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RESUMEN

La hormona aldosterona aumenta la reabsorcién de sodio en epitelios de alta resistencia
eléctrica mediante la activacion del receptor de mineralocorticoides (MR), un factor de
transcripcion de la superfamilia de receptores nucleares. MR puede ser ademas activado
por glucocorticoides y presenta una distribucion de expresion amplia, habiendo sido
implicado en distintos efectos fisiopatol6gicos en tejidos no epiteliales. La distribucion
subcelular de MR y su traslocacién al nlcleo inducida por ligando estan controladas,
entre otros mecanismos, por su interaccion con la proteina de choque térmico HSP90,
por la accion degradadora de cortisol de la enzima 11B-hidroxi-esteroide
deshidrogenasa tipo 2 (11B-HSD2) y por modificaciones post-traduccionales del propio
MR, teniendo efecto todo ello sobre la capacidad transactivadora del receptor sobre sus
genes diana. En esta tesis doctoral se estudian los efectos de modificaciones post-
traduccionales sobre la biologia de MR, concretamente la acetilacion de HSP90,
SUMOilacion de 118-HSD2, y fosforilacion de MR. Determinamos como estas
modificaciones post-traduccionales, relacionadas directa o indirectamente con el
receptor, alteran su distribucién subcelular y cinética de traslocaciéon al nucleo,
modificando la respuesta a mineralocorticoides o glucocorticoides y la regulacién de
genes implicados en los efectos de la aldosterona. La metodologia empleada en estos
estudios ha sido ademés utilizada para evaluar la influencia de la torasemida, un
diurético de asa del que se ha propuesto que también actlia como inhibidor de MR,

sobre la traslocacion nuclear y activacion del receptor.
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ABSTRACT

The hormone aldosterone increases sodium reabsorption in tight epithelia by activating
the mineralocorticoid receptor (MR), a member of the nuclear receptor superfamily of
transcription factors. In addition to aldosterone, MR can be activated by
glucocorticoids. Furthermore, the receptor presents a wide expression distribution,
including non-epithelial tissues, where it has been involved in different
pathophysiological effects. Subcellular localization of MR and its ligand-induced
nuclear translocation are controlled by interaction with heat-shock protein HSP90,
cortisol removal by enzyme 11B-hidroxisteroid dehydrogenase type 2 (113-HSD2) and
post-translational modifications of MR. This combination of factors regulates MR
transcriptional activity on target genes. In this Thesis we study the effects of different
post-translational modifications on MR biology, namely HSP90 acetylation, 113-HSD2
SUMOylation and MR phosphorylation. We determined how these post-translational
modifications alter MR subcellular localization and nuclear translocation Kinetics,
modifying the response to mineralocorticoids or glucocorticoids and gene regulation.
The methodology used in these studies was also applied to evaluate the influence of
torasemide, a loop diuretic previously suggested to inhibit MR, over receptor

traslocation and activation.
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INTRODUCCION
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Introduccién

1. INTRODUCCION

La compartimentalizacion de los sistemas biolégicos y la necesidad de aislar un medio
interno de un medio externo hacen de especial necesidad la regulacion y el
mantenimiento de un equilibrio fisicoquimico entre ambos, estableciéndose valores
normales para ciertos pardmetros, asi como valores maximos y minimos pasados los
cuales se entra en un estado fisiopatoldgico, que en caso extremo, es incompatible con
la vida. EI mantenimiento de dicho equilibrio es el fenémeno conocido como
homeostasis, que comprende una serie de mecanismos de control y retroalimentacion
para asegurar una resistencia a las condiciones ambientales y por tanto la viabilidad del
organismo. Un importante mecanismo homeostatico efector estd mediado por las vias
endocrinas, a través de la regulacién hormonal. Un buen ejemplo de ello es la
regulacion renal de la presion arterial que ocurre mediante el mantenimiento de la

homeostasis idnica y del volumen circulante.

El bombeo del corazén crea la presion necesaria para impulsar la sangre a través de las
arterias y sus ramificaciones para seguidamente retornar al corazén por via venosa. La
presion arterial se define como la fuerza ejercida por la sangre contra la superficie de la
pared arterial y se expresa a través de diferentes valores en funcién de los picos de
presion que ejerce el bombeo del corazén sobre el sistema vascular, obteniendo la
presion arterial sistélica (valor maximo durante la contraccién ventricular), diastélica
(valor minimo durante la relajacion ventricular) y el valor medio. Se suele apuntar que
la presién arterial es controlada por el gasto cardiaco y la resistencia periférica, sin
embargo ese control no se ejerce de forma absoluta ya que depende de multitud de
factores fisiolégicos que controlan la frecuencia cardiaca, vasoconstriccion o
vasodilatacién y el volumen de plasma sanguineo. La presiéon sanguinea debe ser
finamente regulada dentro de un rango fisioldgico que permita el aporte continuo a
todos los érganos, un déficit puede provocar muerte del tejido en cuestion mientras que
un exceso incrementa el riesgo de dafio en el sistema vascular y érganos. Desviaciones
més alld de los valores maximos o minimos desencadenan un estado patolégico
conocido como hipertension o hipotensién respectivamente, tanto la hipertension como
la hipotensién no presentan unos sintomas claros, sin embargo se relacionan con ciertos
efectos patoldgicos que son causa de elevada mortalidad sobre la poblacién, como son
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Introduccién

las patologias cardiacas asociadas a la elevada presion arterial o el shock cardiogénico
por una deficiente presion arterial en pacientes sometidos a dialisis. Un importante
mecanismo para controlar la presion arterial tiene lugar en el sistema endocrino renal, a

través del sistema renina-angiotensina-aldosterona.

La sefializacion hormonal y su regulacién comprenden mecanismos fundamentales para
el mantenimiento de la homeostasis y la vida de los organismos biol6gicos. Un ejemplo
de estos mecanismos esta mediado por los miembros de la superfamilia de receptores
nucleares, que comprende una gran variedad de proteinas mediadoras de la respuesta
especifica de ciertas células a ciertas hormonas. En general, estos receptores nucleares
tienen la capacidad de ser traslocados al interior del ndcleo celular tras la unién con la
hormona, en forma homodimérica se unen a ciertas secuencias de DNA llamadas
elemento de respuesta hormonal y llevan a cabo un efecto de regulacién de la
transcripcion génica para desembocar en la sintesis de ciertas proteinas,
desencadenando asi la regulacién hormonal de la célula diana, por ello a todos estos

receptores se les considera factores de transcripcion.

Dentro de la superfamilia de receptores nucleares encontramos los receptores de
hormonas esteroideas. Sus ligandos, las hormonas esteroideas, son moléculas
liposolubles que una vez liberadas son capaces de atravesar la membrana plasmatica
para unirse al receptor en el interior celular y producir la respuesta al estimulo, es el
Ilamado efecto gendmico. También se describe un efecto mas rapido de respuesta tras la
union de la hormona al receptor, que por su velocidad no puede ser explicado mediante
este mecanismo, es el efecto no gendmico, que comprende una via mediada por
segundos mensajeros tras la unién de la hormona a un receptor de membrana (de forma
analoga a lo que ocurre con hormonas hidrosolubles), se trata de un mecanismo menos
general que en muchos casos sigue siendo objeto de controversia en el estudio de los

mecanismos de accion de los receptores nucleares.

Un ejemplo de mecanismo de accién hormonal sobre su receptor nuclear, objeto de
estudio en la presente tesis doctoral, es la accién especifica de tejido que muestra la
hormona mineralocorticoide aldosterona sobre su receptor, conocido como receptor de

mineralocorticoides (MR).
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Introduccién

1.1 Fisiologia renal

La estructura macroscopica del rifibn comprende una parte externa llamada corteza
renal (envuelta por la capsula renal) y una parte interna llamada médula renal. La arteria
renal permite la entrada de un elevado flujo de sangre, sus ramificaciones posibilitan la
difusion de la sangre por la corteza para ser filtrada en los glomérulos de las nefronas.
Mientras que la sangre filtrada se recoge para su vuelta al sistema circulatorio por la
vena renal, el filtrado pasa por los tibulos de las nefronas hacia la porcién medular y
retorna a la corteza para ser vaciado de forma comdn en el uréter y desembocar en la
vejiga, siendo expulsado en forma de orina al exterior por la uretra (Fig. 1). Es de
extrema importancia la modificacion que sufre el filtrado a lo largo de los tGbulos de las
nefronas, contribuyendo a las funciones principales del érgano. En referencia al plasma
sanguineo, los rifiones son capaces de regular: la concentracion de los productos de
desecho, electrolitos e iones, el pH y el volumen. La regulacién del volumen de plasma

sanguineo constituye una importante via de regulacién de la presion arterial.

La nefrona es la unidad estructural funcional del rifién, consta de: el glomérulo (también
conocido como corplsculo de Malpighi) envuelto por la capsula de Bowman, el tubo
contorneado proximal, la rama descendente y ascendente del asa de Henle y el tibulo
contorneado distal. La capsula glomerular aisla el glomérulo renal, una red de capilares
donde se produce el filtrado y depuracion del plasma sanguineo, el espacio entre el
glomérulo y la capsula es el espacio de Bowman, que esta en continuidad con la luz del
tbulo para verter a su interior el filtrado glomerular. El tibulo contorneado proximal
recibe el filtrado glomerular, sus microvellosidades aumentan la superficie de contacto
para favorecer el proceso de reabsorcion de ciertas moléculas al plasma sanguineo. El
filtrado pasa por el asa de Henle desembocando en el tibulo contorneado distal, mas
corto que el proximal y con menos microvellosidades, sin embargo, también ocurre el
proceso de reabsorcion. Los tubulos contorneados distales de numerosas nefronas
confluyen en tdbulos colectores donde el filtrado sigue sufriendo reabsorcion en menor
medida, finalmente desemboca en el uréter, ya considerado orina, para ser vaciado en la

vejiga y su posterior expulsion al exterior (Fig. 1).
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Introduccién
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Figura 1: Anatomia y estructura del rifién. En detalle se muestra la disposicion y estructura de
las nefronas. Stuart Ira Fox (Fisiologia Humana, 132 edicién 2014, McGraw-Hill).

1.1.1 El proceso de reabsorcion
La reabsorcién de moléculas a partir del filtrado glomerular ocurre mediante el proceso
de 6smosis a través de las paredes de los tdbulos de las nefronas. A través del tabulo
contorneado proximal y la rama descendente se reabsorbe la mayor parte del agua del
filtrado glomerular, manteniendo asi el volumen y la presién sanguinea. La reabsorcion
de agua por dsmosis a través de las paredes de los tGbulos requiere de un gradiente de
concentracion iénica, principalmente de sodio (Na"), entre el filtrado y el liquido
intersticial en contacto con el plasma de los capilares adyacentes, para provocar el
movimiento transversal del agua. EI Na* es el principal contribuyente a la osmolaridad

del fluido extracelular, mas del 99% de Na* que se filtra en los rifiones es reabsorbido.
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Introduccién

El transporte de Na* al liquido intersticial genera una diferencia de potencial a través de
la pared del tibulo que se compensa con el transporte de cloro (CI') en la misma
direccion (hacia la mayor concentracion de Na), elevandose la concentracion de
cloruro sodico (NaCl) en el liquido intersticial y creando el gradiente osmético
necesario para la difusion del agua de forma pasiva al plasma. Ambos iones (Na"y CI)
se mueven a través del epitelio de forma transcelular a través del interior celular y de
forma paracelular a través del intersticio entre las uniones celulares, sin embargo el
predominio de una forma de transporte u otra depende fundamentalmente del tramo de

la nefrona en el que ocurre.

La reabsorcion de sodio es el proceso fundamental para el mantenimiento de la presion
arterial, su mecanismo estd basado en la presencia de la Na",K'-ATPasa en la
membrana basal de las células epiteliales de la pared del tabulo, la salida de Na* de la
célula hacia el liquido intersticial provoca un descenso de la concentracién intracelular
de Na*, y con ello que se genere un gradiente que permite la entrada del Na* desde el
filtrado en la luz del tGbulo a través de la membrana apical por mediacién de
cotransportadores, asi se genera un movimiento i6nico constante que promueve el
transporte de agua y da lugar al mantenimiento de la presion arterial. La salida de Na*
por la membrana basolateral a través de la Na",K*-ATPasa esta acoplada a la entrada de
potasio (K*) en la célula, la existencia de canales de K* en la membrana basal permiten
el reciclaje del K* para ser devuelto al liquido intersticial. Existe también un transporte
pasivo de Na* a través de las uniones entre las células epiteliales, que en el tibulo
contorneado proximal permite el retorno de una parte del Na* reabsorbido al lumen que
se encuentra en menor concentracion. A lo largo de la rama descendente y ascendente
del asa de Henle ocurre de igual forma una reabsorcion de Na* y agua a través de las
células epiteliales, existe un transporte neto en menor cuantia en comparacion con el
tibulo contorneado proximal. Sin embargo, la mayor parte de la reabsorcién total de
Na" en las ramas del asa de Henle ocurre por el transporte pasivo a través de las uniones
entre las células. Al igual que en el tubulo contorneado proximal, se trata de una
reabsorcion y un mantenimiento de la presion sanguinea basal, no presenta regulacion
hormonal, hasta un 85% del agua y Na® filtrados se reabsorbe de forma continua en

estos primeros tramos de los tibulos de las nefronas.
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Introduccién

La reabsorcion de Na“ a través de la rama ascendente del asa de Henle también
promueve la salida de CI" y el gradiente de NaCl para la reabsorcién de agua, sin
embargo las paredes de la porcion final estdn engrosadas y tienen una menor
permeabilidad al agua. En este tramo la cantidad de Na* reabsorbida a través de las
células y entre ellas ocurre aproximadamente en igual medida. A partir de aqui aparecen
canales de K* en la membrana apical que permiten la excrecion a la luz del tabulo. La
menor permeabilidad al agua del epitelio provoca que el filtrado se vaya diluyendo
conforme avanza mientras que el liquido intersticial se va concentrando, de esta manera
ocurren dos fenémenos: 1) el liquido intersticial proximo al asa ascendente se encuentra
a su vez en contacto con el asa descendente, multiplicando asi el gradiente que provoca
la reabsorcion de agua en el tramo descendente, y 2) al llegar el filtrado al tibulo
contorneado distal, éste sera hipotonico respecto al liquido intersticial.

El segundo fenémeno descrito hace que en los tramos finales de la nefrona se requiera
un transporte activo regulado para permitir el proceso de reabsorcion, que ocurrira casi
exclusivamente a través del interior de las células epiteliales. A partir de
aproximadamente el 15% restante del filtrado que llega al tibulo contorneado distal, es
donde se produce un ajuste fino del proceso de reabsorcion en el tibulo contorneado
distal y tdbulo colector, donde deja de existir la difusién pasiva, la reabsorcién ocurre
exclusivamente a través de las células, mediado por la regulacién hormonal y da lugar a
una regulacion fina de la presion arterial. Esto ocurre mediante la regulacién del
volumen circulante, principalmente a partir del sistema renina-angiotensina-aldosterona,

la hormona antidiurética (ADH) o vasopresina y el péptido natriurético auricular (ANP).

1.2 Regulacion hormonal de la reabsorcion de Na*

La aldosterona es el principal y mas potente mineralocorticoide en mamiferos. Pese a su
naturaleza esteroidea, es relativamente soluble en agua y por ello circula
predominantemente libre en sangre. La aldosterona aumenta la reabsorcion de Na* y
secrecion de K* y protones (H") en la parte mas alejada del tdbulo contorneado distal y
en la porcién cortical del tibulo colector de las nefronas, también en el colon distal y
glandulas sudoriparas y salivares. La funcién mas conocida y estudiada de la
aldosterona se sitda en las células epiteliales de los tibulos de las nefronas en el rifion.
Mantiene el equilibrio homeostéatico de estos electrolitos, el equilibrio acido-base, el

mantenimiento del volumen de plasma sanguineo y la regulacion de la presion arterial.
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Introduccién

La aldosterona (Fig. 2) es una hormona esteroidea de la familia de los
mineralocorticoides (Simpson et al., 1954), se sintetiza a partir de la corticosterona
mediante oxidacion del carbono 18 por la aldosterona sintasa, principalmente en la capa
glomerulosa de la corteza suprarrenal. Todas las hormonas esteroideas derivan del
colesterol (Fig. 2), mediante el corte de la cadena lateral unida al anillo “D” (anillo de 5
carbonos) por mediacion de enzimas pertenecientes a la familia del citocromo P450 y
posterior adicién o eliminacién de grupos funcionales a distintos carbonos. Este
proceso es conocido como esteroidogénesis, a partir del cual el colesterol deriva en el
progestageno pregnenolona, el precursor comdn de la sintesis del resto de hormonas
esteroideas (otros progestagenos, mineralocorticoides, glucocorticoides y andrégenos, a
partir de los cuales se sintetizaran los estrogenos). El aparato enzimatico para la
produccion de las hormonas esteroideas a partir del colesterol se encuentra casi
exclusivamente restringido a la corteza suprarrenal y las génadas sexuales, aunque hay

casos en los que existe una cierta sintesis local de esteroides en ciertos tejidos.

HO'
Figura 2: Estructura quimica del colesterol (C,;H40) a la izquierda, Pm = 385,65 g/mol; y de

la aldosterona (C»;H,40s) a la derecha, Pm = 360,44 g/mol.

El sistema renina-angiotensina-aldosterona (Fig. 3) es uno de los principales
mecanismos de control de la presion arterial (Atlas, 2007). Las células
yuxtaglomerulares del rifién detectan mediante barorreceptores una disminucién del
volumen sanguineo y la presion arterial, liberando como respuesta renina (producida a
partir de la prorrenina) directamente a la sangre. La renina es una proteasa que cataliza
la eliminacion de un enlace peptidico cercano al extremo COOH-terminal del precursor
angiotensindgeno, liberado por el higado, transformandolo en un péptido de 10
aminoéacidos llamado angiotensina |. En el endotelio de los pulmones y también en
menor medida en células endoteliales del rifién, la enzima convertidora de angiotensina
(ACE) elimina los 2 ultimos aminodcidos del extremo COOH-terminal de la
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Introduccién

angiotensina I, convirtiéndola en el péptido de 8 aminoacidos fisiolégicamente activo, la
angiontensina Il. La angiotensina Il estimula la contraccion de las capas de musculo liso
de pequefias arterias y arteriolas, produciendo asi una potente vasoconstriccion
arteriolar que contribuye al incremento directo de la resistencia periférica elevando la
presion arterial. A su vez promueve el incremento de la presion arterial mediante dos
mecanismos adicionales: 1) en el hipotalamo estimula la sed, promoviendo la ingesta de
liquido para aumentar el volumen sanguineo, y estimula la liberacién de ADH por la
hipdfisis, y 2) en la corteza suprarrenal aumenta potentemente la sintesis y liberacién de

aldosterona, que provoca retencion de NaCl y excrecién de un menor volumen de orina.

La aldosterona contribuye a un aumento de la presion arterial, actuando principalmente
a nivel renal (tdbulo contorneado distal y tGbulo colector), donde aumenta la
reabsorcion de Na® y de esta forma promueve la retencion de agua para aumentar el
volumen circulante y la presion arterial. EI aumento en la reabsorcion de Na* se basa en
el aumento de la expresion del canal epitelial de sodio (ENaC) en la membrana apical
de las células epiteliales del tibulo. ENaC proporciona una ruta de alta afinidad para la
entrada de sodio a la célula a través de la membrana apical. Esta entrada de sodio esta
acoplada a su salida por la superficie basolateral gracias a la actividad de la Na",K*-
ATPasa. Como consecuencia, se produce un transporte vectorial de sodio a través del
epitelio, estableciéndose una diferencia de potencial transepitelial, quedando el lumen
del tdbulo con carga negativa, lo que promueve a su vez la excrecion de K* y H*
(Alvarez de la Rosa et al., 2013). Dado el acoplamiento entre la reabsorcion de Na* y la
secrecion de K*, el sistema renina-angiotensina-aldosterona da lugar a un mecanismo de
eliminacion del K" extracelular con la orina. La reabsorcion de Na® promueve la
reabsorcion de agua, aumentando el volumen circulante implicado en el aumento de la

presion arterial.

La secrecion de aldosterona aumenta también como respuesta a una concentracion baja
de Na* de modo indirecto, debido a la reduccion del volumen plasmatico que detectan
los barorreceptores renales, como se coment6 anteriormente. Asi mismo, la sintesis y
consecuente secrecion de aldosterona también es estimulada de forma directa por una
elevacion de la concentracion plasmatica de K*, de forma independiente al sistema
renina-angiotensina-aldosterona, mediante la despolarizacion de las células secretoras

de aldosterona.
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Introduccién

La hormona adrenocorticotropa o corticotropina (ACTH) se libera desde la parte
anterior de la hipdfisis y tiene un efecto estimulante sobre la corteza suprarrenal, dando
lugar a la secrecion de cortisol y aldosterona. Su regulacion forma parte del eje
hipotaldmico-hipofisario, es estimulada mediante la hormona liberadora de
corticotropina (CRH) liberada desde neuronas hipotaldmicas e inhibida por

retroalimentacion negativa mediante los corticosteroides secretados.

| Angiotensinégeno

Renina ————=

| Angiotensina I

ACE ———=

4' Angiotensina IT I

Estimulacion de la
secrecion de aldosterona

| Aldosterona I

Incremento en la
retencion de
sodio y agua

Constriccdion

vascular

Incremento de la presion arterial

Figura 3: Sistema renina-angiotensina-aldosterona.

La pared del tdbulo colector es impermeable a la alta concentraciéon de NaCl que lo
rodea, sin embargo es permeable al agua, el agua es reabsorbida y pasa rapidamente al
plasma. La ADH se libera desde la hipofisis como respuesta a un aumento de la
osmolaridad de la sangre por disminucion del volumen de plasma, deshidratacion o
ingesta excesiva de sal, es un mecanismo mediado por neuronas hipotalamicas
(osmorreceptores) para responder ante la disminucion del volumen sanguineo y la
presion arterial y contrarrestar el efecto. La estimulacién de los osmorreceptores
producen la sensacion de sed para la ingesta de agua y la liberacion de ADH, la ADH se
une a receptores de membrana de las células de la pared del tGbulo colector para
estimular la produccion de AMPc a partir de ATP. EI AMPc actiia como un segundo

mensajero aumentando la expresion de acuaporinas en la superficie de las células,
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Introduccién

estimulando asi la reabsorcién de agua y la excrecién de un menor volumen de orina.
Con la ADH se estimula también la reabsorcion de urea en el tramo mas distal del
tibulo colector, un compuesto con alto contenido en nitrégeno producto del
metabolismo que también contribuye a la hipertonicidad de la médula renal para
estimular la reabsorcion de agua. La reduccion de la osmolaridad sanguinea provoca
una menor liberacién de ADH, dando lugar a una menor reabsorcién de agua, la caida
del volumen plasmatico resultan en un incremento de la secrecién de renina y por tanto
estimulacién del sistema renina-angiotensina-aldosterona. La aldosterona a diferencia
de la ADH, no actta diluyendo la sangre, ya que la reabsorcion de agua se produce
junto con la reabsorcién de una cantidad proporcional de sal. La contribucién de la
ADH al mantenimiento del volumen extracelular es menor que la mediada por la
aldosterona, considerandose esta Ultima el principal sistema de regulacion del volumen
extracelular mientras que la ADH se considera principal regulador de la osmolaridad

plasmatica.

En respuesta a un elevado volumen plasmatico, junto con la inhibicién en la secrecion
de aldosterona y ADH, el estiramiento de las paredes auriculares en el corazén estimula
la secrecion de ANP en los cardiomiocitos auriculares. EI ANP se une a un receptor
guanilil ciclasa que aumenta la produccién de GMPc a partir de GTP, promoviendo el
aumento del flujo de sangre al rifién y la tasa de filtracion glomerular. Incrementa la
carga de Na* reduciendo la reabsorcion pasiva de Na*, incrementa la excrecion de Na*y
agua de la sangre filtrada en los glomérulos, actuando como diurético para promover la
mayor excrecion de sal y agua en la orina, un mecanismo opuesto a la accion de la

aldosterona.

1.3 Fisiopatologia renal asociada a la aldosterona

La hipertension o elevada presion sanguinea constituye un problema relevante de salud
publica, afectando al 25% de la poblacion adulta en sociedades industrializadas (Burt et
al., 1995). La hipertensién es un factor de riesgo para causas comunes de morbilidad y
mortalidad. A pesar de ello los mecanismos patogénicos fueron durante mucho tiempo
desconocidos debido a la gran cantidad de factores ambientales y fisiol6gicos
relacionados (Stanton et al., 1982), pero el desarrollo de técnicas moleculares y la
clonacion de MR (Arriza et al., 1987) han permitido identificar genes, vias y dianas

candidatos a la intervencion terapéutica (Lifton, 1996), permitiendo desentrafiar
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Introduccién

mecanismos moleculares que conducen a las alteraciones patoldgicas de la presion

arterial.

La asociacion existente entre las alteraciones en la secrecion o accion de la aldosterona
y el desarrollo de hipertension e hipotension (Lifton et al., 2001) demuestra que la
regulacion del transporte transepitelial de Na* a través de ENaC es critico para la
homeostasis del fluido extracelular y el control de la presién sanguinea. Existen
diversos defectos en la secrecion o accién de la aldosterona que se asocian con
hipertensién e hipotensién:
- Hiperaldosteronismo: secrecion de aldosterona anormalmente alta, se produce
la alta actividad de ENaC, se incrementa la reabsorcion de Na* y disminuye el
K* en plasma. Da lugar a hipertension, retencién de agua e hipopotasemia.
Existen dos tipos: el primario o Sindrome de Conn, causado por un adenoma
suprarrenal productor de aldosterona (Young, 2002; Funder, 2011) y el
secundario, causado por hiperactividad del sistema renina-angiotensina (Santos
etal., 2012).
- Pseudohiperaldosteronismo: patologia similar al hiperaldosteronismo debida a
la hiperactividad de los drganos efectores de la aldosterona, normalmente va
acompafiada de bajos niveles de aldosterona en plasma. Conocido como
Sindrome de Liddle, presenta actividad constitutiva de ENaC debido a una
mutacién que impide la ubiquitinacion del canal por Nedd4-2, y por tanto se
evita su degradacion proteasomal (Ronzaud et al., 2013).
- Hipoaldosteronismo: baja secrecion de aldosterona, disminuye la actividad de
ENaC y la reabsorcion de Na*, aumenta el K en plasma. Da lugar a hipotension,
deshidratacién, pérdida de sal e hiperpotasemia. P.e. deficiencia en la
aldosterona sintasa (White, 2004).
- Pseudohipoaldosteronismo: se relaciona con el hipoaldosteronismo por la
resistencia de los érganos efectores a la aldosterona, aunque se presentan niveles
de aldosterona elevados en plasma. Existen al menos dos tipos: el tipo I, causado
por mutaciones inactivantes de ENaC (Kucher et al., 2011) o MR (Geller et al.,
1998); y el tipo Il o Sindrome de Gordon, causado por mutaciones en las
quinasas WNK, que regulan la actividad de ENaC, canales de K y

cotransportador de Na™y Cl"en el rifion (Hoorn et al., 2012).
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Introduccién

- Otro ejemplo es el Sindrome de Exceso Aparente de Mineralocorticoides
(AME), enfermedad autosémica recesiva donde la disfuncién de HSD2 produce
la activacion inapropiada de MR por glucocorticoides, especialmente el cortisol.
Causa hipertension, hipopotasemia y alcalosis metabdlica, pese a la presencia de

niveles bajos de aldosterona en plasma (White et al., 1997).

1.3.1 Utilizacion clinica de antagonistas de MR
La utilizacién de antagonistas esteroideos de MR, como espironolactona o eplerenona es
atil para regular la presion arterial en caso de hiperaldosteronismo, ademas de presentar
estos antagonistas un efecto beneficioso ante patologias cardiacas asociadas a la
hipertensidn, reduciendo la fibrosis cardiaca asociada al dafio cardiaco (Kolkhof et al.,
2012). Ademas, los antagonistas de MR se utilizan conjuntamente con diuréticos de asa
como la furosemida o torasemida para potenciar la bajada de la presion arterial y evitar
la pérdida de K* asociado a los mismos. EI mecanismo de accién de los diuréticos de
asa ocurre en la rama ascendente del asa de Henle, interfiriendo el cotransportador Na®,
K"y CI, de forma que se impide la reabsorcion de Na* y por tanto se excreta una mayor

cantidad de liquido en la orina.

La blsqueda de antagonistas no esteroideos de los receptores de esteroides ha tenido
gran importancia clinica con el objetivo de evitar efectos secundarios producidos por los
efectos de los antagonistas esteroideos, particularmente en MR para evitar el
desequilibrio del balance idnico, especialmente el aumento en la concentracion de K* en
sangre (hiperpotasemia), en el tratamiento de la presion arterial. El uso de los diuréticos
de asa como la torasemida ha resultado beneficioso en el tratamiento de patologias
cardiovasculares, consiguiendo ademéas un efecto diurético mas prolongado por su
mayor vida media y mayor biodisponibilidad en comparaciéon con la furosemida.
Ademéas la torasemida presenta efectos beneficiosos sobre el riesgo de dafio
cardiovascular disminuyendo las tasas de mortalidad y morbilidad. Esto ha llevado a la
hipétesis de que la torasemida podria tener un efecto adicional al diurético, sugiriendo
un posible efecto antagonista de MR para bloquear la unién de la aldosterona (Uchida et
al. 1992). La torasemida se ha relacionado con la reduccién de la fibrosis cardiaca por
incidir especificamente en el sistema vascular, lo cual podria estar relacionado con la
interferencia de factores profibrosis como la angiotensina Il, pero también con la

aldosterona. La falta de informacion al respecto hace interesante la investigacion de los
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Introduccién

mecanismos moleculares de accion de la torasemida por el potencial terapéutico en el
tratamiento del dafio cardiaco (Buggey et al., 2015), identificando las vias de accién
para explorar la posibilidad de su administracion en conjunto con antagonistas de MR
obteniendo asi un tratamiento con efectos beneficiosos aditivos mediante la incidencia

en distintas vias.

Mas recientemente ha surgido la finerenona como un antagonista de MR no esteroideo,
con base dihidropiridinica. Es un compuesto altamente selectivo que cumple la funcién
de antagonista de MR evitando la retencion de K* causante de la hiperpotasemia
desarrollada con el uso de los antagonistas esteroideos (Bramlage et al., 2016). Los
estudios clinicos han comenzado con resultados prometedores sobre pacientes con dafio
cardiovascular y renal, aportando los buscados efectos positivos en el corazén mientras

que se evitan los efectos negativos en el rifion.

1.4 El receptor de mineralocorticoides (MR)

En 1963 Peter Karlson cristalizo la ecdisona, una molécula relacionada con la pupacion
y muda en insectos, la describié como un esteroide y desarroll6 la idea de la accion de
las hormonas esteroideas basada en la regulacién génica. Hacia los afios 70 ya se habia
descrito la presencia de receptores intracelulares que mediarian la respuesta de las
hormonas esteroideas, hasta que en 1974, 20 afios después de haberse descubierto la
aldosterona, Isidore Edelman describié su receptor, el receptor de mineralocorticoides
(MR). EI gran salto en la comprension de los mecanismos moleculares y fisiolégicos
mediados por MR comenz6 en 1987 cuando Arriza et al., publicaron el clonaje de MR
en el laboratorio de Ron Evans. Mediante homologia con GR aislaron el gen codificante
para una proteina de 107 kDa, demostrando la capacidad de unir, ademas de cortisol,
aldosterona con alta afinidad activando la transcripcion especifica de genes en respuesta

a aldosterona.

La naturaleza lipidica de la aldosterona le permite atravesar libremente la membrana
para unirse a MR, también conocido como receptor de aldosterona, miembro de la
superfamilia de receptores nucleares. La familia de receptores de esteroides
(superfamilia de receptores nucleares, subfamilia 3), a la cual pertenece MR, es un
conjunto de proteinas con un papel importante como mediadores de la accién de

hormonas esteroideas en multitud de procesos fisiolégicos, relacionados por ejemplo
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Introduccién

con la homeostasis de metabolitos, desarrollo de drganos y respuesta a estimulos

externos (Griekspoor et al., 2007).

La formacion del complejo receptor-ligando en MR y otros receptores nucleares
produce la traslocacién al niacleo y la unién a secuencias especificas de DNA conocidas
como elemento de respuesta hormonal (HRE) en forma dimérica (Binart et al., 1995).
Uno o varios HRE se encuentran corriente arriba de la caja TATA, en la regién 5 del
gen diana, la unién en forma dimérica del complejo MR-aldosterona al HRE ejerce su
actividad transcripcional mediante el reclutamiento de correguladores transcripcionales
que se unen al complejo, su papel mejor caracterizado es modular la expresion de genes
relacionados con el transporte transepitelial de Na*, incluyendo las tres subunidades que
forman ENaC para su expresion en la membrana apical y las dos subunidades que
forman la Na*,K*-ATPasa para su expresion en la membrana basal (Fig. 4). Como se
comentd anteriormente, ENaC y la Na",K*-ATPasa son responsables de la reabsorcion
de Na* hacia el liquido intersticial y la subsiguiente reabsorcion de agua responsable del
aumento de la presion arterial, a cambio de la excrecion transepitelial de K* y H a
través de canales en la membrana apical. Ademéas MR modula la expresion de otros
genes implicados en la regulacion del sistema, como SGK1, una serina/treonina-kinasa
que aumenta la expresion del canal ENaC mediante la fosforilacién de la ubiquitina-
ligasa Nedd4-2, de forma que la inactiva impidiéndole ubiquitinar ENaC y previniendo
la degradacion del canal (Alvarez de la Rosa et al., 1999). A diferencia de otros canales
i6nicos cuya regulacion se basa en rapidos cambios en su cinética de apertura y cierre,
ENaC se controla en gran medida por el aumento o descenso de su expresion en
superficie (Alvarez de la Rosa et al., 2000). La aldosterona es el principal mecanismo de
regulacion de ENaC en tejidos epiteliales, existe una expresion diferencial de los genes
diana de MR que permiten la activacion especifica en cada tejido diana de la
aldosterona (Hernandez-Diaz et al., 2013). MR se expresa también en tejidos no
epiteliales, participando en diversos procesos como la homeostasis cardiovascular,

diferenciacion de adipocitos, neurogénesis o regulacion de la actividad neuronal.

Se ha sugerido la posibilidad de que la aldosterona ejerza efectos no genémicos ya que
se describen efectos muy réapidos de la hormona (del orden de unos pocos minutos) que
no se pueden explicar mediante la regulacién transcripcional y sintesis de novo de

proteinas. Se explica mediante la activacion de un receptor de membrana, que
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Introduccién

provocaria una cascada de eventos secundarios a través de la movilizacién de segundos
mensajeros, tal y como ha sido descrito para otras hormonas esteroideas, sin embargo

no hay demostracién formal de ello (Fuller et al., 2005).

7 cortisona <l cortisol
O« el
\/ espironolactona
—]
<4<—K ENaC 4— g]{-“ : 4—4 aldosterona
afy N7/

amiloride ‘ -+ *_/
E¢ %’%‘ \K,’@@

Na+/K+ ATPasa
Tz ATz O
.......... 2
&« /
degradacion P13-K S @

Apical Basal

Na*

Figura 4: Respuesta de una célula epitelial renal a la aldosterona. Modificado de Fuller y
Young, 2005.

