyocytes or endothelial cells (Figure IVF-IVH
and IVO-IVQ in the online-only Data Supplement). In
contrast, both second-harmonic-generation and reflec-
tion microscopy revealed colocalization of epicardium-
derived cells and collagen fibers in TMEM43mut hearts
(Figure IVI-IVN in the online-only Data Supplement).
These results indicate that epicardium-derived cells
(which are likely resident fibroblasts derived from the
epicardium during development) are the main cell type
contributing to the massive interstitial fibrosis observed
in ARVC5.

TMEMA43 Is Located in the Nuclear
Membrane and Interacts With
Cytoskeleton-Binding Proteins

There is currently controversy about whether TMEM43 is
located within the nuclear rim,'? the endoplasmic reticu-
lum,’® or the intercalated disk.'* To investigate the cel-
lular localization of WT and S358L human TMEM43 and
their interacting partners, we first modeled TMEMA43-
S358L and WT TMEM43 proteins in silico. The p.S358L
mutation in transmembrane domain 3 (red in Figure 4A
and 4B) predicted disruption of 3D protein structure
and lower structural stability for TMEM43-S358L com-
pared with WT TMEM43. TMEM43-5S358L also showed
higher hydrophobicity than the WT form, reducing the
availability of the transmembrane domain 4 (dark blue
in Figure 4A and 4B), which is predicted to interact with
a partner protein. The p.S358L mutation also affected
the structure of the transmembrane domain 1 (orange
in Figure 4A and 4B), which is necessary for TMEM43
dimerization. Because a previous report suggested that
TMEM43 function requires dimerization through trans-
membrane domain 1,” we also modeled homodimers
and heterodimers of TMEM43WT and TMEM43mut.
In silico modeling of the heterodimer WT TMEMA43-
TMEMA43-S358L revealed a distorted structure compared
with the WT TMEM43 homodimer (Figure 4C and 4D).
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TMEMA43 protein sequence is highly conserved along
evolution.® Nevertheless, the in silico model of mouse
TMEM43 shows a different tertiary structure compared
with the human protein, with a nonstructured loop ar-
ranging transmembrane domains 3 and 4 differently
(Figure VA in the online-only Data Supplement). Most
important, the p.S358L mutation has virtually no ef-
fect on the mouse TMEMA43 structure, and mouse
TMEM43-S358L shows only minimal differences with
the WT protein (Figure VB and VC in the online-only
Data Supplement). These results probably explain why
TMEM43-S358L knock-in mice have no disease pheno-
type,'® whereas transgenic mice expressing the human
protein develop ARVC5.

TMEMA43 has been suggested to interact with emer-
in (Emery-Dreifuss muscular dystrophy [EMD]) and
SUN2 (SUN domain-containing protein).’™ We therefore
modeled the interaction of these proteins with human
TMEM43 dimers. The WT-mutant TMEM43 heterodimer
showed an interaction with EMD (purple in Figure 4E);
however, this interaction was predicted to abnormally
embed EMD in the nuclear membrane (Figure 4F). This
would have the effect of blocking EMD function be-
cause it would prevent its interaction with lamin A (the
pocket in EMD that interacts with lamin A is indicated
by an arrow in Figure 4E and 4F). This in silico predic-
tion was validated by immunoprecipitation in P19 cells
transfected with expression plasmids for HA-tagged WT
TMEM43 and TMEM43-S358L, which revealed weaker
interaction of EMD with TMEM43-S358L than with the
WT form (Figure 4G). These results suggest that the
p.S358L point mutation in human TMEM43 results in
a dominant-negative form of TMEMA43, disrupting the
activity of the WT form.

Histological analysis of hearts from 4-month-old mice
using 3 different anti-TMEMA43 antibodies showed peri-
nuclear localization of TMEM43 in TMEM43WT mice,
whereas the TMEM43-S358L protein was partially de-
localized in the cytoplasm in TMEM43mut mice (Fig-
ure 4H-4M). As in desmoplakin ACM/ARVC and other
ARVC models,'®* TMEM43mut mouse hearts showed
mislocalization of connexin 43 (Figure VI in the online-
only Data Supplement).

To validate those results, we analyzed TMEM43 local-
ization in P19 cells transfected with plasmids expressing
HA-tagged TMEM43 proteins. We found partial cyto-
plasmic localization of TMEM43-S358L, regardless of
whether the HA tag was placed at the N- or the C-ter-
minus, whereas the WT protein showed a mainly peri-
nuclear staining (Figure VIl in the online-only Data Sup-
plement). The perinuclear localization of WT TMEM43
in the nuclear membrane is in agreement with several
previous reports.'*1>161921 |t should be acknowledged,
however, that TMEM43 has also been reported in des-
mosomes.' Although we could not detect TMEMA43 in
these structures by immunofluorescence, we did see an

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366



6T0Z ‘TT 4800100 U0 Aq Hio'sfeuino feye/:dny wouy papeojumoq

Padrén-Barthe et al TMEM43 and ARVC5

TMEM43WT TMEM43-S358L

TMEM43WT
TMEM43-S358L
TMEM43WT
TMEM43-S358L
TMEM43WT
TMEM43-S358L

ip: o = R - s
input sl > TR ' S——

WB TMEM43 EMD B-actin

TMEM43
monomer

TMEM43WT

TMEM43
dimer

TMEM43mut

TMEM43
+ EMD

TMEM43mut

TMEM43WT

TMEM43WT
TMEM43mut

Figure 4. The S358L mutation alters TMEM43 (transmembrane protein 43) conformation and protein interactions.

A through F, In silico modeling of the tertiary structure of wild-type (WT; A, C, and E, light blue) and mutant (mut) TMEM43 (B, D, and F, green) as mono-
mers (A and B), dimers (C and D), or in complexes with emerin (EMD; purple molecule; E and F). Orange indicates transmembrane domain 1; red, transmem-
brane domain 3; dark blue, transmembrane domain 4; and black residue, S358L mutation. G, HA-tagged TMEM43WT and TMEM43mut were expressed

in P19 cells and immunoprecipitated (IP) with anti-HA. The presence of TMEM43, EMD, and f-actin in the input and immunoprecipitate was analyzed by
Western blot. H through M, Immunofluorescence analysis of TMEM43 localization in myocardial sections from 4-month-old TMEM43WT (H, J, and L) and
TMEM43mut mice (I, K, and M) with 3 different anti-TMEMA43 antibodies (H and I, Abcam; J and K, Santa Cruz; L and M, antibodies generated by Franke et
al™). Green indicates TMEMA43; red, troponin | (only for H and I); and blue, DAPI. White arrowheads indicate partial TMEM43 localization in the cytoplasm.
Bar, 20 pm.
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interaction with desmosomal proteins in immunopre-
cipitation experiments (Table Il in the online-only Data
Supplement), suggesting that a fraction of TMEM43
may be localized in desmosomes.

To gain insight into the molecular partners of
TMEMA43, we immunoprecipitated the WT and the
mutant protein from transfected P19 cells using an
anti-HA antibody. Quantitative proteomics of the co-
precipitating proteins identified several cytoskeleton
and cytoskeleton-interacting proteins among the
binding partners for WT TMEM43, including actin, ac-
tinin, spectrin, shroom 3, myosin, and formin-like 2
(Table Il in the online-only Data Supplement). Many
of these interactions were reduced in cells expressing
TMEMA43-S358L. Immunoprecipitation and Western
blot analysis confirmed the reduced interaction of
TMEMA43-S358L with a-actin compared with the WT
TMEMA43 form (Figure 4G). Interestingly, the mutant
TMEM43 protein showed increased interaction with
the AKT modulator Pa2g4 (Table Il in the online-only
Data Supplement), which might affect this signaling
pathway.

Antifibrotic Treatment Does Not Improve
Cardiac Function in ARVC5 Mice

Increased interstitial fibrosis is a hallmark of human
ARVC5 and was evident in TMEM43mut mice. Inter-
stitial fibrosis increases passive stiffness, causes elec-
tric remodeling, and enhances arrhythmogenicity,
further contributing to cardiac remodeling and dys-
function.’?? To investigate whether reducing intersti-
tial fibrosis could improve heart function in ARVCS5,
we treated mice with the B-galactoside—binding lectin
Gal-3 (galectin-3) inhibitor GM-CT-01, a known anti-
fibrotic drug?.

Gal-3 is highly expressed in fibrotic tissues?* and me-
diates extracellular matrix remodeling in heart failure.?*
Gal-3-null mice are resistant to fibrotic disease of sev-
eral organs, including liver, kidney, and lung.®> RNA
sequencing revealed increased expression of the Gal-
3-encoding gene (Lgals3) in the hearts of 2-month-old
TMEM43mut mice, together with other genes involved
in the immune response and fibrosis (Table IV and Fig-
ure VIl in the online-only Data Supplement). No major
changes in transcript isoforms were detected (Table V in
the online-only Data Supplement). Validation by quan-
titative reverse-transcribed polymerase chain reaction
showed a strong induction of Lgals3 in TMEM43mut
mice at 2 and 4 months of age (Figure 5A), which
was confirmed by Western blot (Figure 5B and 5C).
To investigate whether inhibition of Gal-3-regulated
profibrotic pathways could improve heart function in
ARVC5, we conducted blinded controlled in vivo ex-
periments in TMEM43mut mice. The mice were treated
with either saline or GM-CT-01, a galactomannan with
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antifibrotic properties? that inhibits Gal-3 by binding
to its carbohydrate-binding domain, which is necessary
for the formation of Gal-3 pentamers.?* We then ana-
lyzed heart sections for collagen content by Masson
trichrome staining and type by staining with Picrosirius
red. Picrosirius red binds specifically to collagen fibrils
of varying diameters and distinguishes between colla-
gen type |, which confers stiffness to the tissue, and
collagen type Ill, which is more elastic. Treatment with
GM-CT-01 triggered a significant switch in the colla-
gen type in TMEM43mut hearts from collagen type | to
collagen type Ill (Figure 5D). Although the sum of the
collagen fibers seemed to decrease with GM-CT-01,
the total fibrotic area was not reduced (Figure 5E).
LVEF was comparable in GM-CT-01-treated and saline-
treated TMEM43mut mice (Figure 5F). These results
suggest that although collagen in the heart changes
to a more elastic type, this is not sufficient to restore
cardiac function.

TMEMA43-S358L Causes Cell Death by
Activating GSK3p

GSK3p is mislocalized and activated in other ARVCs,
both in patients and in mouse models.'®?” In addition,
GSK3p inactivation is beneficial in several pathologi-
cal settings, including myocardial infarction?®2?° and
pressure overload.?® To determine whether this sig-
naling pathway was disturbed in ARVC5, we first in-
vestigated whether GSK3p activation was altered by
TMEM43-S358L. We observed that GSK3f phosphor-
ylation is decreased in TMEM43mut mice compared
with their WT littermates (Figure 6A and 6B), indicating
increased GSK3p activation. This was accompanied by
reduced phosphorylation (indicating decreased activa-
tion) of its upstream regulatory kinase AKT (Figure 6A
and 6C). To determine whether TMEM43-S358L had
any effect on B-catenin transcriptional activity, which
is inhibited by GSK3p we transfected neonatal cardio-
myocytes with an expression vector for the different
TMEM43 constructs together with a reporter plasmid
in which luciferase is controlled by several 3-catenin—
activated TCF binding sites. We found that human
TMEM43-S358L decreased f-catenin activation,
whereas mouse TMEM43-S358L did not (Figure 6D).
This decrease was prevented by the GSK3p inhibitor
CHIR99021 (Figure 6E).

Because the AKT pathway is strongly involved in cell
survival, we investigated the effect of TMEM43-S358L
on cell viability. Expression of TMEM43-S358L in P19
cells resulted in increased cell death in the absence of
growth factors. This effect was precluded by the GSK3f
inhibitor (Figure 6F). Together, these results indicate
that TMEMA43-S358L expression interferes with the AKT
signaling pathway, resulting in GSK3f activation and in-
creased cell death.

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366



6T0Z ‘TT $800100 U0 Aq Bio'sfeuinofeye/:dny wo.y papeojumoq

Padrén-Barthe et al

TMEM43 and ARVCS

I WIT
B TMEM4A3WT
 |mm TMEM43mut $$%

HE sss

-l

it
okk
5wk 2 M 4 M

-y
GIJ L]

Lgals3 mRNA
(Fold induction)
S

0.
Neon.
C
- #z
—_ 1.5 — WT * ¥k
2 B TMEM43WT
s mm TMEM43mut
£ 1.0
3
(&
£
>
=
“ 0.54
w©
U]
0.0 -
E

=1 Saline
4 [ GM-CT-01

% Fibrotic tissue /
Total area

RV Lv

Gal-3— T & -
Vine —- R 12"

D _
1@ col mh
—_ =
2 204 |mm Coll
% 151
5 Tt
g 10
£
8 5]
0_
Sal GM Sal GM
RV LV
F 1 Salne
70 [HE_GM-CT-01
60-
— 50
x
o 401 It 44
[ i
3 30
20-
104
0
5wk 2M 4

3]
2- v
14
0
; Sal GM

TMEM43WT
TMEM43mut

=
=

Figure 5. Inhibition of fibrosis does not improve cardiac function in TMEMA43 (transmembrane protein 43) mutant (mut) mice.

A, Quantitative reverse-transcribed polymerase chain reaction analysis of myocardial galectin-3 (Lgals3) expression in the mouse lines at the indicated
ages. B and C, Western blot analysis (B) and quantification (C) of Gal-3 (galectin-3) protein levels at different time points in the 3 mouse lines at 4 months
of age. D, TMEM43mut mice were treated with GM-CT-01 (GM; 120 mg/kg) or saline (Sal), and myocardial sections were stained with Picrosirius red to
determine the maturity of the collagen fibers in each ventricle. E, The percentage of fibrotic tissue in the hearts of 4-month-old mice was quantified

by Masson trichrome staining. F, Echocardiography-determined left ventricular (LV) ejection fraction (LVEF) in 5-week-, 2-month-, and 4-month-old
TMEM43mut mice treated with GM-CT-01 or saline. Graphs show data points for individual mice and mean+SEM. AU indicates arbitrary units; and RV,
right ventricle. A, ***P<0.001, TMEM43mut vs WT; ###P<0.001, TMEM43mut vs TMEM43WT; $$$P<0.001 for different ages vs neonates for each mouse
line; n=3 to 8; 2-way regular ANOVA followed by Bonferroni post-test. C, **P<0.01, TMEM43mut vs WT, ##P<0.01, TMEM43mut vs TMEM43WT, 1-way
ANOVA with Bonferroni correction. D, t11P<0.001, GM-CT-01 vs saline. E and F, #$+P<0.001 vs 5 weeks; 2-way regular ANOVA followed by Bonferroni

post-test; n=7 to 8.