1.4.1 Estructura del receptor MR
La aparicion evolutiva de MR se asocia a una duplicacion de un receptor ancestral de
glucocorticoides, que dio lugar a MR y al receptor de glucocorticoides actual (GR),
posibilitando la aparicion del sistema de regulacién por hormonas mineralocorticoides,

la principal de las cuales es la aldosterona (Pippal et al., 2008).

El gen NR3C2 codifica para el MR humano (hMR), se encuentra situado en el
cromosoma 4, es un fragmento génico de aproximadamente 450 Kb, formado por 10
exones, 2 de los cuales no se traducen (Viengchareun et al., 2007). El mRNA se traduce
en una proteina de 984 aminoacidos, en la que, al igual que los deméas miembros de la
familia de receptores nucleares, se distinguen 3 dominios (Fig. 5):
- NTD: dominio NH,-terminal. Region implicada en regulacion de la actividad
transcripcional, es altamente variable. MR presenta la de mayor longitud entre
los receptores de esteroides, presentando una baja homologia con GR.
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Introduccién

- DBD: dominio de unién a DNA. Region altamente conservada entre los
receptores de esteroides, presenta dos dedos de zinc que reconocen secuencias
especificas de DNA también altamente conservadas (HRE). Existe una
significativa reaccion cruzada con los genes diana de GR. Esta region esta
relacionada también con la dimerizacién del receptor.

- LBD: dominio de unién al ligando. Region hidrofébica con el bolsillo de unién
al ligando. Es una regién que presenta una variabilidad media entre los
receptores de esteroides. Presenta alta homologia con el LBD de GR,

presentando alta afinidad por aldosterona y también por glucocorticoides.

Ademas, MR presenta las llamadas regiones AF (Activation Function domains),
distribuidas por el NTD y el LBD, son regiones necesarias para el reclutamiento de
correguladores. Especialmente la unién de coactivadores a las regiones AF de MR, son
un mecanismo clave que confiere especificidad de tejido a la accién del receptor,
contribuyendo a la regulacién fina de la actividad transcripcional del receptor dando

lugar a patrones diferenciales de expresion génica bajo distintos contextos celulares.

La distribucion subcelular citosélica de MR en ausencia de ligando y nuclear tras su
activacion dependiente de ligando es controlada estructuralmente por la presencia de
tres secuencias de localizacién nuclear (NLS) localizadas en el dominio NTD (NLSO0),
en el DBD entre los dos dedos de zinc (NLS1) y en el LBD (NLS2), que actian de
forma cooperativa para inducir la traslocacion del receptor (Walther et al., 2005).
Ademas se ha hallado una secuencia de exportacion nuclear (NES) bien conservada,
localizada en el DBD proxima a NLSO (Black et al., 2001).

Existen distintas modificaciones post-traduccionales a lo largo de la estructura proteica
que son capaces de controlar la exposicion de las NLS y NES para regular de forma
efectiva la localizacion subcelular y traslocacion del receptor tras su activacion, asi
como la mayoria de aspectos criticos para la funcion del receptor (estabilidad,
dimerizacién, union a ligando y actividad transcripcional), que pueden ser modificados
regulando de forma drastica la funcion del receptor segin el contexto tejido-especifico

en el que se encuentra (Faresse et al., 2014).
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Introduccién

Gen 5
RNAm
NTD .DBD LBD
1 167 445 601 677 . 984
Proteina [(AFt1a | [ aFtb | I AF-2
||l
Fosforilacién > Y42Y73Y119 Y502 ||601 |
NLS, NES NLS,; NLS,
Sumoilacién > K89 K399K428 K494 K953
Acetilaciéon > Ke77
Ubiquitinacién > K367 K715

Figura 5: Estructura del gen, mMRNA y proteina MR, en la zona baja se representan residuos
susceptibles de modificaciones post-traduccionales y regiones relacionadas con la importacién
y exportacion nuclear. Viengchareun et al., 2007.

1.4.2 La proteina de choque térmico de 90 kDa (HSP90)
Los receptores de esteroides se distribuyen segiin un equilibrio entre su importacion y
exportacién entre nicleo y citosol (Kumar et al., 2006). En células epiteliales MR
presenta una localizacién predominantemente citoplasmatica en ausencia de ligando
(Rafestin-Oblin et al., 1989), unido a otras proteinas, tales como la proteina de choque

térmico HSP90, otras proteinas chaperonas e inmunofilinas (Gallo et al., 2007).

La interaccién de MR con la chaperona HSP90 en el citosol (Fig. 4) es importante por
mantener la conformacién apropiada de los receptores de esteroides para la unién del
ligando (Smith et al., 2008). La uni6n de la aldosterona a los receptores de esteroides
provoca la liberacion de HSP90 y se promueve la traslocacion nuclear y la actividad
transcripcional del receptor. Trabajos muy recientes con MR relacionan la actividad de
HSP90 con la actividad transcripcional del receptor (Seiferth et al., 2012) y demuestran
la importancia de HSP90 en la traslocacion del receptor al ndcleo tras la unién de la
hormona (Galigniana et al., 2010). La traslocacion de MR al nlcleo se supone posible
mediante la exposicién de secuencias de localizacion nuclear (NLS), expuestas una vez

se une el ligando al receptor (Walther et al., 2005).
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Introduccién

Se ha descrito que la acetilacion/desacetilacion del residuo K294 de HSP90 es
importante para la modulacién de la actividad de esta proteina. La acetilacion de K294
inhibe la actividad de HSP90. Una histona desacetilasa de tipo I, HDACS, implicada en
importantes mecanismos celulares mediante su actividad desacetilasa (Valenzuela-
Fernandez et al., 2008; Cabrero et al., 2006), es la responsable de la desacetilacion y por
tanto la activacion de HSP90 (Scroggins et al., 2007). Se ha demostrado como HSP90
nativa y HSP90 desacetilada interaccionan con el receptor de andrégenos (AR)
permitiendo la conformacién requerida para la unién de la hormona y por tanto la
traslocacion del receptor al ntcleo, mientras que HSP90 acetilada no interacciona con el
receptor no permitiendo la unién de la hormona y por tanto impidiendo la traslocacion
al ndcleo (Ai et al., 2009). También se ha descrito la acetilacion de HSP90 como un
mecanismo que provoca una deficiente unién del ligando, traslocacion nuclear y
transactivacion de GR (Murphy et al., 2005), sugiriéndose el estado reversible de
acetilacién de HSP90 como Unico mecanismo responsable de la actividad del complejo
de chaperonas liderado por HSP90 (Kovacs et al., 2005). En ausencia de ligando, MR
presenta una distribucién heterogénea, localizandose entre el citosol y el ndcleo,
generalmente en células epiteliales la distribucion es principalmente citoplasmatica, sin
embargo existen diferencias de tipo celular. Los niveles de expresion de HSP90 se han
relacionado con cambios de la localizacién del receptor en cardiomiocitos (Hernandez-
Diaz et al., 2010).

El desconocimiento del efecto funcional de la acetilacion de HSP90 sobre MR hace de
interés el estudio de la actividad transactivadora del receptor en funcion de dicha
modificacion. Es de especial interés la acetilacion de HSP90 en su residuo 294, asi
como abordar los posibles cambios en la dindmica celular del receptor, correlacion con
cambios de localizacion subcelular y comparacion con el efecto funcional sobre otros

receptores de esteroides evolutivamente cercanos a MR.

1.5 Mecanismos especificos de tejido de MR

A pesar de la alta homologia que presentan MR y GR, en lo que respecta a la unién de
ligando y elementos de respuesta hormonal, las funciones fisioldgicas de ambos
receptores son especificas y no intercambiables. Los mecanismos que otorgan
especificidad al receptor ocurren a distintos niveles (Pascual-Le Tallec y Lombes,

2005). La expresion diferencial de MR junto con la actividad catalitica de la enzima
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Introduccién

HSD2 constituyen el primer nivel de selectividad (pre-receptor). La especificidad para
el reconocimiento de la hormona, su dindmica de unidn, interacciones intramoleculares
diferenciales y unién a DNA constituyen un segundo nivel de selectividad (receptor). El
reclutamiento de correguladores de la actividad transcripcional permite un tercer nivel

de selectividad (post-receptor).

La demostracion de la expresién de MR en tejidos no epiteliales sugiere que este
receptor y su ligando fisioldgico, la aldosterona, podrian tener otras funciones ademas
de la asociada a su actividad mineralocorticoide. Se ha propuesto que el receptor ejerce
funciones variadas, habiendo sido implicado en multitud de patologias, incluyendo
afecciones cardiacas, neuroldgicas, cancer, inflamacién y numerosos desérdenes
metabdlicos.

Es particularmente importante la presencia de MR en el sistema cardiovascular, estudios
epidemioldgicos revelan que el riesgo de enfermedades cardiovasculares se incrementa
junto con el aumento de la presion sanguinea, mientras que el tratamiento
farmacolé6gico de la hipertension reduce la morbilidad y mortalidad con un gran
descenso del riesgo de padecer secuelas cardiovasculares como el infarto de miocardio
(Mosterd et al., 1999; Kannel, 2000). Existen distintas farmacos utilizados para
combatir la hipertensién arterial, como diuréticos, vasodilatadores, blogueantes
adrenérgicos, inhibidores de la ACE o antagonistas del receptor de la angiotensina II.
Sin embargo, se ha demostrado un efecto altamente beneficioso del uso combinado con
antagonistas de MR a dosis bajas que no alteran significativamente la presion arterial en
situaciones de insuficiencia cardiaca (Pitt et al., 1999 y 2003). En los Gltimos afios ha
aumentado el interés en la farmacologia de MR, particularmente para prevenir el dafio
cardiovascular derivado de los niveles altos de aldosterona, que actia como factor
profibrético (Kolkhof et al., 2012). También se ha demostrado la presencia e
importancia de MR en el sistema nervioso central (Nishi et al., 2004), donde se describe
una subunidad del canal ENaC, regulada por una isoforma de SGK1 especifica de
cerebro, en relacion con patologias asociadas al mismo (Giraldez et al., 2012). En la
Gltima década ha sido demostrada la expresion de MR en tejido adiposo, relacionado
fundamentalmente con la diferenciacion celular de adipocitos, involucrado en
desérdenes metabolicos como diabetes, obesidad o sindrome metabélico (Armani et al.,
2015).
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Introduccién

Las bases moleculares que modulan la especificidad de tejido de MR para dar lugar a la
regulacion especifica de ciertos conjuntos de genes es todavia un campo muy
escasamente conocido. Actualmente se sabe que la accion de aldosterona-MR se basa en
la regulacion de genes especificos que difieren entre distintos tejidos. Se hipotetiza que
esta especificidad se logra, al menos en parte, mediante interaccion con correguladores
transcripcionales. Se han descrito muchos correguladores de la funcién transcripcional
de MR, hasta la fecha se ha publicado la presencia de 11 coactivadores (Tabla 1) y 5
correpresores (Tabla 2), que juegan un importante papel en la funcién de MR (Yang et

al., 2009) y por tanto potencialmente involucrados en distintas patologias relacionadas

con el receptor.

Coactivador Region Funcion
SRC-1 AF-2, AF-1 Reclutamiento del complejo de acetilacion de histonas
SRC-2 (TIF2) AF-1, AF-2 Promueve la transactivacion
p300/CBP AF-1, AF-2 Ejerce actividad histona acetil transferasa
PGC-1la AF-2 Recluta el complejo histona acetil transferasa
RHA AF-la Componente del complejo RNA polimerasa Il
ELL AF-1b Factor de elongacion de la RNA polimerasa Il
FLASH AF-1 Regula la apoptosis celular
FAF-1 AF-1 Regula la apoptosis celular
Ubc9 NTD Enzima SUMO E2 de conjugacion
TIF1-a NTD Coactivador transcripcional
RIP140 NTD Coactivador de receptores nucleares

Tabla 1: Coactivadores de la actividad transcripcional de MR. Extraido de Yang et al., 2009.
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Introduccién

Correpresor Region ‘ Funcion ‘
SMRT LBD Histona desacetilasa
NCoR LBD Histona desacetilasa
DAXX NTD Regula la apoptosis celular
PIAS1 NTD = LBD Enzima SUMO-E3 ligasa
NF-YC Desconocido Desconocida

Tabla 2: Correpresores de la actividad transcripcional de MR. Extraido de Yang et al., 2009.

El estudio de la biologia celular de MR y las bases moleculares que regulan la
especificidad de su funcién en los distintos tejidos es de interés para la obtencion de

herramientas eficaces en el tratamiento de las diversas patologias relacionadas con MR.

1.5.1 11-B-hidroxi-esteroide-deshidrogenasa tipo 2 (HSD2)

Es importante resaltar que la aldosterona no es el tnico ligando fisiolégico de MR. De
hecho, los glucocorticoides como por ejemplo el cortisol, también se unen a MR con
alta afinidad (Arriza et al, 1987; Chapman et al., 2013). Debido a que este
glucocorticoide es la hormona esteroidea mayoritaria y se encuentra en el plasma 100-
1000 veces mas concentrado que la aldosterona, MR deberia estar siempre ocupado por
cortisol y se perderia el efecto especifico de la aldosterona. En aquellos tejidos diana de
la aldosterona (rifién, colon y otros epitelios de alta resistencia eléctrica) el principal
mecanismo de proteccion de MR frente a la activaciéon por cortisol se debe a la
actividad de la enzima 11B-hidroxi-esteroide deshidrogenasa tipo 2 (118-HSD2, en
adelante HSD2).

HSD2 se expresa junto a MR en tejidos diana de aldosterona, principalmente en el
rifion, donde cataliza la reaccién irreversible de transformacion de 11B-hidroxi-
glucocorticoides en 11-ceto-esteroides en presencia de NAD. Los principales sustratos
de HSD2 son el cortisol (glucocorticoide mayoritario en la mayoria de los mamiferos) y
corticosterona (predominante en roedores) transformandolos en cortisona (Fig. 6) o 11-

dehidrocorticosterona respectivamente, moléculas sin capacidad de unién a MR (Funder
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et al., 1988). La importancia de este sistema para proteger a MR de una inactivacion
inapropiada por glucocorticoides se demuestra por el descubrimiento de diferentes
mutaciones puntuales de HSD2 en pacientes que desarrollan el llamado Sindrome de
Exceso Aparente de Mineralocorticoides (AME). La confirmacion de la patogénesis del
sindrome vino con el clonaje de HSD2, gen expresado en las mismas células de la
nefrona que expresan MR y ENaC. Estas mutaciones disminuyen en mayor 0 menor
medida la accién enzimética de HSD2 (Mune et al., 1995), dando lugar a una
sobreactividad de MR en condiciones fisioldgicas (Ferrari, 2010), con la consiguiente
hipertensién. Estos hallazgos consiguieron explicar la patogénesis de la hipertensién en
pacientes con el sindrome expuesto, ademas de explicar el fenotipo similar detectado en
otros pacientes y que se origina por la ingesta prolongada de regaliz natural, que
contiene acido glicerretinico y su derivado carbenoxolona (Stewart et al., 1987), que son
potentes inhibidores de HSD2. En otros casos se puede dar un efecto similar por
sobreproduccion de cortisol hasta niveles que superan la capacidad de HSD2 de

convertirlo a cortisona (Hurley et al., 1991).

[ 14502

Cortisol Cortisona

Figura 6: Reaccion irreversible de conversion de cortisol en cortisona catalizada por 11p-
HSD2 mediante deshidrogenacion del carbono 11.

El estudio detallado de la cinética de HSD2 muestra que la capacidad de esta enzima de
eliminar completamente el cortisol de las células diana de aldosterona es limitada. Un
posible mecanismo para superar esta limitacién seria la creacién de un microambiente
de baja concentracién de cortisol alrededor de MR. De hecho, se ha propuesto una
interaccion entre HSD2 y MR en el reticulo endoplasmético, dando lugar a la regulacion
de la activacion del receptor inducida por aldosterona y a cambios en su distribucién
subcelular, pasando de una distribuciéon predominantemente citoplasmatica a una
mayoritariamente reticular (Odermatt et al., 2001). Sin embargo, esta propuesta se basa

24

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

En nombre de TERESA GIRALDEZ FERNANDEZ

40/ 212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

40/ 212



Introduccién

en datos de localizacién por microscopia confocal que no demuestran concluyentemente

la colocalizacion de ambas proteinas.

Hasta ahora se desconoce la existencia de mecanismos de regulacion de la actividad de
HSD2. La sugerencia de una interaccion entre MR y HSD2 ha llevado a examinar la
posible funcién reguladora de proteinas que interaccionan fisicamente con HSD2 in
vitro. Una de las proteinas identificadas mediante ensayo de doble hibrido es PIAS1 (N.
Farman y cols., comunicacién personal), un factor de la familia de Proteinas Inhibidoras
de STAT Activado (PIAS), capaces de actuar como SUMO-ligasas (Rytinki et al.,
2009). Se ha demostrado que la adicién del polipéptido SUMO es capaz de estabilizar a
la proteina SUMOilada y en ocasiones de modificar su actividad enzimatica. A pesar de
tener una localizacion eminentemente nuclear, PIAS1 es capaz de SUMOQilar proteinas
citosolicas (Takahashi et al., 2008). Ademas, PIASL1 ya ha sido descrito como un factor
que interacciona y SUMOila MR en ciertos tipos celulares (Tallec et al., 2003; Tirard et
al., 2004). Debido a ello hipotetizamos que PIAS1 u otra proteina de la familia PIAS
podria SUMOilar a HSD2 in vivo, regular su actividad o incluso hacer de puente para

una interaccion molecular entre HSD2 y MR.

La identidad del ligando que activa MR en tejidos no epiteliales, que en general
demuestran baja o nula expresién de HSD2, ha sido ampliamente debatido, implicando
la posibilidad de que el receptor sea activado por glucocorticoides. Recientemente se ha
demostrado que en miocardio la aldosterona es capaz de regular de forma especifica la
actividad de MR como factor de transcripcion (Messaoudi et al., 2013), si bien los
mecanismos de selectividad implicados son desconocidos. Se ha propuesto que los
glucocorticoides como el cortisol actian como agonistas de la aldosterona en tejidos
epiteliales pero como antagonistas en tejidos no epiteliales (Funder, 2000), si bien el
mecanismo implicado en este efecto es desconocido. Por otro lado, se han propuesto
maltiples mecanismos de especificidad de tejido para MR, ademas de la actividad de
HSD2, en relacion con la respuesta al equilibrio entre mineralocorticoides y
glucocorticoides y en relacién con la expresién conjunta de MR y GR (Farman et al.,
2001).
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1.6 Modificaciones post-traduccionales

El estudio de la biologia celular de MR vy las bases moleculares de su regulacién y de la
regulacion de proteinas asociadas como HSP90 y HSD2 es fundamental para entender
la especificidad de su funcion en los distintos tejidos, ademas de ser de interés para la
obtencién de herramientas eficaces en el tratamiento de diversas patologias. Un
importante mecanismo molecular para la regulacion de la actividad proteica son las

modificaciones post-traduccionales.

Las modificaciones post-traduccionales son procesos enzimaticos que permiten la
modificacion de ciertos aminoacidos de una proteina, afiadiendo grupos funcionales
quimicos, péptidos, grupos hidrofobicos, cambios estructurales o cambios de
aminoacidos (Fig. 7). Estas modificaciones permiten la regulacion de la funcion
proteica, ya sea la actividad, localizacién o interacciones, mediante el cambio
conformacional a través de la modificacion del conjunto de interacciones que ocurren
entre los distintos residuos de la proteina. Entre las modificaciones post-traduccionales
descritas mas importantes para la regulacion de la actividad de proteinas, en especial de
receptores nucleares, y que han sido descritas particularmente para MR, encontramos la
ubiquitinacion, fosforilacion, acetilacion o SUMOilacién, un conjunto de
modificaciones capaces de modificar por ejemplo la estabilidad del receptor, su
activacion, dimerizacién, uniéon a DNA, unién al ligando o interaccién con

correguladores (Faresse et al., 2014).

Cambios estructurales:

|
|
‘ - Puentes disulfuro
I - Corte proteolitico

Grupos hidrofébicos:

Cambio de id

- Palmitoilacién
- Citrulinacion - Prenilacién
- Desaminacién - Miristoilacién

- Eliminacién
- Carbamilacién
Modificaciones

postraduccionales

Grupos quimicos:

‘:/ \ - Acetilacién
Adicion de péptidos: | - Alguilacion
L - Acilacién

- ISGlIacAlonw - Glicosilacién

- SQMQ{Iaclqp - Hidroxilacién

‘ - Ublqmtmﬁcmn - Fosforilacién

- Nedilacién - Nitrosilacidn

-

Figura 7: Tipos de modificaciones post-traduccionales proteicas.

26

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi

En nombre de RUBEN JIMENEZ CANINO

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28

En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59

En nombre de TERESA GIRALDEZ FERNANDEZ

UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

42/212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

421212



Introduccién

La ubiquitinacion es la adicion covalente de un pequefio polipéptido de 8,5 kDa muy
bien conservado en eucariotas, relacionado con la via citosélica de degradacién de
proteinas, pero también con efectos reguladores. Se puede afiadir un solo monémero de
ubiquitina (monoubiquitinaciéon) o multitud de monémeros de forma encadenada
(poliubiquitinacién). Ocurre sobre lisinas de la proteina diana, mediado por enzimas E1
de activacion, E2 de conjugacién, y en ultima instancia las enzimas E3 de ligacion,

Ilamadas ubiquitin-ligasas.

La fosforilacién es la adicién de un grupo fosfato (PO,*) sobre serinas, treoninas o
tirosinas, generalmente altera el estado funcional de la proteina diana. Estd mediada por
proteinas con actividad quinasa (fosfotransferasas), utilizando principalmente como
reservorio de grupos fosfato el ATP. En muchos casos la fosforilacion es utilizada como
mecanismo de activacion de proteinas en “cascada”, dando lugar a una amplificacion de

la sefial intracelular.

La acetilacion es la adicion de un grupo acetilo (CH3;CO). Presenta efectos reguladores
similares a la fosforilacion, efectos estructurales en relacion a la regulacion de la
transcripcion génica por la acetilacion de histonas y efectos reguladores del estado
energético de la célula, ya que depende de la disponibilidad de acetil CoA y del balance
NAD/NADH. Ocurre sobre lisinas que forman parte de distintos motivos consenso
generalmente bien conservados y estd mediado por la actividad de enzimas acetil

transferasas (acetilasas).

La SUMOilacion de lisinas es la adicion del polipéptido de 11 kDa llamado SUMO
(small ubiquitin-related modifier), ocurre generalmente sobre la secuencia consenso V-
K-x-D/E, donde ¥ es un residuo hidrofobico, K es la lisina conjugada covalentemente a
la molécula de SUMO, x es cualquier aminoacido, y D o E es un residuo de 4cido
aspartico o glutdmico. La SUMOilacién se ha relacionado con la actividad de factores
de transcripcion, reparacion de DNA y ciclo celular. Estd mediado por enzimas E1 de
activacion, E2 de conjugacion y E3 de ligacion (con actividad SUMO ligasa), analogas
a las encargadas de la ubiquitinacion. Recientemente se ha descrito la regulacion
mediante SUMOilacion a través de distintos motivos de interaccion con SUMO (SIM),

mediante interacciones de naturaleza no covalente (Zhao et al., 2014).
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1.6.1 Regulacion post-traduccional de MR
En su estado no asociado a ligando MR es capaz de interaccionar con diversas proteinas
en el citosol que se relacionan con modificaciones de la capacidad transactivadora del
receptor y por tanto son de indudable relevancia fisiolégica. Algunas de estas proteinas
presentan la capacidad de realizar modificaciones post-traduccionales en el receptor, un
campo de estudio poco desarrollado actualmente, si bien ya se han descrito un buen
nimero de residuos susceptibles de ser acetilados, SUMOilados, fosforilados o

ubiquitinados (Viengchareun et al., 2007).

La acetilacion de otros receptores de esteroides ya ha sido descrita y ha dado lugar a
proponer la existencia en MR de ciertos motivos susceptibles de ser acetilados que se
relacionan con la actividad transcripcional del receptor (Popov et al., 2007). La
acetilaciéon de receptores de esteroides y de MR se relaciona con el complejo
coactivador CBP/p300, aunque sélo se ha descrito la existencia de un motivo de alta
probabilidad de acetilacion en la lisina 677. En un trabajo reciente se describe como la
inhibicion de una desacetilasa (HDAC3) provoca sobreacetilacion de MR de forma que
se inhibe su actividad transcripcional, impidiendo ademés en cierta medida el desarrollo
de hipertension (Lee et al., 2013). Sin embargo, no se conoce la totalidad de los residuos
concretos que son acetilados, ni las consecuencias funcionales de dicha modificacion y
tampoco la funcién que podria tener la modificacién del estado de acetilacién mediado

por aldosterona.

La SUMOilacién ha resultado ser en general un tipo de modificacion muy importante en
la regulacion de factores de transcripcion y especificamente de forma muy notable sobre
la superfamilia de receptores nucleares, que presentan secuencias consenso de
SUMOilacién muy conservadas evolutivamente y que se relacionan con una represion
de la capacidad transactivadora. En MR se han encontrado cuatro sitios de
SUMOilacién dentro del NTD, en las lisinas 89, 399, 428 y 494 y uno en el LBD, en la
lisina 954 (Tirard et al., 2007). Ademas se han descrito como SUMO ligasas capaces de
interaccionar con el NTD de MR a PIAS1 (Pascual-Le Tallec et al., 2003) y Ubc9, que
por el contrario se relaciona con un aumento de la actividad transcripcional (Yokota et
al., 2007).
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La poliubiquitinacién de proteinas ha sido clasicamente relacionada con la sefial para la
degradacion de proteinas en el proteasoma. Esto mismo ha sido descrito para MR como
un mecanismo esencial de regulacion de la actividad transcripcional mediante el
mantenimiento de un pool de receptores disponibles para su activacién (Tirard et al.,
2007). Se han descrito las lisinas 367 y 715 como susceptibles de ser poliubiquitinadas
en MR, sin embargo no se correlacionan con la degradacion del receptor, por lo que se
sugiere la existencia de mas residuos poliubiquitinables (Yokota et al., 2004). Mas
recientemente la monoubiquitinacién se ha descrito como mecanismo de regulaciéon mas
complejo, mediando la regulacion transcripcional independiente del proteasoma. Sin
embargo, pese que se sugiere que MR pueda ser monoubiquitinado, no se ha

demostrado dicha modificacion, residuos susceptibles o enzimas responsables en MR.

A diferencia de otros receptores de esteroides la fosforilacion de MR ha sido poco
estudiada. Sin embargo, actualmente ya se ha descrito la fosforilacién de distintos
residuos en relacion con la regulacion de la actividad transcripcional (Alnemri et al.,
1991). Se ha demostrado la fosforilacion de distintos residuos en el NTD, por ejemplo,
la tirosina 73 que incrementa la actividad del receptor en respuesta a aldosterona
(Marissal-Arvy et al., 2004); la serina 601 presente en una secuencia de localizacion
nuclear (NLS) en el DBD, relacionado con impedimento de la traslocacién nuclear
(Walther et al., 2005); y otros residuos como la treonina 735 y la serina 737 presentes
en el LBD, relacionadas con el cambio conformacional del receptor (Hirschberg et al.,
2004).

Muy recientemente se ha descrito la fosforilacion del residuo S843 del LBD como una
modificacion inactivante de MR en células intercaladas del tdbulo colector renal en
respuesta a una disminucion de los niveles de angiotensina Il y un aumento del K*
circulante (Shibata et al., 2013). Es interesante notar que la fosforilacion en S843 es
modulada en direcciones opuestas por 2 estimulos fisiolégicos que incrementan la
secrecion de aldosterona: disminucién del volumen plasmaético e hiperpotasemia.
Shibata et al., sugiere un mecanismo de regulacién de la reabsorcién de agua y
secrecion de K* cuando se debe maximizar una respecto a la otra. Este trabajo explica la
incapacidad de MR fosforilado en S843 para ejercer la transactivacion por una

disminucion de la afinidad de MR por aldosterona, consistente con la presencia de dicho
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Introduccién

residuo en el entorno del bolsillo de unién al ligando, explicando la inactivacién del

receptor exclusivamente por el defecto en la unién del ligando al receptor.

En la presente tesis doctoral estudiamos como distintas modificaciones post-
traduccionales, tales como la acetilacion, SUMOilacion y fosforilacion, tanto del propio
MR como de proteinas que interaccionan con el receptor, regulan la actividad y con ello
su correcta distribucion y/o traslocacién al ndcleo, regulando asi su funcién de modular
la expresion de ciertos genes que intervienen en procesos fisioldgicos concretos como
por ejemplo la regulacién de la homeostasis del sodio o la actividad tejido-especifica de
MR.
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2. OBJETIVOS

Basandonos en la hipdtesis de que la especificidad de ligando y la actividad tejido-
especifica de MR vienen determinadas, al menos en parte, por la modificacion post-
traduccional del receptor o de proteinas asociadas, hemos propuesto los tres primeros
objetivos concretos:

1. Determinar el impacto de la acetilacion de HSP90 en el residuo K294 sobre la

dinadmica celular y actividad de MR.

2. Analizar la actividad enzimética de HSD2 dependiente de la SUMOilacién en el
residuo K266 y su efecto sobre MR.

3. Definir las causas de la modulacion de la actividad transcripcional de MR por su
fosforilacion en el residuo S843.

Las técnicas desarrolladas para el abordaje de estos tres objetivos nos permitieron

plantear un cuarto objetivo concreto:

4. Explorar si el mecanismo de accion del diurético torasemida incluye el bloqueo
de MR para unir aldosterona.
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3. PLANTEAMIENTO EXPERIMENTAL Y METODOLOGICO

La compartimentacion subcelular y los movimientos dindmicos de los receptores de
esteroides estan relacionados con su funcion de regulacion de la transcripcion (Nishi,
2011). Por ello, nos proponemos analizar los siguientes aspectos concretos para abordar
cada uno de los objetivos generales estudiados:

1- Ladistribucion subcelular en ausencia de hormona.

2- La distribucion subcelular y cinética de traslocacion al nicleo en presencia de
hormona.

3- La capacidad transactivadora de promotores y genes diana.

4- Launidn del ligando al receptor.

5- La interaccion del receptor con coactivadores de la transcripcion.

6- Proponer mecanismos de accion atendiendo a la relevancia tejido-especifica de
cada fenémeno.

3.1 Cultivo celular y transfeccion

Las lineas celulares utilizadas para este trabajo fueron:
- Células COS-7: de tdbulo colector renal de mono verde africano (Gluzman,
1981), obtenidas de la American Type Culture Collection (ATCC). Se cultivan
en medio DMEM (Dulbecco’s Modified Eagle Medium). El medio DMEM es
suplementado con suero fetal bovino (FBS) al 10% y antibiéticos (penicilina a
10000 U/ml, estreptomicina a 10 mg/ml y Mycozap al 0,2%, Lonza).
- Células HL-1: cardiomiocitos auriculares de ratén (Claycomb et al., 1998),
cedidos por el Dr. Antonio Castrillo (Instituto de Investigaciones Biomédicas,
CSIC, Madrid). Se cultivan en medio Claycomb (Sigma). EI medio Claycomb es
suplementado con FBS al 10%, antibiéticos (penicilina a 10000 U/ml y
estreptomicina a 10 mg/ml), noradrenalina 0,1 mM en acido ascorbico y L-
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glutamina 2 mM. Las células son cultivadas sobre la superficie tratada
previamente con una solucién de gelatina 0.02% y fibronectina 25 pg/ml.

- Células A-10: procedentes de musculo liso de aorta tor4cica de rata (Tsugita et
al., 2008), cedidas por el Dr. Celso Gmez-Sanchez (Division of Endocrinology,
University of Mississippi Medical Center, Jackson, MS). Se cultivan en medio
DMEM, suplementado de igual forma que para el caso de las COS-7.

- Células H9C2-MR: cardiomiocitos derivados de ventriculo embrionario de rata
que expresan MR de forma estable (Fejes-Toth et al., 2007), cedidas por la Dra.
A. Fejes-Toth (Darmouth Medical School, Lebanon, NH). Se cultivan en medio

DMEM/F12, suplementado de igual forma que para el caso de las COS-7.

Las células fueron cultivadas en un incubador (Thermo Scientific) a 37°C y una
atmoésfera con 100% de humedad y 5% de CO; en el medio apropiado, se observaron
con un microscopio invertido (Olympus CKX41) y se realiz6 el contaje de células

viables en una cAmara de Neubauer mediante tincion con azul tripan.

La transfeccion se llevo a cabo sustituyendo el medio de cultivo por otro con FBS
tratado previamente con carbon activado (charcoal stripped serum, FBS-CS) para
eliminar los esteroides presentes. Las células fueron transfectadas utilizando el reactivo
Polyplus Transfection (jetPRIME) siguiendo las indicaciones del fabricante. La
disminucion de los niveles de proteina enddgena y/o transfectada se llevé a cabo

mediante el uso de secuencias de siRNA disponibles comercialmente (Sigma-Aldrich).

3.2 Variantes fluorescentes de MR y constructos utilizados

La utilizacion de variantes fluorescentes de MR ha resultado complicada por el hecho
de que las fusiones con el extremo COOH-terminal generan un receptor inactivo,
mientras que las realizadas con el extremo NH,-terminal producen receptores con
actividad disminuida (Fejes-Toth et al., 1998). Nuestro laboratorio ha utilizado una
técnica de transposicion in vitro seguido de un procedimiento de seleccion y evaluacién
de actividad de los receptores mutantes para la incorporaciéon de YFP en secuencias
internas de MR, encontrando la construccion MR-147-YFP indistinguible de MR nativo
en relacion a la traslocacion nuclear, afinidad aparente inducida por ligando para la
transactivacion de genes diana, union al DNA y regulaciéon de vias no genomicas

(Aguilar-Sanchez et al., 2012). Sobre esta construccion de MR hemos obtenido,
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mediante técnicas de clonaje y mutagénesis dirigida, las distintas construcciones de MR

utilizadas en esta tesis doctoral, que presentan la insercién de diferentes proteinas

fluorescentes o epitopos en la posicion 147 de MR, manteniendo los mismos parametros

del receptor nativo para los aspectos criticos de la dindmica subcelular y actividad
transcripcional del receptor (Aguilar-Sanchez et al., 2012).

Las construcciones plasmidicas utilizadas en este trabajo se resumen en la tabla 3:

Proteina expresada Vector Proveedor Referencia
RT-PCR de rifion de raton | Aguilar-Sanchez et al.,
MR-147-YFP PEDNAITO | = 578y /6 y subclonaje 2012
MR pcDNA3 Farman, N. Fagart et al., 1998
GR pcDNA3 Farman, N. Hellal-Levy et al., 1999
GR-GFP pEGFP-C1 Farman, N. Muller et al., 2004
HSP90 pCMV-SPORTG | Ceneservice Lid.y NP_034610.1
subclonaje
HDAC6-GFP EGFP-N1 Valenzuela, A Valenzuela-Fernandez
P e etal., 2005
HDAC6-DN-GFP |  pEGFP-N1 Valenzuela, A. Valenzuela-Fernandez
et al., 2005
FLAG-HSD2-HA pcDNA3 Odermatt, A. Odermatt et al., 2001
Sumol-YFP pPEYFP Addgene 13380
FLAG-SENP1 pFlag-CMV Addgene 17357
RT-PCR de hipocampo de | Jimenez-Canino et al.,
SRCI-HA PcDNA3.L raton y subclonaje 2016b
Hernandez-Diaz et al.,
GRE2x-Luc - Lenz, R. 2010
MMTV-Luc pFC31Luc Lenz, R. Gouilleux et al., 1991
pSGS5-Ren pSG5 Gebauer, F. Hernandez-Diaz et al.,
2010
NGal-Luc pGL4.10-Luc Jaisser, F. Latouche et al., 2012

Tabla 3: Constructos plasmidicos utilizados en las transfecciones.
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Las modificaciones para retirar un inserto y/o introducir otro se realizaron mediante el
uso de enzimas de restriccion (New England BioLabs), el kit de purificacion Illustra
GFX PCR DNA and Gel Band Purification Kit (GE Healthcare), el kit para el ligado del
inserto Fast-Link DNA Ligation Kit (Epicentre) y posterior transformacion de bacterias
competentes Topl0 de E. coli (Invitrogen). En la tabla 4 se muestran los clonajes
realizados:

Constructo
generado

‘ Vector ‘ Constructo x dianas de restriccion / Cebadores 5°-3°

pcDNA4/TO-MR-147-YFP x Ascl
Se extrajo YFP e introdujo la secuencia codificante de GFP

MR-147-YFP x Ascl
Se extrajo YFP e introdujo la secuencia codificante de HA
pCMV-SPORT6-HSPI0 x
HSP90-CFP pECFP-N1 F-AACTGCAGGCCACCATGCCTGAGGAAACCCAGACC
R-GGGGTACCGTGTCTACTTCTTCCATGCGTGAT
PEGFP-N1-HDACG6-GFP x
F- ACTTAAGCTTGCCACCATGTATCCATACGATGTT
HDAC6-HA PCDNAS.1 CCAGATTACGCTACCTCAACCGGCCAGGATTCC
R- CGAGTCTAGATTAGTGTGGGTGGGGCATATCCTC
pEGFP-N1-HDAC6-DN-GFP x
F- ACTTAAGCTTGCCACCATGTATCCATACGATGTT
HDACE-DN-HA PCDNAS.1 CCAGATTACGCTACCTCAACCGGCCAGGATTCC
R- CGAGTCTAGATTAGTGTGGGTGGGGCATATCCTC
pcDNA3-FLAG-HSD2-HA x
HSD2-CFP pECFP-N1 F-CGGAATTCGCCACCATGGAGCGCTGGCCTTGGCCGTC
R-ACGCGGTACCTGCCGAGCCACTGCTGGGGAAGG
pcDNA3.1-FLAG-SENP1 x
F-ACTTAAGCTTGCCACCATGTATCCATACGATGTTC
HA-SENP1 PCDONA.1 CAGATTACGCTGATGATATTGCTGATAGGATGAGG
R-CGGGATCCTCTAGAGTCGAC

MR-147-GFP pcDNA4/TO

MR-147-HA pcDNA4/TO

Tabla 4: Clonajes realizados, sitios de restriccion y cebadores empleados en su caso. En rojo se
sefialan los sitios de restriccion utilizados para el clonaje: AAGCTT = Hindlll, TCTAGA =
Xbal, CTGCAG = Pstl, GGTACC = Kpnl, GAATTC = EcoRlI; subrayado se sefiala la
secuencia Kozak para el inicio de la traduccién; en azul se sefiala el tag incorporado:
TATCCATACGATGTTCCAGATTACGCT = HA.

La introduccién de mutaciones (Tabla 5) se llev6 a cabo con el sistema de mutagénesis
dirigida Quickchange Lightning Site-Directed Mutagenesis Kit (Agilent), utilizando
cebadores con las mutaciones a incorporar disefiados con el software Primer3 (Howard
Hughes Medical Institute and National Institutes of Health) y posterior transformacion
de bacterias competentes XL10-Gold de E. coli (Agilent).
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Mutante

generado Cebadores en direccion 5°-3’

Descripcion

HSPO0-K2950 Simula F-GAAGAACTCAACAAAACACAGCCGATTTGGACGAG
acetilacion R-CTCGTCCAAATCGGCTGTGTTTTGTTGAGTTCTTC
. F-GAAGAACTCAACAAAACAAGGCCGATTTGGACGAG
HSPI0-K295R | No acetilable R-CTCGTCCAAATCGGCCTTGTTTTGTTGAGTTCTTC
. F-GAGAAGATGCATCAGGCTGCCATGTATGAGCTG
MR-S839A | No fosforilable R-CAGCTCATACATGGCAGCCTGATGCATCTTCTC
MR-S839D Simula F-GAGAAGATGCATCAGaTGCCATGTATGAGCTG
fosforilacion R-CAGCTCATACATGGCAICCTGATGCATCTTCTC
MR-S339E Simula F-GAGAAGATGCATCAGgaaGCCATGTATGAGCTG
fosforilacion R-CAGCTCATACATGGCttcCTGATGCATCTTCTC
. F-GCCTGGCTGCTTCAJGACAGAGTCAGTG
HSD2-K266R | No SUMOilable R-CACTGACTCTGTCCTGAAGCAGCCAGGC
F-GCCCCGCCGCIGCTATTACCCCGGE
HSD2-R337C | Mutante AME R-GCCGGGGTAATAGCaGCGGCGGGGC
F-AGCTCAAGGGGCIGCATCGTGACTGT
HSD2-R213C | Mutante AME R-CCACAGTCACGATGCaGCCCCTTGAG

Tabla 5: Mutantes generados, descripcion funcional y cebadores empleados. En rojo se sefialan
los nucledtidos responsables del cambio de aminoécido y en minGscula el cambio incorporado.

Las construcciones obtenidas se comprobaron mediante secuenciacion, utilizando para
ello el kit Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems) y siendo
enviadas al Servicio de Secuenciacién de la Unidad de Investigacion del Hospital Ntra.
Sefiora de la Candelaria para su procesamiento y secuenciacién con el Secuenciador
Automaético ABI Prism modelo 3700 (Applied Biosystems).

3.3 Anticuerpos e inmunoensayos

Los extractos de proteinas fueron obtenidos mediante procesamiento de las células en
tampdn de lisis en presencia de inhibidores de proteasas (Roche). Las proteinas se
separaron mediante electroforesis desnaturalizante en SDS (SDS-PAGE), se
transfirieron a una membrana de fluoruro de polivinilideno (PVDF) y se analizaron
mediante western blot usando las especificaciones dadas por el fabricante para cada
anticuerpo primario en su caso. La deteccion de MR se realiz6 mediante el uso de
anticuerpos monoclonales desarrollados y cedidos por el Dr. Celso Gdmez Sanchez
(University of Mississippi; Gomez-Sanchez et al., 2006). Utilizamos anticuerpos
secundarios producidos en cabra y unidos a peroxidasa de rabano (GE Healthcare) para

detectar los complejos antigeno-anticuerpo mediante el kit Immun-Star WesternC
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(Biorad) y obtener las iméagenes con un equipo de visualizacién Chemidoc (Biorad).
Para examinar la interaccion entre proteinas Ilevamos a cabo la inmunoprecipitacion
con el kit Pure Proteome Protein A and Protein G Magnetic Beads (Millipore),
precipitando la proteina de interés con al anticuerpo primario apropiado unido a esferas
magnéticas, para posteriormente detectar por western blot las proteinas con los que

interacciona. En la tabla 6 se muestran los anticuerpos primarios utilizados para western

blot y otros inmunoensayos:

Péptido diana Tipo de anticuerpo Proveedor Referencia
MR Conejo (policlonal) Santa Cruz Sc11412
MR Ratén (monoclonal) Gomez-Sanchez, C. Gomez-Sza&():gez etal,
Actina Ratén (monoclonal) Covance MS1295
GAPDH Ratén (monoclonal) Abcam Ab9484
FLAG Ratén (monoclonal) Sigma F1804
HA Ratén (monoclonal) Covance MMS-101R
HDAC6 Conejo (policlonal) Santa Cruz Sc11420
HSD2 Conejo (policlonal) Santa Cruz Sc20176
HSP90-K294-Acet. Conejo (policlonal) Rockland 600-401-981
HSP90 Ratén (monoclonal) Calbiochem 386040
GFP Conejo (policlonal) Freire, R. Refolio et al., 2011

Tabla 6: Anticuerpos primarios utilizados en los distintos inmunoensayos.

3.4 PCR en tiempo real (QPCR)

La actividad de MR sobre la regulacién de la expresion de genes endégenos fue
analizada mediante gPCR en un termociclador MJ Mini Personal Thermal Cycler (Bio-
Rad) acoplado al MiniOpticon Real-Time PCR System, con el software Bio-Rad CFX
Manager v1.6. Las células en cultivo fueron transfectadas con MR o GR en cada caso y
tratadas con aldosterona a una concentracién de 10 nM durante 2 horas. Se extrajo el
RNA con el kit Real Total RNA Spin Plus (Real) y se transformé en cDNA con el kit
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iScript cDNA Synthesis (Biorad). EI cDNA fue utilizado para cuantificar la expresion
enddgena de la quinasa inducida por suero y glucocorticoides 1 (SGK1). Se utilizé
como gen de referencia la B-Actina para llevar a cabo un andlisis mediante el método
AACt (Livak et al., 2001).

3.5 Localizacién subcelular y cinética de traslocacion nuclear

La determinacién de la localizacion subcelular se llevd a cabo por un método
semicuantitativo, basado en el contaje de células y la atribucion de MR a una categoria
cualitativa: totalmente citosolico o nuclear, mayoritariamente citosélico o nuclear e
igualmente distribuido entre citosol y nlcleo, expresandose la localizacion de MR como
valor porcentual en cada una de ellas. En ocasiones detectamos las proteinas de interés
mediante inmunofluorescencia usando los anticuerpos primarios descritos previamente
(Tabla 6). Para ello utilizamos anticuerpos secundarios contra ratdn o conejo

conjugados con fluoréforos AlexaFluor 488, 594 6 633 (Invitrogen).

La cinética de traslocacion al ndcleo inducida por ligando fue analizada mediante
microscopia time-lapse. Las células transfectadas con una variante fluorescente fueron
transferidas a una cdmara de perfusion precalentada a 37°C, para afiadir la hormona y
observar la traslocacién in-vivo del receptor. Se tomaron iméagenes cada dos minutos
durante una hora utilizando un micoscopio Olympus 1X81 con laser multilinea de argén
(Olympus Fluoview FV1000) y lampara de vapor de mercurio para la fluorescencia
(Olympus USH1030L). Para el analisis de las imagenes se utiliz6 el software provisto
por el fabricante (FV10-ASW 3.1). El aumento en la proporciéon de fluorescencia
nuclear se analizd mediante el ajuste a una curva sigmoide determinada por la ecuacién

de Boltzmann utilizando el programa Prism (GraphPad):

Fnaz — Fo
14 (tﬂ: - t) 1
exp Vn

donde Fo es la fluorescencia inicial en el ndcleo, Fnax s la maxima fluorescencia

F=F+]

nuclear alcanzada, t,, es el tiempo (min) para el cual la fluorescencia nuclear se
encuentra a la mitad entre Fo ¥ Fmax, Y Vi €s un factor relacionado con la velocidad de

acumulacién nuclear de la fluorescencia.
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3.6 Ensayo de ligacion in-situ por proximidad (PLA)

Para examinar en las células en cultivo la interaccion entre proteinas o para detectar la
modificacion post-traduccional de HSD2 mediante SUMOilacion, utilizamos el kit
comercial Duolink In Situ Proximity Ligation Assay (Olink Bioscience). Este método se
basa en la incubacion de la muestra con anticuerpos primarios contra las proteinas de
interés (o proteina y modificacion) y posterior incubacion con anticuerpos secundarios
conjugados a unas sondas de DNA, las cuales sélo ligaran entre si en el caso de que los
anticuerpos estuvieran muy proximos. Posteriormente el DNA es amplificado por una
polimerasa y detectado mediante sondas fluorescentes especificas para su observacion
en células fijadas bajo el microscopio confocal. Para el andlisis se utilizo el software

desarrollado por el fabricante (Duolink Image Tool).

3.7 Transactivacion con gen reportero

Los experimentos de transactivacion génica se realizaron mediante la expresion
conjunta de las luciferasas de luciérnaga y Renilla como genes reporteros, estando la
primera bajo el control de un promotor inducible por MR (GRE2X o MMTV) y la
segunda controlada por un promotor constitutivo (SV40). 24 horas tras el tratamiento
hormonal se usé el kit Dual-Glo Luciferase Assay System (Promega), para luego medir
de forma consecutiva la luminiscencia producida por cada luciferasa con el
luminémetro Victor X5 (Perkin Elmer). Los datos de la luciferasa de luciérnaga se
normalizaron con los datos de la luciferasa de Renilla, para posteriormente analizar la
relacion dosis-respuesta mediante un ajuste sigmoide. A partir de estas curvas
obtuvimos la potencia (ECs) y eficacia (actividad maxima) del receptor en el rango de
concentracion de ligando ensayado.

3.8 Ensayo de unién competitiva de radioligando

Para cuantificar la afinidad de unién del ligando a MR realizamos ensayos de union
competitiva en células intactas. Las células transfectadas con el receptor fueron
expuestas a una concentracion fija de radioligando (*H-aldosterona, Perkin Elmer) en
presencia de concentraciones crecientes del mismo ligando no marcado (“frio”) durante
2 horas a 37°C. Se separd la fraccion de esteroides unida al receptor mediante lisis con
etanol al 80% y tratamiento con carbon activado. El sobrenadante resultante se mezcld
con liquido de centelleo High Performance LSC Cocktail (Sigma) y se midio la

radiactividad en un contador LKB Wallac 1214. La union especifica se calcul6
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sustrayendo las desintegraciones por minuto (dpm) obtenidas en presencia de un exceso
de ligando frio 100 veces superior a la concentracion del radioligando. Se calcul6 la
concentracion media inhibidora (ICsp) mediante el ajuste con el software Prism 5
(GraphPad). La constante de disociacion (Kd) se obtuvo con la ecuacion de Cheng-

Prussoff,

Kd= Ki= ICsy— [radioligando]

asumiendo que la afinidad del ligando marcado y no marcado es la misma con lo que la

Kd es igual a la constante de inhibicion (Ki).

3.9 Andlisis de la actividad enzimética de HSD2

Llevamos a cabo un andlisis de la actividad enzimatica de HSD2 detectando la
conversion de cortisol en cortisona en células en cultivo. Para ello las células fueron
transfectadas con las distintas construcciones analizadas, afiadiéndose posteriormente
distintas concentraciones de cortisol durante diferentes tiempos. Al finalizar el
experimento se cuantificd la cantidad de proteina presente en las células mediante el
método de Bradford. Se extrajeron los esteroides presentes en el medio con etil acetato
grado HPLC (Fisher). Se sec6 la fraccion organica calentando a 60°C bajo una corriente
de nitrégeno y se diluyeron los esteroides en acetonitrilo al 30% (fase movil de la
cromatografia). La fase movil con los esteroides presentes se analizd mediante
cromatografia liquida de alta presion acoplada a espectrometria de masas en tandem
(LC-MS/MS) en un espectrometro de masas AB SCIEX seleXION para obtener la
cantidad absoluta de cortisol y cortisona presente. La actividad enzimatica se calculd
como cantidad de cortisona generada por unidad de tiempo, normalizada por la cantidad
total de proteina en la muestra. Los datos se ajustaron a la ecuacion de Michaelis-
Menten con el software Prism 5 (GraphPad), obteniendo el valor de la constante de

Michaelis (Km) y la velocidad maxima (Vimax):

Vmax ¥ X

KEm+x

y=1 1

45

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

En nombre de TERESA GIRALDEZ FERNANDEZ

61/212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

61/212



Planteamiento experimental y metodoldgico

46

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

En nombre de TERESA GIRALDEZ FERNANDEZ

62 /212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cadigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

62/212



ARTICULOS PUBLICADOS

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

En nombre de TERESA GIRALDEZ FERNANDEZ

63/212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

63/212



Articulos publicados

48

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi

Firmado por: UNIVERSIDAD DE LA LAGUNA

En nombre de RUBEN JIMENEZ CANINO

UNIVERSIDAD DE LA LAGUNA

En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA
En nombre de TERESA GIRALDEZ FERNANDEZ

Fecha: 14/02/2017 15:54:28

15/02/2017 15:41:59

15/02/2017 21:26:03

En nombre de ERNESTO PEREDA DE PABLO

64 /212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cadigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

64 /212



Articulos publicados

4. ARTICULOS PUBLICADOS

4.1 Jimenez-Canino, R., Lorenzo-Diaz, F., Jaisser, F., Farman, N., Giraldez, T., &
Alvarez de la Rosa, D. (2016). Histone Deacetylase 6-Controlled Hsp90
Acetylation Significantly Alters Mineralocorticoid Receptor Subcellular Dynamics
But Not its Transcriptional Activity. Endocrinology, Jun;157(6):2515-32,
en20152055.

4.2 Jimenez-Canino, R., Fernandes, M. X., & Alvarez de la Rosa, D. (2016).
Phosphorylation of Mineralocorticoid Receptor Ligand Binding Domain Impairs
Receptor Activation and Has a Dominant Negative Effect over Non-
phosphorylated Receptors. The Journal of Biological Chemistry, Sep
2;291(36):19068-78, jbcM116718395.

4.3 Gravez, B., Tarjus, A., Jimenez-Canino, R., El Moghrabi, S., Messaoudi, S.,
Alvarez de la Rosa, D., & Jaisser, F. (2013). The Diuretic Torasemide Does Not
Prevent Aldosterone-Mediated Mineralocorticoid Receptor Activation in

Cardiomyocytes. PloS One, Sep 9;8(9), e73737.

(Ver articulos originales en Anexo 1)
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5. ARTICULOS EN PREPARACION
5.1 Jimenez-Canino, R., Lorenzo-Diaz, F., Bailey M. A., Livingstone, D. E., Jaisser,
F., Farman, N., & Alvarez de la Rosa, D. (manuscript in press). SUMOylation of
11B-Hydroxisteroid Dehydrogenase Type 2 Regulates Cortisol-dependent

Mineralocorticoid Receptor Activity.

(Ver texto y figuras en Anexo 2)
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6. RESULTADOS Y DISCUSION

6.1 La acetilacion de HSP90 como posible modulador de la actividad especifica de
tejido de MR

En este trabajo publicado (Jimenez-Canino et al., 2016a), estudiamos como la
regulacion de la actividad de HSP90 mediante la acetilacion de su residuo K294 altera
la localizacién, dindmica subcelular, traslocacion nuclear y actividad transcripcional de
MR. Para ello utilizamos el mutante HSP90-K295Q, que simula la acetilacion
presentando actividad disminuida, y el mutante no acetilable HSP90-K295R (Scroggins
et al., 2007; el residuo K295 en la secuencia de HSP90 de raton es equivalente al
residuo K294 de HSP90 de humanos). Para manipular la acetilacién endégena de
HSP90 utilizamos la construccion HDAC6wt, con actividad desacetilasa previamente
demostrada sobre el residuo K294 de HSP90, y el mutante HDAC6dm (H216A/H611A)
sin actividad catalitica (Valenzuela-Fernandez et al., 2005). Tomados en su conjunto,
los resultados de este trabajo demuestran que la acetilacion de HSP90 regulada por
HDACS altera la dindmica celular de MR pero no su funcién, lo que contrasta con la
regulacion que se ejerce sobre GR. Esto sugiere que la acetilacion de HSP90 podria
constituir un punto de control sobre la actividad relativa de MR y GR en células que
coexpresen ambos receptores.

6.1.1 La acetilacion de HSP90 altera la localizacion subcelular de MR en

ausencia de ligando
Resultados previos obtenidos en nuestro laboratorio muestran como la abundancia de
HSP90 resulta fundamental para el control de la localizacion subcelular de MR
(Hernandez-Diaz et al., 2010). Por ello decidimos estudiar este pardmetro en
condiciones que alteran la actividad de HSP90, concretamente por acetilacion del
residuo K295. Para estudiar la localizacién subcelular de MR en presencia o ausencia de
aldosterona y su traslocacién al ndcleo, llevamos a cabo diferentes aproximaciones en
distintas lineas celulares, mediante la coexpresion de MR con distintos mutantes de
HSP90 o mediante la manipulacion del nivel de acetilacion de la proteina endégena. En
la linea celular COS-7 (Gluzman, 1981), la localizacién principalmente citosélica de
MR se ve alterada hacia una mayor localizacién nuclear en presencia del mutante con

actividad disminuida HSP90-K295Q, mientras que ésta no presenta cambios en
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presencia de los mutantes considerados plenamente activos HSP90wt o HSP90-K295R
(Fig. 1; Jimenez-Canino et al., 2016a). En la linea celular HL-1 (Claycomb et al., 1998),
MR presenta una localizacion principalmente nuclear, debido al bajo nivel endégeno de
HSP90 (Hernandez-Diaz et al., 2010). Mediante sobreexpresion de construcciones con
actividad normal o aumentada de HSP90 (HSP90wt o HSP90-K295R), la localizacion
nuclear se revierte a una localizacién citosolica, mientras que el mutante HSP90-K295Q
no es capaz de producir este efecto (Fig. 2; Jimenez-Canino et al., 2016a). En conjunto
los datos sugieren que la localizacién de MR depende de la acetilacién de HSP90 en
K295 y no so6lo de la abundancia de la chaperona, como describié previamente nuestro
laboratorio en el trabajo de Hernandez-Diaz et al. (2010). En ausencia de hormona, el
efecto funcional de la desacetilacion del residuo K295 de HSP90 contribuye a la
retencion de MR en el citosol.

El aumento de la acetilacién de HSP90 endégena en células COS-7 mediante el uso de
la construccion HDAC6dm, con actividad dominante negativa, provoca el mismo efecto
sobre la localizacién subcelular de MR que la construccién que simula acetilacion
(HSP90-K295Q), de forma que el receptor pasa de ser predominantemente citosélico a
nuclear (Fig. 3; Jimenez-Canino et al., 2016a). El efecto de HDAC6dm podria deberse a
la disminucién de la acetilacién de otras proteinas. Sin embargo, la coexpresion del
mutante no acetilable HSP90-K295R fue capaz de revertir el efecto de HDAC6dm,
demostrandose asi que el efecto de la desacetilasa se debe a su actividad sobre el
residuo K295 de HSP90 y no a la desacetialcién de otras proteinas. (Fig. 3; Jimenez-
Canino et al., 2016a).

Para confirmar el papel de HDAC6 sobre la localizacion de MR a través de la
regulacion de la acetilacion de HSP90, disminuimos la expresién de esta enzima en la
linea COS-7 mediante el uso de RNA interferente especifico (SiRNA-HDACS6),
consiguiendo aproximadamente un descenso del 50% en su nivel de expresion (Fig. 4 A
y B; Jimenez-Canino et al., 2016a). Al estudiar la localizacion subcelular de MR en
estas condiciones obtuvimos resultados consistentes con los experimentos anteriores. La
disminucion de la expresion de HDAC6 modifica la distribucién del receptor hacia una
localizacion més nuclear, lo que puede explicarse por la pérdida de actividad de HSP90
por su acetilacion (Fig. 4 C; Jimenez-Canino et al., 2016a). Esta idea se confirmo

mediante la cotransfeccion de HSP90-K295Q, que produjo la reversion del efecto
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producido por el sSiRNA-HDACS6 (Fig. 4 C; Jimenez-Canino et al., 2016a), volviéndose
a obtener una localizaciéon de MR mayoritariamente citosélica. Por ltimo, la inhibicién
farmacolégica de histona-deacetilasas de clase | y clase Il (que incluye a HDACS6)
mediante el tratamiento con 1 pM de TSA produce un desplazamiento de la localizacion
de MR hacia el nucleo, confirmando que la actividad de HDACS6 es responsable de la
regulacion de la localizacion subcelular de MR dependiente de la acetilacion de HSP90
(Fig. 4 C; Jimenez-Canino et al., 2016a).

Con el objetivo de comprobar si el efecto de la acetilacion de HSP90 sobre la
localizacion subcelular de MR depende de la interaccion fisica entre ambas proteinas,
llevamos a cabo un ensayo de ligacion por proximidad (proximity ligation assay, PLA).
Los datos revelan un 35% de disminucién en la interaccion de HSP90-K295Q y MR en
comparacién con el control wild type (Fig. 5; Jimenez-Canino et al., 2016a). En
conclusidn, la acetilacion de HSP90 interrumpe solo parcialmente la interaccién de la

chaperona con MR.

En conjunto, los datos demuestran que la acetilacion de HSP90 en su residuo K295,
controlada por HDAC6, modula la distribucion subcelular de MR en ausencia de

ligando, al menos en parte disminuyendo la interaccion de la chaperona con el receptor.

6.1.2 La acetilacion de HSP90 modifica la cinética de traslocacion nuclear

de MR
La adicion de ligando, aldosterona o glucocorticoides en el caso de MR, produce que
los receptores nucleares se desplacen completamente al nicleo (Marcelli et al., 2006).
Con objeto de estudiar si la acetilacion de HSP90 regula la cinética de traslocacion al
nicleo de MR utilizamos células COS-7 cotransfectadas con MR-147-GFP y las
distintos construcciones de HSP90, mediante microscopia en tiempo real (time lapse
microscopy). Tanto al expresar MR por si solo como en presencia de las distintas
construcciones de HSP90, observamos como se produce una traslocacion completa del
receptor dentro de la primera hora tras la adicién de aldosterona a concentracién 10 nM
(Fig. 6 A y B; Jimenez-Canino et al., 2016a). Sin embargo, existen diferencias en los
parametros cinéticos de la traslocacién. El tiempo medio para la traslocacion en
presencia de HSP90-K295Q es menor en comparacion con las demas condiciones

experimentales (Fig. 6 A y B; Jimenez-Canino et al., 2016a), demostrando que la
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velocidad en los pasos iniciales de la traslocacion de MR mediada por HSP90 depende
de la acetilacion de HSP90-K295, aunque el efecto final de una traslocacion completa
durante la primera hora tras la adicion de aldosterona no se vea alterado. Este efecto es
consistente con la actividad funcional de HSP90 de retencién de MR en el citosol,
permitiendo mediante su acetilacion un comienzo mas temprano del movimiento del

receptor al nuicleo.

6.1.3 La acetilacion de HSP90 tiene un efecto diferencial sobre la actividad

transcripcional de MRy GR
A continuacion, estudiamos el efecto de la acetilacion de HSP90 sobre la funcion de
transactivacion de MR y la comparamos con la represion de la funcion de GR,
previamente descrita (Murphy et al., 2005). Realizamos curvas dosis-respuesta de
transactivacion en distintas lineas celulares mediante ensayos de actividad del gen
reportero luciferasa bajo el control de distintos promotores sintéticos y naturales
previamente caracterizados como dianas de MR. Los datos revelan que ni el mutante
HSP90-K295Q, que simula la acetilacion de la proteina, ni el efecto de sobreacetilacion
de HSP90 enddgena producido por la presencia de HDAC6dm o el siRNA-HDACS,
alteran la afinidad aparente de MR por aldosterona ni la eficacia del receptor para
ejercer su actividad transactivadora sobre el promotor sintético GRE2x en células COS-
7 (Fig. 7 A, B y C; Jimenez-Canino et al., 2016a). En cambio, el mismo ensayo para
testar la actividad transactivadora de GR en presencia del glucocorticoide sintético
dexametasona, aumentando la acetilacion de HSP90 mediante el uso de SiRNA-
HDACS, si produjo el efecto esperado de disminucion en la actividad transcripcional
(Fig. 7 D; Jimenez-Canino et al., 2016a).

Estos ensayos se repitieron en la linea celular HL-1, que presenta niveles bajos de
expresion endogena de HSP90. La utilizacion de siRNA-HDAC6 no produjo ningun
efecto para la capacidad transactivadora de MR inducida por aldosterona, mientras que
el efecto sobre la actividad GR-dexametasona se repitié de forma consistente con los

anteriores ensayos (Fig. 7 E y F; Jimenez-Canino et al., 2016a).

Testamos también el papel de la acetilacion de HSP90 en la regulacion diferencial de la
capacidad transactivadora para MR y GR del promotor natural del gen NGAL,
previamente descrito como diana de ambos receptores (Latouche et al. 2012). Los
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resultados obtenidos tanto con la linea celular COS-7, como con HL-1, confirman el
mismo efecto de disminucién de la actividad para GR, mientras que MR no se ve
afectado (Fig. 8 A, B, C y D; Jimenez-Canino et al., 2016a).

Utilizamos también un ensayo de gPCR para estudiar la regulacion de la expresion de
SGK1, un gen diana de MR y GR, en presencia de siRNA-HDACS. Tras una induccién
de 2 horas con aldosterona 10 nM o dexametasona 100 nM en la linea COS-7
transfectadas con MR o GR respectivamente, el andlisis de los resultados muestra que el
aumento de expresién de SGK1 por MR/aldosterona no se altera por el sSiRNA-HDACS,
mientras que el efecto de GR/dexametasona se ve disminuido (Fig. 8 E y F; Jimenez-
Canino et al.,, 2016a). Estos datos son consistentes con los efectos anteriores de
regulacion diferencial para MR y GR debido a la acetilacion de HSP90.

Tomados en su conjunto, estos experimentos demuestran como la acetilacién de HSP90
dependiente de HDAC6 no afecta a la transactivacion de genes diana de MR, mientras
que la disminucion de la actividad de GR sugiere un mecanismo de regulacion de la
actividad relativa de ambos receptores en presencia de glucocorticoides. La ausencia de
efecto de la acetilacion de HSP90 sobre la actividad de MR contrasta con lo publicado
para receptores de esteroides relacionados con él, tanto para AR, como especialmente
para GR, como hemos demostrado en este trabajo. Para GR se describe como la
acetilacion de HSP90 afecta a la union de cortisol, a la traslocacién y a la actividad
transcripcional, pudiéndose explicar este conjunto de efectos por desensamblaje de los
complejos de GR con la chaperona, quedando menor cantidad de GR disponible para
unir cortisol. Sin embargo, el efecto de acetilacion de HSP90 sobre MR no habia sido
estudiado previamente. Se podria pensar que la acetilacién de HSP90 deberia producir
efectos similares a los obtenidos por inhibicién farmacolé6gica de la chaperona (Faresse
et al., 2010). Sin embargo, en contraste con el citado trabajo, no observamos diferencias
en la abundancia de MR, mientras que la localizacion subcelular se vuelve
predominantemente nuclear y la traslocacion al nucleo de los receptores citosélicos se
ve afectada de forma que se inicia mas rapidamente. En cuanto a la actividad del
receptor, es importante destacar que el efecto diferencial de regulacion en la actividad
para MR y GR lo hemos encontrado en ensayos de luciferasa realizados tras tiempos
largos de exposicion al ligando (aprox. 16 horas). Sin embargo a tiempos cortos estos

ensayos pierden sensibilidad. Es necesario destacar que la respuesta transcripcional
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clasica mediada por aldosterona tiene importancia a partir de 1-2 horas tras el aumento
de la concentracion circulante de la hormona. Por ello comprobamos mediante qPCR el
efecto de la acetilacion de HSP90 sobre la regulacion de SGK1 tras un tratamiento de 2
horas con los ligandos, obteniendo los mismos resultados que con los experimentos de
luciferasa. Esto no elimina la posibilidad de que pueda haber algun tipo de efecto mas
temprano, sobre otros genes o sobre respuestas no genémicas (Harvey et al., 2008).

6.1.4 La localizacion de la acetilacion de HSP90 sugiere su importancia en la

modulacion de MR/GR en células de musculo liso vascular
Con objeto de investigar la posible relevancia fisiolégica de la acetilacién de HSP90
sobre la regulacion de MR y GR estudiamos la presencia de esta modificacion post-
traduccional en distintos tejidos de rata, concretamente en rifion y corazén, tejidos
donde la actividad de MR juega un papel importante. Dicha acetilacién fue encontrada
de forma clara en rifién en arterias y arteriolas intracorticales, con un patrén de
localizacion de HSP90 acetilada en K295 en células de misculo liso, pero no en
nefronas. Como control, realizamos tinciones con un anticuerpo anti-MR, que reveld,
segun se esperaba, la presencia del receptor en la nefrona distal, pero no en los tibulos
proximales (Fig. 9 A y B; Jimenez-Canino et al., 2016a). En corazn encontramos la
modificacién de HSP90 en las células de misculo liso de arterias coronarias, mientras
que detectamos MR en el nicleo de los cardiomiocitos (Fig. 9 D y E; Jimenez-Canino et
al., 2016a). Estos datos sugieren que las células vasculares de musculo liso son
relevantes por la presencia de HSP90 acetilada en K295, siendo un posible tejido diana
de la regulacion diferencial de la actividad de MR y GR en presencia de la modificacion
de la chaperona, ya que las células de musculo liso expresan ambos receptores (Nguyen
et al., 2011), si bien la cantidad de MR es baja y no se detecta en los ensayos realizados

en este trabajo.

Para determinar el efecto funcional en este tipo de células donde existe una prominente
acetilacion de HSP90, utilizamos la linea de células vasculares de musculo liso A-10
(Tsugita et al., 2008), donde determinamos la actividad de MR y GR sobre la actividad
de los promotores GRE2x y NGAL. La disminucién de la expresion de HDAC6
mediante siRNA produjo en todos los casos una disminucion de la actividad de GR
mientras que MR no se vio afectado (Fig. 10 A, B, C y D; Jimenez-Canino et al.,
2016a). La induccion de SGK1 también fue estudiada mediante gPCR (Fig. 10 E y F;
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Jimenez-Canino et al., 2016a), arrojando una vez mas los mismos resultados
consistentes con todos los experimentos anteriores realizados sobre las lineas celulares
COS-7 y HL-1. Estos datos sugirieren que el efecto diferencial de la acetilaciéon de

HSP90 sobre la regulacion de MR y GR no depende del contexto celular.

Basandonos en los resultados obtenidos en este trabajo, proponemos que la acetilacion
de HSP90 en el residuo K295 puede jugar un papel importante para regular la actividad
de MR y GR en tejidos donde se coexpresan, minimizando la transactivacion de genes
diana de GR mientras que se aumentan los de MR. Esto podria resultar interesante
particularmente en células con baja expresion de HSD2, fuera de los tejidos diana
clasicos del complejo MR-aldosterona, donde MR puede ser activado por
glucocorticoides. Un ejemplo de ello son las células de musculo liso vascular, donde
hemos demostrado que existe un alto nivel de acetilacién de HSP90, y donde ello podria
conferir especificidad a la accién de los glucocorticoides sobre MR y GR, ya que

sabemos que sus funciones fisiolégicas no son intercambiables (Farman et al. 2001).