Treatment of TMEM43mut Mice With
CnAB1 Prolongs Survival and Improves
Cardiac Function

CnAB1, a naturally occurring splice variant of calcineu-
rin AB, has a beneficial effect on the heart after inju-
ry.83! The distinct properties of CnAB1 are conferred by
a unique C-terminal domain, not present in any other
known protein.3? More important, CnAB1 is required

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366

for the activation of the AKT/GSK3pB/B-catenin signal-
ing pathway, which results in inhibition of GSK3f and
activation of p-catenin.®

To determine whether CnAP1 overexpression could
revert the activation of GSK3f induced by TMEM43-
S358L, we crossed TMEM43mut mice with mice over-
expressing CnAB1 in a cardiomyocyte-specific manner.®
We found that AKT activity was preserved in the hearts
of double-transgenic mice and that, accordingly, GSK3f3
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Figure 6. TMEMA43 (transmembrane protein 43) p.S358L promotes cell death by activating glycogen synthase kinase-3g (GSK3p).

A through C, TMEM43 mutant (mut) mice were crossed with a-myosin heavy chain—calcineurin AB1(CnAB1) mice overexpressing CnAB1 in cardiomyocytes
(TMEM43mut-CnAB1 mice). The presence of total and phosphorylated (Ser9) GSK3, as well as total and phosphorylated (Ser473) AKT, was assessed by Western
blot in myocardial samples from wild-type (WT), TMEM43WT, TMEM43mut, and TMEM43mut-CnAB1 mice (A) and quantified (B and C). Increased phosphoryla-
tion of GSK3p indicates inactivation; n=3 to 11. D and E, Neonatal mouse cardiomyocytes were transfected with a reporter plasmid in which luciferase expression
is controlled by a f3-catenin—dependent TCF multimer, together with expression plasmids for human (h; D and E) or mouse (m; only in D) WT TMEM43, TMEM43-
S358L, and CnAB1. Empty pcDNA3.1 was used as a negative control. When indicated, the GSK3p inhibitor CHIR99021 (Chir; 3 pmol/L) was added. F, Percentage
of viable P19 cells transfected with expression plasmids for human WT TMEM43 and TMEM43-S358L grown in the absence of serum for 32 hours. The GSK3f
inhibitor CHIR99021 (3 umol/L) was added when indicated. As a positive control of cell death, P19 cells were incubated with 10% ethanol for 5 hours. G, Sixty-
week Kaplan-Meier survival curves for WT (n=27), TMEM43mut (n=84), and TMEM43mut-CnAB1 mice (n=38). The indicated P value was obtained with a log-rank
test. H and I, Serum troponin | (Tnl) determined by ELISA in the indicated mice 3 and 5 weeks and 2 and 4 months of age. In I, TMEM43mut mice were treated
with the GSK3p inhibitor SB-216763 (SB) or dimethyl sulfoxide (DMSO) as a vehicle control; n=4 to 5. Graphs show mean+SEM. B through D and F, *P<0.05,
**P<0.01, ***P<0.001 vs WT animals or control vector; ##P<0.01, ###P<0.001 vs TMEM43WT. B, 88P<0.001 vs TMEM43mut; §8P<0.01 CHIR99021-treated
cells vs untreated. H, **P<0.01, ***P<0.001 vs WT; +11P<0.001, TMEM43mut vs TMEM43mut-CnAB1. I, $+$P<0.001, SB vs DMSO. B through F, One-way
ANOVA followed by Dunnett posttest; n=3 to 11. H and I, Two-way ANOVA followed by Bonferroni posttest; n=10. Note that WT and TMEM43mut mice data for
G and H are those shown in Figures 1A and 3A, respectively, and are repeated here for comparative purposes.

was not activated (Figure 6A-6C). In addition, CnApB1
restored B-catenin activity (Figure 6E).

Given that CnAB1 activates AKT and inhibits GSK3,
we next investigated whether CnAB1 overexpression
improves cardiac function in the double-transgenic
animals. Most notably, CnAB1 significantly expanded
the life span of the mutant mice to a median of 28
weeks (Figure 6G). Circulating cardiac troponin | lev-
els were significantly reduced at 2 months of age in
TMEM43mut-CnAB1 mice (Figure 6H), suggesting a
partial reduction of cardiomyocyte necrosis in the dou-

1198 October 1,2019

ble-transgenic mice. Similarly, chemical inhibition of
GSK3p with SB-216763 in TMEM43mut mice resulted
in reduced serum cardiac troponin |, reinforcing the
idea that GSK3 activation has a causal role in cardio-
myocyte death induced by TMEM43-S358L.
Echocardiography assessment showed significant-
ly superior LV function in TMEM43mut-CnAB1 mice
compared with TMEM43mut mice at 4 months of age
(Figure 7A and Table VI and Video Il in the online-only
Data Supplement). LV dilatation was also reduced in
double-transgenic animals, although the differences

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366
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Figure 7. Calcineurin A1 (CnAB1) overexpression and chemical inhibition of glycogen synthase kinase-3g (GSK3p) improve cardiac function in
TMEMA43 (transmembrane protein 43) mutant (mut) mice.
A through C, Left ventricular (LV) ejection fraction (EF; A), LV end-diastolic volume (LVEDV; B), and tricuspid annular plane systolic excursion (TAPSE; C) were
determined by echocardiography in 4-month-old mice. D through F, Surface electrocardiographic determination of p-wave duration (D) and QRS duration and
amplitude (E and F). G and H, Gross heart morphology (G) and ratio of heart weight to body weight (HW/BW; H) in 4-month-old mice; bar, 500 um. 1, Picrosirius
red staining analysis of collagen fibers in myocardial sections. J, LVEF was determined by echocardiography in 4-month-old TMEM43mut mice treated with the
GSK3p inhibitor SB-216763 (SB) or dimethyl sulfoxide (DMSO) as a control. K and L, The p-wave (K) and QRS (L) durations were analyzed by ECG in TMEM43mut
(Tmut) mice treated as in J. M, Ratio of heart weight to body weight (HW/BW; H) in 4-month-old TMEM43mut mice treated as in J. Graphs in A to F, H and J-M
show data with mean+SEM. A through F and H, *P<0.05, **P<0.01, ***P<0.001, TMEM43mut or TMEM43-CnAB1 vs WT, #P<0.05, ###P<0.001, TMEM43mut-
CnAB1 (Tm-Cn) vs TMEM43mut; 1-way ANOVA followed by Bonferroni posttest; n=6 to 8. 1, **P<0.01, ***P<0.001, collagen (Col) type Il TMEM43mut vs WT,
11P<0.01 Col | TMEM43mut-CnAB1 vs TMEM43mut; $++P<0.001, Col IIl TMEM43-CnAB1 vs TMEM43mut; 2-way ANOVA followed by Bonferroni posttest; n=3
to 6. Note that WT and TMEM43mut mice data for A through F and H are those shown in Figures 1B through 1D, 2D through 2F, and 1F and are repeated here
for comparative purposes. J through M, $$P<0.01, SB2 vs DMSO, 2-sample t test; n=7 to 9.
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with TMEM43mut mice did not reach significance (Fig-
ure 7B). TMEM43mut-CnAB1 mice also showed a small
improvement in right ventricular function (tricuspid
annular plane systolic excursion; Figure 7C) and im-
proved electrocardiographic parameters compared with
TMEM43mut mice (Figure 7D-7F and Table VII in the
online-only Data Supplement).

Evaluation of gross heart morphology at 4 months
showed that TMEM43-CnAB1 hearts were consider-
ably smaller than those of the TMEM43mut mice (Fig-
ure 7G). In addition, TMEM43-CnAp1 mice had a sig-
nificantly lower ratio of heart weight to body weight
than TMEM43mut mice (Figure 7H) and showed no
evidence of pulmonary congestion (Figure IXA in the
online-only Data Supplement).

Examination of fibrotic tissue by Masson trichrome
staining revealed no differences in total collagen con-
tent between TMEM43-CnABT and TMEM43mut
hearts (Figure IXB and IXC in the online-only Data
Supplement). However, analysis of fibers by Picrosiri-
us red staining indicated that TMEM43-CnAfB1 mice
accumulated stiffer fibers (richer in collagen 1) than
TMEM43mut mice (Figure 8l).

In agreement with the beneficial effect of CnAB1 on
cardiac function, treatment of TMEM43mut mice with
the GSK3p inhibitor SB-216763 resulted in improved
EF and a partial normalization of electric abnormalities
(Figure 7J-7M). Together, these results demonstrate
that GSK3p inhibition, either chemically or by CnAp1
overexpression, improves cardiac function in mice with
ARVCS.

Human Induced Pluripotent Stem Cell-
Derived Cardiomyocytes Bearing the
p.S358L Mutation Show Contraction
Abnormalities That Are Normalized by
GSK3g Inhibition

To determine whether the p.S358L mutation induces a
disease-associated phenotype also in human cells, we
developed mutant human induced pluripotent stem
cell (hiPSC)—derived cardiomyocytes (hiPSC-CMs) and
compared their contraction behavior with that of WT
cells. No significant differences in Ca?* transient pa-
rameters were found between phenotypes at baseline
(Figure 8A-8C). However, in the presence of 1 pmol/L
isoproterenol, both the rising and decay phases of the
Ca?* transient were slower in the mutant phenotype.
These results were confirmed by measuring hiPSC-CM
contraction with a recently reported algorithm.?* We
found significantly increased contraction duration, time
to peak, and relaxation time in mutant hiPSC-CMs,
accompanied by decreased contraction amplitude
(Figure 8D-8G). GSK3p inhibition partially reduced
contraction time and improved contraction overall (Fig-
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ure 8H-8K), reinforcing the idea that GSK3p plays a rel-
evant role in ARVC5.

DISCUSSION

ARVCS5 is a devastating disease that causes sudden car-
diac death and heart failure.® It is caused by a point
mutation in TMEMA43, a transmembrane protein that,
as shown here, is located in the nuclear membrane in
its WT form. Despite efforts, this disease remains in-
curable and has no specific therapy. To develop thera-
pies to delay the onset or to slow the progression of
ARVC5, it is necessary to define the initial molecular
events and pathophysiological mechanisms. We there-
fore performed a step-by-step characterization of the
first ARVC5 transgenic mouse line (TMEM43mut) from
the early stages of the disease to the latest manifesta-
tions of the ACM/ARVC phenotype. TMEM43mut mice
show biventricular systolic dysfunction as the disease
progresses and considerable accumulation of fibrofatty
tissue, thus reproducing the human condition, which
also shows biventricular affectation in 43% of the cas-
es.” Unlike other ACM/ARVC mouse models,':27:3537
TMEM43mut hearts accumulate fat in the right ventri-
cle, although to a lower extent than observed in human
patients, likely as a result of the absence of subepicar-
dial fat in the mouse heart.

The first disease manifestations in TMEM43mut mice
are electric abnormalities, observed as early as 5 weeks
of age in ECG. Interestingly, no sudden cardiac death or
appropriate implantable cardioverter-defibrillator dis-
charge has been reported so far in ARVC5 patients <19
years of age.® This corresponds to the onset of the dis-
ease at 5 weeks of age observed in our ARVC5 mouse
model. Electric features preceded anatomic defects,
as also described in other ARVC mouse models.>® Al-
though the molecular mechanisms that underlie cellular
uncoupling and consequent conduction abnormalities
are poorly understood,*° mislocalization of connexin 43
that results in gap-junction remodeling would contrib-
ute to defects in impulse propagation and might ex-
plain the early phenotype."’

We show that mutant TMEM43 causes progressive
cardiomyocyte loss through activation of cell-death
pathways. Necrosis started early in life, as shown by car-
diac troponin | levels, whereas apoptosis and autoph-
agy appeared only in the later stages of the disease,
suggesting that necrosis is the main pathway leading
to early cardiomyocyte death. Sustained cardiomyo-
cyte loss in TMEM43mut hearts progressively led to the
replacement of dead cells by fibrofatty tissue, eventu-
ally leading to massive interstitial fibrosis in all 4 cham-
bers. We show that epicardium-derived cells contribute
strongly to cardiac fibrosis in this model, as has also
been shown for other heart diseases, including myo-

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366
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Figure 8. Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) bearing the p.TMEM43 (transmembrane protein 43)-S358L

mutation develop contractile dysfunction.

A through C, hiPSC-CMs bearing the wild-type (WT) alleles or a heterozygous p. TMEM43-S358L mutation (Mut) were loaded with 5 pmol/L Fluo 4-AM, and Ca**
transients were imaged in individual cells under a confocal microscope in the presence or absence of 1 umol/L isoproterenol (Iso). D through G, WT and mutant
hiPSC-CM beating was video recorded, and contraction duration (D), time to peak (E), relaxation time (F), and contraction amplitude (G) were measured. H
through K, WT and mutant hiPSC-CMs were treated with the glycogen synthase kinase-3f (GSK3p) inhibitor CHIR99021 (GSK3 in.) or dimethyl sulfoxide (DMSO)
as a control and different contraction parameters were measured. *P<0.05, **P<0.01, ***P<0.001, mutant vs WT cells. ###P<0.001 and adjusted P values in H
and I refer to GSK3p inhibitor vs DMSO. D through G, Two-sample t test; H through K, regular 2-way ANOVA with Bonferroni posttest; n=10 to 20; (B and C) 46

to 49; and (D-G); n=12-69.

cardial infarction.*" Given that many resident fibroblasts
in the adult heart are derived from Wt1+ epicardial cells
during embryonic development, it is likely that the epi-
cardium-derived cells contributing to cardiac fibrosis in
TMEM43mut mice are resident cardiac fibroblasts. We
found no contribution from macrophages, endothelial
cells, or cardiomyocytes, although we cannot rule out
contributions from other cell types not tested here.

Circulation. 2019;140:1188-1204. DOI: 10.1161/CIRCULATIONAHA.119.040366

The role of fibrosis in ACM/ARVC is unclear; it could
represent either a pathological mechanism or a com-
pensatory response. Treating our mouse lines with a
Gal-3 inhibitor that has antifibrotic properties altered
the collagen type I/l ratio to a more elastic fiber con-
formation. This, however, had no beneficial effect on
cardiac function. These results suggest that the fibrotic
response developed in ARVC5 tries to compensate for
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the loss of cardiomyocytes but would not be an appro-
priate therapeutic target.

The Wnt/GSK3p/p-catenin signaling pathway seems
to play a central role in the pathogenesis of other forms
of ARVC and is a key regulator of myogenesis’.GSK3f
modulates this signaling pathway by phosphorylating
[-catenin, promoting its rapid turnover by the protea-
some. We show here that TMEM43-S358L inhibits AKT,
which results in GSK3p activation and inhibition of p-
catenin—dependent transcription. We also show that
expression of mutant TMEM43 in cell culture causes
significant cell death in a GSK3-dependent manner,
demonstrating the functional involvement of GSK3 in
the deleterious effects of TMEM43-S358L. Although it
is unclear how it inhibits AKT, we found that TMEMA43-
S358L interacts with the AKT modulator Pa2g4 (EBP1
[Erbb3 interacting protein]). Interaction of Pa2g4 with
AKT inhibits apoptosis and promotes cell survival.#>4
Therefore, it is tempting to speculate that by binding
Pa2g4, TMEM43-S358L interferes with the Pa2g4-AKT
interaction and thereby reduces the antiapoptotic effect
of AKT. Overexpression of the calcineurin variant CnAp1,
which activates the AKT pathway and inhibits GSK3p,
significantly expands the life span and improves cardiac
function in TMEM43mut mice. TMEM43mut-CnAR1
mice showed a partial reduction in cardiomyocyte death
and less severe electric abnormalities, suggesting that
CnAB1 overexpression preserves cardiomyocyte func-
tion in the TMEM43mut myocardium. Similarly, chemical
inhibition of GSK3p reduced cardiomyocyte death and
electric abnormalities and improved cardiac contraction
in TMEM43mut mice. The role of GSK3f in the patho-
genesis of ARVC5 was further confirmed in hiPSC-CMs
bearing the p.S358L mutation, which showed improved
contraction after GSK3p inhibition.