Este fenémeno diferencial de regulacién también podria ser importante en tejidos diana
de la aldosterona, ya que la expresion de GR es mas abundante y HSD2 podria no ser
suficiente para eliminar completamente el cortisol, existiendo una activacion residual de
MR por parte de glucocorticoides. En este caso la acetilacién de HSP90 representaria un
mecanismo que podria conferir especificidad a la accién de mineralococorticoides y
glucocorticoides sobre MR y GR respectivamente. Es importante resaltar que la
variacion en la acetilacion o desacetilacion de HSP90 debido a mecanismos fisiologicos
de regulacion de la actividad de HDAC6 son todavia desconocidos, asi como la posible
existencia de especificidad de tejido en ellos. El estudio de estos mecanismos podria
esclarecer el papel de la regulacion diferencial de la actividad de MR y GR encontrada

en este trabajo.
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Resultados y Discusién

6.2 Regulacion de la actividad de MR mediante la SUMOilacién de HSD2

En este trabajo actualmente en proceso de publicaciéon (anexo 2), demostramos la
SUMOilacion de HSD2 en el residuo K266. Profundizamos en los efectos funcionales
de dicha modificacion mediante el analisis de la traslocacion nuclear de MR y su
actividad transcripcional inducidas por cortisol, siguiendo el razonamiento de que la
presencia de HSD2 impide al menos en parte la activacion del receptor por
glucocorticoides y que cualquier alteracién en la actividad de la enzima se veria
reflejada en la activacion de MR por estas hormonas. Para ello sobreexpresamos en
células COS-7 la proteina HSD2 nativa, el mutante no SUMOilable HSD2-K266R o
varias mutaciones presentes en pacientes hipertensos por el sindrome AME, incluyendo
HSD2-R337C (Ferrari et al., 1996) y HSD2-R213C (Manning et al., 2010). Por otra
parte, estudiamos el efecto de cotransfectar la deSUMOilasa SENP-1 sobre el sistema.
Asi mismo, analizamos la actividad de conversion de cortisol en cortisona de HSD2
nativa y del mutante no SUMOilable K266R. Los datos revelan que la SUMOilacién de
HSD2 en el residuo K266 altera la capacidad de la enzima de prevenir la traslocacién
nuclear de MR inducida por cortisol. Sin embargo, este MR nuclear presenta una
actividad disminuida, lo que se correlaciona con una menor capacidad de reclutamiento
del coactivador transcripcional SRC-1. Por otra parte, los ensayos de actividad
enzimatica no revelaron alteraciones importantes en el mutante K266R, lo que dificulta
la explicacién de la capacidad de cortisol de traslocar MR en presencia de HSD2-
K266R. Hipotetizamos que podria existir una interaccion fisica directa o indirecta entre
MR y HSD2, dependiente de la SUMOilacion de ésta ultima y determinante para
regular la conformacién adecuada del receptor que regula su capacidad de traslocacion y
el reclutamiento apropiado de coactivadores.

6.2.1 HSD2 estd SUMOilada en la lisina 266
Mediante el software de prediccion GPS-SUMO (Zhao et al., 2014) detectamos la
presencia de un sitio consenso de SUMOilacion de alta probabilidad en torno a la lisina
266 de la secuencia de HSD2 humana, bien conservado en otras especies examinadas,
con la Unica excepcion del cerdo (Fig. 1; manuscrito en preparacion). Es de interés notar
que existen también motivos de interaccion no covalente con SUMO (SIM),
especialmente el presente en la secuencia entre los aminoéacidos 214 y 218 de humano,
que se conserva bien entre especies, o entre los aminoacidos 58 y 62 en el caso de

roedores y cerdo (Tabla S1; manuscrito en preparacion).
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Evaluamos la SUMOilacion de HSD2 en la linea celular COS-7 transfectada con
HSD2-WT o K266R junto a un plasmido con expresion de SUMO1-GFP. Para ello
realizamos la inmunoprecipitacion de la proteina HSD2 seguida de la deteccion de
SUMO mediante western blot utilizando un anticuerpo anti-GFP. Detectamos
claramente la SUMOilacion de HSD2-WT, mientras que el HSD2-K266R también
resulté positivo para SUMOilacion, aunque con menor intensidad de sefial (Fig. 2;
manuscrito en preparacion). Estos datos sugieren que la proteina HSD2 esta
SUMOilada y que la mayor parte de esta modificacion ocurre en el residuo K266, si
bien podria existir SUMOilacién adicional bien en motivos que se desvian del consenso
o0 bien a través de los SIM, siendo en este Gltimo caso una interaccion resistente a la

desnaturalizacion.

Para llevar a cabo un andlisis cuantitativo de la SUMOilacién realizamos un ensayo de
PLA entre HSD2-WT o K266R y SUMO1 (Fig. 3; manuscrito en preparacion).
Obtuvimos aproximadamente un 75% de disminucién de la sefial de proteina
SUMOilada para el caso de HSD2-K266R en comparacion con la proteina nativa,
confirmando los resultados obtenidos mediante IP-western blot y demostrando que el
principal residuo SUMOilado en HSD2 es K266. Es interesante notar que pese a la
distribucién predominantemente nuclear de SUMOL, la cantidad de péptido presente en
el citosol es suficiente para modificar HSD2, como ya se ha demostrado para otras
proteinas citosolicas o situadas en la membrana plasmatica (Fig. 3 A y B; manuscrito en
preparacion). Ademas de estudiar el efecto de la mutacion K266R sobre el nivel de
SUMOilacién de HSD2, comprobamos el efecto de la coexpresion de la deSUMOilasa
SENP1. Esta enzima redujo la SUMOilacion de la proteina nativa aproximadamente en
un 80%, hasta un nivel estadisticamente igual al caso del mutante no SUMOilable
K266R (Fig. 3C; manuscrito en preparacion). El hecho de que la sefial residual de
SUMOilacion detectada mediante la mutacion K266R sea también resistente al
tratamiento enzimatico con SENP-1 sugiere que se podria deber a una interaccion no

covalente a través de motivos SIM.

6.2.2 Influencia de SUMO sobre la actividad enzimética de HSD2
Para comprobar si la SUMOilacion afecta a la abundancia de proteina, comprobamos la
expresion de distintos mutantes de HSD2 transfectados en células COS-7, incluyendo la
enzima nativa, el mutante no SUMOilable K266R y los mutantes AME R213C y
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R337C (Fig. 4A; manuscrito en preparacion). Sélo observamos cambios significativos
de la expresion del mutante HSD2-R337C, que se ve fuertemente disminuida hasta
aproximadamente un 20% de los niveles de la proteina nativa (Fig. 4B; manuscrito en
preparacion), sugiriendo que parte de la pérdida de actividad puede deberse a su débil

expresion, segin se ha propuesto anteriormente (Ferrari et al., 1996).

Medimos de forma directa la actividad de HSD2, con el objetivo de determinar si el
mutante no SUMOilable presenta alteraciones en su capacidad de metabolizar cortisol.
Medimos la conversion de cortisol en cortisona en células COS-7 intactas cuantificando
la presencia de ambos esteroides mediante espectrometria de masas. La comparacion del
metabolismo de cortisol a concentracion 300 nM entre células no transfectadas y
transfectadas con HSD2-WT mostré un comportamiento lineal de la conversion de
cortisol en cortisona durante las primeras 4 horas tras la adicién de la hormona, mientras
que las células no transfectadas mostraron nula o baja conversion de cortisol, siendo
menor al 1% con el tratamiento a 4 horas (Fig. 5A; manuscrito en preparacion). Este
experimento confirm6 que en estas células no existe conversion inespecifica del
esteroide y proporcion6 ademas el marco temporal en el cual se puede analizar de forma

lineal la actividad enzimatica.

Con objeto de determinar los parametros cinéticos de la actividad enzimética de HSD2-
WT y el mutante K266R, estudiamos la generacion de cortisona tras la incubacion
durante 30 minutos con concentraciones crecientes de cortisol. Los valores
experimentales se utilizaron para el ajuste a una curva de Michaelis-Menten, que
proporciond los pardmetros Km y Vmax. Obtuvimos para HSD2-WT una Km de 563,4
nM y para HSD2-K266R una Km de 375,9 nM, demostrandose asi un ligero aumento
de afinidad en el mutante. Por otra parte, la Vmax obtenida con ambas formas fue de
573,5 y 394,9 pmol/hora/mg de proteina respectivamente, mostrando que el mutante no
SUMOilable presenta una disminucion del 69% en su capacidad méaxima de conversion
de cortisol (Fig. 5B y C; manuscrito en preparacion). Ademas comparamos la actividad
enzimética alcanzada a 100 y 500 nM de cortisol, concentraciones utilizadas en los
experimentos de traslocacién y que se encuentran dentro del rango fisiolégico del
esteroide en plasma, obteniendo un aumento de la actividad para HSD2-K266R del 40%
a 100 nM, mientras que no se ven cambios a la concentracién de 500 nM (Fig. 5B y D;

manuscrito en preparacion).
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Para descartar posibles sesgos en la determinacion de la actividad enzimética debido a
una limitacion en la cantidad disponible del cofactor NAD, necesario para la reaccion de
transformacion de cortisol en cortisona, comparamos el metabolismo de cortisol en
presencia o ausencia de NAD afadido exdgenamente a las concentraciones de cortisol
de 100 nM y 500 nM, sin que se obtuvieran diferencias significativas dependientes de la
adicion de NAD (Fig. 5E; manuscrito en preparacion). La cuantificacion de la expresion
de HSD2-WT o K266R mediante western blot muestra ademas que no existen
diferencias en la expresién que pueda causar los cambios obtenidos (Fig. 5F y G;

manuscrito en preparacion).

Adicionalmente utilizamos un método alternativo para determinar la actividad de
HSD2. Cuantificamos el porcentaje de conversién de *H-corticosterone 10 nM en H-
11-dehydrocorticosterone durante 30 minutos de incubacién mediante HPLC (Fig. 5H).
Obtuvimos un porcentaje de conversion del 12,24% para la enzima nativa y un 12,72%
para el mutante K266R, consistente con los datos obtenidos mediante espectrometria de

masas.

Los datos descritos sugieren leves cambios en la actividad enzimatica de los constructos
ensayados in vivo, consistente con una mayor afinidad del mutante no SUMOilable
K266R que le permite funcionar incluso mas eficientemente para degradar cortisol a una
concentracion de 100 nM comparado con la enzima nativa. En conjunto, los datos

muestran alteraciones leves de la actividad de HSD2 a concentraciones fisioldgicas.

6.2.3 La SUMOilacién de HSD2 regula la traslocacién nuclear de MR

inducida por cortisol
Para determinar si la SUMOilacién en K266 presenta algin efecto sobre la funcién de
HSD2 nos preguntamos si el mutante no SUMOilable K266R disminuye la capacidad
de HSD2 para eliminar cortisol, impidiendo la traslocacién nuclear de MR inducida por
esta hormona en células COS-7, las cuales no tienen expresion endégena de la
deshidrogenasa (Fig. 2, 4 y 5). En ausencia de ligando la localizacién de MR es
predominantemente citoplasmatica, independientemente de la cotransfecciéon con
HSD2-WT, K266R o los mutantes AME R337C 6 R213C, ninguno de los cuales tiene
efecto sobre la localizacion del receptor (Fig. 6A y B; manuscrito en preparacion). El

tratamiento durante 24 horas con cortisol 100 nM en ausencia de HSD2 indujo la
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traslocacién completa del receptor al ndcleo en la mayoria de las células. La
coexpresion de HSD2 produjo el efecto esperado de impedir la traslocacion,
manteniendo una distribucién predominantemente citoplasmética de MR (Fig. 6C y D;
manuscrito en preparacién). EI mutante no SUMOilable K266R 6 el mutante AME
R337C no impidieron la traslocacion del receptor, mostrando un efecto consistente con
la pérdida de funcion de HSD2 (Fig. 6C y D; manuscrito en preparacion). La utilizacion
de una concentracién mas elevada de cortisol (500 nM) produjo la traslocacion
completa del receptor en todos los casos estudiados (Fig. 6E y F; manuscrito en
preparacion), efecto consistente con la saturacion de la enzima nativa. Con el objetivo
de comprobar si el efecto de la mutacién K266R sobre la traslocacion de MR inducida
por 100 nM de cortisol es debida a la pérdida de SUMOQilacién o bien se debe a otras
alteraciones (pérdida de otras modificaciones post-traduccionales dependientes de lisina
o0 alteracion estructural de la enzima), coexpresamos la deSUMOilasa SENP-1 en
presencia de la proteina nativa funcional HSD2-WT. La presencia de SENP-1 permitié
la traslocacion nuclear de MR por 100 nM cortisol en presencia de HSD2-WT,
demostrandose asi que el fendmeno detectado depende especificamente de la
SUMOilacién de K266 y no del resto de posibles efectos inducidos por la mutacion de
este residuo (Fig. 6G y H; manuscrito en preparacion).

Dado que los experimentos de localizacién subcelular descritos se realizan en estado
estacionario, decidimos estudiar si la SUMOilacion de HSD2 altera la cinética de
traslocacion al nucleo de MR dependiente de cortisol. En la primera hora tras la adicién
de cortisol 100 nM se observa la traslocacion completa del receptor, segun se ha
descrito anteriormente. Como era esperable, HSD2-WT previene drasticamente el
importe nuclear (Fig. 7A y B; manuscrito en preparacion). Sin embargo, la coexpresion
del mutante no SUMOilable K266R o el mutante AME R337C no impidieron la
traslocacion nuclear, mostrando un comportamiento indistinguible de la condicion
control y sugiriendo la pérdida de funcion de la enzima (Fig. 7A y B; manuscrito en

preparacion).
En conjunto, los datos muestran un efecto de regulacion de la traslocacion nuclear

mediante la SUMOilacion de HSD2 en la lisina 266, consistente con una alteracién de

la actividad enzimatica de HSD2 dependiente de la SUMOilacién en dicho residuo.
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6.2.4 Efecto de la SUMOilacién de HSD2 sobre la actividad transcripcional

de MR y su unién con coactivadores
Para determinar si la SUMOilacién de HSD2 afecta a la actividad transcripcional
dependiente de MR se realizaron curvas dosis-respuesta de activacion por cortisol en
células COS-7 cotransfectadas con MR y el gen reportero de la luciferasa bajo el control
del promotor sintético GRE2x. El tratamiento con concentraciones crecientes de cortisol
dio como resultado una ECsy de 40 nM para MR en ausencia de HSD2 (Fig. 8A,
manuscrito en preparacion). La coexpresion de los mutantes AME R337C 6 R213C no
alteraron significativamente la afinidad aparente de MR por cortisol, lo que es
consistente con la presencia de variantes no funcionales de HSD2. La expresion de
HSD2-WT mostré una disminucion de la eficacia transcripcional y la afinidad aparente
en el rango ensayado (ECs, aproximadamente dos érdenes de magnitud superior al
control), consistente con la degradacién de cortisol y el impedimento de la traslocacion
nuclear. Sin embargo, el mutante no SUMOilable de HSD2, K266R, también disminuy6
la eficacia y afinidad aparente de MR aproximadamente dos o6rdenes de magnitud,
comportandose como la construccion funcional HSD2-WT (Fig. 8A; manuscrito en
preparacion). Este experimento pone de manifiesto que si bien el mutante HSD2-K266R
permite la traslocacion nuclear de MR inducida por cortisol, este receptor es incapaz de
promover la actividad transcripcional de forma apropiada, sugiriendo un
desacoplamiento entre la traslocacién y la transactivacion de genes dependiente de la
activacion de MR por cortisol. Por ello, proponemos que la SUMOilacion de HSD2 en
la lisina 266 presenta un efecto funcional adicional sobre MR, ya que si bien permite la

traslocacion del receptor impide la activacion adecuada del mismo.

Para asegurar que el efecto anterior es especifico de ligando, atribuyendo el efecto de la
SUMOilacién sobre la lisina 266 a la actividad de MR dependiente de cortisol,
realizamos curvas dosis-respuesta con aldosterona en presencia de los distintos
constructos de HSD2, obteniendo un resultado igual en todas las condiciones, con una
afinidad aparente aproximada de 0,1 nM (Fig. 8B; manuscrito en preparacion). Ademas,
con el objetivo de asegurar que las diferencias en la actividad transcripcional del
receptor no se deben a cambios en su nivel de expresion, detectamos mediante western
blot la abundancia del receptor, que no estd alterada en las distintas condiciones

ensayadas (Fig. 8C y D; manuscrito en preparacion).
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Para profundizar en el mecanismo por el cual la SUMOilaciéon de HSD2 altera la
actividad transcripcional de MR, ensayamos la interaccion de MR con SRC-1, un
coactivador transcripcional bien conocido de MR. Para ello Ilevamos a cabo un ensayo
de PLA en presencia o ausencia de cortisol en células COS-7 cotransfectadas con MR y
SRC-1, obteniendo una interaccion nuclear positiva dependiente de cortisol (Fig. 9;
manuscrito en preparacion). La coexpresion de HSD2-WT o el mutante K266R redujo
el nivel de la sefial en torno a un 60% (Fig. 9B y C; manuscrito en preparacion),
confirmando que la mutacién K266R previene la interaccion eficiente de MR con SRC-
1. Este efecto explica, al menos en parte la alteracion de la actividad transcripcional de

MR por la SUMOilacién de HSD2 dependiente de su activacion por cortisol.

Los datos de traslocacion inducida por cortisol, los datos de actividad de MR y los
resultados de actividad enzimatica de HSD2 resultan dificiles de reconciliar. Una
explicacién que podria satisfacer la traslocacion nuclear de MR obtenida en presencia
de HSD2 no SUMOilada, con el hecho afiadido de que su actividad enzimatica no se ve
fuertemente alterada, estaria basada en la existencia de cambios conformacionales de
MR, inducidos por la ausencia de SUMO en HSD2 y que serian suficientes para
permitir la traslocacion del receptor a concentraciones muy bajas de cortisol, pero no su
activacion. La posibilidad de que exista un desacoplamiento entre la traslocacién y la
activacion del receptor podria basarse en las diferencias previamente observadas en el
tiempo de permanencia de cada ligando en el LBD de MR, siendo mas corto para el
caso del cortisol, lo que impediria estabilizar apropiadamente el cambio conformacional
requerido para el reclutamiento de coactivadores (Farman et al. 2001). Este hecho es
importante fisioldgicamente, ya que HSD2 es incapaz de metabolizar completamente el
cortisol a las concentraciones fisioldgicas, especialmente en los picos mas altos de
concentracion que se presentan durante el ritmo circadiano seguido por la concentracion
fisioldgica de cortisol en mamiferos (Lombes et al., 1994). En cualquier caso, para que
cambios inducidos por la falta de SUMOilacion de HSD2 se transmitan eficientemente
en cambios conformacionales de MR, debe existir alguna interaccion entre ambas
proteinas, ya sea de forma directa o indirecta, cosa que ya ha sido sugerida (Odermatt et
al., 2001), que permita la comunicacion entre ambas proteinas, de forma que la ausencia
de SUMOilacion puede sensibilizar a MR para su traslocacion nuclear pero evitar la
conformacion necesaria para un reclutamiento efectivo de coactivadores por parte del

receptor.
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Una opcidn alternativa, pero consistente con la idea de la sensibilizaciéon de MR a la
traslocacion, seria la posible induccién de este proceso por la cortisona resultante de la
actividad de HSD2. En estas condiciones, la ausencia de SUMOilacion de HSD2 haria
que MR pueda ser traslocado por la accién de la cortisona, si bien ésta molécula es
incapaz de inducir una conformacion que pueda reclutar coactivadores. Esta posibilidad
merece ser explorada, aunque se ha demostrado previamente que la afinidad de MR por

cortisona es muy baja en condiciones normales.

La posibilidad de interaccion entre MR y HSD2 y su naturaleza contindan siendo
desconocidas. Por ello, decidimos intentar detectar dicha interaccion mediante la técnica
de PLA. Los resultados obtenidos fueron negativos, de forma que no hemos podido
demostrar una interaccion directa. Es posible que MR y HSD2 interaccionen a través de
un complejo proteico mayor. Alternativamente, el hecho de que al igual que HSD2, MR
también presente motivos de interaccién no covalente son SUMO podria explicar

interacciones transitorias dificiles de detectar mediante métodos rutinarios.
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6.3 Regulacion de MR por fosforilacion en el dominio de unién al ligando

Recientemente se ha descrito la fosforilacion de MR en el residuo S843 (Shibata et al.,
2013) situado en el LBD como una modificacion inactivante presente en células
intercaladas del tabulo colector renal en respuesta a una disminucion de los niveles de
angiotensina Il y aumento del K* circulante. Shibata et al. sugieren que la inactivacion
de MR fosforilado en S843 se debe exclusivamente al defecto en la unién de MR y
aldosterona. De acuerdo a sus experimentos usando un mutante fosfomimético (MR-
S843E), la afinidad por el ligando disminuye dos 6rdenes de magnitud (la Kd del
mutante S843E respecto al MR nativo aumenta de 0,63 nM a 86 nM), no observandose
traslocacion a la concentracion fisiol6gica de aldosterona de 1 nM. Sin embargo, no
queda claro si el receptor fosforilado puede ser activado por concentraciones mayores
de aldosterona. En este trabajo se pretende dar respuesta a dos preguntas relacionadas
con el mecanismo de regulacion de MR por fosforilacion del residuo S843: 1) cuél es el
mecanismo preciso por el que la fosforilacion del residuo S843 afecta a la activacion de
MR por aldosterona; y 2) cdmo afectan distintas proporciones de receptor fosforilado y

no fosforilado a la funcién del mismo.

Debido a lo anterior, en este trabajo nos planteamos profundizar sobre las repercusiones
de la fosforilacion de S843 sobre la biologia de MR, explorando la relacién entre el
cambio estructural inducido por la modificacién y la funcién del receptor (Jimenez-
Canino et al., 2016b). Usamos los mutantes fosfomiméticos S839D y S839E (el residuo
S839 del MR de raton es equivalente al residuo S843 del MR humano) para estudiar la
localizacion subcelular, traslocacion nuclear inducida por ligando, transactivacion de la
expresion génica e interaccion con coactivadores en la linea celular COS-7. Los
resultados indican que la fosforilacion de MR en el residuo S839 ejerce un papel
dominante negativo sobre los dimeros de MR, de forma que se amplifica su efecto
funcional sobre la actividad transcripcional de MR. La aldosterona es capaz de inducir
traslocacion nuclear de los mutantes fosfomiméticos, pero es incapaz de producir
transactivacion génica, sugiriendo el desacoplamiento entre la union de la hormonay la
actividad transcripcional del receptor, debido al menos en parte a una menor interaccion

de los mutantes fosfomiméticos con coactivadores transcripcionales.

Con el fin de asegurar que los mutantes fosfomiméticos MR-S839D y MR-S839E
muestran afinidades por aldosterona comparables a la construccién de MR humana
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usada por Shibata et al., calculamos la Kd mediante ensayos de competicién con
radioligando. Obtuvimos una Kd para la construccién control de MR de 1,07 nM,
dentro del rango esperado para MR nativo (Kd = 0,5 — 2 nM), mientras que los mutantes
fosfomiméticos mostraron una Kd de 86,7 nM para MR-S839D y 34,3 nM para MR-
S839E (Fig. 1; Jimenez-Canino et al., 2016b), en el mismo rango que la obtenida por
Shibata et al. para MR-S843E.

6.3.1 La fosforilacion de MR afecta a su cinética de traslocacion, pero solo

impide parcialmente su acumulacion nuclear
Analizamos la localizaciéon del receptor en ausencia y presencia de aldosterona.
Observamos como en ausencia de hormona MR muestra la tipica localizacion
principalmente citosdlica en COS-7, mientras que los mutantes fosfomiméticos no
producen cambio en su localizacién (Fig. 2 A y C; Jimenez-Canino et al., 2016b). El
tratamiento con dosis crecientes de aldosterona cubriendo el rango fisiolégico (0,1 — 2
nM) vy suprafisiolégico (5 — 100 nM) mostr6 la traslocacion completa del MR nativo,
con un porcentaje mayor al 90% de células con MR exclusivamente nuclear a partir de
la concentracién de 1 nM (Fig. 2 A y C; Jimenez-Canino et al., 2016b). Los mutantes
fosfomiméticos sufren una traslocacion incompleta que se hace evidente con
concentraciones elevadas de aldosterona (10 y 100 nM), donde mas del 90% de células
muestran un receptor mayoritariamente nuclear (Fig. 2 B y C; Jimenez-Canino et al.,
2016b). Los resultados demuestran que si bien la traslocacién nuclear de los mutantes
fosfomiméticos se ve afectada, lo hace de forma limitada, obteniendo a altas
concentraciones de aldosterona una cantidad significativa de receptor en el nicleo. Esto
es consistente con la idea de que las mutaciones fosfomiméticas disminuyen la afinidad

de MR por aldosterona.

A continuacion examinamos la cinética de traslocacion del receptor al nicleo in vivo
durante la primera hora tras la adicion de aldosterona a 10 nM, tiempo en el que MR
nativo es capaz de traslocar completamente al nicleo (Fig. 3 A y B; Jimenez-Canino et
al., 2016b). El mutante fosfomimético MR-S839D migr6 al ndcleo en cantidad menor al
20% (Fig. 3 A y B; Jimenez-Canino et al., 2016b). Concluimos que el defecto en el
importe nuclear detectado en el experimento anterior se debe a la traslocacion lenta de
los mutantes fosfomiméticos, y no a la exportacion rapida desde el ndcleo de los

mismos. Este hecho puede ser explicado por la disminucion en la afinidad del receptor
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por el ligando, pero también por una menor estabilidad de la unién de la aldosterona al
LBD o bien por el posible desacoplamiento entre la unién de la aldosterona y el cambio
conformacional del receptor que inicia el proceso de traslocacion. Sin embargo, es
interesante resaltar que pese a la lenta traslocacion del receptor, la aldosterona es capaz
de promover la localizacion de la mayor parte del mismo al nGcleo en un tiempo de 24
horas (Fig. 2, Jimenez-Canino et al., 2016b). Shibata et al. no encontraron traslocacion
del receptor en presencia de aldosterona, sin embargo, la concentracién de 1 nM que
utilizaron estd lejos de la Kd de 86 nM que calcularon. Asi concluyeron que la
inactividad del receptor por la fosforilacion en S843 se debe al defecto de la unién de
aldosterona. Sin embargo, nuestros resultados demuestran que la traslocacién no se ve
completamente impedida y de hecho alcanza un porcentaje importante del receptor a
altas concentraciones de aldosterona. Esto indica que existe union de la hormona al
mutante fosfomimético, ademas la proporcién de receptor presente en el nicleo sigue
una relacién dosis respuesta con la concentracién de aldosterona (Fig. 2 D; Jimenez-
Canino et al., 2016b), por lo que el binding no puede ser totalmente evitado por la
fosforilacion del residuo S839 de MR.

6.3.2 La actividad transcripcional de los dimeros de MR fosforilado es

interrumpida debido a un defecto en la unién con coactivadores
Para estudiar las consecuencias funcionales de las mutaciones en S839, hemos
construido curvas dosis-respuesta de MR para aldosterona o cortisol mediante ensayos
de luciferasa cuya expresion esta controlada por el promotor GRE2x. Los resultados
indican que mientras la afinidad aparente para MR nativo entra dentro de lo esperado
(ECsp de 0,4 nM para MR por aldosterona y 9,8 nM para MR por cortisol), los mutantes
fosfomiméticos no son capaces de provocar ningln tipo de transactivacion dependiente
de aldosterona ni cortisol, incluso a altas concentraciones de ligando (1 pM de
aldosterona o 10 pM de cortisol) (Fig. 4 A y B; Jimenez-Canino et al., 2016b). Esto no
es consistente con lo propuesto por Shibata et al., ya que si todo el efecto de las
mutaciones fosfomiméticas fuera una disminucion de la afinidad (Kd = 30 - 90 nM para
aldosterona), una concentracién muy superior de ligando como por ejemplo 1 puM de
aldosterona deberia ser capaz de activar al menos parcialmente al receptor. Hemos
testado también la capacidad transactivadora del mutante no fosforilable MR-S839A
(Fig. 4 Ay B; Jimenez-Canino et al., 2016b), obteniendo una disminucién de la afinidad

aparente por aldosterona (ECso de 2,8 nM por aldosterona y 19,3 nM por cortisol),
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demostrando la importancia del residuo S839 en la habilidad del ligando para activar el

receptor.

Los resultados anteriores sugieren que debe haber un desacoplamiento entre la unién de
la aldosterona, que hemos demostrado anteriormente por su efecto sobre la traslocacion
nuclear, y la actividad transcripcional del receptor fosfomimético, dado que
encontramos receptores totalmente inactivos a las mismas concentraciones y tiempos
donde la aldosterona es capaz de promover traslocacion. Dado que la disminucion de la
afinidad calculada para los mutantes fosfomiméticos MR-S839D y MR-S839E (Kd de
86,7 nM y 34,3 nM respectivamente) muestra una discrepancia con la ECs, tanto por
aldosterona como por cortisol (no se encuentra actividad a concentraciones de ligando
10 veces por encima de la Kd), concluimos un efecto inconsistente con la disminucion

de la afinidad por el ligando como Unica explicacién al efecto funcional.

Hipotetizamos que los mutantes fosfomiméticos previenen el cambio conformacional
necesario que permite, una vez unido el ligando, la activacion del receptor mediante la
interaccion con correguladores, aspecto critico para la capacidad transactivadora de MR.
Para comprobar esta idea estudiamos la interaccion de MR y los mutantes
fosfomiméticos del receptor con SRC-1. SRC-1 presenta una localizacién nuclear tanto
en ausencia como en presencia de aldosterona, mientras que MR, como hemos visto
anteriormente, presenta una localizacion citosélica en la linea COS-7 y muestra la
localizacion nuclear inducida por la adicion de aldosterona (Fig. 5 A; Jimenez-Canino et
al., 2016b). Para detectar y cuantificar la interaccion de MR y SRC-1 llevamos a cabo
un ensayo de PLA, cuantificando la interaccion nuclear de ambas proteinas en el nicleo
tras la adicion de aldosterona 10 nM (Fig. 5 B; Jimenez-Canino et al., 2016b). El
analisis de las sefiales de PLA muestra la drastica reduccion en la interaccion (aprox. un
85% menor en comparacion con el control) de los mutantes fosfomiméticos MR-S839E
y MR-S839D con SRC-1 (Fig. 5 C; Jimenez-Canino et al., 2016b), obteniendo asi una
explicacion razonable para el desacoplamiento entre la unién de la aldosterona y la
capacidad transactivadora de MR mediante la fosforilacion del residuo S839. El cambio
conformacional inducido por el ligando debe ser suficiente para que ocurra la
traslocacion nuclear, pero no para inducir el reclutamiento de coactivadores como SRC-
1.

75

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

En nombre de TERESA GIRALDEZ FERNANDEZ

91/212
Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

91/212



Resultados y Discusién

Para profundizar en el impacto funcional de la fosforilacion parcial de MR hemos
cotransfectado MR-S839D con MR nativo en diferentes proporciones, simulando
diferentes proporciones de MR fosforilado sobre los dimeros funcionalmente activos.
En primer lugar aseguramos que el mutante fosfomimético no tiene ningin impacto
sobre la formacion de dimeros de MR mediante PLA, observando la ausencia de
cambios en los niveles de dimerizacién cuando cuantificamos la interaccion de dos
construcciones nativas de MR y la comparamos con la dimerizacién de MR nativo con
el mutante S839D, en presencia de aldosterona 10 nM (Fig. 6 B y C; J Jimenez-Canino
et al., 2016b). El resultado indica que no existe una preferencia en la formacién de
dimeros de MR nativos sobre la formacion de heterodimeros con la presencia del
mutante fosfomimético. Esto no es de extrafiar puesto que las secuencias importantes en
la formacion de dimeros se atribuyen al DBD de MR, no al LBD. Por ello, ante las
diferentes proporciones de MR nativo y mutante fosfomimético, la formacién de
homodimeros de MR nativo o mutante fosfomimético y heterodimeros mezcla de
ambos, debe seguir una distribucion binomial (Tabla 2; Jimenez-Canino et al., 2016b).
En segundo lugar, testamos la localizacion subcelular del receptor en presencia de
aldosterona 10 nM para las diferentes proporciones utilizadas, observando como la
variacion en la distribucion del receptor es consistente con el efecto sobre la
traslocacioén nuclear visto anteriormente (Fig. 6 D y Tabla 3; Jimenez-Canino et al.,
2016b). Finalmente, llevamos a cabo las curvas dosis-respuesta de las distintas
combinaciones de MR nativo y mutante, observando como la capacidad transactivadora
del receptor en las distintas condiciones se corresponde con las cantidades de
homodimeros de MR nativo predichas segun la distribucion binomial (Fig. 7 y Tabla 2;
Jimenez-Canino et al., 2016b). Estos resultados demuestran un efecto dominante
negativo de la fosforilacion del residuo S839 sobre la actividad de MR. Esto es, la
presencia de una sola subunidad del dimero fosforilada es suficiente para prevenir
totalmente la actividad del receptor. Los resultados sugieren que ambas unidades del
dimero de MR deben adoptar una conformacion productiva para el reclutamiento de
coactivadores. En el caso de existir reclutamiento del coactivador SRC-1 por parte de un
solo monémero del dimero no seria suficiente para promover la transactivacion génica.
Una importante consecuencia fisioldgica de este hecho es que en el rango fisiolégico de
los niveles de aldosterona circulante, la fosforilacion de S839 tiene un potente efecto de

inactivacion del receptor, ya que por ejemplo un 50% del receptor fosforilado mostraria
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una total inactividad transcripcional, segin se puede apreciar en la Fig. 7 (Jimenez-
Canino et al., 2016b).

Dada la posibilidad de heterodimerizacion de MR con GR (Farman et al., 2001),
testamos si la fosforilacion de MR-S839 tiene algun efecto funcional sobre la actividad
de dichos dimeros en presencia de cortisol. Las curvas dosis respuesta muestran como la
coexpresion de MR y GR en la misma proporcién da lugar a una disminucién de la
capacidad transactivadora del dimero de aprox. el 50% en comparacion con la actividad
de los homodimeros de GR (Fig. 8 A; Jimenez-Canino et al., 2016b), consistente con
datos previamente publicados (Liu et al., 1995). Con la coexpresiéon de GR con MR-
S839D la disminucion de la actividad se acentta hasta el 75%, una disminucion igual a
la observada para la formacion de los heterodimeros de MR nativo y MR-S839D en
presencia de aldosterona (Fig. 8 A y B; Jimenez-Canino et al., 2016b). Estos resultados
sugieren que los heterodimeros de MR y GR tienen muy baja o nula capacidad
transactivadora, estando la mayoria de la actividad controlada por la formacion de
homodimeros de MR o de GR. Dado que la forforilacion inactiva a MR de forma
dominante negativa, la fosforilacion de MR en este residuo seria capaz de disminuir
acusadamente la transactivacion mediada por cortisol en células que coexpresan MR y
GR.

6.3.3 Impacto estructural de la fosforilacién sobre el LBD de MR
Dado que el LBD de MR ha sido cristalizado y su estructura publicada (PDB: 3VHU,;
Hasui et al., 2011), realizamos en colaboracion con el Dr. Miguel X. Fernandes
(Universidad de La Laguna) un analisis estructural para modelar el impacto de la
fosforilacién S843 y compararlo con el mutante fosfomimético S839D. La simulacion
informatica muestra como la fosforilacion del residuo S843 provoca un cambio
conformacional en las hélices H6 y H7, muy cerca del sitio de union a la hormona, que

podria provocar defectos en la union del ligando (Fig. 8; datos no publicados).
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Resultados y Discusién

Figura 8: Estructura del LBD de MR con aldosterona unida. Se muestran los residuos
probablemente importantes (izquierda). Detalle del sitio de unién al ligando y situacién del
residuo S839 (centro). Simulacién de la fosforilacion de S839 y su impacto en la conformacion
del sitio de unién (derecha).