Our computer models show that the p.S358L point
mutation in TMEM43 increases the hydrophobicity of
the molecule and would lead to a distorted protein,
impairing its function. The dimer formed between
TMEMA43-5S358L and the WT form adopts a deformed
structure that reduces its interaction with other nuclear
membrane proteins such as EMD, as well as with cyto-
skeleton-interacting proteins. This defective interaction
is illustrated by the partial delocalization of TMEMA43-
S358L to the cytoplasm. The functional implications of
these protein-protein interactions need to be fully clari-
fied; however, it is plausible that a reduced interaction
between the nucleus and the cytoskeleton contributes
to cardiomyocyte death under biomechanical stress.

Interestingly, our computer models also showed that
the third transmembrane domain in mouse TMEM43
has a different conformation and orientation from that
of the human protein. More important, the p.S358L
mutation has no effect on the structure of mouse
TMEM43. The lack of a structural change in the mu-
tant mouse protein is likely the reason why it does not
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inhibit B-catenin signaling and why knock-in mice bear-
ing the p.S358L mutation have no pathological phe-
notype.™ In addition, by using a cardiomyocyte-specific
promoter to express TMEM43-S358L, we can conclude
that ARVCS is originated in cardiomyocytes and not in
other cell types.

We show that human TMEM43-S358L causes cardio-
myocyte death and fibrofatty replacement. Although
it appears that fibrosis is not an effective therapeutic
target, GSK3p inhibition by CnAB1 overexpression or a
chemical inhibitor has a beneficial effect on the mutant
hearts. It will be interesting to explore GSK3p inhibitors
as potential therapeutic agents for ARVC5 to improve
the life of patients with this incurable disease.

Limitations

Although our transgenic mouse is the only model that
reproduces human ARVCS5, certain characteristics of
the human disease were not presented by this model.
No significant differences were found between males
and females, in contrast to human patients. In addition,
mice show fat infiltration in the myocardium but not to
the extent found in ARVC5 human hearts.
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Loss of SRSF3 in Cardiomyocytes Leads to Decapping of
Contraction-Related mRNAs and Severe Systolic Dysfunction

Paula Ortiz-Sanchez, Maria Villalba-Orero, Marina M. Ldopez-Olafieta, Javier Larrasa-Alonso,
Fatima Sanchez-Cabo, Carlos Marti-Gémez, Emilio Camafeita, Jesis M. Gomez-Salinero,
Laura Ramos-Herndndez, Peter J. Nielsen, Jesuis Vazquez, Michaela Miiller-McNicoll,
Pablo Garcia-Pavia, Enrique Lara-Pezzi

Rationale: RBPs (RNA binding proteins) play critical roles in the cell by regulating mRNA transport, splicing,
editing, and stability. The RBP SRSF3 (serine/arginine-rich splicing factor 3) is essential for blastocyst formation
and for proper liver development and function. However, its role in the heart has not been explored.

Objective: To investigate the role of SRSF3 in cardiac function.

Methods and Results: Cardiac SRSF3 expression was high at mid gestation and decreased during late embryonic
development. Mice lacking SRSF3 in the embryonic heart showed impaired cardiomyocyte proliferation and died
in utero. In the adult heart, SRSF3 expression was reduced after myocardial infarction, suggesting a possible role
in cardiac homeostasis. To determine the role of this RBP in the adult heart, we used an inducible, cardiomyocyte-
specific SRSF3 knockout mouse model. After SRSF3 depletion in cardiomyocytes, mice developed severe systolic
dysfunction that resulted in death within 8 days. RNA-Seq analysis revealed downregulation of mRNAs encoding
sarcomeric and calcium handling proteins. Cardiomyocyte-specific SRSF3 knockout mice also showed evidence
of alternative splicing of mTOR (mammalian target of rapamycin) mRNA, generating a shorter protein isoform
lacking catalytic activity. This was associated with decreased phosphorylation of 4E-BP1 (eIF4E-binding protein
1), a protein that binds to eIF4E (eukaryotic translation initiation factor 4E) and prevents mRNA decapping.
Consequently, we found increased decapping of mRNAs encoding proteins involved in cardiac contraction.
Decapping was partially reversed by mTOR activation.

Conclusions: We show that cardiomyocyte-specific loss of SRSF3 expression results in decapping of critical mRNAs
involved in cardiac contraction. The molecular mechanism underlying this effect likely involves the generation of
a short mTOR isoform by alternative splicing, resulting in reduced 4E-BP1 phosphorylation. The identification
of mRNA decapping as a mechanism of systolic heart failure may open the way to the development of urgently
needed therapeutic tools. (Circ Res. 2019;125:170-183. DOI: 10.1161/CIRCRESAHA.118.314515.)

Key Words: alternative splicing m mRNA decapping ® myocardial contraction m myocardial infarction m phosphorylation

ardiovascular disease is the main cause of mortality

worldwide, causing. 17.7 million deaths in 2015, corre-
sponding to 31% of all deaths worldwide. Of these, 6.7 mil-
lion were caused by myocardial infarction (MI), which is
thus one of the main causes of cardiovascular disease deaths.!
Knowledge about the molecular mechanisms that regulate the
progression from MI to heart failure is incomplete, preclud-

with the development of heart failure.> However, understand-
ing remains limited about post-transcriptional regulation and,
more specifically, the role of RBPs (RNA binding proteins) in
MI progression and in the development of heart failure.

In This Issue, see p 147
Meet the First Author, see p 148

ing the development of new therapeutic approaches. In recent
years, the development of massive mRNA sequencing tech-
nologies has identified gene expression patterns associated

RBPs contain RNA-binding domains that enable them to
bind RNA molecules and regulate different processes associated
with RNA metabolism, including constitutive and alternative
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What Is Known?

RNA binding proteins regulate mRNA localization, stability, splicing,
and activity.

SRSF3 (serine/arginine splicing factor 3) plays a role in blastocyst for-
mation and in liver function.

What New Information Does This Article Contribute?

The expression of SRF3 in the adult heart is essential for proper cardiac
contraction and animal survival.

Loss of SRSF3 results in expression of a smaller mTOR (mammalian
target of rapamycin) isoform, which has no enzymatic capacity.
SRSF3 prevents mRNA decapping and loss of SRSF3 results in in-
creased mRNA decapping and degradation of mRNAs encoding sarco-
meric proteins, which leads to systolic dysfunction.

RNA binding proteins play diverse roles in the cell, including mRNA
transport, regulation of mRNA stability, and post-transcriptional

Novelty and Significance

mRNA modifications, among others. SRSF3 is an RNA binding
protein that plays a role in embryonic development and in the
liver. Its role in the heart was unknown. Using mice that lack
SRSF3 specifically in cardiomyocytes, we found that SRSF3 is
necessary for embryonic cardiomyocyte proliferation and heart
development. In the adult heart, loss of SRSF3 causes severe
cardiac contraction defects that lead to heart failure. We show
that the loss of SRSF3 leads to decapping and degradation of
mRNAs, specifically those encoding sarcomeric proteins. This is
the main mechanism underlying cardiac dysfunction in our mice.
We also show that the absence of SRSF3 causes aberrant splic-
ing of mTOR, producing a shorter isoform with reduced enzymatic
activity, which is known to be necessary to prevent decapping.
Based on these findings, it is tempting to speculate that mRNA
decapping may have an important role in heart disease and that
therapies aiming at modulating decapping may have a positive
impact on cardiac contraction.

Nonstandard Abbreviations and Acronyms

iCLIP individual-nucleotide resolution cross-linking and
immunoprecipitation

Lv left ventricular

Mmi myocardial infarction

mTOR mammalian target of rapamycin

NMD nonsense-mediated decay

RBP RNA Binding Protein

SRSF3 serine/arginine splicing factor 3

UTR untranslated region

splicing, nucleo-cytoplasmic transport, intracellular localization,
translation, and degradation.’ Loss of function of specific RBPs
is associated with clinical manifestations, including neuropa-
thies, muscular atrophies, and cancer.’ In addition, recent studies
show that some RBPs are crucial for proper cardiac function;
loss of RBM20 (RNA-binding motif protein 20), TRBP (TAR
RNA-binding protein), or RBFox2 (RNA-binding Fox-1 homo-
log 2) triggers the development and progression of dilated cardi-
omyopathy,*” whereas RBFox1 (RNA-binding Fox-1 homolog
1) deficiency leads to hypertrophic cardiomyopathy.®

SRSF (serine/arginine-rich splicing factors, also known as
SR proteins) are a family of highly conserved RBPs containing
one or 2 RNA recognition motifs in their N-terminal region,
followed by an SR domain formed of at least 50 amino acids
with a serine and arginine content above 40%.° SR proteins
were originally identified as splicing factors, but several studies
have demonstrated that they are multifunctional proteins that
take part in many mRNA regulation pathways.'® SR proteins
are localized both in the nucleus and the cytoplasm and regu-
late both the transport and stability of mRNA.!"" Deficiency of
particular SR proteins has been linked to several disease states,
including heart disease. SRSF1, SRSF2, and SRSF10 are es-
sential for heart development and function. Loss of SRSF1 in
the heart alters CaMKII® (calcium/calmodulin kinase IIdelta)
splicing, which results in reduced phosphorylation of its target

phospholamban, leading to calcium handling defects, hyper-
contraction, and death of the mice between 6 and 8 weeks of
life."? Cardiac-specific depletion of SRSF2 leads to excitation-
contraction defects and nonlethal dilated cardiomyopathy,
associated with a decrease in RyR2 (ryanodine receptor 2) ex-
pression.” Ubiquitous deletion of SRSF10 induces cardiac de-
velopmental defects that result in embryonic death at E15.5.4
These defects are caused by alternative splicing of triadin, which
results in reduced expression of both triadin and calsequestrin 2
and lead to calcium handling defects in cardiomyocytes."

Like other members of the SR family, SRSF3 regulates
splicing of several mRNAs,'>'” mRNA cytoplasmic transport,'!
and mRNA localization.' SRSF3 is essential for proper embry-
onic development. SRSF3-deficient embryos are unable to form
blastocysts and die at the morula stage."” Specific depletion of
SRSF3 in the liver is not lethal, but mice present both embry-
onic and postnatal growth defects.® As these mice get older,
they develop hepatic carcinomas, mirroring the human disease,
in which SRSF3 is also downregulated, in contrast to other can-
cer types.?’ SRSF3 has also been reported to act as an onco-
gene in the liver by promoting cell proliferation.? These studies
establish the importance of SRSF3 for proper organ develop-
ment and function. However, unlike other RBPs, the function of
SRSF3 in the heart has not been reported previously.

In this study, we show that SRSF3 is essential for heart
development in mice and that SRSF3 expression in the adult
heart is decreased in the remote myocardium after MI. Induced
loss of SRSF3 in adult cardiomyocytes results in widespread
changes in alternative splicing and decapping of mRNAs en-
coding contraction proteins and its subsequent degradation,
leading to severe systolic dysfunction and death. We also show
that SRSF3 regulates mTOR (mammalian target of rapamy-
cin) splicing, reducing the phosphorylation of 4E-BP1 (eIF4E-
binding protein 1) required to prevent mRNA decapping.

Methods

The data that support the findings of this study are available from the
corresponding author on reasonable request.
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RNA-Seq data are available from GEO (GSE123002; https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123002). The
entire iICOUNT script for the (individual-nucleotide resolution
cross-linking and immunoprecipitation) iCLIP analysis is available
on github: https://github.com/tomazc/iCount. Materials used in this
work will be made available on request to the corresponding author.

Mice

The SRSF3 knockout mice were originally generated by Dr Peter J.
Nielsen."” The neomycin cassette was removed by breeding SRSF3-
floxed mice with transgenic mice expressing CreERT2 under the
polymerase II promoter (Polll-mER-Cre-mER). Treating these mice
with low doses of tamoxifen generated an SRSF3-floxed mouse
line that contained LoxP sites flanking SRSF3 exons 2 and 3. We
performed 3 backcrosses with C57BL/6 to remove the Cre cassette
and then crossed the resulting SRSF3-floxed mice with the cardiac-
specific Cre lines, Nkx2.5-Cre and aMHC-Cre. Both crosses re-
sulted in embryonic lethality, and lines were, therefore, maintained
in heterozygosity for the SRSF3-floxed allele. In addition, we gen-
erated the cardiomyocyte-specific and inducible SRSF3 knockout
mice by crossing SRSF3-floxed mice with aMHC-mER-Cre-mER
mice. The resulting line was maintained in homozygosity. We used
oaMHC-mER-Cre-mER mice as negative controls. Genotyping was
performed using the primers indicated in Online Table I.

Due to the effects of estrogens on the heart, only adult (2-3-month
old) male mice were used for all experiments, to avoid potential ef-
fects of sex differences. Mice were euthanized by carbon dioxide as-
phyxiation. All procedures were approved by the ethics committees
of the CNIC (Centro Nacional de Investigaciones Cardiovasculares)
and the Regional Government of Madrid (PROEX 332-15). Animals
were randomly assigned to groups. Researchers were blinded to the
allocations.

Tamoxifen and Amino Acid Treatments

To activate the Cre recombinase in inducible knockout mice, SRSF3
knockout and control mice were treated with 3 doses of 1 mg 4-hy-
droxytamoxifen on alternate days (1 dose/d). To prepare tamoxifen
doses, 50 mg of 4-hydroxytamoxifen (H6278, Sigma) was diluted in
500 pL 100% ethanol and stirred at 55°C for 1 hour, until completely
dissolved. Preheated corn oil (4.5 mL) was then added, and the incuba-
tion continued with stirring at 55°C for a further hour. Once the tamoxi-
fen and corn oil were fully dissolved, the solution was maintained at 4°C
until use. Just before injection, the solution was warmed and maintained
at 37°C for 10 minutes. A total of 100 pL were injected intraperitoneal
per mouse per day. To activate mTOR, mice were injected intraperito-
neal daily, for 7 days, starting on the day of the second tamoxifen injec-
tion, with 100 pL/g of a solution containing 6.0 g/L isoleucine, 12.0 g/L
leucine, 7.2 g/L valine, and 6.04 g/L arginine in PBS (pH 7.4).%

Echocardiography

Transthoracic echocardiography was performed by blinded observers
using a 40 MHz lineal transducer (Vevo 2100, VisualSonics). Mice
were placed on a heating pad at 38.3°C and lightly anesthetized with
isoflurane in 100% oxygen. The Isoflurane concentration was adjust-
ed to maintain heart rate at 450 to 550 bpm.

Left ventricular (LV) systolic function was evaluated using the
area/length method, with images acquired and recorded from 2-di-
mensional parasternal long axis views.”* Image analysis was per-
formed by blinded observers using Vevo 2100 analysis software
(VisualSonics).