Llevamos a cabo el calculo mediante docking molecular de las energias de interaccion
de la aldosterona, cortisol y espironolactona con el LBD de MR en su forma nativa, con
las mutaciones fosfomiméticas S843D o S843E vy la fosforilacién de S843. Esta técnica
tiene como objetivo identificar las posiciones correctas del ligando en el centro activo
de la proteina y predecir la afinidad entre ligando y proteina. EI docking se basa en dos
principios, la complementariedad de las formas y la complementariedad quimica, para
predecir la interaccion entre ligando y proteina. Las energias de interaccion por
aldosterona o cortisol muestran sélo un leve desvio por las modificaciones introducidas,
sugiriendo que la reduccion de la afinidad encontrada para los mutantes fosfomiméticos
debe tener una causa cinética, estando alterada la velocidad de entrada o salida de la
hormona en el centro activo en mayor medida que el cambio sobre el estado de
equilibrio (Tabla 1; Jimenez-Canino et al., 2016b). Si bien no se puede excluir una
mayor dificultad en el acceso del ligando al sitio de unién, esta posibilidad es poco
probable, dado que en el modelo estructural (Fig. 8) la apertura del centro activo del
LBD no parece estar alterada. Es interesante notar que la energia de interaccion de la
estructura fosforilada con todos los ligandos estudiados se asemeja en mayor medida
con la del mutante S843D que con la de S843E, lo que sugiere que el uso de S843D
constituye en este caso una mejor aproximacion para el estudio de la fosforilacién de
este residuo.

Por altimo, realizamos un estudio de los modos normales de vibracion del LBD de MR

para obtener una simulacion molecular dinamica, relacionada con la capacidad de la
aldosterona para estabilizar la estructura del LBD de MR nativo, el mutante MR-S843D
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0 el MR fosforilado en S843. En este tipo de analisis se estudian los movimientos
colectivos y de gran amplitud de los 4tomos alrededor de una conformacion proteica
con energia potencial minima. Este andlisis se basa en el supuesto de que los
movimientos globales de las proteinas no dependen mucho de las fuerzas que se aplican
sobre cada atomo en particular y pueden ser calculados utilizando modelos mecanicos
simplificados. Los resultados nos muestran como, una vez mas, el mutante
fosfomimético se comporta igual al modelo fosforilado (Fig. 9; datos no publicados),
sugiriéndolo como una buena aproximacién para el estudio de esta modificacion. A su
vez, la amplitud vibracional del LBD en presencia de las modificaciones sugiere una
mayor dificultad para estabilizar la estructura de esta zona de la proteina, lo cual podria
estar relacionado con la parcialmente impedida traslocacion nuclear y/o el
desacoplamiento entre la unién del ligando y la estabilidad de una conformacion

apropiada para el reclutamiento de coactivadores transcripcionales como SRC-1.

Figura 9: Modos vibracionales para MR nativo (izquierda), MR-S839D (centro) y MR-S839p
(derecha).

Profundizando en el modo vibracional mas probable observamos que la regién que
presenta una mayor flexibilidad en la estructura del LBD cuando se introducen las
modificaciones se trata de la regién que forma el lazo entre las hélices H3 y H4 (Fig. 10;
datos no publicados). Dado que este area forma, junto a la hélice H12, la superficie de
interaccion con coactivadores, denominada region de activacion de la transcripcion-2
(AF-2; Moras et al., 1998), es posible que una flexibilidad aumentada dificulte su
funcién. Los resultados sugieren esta region como la base del cambio conformacional
que explica el pobre reclutamiento de coactivadores como SRC-1, que se unen a la

region AF-2, ante la fosforilacion de MR en el residuo en cuestion.
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Figura 10: Primer modo vibracional para MR nativo (izquierda), MR-S839D (centro) y MR-

S839p (derecha). El circulo blanco resalta la regién que une las hélices H3 y H4 del LBD.
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6.4 Mecanismo de accion del diurético Torasemida

La accion excesiva de MR durante la evolucion de las enfermedades cardiovasculares
resulta perjudicial, como demuestra el efecto beneficioso de la utilizacién de
antagonistas de MR en pacientes con insuficiencia cardiaca. Por otra parte, el uso de
diuréticos, particularmente diuréticos de asa como la torasemida, muestra una mejora en
la morbilidad y mortalidad por patologias cardiovasculares mediante diferentes
mecanismos. Se ha sugerido que la torasemida, a diferencia de otros diuréticos de asa
como la furosemida, podria producir un efecto beneficioso combinado sumando a su
carécter diurético el de antagonista de MR (Uchida et al., 1992). Sin embargo, esta
sugerencia se basa en observaciones indirectas, sin que se haya comprobado si la
torasemida es de hecho un antagonista de MR. Por ello, en este trabajo realizado en
colaboracion con el grupo del Dr. Frederic Jaisser (Centre de Recherche des Cordeliers,
Paris), evaluamos la accién de la torasemida en cardiomiocitos para dilucidar si actda
como un agente bloqueante de MR, comparando sus efectos con un antagonista clasico
de MR como la espironolactona (Gravez, Jimenez-Canino et al., 2013). Analizamos la
traslocacion nuclear de MR en la linea celular COS-7 en presencia o ausencia de los
farmacos y la actividad transcripcional en la linea celular HIC2, utilizando ensayos con
un gen reportero y evaluando la expresion de genes endogenos relacionados con el dafio
cardiaco inducido por aldosterona. Los resultados muestran cémo, a diferencia de la
espironolactona, la torasemida no modifica la traslocacién nuclear de MR, no es capaz
de reducir la transactivacién inducida por aldosterona y no bloquea la induccion de los
genes enddgenos ensayados. Estos resultados demuestran que la torasemida no actla
como un antagonista de MR, indicando que los efectos beneficiosos de este farmaco
para el tratamiento de la insuficiencia cardiaca son debidos a otras vias
complementarias, muy probablemente relacionadas con su potente actividad como

diurético.

6.4.1 La torasemida es incapaz de promover la traslocacion nuclear de MR
y no afecta a la traslocacion inducida por aldosterona
En primer lugar analizamos la cinética de traslocacion de MR inducida por aldosterona
en COS-7. Los resultados muestran como la traslocacién completa de MR en presencia
de 10 nM aldosterona en un tiempo inferior a 1 hora se ve afectada significativamente
por la presencia del antagonista de MR espironolactona 1 uM. Por el contrario, la

traslocacion del receptor mediada por la aldosterona no se altera en presencia del
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diurético torasemida 1 uM (Fig. 1; Gravez, Jimenez-Canino et al., 2013). Es de interés
observar como la espironolactona, a pesar de su efecto antagonista de la funcion del
receptor, es capaz de promover la traslocacion del mismo, aunque a velocidad muy
lenta. Este hecho es consistente con observaciones anteriores (Fejes Toth et al., 1998),
mientras que de nuevo en contraste, la torasemida no media traslocacion del receptor
(Fig. 1; Gravez, Jimenez-Canino et al., 2013).

Estos resultados ponen de manifiesto que la torasemida no muestra un comportamiento
similar a la espironolactona. Esta se une a MR provocando cierto cambio
conformacional que le permite traslocar al ndcleo, si bien el efecto inhibitorio de la
espironolactona no se ha relacionado con la competencia con aldosterona sino con la
adopcién de una conformacion ineficiente para el reclutamiento de coactivadores
(Farman et al. 2001). El hecho de que la torasemida no provoque la traslocacién del
receptor no significa que no se una al receptor. Sin embargo, el hecho de que no influya
en la cinética de traslocacion mediada por aldosterona demuestra que no compite con la
aldosterona por el mismo sitio de union, por lo que el posible mecanismo de accién

antagonista de MR tendria que ser alostérico y no competitivo.

6.4.2 La torasemida no bloquea la actividad transcripcional de MR sobre

genes reporteros
Los ensayos con el gen reportero de la luciferasa para cuantificar la transactivacion de
MR fueron llevados a cabo en la linea celular H9C2, una linea con bajos niveles de
expresion de MR (Fejes-Toth et al., 2007). Observamos como MR fue activado por
aldosterona (10 nM), induciendo la transcripcion de la luciferasa. Esta actividad fue
antagonizada por el tratamiento simultaneo con espironolactona (1 pM), mientras que
un antagonista de GR como el RU38486 (1 uM) no tuvo efecto sobre la transactivacion
de luciferasa mediada por aldosterona. Asi mismo, observamos como los antagonistas
por si solos no presentan ningun efecto (Fig. 2 B; Gravez, Jimenez-Canino et al., 2013).
Estos resultados demuestran la activacion especifica de MR por aldosterona en este
contexto celular. A continuacion se realizé un experimento de activaciéon de MR con
aldosterona (10 nM) y en presencia de concentraciones crecientes de espironolactona o
torasemida (10 nM - 1 uM), para comparar la capacidad inhibitoria de ambos sobre la
transactivacion de luciferasa inducida por aldosterona. Se observa como la

espironolactona tiene un efecto de inhibicion dependiente de la concentracién,
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consistente con el efecto competidor sobre el LBD de MR, llegando a inhibir
completamente la capacidad transactivadora de la aldosterona cuando se afiade una
concentracién 100 veces superior del antagonista. Por otra parte, la torasemida tiene un
leve efecto inhibidor independiente de la concentracion afiadida (Fig. 2 C; Gravez,
Jimenez-Canino et al., 2013). Para estudiar el potencial efecto inhibidor de la
torasemida se llevé a cabo el experimento utilizando una concentracion inferior de
aldosterona (1 nM, dentro del rango fisiol6gico del mineralocorticoide) encontrando que
no existe ningln efecto inhibidor de la accién de la aldosterona, incluso con una
concentracién 1000 veces superior de torasemida (Fig. S1; Gravez, Jimenez-Canino et
al., 2013).

6.4.3 La torasemida no tiene efecto antagonista sobre la expresiéon génica

endégena inducida por aldosterona
Para estudiar el posible efector inhibidor de MR de la torasemida en un contexto
fisioldgico, analizamos la capacidad de la aldosterona de inducir la expresion de genes
considerados diana de MR en cardiomiocitos, utilizando para ello la linea celular H9C2.
Mediante gPCR, testamos los efectos de la espironolactona en comparacion con la
torasemida, en la inhibicién del efecto de MR/aldosterona sobre la expresion de los
genes SGK-1 (kinasa inducible por suero y glucocorticoides), Orosomucoide-1,
Serpina-3, PAI-1 (inhibidor del activador de plasminégeno), RGS-2 (regulador de la
sefializacion por proteina G) y Tenascina-X. La torasemida por si sola fue capaz de
disminuir significativamente la expresion basal de Orosomucoide-1 y Tenascina-X, que
tienen una débil expresion en cardiomiocitos en ausencia de aldosterona (Fig. S2;
Gravez, Jimenez-Canino et al., 2013). En presencia de aldosterona 10 nM vy
concentraciones crecientes de espironolactona o torasemida (10 nM - 1 uM), la
actividad antagonista mostrada por la espironolactona no se observa en ningun caso con
la torasemida, incluso a altas concentraciones del diurético (Fig. 3; Gravez, Jimenez-
Canino et al., 2013).

Una vez maés, testamos el potencial papel antagonista de la torasemida utilizando una
concentracion inferior de aldosterona (1 nM) para situarnos en un rango fisioldgico,
encontrando que tampoco existe en este caso efecto inhibidor de la torasemida incluso
aumentando su concentracion 1000 veces por encima de la concentraciéon de

aldosterona, en contraste con el claro efecto de la espironolactona (Fig. 4; Gravez,
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Jimenez-Canino et al., 2013). También se estudié la posibilidad de que la torasemida
tuviera un efecto potenciador del antagonismo mostrado por la espironolactona,
seleccionando una dosis de espironolactona lo suficientemente baja (10 nM) para no
Ilegar a producir un efecto significativo de disminucion de la expresion de tres de los
anteriores genes en presencia de aldosterona 10 nM. Los resultados muestran como en
ningln caso la torasemida (1 pM) tuvo el efecto de sensibilizar a MR respecto a la

accion de la espironolactona (Fig. S2; Gravez, Jimenez-Canino et al., 2013).

En conclusién, los datos aportados en el presente trabajo no son consistentes con un
efecto antagonista de la torasemida, ya sea competitivo o alostérico. Las distintas
aproximaciones para compararla con la espironolactona, un conocido antagonista de
MR, no son compatibles con la actividad antagonista sugerida en publicaciones previas,
donde altas dosis de torasemida fueron capaces de inhibir la unién de la aldosterona a
MR en una fraccién citoplasmatica de homogeneizados de rifién de rata (Uchida et al.,
1992). Estos resultados podrian explicarse mediante un efecto tejido-especifico de la
torasemida, si bien este fendmeno no ha sido descrito nunca con antagonistas de MR ni
queda claro el mecanismo a través del cual podria generarse este efecto. En el futuro
seria interesante esclarecer si los efectos beneficiosos de la torasemida sobre el dafio
cardiaco, presumiblemente mediante mecanismos que previenen el desarrollo de
fibrosis, podrian ser complementarios al uso conjunto de antagonistas de MR, que actia

sobre distintas vias.
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7. CONCLUSIONES

e La acetilacion de HSP90 en la lisina 295 provoca alteraciones en la dindmica
subcelular de MR, asi como en su traslocacion nuclear. A diferencia de GR, esta
modificacion no provoca cambios en la actividad transcripcional del receptor.
Los resultados sugieren que la acetilacion de HSP90 podria modular la actividad
relativa de MR y GR en células que expresan ambos receptores.

e HSD2 estd SUMOilada en el residuo K266. Esta modificacion altera levemente
las caracteristicas cinéticas de la enzima, pero tiene una gran importancia en el
control de la localizacion subcelular de MR y de su actividad en presencia del

ligando cortisol.

e La fosforilacion de MR en la serina 839, ademas de disminuir la afinidad por
aldosterona, desacopla la union del ligando con la activacion del receptor,
interrumpiendo la interaccién con coactivadores transcripcionales. Esta
modificacién provoca la inactivacion de los dimeros del receptor de forma

dominante negativa, lo que amplifica el efecto funcional de la fosforilacion.
e El mecanismo de accién del diurético torasemida como farmaco cardioprotector

no tiene lugar mediante el bloqueo de la unién de MR a aldosterona, ni previene

la activacion del receptor por dicha hormona.
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Conclusions

8. CONCLUSIONS

o HSP90 acetylation in lysine 295 alters MR subcellular dynamics and nuclear
translocation. In contrast to GR, it does not cause changes in receptor
transcriptional activity. These results suggest that HSP90 acetylation may play a
role in balancing relative MR and GR activity when both factors are co-
expressed in the same cell.

e HSD2 is SUMOylated at residue K266. This modification slightly alters kinetic
features of the enzyme but presents a large importance in the control of MR

subcellular localization and activity in presence of the ligand cortisol.

¢ MR phosphorylation in serine 839 decreases affinity by aldosterone. In addition,
it uncouples ligand binding with receptor activation disrupting interaction with
transcriptional co-activators. Phosphorylation promotes inactivation of receptor
dimers in a dominant negative manner, effectively amplifying its functional
effect.

e The mechanism of action of the loop diuretic torasemide as a cardioprotective

drug does not occur by blocking aldosterone binding to MR and does not
prevent receptor activation by this hormone.
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ORIGINAL RESEARCH

Histone Deacetylase 6-Controlled Hsp90 Acetylation
Significantly Alters Mineralocorticoid Receptor
Subcellular Dynamics But Not its

Transcriptional Activity

Rubén Jiménez-Canino, Fabian Lorenzo-Diaz, Frederic Jaisser, Nicolette Farman,
Teresa Giraldez, and Diego Alvarez de la Rosa

Department of Physiology (R.J.-C., F.L.-D., T.G., D.A.d.I.R.), Institute of Biomedical Technologies and
Center for Biomedical Research of the Canary Islands, University of La Laguna, Tenerife 38071, Spain;
and INSERM UMRS 1138 (N.J., N.F.), Team 1, Centre de Recherche des Cordeliers, Université Pierre et
Marie Curie, Paris 75006, France

The mineralocorticoid receptor (MR) is a member of the nuclear receptor superfamily that trans-
duces the biological effects of corticosteroids. Its best-characterized role is to enhance transepi-
thelial sodium reabsorption in response to increased aldosterone levels. In addition, MR partici-
pates in other aldosterone- or glucocorticoid-controlled processes such as cardiovascular
homeostasis, adipocyte differentiation or neurogenesis, and regulation of neuronal activity in the
hippocampus. Like other steroid receptors, MR forms cytosolic heterocomplexes with heat shock
protein (Hsp) 90), Hsp70, and other proteins such as immunophilins. Interaction with Hsp90 is
thought to maintain MR in a ligand-binding competent conformation and to regulate ligand-
dependent and -independent nucleocytoplasmatic shuttling. It has previously been shown that
acetylation of residue K295 in Hsp90 regulates its interaction with the androgen receptor and
glucocorticoid receptor (GR). In this work we hypothesized that Hsp90 acetylation provides a
regulatory step to modulate MR cellular dynamics and activity. We used Hsp90 acetylation mimic
mutant K295Q or nonacetylatable mutant K295R to examine whether MR nucleocytoplasmatic
shuttling and gene transactivation are affected. Furthermore, we manipulated endogenous Hsp90
acetylation levels by controlling expression or activity of histone deacetylase 6 (HDAC6), the en-
zyme responsible for deacetylation of Hsp90-K295. Our data demonstrates that HDAC6-mediated
Hsp90 acetylation regulates MR cellular dynamics but it does not alter its function. This stands in
contrast with the down-regulation of GR by HDACS, suggesting that Hsp90 acetylation may play
arole in balancing relative MR and GR activity when both factors are co-expressed in the same cell.
(Endocrinology 157: 2515-2532, 2016)

The mineralocorticoid receptor (MR) isa member of the its epithelial downstream effectors result in the loss of

nuclear receptor superfamily of transcription factors  extracellular volume and mineral homeostasis, leading to

displaying high affinity for corticosteroids such as aldo-  disturbances in blood pressure (BP) control (3-5). MR is

sterone and cortisol (1). In tight epithelia, including the
distal kidney tubule, the collecting duct, or the distal co-
lon, aldosterone selectively activates MR, which in turn
mediates a transcriptional response enhancing transepi-
thelial Na™ reabsorption, and K* and H excretion (2).
Loss-of-function or gain-of-function mutations in MR or
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also expressed outside tight epithelia (1, 6, 7), leading to
the notion that this receptor could have pleotropic effects

Abbreviations: AR, androgen receptor; BP, blood pressure; CFP, cyan fluorescent protein;
CMV, cytomegalovirus; Fy, initial nuclear fluorescence; F,,,, maximal nuclear fluorescence
reached; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent
protein; GR, glucocorticoid receptor; HDAC, histone deacetylase; HRE, hormone respon-
sive element; HSD2, 11-B-hydroxysteroid-dehydrogenase type 2; Hsp90, heat shock pro-
tein; MR, mineralocorticoid receptor; NGAL, neutrophil gelatinase-associated lipocalin;
PLA, proximity ligation assay; SGK1, serum and glucocorticoid-induced kinase 1; t; , time
(min) at which fluorescence is halfway between Fy and F,,,, TSA, trichostatin-A; V,,, factor
determining how steeply nuclear accumulation changes with time; VSMC, vascular smooth
muscle cell; WT, wild type; YFP, yellow fluorescent protein.

doi: 10.1210/en.2015-2055 Endocrinology, June 2016, 157(6):2515-2532 press.endocrine.org/journal/endo 2515
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both in physiological and pathological settings (8). It is
now well established that among other multiple functions,
MR affects vascular smooth muscle and endothelial
pathophysiology (9), participates in differentiation and
function of adipocytes and the epidermal barrier (10, 11),
mediates aldosterone/NaCl-induced cardiovascular dam-
age (12), modulates central control of salt appetite and BP
(13), and is involved in regulating neurogenesis and neu-
ronal activity in the hippocampus (14).

It is generally accepted that most pathophysiological
effects of MR are ligand dependent, resulting from its ac-
tivation by aldosterone or glucocorticoids. Naive (unli-
ganded) MR is normally found distributed homogenously
between the cytosol and the nucleus, although cell type—
specific differences in subcellular distribution have been
reported (15). Upon ligand binding, MR shifts to the nu-
cleus where it interacts with coregulators to modulate the
expression of specific genes. MR nucleocytoplasmatic
shuttling and the maintenance of a competent conforma-
tion for ligand binding depend on the formation of het-
erocomplexes with other cytosolic factors, such as heat
shock protein (Hsp) 90, Hsp70, and immunophilins (16).
Hsp90 has been previously shown to be essential to main-
tain MR in a competent ligand-binding conformation and
to influence MR subcellular dynamic (17). Changes in the
amount of cellular Hsp90 shift the equilibrium between
cytosolic and nuclear-located naive MR (15). In addition,
it has recently been recognized that Hsp90 continues to
form a complex with MR after ligand binding (18, 19),
playing an important role in the process that turns the
receptor into competent form for modulating gene expres-
sion (18, 19). Therefore, any process controlling Hsp90
expression or activity, including post-translational mod-
ifications could be essential in modulating MR function.
These include phosphorylation, acetylation, S-nitrosyla-
tion, oxidation, and ubiquitination (20). Among them,
acetylation has been shown to be an important regulatory
modification of Hsp90 activity (21). The main regulatory
acetylation site in Hsp90 has been mapped to residue
K294 in H. sapiens Hsp90a (22). An acetylation-mimick-
ing mutation in K294 reproduces many but not all of the
characteristics of hyperacetylated Hsp90. It impairs inter-
action with cochaperones and client proteins, but it does
not disrupt ATP binding (22). Treatment of cells with hi-
stone deacetylase (HDAC) [also know as lysine deacety-
lases, KDACs (23)] inhibitors induces hyperacetylation of
Hsp90, impairing its chaperone and ATP-binding activi-
ties (24, 25). The acetyltransferase responsible for Hsp90
acetylation is currently unknown, but a prominent role for
HDACS in the deacetylation of Hsp90 is well established
both in cultured cells (24, 26) and in mice (27).

Effect of Hsp90 Acetylation on MR Function

Endocrinology, June 2016, 157(6):2515-2532

HDAC6-modulated Hsp90 acetylation has been
shown to regulate androgen receptor (AR) activity (28,
29). Glucocorticoid receptor (GR) is also modulated by
HDAC6-mediated Hsp90 deacetylation in cultured cells
(26, 30). In addition, embryonic fibroblasts derived from
HDAC6 knockout mice show impaired dexamethasone-
induced GR activation (65% lower transactivation of a
reporter gene) and correlates with lower nuclear translo-
cation (27). Furthermore, a physiological implication of
HDAC6-modulated hsp90 acetylation on GR function
has been found in serotonin neurons (31).

Based on these findings we hypothesized that Hsp90
acetylation at residue K294 (K295 in the mouse ortholog
protein) is involved in regulating MR subcellular dynam-
icsand transactivation function. To test this hypothesis we
examined the effect of Hsp90 acetylation-mimic mutant
K295Q or nonacetylatable mutant K295R on MR sub-
cellular localization, ligand-dependent nuclear transloca-
tion, and transactivation function in cell models with dif-
ferent endogenous levels of Hsp90 expression. We also
tested the effects of modifying endogenous Hsp90 acety-
lation levels by controlling HDAC6 expression or activity.

Materials and Methods

Plasmid constructs

A functional fluorescent MR with insertion of yellow fluo-
rescent protein (YFP) after amino acid 147 (MR-147-YFP) was
generated as previously described using a random transposon-
insertion procedure (32). To generate a derivative of this con-
struct with green fluorescent protein (GFP) (MR-147-GFP), YFP
was removed from MR taking advantage of Ascl flanking sites
introduced during the transposition process and the GFP coding
sequence was introduced using the same restriction site. The
same procedure was used to generate MR with an insertion of
three copies of the HA epitope (MR-147-HA). An NH,-terminal
fusion between GR and GFP (GFP-GR) has been described
previously (33). Mus musculus Hsp90a ¢cDNA (Ref.: NP_
034610.1) was obtained from the IMAGE Consortium (Gen-
eservice) and subcloned in peCFP-NT1 vector (Clontech) to pro-
duce an in-frame fusion with the cyan fluorescent protein (CFP).
Hsp90 acetylation-mimicking and nonacetylatable mutants at a
key regulatory lysine [K2935, equivalent to K294 in H. sapiens;
(22)] were introduced by site-directed mutagenesis using the
Quickchange Lightning Kit (Agilent Technologies). Mutations
were confirmed by DNA sequencing. Plasmid constructs for the
expression of wild type (WT) or catalytically inactive mutant
HDAC6 (H216A/H611A) fused to GFP or HA epitopes were the
kind gift of Dr Agustin Valenzuela-Fernandez (University of La
Laguna, Laguna, Spain) and have been previously described (34).
Knockdown of HDAC6 was achieved using commercially avail-
able specific siRNA (Mission esiRNA, Sigma) and compared
with the effects of an equivalent scrambled siRNA from the same
supplier.
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Cell culture and transfection

COS-7 cells derive from the kidney of a male adult African
green monkey and were cultured as described previously (15).
A10 cells (35), which derive from rat embryo thoracic aorta and
retain characteristics of vascular smooth muscle cells (VSMCs),
were cultured as described (15). HL-1 cell line was established
from an AT-1 cell-induced subcutaneous tumor excised from an
adult female C57BL/6] mouse (36) and was cultured as described
(15, 36). Plasmids were transfected alone or cotransfected with
HDAC6-specific siRNA with jetPRIME (Polyplus Transfection)
following the manufacturer’s instructions. pcDNA3.1(+) (Invit-
rogen) was used as a control in transfections. At the time of
transfections cells were washed and transferred to growth me-
dium supplemented with charcoal-stripped fetal bovine serum
serum (Lonza) to eliminate steroids. Twenty-four hours after
transfection, cells were treated with the indicated amounts of
aldosterone. When indicated, cells were treated for 4 hours with
1M trichostatin-A (TSA; Sigma), a class [ and [l HDAC inhib-
itor (including HDACS6) that induces potent acetylation of
Hsp90 (26).

qPCR

COS-7 cells were cotransfected with MR-147-YFP or GFP-
GR-encoding plasmids and HDAC6 or scrambled siRNA.
Transfected cells were treated with 10nM aldosterone for 2
hours. RNA extraction and gene expression analysis by qPCR
were performed essentially as described (32). Primers specific for
serum and glucocorticoid-induced kinase 1 (SGK1) have also
been previously described (32). Proteasome subunit beta type 6
and B-actin were used as internal standards and provided indis-
tinguishable results. For simplicity, we report all qPCR data nor-
malized to B-actin.

Western blot

Mouse Hsp90a was detected with mouse AC88 monoclonal
antibody (Calbiochem). HDAC6 was detected with a rabbit
polyclonal antibody (H-300; Santa Cruz Biotechnology). MR
was detected with mouse monoclonal antibody rMR365-4D6,
developed by Dr Celso Gomez-Sanchez (37) and obtained from
the Developmental Studies Hybridoma Bank (The University of
Iowa, Department of Biology, Iowa City, IA). When indicated,
proteins fused to GFP were detected using a polyclonal antibody
raised in rabbit (38), kindly provided by Dr Raimundo Freire
(Hospital Universitario de Canarias, Canarias, Spain). To con-
trol for total protein loading we used monoclonal antibodies
against glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Abcam) or B-actin (Sigma). Secondary antibodies conjugated
with peroxidase (GE Healthcare) were used at 1:20 000 dilution.
Western blots were developed with Immun-Star WesternC kit
(Bio-Rad) and signals were detected with a Chemidoc imaging
system (Bio-Rad) and quantified with the software provided by
the manufacturer (Image Lab, Bio-Rad).

Cell imaging and kinetic analysis of nuclear
translocation

Semiquantitative analysis of subcellular distribution in the
absence of aldosterone was performed as described previously
(15, 39). Briefly, cells were transfected with the indicated com-
bination of plasmids, grown for 48 hours in culture medium
supplemented with charcoal-stripped serum. Cells were then

press.endocrine.org/journal/endo 2517

fixed, mounted, and images were taken under a confocal micro-
scope. At least 75 cells per condition were scored into five cat-
egories (N, exclusive nuclear localization; N > C, predominant
nuclear localization; N = C, even distribution throughout cyto-
sol and nucleus; N < C, predominant cytosolic localization; C,
exclusive cytosolic localization). Data are shown as percentage
of cells in each category from the total amount of cells scored. To
confirm cotransfection with MR-147-YFP, cells were immuno-
stained using primary antibodies against HDAC6 or Hsp90 (see
above) and goat antimouse or antirabbit secondary antibodies
conjugated to Alexa fluor 594 (Invitrogen) following previously
published procedures (15).

Kinetic analysis of aldosterone-induced MR nuclear translo-
cation was performed as previously described (40). Briefly, cells
were transfected with MR-147-GFP and grown for 48 hours in
DMEM supplemented with charcoal-stripped fetal bovine se-
rum. Cells were then transferred to extracellular saline (in mM:
NaCl, 137; KCl, 4; CaCl2, 1.8; MgCl2, 1; glucose, 10; HEPES,
10; pH 7.4), placed under a Fluoview 1000 confocal microscope
(Olympus) in a temperature-controlled environmental chamber
set at 37°C and treated by adding 10nM aldosterone to the me-
dium. Images were collected for 1 hour at a sampling rate of one
every 2 minutes. Quantitative analysis of MR-147-GFP distri-
bution was performed frame by frame using the manufacturer’s
software (Olympus). Photobleaching of GFP over the experi-
mental period was less than 10% of the initial fluorescence. Data
processing and sigmoid curve fitting were performed using Igor
Pro (Wavemetrics) according to the following equation:

Fyax — Fo

Lyp-t
1+exp< |‘//z )

where F, is the initial nuclear fluorescence, F,,,, is the maximal
nuclear fluorescence reached, t,, is the time (min) at which flu-
orescence is halfway between F, and F,,,,,, and V,, is a factor
determining how steeply nuclear accumulation changes with
time.

F=F,+

In situ proximity ligation assay

MR interaction with Hsp90 was detected by in situ proximity
ligation assay (PLA) (41) using a commercially available kit
(Duolink, Olink Biosciences). COS-7 cells were transfected with
MR-147-HA and WT or K295Q Hsp90-CFP. MR-147-HA was
detected using a mouse monoclonal anti-HA antibody (clone
HA.11, Covance). Hsp90-CFP was detected using a rabbit poly-
clonal anti-GFP kindly provided by Dr Raimundo Freire. The
antibodies used in the assay were previously validated by immu-
nocytochemistry using previously described procedures (15).
Controls for specificity consisted on the omission of either one of
the transfected plasmids (MR-147-HA or Hsp90-CFP), omis-
sion of either one of the primary antibodies or treating cells with
10nM aldosterone overnight to disrupt MR-Hsp90 interaction.
Results were quantified using the software provided by the man-
ufacturer (Duolink Image Tool) and are expressed as average
number of puncta/cell area.

Transactivation assays

MR or GR transcriptional activity was assayed in COS-7 or
HL-1 cells as previously described (32). Briefly, cells were
cotransfected with a plasmid encoding MR or GR with a plasmid
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containing a synthetic promoter containing two copies of the
basic hormone-responsive element (HRE) fused to the firefly
luciferase gene (GRE2X-luc) and a plasmid containing Renilla
luciferase under the control of a cytomegalovirus (CMV) pro-
moter (CMV-ren). In certain experiments Hsp90 or HDAC6
constructs were included in the transfection mix as indicated in
the text. Total amounts of transfected DNA were kept constant.
Cotransfected Renilla and firefly luciferase activities were mea-
sured sequentially using a commercially available kit (Dual-Glo;
Promega). MR-dependent transcriptional activity was calcu-
lated as the ratio firefly luciferase/Renilla luciferase. To study
ligand-dependent MR and GR transcriptional activity in the con-
text of a promoter sequence from an endogenous target gene
instead of the synthetic GRE2X enhancer, we took advantage of
our previously characterized reporter construct with firefly lu-
ciferase under the control of approximately 800 bp of a genomic
fragment upstream of the transcriptional start site of mouse neu-
trophil gelatinase-associated lipocalin (NGAL or lipocalin 2).
Both MR and GR regulate NGAL and its promoter contains a
functional HRE (42). Results are given as normalized average +
SE. ECj,, values were calculated from normalized data fitted to
a log(agonist) vs response equation with variable slope using
Prism 5 (GraphPad).

Immunohistochemical analysis of MR expression
and Hsp90 acetylation

Endogenous levels of acetylated Hsp90 were specifically de-
tected using a polyclonal anti Hsp90-a acetyl K294 antibody
(Rockland Immunochemicals) on Sprague-Dawley male rats’
kidney and heart sections (43). Animal experimentation was per-
formed in accordance with the guidelines of the European Com-
munity and approved by our institutional animal care and use
committees. Tissues were fixed with paraformaldehyde, embed-
ded in paraffin, and processed for immunohistochemistry after
rehydration as described (44). MR staining was performed as
described (15) using the 12A7 monoclonal antibody (45). Anti
Hsp90-a acetyl K294 antibody was used at 1:200 dilution. Con-
trols omitting the first antibody did not produce any significant
signal.

Statistical analysis

Statistical analysis was performed using Prism 5 software
(GraphPad Software, Inc.). Unpaired Student ¢ test, one-way
ANOVA followed by Dunn’s multiple comparison test, or two-
parameter ANOVA with Bonferroni post test were applied as
indicated in each Figure.

Results

Hsp90 acetylation at residue K295 alters
subcellular localization of naive MR

Our previously published results demonstrated that na-
ive MR subcellular localization is shifted toward the nu-
cleus by low Hsp90 expression levels (15). Therefore, we
hypothesized that Hsp90 acetylation, a modification that
decreases its activity, would also result in enhanced nu-
clear MR localization. To test this hypothesis we used the

Effect of Hsp90 Acetylation on MR Function

Endocrinology, June 2016, 157(6):2515-2532

COS-7 cell model, which lacks endogenous expression of
the receptor (46). Transfection of MR-147-YFP, a previ-
ously characterized and fully functional fluorescent MR
derivative with insertion of YFP after amino acid 147 (32,
40), resulted in a heterogeneous subcellular localization of
the receptor, with some cells showing predominant cyto-
solic MR localization while others show various degrees of
distribution of MR between the nucleus and the cytosol
(Figure 1A). This is consistent with previously published
results describing the distribution of MR in the same cell
type (15, 47, 48). To test the influence of Hsp90 K295
acetylation on MR subcellular distribution we used acety-
lation-mimicking mutant Hsp90-K295Q and nonacety-
latable mutant K295R (22). All Hsp90 variants were
expressed as a fusion protein to CFP, which allowed re-
cording coexpression with MR under the confocal micro-
scope (Figure 1B). Hsp90 mutation did not alter MR total
cellular abundance, as assessed by Western blot (Figure
1C). The influence of Hsp90 variants on MR subcellular
localization was quantified by imaging and scoring trans-
fected cell into one of five categories. Overexpression of
WT or K295R mutant of Hsp90 did not alter naive MR
subcellular localization (Figure 1D). However, overex-
pression of Hsp90-K295Q, the acetylation-mimicking
mutant that produces a loss of Hsp90 activity, signifi-
cantly shifted MR toward the nucleus in the absence of
ligand (Figure 1, B and D).