Embryo Extraction, In Situ Hybridization, and

Histology

Embryos were extracted from C57BL/6, oMHC-Cre, or SRSF3-
floxed/aMHC-Cre mice at the stages indicated in the figures. In situ
hybridization was performed on whole mount embryos (E9.5-E11.5)
or 10 pm sections (E12.5-E14.5).> The SRSF3 probe was designed
to match the total length of the mRNA. Hematoxylin and eosin stain-
ing were performed on 5 pm sections according to standard protocols
by the CNIC Histology Unit.

Gene Expression, Alternative Splicing, and Gene
Ontology Analyses

Total RNA was extracted from left ventricles after 5 days of tamoxifen
treatment using the RNeasy extraction kit (74104, Qiagen), including
treatment with DNase. RNA sequencing was performed by the CNIC
Genomics Unit. Libraries were prepared using polyA+ selection, and
sequencing was performed using an Illumina-HiSeq 2500 platform,
ensuring an average of 95 million paired-end reads per sample, with a
minimum of 74 mol/L per sample. RNA-Seq analysis was performed by
the CNIC Bioinformatics Unit. Fastq files containing the reads for each
library were extracted and demultiplexed using the Casava v1.8.2 pipe-
line. Reads were preprocessed with a pipeline that used cutadapt v1.6 to
remove [llumina adaptors, and FastQC to perform quality controls after
each step. Gene expression was quantified using Kallisto v0.43.0,% and
the reference transcriptome was downloaded from Ensembl (Mus_mus-
culus.GRCm38.cdna.all.fa). One hundred bootstraps were performed to
account for quantification uncertainty. Sleuth” with default parameters
was then used to normalize the data and perform differential expres-
sion analysis at the gene level. Genes with an adjusted P value <0.05
and an absolute [3 >1 were considered to be differentially expressed for
downstream enrichment analysis. Alternative splicing was analyzed us-
ing vast-tools to map reads against the mouse reference database and
to perform differential splicing analysis.** Gene ontology categories
and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways
were downloaded from the Enrichr website,”® and enrichment anal-
ysis of genes undergoing both differential expression or splicing was
performed with one-sided Fisher tests and Benjamini-Hochberg False
Discovery Rate correction using custom python scripts. RNA-Seq
data were deposited in Gene Expression Omnibus (GSE123002).

Decapping Analysis

Decapped mRNA was quantified as previously described.® Briefly,
4 ng of total RNA was treated with DNase and ligated with the
rP5S_RND primer (Online Table II), which binds specifically to 5
ends lacking the cap structure and presenting a phosphate group.
Afterwards, 100 ng were used for cDNA synthesis, and polymerase
chain reaction (QRT-PCR) was performed using the primers indicated
in Online Table II. Values were normalized to total mRNA expression.

Statistical Analysis

Data were analyzed for statistical significance using the unpaired
Student ¢ test for experiments with 2 conditions and 1 variable, 1-way
ANOVA followed by the Bonferroni post-test for more than 2 condi-
tions and 1 variable, and 2-way ANOVA followed by the Bonferroni
post-test for analysis of multiple conditions and 2 variables, for nor-
mally distributed data, as indicated in each figure legend. The Mann-
Whitney test was used for non-normally distributed data. Data were
analyzed using GraphPad Prism 5.0, and changes were considered
significant at P<0.05. Correction for multiple comparisons was used
for all analyses with more than one variable.

Results

SRSF3 Expression in the Heart Decreases With Age
In situ hybridization in embryos from E9.5 to E14.5 revealed
strong SRSF3 staining in the heart from E12.5 (Figure 1A).
For a more detailed analysis of changes in SRSF3 expression
during heart development and in adulthood, we isolated hearts
from mice ranging from E12.5 to 6 months of age and quan-
tified SRSF3 mRNA levels by qRT-PCR. SRSF3 expression
was highest at E12.5 and decreased progressively during later
embryonic stages and the postnatal period (Figure 1B). To i-
dentify the cardiac cell types expressing SRSF3 in the post-
natal heart, we performed an immunofluorescence analysis of
heart sections from P1, P7, and 1-month-old mice. Clear stain-
ing for SRSF3 was detected in cardiomyocyte nuclei, as well
as in other cell types (Figure 1C).


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123002
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123002
https://github.com/tomazc/iCount
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Figure 1. SRSF3 (serine/arginine splicing factor 3) expression in the heart decreases with age. A, In situ hybridization for SRSF3 performed at different

embryonic stages, either in whole mount (Left set: E9.5, E10.5, and E11.5)

or 10 um sections (Right set: E12.5, E13.5, and E14.5). The region including the

developing heart is shown at high magnification to the right of each whole-embryo view. B, qRT-PCR (polymerase chain reaction) analysis of SRSF3 mRNA
expression (exons 3-5) normalized to Gapdh expression in hearts extracted from C57BL/6 mice at different time points. Data are shown as mean+SEM,;
n=3-4 mice per group. **P<0.01, ***P<0.001 vs E12.5, 1-way ANOVA followed by the Bonferroni multiple comparison test. C, Immunofluorescence analysis of

hearts isolated from C57BL/6 mice at different ages using anti-SRSF3 (red)
full embryo); 0.5 mm (whole mount, heart); 2 mm (embryo section), 0.5 mm

SRSF3 Downregulation Following MI Is Associated
With Inclusion of Exon 4

To determine whether SRSF3 could be altered in heart di-
sease, we measured its expression after MI in the region
remote from the infarct (Figure 2A-2E). Both mRNA and
protein SRSF3 expression was downregulated after MI
(Figure 2B and 2C), suggesting a possible role in cardiac

, anti-TroponinT (green), and DAPI (blue). M, month; Bars, A, 1 mm (whole mount,
(heart section); C, 50 pm.

homeostasis. Published evidence shows that SRSF3 is regu-
lated by the alternative splicing of exon 4, inclusion of which
leads to degradation of the mRNA through nonsense-medi-
ated decay (NMD; Figure 2A).%' qRT-PCR analysis revealed
increased SRSF3 exon 4 inclusion in infarcted hearts, sug-
gesting a role of this mechanism in the regulation of SRSF3
after MI (Figure 2D).
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Figure 2. SRSF3 (serine/arginine splicing factor 3) is downregulated after myocardial infarction (MI) by alternative splicing. A, Schematic of the
SRSF3 mRNA isoforms. The yellow box represents alternative exon 4. B and C, Analysis by qRT-PCR (polymerase chain reaction; B) and Western blot (C)

of SRSF3 mRNA (exons 3-5 normalized to Gapdh) and protein expression in the remote myocardium of mouse hearts 28 days after induction of Ml by left
coronary artery ligation. MW markers are indicated. D, qRT-PCR analysis of the SRSF3 NMD (nonsense-mediated decay) isoform in the remote myocardium,
normalized to total SRSF3 mRNA expression. E, Western blot analysis of SRSF1 protein expression in the remote myocardium. Data in B and D are
mean+SEM, and symbols represent individual animals (n=7-8); “P<0.05 and ***P<0.001, Student t test.

SRSF1 has been shown to regulate SRSF3 expression by
promoting exon 4 skipping.*! The post-MI increase in exon 4 in-
clusion thus prompted us to investigate whether SRSF1 expres-
sion was also affected. Western blot analysis showed decreased
SRSF1 expression after MI (Figure 2E). These results suggest
that the decrease in SRSF1 expression may favor the inclusion
of SRSF3 exon 4, leading to SRSF3 downregulation after M1

SRSF3 Cardiac Depletion During Embryonic
Development Is Lethal

To investigate the role of SRSF3 in the heart, we developed
several cardiac-specific knockout mouse models. We first
crossed SRSF3-floxed mice with transgenic mice expressing
Cre recombinase under the control of the Nkx2.5 promoter.
No transgenic animals bearing both the Nkx2.5 promoter and
the floxed SRSF3 allele were born (Table), suggesting that
early SRSF3 depletion during heart development is embry-
onically lethal. To limit the recombination to cardiomyocytes
and later developmental stages, we crossed SRSF3-floxed
mice with mice expressing Cre recombinase under the acMHC
promoter, which also was embryonically lethal (Table).
Hematoxylin and eosin staining showed a reduction in my-
ocardium thickness in embryonic hearts lacking SRSF3 ex-
pression (Figure 3A and 3B). Previous reports that show that
SRSF3 promotes proliferation* prompted us to investigate if
cardiomyocyte proliferation was affected in these animals; we
were unable to detect any cardiomyocytes with positive stain-
ing for the mitosis marker phospho-histone H3 in myocardium

lacking SRSF3 expression (Figure 3C and 3D). These results
suggest that SRSF3 expression in cardiomyocytes is essential
for cell proliferation, proper heart development, and subse-
quent embryo survival.

Cardiac-Specific SRSF3 Knockout Mice Develop
Severe and Fatal Contraction Defects

To investigate the role of SRSF3 in the adult heart, we devel-
oped a cardiac-specific tamoxifen-inducible knockout mouse
line by crossing SRSF3-floxed and aMHC-mER-Cre-mER
mice (SRSF3 knockout). SRSF3 depletion occurred rap-
idly, with a strong decline already observed on the first day
after tamoxifen administration (Online Figure IA and IB).
Immunofluorescence analysis confirmed that SRSF3 was de-
pleted only in cardiomyocytes, although recombination was
incomplete, and some cardiomyocytes were still positive for
SRSF3 expression (Online Figure IC).

Unlike SRSF2 and SRSF1 cardiac-specific knockout
mice, which either have a normal lifespan (SRSF2) or sur-
vive for several weeks after birth (SRSF1),'>"* no SRSF3
knockout mice survived beyond 8 days after SRSF3 depletion
(Figure 4A). Echocardiography analysis of SRSF3 knockout
mice 5 days after tamoxifen administration revealed a pro-
nounced reduction in left ventricular ejection fraction and a
strong increase in LV systolic volume (Figure 4B and 4C and
Online Movie 1), suggesting that these mice develop severe
contraction defects that lead to death. No significant changes
were observed in LV diastolic volume, likely due to the short
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Table. Genotype of the Srsf3 Allele in the Offspring of Nkx2.5-Cre/Srsf3"" and
oMHC-Cre/Srsf3*'" Mice

SRSF3 Genotype Nkx2.5-Cre aMHC-Cre
w/wt 33 (30.84%) 29 (29.29%)
floxed/wt 74 (69.16%) 70 (70.71%)
floxed/floxed 0 (0%) 0 (0%)
Total mice 107 99

Number and percentage of mice born in the first 20 litters obtained from
Nkx2.5-Cre/Srsf3"" and oMHC-Cre/Srsf3*V" mice.

lifespan after SRSF3 knockout (Figure 4D and Online Table
III). Systolic dysfunction was accompanied by an increase in
Nppb (natriuretic peptide B) and Actal gene expression in
SRSF3 knockout hearts (Figure 4E and 4F). Together, these
results demonstrate that the loss of SRSF3 in cardiomyocytes
leads to severe cardiac dysfunction and premature death.

SRSF3 Depletion Results in Downregulation of
Contraction-Related Genes

To investigate the mechanism underlying the contraction de-
fects in SRSF3 knockout mice, we performed RNA-Seq in
control and knockout hearts 5 days after tamoxifen admin-
istration. We found significant expression changes in several
genes, both upregulated and downregulated (Online Table IV
and Online Figure IIA). Gene ontology analysis showed a de-
crease in contraction-related genes and an increase in genes
related to protein maturation and transport in the ER and to
the immune response (Online Figure IIB and IIC). gRT-PCR
analysis to confirm these results revealed that the decreased
expression of sarcomeric genes was already evident 2 days
after SRSF3 depletion (Figure 5A-5F). Protein levels of
SERCA2A (sarcoplasmic/endoplasmic reticulum calcium
ATPase 2a) and MYH (myosin heavy chain) were unchanged
until day 5 after tamoxifen administration (Figure 5G), sug-
gesting that cardiac function is preserved until the expres-
sion of contraction proteins decreases. To determine whether
the downregulation of sarcomeric gene expression was due
to general RNA degradation associated with apoptosis, we
first measured the number of apoptotic cardiomyocytes in
control and SRSF3 knockout mice 5 days after the last ta-
moxifen injection. We found a very low number of TUNEL*
(terminal deoxynucleotidyl transferase dUTP nick-end label-
ing) cardiomyocytes overall and no differences between both
mouse lines (Online Figure II1IA). We observed a very mild
decline in total RNA integrity 5 days after the last tamoxifen
injection in knockout mice, which, in any case, takes place
much later than the decrease of sarcomeric mRNA, which is
already evident at day 2 (Online Figure IIIB, Figure 5A-5F).
We found no differences in the apoptosis markers Raptor and
Fas, and only a mild decrease in Bcl2 mRNA expression at
late time points in SRSF3 knockout mice that was not ac-
companied by a decrease in Bclxl (Online Figure HHIC-IIIF).
Therefore, the decrease in sarcomeric gene expression pre-
cedes early signs of apoptosis, which would start a few days
later. Early stages of cell death would be in agreement with
the induction of genes associated with the immune response
observed in knockout mice 5 days after tamoxifen treatment
(Online Figure IIB).
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SERCAZ2A Overexpression Partially Rescues
Cardiac Contraction in SRSF3 Knockout Mice
Reduced expression of SERCA2A in cardiomyocytes is
strongly associated with heart failure,*> and SERCA2A over-
expression has been shown to improve cardiac function in sev-
eral animal models.**** To determine whether the decreased
expression of cardiac contraction proteins, specifically
SERCAZ2A, is responsible for the severe systolic dysfunc-
tion in SRSF3 knockout mice, we overexpressed SERCA2A
in control and knockout animals using serotype 9 adeno-as-
sociated viruses (AAV9-SERCA2A). AAV9-LUC, carrying
the luciferase reporter gene, was used as a negative control.
Viruses were injected into control and SRSF3 knockout mice
1 week before tamoxifen induction to ensure transgene over-
expression in advance of the loss of SERCA2A expression.
SERCAZ2A overexpression was confirmed by western blot 5
days after tamoxifen induction (Figure 6A).

We found that AAV9-SERCA2A significantly im-
proved survival of SRSF3 knockout mice (Figure 6B).
Echocardiography analysis of cardiac function showed a mild
but significant improvement in left ventricular ejection frac-
tion in mice overexpressing SERCA2A, and increased stroke
volume (Figure 6C and 6D and Online Table V). Although this
improvement was far from a full recovery, we conclude that
the downregulation of SERCA2A is responsible, at least in
part, for the contraction defects observed in SRSF3 knockout
mice. Full recovery would likely require overexpression of ad-
ditional genes involved in cardiac contraction whose expres-
sion was reduced in the knockout mice.

SRSF3 Binds to the Untranslated Region of
Contraction-Related mRNAs

To gain further insight into the mechanisms underlying the
contraction defects in SRSF3 knockout mice, we looked for
direct SRSF3 target mRNAs in cardiac tissue. For this, we per-
formed iCLIP on mouse neonatal cardiomyocytes transfected
with modified RNA encoding an SRSF3-GFP (green fluores-
cent protein) chimera, and analyzed the distribution of iCLIP
binding sites along different regions of the genes detected to be
expressed in the previous RNA-Seq analysis (Online Table VI).
SRSF3 showed a tendency to bind exons, particularly in cod-
ing regions (Online Figure IVA). Genes with SRSF3-enriched
exons were associated with post-transcriptional processing and
insulin signaling, whereas SRSF3-bound untranslated regions
(UTRs) were present in genes associated with muscle contrac-
tion (Online Figure IVB and IVC). These analyses identified
SRSF3 binding to several contraction-related mRNAs, in-
cluding MYBPC3 (myosin-binding protein C), TNNT2 (tro-
ponin T2), and TNNCI (troponin C1; Online Table VI). The
SRSF3 consensus motif derived from iCLIP peaks (significant
X-links) was identical to the bona fide SRSF3 motif (CNYC)
and was independent of the bound transcript region (whole
transcript versus UTR; Online Figure VID and VIE).

Based on these results, we decided to study whether SRSF3
could increase the stability of an mRNA by binding to its 3’-
UTR. To test this hypothesis, we used a stability assay based
on a protein-RNA binding system present in the MS2 virus
(Online Figure VA).* P19 cells were transfected with MS2-
CP or MS2-CP-SRSF3 and Rluc8 (containing 8 repeats of the
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SRSFB"’”/GMHC Cre

Figure 3. Loss of SRSF3 (serine/arginine splicing factor 3) in the developing heart results in embryonically lethal heart defects. A and B, Hematoxylin
and eosin (H&E) staining in sections of aMHC-Cre embryos (A) and SRSF3-floxed/aMHC-Cre embryos (B) at E9.5. The boxed areas in A and B are shown at
high magnification in A" and B, illustrating the cell deficit in the developing ventricular wall of SRSF3-floxed/aMHC-Cre embryos. Bar, 250 pm (A and B), 50
um (A” and B’). C and D, Immunofluorescence analysis in sections of aMHC-Cre embryos (C) and SRSF3-floxed/aMHC-Cre embryos (D) at E10.5, using anti-
phospho-Histone H3 (red), anti-TroponinT (green), and Dapi (blue). Arrows indicate cardiomyocytes positive for phospho-histone H3; the developing SRSF3-

floxed/aMHC-Cre heart is devoid of these cells. Bar, 20 pm.

MS2-CP binding loop in the 3'UTR region of R-Luc) or RlucO
(containing no loops). Cells were treated with Actinomycin
D, and R-Luc expression and enzymatic activity were meas-
ured at different time points after treatment. Expression of the
MS2-CP-SRSF3 chimera had no effect either on luciferase
mRNA stability (Online Figure VB and VC) or on protein ac-
tivity (Online Figure VD and VE). These results suggest that
the downregulation of contraction-related genes after SRSF3
depletion is independent of the binding of this RBP to the 3’-
UTR in the target mRNAs.

SRSF3 Depletion Leads to a Late Induction of NMD
SRSF3 has been shown to promote the inclusion of alternative
exons that lead to the appearance of premature stop codons, trig-
gering mRNA degradation by NMD.*¢ Therefore, we explored

whether NMD was responsible for the degradation of cardiac
contraction-related mRNAs in SRSF3 knockout hearts. gRT-
PCR analysis of SRSF3 knockout mouse hearts showed induced
expression of the NMD genes SMG1, SMG8, SMG9, SMG®6,
and RBM8A (Online Figure VIA-VIE). In agreement with these
results, we also observed an increased proportion of the NMD
isoform of SERCA2A (Online Figure VIF). However, most of
these changes took place 4 or 5 days after tamoxifen treatment.
Thus, although SRSF3 depletion in the heart induces NMD, it is
unlikely that this mechanism mediates the early downregulation
of contraction-related mRINAs already observed at day 2.

SRSF3 Regulates mTOR Alternative Splicing
Given that SRSF3 regulates alternative splicing, we
looked for alternative splicing changes in our RNA-Seq data.

15-17
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Figure 4. Cardiac-specific SRSF3 (serine/arginine splicing factor 3) knockout (KO) mice develop severe and fatal contraction defects. Deletion of
SRSF3 in cardiomyocytes was induced in inducible SRSF3 KO mice by 3 hydroxytamoxifen injections on alternate days (post-induction days 0, 2, and 4).

A, Survival curves for hydroxytamoxifen-injected control and SRSF3 KO mice. B-D, Echocardiography analysis of left ventricular ejection fraction (B), left
ventricular end-systolic volume (C), and left ventricular end-diastolic volume (D); ***P<0.001 SRSF3 KO vs Control, ###P<0.001 vs Basal; 2-way ANOVA
followed by the Bonferroni post-test. E and F, qRT-PCR (polymerase chain reaction) analysis of the cardiac expression of BNP (E) and Actal (F) mRNA over 5
days post-induction. Data are shown as mean+SEM. n=5-13 mice per group. Two-way ANOVA followed by Bonferroni post-test. *P<0.05, ***P<0.001 SRSF3
KO vs Control. ###P<0.001 vs day 1. ACTA1 indicates actin alpha 1; BNP, brain natriuretic peptide; LVEDV, left ventricular end diastolic volume; LVEF, left

ventricular ejection fraction; and LVESV, left ventricular end systolic volume.

We identified changes in different types of alternative splic-
ing events, ranging from alternative usage of splice donor and
acceptors to intron retention (Online Figure VIIA and Online
Table VII). Cassette exons were the event type showing the
highest proportion (about 7%) of significant changes. There
were more than twice as many exons with decreased inclusion
rates than exons with increased inclusion, suggesting that the
loss of SRSF3 mainly results in exon skipping. Skipped exons
were associated with cytoskeletal organization and transcrip-
tion, whereas retained introns affected genes associated with
the regulation of transcription and translation, which could
eventually contribute to the decreased expression of contrac-
tion-related genes (Online Figure VIIB and VIIC).

To determine whether the observed splicing changes were
directly mediated by SRSF3, we identified SRSF3 iCLIP bind-
ing sites (significant X-links) on regulated exons and flanking
regions that were potentially involved in splicing regulation
(Online Figure VIIIA-VIIID and Online Tables VIII and IX).
We found that SRSF3 bound preferentially to skipped exons,
suggesting that the lack of direct SRSF3 binding results in
exclusion of these exons. In contrast, for included exons, we
observed increased SRSF3 binding in the flanking introns and
exons, suggesting that SRSF3 acts here as an inhibitor of exon
inclusion, for example, by promoting skipping (Online Figure
VIIIA and VIIIB). For skipped introns, SRSF3 binding sites
were over-represented in the intronic region and its flanking
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Figure 5. SRSF3 (serine/arginine splicing factor 3) depletion results in downregulation of contraction-related genes. A-F, gRT-PCR (polymerase chain
reaction) analysis of the cardiac expression of SERCA2A (A), RyR2 (B), MYBPCS3 (C), TNNT2 (D), MYH7 (E), and MYH6 (F) mRNA in control and SRSF3 KO
mice over 5 days post tamoxifen induction. Data are shown as mean+SEM;. n=5-13 mice per group. *P<0.05, **P<0.01, and ***P<0.001 for SRSF3 knockout
(KO) vs control; #P<0.05, ##P<0.01, ###P<0.001 vs day 1; 2-way ANOVA followed by the Bonferroni post-test. G, Western blot analysis of MYH and
SERCA2A protein expression in the heart over 5 days post tamoxifen induction. MYBPC3 indicates myosin-binding protein C3; MYH6, myosin heavy chain 6;
MYH7, myosin heavy chain 7; RYR2, ryanodine receptor 2; SERCA2A, sarcoplasmic/endoplasmic reticulum calcium ATPase 2a; and TNNT2, troponin T2.

exons, indicating that SRSF3 promotes the retention of these
introns. On the contrary, introns showing increased retention
(inclusion) in knockout mice did not show a significant asso-
ciation with SRSF3 binding sites, suggesting that they may
be an indirect consequence of SRSF3 deletion (Online Figure
VIIIC and VIIID).

Among other changes, we found a significant change in
alternative splicing of mMTOR mRNA, which was bound to
SRSF3 (Online Tables VI-IX). More specifically, we found
that retention of mTOR intron 5 in SRSF3 knockout mice
led to a decrease in the full-length mTOR isoform and in turn

favored the expression of a much shorter isoform containing
only the first 5 exons of the gene. This short isoform lacks
the mTOR kinase domain (Figure 7A). We next checked
whether this alternative splicing change was already present
from day 2 after tamoxifen administration, when mRNAs
related to contraction begin to decrease. Western blot anal-
ysis of SRSF3 knockout hearts confirmed loss of the long
isoform and gain of the short isoform at day 2 after the in-
duction of recombination (Figure 7B). This was associated
with decreased phosphorylation of the mTOR targets AKT
and 4E-BP1 (Figure 7B)."-
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followed by the Bonferroni post-test. AAV9 indicates adeno-associated virus 9; LVEF, left ventricular ejection fraction; SERCA2A, sarcoplasmic/endoplasmic

reticulum calcium ATPase 2a; and SV, stroke volume.

SRSF3 Depletion Induces Decapping of
Contraction-Related mRNAs

The phosphorylation state of 4E-BP1 determines its inter-
action with elF4E (eukaryotic translation initiation factor
4E); hypo-phosphorylation leads to a stronger interaction,
inhibiting elF4E and preventing its binding to mRNA cap
structures.®® Thus, a potential consequence of reduced 4E-
BP1 phosphorylation is increased mRNA decapping due to
increased accessibility of the mRNA cap. Decapping of an
mRNA induces its degradation,® and analysis of the decap-
ping status of contraction-related mRNAs in SRSF3 knock-
out hearts revealed an increase in the proportion of decapped
SERCA2A, RyR2, MYBPC3, and MYH7 mRNAs. Although
the largest increase was observed at day 5 post tamoxifen ad-
ministration, increased decapping could be detected as early
as day 2 (Figure 7C-7F). These results indicate that the down-
regulation of contraction-related genes observed after cardiac
SRSF3 depletion might be due to an increase in mRNA decap-
ping activity.

To determine whether loss of mTOR activity was respon-
sible for the increased decapping of these genes, we overacti-
vated mTOR in SRSF3 knockout mice by treating them with
amino acid injections starting on the second day of tamoxifen
administration and for a total of 7 days. As shown in Online
Figure IX, mTOR activation reduced decapping of some sar-
comeric genes but did not rescue systolic function overall.

Together, these results suggest that the loss of mTOR activ-
ity is partially responsible for the decapping of at least some
sarcomeric genes. However, it is likely that additional mecha-
nisms controlled by SRSF3 are dysregulated in the knockout
mice and contribute to their pathological phenotype.

Discussion

In this study, we describe for the first time the role of SRSF3
in the embryonic and adult heart. The expression pattern of
SRSF3 in the heart correlates with cell proliferation, with the
highest expression levels found in the developing heart. This
finding is in line with the suggestion that it functions as a pro-
to-oncogene by promoting cell cycle progression and tumor-
igenesis.?? These results are also consistent with the role that
SRSF3 plays during early embryo formation and with the em-
bryonic lethality we observed in constitutive cardiac-specific
SRSF3 knockout mice, which died in utero, likely due to defi-
cient cardiomyocyte proliferation.

A key finding of our study is that loss of SRSF3 in adult
cardiomyocytes leads to decapping and degradation of mRNAs
encoding proteins involved in cardiac contractility, resulting in
severe systolic dysfunction and death. mRNA decapping has
mostly been viewed as a process for RNA recycling once it
is no longer useful % However, recent studies have begun
to link mRNA decapping to disease progression. Specifically,
the expression of the decapping protein DCP1A (decapping
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Figure 7. SRSF3 (serine/arginine splicing factor 3) regulates mTOR (mammalian target of rapamycin) splicing, and its depletion induces decapping
of contraction-related mRNAs. A, mTOR long and short isoforms. B, Western blot analysis of mTOR splicing isoforms and the phosphorylation states of
AKT and 4E-BP1 in hearts of control and SRSF3 knockout (KO) mice on day 2 post tamoxifen induction. C-F, gRT-PCR (polymerase chain reaction) analysis
of SERCA2A (C), RyR2 (D), MYBPC3 (E), and MYH7 (F) decapped mRNAs in hearts of tamoxifen-induced control and SRSF3 KO mice. Data are normalized
to total MRNA expression and are shown as mean+SEM; n=5-9 mice per group. **P<0.01 and ***P<0.001 for SRSF3 KO vs Control; ##P<0.01 and
###P<0.001 vs day 1; 2-way ANOVA followed by the Bonferroni post-test. 4E-BP1 indicates elF4E-binding protein 1; elF4E, eukaryotic translation initiation
factor 4E; MYBPC3, myosin-binding protein C3; MYH7, myosin heavy chain 7; RYR2, ryanodine receptor 2; and SERCA2A, sarcoplasmic/endoplasmic

reticulum calcium ATPase 2a.

mRNA 1A) has been associated with melanoma progression,*!
and the tumor suppressor PNRC1 (proline-rich nuclear re-
ceptor coactivator 1) has been shown to act by recruiting the
decapping complex, thus hampering ribosomal RNA matura-
tion.*> Given that SRSF3 expression is associated with tumor
progression,?>* it would be interesting to assess if mRNA de-
capping is affected in cancer types in which SRSF3 is essential
for progression; this would provide new insights into tumor
progression mechanisms and possible therapeutic targets.

The role of mRNA decapping in heart homeostasis and
disease is virtually unknown. Our study provides the first ev-
idence of the importance of decapping deregulation in the
adult heart. Overactivation of this process can have fatal con-
sequences for cardiac function, as we observed on SRSF3
depletion. Post-transcriptional regulation plays an important
role in heart disease, and several tools have been developed in
recent years to modulate this process, most of them based on
noncoding RNAs.* A recent report showed that an inhibitor of
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SERCA2A, sarcoplasmic/endoplasmic reticulum calcium ATPase 2a.

the mRNA decapping scavenger enzyme can improve spinal
muscular atrophy,* suggesting that this mRNA degradation
mechanism could become an effective therapeutic target.

The finding that direct binding of SRSF3 to 3’-UTRs has
no effect on mRNA stability suggested that SRSF3 likely regu-
lates mRNA degradation indirectly. The function of SRSF3 as
a splicing regulator is widely known, and our results confirm
this role in the heart. Binding to mTOR mRNA and regula-
tion of its alternative splicing was previously described for the
RBP Sam68 during adipogenesis; however, that study did not

detect the endogenous short mTOR protein isoform.***” Our
results thus provide the first evidence for the protein expres-
sion of the endogenous mTOR short isoform, and ours is also
the first study to describe this alternative splicing change in
heart tissue. Interestingly, a previous iCLIP study also identi-
fied mTOR as a direct SRSF3 target in P19 cells.*® Although
this finding was not explored further, taken together with our
report, it suggests that SRSF3 may regulate mTOR splicing in
several tissues. Moreover, SRSF3 binds a further 210 genes in
both P19 cells and cardiomyocytes. These genes are involved
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in post-transcriptional mRNA processing and are enriched in
nucleic acid binding proteins, suggesting that SRSF3 may reg-
ulate these processes in several cell types. In line with our re-
sults, loss of mTOR activity has been related to a decrease in
5’-capped mRNA,*® and mTOR activity in the heart has been
reported to be essential for proper cardiac function and sur-
vival.* However, the phenotype of mTOR knockout mice dif-
fers from that of SRSF3 knockout mice. On cardiac mTOR
depletion, mice develop dilated cardiomyopathy and survive
for several weeks after tamoxifen treatment,* whereas in our
analysis cardiac SRSF3 depletion led to acute systolic dys-
function and animal death in <8 days after treatment. It is thus
likely that SRSF3 knockout animals do not develop dilated car-
diomyopathy because there is insufficient time before they die.
The phenotype of SRSF3 knockout mice is more aggressive
than that of mTOR knockout mice, and hearts lacking SRSF3
expression also undergo many other changes. It is thus possi-
ble that the observed phenotype involves contributions from
additional molecular processes in which SRSF3 participates,
not necessarily through alternative splicing. Alternatively, the
mTOR short isoform could act as a dominant negative protein,
precluding mTOR proper function and promoting decapping.
We also cannot exclude the possibility that the increased de-
capping and mRNA degradation effects of mTOR deficiency
may involve contributions from targets other than 4E-BPI.
Furthermore, SRSF3 is involved in other biological process-
es that could potentially contribute to the severe phenotype
observed in knockout mice. SRSF3 controls mRNA nuclear
export and translation through a number of different mecha-
nisms, which has an impact on different biological processes,
ranging from microglia activation to tumor cell apoptosis.!!:8-30
Although apoptosis and inflammation appear in SRSF3 knock-
out mice are unlikely to contribute to systolic dysfunction; they
may aggravate the animals’ condition at late time points.