We have previously described that the immortalized
HL-1 cardiomyocyte cell line expresses low levels of en-
dogenous Hsp90, producing a predominantly nuclear lo-
calization of naive MR (15). We took advantage of this
model to study the effect of Hsp90 acetylation mutants on
MR subcellular distribution in the absence of high levels of
competing endogenous Hsp90 expression. Consistent
with our previous results using WT MR (15), naive MR-
147-YFP was predominantly nuclear in HL-1 cells; coex-
pression of WT or K295R Hsp90-CFP reversed this phe-
notype and shifted MR toward the cytosol (Figure 2).
These results are consistent with the findings in the COS-7
cell model and suggest that not only Hsp90 expression
levels, but also its acetylation-dependent activity, are
important to determining nucleocytoplasmatic shut-
tling of MR.

MR subcellular dynamics depend on the HDAC6-
Hsp90 interplay

We next investigated whether altered endogenous
Hsp90 acetylation levels in COS-7 cells reproduce the
effect found with the acetylation-mimicking mutant. To
that end we manipulated expression and activity levels of
HDACS, the enzyme responsible for Hsp90 deacetylation
(26, 28-30). WT or dominant-negative mutant HDAC6
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Figure 1. Hsp90 acetylation shifts naive MR subcellular localization toward the nucleus in COS-7 cells. A, Representative images of COS-7
cells transfected with MR-147-YFP showing each category used for scoring the subcellular localization of the receptor in the absence of
ligand. At the time of transfection cells were switched to culture medium supplemented with charcoal-stripped fetal bovine serum. Cells
were fixed 48 h after transfection, mounted, and images were taken in a confocal microscope. DAPI was included in the mounting medium
to counterstain cell nuclei. N, exclusive nuclear localization; N > C, predominant nuclear localization; N = C, even distribution throughout
cytosol and nucleus; N < C, predominant cytosolic localization; C, exclusive cytosolic localization. B, Representative images of MR
subcellular distribution in COS-7 cells cotransfected with Hsp90-WT-CFP or Hsp90-K295Q-CFP. C, Western blot analysis of transfected MR
expression in COS-7 cells cotransfected with Hsp90-WT or K295Q. N.T., nontransfected cells. B-Actin was used as a loading control. D,
Quantitative analysis of MR-147-YFP subcellular localization in COS-7 cells cotransfected with an empty plasmid, Hsp90-WT, or mutants
K295Q or K295R. Values represent the average percentage of cells in each category from the total amount of cells scored in three
independent experiments. *, P < .05, one-way ANOVA.
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tion in COS-7 cells (Figure 3, C and
D), suggesting that endogenous
Hsp90 acetylation in these cells is
low. In contrast, overexpression of a
catalytically inactive HDAC6 mutant
with dominant negative effects [H216A/
H611A; HDAC6-DN; (34)] signifi-
cantly displaced MR toward the nucleus
(Figure 3, C and D).

The result described above is con-
sistent with increased Hsp90 acety-
lation, but could also be due to ef-
fects of HDAC6-DN mutant in the
acetylation of other target proteins,
such as a-tubulin (49). To test
whether the change in MR subcellu-
lar localization induced by HDAC6-
DN is due to changes in the acetyla-

A Merged

MR-147-YFP

MR-147-YFP
Hsp90-WT-CFP

tion status K295 in Hsp90 we coex-
pressed the nonacetylatable form of
Hsp90 (K295R). The results showed
that mutant K295R reverted the ef-
fect of HDAC6-DN on MR subcel-
lular localization (Figure 3D), thus
confirming that the effect is not re-
lated to HDACS off-targets but spe-
cifically to the acetylation status of
K295 in Hsp90.

To further test the role of HDAC6
B in controlling MR subcellular local-

MR-147-YFP
Hsp90-K295R-CFP

MR-147-YFP
Hsp90-K295Q-CFP

I MR ization we used siRNA to knock-
Il MR +Hsp90-WT d h . £ thi .
1007 3 R + Hsp90-K295R own the expression of this protein
9 [ MR +Hsp90-K295Q in COS-7 cells. We achieved a 50%
g 801 decrease in HDAC6 protein expres-
k= * . .
K] * sion when compared with cells trea-
g ted with scrambled siRNA, without
5 altering total endogenous Hsp90
2 07 expression (Figure 4A). HDACé6
Q
E 2 g knockdown was corroborated by
n - . . .
g immunolocalization of endogenous
ol = protein expression in the presence of
scrambled or anti-HDAC6 siRNAs
T T T T T .
o c?’\; 0,/\; d}k BN (Figure 4B). As expected, decreased

expression of HDAC6 produced a

Figure 2. Influence of Hsp90 acetylation on naive MR subcellular localization in HL-1 . o
cardiomyocytes. A, Subcellular localization of transfected MR-147-YFP in HL-1 cells cotransfected shift of MR localization toward the
with Hsp90-WT or mutants K295Q or K295R. B, Quantitative analysis of MR-147-GFP subcellular nucleus, consistent with a loss of
localization in HL-1 cells cotransfected with Hsp90-WT or mutants K295Q or K295R. Values
represent the percentage of cells in each category from the total amount of cells scored (N = 3). lati Fi 4C). The off f
*, P < .05, one-way ANOVA. Subcellular distribution categories were defined as in Figure 1A. ylation (Figure ). e ettect o
HDAC6 knockdown was reverted
overexpression did not alter cotransfected Hsp90 or MR by coexpression of the nonacetylatable mutant Hsp90-
expression levels (Figure 3, A and B). HDAC6-WT over- K295R (Figure 4C). Comparison of the amount of cells

expression did not modify naive MR subcellular localiza- ~ with MR distribution scoring in conditions C>Nand C <

Hsp90 activity due to increased acet-
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Figure 3. HDAC6-controlled Hsp90 acetylation alters MR subcellular lo
expression after transfection in COS-7 cells; lower panel, Hsp90 express
expression in COS-7 cells cotransfected with HDAC6-WT or HDAC6-DN
Representative confocal images of COS-7 cells cotransfected with MR-1
HDAC6 was detected by immunocytochemistry using a secondary antib

D, subcellular localization of MR-147-GFP in COS-7 cells cotransfected with HDAC6-WT, HDAC6-DN, or with HDAC6-DN + Hsp90-K295R. Bars
represent the average =+ SE of MR subcellular localization from two independent experiments.*, P < .05. Subcellular distribution categories were

defined as in Figure 1A.

N showed no statistically significant difference between
control conditions (MR + scrambled siRNA) and
HDAC6 knockdown with coexpressed Hsp90-K295R.
This further confirms that the effect of manipulating
HDACS6 on MR localization is not due to changes in acet-
ylation of other HDAC6 target proteins. Finally, pharma-
cological inhibition of class I and class Il HDACs, which
include HDACS6, by pretreating cells with 1uM TSA for 4
hours also induced a significant shift in MR subcellular
localization toward the nucleus (Figure 4C). Taken to-
gether, these results demonstrate that HDACé6-controlled
Hsp90 acetylation at residue K295 alters MR subcellular
distribution in the absence of ligand.

Acetylation partially impairs Hsp90 interaction
with MR

It has been previously described that acetylation at
K295 (K294 in H. sapiens Hsp90«) weakens the interac-
tion of Hsp90 with various client proteins, including AR
(22) and GR (26). To quantitatively assess whether K295
acetylation also controls Hsp90 interaction with MR we
used in situ PLA, a method that detects close proximity
between single molecules (41). COS-7 cells were cotrans-
fected with MR with an HA epitope tag (MR-147-HA)

Il MR +HDAC6-WT

+Hsp90-K295R

merged
N

calization. A, Western blot analysis of HDAC6-WT and HDAC6-DN

ion under the same conditions. B, Western blot analysis of transfected MR
. N.T., nontransfected cells. B-Actin was used as a loading control. C,
47-GFP and HDAC6-WT or HDAC6-DN. MR was detected by GFP emission;
ody conjugated to Alexa-fluor 594. Nuclei were counterstained with DAPI.

and WT or K295Q mutant Hsp90-CFP. Both conditions
produced PLA-positive signals in the form of discrete dots
in the cytosol of cells (Figure SA). Quantitative image anal-
ysis showed a 35% decrease in the amount of positive
MR-Hsp90-K295Q complexes compared with Hsp90-WT
(Figure 5B). Nontransfected cells produced a very low dot
density (approximately 0.3 % that of transfected cells; Fig-
ure 5B). Cells treated with 10nM aldosterone overnight to
disrupt the interaction between MR and Hsp90 totally
eliminated the PLA signal (Figure 5, A and B). In conclu-
sion, Hsp90 acetylation partially disrupts interaction of
the chaperone with MR.

Hsp90 acetylation accelerates aldosterone-induced
MR nuclear translocation

Hsp90 is not only important to control steroid receptor
subcellular localization but is also essential to maintain a
ligand binding competent conformation and, once the li-
gand is bound to the receptor, to chaperone its nuclear
translocation (18). To test whether Hsp90 acetylation af-
fects ligand-induced MR nuclear translocation we used
confocal microscopy analysis of living COS-7 cells trans-
fected with MR-147-GFP with or without cotransfecting
WT Hsp90 or mutants K295Q or K295R. Nuclear trans-
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Figure 4. siRNA-mediated HDAC6 knockdown or pharmacological inhibition of type I/type Il HDACs shift naive MR toward the cell nucleus. A,
Western blot analysis of siRNA-mediated HDAC6 knockdown, showing endogenous HDACE expression in COS-7 cells transfected with control
(scrambled) siRNA or anti-HDAC6 specific SiRNA. Hsp90 expression in the same cells is also shown. Anti-B-actin was used as loading control. Bars
represent average band intensity (= SE; n = 3) corrected by B-actin and normalized to control; *, P < .01, Student t test. B, Inmunofluorescence
localization of HDAC6 in COS-7 cells cotransfected with scrambled siRNA or anti-HDAC6 siRNA. C, Subcellular localization of MR-147-GFP in COS-
7 cells cotransfected with control (scrambled) siRNA or anti-HDACG6 specific siRNA, anti-HDAC6 siRNA and Hsp90—-K295R, or in cells pretreated for
4 h with 1M with TSA. Bars represent the average = SE of MR subcellular localization from two independent experiments. *, P < .05. Subcellular

distribution categories were defined as in Figure 1A.

location was complete within 1 hour in every condition
tested (Figure 6, A and B). However, in the presence of
Hsp90-K295Q, aldosterone-induced MR nuclear trans-
location showed a faster translocation halftime when
compared with conditions without overexpressed Hsp90
or when Hsp90-WT or K295R were cotransfected (¢, =
10 min for MR + Hsp90-K295Q, 20.6 min for MR, 26.3

min for MR + Hsp90-WT, and 30.3 min for MR +
Hsp90-K295R; Figure 6B). All other parameters derived
from sigmoid fitting of the data points were not statisti-
cally different between conditions (Figure 6B). These re-
sults demonstrate that the initial steps of aldosterone-in-
duced MR nuclear translocation are controlled by Hsp90
acetylation, although the hormone is able to induce full-

A B

PLA signal DAPI + PLA Analysis

0.20

0.15

0.10
0.00 _

Non Transfected
Normalized PLA signal

MR-147-HA
Hsp90-WT-CFP

MR-147-HA
Hsp30-K295Q-CFP

MR-147HA
Hsp30-WT-CFP
+ aldosterone

Figure 5. Mutation mimicking Hsp90 acetylation (Hsp90-K295Q) partially impairs MR-Hsp90 interaction. A, In situ proximity ligation assay (PLA)
detecting MR-Hsp90 interactions. Cells were fixed and after the PLA reaction was finished coverslips were mounted in the presence of DAPI to

counterstain nuclei. Left column shows representative images of the PLA reaction obtained in nontransfected COS-7 cells, cells cotransfected with
MR-147-HA, and WT or K295Q Hsp90, or cells cotransfected with MR-147-HA and WT Hsp90 and then treated with 10nM aldosterone overnight.
Middle column shows merged images with PLA signals and DAPI-stained nuclei. Right column shows PLA signal detection by analysis software. B,

Quantitative analysis of PLA signals. Bars represent the number of discrete dots normalized by cell area = SE (n = 19-22). *, P < .01, one-way
ANOVA followed by Dunn’s multiple comparison test.
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Figure 6. Hsp90-K295Q modifies the kinetics of aldosterone-induced MR nuclear translocation. A, COS-7 cells transfected with the indicated
combinations of MR-147-GFP and WT or mutant Hsp90 were placed under a confocal microscope and treated with 10nM aldosterone (time 0 indicates
hormone addition). Individual points represent the average percentage fluorescent intensity of the nucleus vs total cellular fluorescence (F) measured in
individual cells at the indicated time (+ SE; n = 5-13). Data points were fitted to Boltzmann sigmoidal curves (R? > 0.98 in each case). B, Translocation
kinetic parameters derived from curve fitting shown in panel A. Bars represent average + SE of the parameters indicated in each plot. £, bottom of the
curve; .., top of the curve; t,,, halfway between £, and F,,,.. V,, steepness of the curve. *, P < .05, one-way ANOVA followed by Dunn’s multiple
comparison test.

nuclear translocation within 1 hour in every experimental Given that mutation K295Q does not recapitulate all
group. features of Hsp90 acetylation (22) we decided to test the

effect of manipulating endogenous Hsp90 acetylation lev-
Hsp90 acetylation differentially affects ligand- els on MR activity. To that end we used overexpression of
dependent MR and GR transcriptional response HDAC6 mutants or siRNA-mediated knockdown. COS-7

To test whether MR activity is affected by Hsp90 acet-

. ) . cells expressing MR together with WT or dominant-neg-
ylation we examined aldosterone-dependent transactiva-

ative HDAC6 did not show any difference in aldosterone-
induced transactivation of GRE2X (EC;, = 0.05-1.2nM;
Figure 7B), consistently with the results obtained overex-

tion of a synthetic promoter containing two hormone re-
sponse elements, GRE2X. Cotransfection of MR and
Hsp90 with GRE2X-luc reporter gene in COS-7 cells and
overnight treatment with increasing doses of aldosterone ~ Pressing Hsp90-WT or K295Q. Interfering HDAC6 ex-

produced the expected dose-dependent response with an ~ Pression with siRNA also failed to alter MR/aldosterone-
ECs, of approx. 0.1nM (Figure 7A). Hsp90-K295Q did ~ induced gene transactivation (Figure 7C). To compare the
not alter aldosterone apparent affinity for MR (ECs, =  effect of HDAC6 knockdown on MR and GR activity, we
0.09-0.10nM) or the efficacy of the receptor (Figure 7A).  nextexamined GR/cortisol-induced transactivation. Anti-
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Figure 7. Hsp90 acetylation does not affect MR transcriptional efficacy but diminishes GR activity. A, Transactivation of a GRE2X-luc construct by
MR cotransfected with WT or mutant Hsp90 in COS-7 cells treated with the indicated doses of aldosterone for 16 h. Individual points represent
the average = SE (n = 6) normalized firefly luciferase/Renilla luciferase values. Data points were fitted to a log (agonist) vs response model (three
parameters) using Prism 5 software. B, Transactivation of a GRE2X-luc construct by MR in the presence or absence of WT or dominant-negative
HDAC6 cotransfected in COS-7 cells and treated with the indicated doses of aldosterone for 16 h. Individual points represent the average (n = 3)
+ SE normalized firefly luciferase/Renilla luciferase values. C, Transactivation of a GRE2X-luc construct by MR in COS-7 cells cotransfected with
scrambled or anti-HDAC6 siRNA and treated with the indicated doses of aldosterone for 16 h. Individual points represent the average (n = 5) + SE
normalized firefly luciferase/Renilla luciferase values. D, Transactivation of a GRE2X-luc construct by GR in COS-7 cells cotransfected with
scrambled or anti-HDAC6 siRNA and treated with the indicated doses of dexamethasone for 16 h. Individual points represent the average (n = 3)
+ SE normalized firefly luciferase/Renilla luciferase values. E, Transactivation of a GRE2X-luc construct by MR in HL-1 cells cotransfected with
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HDAC6 siRNA produced the expected decrease in GR
activity (Figure 7D), as described (26).

To test the effects of HDAC6 knockdown on MR and
GR transcriptional activity in a cellular background with
low levels of Hsp90 (15), we used HL-1 cardiomyocytes as
an expression system. Again, anti-HDAC6 siRNA had no
effect on MR when compared with scrambled siRNA, but
potently diminished GR activity (Figure 7, E and F).

We next tested whether the differential regulation of
MR and GR by HDAC6 knockdown depends on the spe-
cific promoter used to drive the reporter gene. To thatend,
we used a luciferase reporter under the control of the
mouse NGAL promoter, which contains a functional HRE
that confers MR- and GR-dependent regulation (42). Our
results showed that aldosterone-MR-dependent reporter
up-regulation was dose dependent and was not affected by
HDAC6 knockdown (Figure 8A). In contrast, dexameth-
asone-GR-dependent up-regulation was significantly di-
minished by HDAC6 knockdown (Figure 8B). This effect
was apparent both in the context of high Hsp90 expres-
sion (COS-7 cells; Figure 8, A and B) or low Hsp90 ex-
pression (HL-1 cells; Figure 8, C and D).

Taken together, these results suggest that HDAC6-depen-
dent Hsp90 acetylation does not affect MR transactivation
of target genes. This stands in contrast with the effect of
HDACS on decreasing GR activity, suggesting a regulatory
mechanism that could dynamically alter the relative contri-
bution of corticosteroid receptors to gene regulation.

In vivo Hsp90 acetylation is prominent in VSMCs
We next tested whether we could detect cell type-spe-
cific Hsp90-K295 acetylation in tissues where MR activity
has important functional roles. To that end we used a
commercially available anti-Hsp90-acetyl-K295 poly-
clonalantibody (31) on rat kidney and heart sections. Kid-
ney glomeruli or renal tubules did not show any detectable
level of acetylated Hsp90 (Figure 9A). In contrast, clear
labeling was detected in intracortical arteries and arteri-
oles, with a pattern consistent with localization of the
modified Hsp90 in smooth muscle cells (Figure 9A). For
comparison, we stained rat kidney cortex with anti-MR
antibodies, which produced clear labeling of distal
nephron, but not proximal tubules (Figure 9B). Prelimi-
nary experiments staining sections from aldosterone-
treated animals did not show any apparent change in
labeling (N. Farman and F. Jaisser, unpublished observa-
tions). Heart sections also showed exclusive acetylated
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Hsp90 staining in smooth muscle cells of coronary arteries
(Figure 9D), whereas anti-MR antibodies marked
cardiomyocytes nuclei (Figure 9E). Therefore, acetylated
Hsp90 is not detected in the aldosterone-sensitive nephron
or in cardiac myocytes but is present in VSMC.

Hsp90 acetylation and MR activity in VSMCs

Given the prominent Hsp90 acetylation detected in
VSMCs we used A10 cells, a cell line derived from rat
embryo thoracic aorta that retains VSMC characteristics
(35), to further study MR activity regulation by HDACé6-
dependent Hsp90 acetylation and compare it with GR
activity. To that end we cotransfected A10 cells with MR
or GR with control or HDACé6-specific siRNA and lu-
ciferase reporter plasmids under the control of GRE2X
synthetic promoter (Figure 10, A and B) or NGAL pro-
moter (Figure 10, C and D). Hormone dose-dependent
transactivation curves demonstrated that regardless of the
promoter used MR function was unaffected by HDACé6
knockdown (Figure 10, A and C). In contrast, GR-depen-
dent transactivation of both GRE2X and NGAL promot-
ers was significantly diminished (Figure 10, B and D).
These data are consistent with the results obtained in
COS-7 and HL-1 cells. Finally, we also tested whether MR
and GR regulation of a target endogenous gene was dif-
ferentially affected. SGK1 induction by MR/aldosterone
was unaffected by HDAC6 knockdown (Figure 10E). In
contrast, SGK1 induction by GR/dexamethasone was sig-
nificantly lower in cells cotransfected with HDAC6
siRNA, consistently with results obtained in COS-7 cells.
In summary, it seems that the differential effect of HDAC6
knockdown on MR and GR activities does not depend on
the cellular context.

Discussion

Here we show that increased level of Hsp90 acetylation at
residue K293 shifts naive MR subcellular distribution to-
ward the nucleus and accelerates ligand-induced nuclear
translocation, but has no apparent effect on gene trans-
activation. This stands in contrast with the large and dif-
ferential effect of Hsp90 acetylation on the activity of re-
lated steroid receptors. For instance, naive AR abundance
and subcellular localization is independent of Hsp90 acet-
ylation or HDACS activity (28). This study also showed
that HDAC6 knockdown inhibited AR target gene ex-

Figure 7. (Continued). scrambled or anti-HDAC6 siRNA and treated with the indicated doses of aldosterone for 16 h. Individual points represent
the average (n = 3) = SE normalized firefly luciferase/Renilla luciferase values. F, Transactivation of a GRE2X-luc construct by GR in HL-1 cells
cotransfected with scrambled or anti-HDAC6 siRNA and treated with the indicated doses of dexamethasone for 16 h. Individual points represent
the average (n = 3) + SE normalized firefly luciferase/Renilla luciferase values. The influence of hormone addition and cotransfected factor was
tested in every case by a two-parameter ANOVA followed by Bonferroni post tests. *, P < .05; ***, P < .001.
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Figure 8. HDAC6 down-regulation differentially affects MR and GR-mediated transcriptional activation of cellular promoters. A, Transactivation
of a reporter luciferase gene under the control of the mouse NGAL gene promoter fragment in COS-7 cells cotransfected with MR and scrambled
or anti-HDAC6 siRNA and treated with the indicated doses of aldosterone for 16 h. Individual points represent the average (n = 3) + SE
normalized firefly luciferase/Renilla luciferase values. B, Transactivation of NGAL-luciferase reporter in COS-7 cells cotransfected with GR and
scrambled or anti-HDAC6 siRNA and treated with the indicated doses of dexamethasone for 16 h. Individual points represent the average (n = 3)
+ SE normalized firefly luciferase/Renilla luciferase values. C and D, Experiments equivalent to those shown in panels A and B (NGAL-luciferase
induction mediated by MR- or GR-dependent transactivation) but performed in HL-1 cells. E, Induction of endogenous SGK1 expression after
treatment with 10nM aldosterone for 2 h in COS-7 cells cotransfected with MR and scrambled or anti-HDAC6 siRNA. Bars represent average =+ SE
fold change in SGK1 mRNA abundance normalized by B-actin expression levels (n = 3). F, Induction of endogenous SGK1 expression after
treatment with 100nM dexamethasone (dex) for 2 hours in COS-7 cells cotransfected with GR and scrambled or anti-HDAC6 siRNA. Bars represent
average =+ SE fold change in SGK1 mRNA abundance normalized by B-actin expression levels (n = 3). Statistical analysis: for experiments shown in
panels A-D, the influence of hormone addition and cotransfected factor was tested by a two-parameter ANOVA followed by Bonferroni post tests.
**x P < .001. For experiments shown in panels E and F, results were compared using an unpaired t test. n.s., Not significant; ***, P < .001.
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Figure 9. Immunohistochemical analysis of Hsp90 acetylation in rat kidney and heart shows predominant labeling in vascular smooth muscle
cells. A, Representative micrograph of a paraffin-embedded section of rat kidney cortex stained with anti-Hsp90-acetyl-K295 antibody. Staining
was restricted to renal arteries and arterioles (arrowheads). Renal tubules were negative for anti-Hsp90-acetyl-K295 staining (arrow). B, Rat kidney
cortex stained with 12A7 anti-MR antibody. Staining is prominent in distal nephron (arrowheads) but negative in proximal tubules (arrow). C,
Negative control of rat kidney cortex obtained omitting the primary anti-Hsp90-acetyl-K295 antibody. D, Representative micrograph of rat heart
stained with anti-Hsp90-acetyl-K295 antibody. Staining was restricted to coronary arteries and arterioles (arrowheads). E, Rat heart stained with
anti-MR antibody. Cardiomyocyte nuclei are clearly stained (arrowheads). F, Negative control of rat heart obtained omitting the primary anti-

Hsp90-acetyl-K295 antibody. Bars in panels A and D, 50 um.

pression by approximately 50% and that androgen
hypersensitivity depends on HDAC6-controlled Hsp90
acetylation/deacetylation and regulation of AR (28).
Down-regulation of AR signaling by Hsp90 acetylation
was confirmed in an independent study using a pharma-
cological inhibitor of HDACS6, although in this case
Hsp90 acetylation did result in a decrease in AR expres-
sion (29). In contrast, Hsp90 acetylation in an HDACé6-
regulated manner does not affect GR abundance but di-
minishes ligand binding, nuclear translocation, and gene
transactivation (26, 27, 30). These effects can be entirely
explained by rapid assembly-disassembly of GR-Hsp90
complexes, resulting in a loss in the proportion of the
receptors available for ligand binding at any given time
(30). The effects of Hsp90 acetylation or HDAC6 deple-
tion on MR had not been tested previously. It could be
anticipated that the effects of acetylation-dependent
Hsp90 degradation should be similar to pharmacological
inhibition of Hsp90 activity. Faresse et al (50) demon-
strated that inhibiting Hsp90 chaperone activity with
tanespimycin induced the recruitment of the ubiquitin li-
gase CHIP, MR ubiquitylation, and subsequent receptor
degradation and loss of transcriptional activity. In a dif-

ferent study, Grosmann et al (19) did not find alteration of
MR levels by geldanamycin, a related Hsp90 inhibitor, but
did report a decrease in nuclear translocation and inhibi-
tion of transactivation. Interestingly, this last study also
reported that Hsp90 inhibition partially prevented MR,
butno GR binding to DNA, already suggesting differential
effects of the chaperone between both receptors. Our
study clearly shows that acetylation of Hsp90 at residue
K295 is not equivalent to pharmacologically inhibiting
Hsp90 activity. Acetylation does not alter MR expression
level, shifts naive MR toward the nucleus, and makes li-
gand-induced nuclear translocation faster instead of pre-
venting it.

Altered MR nuclear translocation in response to de-
creased Hsp90 activity is predictable. It has become clear
thatafter ligand binding Hsp90 transiently continues to be
bound to MR and mediates interaction with nuclear trans-
location machinery (18, 19). Ligand binding to MR in-
duces the release of FKB51 and recruitment of FKBP52,
both Hsp90-interacting protein, linking the Hsp90-MR
heterocomplex to dynein/dynactin motors that mediate
MR nuclear import (18, 51). It is important to point out
that while our results suggest a differential effect of Hsp90
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Figure 10. Effects of HDAC6 down-regulation on MR and GR transcriptional activity in A10 vascular smooth muscle cell line. A, Transactivation of GRE2X-
luciferase reporter in A10 cells cotransfected with MR and scrambled or anti-HDAC6 siRNA and treated with the indicated doses of aldosterone for 16 h.
Individual points represent the average (n = 3) + SE normalized firefly luciferase/Renilla luciferase values. B, Transactivation of GRE2X-luciferase reporter in A10
cells cotransfected with GR and scrambled or anti-HDAC6 siRNA and treated with the indicated doses of dexamethasone for 16 h. Individual points represent the
average (n = 3) = SE normalized firefly luciferase/Renilla luciferase values. C and D, Experiments equivalent to those shown in panels A and B but performed
using the NGAL-luciferase reporter gene. E, Induction of endogenous SGK1 expression after treatment with 10nM aldosterone for 2 h in A10 cells cotransfected
with MR and scrambled or anti-HDACG6 siRNA. Bars represent average + SE fold change in SGK1 mRNA abundance normalized by B-actin expression levels (n =
3). F, Induction of endogenous SGK1 expression after treatment with 100nM dexamethasone (dex) for 2 hours in A10 cells cotransfected with GR and scrambled
or anti-HDAC6 SiRNA. Bars represent average + SE fold change in SGK1 mRNA abundance normalized by B-actin expression levels (n = 3). Statistical analysis: for
experiments shown in panels A-D, the influence of hormone addition and cotransfected factor was tested by a two-parameter ANOVA followed by Bonferroni
post tests. ***, P<.001. For experiments shown in panels E and F, results were compared using an unpaired t test. n.s., Not significant; ***, P < .001.
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acetylation in controlling GR and MR activity, the
cotransfection reporter gene assay is biased toward long
induction times. At shorter inductions (<1 h) it is difficult
to assess transcriptional activity. Aldosterone-mediated
transcriptional response has been traditionally character-
ized as comprising an early (1-3 h after stimulus) and a late
phase (>3 h), a classification that is mainly based on the
action of MR on transepithelial Na™ transport and the
regulation of the underlying channels and transporters
(52). A change in nuclear translocation kinetics may alter
the onset of first phase of aldosterone response, although
after 1 hour the translocation of MR is complete. Consis-
tent with this, our measurements of endogenous SGK1
induction by MR after stimulation with aldosterone for 2
hours did not show any significant alteration when
HDACS6 was knocked down. This stands in contrast with
the regulation of GR, which we found to be significantly
inhibited by HDAC6 knockdown, in agreement with pre-
vious studies (26,27, 30), both at long (16-h) and at short
(2-h) induction times. However, the lack of effect of
HDAC6 on MR-dependent induction of SGK1 does not
preclude the possibility that earlier induction of this or
other target genes, or even the early onset of nongenomic
responses, may be affected by Hsp90 acetylation.
HDAC:s have a well-established and wider role in nu-
clear receptor activity. For instance, selective inhibition of
class T or class IT have differential effects on GR transcrip-
tome (53). Regarding MR, Lee et al (54), recently dem-
onstrated that direct modification of MR by acetylation
decreases its activity attenuating hypertension and asso-
ciated cardiac hypertrophy and fibrosis (54, 55). MR acet-
ylation is promoted by CBP/p300 (56) whereas deacety-
lation is catalyzed solely by HDAC3 (54), a classIHDAC,
although HDAC4 participates in MR regulation by pro-
moting HDAC3 and MR interaction (57). Class Il inhib-
itors, which block HDACS, did not alter MR activity (54,
57). In addition, our experiments show that the effect of
HDACS loss on MR subcellular localization was reverted
by coexpression of a nonacetylatable form of Hsp90, mu-
tant K295R. This phenotypic rescue demonstrates that the
effects of HDAC6 on MR localization are directly medi-
ated by increased acetylation of residue K295 in Hsp90.
The results of this study suggest that Hsp90 acetylation
may play a role in balancing relative levels of MR and GR
activity. Thisis a particularly interesting possibility in cells
expressing little or no 11-B-hydroxysteroid-dehydroge-
nase type 2 (HSD2), such as VSMC. HSD2 metabolizes the
main glucocorticoids (cortisol and corticosterone) to an
inactive metabolite (cortisone), providing a local environ-
ment protected from the high circulating levels of gluco-
corticoids so aldosterone can access MR and differentially
regulate gene expression (58). This is particularly impor-
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tant in classic aldosterone-target tissues, where HSD2 is
essential in ensuring mineralocorticoid selectivity to con-
trol BP. However, in cells lacking HSD2 and coexpressing
GR and MR, glucocorticoids can potentially act through
both receptors. This is functionally relevant given that GR
and MR physiological functions are distinct and not ex-
changeable (59). We speculate that increased Hsp90 acet-
ylation in the absence of HSD2 may alter the balance be-
tween GR- and MR-mediated glucocorticoid-induced
gene transcriptional responses. This could be the case in
VSMC, where our results show that Hsp90-K295 acety-
lation is abundant. Another interesting possibility worth
exploring in the future is the hippocampus, where there is
prominent expression of MR and GR and the relative bal-
ance of activity between both receptors is functionally im-
portant (60).

Even in cells expressing HSD2, such as those of the
distal nephron, a possible differential regulation of MR
and GR by Hsp90 acetylation may still be important.
These cells coexpress MR and GR at a 1:2 ratio and even
though HSD2 provides a low glucocorticoid local envi-
ronment, sufficient unmetabolized hormone may remain
so it can activate both receptors (59). Testing this possi-
bility would require the use of cells with different levels of
HSD2 activity. This was not directly addressed in our
study. Previous reports showed that COS-7 cells lack en-
dogenous HSD2 expression (61, 62). In contrast, others
studies found significant enzymatic activity in these cells
and the related CV-1 cell line, although it seems that the
enzyme did not play a significant role in determining min-
eralocorticoid selectivity of MR (63). Regarding HL-1
cells, it seems that this line expresses low levels of HSD2
mRNA (64). However, we have observed that cortisol in-
duction of MR activity occurs with the normal dose de-
pendence, implying that there is no discernible enzymatic
HSD2 activity in these cells (Jimenez-Canino and Alvarez
de la Rosa, unpublished results).

An important question regarding the differential con-
trol of steroid receptor activity by acetylation relates to the
physiological control of acetylation-deacetylation cycle of
the receptors themselves or associated, functionally rele-
vant proteins such as Hsp90. The mechanisms regulating
HDACS itself, regarding its enzymatic activity and sub-
cellular trafficking mechanisms, as well as its cell type—
specific modulation, are still poorly known (65). It has
been shown that at least in a cultured cell line a GR agonist
such dexamethasone increases Hsp90 acetylation when
HDACE6 is down regulated (26), suggesting a potential
negative feedback mechanism to control the activity of the
receptor. In contrast, no evidence for aldosterone-induced
MR acetylation was found in transfected HEK293 cells
(54). However, classical biochemical work shows rapid
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aldosterone-induced changes in histone acetylation in kid-
ney tissue extracts (66). The physiological relevance of
these observations is at this point still unclear.

In summary, we have shown that HDACé-controlled
Hsp90 acetylation at residue K295 significantly alters MR
subcellular dynamics but does not have an effect on tran-
scriptional activity, at least in the late phase of the re-
sponse. Comparing these data with the known actions of
Hsp90 acetylation on GR activity suggests that Hsp90
acetylation may provide an important control point for
differentially regulating these two highly related steroid
receptors.