In conclusion, we have identified SRSF3 as an essential
factor for proper heart contraction and animal survival. Loss
of SRSF3 in the heart leads to a critical downregulation of
contraction-related genes, most probably caused by induction
of the decapping process. We have also shown that SRSF3
regulates mTOR alternative splicing and presented the first
report of the endogenous mTOR short isoform protein. This
alternative splicing change leads to a dephosphorylation of
4E-BP1 that would explain the induction of mRNA decapping
(Figure 8). Given that SRSF3 expression is downregulated af-
ter MI, we propose both SRSF3 and mRNA decapping as key
regulators of cardiac function, paving the way to new thera-
peutic approaches to treat heart disease.
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SUMMARY

Embryonic stem cells (ESC) have the potential to
generate all the cell lineages that form the body.
However, the molecular mechanisms underlying
ESC differentiation and especially the role of alterna-
tive splicing in this process remain poorly under-
stood. Here, we show that the alternative splicing
regulator MBNL1 promotes generation of the atyp-
ical calcineurin AB variant CnAp1 in mouse ESCs
(mESC). CnAB1 has a unique C-terminal domain
that drives its localization mainly to the Golgi appa-
ratus by interacting with Cog8. CnApB1 regulates
the intracellular localization and activation of the
mTORC2 complex. CnAB1 knockdown results in
delocalization of mMTORC2 from the membrane to
the cytoplasm, inactivation of the AKT/GSK3p/B-cat-
enin signaling pathway, and defective mesoderm
specification. In summary, here we unveil the struc-
tural basis for the mechanism of action of CnAp1
and its role in the differentiation of mESCs to the
mesodermal lineage.

INTRODUCTION

Embryonic stem cells (ESCs) have the ability to proliferate indef-
initely in culture and to differentiate into all embryonic lineages.
Although the transcriptional program that coordinates pluripo-
tency has been progressively unveiled during the past few years
(Hackett and Surani, 2014; Kumar et al., 2014), the signaling
pathways that regulate early differentiation events are not com-
pletely understood.

Calcineurin (Cn) is a calcium/calmodulin-dependent serine/
threonine phosphatase composed of two subunits: a catalytic

1372 Cell Chemical Biology 23, 1372-1382, November 17, 2016 © 2016 Elsevier Ltd.

A subunit (CnA) and a regulatory B subunit (CnB) (Li et al.,
2011a). Activation of CnA catalytic activity is mediated by
CnB and calmodulin in response to an increase in intracellular
calcium. Three CnA genes have been described in higher
vertebrates: CnAalpha (CnAa) and CnAbeta (CnAB), which are
ubiquitously expressed, and CnAgamma (CnAy), which is
confined to brain and testis. All CnA isoforms share the same
functional domains, including a catalytic domain, a CnB-inter-
acting domain, a calmodulin-binding region, and an autoinhibi-
tory domain that maintains the enzyme in an inactive conforma-
tion in the absence of calcium. Interestingly, an alternative
splicing variant of CnAB has been described that lacks the
autoinhibitory domain present in all other naturally occurring
Cn isoforms (Guerini and Klee, 1989; Lara-Pezzi et al., 2007).
This alternatively spliced CnAp isoform was termed CnAp1,
as opposed to the predominant CnAB2 isoform, and is the
result of the retention of intron 12-13, which gives rise to a
unigue C-terminal domain not present in any other known pro-
tein (Figure 1A). Unlike other Cn isoforms, CnAB1 has no impact
on NFAT-regulated genes and instead activates the AKT
signaling pathway through its interaction with the mTORC2
complex, which phosphorylates AKT in S473 (Felkin et al.,
2011; Lopez-Olaneta et al., 2014). In myoblasts, CnAB1 pre-
vents differentiation by activating AKT (Lara-Pezzi et al,
2007), whose activation has also been reported to regulate
both ESC pluripotency and differentiation (Naito et al., 2005;
Watanabe et al., 2006). CnAB1 is strongly expressed in regen-
erating tissues and progenitor cells (Lara-Pezzi et al., 2007),
however its role in ESCs and its mechanism of action are
unknown.

RESULTS

CnAp1 Is Necessary for Mesoderm Differentiation
We observed that the expression of CnAB1 is significantly
increased in mouse embryonic stem cells (MESCs) compared

P

@ CrossMark


mailto:elara@cnic.es
http://dx.doi.org/10.1016/j.chembiol.2016.09.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chembiol.2016.09.010&domain=pdf

Please cite this article as: Gémez-Salinero et al., The Calcineurin Variant CnAB1 Controls Mouse Embryonic Stem Cell Differentiation by Directing
mTORC2 Membrane Localization and Activation, Cell Chemical Biology (2016), http://dx.doi.org/10.1016/j.chembiol.2016.09.010

CellPress

Figure 1. CnAB1 Expression Is High in
mESCs and Is Regulated by the Splicing
Factor MBNLA1

(A) Schematic representation of the C-terminal
region of CnAB1 and CnAB2. Arrows indicate the
position of the primers used to analyze expression
of each isoform.

(B-D) CnAB1 and CnAB2 mRNA expression was
quantified in mESCs and mouse adult tissues by
qRT-PCR and normalized to the expression levels
of CnAB exons 2-3. Data are presented as fold
induction over the relative expression of each
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(E and F) CnAB1 expression was analyzed by gRT-
PCR in mESCs differentiated to mesoendoderm or
ectoderm using an EB formation assay.

(G) Fold CnAB1 and CnAp2 mRNA expression and
MBNL1 binding sites in their 3’ UTRs (small black
boxes) were determined by RNA-seq and CLIP-
seq, respectively, in C2C12 myoblasts, adult
mouse heart, muscle, and brain (GEO: GSE39911).
(H) MBNL1 and MBNL2 expression was analyzed
48 hr after transfection with siRNAs for each iso-
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with adult differentiated tissues, whereas CnAp2 shows an
opposite expression pattern (Figures 1B-1D). To investigate
the role of CnAB1 in mESCs, we downregulated CnAB1 expres-
sion with two specific small interfering RNAs (siRNAs) that have
no effect on the expression of other CnA isoforms (Figures S1A-
S1F). Microarray analysis showed no effect of CnAB1 knock-
down on mESCs in pluripotent conditions, with no gene function
significantly affected 48 hr after siRNA transfection (Table S1).
These results were validated by RT-PCR analysis, which showed
no change in the expression of the pluripotency-related genes
Oct3/4, Klf4, Sox2, Gbx2, and Stela (Figures S1G-S1K), sug-
gesting that CnAB1 is not necessary for the maintenance of
pluripotent conditions in mESCs.

We next analyzed the expression of the different CnA isoforms
during mESC differentiation. Interestingly, we found that CnAB1

[ CnAB1
Hl CnAB2

Ectoderm

Meata, . by C2C12
‘Hu..; aatbh  Heart
i MM Muscle
M: _ambh  Brain

Mbnl1

d3 d4 d5

form in mESCs differentiated to mesoderm.

(I) mESCs were transfected with MBNL siRNAs as
in (H), and CnAB1 and CnAB2 expression was
determined 48 hr after transfection by qRT-PCR.
Results are presented as fold induction + SEM over
the values obtained with the control siRNA.
*p<0.05, *p <0.01, **p < 0.001, one-way ANOVA
with Dunnett’s post-test (A-F) or two-way ANOVA
with Bonferroni post-test (H and 1), n = 3 for all
experiments.

CnAp2

expression was significantly upregulated
during early differentiation to mesoendo-
derm but not to ectoderm (Figures 1E
and 1F), whereas expression of CnAp2
was increased during differentiation to
both lineages (Figures S2A and S2B). It
has been recently described that muscle-
blind-like (MBNL) proteins are major
splicing regulators in ESCs that repress
pluripotency and promote differentiation
(Han et al., 2013). To investigate the po-
tential regulation of CnAB splicing by
MBNL1, we first explored available cross-linking immunoprecip-
itation sequencing (CLIP-seq) datasets for this trans-regulatory
factor obtained from myoblasts and differentiated tissues
(Wang et al., 2012). These datasets have been previously used
to identify MBNL1 targets shared between C2C12 and mESCs
(Han et al.,, 2013). We identified two MBNL1 binding sites
in CnAp’s intron 12-13 in C2C12 myoblasts that were absent
in adult differentiated tissues (Figure 1G). The presence of
MBNL1 binding marks in C2C12 cells correlates with CnAB1
expression, which is higher in myoblasts than in fully differenti-
ated tissues (Lara-Pezzi et al., 2007). To determine the role of
MBNL proteins in the regulation of CnAB1 in mESCs, we down-
regulated both MBNL1 and MBNL2 using previously reported
siRNAs (Han et al., 2013) (Figure 1G). MBNL1 knockdown re-
sulted in a significant downregulation of CnAB1 expression

MbnI2
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Figure 2. CnAp1 Knockdown Inhibits Meso-
endoderm Differentiation

mESCs were transiently transfected with two
different siRNAs for CnAB1 or a control siRNA
and differentiated for 6 days toward mesoderm by
using EBs.

(A-H) RNA was extracted at different days of
differentiation, and CnAp1, BraT, Eomes, Gsc,
Mesp1, Sox17, Sox2, and Nestin expression was
analyzed by qRT-PCR. Results are expressed as
fold induction + SEM over the values for undiffer-

Days of differentiation

entiated stem cells. *p < 0.05, **p < 0.01, **p <
0.001, two-way ANOVA with Bonferroni post-test,
n=3.

transfection and recovered normal levels
by day 4 following siRNA clearance (Fig-
ure 2A). In agreement with our microarray
results, we found significant downregula-
tion of the mesoendoderm specification
markers BraT, Gsc, Eomes, Mesp1, and

*k
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& e Sox17 at day 4 of differentiation in the

CnAp1 siRNA group (Figures 2B-2F) that
was already evident at day 2. We found
no differences in the expression of the
pluripotent gene Sox2 and the neuroecto-
derm differentiation marker Nestin (Fig-
ures 2G and 2H).

To determine whether the defective
mESC differentiation observed in the
presence of CnAB1 siRNAs could be a
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consequence of reduced proliferation,
we grew the cells in the presence of
BrdU for 4 hr, starting 44 hr after siRNA
transfection. As shown in Figure S3C,
we found no significant differences in
BrdU incorporation between control and
CnAB1 knockdown, suggesting that the
defect in differentiation was not due to
lack of proliferation.

d6

CnAp1 Regulates Mesoderm

d0 a2 d4 d6 do

Days of differentiation

without altering CnAB2 levels, whereas MBNL2 knockdown had
no effect on either calcineurin isoform (Figures 1H and 1), sug-
gesting that MBNL1 regulates CnAB1 expression.

To study the role of CnAB1 in early mESC differentiation, we
transfected mESCs with CnAB1 siRNAs and induced them
to differentiate to mesoderm by using embryoid bodies (EBs).
Microarray analysis 48 hr after transfection showed selective
downregulation of several genes involved in mesoderm specifi-
cation (Figure S3A; Tables S2 and S3), which was confirmed
by gRT-PCR (Figure S3B). To further investigate the role of
CnAB1 in this process, we allowed the cells to differentiate for
2, 4, and 6 days after CnAB1 siRNA transfection. We observed
that CnAB1 was significantly downregulated at day 2 post
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@2
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Specification through AKT, GSKS3,
and p-Catenin

We have previously shown that CnAp1
regulates AKT phosphorylation (Felkin
et al., 2011; Lopez-Olafeta et al., 2014). To investigate whether
CnAB1 is controlling this pathway during mESC differentiation,
we knocked down CnAB1 and induced the mESCs to differen-
tiate to mesoderm. Western blot analysis showed decreased
phosphorylation of AKT in the samples treated with CnApB1
siRNAs (Figures 3A and 3B), indicating reduced AKT activation.
AKT has been reported to regulate mesoderm differentiation
by phosphorylating and inhibiting GSK3p, which is involved in
the sequestration and degradation of B-catenin (Naito et al.,
2005). We found that GSK3B phosphorylation was reduced
after CnAB1 knockdown, indicating increased GSK3p activa-
tion and leading to decreased f-catenin levels. This reduc-
tion in B-catenin expression was accompanied by a decrease
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Figure 3. CnAp1 Regulates the Differentia-
tion of mESC to Mesoendoderm through
pB-Catenin

(A) mESCs were transfected with CnAB1 siRNAs
and p-AKT S473, total AKT, p-GSK3p S9, total
GSK3B, B-catenin, and B-actin were analyzed by
western blot at day 2 of differentiation. Molecular
weights are indicated in kDa.

(B) The signal intensity of p-AKT/total AKT,
p-GSK3p/total GSK3pB, and B-catenin in the
western blots was quantified and presented as
fold induction + SEM over the values of the control
siRNA.

(C) mESCs were transfected as in (A) along with a
reporter vector in which luciferase expression is
under the control of a multimer of TCF binding
sites in tandem (TOP) or the same multimer with
the TCF binding sites mutated (FOP). Results are
expressed as the ratio + SEM of TOP/FOP for
*% each condition after normalization for transfection
efficiency with Renilla luciferase.

(D) mESC cells were transiently transfected with
CnAp1 siRNAs and differentiated through EBs to-
ward mesoderm. Cells were treated for 8 hr with
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in B-catenin-dependent transcription in cells transfected with
CnAp1 siRNAs and a luciferase reporter vector carrying a
multimer of a TCF binding motif that is activated by B-catenin
(TOP-Luc; Figure 3C).

To confirm the role of GSKS in the reduction of mESC dif-
ferentiation caused by CnAB1 siRNAs, we inhibited GSK3 ac-
tivity by treating cells with LiCl for 8 hr starting on the second
day of differentiation. We allowed differentiation to proceed
until day 4 and analyzed the expression of several mesoendo-
derm differentiation markers. As previously observed, CnAB1
inhibition resulted in the downregulation of mesoendoderm
genes at day 4 of differentiation (Figure 3D). Interestingly,
this effect was prevented when GSK3 was inhibited with
LiCl. Together, our results unveil an important role of CnAp1

expected, CnAp2 knockdown resulted

in decreased expression of mMESC differ-
entiation makers (Figures S4A-S4H). However, unlike with
CnApB1, this effect seemed independent of the AKT/GSK3/B-cat-
enin pathway, which was not affected by CnAB2 siRNA treat-
ment (Figures S5A and S5B). Furthermore, chemical inhibition
of the catalytic activity of all CnA isoforms using cyclosporin A
(CsA) resulted in reduced mesodermal differentiation of mESCs
with no effects on the AKT pathway (Figures S5C-S5E).