Appendix

Antibody Table.
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Table A1. Antibody Table

Antigen Sequence

Peptide/Protein Target (if known)

Name of Antibody

Manufacturer, Catalog
Number, and/or Name
of the Individual
Providing the Antibody

Species Raised
in; Monoclonal

or Polyclonal Dilution Used

HDAC6 Amino acids 916-1215 H-300 Santa Cruz Biotechnology, ~ Rabbit polyclonal ~ 1:1000 (WB); 1:200 (IF)
mapping at the C terminus catalog No. sc-11420
of HDAC6 of human origin
Hsp90 Full-length Hsp90 isolated from  AC88 Millipore (Calbiochem), Mouse 1:2000 (WB)
water mold, Achyla catalog No. 386040 monoclonal
ambisexualis
Human Hsp90 acetylated at Synthetic peptide HSP90 K294 Rockland Rabbit polyclonal  1:200 (IHC)
residue K294 corresponding to amino Inmunochemicals,
acids surrounding K294 of catalog No. 600-401-
human Hsp90« 981
MR Rat mineralocorticoid receptor  rMR365 4D6 Dr Celso Gomez- Mouse Undiluted hydridoma
amino acids 365-381 Sanchez (antibody monoclonal supernatant (WB)
available through the
Developmental Studies
Hybridoma Bank,
product No. rMR365
4D6)
MR Rat mineralocorticoid receptor MR1-18 12A7 Dr Celso Gomez-Sanchez Mouse 1:100 (IHC)
amino acids 1-18 [described in Gomez- monoclonal
Sanchez et al. (45)]
GFP eGFP expressed in E. Coli Anti-GFP Dr Raimundo Freire Rabbit polyclonal  1:3000 (WB); 1:1000
[described in Refolio et (IF); 1:200 (PLA)
al. (38)]
GAPDH Full-length native protein from  Anti-GAPDH Abcam, catalog No. 9484  Mouse 1:10 000 (WB)
human erythrocytes monoclonal
B-Actin SGPSIVHRKCF AC-40 Sigma-Aldrich, catalog No.  Mouse 1:1000 (WB)
A3853 monoclonal
HA epitope CYPYDVPDYASL HA.11 clone 16B12 Covance, catalog No. Mouse 1:1000 (WB); 1:1000
MMS-101R monoclonal (IF); 1:200 (PLA)
19G heavy chains and all classes Alexa Fluor 594 Goat  Life Technologies Goat polyclonal 1:500 (IF)
of immunoglobulin light Anti-Rabbit (Molecular Probes),
chains from rabbit 19G (H + L) catalog No. A-11037
Antibody
19G heavy chains and all classes Alexa Fluor 594 Goat  Life Technologies Goat polyclonal 1:500 (IF)
of immunoglobulin light Anti-Mouse (Molecular Probes),
chains from mouse 19G (H + L) catalog No. A-11005
Antibody
Purified immunoglobulin Amersham ECL GE Healthcare Donkey 1:20 000 (WB)
fractions from normal rabbit Mouse IgG, HRP- (Amersham), catalog polyclonal
serum Linked Whole Ab No. NA931
Purified immunoglobulin Amersham ECL GE Healthcare Sheep polyclonal ~ 1:20 000 (WB)

fractions from normal
mouse serum

Rabbit 1gG, HRP-
Linked Whole Ab

(Amersham), catalog
No. NA934

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO

UNIVERSIDAD DE LA LAGUNA
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA
En nombre de TERESA GIRALDEZ FERNANDEZ

15/02/2017 15:41:59

15/02/2017 21:26:03

142 /212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cadigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA
En nombre de ERNESTO PEREDA DE PABLO

Fecha: 16/02/2017 14:29:18

142 /212



doi: 10.1210/en.2015-2055 press.endocrine.org/journal/endo 2531
Program (Ministerio de Educacion, Spain). T.G. was supported by receptor in early nuclear events. Mol Cell Biol. 2010;30(5):1285~
the Ramon y Cajal Program (MINECO). 1298.
. . . 19. Grc C,Ruhs S, L bruch L, et al. Nuclear shuttling pre-
Disclosure Summary: The authors have nothing to disclose. S T S S

cedes dimerization in mineralocorticoid receptor signaling. Chem

Biol. 2012;19(6):742-751.
20. Mollapour M, Neckers L. Post-translational modifications of
Hsp90 and their contributions to chaperone regulation. Biochim

References Biophys Acta. 2012;1823(3):648-655.

21. YuX, GuoZS, M: MG. 1. Modulati fp53,ErbB1, ErbB2.
1. Arriza JL, Weinberger C, Cerelli G, et al. Cloning of human miner- u &, Huo £5, Marcu MG, et 2 0‘ ulation of o5, ErbB1, ErbB,
. and Raf-1 expression in lung cancer cells by depsipeptide
alocorticoid receptor complementary DNA: Structural and func- FR901228. | Natl Cancer Inst. 2002;94(7):504-513
tional kinship with the glucocorticoid receptor. Science. 1987; 5, Scroggins BT, Robzyk K, Wang D, et al. An acetylation site in the
237(4812):268-275. . . L . middle domain of Hsp90 regulates chaperone function. Mol Cell.
2. Fuller PJ, Young M]. Mechanisms of mineralocorticoid action. Hy- 2007;25(1):151-159
N sed (L) 27
pertension. 2005;46(6):1227-1235. 23. Choudhary C, Kumar C, Gnad F, et al. Lysine acetylation targets
3. Geller DS, Farhi A, Pinkerton N, et al. Activating mineralocorticoid protein complexes and co-regulates major cellular functions. Sci-
receptor mutation in hypertension exacerbated by pregnancy. Sci- ence. 2009;325(5942):834 -840,
ence. 2000;,289(5476):119-123. o 24. Bali P, Pranpat M, Bradner J, et al. Inhibition of histone deacetylase
4. Geller DS, Rodriguez-Soriano J, Vallo Boado A, et al. Mutations in 6 acetylates and disrupts the chaperone function of heat shock pro-
the mineralocorticoid receptor gene cause autosomal dominant tein 90: A novel basis for antileukemia activity of histone deacetylase
pseudohypoaldosteronism type I. Nat Genet. 1998;19(3):279-281. inhibitors. ] Biol Chem. 2005;280(29):26729-26734.
5. Lifton RP, Gharavi AG, Geller DS. Molecular mechanisms ofhuman 25, Nimmanapalli R, Fuino L, Bali P, et al. Histone deacetylase inhibitor
hypertension. Cell. 2001;104(4):545-556. LAQ824 both lowers expression and promotes proteasomal degra-
6. Lombés M, Oblin ME, Gasc JM, Baulieu EE, Farman N, Bonvalet dation of Ber-Abl and induces apoptosis of imatinib mesylate-sen-
JP. Immunohistochemical and biochemical evidence for a cardio- sitive or -refractory chronic myelogenous leukemia-blast crisis cells.
vascular mineralocorticoid receptor. Circ Res. 1992;71(3):503— Cancer Res. 2003;63(16):5126-5135.
510. 26. Kovacs JJ, Murphy PJ, Gaillard S, et al. HDAC6 regulates Hsp90
7. Reul JM, Pearce PT, Funder JW, Krozowski ZS. Type I and type II acetylation and chaperone-dependent activation of glucocorticoid
corticosteroid receptor gene expression in the rat: Effect of adrenal- receptor. Mol Cell. 2005;18(5):601-607.
ectomy and dexamethasone administration. Mol Endocrinol. 1989;  27. ZhangY,Kwon S, Yamaguchi T, etal. Mice lacking histone deacety-
3(10):1674-1680. lase 6 have hyperacetylated tubulin but are viable and develop nor-
8. Jaisser F, Farman N. Emerging roles of the mineralocorticoid recep- mally. Mol Cell Biol. 2008;28(5):1688-1701.
tor in pathology: Toward new paradigms in clinical pharmacology. 28. AiJ, Wang Y, Dar JA, et al. HDACG6 regulates androgen receptor
Pharmacol Rev. 2016;68(1):49-75. hypersensitivity and nuclear localization via modulating Hsp90
9. McCurley A, Pires PW, Bender SB, et al. Direct regulation of blood acetylation in castration-resistant prostate cancer. Mol Endocrinol.
pressure by smooth muscle cell mineralocorticoid receptors. Nat 2009;23(12):1963-1972.
Med. 2012;18(9):1429-1433. 29. G.il.Jbs A, Schwartzman J, Deflg V, Alumkal J. Sulforap‘hane. des.ta-

10. Farman N, Maubec E, Poeggeler B, Klatte JE, Jaisser F, Paus R. The h{hzcs the androgen receptor in prostate cancer cells by inactivating
mineralocorticoid receptor as a novel player in skin biology: Beyond histone deacetylase 6. Proc Natl Acad Sci U S A. 2009;106(39):
the renal horizon? Exp Dermatol. 2010;19(2):100-107. 16663-16668. )

11. Feraco A, Armani A, Mammi C, Fabbri A, Rosano GM, Caprio M. 30. MurphyPJ, Monshlma Y, Ko.vacs JJ; Yao TP, PratF W_B' Regulation

. s N . . . of the dynamics of hsp90 action on the glucocorticoid receptor by
Role of mineralocorticoid receptor and renin-angiotensin-aldoste- K i .
- » . P acetylation/deacetylation of the chaperone. | Biol Chem. 2005;
rone system in adipocyte dysfunction and obesity. ] Steroid Biochem 280(40):33792-33799
Mol Biol. 2013;137:99-106. (40): - : )
. . - . 31. Espallergues ], Teegarden SL, Veerakumar A, et al. HDAC6 regu-
12. Young M]. Mechanisms of mineralocorticoid receptor-mediated L . - : ”
Lo X . X 5 lates glucocorticoid receptor signaling in serotonin pathways with
cardiac fibrosis and vascular inflammation. Curr Opin Nephrol Hy- o s :
critical impact on stress resilience. | Neurosci. 2012;32(13):4400—
pertens. 2008;17(2):174-180. 4416

13. Gomez-Sanchez EP, Go.mez-SanchFZ _CE' Central regulation of 32. Aguilar-Sanchez C, Hernandez-Diaz I, Lorenzo-Diaz F, et al. Iden-
blood pressure by the mineralocorticoid receptor. Mol Cell Endo- - o S . .

10l 2012:350(2):289 298 tification of permissive insertion sites for generating functional flu-
crinol. 20125 N (2):28 7 =278. ) o . orescent mineralocorticoid receptors. Endocrinology.2012;153(7):

14. Joels M. Functional actions of corticosteroids in the hippocampus. 3517-3525
Eur]/Pharma/col. 20(_)8;583(2_3):312_321' . 33. Muller C, Cluzeaud F, Pinon GM, Rafestin-Oblin ME, Morfin R.

15. Hcrfxandcz-Dlefz L Glra?dczA T, Arnau MR, c.t al. T}?e mineralocor- Dehydroepiandrosterone and its 7-hydroxylated metabolites do not
ticoid receptorisa constitutive “Lfde“‘_r factorin cardiomyocytes due interfere with the transactivation and cellular trafficking of the glu-
to hyperactive nuclear localization signals. Endocrinology. 20105 cocorticoid receptor. | Steroid Biochem Mol Biol. 2004;92(5):469—
151(8):3888-3899. 476,

1e. G?klc M, Brc.tsc.hncidcr M, MCinf:l S_! Ruhs S, Qrossmann C. Rapid 34. Valenzuela-Fernandez A, Alvarez S, Gordon-Alonso M, Barrero M,
mineralocorticoid receptor trafficking. Steroids. 2014;81C:103- et al. Histone deacetylase 6 regulates human immunodeficiency vi-
108. ) L o rus type 1 infection. Mol Biol Cell. 2005;16(11):5445-5454.

17. Erlejman AG, Lagadari M, Toneatto J, Piwien-Pilipuk G, Galigni- 35, Kimes BW, Brandt BL. Characterization of two putative smooth
ana MD. Regulatory role of the 90-kDa-heat-shock protein (Hsp90) muscle cell lines from rat thoracic aorta. Exp Cell Res. 1976;98(2):
and associated factors on gene expression. Biochim Biophys Acta. 349-366.
2014;1839(2):71-87. 36. Claycomb WC, Lanson NA Jr, Stallworth BS, et al. HL-1 cells: A

18. Galigniana MD, Erlejman AG, Monte M, Gomez-Sanchez C, Pi- cardiac muscle cell line that contracts and retains phenotypic char-
wien-Pilipuk G. The hsp90-FKBP52 complex links the mineralo- acteristics of the adult cardiomyocyte. Proc Natl Acad Sci U S A.
corticoid receptor to motor proteins and persists bound to the 1998;95(6):2979-2984.

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion
Identificador del documento: 858046 Cédigo de verificacion: 6SYtlhLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03
En nombre de TERESA GIRALDEZ FERNANDEZ

143 /212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cadigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18
En nombre de ERNESTO PEREDA DE PABLO

143 /212



2532 Jiménez-Canino et al Effect of Hsp90 Acetylation on MR Function Endocrinology, June 2016, 157(6):2515-2532
37. Gomez-Sanchez CE, de Rodriguez AF, Romero DG, et al. Develop- binding domain is mediated by distinct interactions with tetratrico-
ment of a panel of monoclonal antibodies against the mineralocor- peptide repeat proteins. Biochemistry. 2008;47(39):10471-10480.
ticoid receptor. Endocrinology. 2006;147(3):1343-1348. 52. Verrey F. Early aldosterone action: Toward filling the gap between

38. Refolio E, Cavero S, Marcon E, Freire R, San-Segundo PA. The transcription and transport. Am | Physiol Renal Physiol. 1999;
Ddc2/ATRIP checkpoint protein monitors meiotic recombination 277(3 Pt 2):F319-F327.
intermediates. | Cell Sci. 2011;124(Pt 14):2488-2500. 53. Kadiyala V, Patrick NM, Mathieu W, et al. Class I lysine deacety-

39. Walther RF, Atlas E, Carrigan A, et al. A serine/threonine-rich motif lases facilitate glucocorticoid-induced transcription. | Biol Chem.
is one of three nuclear localization signals that determine unidirec- 2013;288(40):28900-28912. . . . )
tional transport of the mineralocorticoid receptor to the nucleus. 54. Lee HA, Lee DY, Cho HM, Kim SY, Iwasaki Y, Kim IK. Histone
] Biol Chem. 2005;280(17):17549-17561. deacetylase inhibition attenuates transcriptional activity of miner-

40. Gravez B, Tarjus A, Jimenez-Canino R, et al. The diuretic alocorticoid receptor thrgugh its acetylation and prevents develop-
torasemide does not prevent aldosterone-mediated mineralocorti- ment of hypertension. Circ Res. 2013;112(7)31004—1'012 )
coid receptor activation in cardiomyocytes. Plo§ One. 2013;8(9): ~ 35- Kang SH, Seok YM, Song MJ, Lee HA, Kurz T, Kim 1. Histone
e73737. deacetylase inhibition attenuates cardiac hypertrophy and fibrosis

41. Séderberg O, Gullberg M, Jarvius M, et al. Direct observation of through agetylation of mineralocorticoid receptor in spontaneously
individual endogenous protein complexes in situ by proximity liga- hypertensive rats. Mol Pharmacol. 2015;87(5):782-791. X
tion. Nat Methods. 2006;3(12):995-1000. 56. Seo M,. Song M, Seok YM, et al. Lysine acet)fltrz.insfe%'ase.s cyclic

42. Latouche C, El Moghrabi S, Messaoudi S, et al. Neutrophil gelati- adenosme monophosphate response element»bmdu}g bmd“:‘g, pro-
nase-associated lipocalin is a novel mineralocorticoid target in the t;‘" ar?d aceltyltraﬁsff:ase p300 atl:enualte Fransxrl;)ltlo.nal a;;{vltg of
cardiovascular system. Hypertension. 2012;59(5):966-972. ;’hc mmcr‘; l(’)lcvmr'lclmZOECSCftl;t(;r t55r;u§6161ts acetylation. Clin Lxp

43. Boulkroun S, Fay M, Zennaro MC, Escoubet et al. Characterization armaco ystor. 342(5): o0 . )

57. Lee HA, Song M], Seok YM, Kang SH, Kim SY, Kim 1. Histone
of rat NDRG2 (N-Myc downstream regulated gene 2), a novel early . e L.
. o A . deacetylase 3 and 4 complex stimulates the transcriptional activity
mineralocorticoid-specific induced gene. | Biol Chem. 2002; . L
of the mineralocorticoid receptor. PLoS Omne. 2015;10(8):
277(35):31506-31515. 0136801
. . N . ) .

44. S.aunte Marie .Y’ Toulon .A’ l aus R, et a,l' Ta-rgeted skin overexpres 58. Chapman K, Holmes M, Seckl J. 118-hydroxysteroid dehydroge-
sion of the mineralocorticoid receptor in mice causes epidermal at- . . L -

. - . .. nases: intracellular gate-keepers of tissue glucocorticoid action.

rophy, premature skin barrier formation, eye abnormalities, and Physiol Rev. 2013;93(3):1139-1206

] ) Y . 393(3):113 .
alopecia. Am ] Pathol. 2007;171(3):846-860. 59. Farman N, Rafestin-Oblin ME. Multiple aspects of mineralocorti-

45. Gomez-Sanchez CE, Warden M, Gomez-Sanchez MT, Hou X, Go- . L . X
. . L X coid selectivity. Am ] Physiol Renal Physiol. 2001;280(2):F181—
mez-Sanchez EP. Diverse immunostaining patterns of mineralocor- F192

ticoid  receptor monoclonal antibodies. Steroids. 2011;76(14): 60. DeKloet ER, Vreugdenhil E, Oitzl MS, Joéls M. Brain corticosteroid
1541-1545. . o receptor balance in health and disease. Endocr Rev. 1998;19(3):

46. OuXM, Storring JM, Kushwaha N, Albert PR. Heterodimerization 269-301
of mineralocorticoid and glucocorticoid receptors at a novel nega- 61. Rezaei M, Andrieu T, Neuenschwander S, et al. Regulation of 118-
tive response element of the S-HT1A receptor gene. | Biol Chem. hydroxysteroid dehydrogenase type 2 by microRNA. Hypertension.
2001;276(17):14299-14307. 2014;64(4):860-866.

47. FCiCS'Téfh G, Pcarc? Dj Néray-FciFs-T(?th A SU}BCCHUIM localiza- 3. Sadosky PW, Scammell JG. Increased production of 11beta-hydrox-
tion gf mmera]ocorncg:d receptors in living cel.ls: Effects of receptor ysteroid dehydrogenase type 2 in the kidney microsomes of squirrel
agonists and antagonists. Proc Natl Acad Sci U S A. 1998;95(6): monkeys (Saimiri spp.). Comp Med. 2008;58(2):180-187.
29'73{_2978- . 63. Lombes M, Kenouch S, Souque A, Farman N, Rafestin-Oblin ME.

48. Nishi M, Ogawa H, Ito T, Matsuda KI, Kawata M. Dynamic The mineralocorticoid receptor discriminates aldosterone from glu-
changes in subcellular localization of mineralocorticoid receptor in cocorticoids independently of the 11 beta-hydroxysteroid dehydro-
living cells: In comparison with glucocorticoid receptor using dual- genase. Endocrinology. 1994;135(3):834-840.
color labeling with green fluorescent protein spectral variants. Mol 64, Tsai CT, Chiang FT, Tseng CD, et al. Increased expression of min-
Endocrinol. 2001;15(7):1077-1092. eralocorticoid receptor in human atrial fibrillation and a cellular

49. Hubbert C, Guardiola A, Shao R, et al. HDAC6 is a microtubule- model of atrial fibrillation. ] Am Coll Cardiol. 2010;55(8):758—
associated deacetylase. Nature. 2002;417(6887):455-458. 770.

50. Faresse N, Ruffieux-Daidie D, Salamin M, Gomez-Sanchez CE,  65. Li Y, Shin D, Kwon SH. Histone deacetylase 6 plays a role as a
Staub O. Mineralocorticoid receptor degradation is promoted by distinct regulator of diverse cellular processes. FEBS J.2013;280(3):
Hsp90 inhibition and the ubiquitin-protein ligase CHIP. Am | 775-793.

Physiol Renal Physiol. 2010;299(6):F1462-F1472. 66. Libby PR. Histone acetylation and hormone action. Early effects of

51. Banerjee A, Periyasamy S, Wolf IM, et al. Control of glucocorticoid aldosterone on histone acetylation in rat kidney. Biochem ]. 1973;
and progesterone receptor subcellular localization by the ligand- 134(4):907-912.

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 858046

Cadigo de verificacion: 6SYt1hLi

Firmado por: UNIVERSIDAD DE LA LAGUNA

En nombre de RUBEN JIMENEZ CANINO

Fecha: 14/02/2017 15:54:28

UNIVERSIDAD DE LA LAGUNA
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA
En nombre de TERESA GIRALDEZ FERNANDEZ

15/02/2017 15:41:59

15/02/2017 21:26:03

1441212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cadigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

144 /212



CrossMark
«

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 36, pp. 1906819078, September 2, 2016
©2016 by The American Society for Biochemistry and Molecular Biology, Inc. - Published in the USA.

Phosphorylation of Mineralocorticoid Receptor Ligand
Binding Domain Impairs Receptor Activation and Has a
Dominant Negative Effect over Non-phosphorylated

Receptors®
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Rubén Jiménez-Canino,’ Miguel X. Fernandes, and © Diego Alvarez de la Rosa’

From the Departamento de Ciencias Médicas Bdsicas, Instituto de Tecnologias Biomédicas y Centro de Investigaciones Biomédicas
de Canarias (CIBICAN), Universidad de La Laguna, 38071 La Laguna, Tenerife, Spain

Post-translational modification of steroid receptors allows
fine-tuning different properties of this family of proteins,
including stability, activation, or interaction with co-regulators.
Recently, a novel effect of phosphorylation on steroid receptor
biology was described. Phosphorylation of human mineralocor-
ticoid receptor (MR) on Ser-843, a residue placed on the ligand
binding domain, lowers affinity for agonists, producing inhibi-
tion of gene transactivation. We now show that MR inhibition
by phosphorylation occurs even at high agonist concentration,
suggesting that phosphorylation may also impair coupling
between ligand binding and receptor activation. Our results
demonstrate that agonists are able to induce partial nuclear
translocation of MR but fail to produce transactivation due at
least in part to impaired co-activator recruitment. The inhibi-
tory effect of phosphorylation on MR acts in a dominant-nega-
tive manner, effectively amplifying its functional effect on gene
transactivation.

Steroid receptors (SRs)® are part of the nuclear receptor
superfamily of ligand-dependent transcription factors that
modulate gene transcription in response to changes in steroid
hormone levels (1). SRs present a modular architecture, with
three well defined domains: an NH,-terminal activation
domain (NTD), a central DNA binding domain, and a COOH-
terminal ligand binding domain (LBD). Generally, the apo
receptor resides in the cytosol forming a heterocomplex with
other proteins including chaperones such as heat-shock pro-
tein 90 (Hsp90). Ligand binding alters SR conformation, releas-
ing it from the complex and promoting translocation to the
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(Spain) Grant BFU2013-47089-R, European Cooperation on Science and
Technology (COST) network ADMIRE BM1301, and the European Union
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3 The abbreviations used are: SR, steroid receptor; GR, glucocorticoid recep-
tor; Hsp90, heat-shock protein 90; LBD, ligand-binding domain; MR, min-
eralocorticoid receptor; NTD, NH,-terminal domain; PLA, proximity liga-
tion assay; SRC-1, steroid receptor co-activator 1; YFP, yellow fluorescent
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nucleus, where it binds specific DNA sequences as a dimer and
alters transcription of target genes by recruiting transcriptional
co-regulators (2). Post-translational modifications, including
phosphorylation, ubiquitylation, sumoylation, and acetylation,
modulate SR stability and different steps on the activation path-
way, including receptor dimerization, DNA binding, and inter-
action with co-regulators (3).

Until recently, it was widely assumed that SR ligand affinity is
an intrinsic property defined by the structure of the LBD and
not subject to modulation by post-translational modifications.
However, Shibata et al. (4) have shown that regulated phosphor-
ylation of Ser-843 in the LBD of human mineralocorticoid
receptor (MR), a canonical member of the SR subfamily of
nuclear receptors, impairs its ability to mediate gene transacti-
vation by lowering ligand affinity. MR is closely related to the
glucocorticoid receptor (GR) and can be activated under phys-
iological conditions by mineralocorticoids such as aldosterone
and glucocorticoids such as cortisol or corticosterone. MR has
a wide variety of physiological and pathophysiological func-
tions, with a prominent role in regulating transepithelial ion
and fluid transport, which is essential for extracellular volume
homeostasis and, therefore, blood pressure control. Phos-
phorylation of MR Ser-843 is restricted to intercalated cells
of the distal nephron, where it has a physiological role in
controlling the differential activation of MR by aldosterone
under two different physiological conditions (volume deple-
tion versus hyperkalemia) (4).

Working with an MR phosphomimetic mutant, Shibata et al.
(4) showed that Ser-843 phosphorylation results in the loss of
ligand-induced nuclear translocation at physiological concen-
trations of aldosterone (1 nm) and, consequently, a loss of gene
transactivation. Ligand binding affinity is decreased by 2 orders
of magnitude (K, for [*H]aldosterone changed from 0.64 nm in
the wild-type receptor to 86 nM in mutant S843E) (4). Structural
modeling of the LBD suggested that phosphorylation of residue
Ser-843 may affect the interaction between helices H6 and H7
in the ligand-bound state.

Based on these results, we set out to answer two different but
related questions. 1) Does the phosphorylation of Ser-843
result only in decreased binding affinity or does it also affect
coupling between ligand binding and receptor activation? 2)
How does the proportion of phosphorylated versus non-phos-
phorylated MR affect receptor function? Our results demon-
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Mechanism of MR Modulation by LBD Phosphorylation

strate that agonists at high concentrations are able to induce
near-complete nuclear translocation of phosphomimetic
mutant receptors, albeit at a much slower rate, but are ineffec-
tive in inducing agonist-dependent gene transactivation. This
suggests altered coupling between ligand binding and receptor
activation, resulting in impaired interaction with co-regulators.
Moreover, phosphomimetic MR mutants have a dominant neg-
ative effect on WT receptor function, a feature that will amplify
the physiological effect of LBD phosphorylation.

Results

This study used a previously described fluorescent derivative
of mouse wild-type MR with insertion of yellow fluorescent
protein (YFP) after amino acid 147 of the MR sequence (5). This
construct is indistinguishable from the wild-type mouse recep-
tor in hormone-induced nuclear translocation, apparent affin-
ity for ligand-induced gene transactivation, DNA binding, and
regulation of non-genomic pathways (5). The construct, origi-
nally named MR-YFP-147 but referred to as MR-WT in this
study, was the basis to introduce phosphomimetic mutants
S839D and S839E (mouse Ser-839 is the equivalent of human
MR S843). To ensure that these constructs display the expected
affinities for aldosterone and are comparable with those
described by Shibata et al. (4) using human MR, we calculated
equilibrium dissociation constants (K,) with competitive bind-
ing assay in transfected COS-7 cells (Fig. 1). Results showed a
K, 0f1.07 nm for fluorescent MR-WT, which is in the expected
range for a wild-type receptor (K, 0.5-2 nm; Ref. 6). Phospho-
mimetic mutants S839D and S839E presented decreased affin-
ity for aldosterone, with K, values of 86.7 and 34.3 nm, respec-
tively, which are in the same range of the K, value described for
the equivalent mutation S843E in the human MR clone.

We then asked whether phosphorylation of MR at residue
843 impairs receptor activity exclusively by lowering ligand
affinity or whether it also uncouples ligand binding from recep-
tor activation. If the first option is correct, increasing aldoste-
rone concentration should result in normal nuclear transloca-
tion and gene transactivation. To test this hypothesis we
studied aldosterone-induced nuclear translocation using our
fluorescent derivative of wild-type mouse MR (MR-WT) and
compared it with the same receptor harboring phosphomi-
metic mutations. COS-7 cells transfected with WT, S839E, or
S839D MR were left untreated or exposed overnight to increas-
ing concentrations of aldosterone (0.1-100 nm) covering a
range of physiological (0.1-2 nm) to supra-physiological levels.
In the absence of ligand the vast majority of cells showed a
predominantly cytosolic MR localization (Fig. 2, A and C) as
previously described (7, 8). Mutations S839D or S839E did not
change naive MR subcellular localization (Fig. 2, A and C).
When cells were stimulated overnight with increasing concen-
trations of aldosterone, MR-WT translocated to the nucleus,
with >90% of the cells showing an exclusive MR nuclear local-
ization with as little as 1 nm aldosterone (Fig. 2, A and C).
In comparison, aldosterone partially translocated mutants
MR-S839D and MR-S839E. The effect started to be apparent at
1 nM aldosterone and continued growing with up to 100 nm
aldosterone, where ~90% of cells showed a predominantly
nuclear localization (Fig. 2, Band C). These results suggests that
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FIGURE 1. Phosphomimicking mutants MR-S839D and MR-S829E show
decreased affinity for aldosterone. COS-7 cells were transfected with WT or
mutant MR and the binding affinity for [*H]aldosterone (aldo) was measured
using a competitive binding assay. Cells were treated with a fixed concentration
of PHlaldosterone (1 nm for WT and 20 nm for mutant MR) in the presence of
increasing concentrations of unlabeled aldosterone. A, wild-type MR (MR-WT). B,
MR mutant $839D (MR-S839D). C, MR mutant S839E (MR-S839E). Data points are
an average of duplicate measurements and represent normalized specific bind-
ing. Calculated K, values are indicated for each plot.

phosphorylation of MR impairs nuclear translocation but only

to a limited extent, with a significant amount of receptor pres-
ent in the nucleus.
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Mechanism of MR Modulation by LBD Phosphorylation
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FIGURE 2. Phosphomimetic mutants MR-S839D and MR-S839E show partial ligand-induced nuclear translocation. A, representative images of YFP-
tagged wild-type MR (WT) subcellular localization in COS-7 cells in the absence of ligand or after overnight treatment with 10 nv aldosterone. B, representative
images of YFP-tagged MR-S839D subcellular localization in COS-7 cells in the absence of ligand or after overnight treatment with 10 nm aldosterone. C,
quantitative analysis of MR-WT, MR-S839D, and MR-S839E subcellular localization in the absence of ligand or after 16 h stimulation with the indicated
concentrations of aldosterone. Cells were scored into five different categories reflecting the localization of MR (C, exclusively cytosolic; C > N predominantly
cytosolic; C = N evenly distributed between nucleus and cytosol; C < N, predominantly nuclear; N, exclusively nuclear). Bars represent the average percentage
of cells = S.E. scored under each category (n = 3 independent experiment, with at least 75 cells scored in each group and experiment). No significant
differences between mutants S839D and S839E were detected in any of the conditions tested (unpaired t test). D, plot summarizing data shown in panel
C; each point represents the % of cells with either predominantly nuclear (C < N) or exclusively nuclear (N) MR localization for each of the three
constructs (WT, $839D, and S839E). Note that the x axis has been splitin two segments to be able to represent data from untreated (no aldosterone) cells
next to the treated cells in a log scale. **, p < 0.01 compared with control (no aldosterone) condition, one-way analysis of variance, followed by
Dunnett’s multiple comparison test.

To test whether decreased nuclear localization induced by
phosphorylation arises from slower nuclear import, we exam-
ined the kinetics of this process in COS-7 cells transfected with
MR-WT or phosphomimetic mutation S839D (both tagged
with YFP). To that end, living cells were placed under a confocal
microscope in a temperature-controlled chamber at 37 °C and
stimulated with 10 nm aldosterone. Images of the same cells
were taken every 2 min for up to 60 min after the addition of the
hormone, and the proportion of nuclear receptor was calcu-
lated in every cell for each time point. Representative images of
WT and S839D MR translocation are shown in Fig. 34. When
compared with the WT receptor, mutant S839D showed very
slow translocation kinetics, with <20% of the cytosolic receptor
translocated over the period of 1 h (Fig. 3, A and B). This
strongly suggests that impaired ligand-induced nuclear accu- A
mulation of the phosphomimetic MR mutant arises from
slower nuclear import. This in turn may arise from lower affin- 2
ity for the ligand but could also imply either decreased stability r T T T T T J
of aldosterone in the LBD or a defect in coupling ligand binding
with receptor conformational change.

We then tested the functional consequences of mutating
mouse MR residue Ser-839 for MR-mediated gene transactiva-

MR-WT >

MR-$839D

® MR-WT
0O MR-S839D

F (%)

Time (min)

FIGURE 3. MR-S839D shows a drastically reduced ligand-induced
nuclear translocation rate. A, representative images of cells transfected

tion. We tested non-phosphorylatable mutant S839A and
phosphomimicking mutants S839D and S839E. Aldosterone
dose-response luciferase reporter assays showed an EC, of 0.4
nM for MR WT, whereas S839A EC;, was 2.8 nm. Upon stimu-
lation with cortisol, WT MR displayed an ECg, of 9.8 nm, and

with YFP-tagged wild-type MR (MR-WT) or mutant S839D (MR-5839D) and
examined under confocal microscopy at 37 °C to detect nuclear translo-
cation induced by 10 nm aldosterone. Numbers refer to time after the
addition of aldosterone (min). B, quantitative analysis of MR-WT or
MR-S839D nuclear translocation. Individual points represent average =
S.E. (n = 9) percentage nuclear fluorescence intensity versus total cellular
fluorescence (F). Images taken once every 2 min after the addition of 10 nm
aldosterone, up to 60 min. Data points were fitted to Boltzmann sigmoid

MR-S839A had an ECs, of 19.3. As described with human

curves. The dashed line indicates the basal level of percentage nuclear
MR-S843E, mouse MR-S839E and mouse MR-S839D did not

localization.
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Mechanism of MR Modulation by LBD Phosphorylation

display aldosterone or cortisol-dependent gene transactivation
even at high doses of ligand (Fig. 4, A and B). Western blotting
analysis showed that the lack of MR-S839D or MR-S839E
transactivation and reduced MR-S839A transactivation were
not due to impaired protein expression (Fig. 4C).

The lack of any gene transactivation by MR-S839E or
MR-S839D at ligand concentrations where there is significant
nuclear translocation in the same time frame (compare Fig. 2
and Fig. 4) supports the idea that phosphorylation of MR LBD
not only lowers MR affinity for agonists but has a profound
impact on the ability of the ligand to activate the receptor.
Therefore, we hypothesized that the phosphomimetic mutant
may prevent efficient interaction with co-regulators. To inves-
tigate this possibility we tested ligand-induced MR interaction
with a well known co-activator, steroid receptor co-activator 1
(SRC-1) (9-11). SRC-1 displays a predominantly nuclear local-
ization both in control and aldosterone-stimulated conditions,
whereas MR shows the expected ligand-induced trafficking
from cytosol to nucleus (Fig. 54). To quantitatively assess MR-
SRC-1 interaction, we used a proximity ligation assay (PLA).
Co-transfection of MR-WT and SRC-1 resulted in a prominent
PLA signal in the cell nucleus only in the presence of aldoster-
one (Fig. 5B). Omission of either one of the transfected plas-
mids resulted in the absence of signal (Fig. 5, B and C). Quanti-
tative analysis demonstrated that PLA signal was drastically
reduced (to ~15% of the WT signal) when the phosphomimetic
mutants MR-S839D or MR-S839E were co-transfected with
SRC-1 (Fig. 5, Band C).

Based on MR LBD crystal structure, Shibata et al. (4) pre-
dicted that phosphorylation of residue Ser-843 could affect
ligand binding and/or receptor activation. Indeed, their exper-
imental measurements of WT and phosphomimetic mutant
S843E K, for aldosterone showed decreased affinity (from 0.63
nM to 86 nm) (4). To further investigate the possible effects of
phosphorylation at Ser-843, we modeled this post-translational
modification using available crystal structures of MR LBD as
templates (12). Using this model we performed docking calcu-
lations to estimate the energy of interaction of aldosterone, cor-
tisol, and spironolactone to MR LBD in the WT form with phos-
phorylated Ser-843 or introducing phosphomimetic
mutation S843D (Table 1). To validate docking parameteriza-
tion, we compared the position of aldosterone as calculated by
docking with the position of aldosterone as determined by x-ray
crystallography. Both were practically superimposable (not
shown). Docking interaction energy for aldosterone was only
slightly affected by phospho-Ser-843, S843D or S839E modifi-
cations (Table 1), suggesting that the decreased affinity
observed by Shibata et al. (4) may have a kinetic basis rather
than a change in equilibrium interaction. Given that interca-
lated cells, where Ser-843 phosphorylation has been described,
lack 11-B-hydroxysteroid-dehydrogenase type 2 and its MR
may, therefore, be activated by cortisol (4, 13), we also calcu-
lated docking energy for this hormone. In contrast to aldoste-
rone, cortisol appears to bind slightly more stably to the modi-
fied LBD (Table 1), again suggesting that the absence of cortisol
transactivation of phosphomimetic mutants observed previ-
ously (4) and confirmed here (Fig. 4B) does not arise from
impaired equilibrium interaction with MR LBD. Spironolac-
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FIGURE 4. MR-S839D and MR-S839E mutants are unable to mediate
ligand-induced gene transactivation. Aldosterone (A) and cortisol (B) dose-
response gene transactivation curves corresponding to WT MR, or mutants
MR-5843D, MR-S839E, and MR-5843A. Individual points represent the aver-
age * SE. (n = 3)firefly/Renilla values normalized to the maximum activity in
each construct. Data points were fitted to a variable slope model (four param-
eters). C, Western blotting analysis of WT and mutant MR expression in COS-7
cells. NT, non transfected cells. The same blot was consecutively probed with
anti-MR and anti-B-actin antibodies. Arrowheads mark the migration of
molecular mass markers (values in kDa).