CnApB1 and CnAp2 Have a Distinct Intracellular
Distribution

Previous reports have suggested that activation of Akt by mTOR
occurs in the cellmembranes (Zhao et al., 2015). However, it is not
entirely clear how this signaling pathway is activated and, more
specifically, how it is triggered by CnAB1. To determine whether
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the intracellular distribution of CnAB1 coincided with that of
mTOR, we purified enriched fractions of cytoplasm and mem-
brane extracts from mESCs and analyzed the distribution of
CnAB1 and CnAB2. Surprisingly, we found CnAB1 enriched in
the membrane fraction together with membrane-bound proteins
such as integrin 1 and GM130 (Figure 4A), whereas CnAp2
was mainly present in the cytoplasm. The mTORC2 components
Rictor and mTOR were also enriched in the membrane fraction, as
was the auto-phosphorylated form of mTOR at S2481, associated
with activation of the mTORC2 complex (Copp et al., 2009).

To investigate whether CnAB1 was necessary for activation of
the mTORC2 complex, we analyzed the distribution of mTOR
and Rictor after knocking down CnAB1. Interestingly, we found
that CnAB1 downregulation resulted in partial delocalization of
phospho-mTOR and Rictor from the membranes to the cyto-
plasm fraction (Figures 4B and 4C). These results suggest that
CnAB1 is necessary for mTORC2 localization and activation at
the membranes.

The C-Terminal Region in CnAp1 Drives Its Localization
to Intracellular Membranes

The role and structural characteristics of CnAp1’s C-terminal
unique domain are not completely understood. We used Psipred
to predict its secondary structure and found that CnAB1’s C-ter-
minal domain contains two different o helixes corresponding to
two highly conserved motifs that may confer CnAB1 distinct bio-
logical properties (Figures S6A and S6B).

To determine the role of the C-terminal domain and its two o
helices, we produced chimeras of different regions of CnAB1
or CnAB2 fused to EGFP. We transfected the different constructs
into P19 cells and found a completely different localization of
CnAB1 and CnAB2 within the cell. Whereas CnAB2 was homo-
geneously distributed throughout the cytoplasm, CnAp1 was
mainly localized in the Golgi apparatus, as shown by colocaliza-
tion with the cis-Golgi marker GM130 (Figure 5A). This localiza-
tion was reproduced by a chimera carrying just the C-terminal
domain of CnAB1 linked to GFP, but not by one bearing the
autoinhibitory domain of CnAB2. To determine whether this
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ANOVA with Bonferroni’s post-test.

specific localization is driven by any of the two a helices in the
C-terminal domain of CnAB1, we linked each « helix to GFP
separately. We observed that the localization in the Golgi appa-
ratus was only maintained in the chimera bearing the second «
helix. Changes in the subcellular localization of each construct
were quantified and shown as a percentage of cells with localiza-
tion in the Golgi apparatus (Figure 5D). These results support the
existence of two different evolutionarily conserved o helices with
distinct properties in the C-terminal domain of CnAB1.

Interestingly, we found a short amino acid sequence (ACREFLL)
in the second o helix that is similar to a motif (AIREFLF) present in
an mTOR domain that directs its localization to the Golgi appa-
ratus (Liu and Zheng, 2007). To determine the role of this motif in
CnAB1, we substituted these amino acids with others of a similar
group and size (VSKDLFF) in the GFP-CnAB1 construct (CnAB1-
mut). Transfection of p19 cells with this construct showed a
disperse CnAB1-mut localization and low colocalization with
GM130, compared with the wild-type CnAp1 construct (Figures
5B and 5C). Importantly, mTOR co-precipitated with GFP-
CnAB1, whereas it failed to interact with GFP-CnAB1-mut (Fig-
ure 5E), suggesting that CnAB1’s C-terminal domain defines
both its localization and its interaction partners.

Cog8 Drives the Localization of CnAB1 to the Golgi
apparatus

To gain further insight into the mechanisms driving this localiza-
tion, we carried out a yeast two-hybrid screening. In addition
to known CnA-interacting proteins such as CnB (Felkin et al.,
2011), we identified the interaction between CnAB1 and Cog8,
a protein enriched mainly in the external Golgi as well as other
intracellular membranes that is involved in the interaction with
the Cog and SNARE complexes (Laufman et al., 2013; Willett
et al., 2013, 2014) (Table S4). To validate this interaction, we
transfected cells with GFP-CnAB1 chimeras and carried out
immunoprecipitation and colocalization experiments. As shown
in Figure 6A, Cog8 co-precipitated with GFP-CnAB1 but not
with GFP-CnAB1-mut. In addition, GFP-CnAB1 showed a strong
colocalization with Cog8 in P19 cells (Figure 6B). To determine
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whether this interaction is necessary for the localization of
CnAB1 in the Golgi, Cog8 was downregulated by transfecting
two independent siRNAs into P19 cells together with the GFP-
CnAB1 chimera (Figures 6C-6E). We observed that GFP-
CnAp1 was delocalized from the Golgi after Cog8 knockdown,
confirming that the interaction with Cog8 is necessary for the
subcellular localization of CnAB1.

GFP- Ct. CnAB1

Figure 5. CnAB1 Colocalizes with the
Golgi Apparatus Using an Evolutionarily
Conserved o Helix in Its C-Terminal Domain
(A) P19 cells were transfected with an expression
vector carrying an EGFP chimera linked to full-
length CnAB1 or CnAB2 proteins, the C-terminal
regions of CnAB1 or CnAB2, or each of the two
helices in the CnAB1 C-terminal region. Colocali-
zation of all the constructs with the Golgi marker
GM130 (red) was analyzed by immunofluores-
cence. Bar, 10 pm.

(B) P19 cells were transfected with a GFP chimera
linked to full-length CnAB1 or CnAB1-mut protein
and colocalization with the Golgi marker GM130
(red) was analyzed by immunofluorescence. The
mutated amino acids in the CnAB1-mut construct
are indicated in red. Bar, 10 um.

(C) Manders’ colocalization coefficient analysis of
the green channel over the red channel for both
constructs in (B) was carried out using Jacob’s
plugin from Imaged. **p < 0.005, unpaired t test,
n=3.

(D) The percentage of cells with GFP localization in
the Golgi apparatus was quantified. At least 100
cells were counted for each condition. ***p < 0.005,
one-way ANOVA plus Bonferroni post-test, n = 3.
(E) 293T cells were transfected with expression
vectors for GFP-CnAB1 or GFP-CnAB1-mut. Cells
were lysed and GFP chimeras were immunopre-

GFP- a helix 2

1.0 cipitated (IP) with anti-GFP. Co-immunoprecipita-

0 8- tion of mTOR was determined by western blot using
: anti-mTOR. Similar expression of mTOR in both

0.6 conditions is shown in total lysates for reference.

To characterize the function of Cog8 in
mESC differentiation, we downregulated
its expression and analyzed different
mesodermal expression markers after

o early differentiation. Although Cog8
siRNAs were only functional during the
- first 48 hr (Figure 7A), we found a signifi-
E cant downregulation of the mesodermal
— - differentiation markers BraT, Gsc, and
:‘;:L <@(‘ Eomes at day 4 (Figures 7B-7D), in agree-
S & ment with the results obtained after
P p. CnAB1 knockdown.
Input S S DISCUSSION
mTOR Here we provide insight into the mecha-

nism of action of the calcineurin A beta

splicing variant CnAp1 and its role in

mESC differentiation. Our results show

that a novel motif in the alternative C-ter-

minal domain of CnAB1 drives its localization to the Golgi appa-

ratus, where it serves as a scaffold for activation of the mTOR/

AKT signaling pathway. Activation of this pathway is unique to

this CnA isoform, since cyclosporin treatment or CnAp2 downre-
gulation did not have any effect on it.

Activation of the AKT pathway is thought to involve prior auto-

phosphorylation of mTOR at S2481 within the mTORC2 complex
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(Copp et al., 2009), although the precise mechanism behind this
auto-activation is still unclear. mTORC2 activation leads to sub-
sequent phosphorylation and activation of AKT at S473 (Copp
et al., 2009). Different components of mTORC2 have been
described to localize at intracellular membranes (Betz and Hall,
2013; Liu and Zheng, 2007; Yuan et al., 2015), although the
role and mechanisms regulating this localization are also not fully
understood. Our work suggests that the localization and activa-
tion of mMTORC2 at the cell membranes depends, at least in
part, on CnAB1. Loss of CnAP1 results in delocalization of
mTOR, Rictor, and the auto-phosphorylated form of mTOR to
the cytoplasm as well as decreased AKT activation. AKT activa-
tion has been previously linked to its recruitment to the cellular
membranes (Zhao et al., 2015). Therefore, our data suggest
that AKT activation might be regulated by mTORC2’s subcellular
localization. Interestingly, the motif necessary for the localization

1378 Cell Chemical Biology 23, 1372-1382, November 17, 2016

Cogs (1)

Figure 6. Cog8 Interacts with CnAp1 and
Mediates Its Localization in the Golgi
Apparatus

(A) P19 cells were transfected with expression
vectors for GFP-CnAB1 or GFP-CnAB1-mut. Cells
were lysed and GFP chimeras were immunopre-
cipitated (IP) with anti-GFP. Co-immunoprecipita-
tion of Cog8 was determined by western blot using
anti-Cog8. Equal expression of Cog8 in both con-
ditions is shown in total lysates for reference.

(B) P19 cells were transfected with an expression
vector for GFP-CnAB1. Colocalization with Cog8
(red) was analyzed by immunofluorescence. Nuclei
were counterstained with DAPI (blue). Bar, 10 pm.
(C) P19 cells were transfected with control or Cog8
siRNAs together with a GFP-CnAB1 expression
vector. Localization of GFP-CnAB1 (green), Cog8
(red), GM130 (white) was determined by immuno-
fluorescence. Bar 10 um.

(D and E) The downregulation of COG8 protein
after siRNA transfection was confirmed by western
blot (D) and quantified (E). *p < 0.05, **p < 0.01,
one-way ANOVA, n = 3.

Merge

Merge

of CnAB1 at the Golgi apparatus is similar
to a motif found in the domain responsible
for mTOR’s localization at the Golgi (Liu
and Zheng, 2007), suggesting a common
regulatory mechanism. Loss of this motif
in CnAB1 results in delocalization of the
protein and loss of its interaction with
mTOR. These results suggest that
CnAB1 may be acting as an adaptor pro-
tein that recruits mTORC2 to specific
intracellular membranes to facilitate its
activation and the subsequent activation
of the AKT pathway.

The role of Akt in mESC is controversial,
with some reports implicating it in pluripo-
tency and others suggesting its involve-
ment in differentiation (Naito et al., 2005;
Niwa et al., 2009). This differential role
might be associated with the regulation
of AKT by different complexes (Guertin
et al., 2006). Similar results have been described for B-catenin
in mESCs, where it has opposite effects depending on the com-
plex it binds to (Miyabayashi et al., 2007). In this regard, we have
not observed any contribution to pluripotency maintenance by
CnAB1, whereas we found a significant downregulation of ESC
differentiation toward the mesoderm lineage after CnAB1 deple-
tion. Considering that CnAB1 is necessary for activation of the
AKT/GSK3/B-catenin pathway and that AKT has been reported
to be involved in ESC differentiation (Naito et al., 2005), our re-
sults suggests that inactivation of AKT is the main reason behind
the defective mesodermal differentiation observed after CnAB1
knockdown. Interestingly, Cog8 knockdown, which delocalizes
CnAB1, also results in defective mesodermal differentiation.
These results reinforce the notion that activation of AKT and its
targets in different subcellular domains may contribute to their
role in ESC pluripotency and differentiation.

*%*

Cog8 (2)
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-4 Cog8 (2)

Figure 7. Cog8 Knockdown Inhibits Meso-
endoderm Differentiation

mESCs were transiently transfected with two
different siRNAs for Cog8 or a control siRNA and
differentiated toward mesoderm by using EBs.
(A-D) RNA was extracted at different days of dif-
ferentiation, and Cog8, BraT, Gsc, and Eomes
were analyzed by qRT-PCR. Results are presented
as fold induction + SEM over the values for undif-
ferentiated stem cells. *p < 0.05, ***p < 0.001, two-
way ANOVA with Bonferroni post-test, n = 3.
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and suggests that this Cn isoform plays a
different role from that of CnAB2, which
is distributed throughout the cytoplasm
of the cell.

The role of Cn itself in ESC differentia-
tion is also unclear. It has been reported
that the Cn regulatory subunit CnB, which
binds to all CnA isoforms, is necessary for
mESC differentiation to all lineages

do do

Days of differentiation

We also provide insight into the regulation of CnAf post-tran-
scriptional processing that leads to expression of CnAB1. We
show for the first time that CnAp splicing is controlled, at least
in part, by MBNL1, which has a similar role to that of CnAB1 in
the differentiation of ESCs (Han et al., 2013). MBNL1 was previ-
ously shown to favor ESC differentiation by controlling alterna-
tive slpicing of different genes. Interestingly, the inhibition of
MBNL1/2 in somatic cells improves the efficiency of induced
pluripotent stem cell reprogramming (Han et al., 2013), further
confirming their role in the maintenance of a differentiation
phenotype. MBNL1 expression is increased upon differentiation
of ESCs and myoblast C2C12 cells, and it shows similar mRNA
targets in both cell types (Han et al., 2013; Wang et al., 2012).
CnAB1 follows a similar expression pattern, and its regulation
by MBNL1 suggests it could be part of a larger pathway involved
in the control of early cell differentiation. Interestingly, reduced
activation of Akt and mTOR targets has been described after
MBNL loss of function in human ESC-derived neural stem cells
(Denis et al., 2013), further suggesting that MBNL1 and CnAB1
are involved in common pathways.

Alternative splicing of CnAp results in the retention and transla-
tion of intron 12-13 into a unique C-terminal domain that confers
CnAB1 specific localization and function. We describe here the
presence of two evolutionarily conserved o helixes in the C-termi-
nal domain of CnAB1 that have different functions. We show that
the second « helix is necessary and sufficient to drive its localiza-
tion to the intracellular membranes of the cell, mainly to the Golgi
apparatus. This localization depends on the interaction of CnAB1
with Cog8. Cog8 is an important player in stabilization of the Cog
and SNARE complexes required for the tethering and transport of
vesicles to the Golgi, and in the regulation of the proper compart-
mentalization of Golgi proteins (Laufman et al., 2013; Willett et al.,
2013). Localization at the Golgi apparatus is specific for CnAB1

Days of differentiation

d4 through a mechanism involving the tran-
scription factor NFAT (Li et al., 2011b). In
contrast, a recent work suggests that
CnB activity may be specifically needed
for ectoderm differentiation, but dispensable for mesoderm and
endoderm differentiation, and that CnA controls BMP signaling
by directly targeting Smad1/5 during this process (Cho et al.,
2014). Knockout mice lacking the catalytic domain in CnAp are
born at normal Mendelian ratios (Bueno et al., 2002), suggesting
that the phosphatase activity of CnAB is not essential for mESC
differentiation. It has also been described that the CnA inhibitor
CsA enhances cardiomyocyte differentiation (Jansen Of Lorkeers
etal., 2014). However, this effect might be related to other actions
of CsA, which inhibits calcium release through the mitochondrial
pore. In this context, we show here that CnAp1 is necessary for
mesodermal differentiation likely by activating B-catenin-medi-
ated transcription through the activation of AKT and subsequent
inhibition of GSK3. CnAB2 knockdown and inhibition of CnA cat-
alytic activity with CsA result in a similar defect in mesodermal dif-
ferentiation to that observed for CnAB1, although, unlike the latter,
they have no effect on the AKT/GSK3/B-catenin axis. Together,
these results suggest that different CnA isoforms contribute to
ESC differentiation through different pathways (Figure S7).

In summary, we reveal a novel mechanism regulating ESC dif-
ferentiation that involves the alternatively spliced CnAB1 isoform.
By binding to Cog8, CnAB1 acts as a scaffold in the Golgi appa-
ratus, where it regulates mMTORC2 complex localization and is
necessary for activation of the AKT/GSK3p/B-catenin pathway.
These results may have implications for the control of ESC differ-
entiation in regenerative medicine and for the treatment of dis-
eases in which this pathway is strongly activated, such as cancer.

SIGNIFICANCE

Alternative splicing generates different proteins from a sin-
gle transcript through the inclusion or exclusion of certain
exons and introns, which often results in changes in protein
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interactions, structure, localization, and/or function. Impor-
tantly, alternative splicing has been associated with the
regulation of different cellular processes, including cell dif-
ferentiation. However, the precise molecular mechanisms
underlying this regulation remain poorly understood. We
have observed that the calcineurin A gene produces two
variants that differ in their C-terminal domain (CnAp1 and
CnApB2). Both of them control mouse embryonic stem cell
differentiation through complementary mechanisms. The
atypical CnAB1 variant is localized at the Golgi apparatus,
in contrast to other calcineurin isoforms, which are localized
in the cytoplasm. This localization is mediated by an o helix
in its alternative C-terminal domain, which is necessary
for the interaction with mTORC2 and for the localization
and activation of this complex at the membranes of the
cell. CnAB1 activates the AKT/GSK3p/B-catenin signaling
pathway downstream of mMTORC2 to promote mouse embry-
onic stem cell differentiation. The localization of CnAp1 at
the Golgi is regulated by the interaction between its C-termi-
nal domain and the Golgi protein Cog8. Interestingly, both
CnAB1 and Cog8 are required for the differentiation of
mouse embryonic stem cells, further confirming the impor-
tance of the localized regulation of this pathway for this
cellular process. In summary, we unveil here the structural
basis for the mechanism of action of CnAp1 and its role in
the differentiation of mMESCs to the mesodermal lineage.

EXPERIMENTAL PROCEDURES

Complete experimental procedures can be found in the Supplement
Information.

Cell Culture and Transfection
R1 mESCs in pluripotent conditions were grown on irradiated mouse embry-
onic fibroblast (MEFs) in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with L-glutamine (2 mM), non-essential amino acids (NEAA) (1x),
B-mercaptoethanol (50 pM), 15% high-quality fetal bovine serum (FBS) and
leukemia inhibitory factor at 37°C in a 5% CO, atmosphere. mESCs were
passaged every 2 days in pluripotent conditions using Trypsin (Sigma). For dif-
ferentiation assays, mESCs were trypsinized and cultured first for 1 hr under
pluripotent conditions in 0.1% gelatin-coated dishes to discard MEFs. We
used the hanging drop method for mesoendoderm differentiation with a cell
suspension of 5 x 10% cell/mL (1,000 cells per drop in 20 uL) in DMEM supple-
mented with L-glutamine (2 mM), NEAA (1 x), B-mercaptoethanol (50 uM), and
20% FBS as previously described (Bondue et al., 2008). On day 2 of differen-
tiation, the EBs where collected, cultured in an untreated dish for 5 days, and
further cultured on a 0.1% gelatin-coated dish. Neural progenitor cell differen-
tiation was induced using DMEM supplemented with L-glutamine (2 mM),
NEAA (1x), B-mercaptoethanol (50 M), and 10% knockout serum replace-
ment (Kamiya et al., 2011).

mESCs were transfected in suspension with Lipofectamine 2000 (Invitrogen)
and 10 uM siRNAs (Table S5) or 1 pg of modified RNA (Bernal, 2013; Mandal
and Rossi, 2013) following the manufacturer’s instructions. A luciferase siRNA
and a GFP-modified RNA were used as negative controls, respectively. After
transfection, cells were collected and differentiated to mesoendoderm or
maintained under pluripotent conditions. The inhibition of GSK3pB was per-
formed as previously described (Lindsley et al., 2006). Briefly mESCs were
transfected with CnAB1 or control siRNAs and differentiated in EBs. At day 2
of differentiation, 20 pM LiCl was added for 8 hr in differentiation medium to
inhibit GSK3p. Cells were then changed to normal differentiation medium.
The expression of the differentiation markers was analyzed at day 4 and
compared with expression in the control cells. The inhibition of Cn was per-
formed using CsA at 200 ng/mL. Cells were differentiated in the presence or
absence of CsA on the second day of differentiation for 8 hr and analyzed
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by western blot or differentiated until day 4 on the presence or absence of
CsA, and the expression of the differentiation markers was analyzed.

P19 cells were maintained in DMEM supplemented with L-glutamine (2 mM),
B-mercaptoethanol (50 uM), and 10% FBS. P19 cells were transfected in sus-
pension with Lipofectamine 2000 on 1% gelatin-coated coverslips following
the manufacturer’s instructions. Cells were fixed in 4% paraformaldehyde
(PFA) 24 hr after transfection. To study the localization of CnAp1 after Cog8
knockdown, we transfected the cells for 2 days with Cog8 siRNAs (Table S6)
to downregulate its expression, and then transfected the GFP-CnAB1
construct. Cells were fixed 6 hr post transfection and immunostained for
GFP, Cog8, and GM130 using specific antibodies.

RNA Isolation and qRT-PCR

Total RNA was isolated from mESCs with an RNeasy Mini Kit (QIAGEN). First-
strand cDNA was synthesized using 100 ng of total RNA and a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). The cDNA was ampli-
fied using the primers described in Table S7. qRT-PCR was carried out in an
Applied Biosystems 7900 Fast real-time PCR system (Applied Biosystems)
using SYBR green for double-stranded DNA detection and quantification or
TagMan probes as indicated in Tables S7 and S8. Results were analyzed
with LinReg PCR software (Ruijter et al., 2013). Values were normalized to
GAPDH or 18S TagMan probes.

CLIP-Seq Analysis and RNA-Seq Alignment

Bed file alignments from the Gene Expression Omnibus (GEO: GSE39911)
were downloaded and aligned to the mm9 genome using IGV software. Local-
ization of the MBNL1 binding sites in CnAp (Ppp3cb) was identified in C2C12
myoblasts, C57/BI6 heart, muscle, and brain samples. Raw sequencing data
for brain, heart, and muscle samples from wild-type mice (five replicates per
tissue) and C2C12 mouse myoblasts (single control sample) were retrieved
from the NCBI Short Read Archive (SRA: SRP014709) and converted to
FASTQ using fastq-dump in SRA Toolkit version 2.3.3-2. Reads were aligned
with TopHat2 version 2.0.12 to the GRCm38 mouse genome using available
transcript annotations from Ensembl release 76 (Gatto et al., 2014). For
paired-end data (C2C12 control sample) the mean insert size and SD were
computed empirically from uniquely mapping perfect matching mate pairs
via a preliminary alignment with Bowtie2 version 2.2.3 and supplied as input
parameters to TopHat2. Default options were used otherwise. Reads mapping
to the genomic location spanning the last four exons of the Cn gene (chromo-
some 14: 20,499,364-20,509,500 reverse strand) were retrieved after sorting
and indexing the corresponding BAM files with samtools version 1.0 (Li
etal., 2009). Custom Python scripts were used to compute per base coverage,
normalize raw counts to the maximum over the specified region, and plot the
relative read distribution (median over five replicates in tissue samples) against
Cn terminal exons.

Microarray Analysis

mESCs were transfected with siRNAs against CnAB1 or a control siRNA tar-
geting luciferase and analyzed 48 hr later in pluripotent or differentiation con-
ditions. Microarray analysis was performed on eight samples: three control
siRNA, three CnAB1 siRNA #1, and two CnAB1 siRNA #2. Labeling and hybrid-
ization to Affymetrix Mouse Gene 1.0 ST Arrays (Mouse) for mESCs in plurip-
otent conditions, or Agilent Whole Mouse Genome Microarray 4 x 44K v2 for
mESCs in differentiation conditions were carried out at the CNIC Genomics
Unit. Normalization and analysis of the data were performed using GeneSpring
software. Gene Ontology (GO) analysis was performed using David Bioinfor-
matics. GO results were considered significant at p < 0.05. The entirety of
the Microarray dataset has been supplied to the Gene Expression Omnibus
public database (GEO: GSE72103).

Western Blot

EBs were homogenized in lysis buffer (150 mM NaCl, 1% IGEPAL, 0.5%
sodium deoxycholate, 0.1% SDS, and 50 mM Tris [pH 8.0]) in the presence
of protease and phosphatase inhibitors (04693159001 and 04906845001;
Roche Diagnostics). EB lysates were separated in SDS-PAGE gels, transferred
to polyvinylidene fluoride (PVDF) membranes, and blocked with 3% non-
fat dry milk in PBS for 30 min. The membranes were incubated with pri-
mary antibodies overnight, followed by appropriate horseradish peroxidase



Please cite this article as: Gémez-Salinero et al., The Calcineurin Variant CnAB1 Controls Mouse Embryonic Stem Cell Differentiation by Directing
mTORC2 Membrane Localization and Activation, Cell Chemical Biology (2016), http://dx.doi.org/10.1016/j.chembiol.2016.09.010

(HRP)-labeled secondary antibodies (anti-mouse P0447 and anti-rabbit
P0448; Dako). HRP activity was detected using a luminol-based reagent
(RPN 2106; GE Healthcare). Primary antibodies were as follows: AKT (4691;
Cell Signaling), p-AKT S473 (4058; Cell Signaling), GSK3B (9315; Cell
Signaling), p-GSK3p (9323; Cell Signaling), B-actin (A5316; Sigma), B-catenin
(9562; Cell Signaling), CnAB1 (from our laboratory), Cog8 (PA5-29126; Thermo
Scientific), vinculin (V4505; Sigma), integrin 1 (MA1997; Millipore), RhoGdl
(sc360; Santa Cruz), p-mTOR S2481 (2971; Cell Signaling), MTOR (2983;
Cell Signaling), GM130 (bd610823; BD Biosciences), Rictor (ab56578; Ab-
cam). Western blot quantification was performed on ImagedJ software. Bright-
ness and contrast were linearly adjusted in Adobe Photoshop CS5.

Luciferase Assay

mESCs were lysed in 1x passive lysis buffer (Promega) and homogenized for
15 min at room temperature. Luciferase was measured following the manufac-
turer’s instructions (Promega) and normalized for transfection efficiency with
Renilla luciferase. As a negative control, we used the same reporter plasmid
with the TCF sites mutated (FOP-Luc) and expressed the results as the ratio
of luciferase activity obtained with the TOP-Luc divided by the activity of the
FOP-Luc.

Cytoplasm and Membrane Fractionation

Cells were cultured under differentiation conditions and analyzed on the sec-
ond day of differentiation. For purification of enriched cytoplasmic or mem-
brane fractions, the EBs were collected in PBS in the presence of protease
and phosphatase inhibitors (04693159001 and 04906845001; Roche Diagnos-
tics). Cells were then lysed in a homogenizer and centrifuged for 5 min at
3,000 x g to remove the nuclei. The supernatant was centrifuged at
200,000 x g to separate the membranes (pellet) from the cytoplasm (superna-
tant). Both fractions were analyzed by a western blot to verify their purity using
antibodies against RhoGdl for the cytoplasm and against GM130 and integrin
B1 for the membranes.

DNA Constructs

PEGFP-CnAB1, CnAB2, the C-ter region of CnAB1 and CnAB2, and o helixes 1
and 2 of CnAB1 were amplified by PCR using a KAPA HiFi HotStart Ready Mix
PCR Kit (Kapa Biosystems) from pCDNA3.1-based CnAB1 and CnAp2 con-
structs (Lara-Pezzi et al., 2007) and inserted into pGEM-T vector. After the
integrity of the constructs was confirmed by DNA sequencing, they were
cloned into the pEGFP.C3 vector in frame with GFP. The localization mutant
CnAB1-mut carries the following amino acid mutations: ACREFLL > VSKDLFF.
Modified mRNAs (modRNAs) were cloned and produced as previously
described (Mandal and Rossi, 2013). Briefly the coding sequence of GFP
(negative control), CnAB1, or CnAB1-mut were fused to a 3’ and a 5 UTR
that highly promote their expression, synthesized in vitro and purified.

Immunofluorescence

P19 cells were transfected with the different GFP constructs and grown over-
night on 1% gelatin-coated glass. Cells were fixed with 4% PFA/PBS for
10 min at 4°C, washed with PBS, permeabilized for 10 min with 0.1% Triton
X-100/PBS, and incubated in 10% goat serum/PBS for 30 min at room
temperature. Cells were incubated overnight in 10% goat serum/PBS with
anti-GFP (632592; Clontech [rabbit]; or 1010/0511FP12; Aves lab [chicken]),
anti-GM130 (610823; BD Biosciences) or anti-Cog8 (PA5-29126; Thermo
Scientific). After primary antibody incubation, cells were washed with PBS,
incubated with Alexa Fluor 488 goat anti-rabbit IgG (A-11034; Thermo Scien-
tific), Alexa Fluor 568 goat anti-mouse IgG (A-11004; Thermo Scientific),
Alexa Fluor 488 goat anti-chicken IgG (A-11039; Thermo Scientific), Alexa
Fluor 568 goat anti-rabbit IgG (A-11036; Thermo Scientific) or Alexa Fluor
633 goat anti-mouse IgG (A-21126; Scientific) in 10% goat serum/PBS for
1 hr at room temperature, and mounted in Vectashield mounting medium
with DAPI. Images were acquired in a Leica SPE3 confocal coupled to a
DM 2500 microscope with an objective ACS APO 63.0X 1.13 OIL at 20°C.
The software used to acquire the images was LAS AF V 4.0.0 11706. The
Manders’ correlation coefficient was calculated in ImagedJ software perform-
ing the total green channel (GFP) over the red channel (GM130). Images were
amplified, and brightness and contrast were linearly adjusted using Adobe
Photoshop CS5.

Statistical Analysis

All data are presented as means + SEM. All datasets were analyzed for statis-
tical significance using one-way ANOVA followed by Dunnett’s post-test for
multiple comparisons or two-way ANOVA followed by Bonferroni’s post-test
(GraphPad Prism), as indicated in the figure legends. Changes were repre-
sented as statistically significant at p < 0.05.
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