JOURNAL OF BIOLOGICAL CHEMISTRY 19071

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046

Cadigo de verificacion: 6SYt1hLi

Firmado por: UNIVERSIDAD DE LA LAGUNA

En nombre de RUBEN JIMENEZ CANINO

Fecha: 14/02/2017 15:54:28

UNIVERSIDAD DE LA LAGUNA

15/02/2017 15:41:59

En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA
En nombre de TERESA GIRALDEZ FERNANDEZ

15/02/2017 21:26:03

148 /212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cadigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA
En nombre de ERNESTO PEREDA DE PABLO

Fecha: 16/02/2017 14:29:18

148 /212



Mechanism of MR Modulation by LBD Phosphorylation
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FIGURE 5. Phosphomimetic mutants MR-S839D and MR-S839E impair interaction with co-activator SRC-1 after aldosterone treatment. A, subcellular
distribution of YFP-tagged wild-type MR (MR-WT) and HA-tagged SRC-1 transfected in COS-7 cells and treated or not with 10 nm aldosterone (aldo) for 24 h. B,
representative images of proximity ligation assay results examining the interaction of MR with SRC-1. C, quantitative analysis of MR-SRC-1 interaction when WT
or mutant MR were co-transfected with SCR-1 and treated with 10 nm aldosterone. Bars represent the average number of puncta/cell + S.E. (n = 36-40 cells
per condition). Negative controls consisted on the omission of aldosterone treatment (—aldo) or leaving out either MR (—MR-WT) or SRC-1 (—SRC-1) from the
transfection mix. **** p < 0.0001; n.s., no significant difference when compared with MR-WT+aldo condition; Kruskal-Wallis test followed by Dunn’s multiple
comparisons test.

TABLE 1

Dockinginteraction energies (kcal mol ") of ligands with modeled MR
WT, mutant, or phosphorylated ligand binding domain
Calculations assume an error of * 0.3 kcal mol ™.

three ligands were almost identical in the model incorporating
a phosphorylation of Ser-843 when compared with mutation
S843D (Table 1) but not compared with mutation S843E, sug-
gesting that using phosphomimetic mutation S843D may be a

MRLBD variant  Aldosterone  Cortisol  Spironolactone So ]

P s oo PB 2 better approximation to study the effects of Ser-843 phosphor-
Ser-843 —11. -9, —13. Lo :

$843D 108 108 120 ylation in MR function.

S843E -3 —112 —135 To investigate the functional impact of partial MR phosphor-
Ser(P)-843 -10.8 -10.6 -123

ylation we co-expressed different proportions of WT and
$843D receptors in COS-7 cells. To ensure that the different

tone showed a decrease in docking energy interaction with Ser-
843 phosphorylation and $843D mutation but not with S843E
mutation (Table 1). Interestingly, interaction energies for the

proportions of plasmids produced the desired protein expres-
sion levels, we performed Western blotting analysis of receptor
expression. Both receptors were recognized by the same
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Mechanism of MR Modulation by LBD Phosphorylation
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FIGURE 6. MR-WT and MR-S839D dimerize normally and show partial nuclear translocation. A, Western blotting analysis of HA-tagged wild-type MR
(MR-HA-WT) and YFP-tagged MR S839D mutant (MR-YFP-5839D) protein levels after transfection of coding plasmid in the indicated proportions (WT-5839D).
NT, non transfected cells. To differentiate between WT and mutant proteins a construct containing YFP and mutation S839D was used. Arrowheads indicate the
migration of molecular mass markers (values in KDa). B, representative images of proximity ligation assays showing equal level of MR dimerization in the
absence or presence of $839D mutation. C, quantitative analysis of of MR-HA-WT interaction when MR-YFP-WT or mutant MR-YFP-S839D in cells treated with
10nmaldosterone. Negative controls consisted on the omission of either the MR-HA-WT (—WT) or the MR-YFP-S839D (—S839D) plasmids in the co-transfection.
Bars represent the average number of puncta/cell = S.E. (n = 35-45 cells per condition; n.s., no significant difference; ****, p < 0.0001; Student’s t test). D,
quantitative analysis of wild-type and S839D MR subcellular localization co-expressed in different proportions (3:1; 1:1, or 1:3) and stimulated with 10 nm
aldosterone for 16 h.

anti-MR antibody but could be differentiated due to their dif- dimerization and it is able to form dimers with WT MR, we
ferent molecular weight produced by fusing YFP to MR-S839D.  used PLA (Fig. 6B). Quantification of PLA results showed that
Co-expression of both receptors using 1:3, 1:1, and 3:1 plasmid MR dimerization was identical in the absence or presence of the
proportions gave the expected ratios between WT and mutant ~ S839D mutation (Fig. 6C). This result indicates that WT MR
MR (Fig. 6A). To confirm that S843D mutation does not disrupt ~ subunits do not discriminate between WT and S839D-contain-
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Mechanism of MR Modulation by LBD Phosphorylation

TABLE 2

Expected subunit composition of wild type and S839D heterodimers

Probabilities of different dimers are shown below for each possible plasmid combi-
nation, expressed in percentage. Assuming that both plasmids are processed equally
to produce protein and that dimerization is not affected by S839D mutation, it is
expected that the probability of heterodimer composition follows a binomial distri-
bution given by the expression p, = P P, where p; is the probability of i (0, 1, or
2) wild type subunits in a dimer (7 = 2), and P,,, and P,, are the probabilities of
encountering a wild type or S839D mutant in the total protein pool depending on
the proportions of plasmids transfected.

T 1 Type of dimer formed
proportions WT-WT WT-$839D $839D-5839D
31 56.25% 37.5% 6.25%

11 25 50 25

13 6.25% 37.5% 56.25%

ing subunits for dimerization. Therefore, we predicted that the
distribution of WT-WT, WT-S839D, and S839D-S839D dimers
when different proportions of WT MR and S839D mutant are
co-transfected should follow a binomial distribution (calcu-
lated abundances of each type of dimer are shown in Table 2).
We next investigated subcellular localization of three different
conditions where WT-S839D proportions were variable (Fig.
6D). Subcellular distribution in the absence of ligand did not
show any variation, as predicted by experiments transfecting
each variant individually (shown in Fig. 1B). Subcellular local-
ization of WT and S839D proteins in the presence of 10 nm
aldosterone varied consistently with partially impaired nuclear
localization of the S839D mutant (Fig. 6D and Table 3). Trans-
activation levels corresponded closely with the predicted
amounts of WT homodimers (Fig. 7 and Table 2), indicating
that heterodimers between WT and phosphomimetic S839D
MR are transcriptionally inactive (Fig. 7). These results demon-
strate that phosphorylation at residue Ser-839 has a dominant
negative effect on MR activity.

It has previously been described that MR is able to het-
erodimerize with GR and affect its function. Using COS-7 cells
as an expression model, Liu et al. (14) demonstrated that co-ex-
pression of MR diminishes GR-dependent transactivation,
likely due to weak transcriptional activity of heterodimers. To
test whether phosphorylation of MR residue Ser-839 affects GR
activity, we co-transfected COS-7 cells with GR, WT MR, or
phosphomimicking mutant MR-S839D and assessed dose
dependence of cortisol-induced transactivation. MR and GR
co-expression at a 1:1 ratio decreased luciferase induction by
50% at saturating cortisol concentrations when compared with
GR expressed alone (Fig. 84), consistent with previously pub-
lished data (14). When GR was co-expressed with MR-S839D at
a 1:1 ratio luciferase, transactivation further decreased to 25%
that of maximum activity achieved when GR was expressed
alone (Fig. 84). The effect of MR-S839D co-expression on cor-
tisol-induced MR activity was the same as the one detected with
aldosterone (Fig. 8B). These observations are consistent with a
model where MR‘GR heterodimers possess very low or null
transactivation capacity, with most of the detected cortisol-in-
duced transactivation being conducted by GR*GR and MR-MR
heterodimers. Because phosphorylated MR is inactive and acts
as dominant negative toward non-phosphorylated MR, this
post-translational modification would only further decrease
cortisol-mediated gene transactivation in cells co-expressing
MR and GR.

TABLE 3

Subcellular localization of MR and MR-5839D co-expressed in COS-7 cells
at different proportions and stimulated with 10 nw aldosterone for 16 h
Values express average percentage of cells in each category as obtained in the exper-
iments shown in Fig. 6C. Rows corresponding to unmixed conditions (only one
plasmid transfected) contain dashes to indicate the missing MR form (W'T or S839D
mutant).

N N>C N+N>cC?
MR-MR-S839D“ wT S839D wT S839D wT S839D
1.0 91.5 - 6.6 - 98.1 -
0:1 - 1.0 - 78.6 - 79.6
31 93.7 16.7 4.4 64.8 98.1 815
L1 90.4 3.8 8.6 79.6 99.1 83.4
13 81.7 1.9 17.6 787 99.3 80.6

b

Proportions of transfected plasmids.
Values obtained by adding the percentage of cells in N and N>C categories.

1201
® MRWT
O WT:S839D (3:1)

1001 g \wris83eD (1:1) o
O WT:S839D (1:3)

so{ A MR-s839D

604

Relative luciferase activity

A1 -0 -9 -8 7 -6
Aldosterone (log[M])

FIGURE 7. Phosphomimetic mutant MR-S839D displays dominant-nega-
tive activity over wild-type MR. The plot represents aldosterone-depen-
dent reporter transactivation obtained after co-expression of wild-type and
$839D MR in the indicated proportions. Individual points represent the aver-
age * SE.(n = 3)firefly/Renilla values normalized to the maximum activity in
each construct. Data points were fitted to a variable slope model (four
parameters).

Discussion

Our results show that physiological and supra-physiological
doses of aldosterone are able to induce at least partial translo-
cation of phosphomimetic mutants MR-S839D and S839E, but
the mutants are totally impaired for gene transactivation. This
correlates with an inability to recruit a common MR co-activa-
tor, SRC-1. In silico modeling of the effect of Ser-839 phosphor-
ylation on ligand docking energy suggests that this modification
displays minor effects on steady-state ligand interaction. When
co-expressed with WT receptor, MR-S839D decreased gene
transactivation to an extent consistent with a dominant nega-
tive role in the SR dimer, consistent with a model where only
one phosphorylated unit in the dimer will completely impair
MR activity. Finally, our data suggest that MR phosphorylation
at residue S839D will further impact cortisol-induced gene
transactivation in cells co-expressing MR and GR.

Based on the previous work by Shibata et al. (4) and the data
presented in this work, we can clearly see how there is good
agreement between WT receptor K, (1.07 nm) and EC, (0.4
nwm) for aldosterone. In contrast, there is a large difference when
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FIGURE 8. Exp! ion of phosph ic mutant MR-S839D lowers cor-
tisol-induced gene transacti when MR and GR are co-expressed in

the same cell. A, Cortisol-dependent reporter transactivation obtained after
co-expression of wild-type or S839D MR with wild-type GR in the indicated
proportions. B, Cortisol-dependent reporter transactivation obtained with
wild-type MR, MR-S839D, or after co-expression of wild-type and mutant
receptors. Individual points represent the average =+ S.E. (n = 3)firefly/Renilla
values normalized to the maximum activity. Data points were fitted to a vari-
able slope model (four parameters).

phosphomimetic mutants S839D or S839E (Ser-843 in the
human sequence) are examined, with a K, of 86.7 and 34.3 nwm,
respectively, but no gene transactivation detectable, even at 1
M aldosterone (see Fig. 4A4). This discrepancy between K, and
EC,, is reminiscent of MR activation by cortisol. K, for cortisol
and aldosterone are in the same order of magnitude (0.5-2 nm),
but ECy, for cortisol is 10 nwm (for review see Ref. 6). The dis-
crepancy between K, and EC, for cortisol-induced MR activa-
tion has been explained by the fast off-rate of cortisol from the
complex (15-17). If this applies to the case of MR-Ser-839 phos-
phorylation, then one would expect to see a decreased nuclear
translocation rate along with decreased apparent affinity for
aldosterone-induced transactivation. Shibata et al. (4) found no

SEPTEMBER 2, 2016+ VOLUME 291 -NUMBER 36

aldosterone-induced translocation of the phosphomimetic
mutant, but they used a physiological dose of 1 nm aldosterone.
In our experiments we could demonstrate partial translocation
of the mutant receptor, with an increasing proportion of
nuclear receptor following a dose-response relationship with
aldosterone concentration (Fig. 2D). Surprisingly, no transacti-
vation was detected, even at a high dose of aldosterone. Kino et
al. (18) found that cyclin-dependent kinase 5-mediated neuro-
nal MR phosphorylation at residues Ser-128, Ser-250, and Thr-
159 (all placed in the NTD) dramatically interferes with MR
activity but not with ligand-dependent nuclear accumulation.
Theauthors interpreted this effect as a phosphorylation-depen-
dent block of co-regulator interaction with the NTD without
affecting hormone binding and receptor transformation asso-
ciated to translocation. In the case of MR phosphorylation at
Ser-839, it appears that, in addition to reduced agonist affinity,
ligand binding-induced conformational changes are sufficient
for nuclear translocation (even though it is performed at a
much lower rate). However, ligand binding is clearly unable to
support appropriate co-activator recruitment and gene trans-
activation, suggesting that the conformational change is either
incorrect or unstable. This idea is further supported by recent
work by Mani et al. (19) showing that mutation of human MR
residue Ser-843 to proline (the amino acid present in the equiv-
alent position in GR) does not affect MR affinity for aldosterone
or cortisol but dramatically increases gene transactivation
EC,,, suggesting an important role for this residue on receptor
activation.

The above model is supported by our ix silico analysis. Dock-
ing calculations of steady-state energy of interaction show that
ligand binding is not greatly altered (in the case of cortisol, it is
even more stable with the phosphorylated LBD), although an
additional effect on ligand access to the binding pocket cannot
be excluded. The fact that agonist binding was able to induce
nuclear translocation suggests that MR LBD phosphorylation
at residue Ser-839 may alter LBD conformational dynamics so
that LBD-co-regulator protein-protein interaction interphase
is altered (11, 16, 20).

The lack of transactivation function in mutants S839D and
S839E made us wonder what would be the functional conse-
quence of dimer formation between WT and phosphomimetic
mutant receptors. Shibata et al. (4) showed that cells co-ex-
pressing wild-type MR and MR-S843E and treated with 1 nm
aldosterone for 1 h display full wild-type MR translocation and
no MR-S843E translocation. Therefore, the authors proposed
that loss of aldosterone binding and lack of subsequent nuclear
translocation produces the loss of gene transactivation. How-
ever, to explain the nuclear translocation data, one must
assume that WT MR and MR-S843E do not dimerize and,
therefore, act independently of one another. We examined this
question in detail by co-transfecting MR WT and S839D
mutant. Western blotting and PLA data (Fig. 6) demonstrate
that both receptors were expressed in the expected proportions
and, most importantly, that they appeared to dimerize freely.
This is not surprising as the main determinant of receptor
dimerization is the DNA binding domain, not the LBD (14).
Under these conditions, the effect of S839D on aldosterone-
induced MR activity fitted perfectly with a model where only
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Mechanism of MR Modulation by LBD Phosphorylation

WT-WT dimers are active, strongly suggesting that het-
erodimers of phosphorylated and non-phosphorylated MR
would be functionally inactive. This may be explained by both
units in the dimer adopting a productive conformation to be
able to simultaneously recruit co-regulators. Given that
MR-S839D shows impaired interaction with co-activator
SRC-1, it could be the case that asymmetrical recruitment of
co-activators by only one unit in the dimer (the WT one) is not
sufficient to promote gene transactivation. A very important
consequence of this fact is that at physiological levels of circu-
lating aldosterone, which are in the low nm range, 50% of phos-
phorylated receptor would totally prevent aldosterone-depen-
dent gene transactivation (see Fig. 6D). In addition, the effect of
MR on decreasing GR activity (14) combined with MR phosphor-
ylation at residue Ser-839 would imply a highly reduced cortisol-
mediated gene transactivation in cells that co-express MR and GR.

In summary, we have shown that inactivation of an SR by
phosphorylation in the LBD most likely arises from an uncou-
pling between ligand binding and receptor conformational
changes, partially impairing nuclear translocation but mainly
interfering with co-activator recruiting. The physiological
effect of this post-translational modification will likely be
amplified by the fact that it acts in a dominant-negative fashion
when modified and unmodified receptors dimerize.

Experimental Procedures
Plasmid Constructs

Generation and use of a functional fluorescent derivative of
MR with insertion of YFP after amino acid 147 has been previ-
ously described (5, 21). A derivative of that construct substitut-
ing YFP by three copies of the HA epitope was generated by
using Ascl sites flanking the YFP sequence and cloning a PCR-
generated 3XHA epitope with the same flanking sites. Mouse
MR phosphomimetic mutations S839D and S839E and non-
phosphorylatable mutation S839A (mouse MR Ser-839 is the
equivalent residue to human Ser-843) were generated using the
QuikChange Lightning site-directed mutagenesis kit (Agilent)
following the manufacturer’s instructions. Plasmid expressing
wild-type GR cloned in pcDNA3 (Invitrogen) has been
described previously (15) and was a kind gift from Dr. Nicolette
Farman (Centre de Recherche des Cordeliers, Paris). Plasmid
pcDNA3.1-SRC-1-HA, expressing SRC-1 tagged with an HA
epitope, was produced by amplifying SRC-1 by PCR from
mouse hippocampus cDNA using a proofreading DNA poly-
merase and a reverse oligonucleotide containing the coding
sequence of the HA tag followed by cloning into pcDNA3.1/
V5-His-TOPO vector (pcDNA3.1 Directional TOPO® Expres-
sion kit, Thermo Fischer Scientific). All constructs and muta-
tions were corroborated by DNA sequencing.

Cell Culture, Transfection, and Hormone Treatments

To study MR cellular dynamics and transactivation function
we used COS-7 cells, which lack endogenous MR and GR
expression (22). COS-7 cells were obtained from American
Type Culture Collection (Manassas, VA) and maintained in
DMEM supplemented with 10% FBS. Cells were transfected
with Jetprime (Polyplus Transfection, Illkirch, France) follow-
ing the manufacturer’s instructions. When indicated, cells were

washed twice with DMEM medium and then transferred to
medium supplemented with charcoal-stripped serum (Lonza,
Barcelona, Spain) 24 h before the experiment started. Aldoste-
rone and cortisol were obtained from Sigma, dissolved in etha-
nol, and added to cells to the final concentration indicated for
each experiment. Control cells were treated with ethanol at the
same dilution used for treatments (1:1000).

Western Blotting Analysis

MR protein expression was analyzed by Western blotting as
previously described (7). Anti-MR 1D5 monoclonal antibody
developed by Gomez-Sanchez et al. (23) was obtained from
the Developmental Studies Hybridoma Bank, created by the
NICHD, National Institutes of Health and maintained at The
University of Iowa Department of Biology. Rabbit polyclonal
anti-GFP antibody was the kind gift of Dr. Raimundo Freire
(Hospital Universitario de Canarias, Spain) and has been previ-
ously described (24). HA-tagged proteins were detected using a
commercially available monoclonal antibody (clone HA.11,
Covance, catalogue number MMS-101R, Madrid, Spain). Anti-
mouse or anti-rabbit peroxidase conjugates (GE Healthcare)
were used at 1:10,000 dilution. Western blots were developed
with Immun-Star WesternC kit (Bio-Rad), and signals were
detected with a Chemidoc imaging system (Bio-Rad).

Competitive Binding Assay

Receptor binding affinity for aldosterone was determined in
intact cells using a competitive binding assay essentially as
described (19). Briefly, transfected cells were incubated for 1 h
in serum-free medium and then treated with [*H]aldosterone
(PerkinElmer Life Sciences; 1 nm for wild-type MR or 20 num for
S839D and S839E mutants) for 2 h at 37 °C in the presence of
increasing concentrations of unlabeled aldosterone. Bound
aldosterone was extracted with 80% ethanol, and radioactivity
was measured by liquid scintillation. Specific binding was calcu-
lated by subtracting disintegrations per minute (dpm) obtained in
the presence of 10 um unlabeled aldosterone. Half-maximal inhib-
itory concentrations (IC,) were calculated using nonlinear regres-
sion using Prism 5 (GraphPad, San Diego, CA). Equilibrium disso-
ciation constants (K,) were then calculated from the IC;, using the
Cheng-Prussoff equation (25) in Prism 5 and assuming that
labeled and unlabeled aldosterone have identical affinities so that
K, and the inhibition constant (K}) are the same.

Analysis of MR Subcellular Localization and Nuclear
Translocation Dynamics

Semiquantitative analysis of subcellular distribution in the
absence of aldosterone was performed as previously described
(7, 8, 26). Briefly, cells were fixed, images were taken under a
confocal microscope, and at least 75 cells per condition were
scored into five categories (N, exclusive nuclear localization;
N > C, predominant nuclear localization; N = C, even distri-
bution throughout cytosol and nucleus; N < C, predominant
cytosolic localization; C, exclusive cytosolic localization). Data
are shown as the percentage of cells in each category from the
total amount of cells scored. To detect MR-3XHA, cells were
immunostained following previously published procedures
(26) using a monoclonal antibody against the HA epitope (clone
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Mechanism of MR Modulation by LBD Phosphorylation

HA.11, Covance) and goat anti-mouse secondary antibodies
conjugated to Alexa fluor 594 (Invitrogen). Images were col-
lected using a Fluoview 1000 confocal microscope (Olympus,
Barcelona, Spain). Kinetic analysis of aldosterone-induced MR
nuclear translocation was performed as previously described
(21, 26). Briefly, cells were transfected with MR-YFP and grown
for 48 h in DMEM supplemented with charcoal-stripped FBS.
Cells were then transferred to extracellular saline (137 mm
NaCl, 4 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, 10 mum glucose, 10
mMm HEPES, pH 7.4), placed under the confocal microscope in a
temperature-controlled environmental chamber set at 37 °C, and
treated by adding 10 nm aldosterone to the medium. Images were
collected at a sampling rate of 1 every 2 min for 1 h. Quantitative
analysis of MR-YFP distribution was performed frame-by-frame
using the manufacturer’s software (Olympus). Controls in the
absence of aldosterone were performed to control for photo-
bleaching of YFP. Data processing and sigmoid curve-fitting were
performed using Prism 5 (GraphPad) according to Equation 1:

Frax — F
F=Fo+ | —™=> 2 _ (Eq. 1)
t,—t
1+ exp Vv

where F, is the initial nuclear fluorescence, F, ,, is the maximal
nuclear fluorescence reached, ¢, is the time (min) at which fluo-
rescence is halfway between F, and F, .., and V,, is a factor deter-

mining how steeply nuclear accumulation changes with time.

Analysis of MR Transactivation Function

Different proportions of WT and mutant MR were co-trans-
fected with a plasmid containing firefly luciferase under the
control of a synthetic promoter with two copies of the gluco-
corticoid/mineralocorticoid-responsive element (GRE2X; kindly
provided by Dr. Rainer Lanz, Baylor College of Medicine, Hous-
ton, TX). Transfection efficiency was controlled by co-transfec-
tion of a plasmid encoding Renilla luciferase under a cytomeg-
alovirus promoter (pSG5-ren, kindly provided by Dr. Fatima
Gebauer, Center for Genomic Regulation, Barcelona, Spain).
Firefly and Renilla luciferase activities were measured sequen-
tially in cell lysates using a commercial kit (Dual-Glo; Promega,
Madison, WI). EC;, values were calculated from normalized
data fitted to a log(agonist) versus response equation with vari-
able slope using Prism 5.

Analysis of MR Dimerization and Interaction with Co-
regulators by in Situ PLA

PLA was performed using a commercially available kit
(Duolink, Olink Biosciences, Uppsala, Sweden) as recently
described (26). To assess interaction of MR with co-regulators,
COS-7 cells were transfected with MR-147-YFP and
pcDNA3.1-SRC-1-HA. To study MR dimerization, MR-147-HA
was co-transfected with MR-147-YFP or MR-147-YFP-S839D.
The antibodies used in these assays were rabbit polyclonal anti-
GFP antibody (a kind gift from Dr. Raimundo Freire) and
mouse monoclonal anti-HA antibody (clone HA.11, Covance,
Madrid, Spain) and were validated by immunocytochemistry
using previously described procedures (5, 7). Negative controls
consisted on omitting one of the transfected plasmids. When

SEPTEMBER 2, 2016+ VOLUME 291 -NUMBER 36

indicated, cells were treated with 10 nm aldosterone overnight.
Results were quantified using the software provided by the
manufacturer (Duolink Image Tool) and are expressed as aver-
age number of puncta/cell area.

Structure Modeling and Ligand Docking

General—All calculations were performed on a Windows 7
PC with six core Intel i7-4930K processor (3.4GHz) with 16
gigabytes total RAM using Schrodinger’s Biologics and Small-
Molecule Drug Discovery suites of software programs
(Schrédinger, LLC, New York).

Ligand Preparation—LigPrep was used to produce low
energy three-dimensional conformations of all docked com-
pounds, and Epik was used to generate their ionization/tauto-
meric states. The chiralities of the compounds were retained
from the original state, and ligands conformations were mini-
mized using OPLS-2005 force field.

Protein Preparation—The receptor ligand binding domain
crystallographic structure was loaded from the Protein Data
Bank (PDB) and prepared by using Protein Preparation Wizard.
We used the structure with the PDB ID 3VHU (12). We
assigned bond orders, added missing H atoms, and filled in the
missing loops and the side chains using Prime. Water molecules
beyond 5 A from co-crystallized ligand were deleted, and ioni-
zation/tautomeric states were generated at pH 7.0 * 2.0 using
Epik. Afterward, the protein structures were refined by opti-
mizing hydrogen bonds (H-bonds) and sampling water mole-
cules orientations. At the end, a restrained minimization
(<0.30 A for each heavy atom) was performed using OPLS-
2005 force field.

Ligand Docking—All the docking calculations were per-
formed with Glide SP algorithm with the final scoring using the
GlideScore. Docking grids were generated by Glide using the
co-crystallized ligand at the center of the grid box. The com-
pounds were docked flexibly, and after docking we kept the 20
best docked conformations for each pair ligand/receptor.

Receptor Modeling—Receptor variants of interest (the phos-
phomimetic and the phosphorylated ones) were generated
using BioLuminate, which uses a rotamer library in Prime for
side-chain sampling with a variable dielectric treatment of
polarization from the protein side chains and an implicit sol-
vent surface generalized born model with the OPLS-2005 force
field for energy evaluations. The receptor variants were gener-
ated by sampling and refining all residues side chain and back-
bone atoms within 5 A of the mutated residues using Prime
side-chain prediction combined with backbone sampling.
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The Diuretic Torasemide Does Not Prevent Aldosterone-
Mediated Mineralocorticoid Receptor Activation in
Cardiomyocytes
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Abstract

Aldosterone binds to the mineralocorticoid receptor (MR) and exerts pleiotropic effects beyond enhancing renal sodium
reabsorption. Excessive mineralocorticoid signaling is deleterious during the evolution of cardiac failure, as evidenced by
the benefits provided by adding MR antagonists (MRA) to standard care in humans. In animal models of cardiovascular
diseases, MRA reduce cardiac fibrosis. Interestingly diuretics such as torasemide also appear efficient to improve
cardiovascular morbidity and mortality, through several mechanisms. Among them, it has been suggested that torasemide
could block aldosterone binding to the MR. To evaluate whether torasemide acts as a MRA in cardiomyocytes, we compared
its effects with a classic MRA such as spironolactone. We monitored ligand-induced nuclear translocation of MR-GFP and MR
transactivation activity in the cardiac-like cell line H9C2 using a reporter gene assay and known endogenous aldosterone-
regulated cardiac genes. Torasemide did not modify MR nuclear translocation. Aldosterone-induced MR transactivation
activity was reduced by the MRA spironolactone, not by torasemide. Spironolactone blocked the induction by aldosterone
of endogenous MR-responsive genes (Sgk-1, PAI-1, Orosomucoid-1, Rgs-2, Serpina-3, Tenascin-X), while torasemide was
ineffective. These results show that torasemide is not an MR antagonist; its association with MRA in heart failure may
however be beneficial, through actions on complementary pathways.
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has been reported for torasemide by the group of Uchida in 1991:
administration of a relatively high dose of torasemide significantly

Introduction

The use of loop diuretics such as furosemide and torasemide is
classically included in the therapeutic arsenal for the symptomatic
treatment of congestive heart failure. The TOrasemide In

inhibited in vivo binding of aldosterone to its receptor in the
cytoplasmic fraction of rat kidney homogenates, whereas furose-
mide had no effect [5]. This results led to the hypothesis that

Congestive heart failure trial (TORIC), showed that torasemide
had more beneficial effects on mortality and morbidity of patients
with CHF than furosemide [1]. Part of the benefit may be related
to the different pharmacokinetic properties of torasemide, such as
the longer half-life, the longer duration of action and the higher
bioavailability as compared to furosemide. However it has also
been suggested that torasemide has pharmacodynamic properties
beyond its loop diuretic effect. Indeed, torasemide has specific
vascular effects as compared to furosemide: it inhibits angiotensin
II (AnglI)-induced vasoconstriction in the aorta of Spontaneously
Hypertensive Rats [2] as well as Angll-stimulated vascular smooth
muscle cell growth [3]. Torasemide also inhibits thromboxane A2-
induced vasoconstriction in isolated canine artery [4]. Further-

more, a possible blockade of mineralocorticoid receptor binding of

aldosterone (called anti-aldosteronergic effect in the initial paper)

PLOS ONE | www.plosone.org

torasemide may also act as a mineralocorticoid receptor antago-
nist.

Indeed, inappropriate mineralocorticoid signaling has been
shown to play an important role in the progression of cardiovas-
cular (CV) disease. Aldosterone (Aldo) is a main regulator of renal
sodium reabsorption with an overall effect on volemia and blood
pressure. Aldo binds to the mineralocorticoid receptor (MR), a
transcription factor of the nuclear receptor family present in the
kidney and also in non-epithelial cells [6]. New extra-renal
pathophysiological effects of this hormone have been character-
ized, extending its actions to the CV system and inappropriate MR
activation has been shown to promote cardiac fibrosis in
experimental models [7]. The Randomized Aldactone Evaluation
Study (RALES) [8], the Eplerenone Post-Acute Myocardial
Infarction Heart Failure Efficacy and Survival Study (EPHESUS)
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[9] and Eplerenone in Mild Patients Hospitalization and Survival
Study in Heart Failure (EMPHASIS-HF) [10] clinical trials have
demonstrated that the addition of MR antagonists to standard care
markedly reduced the overall and cardiovascular mortality in
patients with left ventricular systolic dysfunction and mild or
severe symptoms of chronic heart failure (HF) or with signs of HF
after acute myocardial infarction. The beneficial effects of MR
antagonists in HF are associated with a reduction of cardiac
fibrosis [7].

In patients with chronic HF, torasemide has been reported to
reduce myocardial fibrosis [11-13]. As this effect was not observed
in furosemide-treated patients, the ability of torasemide to act on
myocardial fibrosis might be related to interference with
profibrotic factors such as aldosterone and Angll.

This putative anti-aldosterone/anti-mineralocorticoid receptor
property of torasemide has potential therapeutic outcomes in the
treatment of HF. From a clinical point of view, it is therefore
important to determine whether torasemide and spironolactone,
the classical mineralocorticoid receptor antagonist (MRA), have
similar targets and whether these drugs should be associated to
potentiate their efficacy in the treatment of HF. The aim of this
study was to analyze whether torasemide acts as a MRA in
cardiomyocytes, in comparison with spironolactone.

Materials and Methods

Ligand-induced MR Nuclear Translocation Assay

COS-7 is a fibroblast-like cell line derived from monkey kidney
tissue classically used for transactivation assays due to the absence
of endogenous expression of MR or the related glucocorticoid
receptor (GR) [14]. COS-7 cells were obtained from the American
Type Culture Collection and grown in DMEM supplemented with
10% FBS. Cells were transiently transfected with a functional
fluorescent variant of the mouse MR (MR-147-GFP) [15] using
jetPRIME (Polyplus Transfection, Illkirch, France) according to
the manufacturers instructions. At the time of transfection, cells
grown on coverslips were transferred to medium containing
charcoal-stripped serum (Lonza, Barcelona, Spain). Forty-eight
hours after transfection, cells grown on coverslips were placed
under an Olympus Fluoview FV1000 confocal microscope with an
imaging chamber pre-heated to 37°C. For imaging experiments,
culture medium was substituted by extracellular saline (10~ mol/
liter: NaCl, 137; KCl, 4; CaCly, 1.8; MgCl,, 1; glucose, 10;
HEPES, 10; pH 7.4). Cells were treated or not with 10°°M
aldosterone, 10°° M torasemide (Sigma, St. Louis, MO) and
10~% M spironolactone (Sigma, St. Louis, MO) and images were
acquired every 2 minutes (min) for one hour. Total and nuclear
fluorescence intensity was analyzed frame by frame in individual
cells using the manufacturers software (Olympus). Data processing
and curve fitting were performed using Igor Pro (Wavemetrics,
Lake Oswego, OR).

H9C2-MR Cardiomyocyte Transactivation Assay
HIC2-MR cells is a clonal cell line of cardiomyocytes derived
from the embryonic rat ventricle that stably expresses the MR
[16]. H9C2-MR cells (kindly provided by A Fejes-Toth) were
stably transfected with a MMTV-Luc reporter construct [17]
(kindly provided by H. Richard-Foy) using lipofectamine 2000 as
previously described [18]. Clone 23, thereafter referred as H9C2-
MR/MMTV-Luc, was selected for further transactivation studies.
HIC2-MR/MMTV-Luc cells were grown in DMEM/F12
medium supplemented with 10% fetal bovine serum plus
antibiotic  (penicillin-streptomycin; Invitrogen, Carlsbad, CA).
24 h before treatment, cells were grown in steroid-free medium.

PLOS ONE | www.plosone.org

Torasemide and Spironolactone on Cardiomyocytes

Cells were then treated for 24 h with aldosterone, spironolactone,
the GR antagonist RU 38486 (107° M; Sigma) or torasemide,
alone or in combination. Luciferase activity was assayed according
to the manufacturers instructions (Dual-Light® Luciferase Assay;
Applied Biosystems).

Gene Expression in H9C2-MR Cells

HIC2-MR cells were treated with various concentrations (as
indicated in figure legends) of aldosterone, torasemide and/or
spironolactone and the expression of the MR-modulated genes
was measured using quantitative RT-PCR for Serum- and
glucocorticoid-inducible kinase-1 (Sgk-1), Orosomucoid-1, Ser-
pina-3, Plasminogen Activator Inhibitor-1 (PAI-1), Tenascin-X
and Regulator of G protein signaling-2 (Rgs-2).

Quantitative RT- PCR

Total RNA was extracted from cells (4 to 8 wells per condition)
using TRIZOL® reagent (InVitrogen), according to the manufac-
turer’s protocol, and DNase-treated. Reverse transcription was
performed with 2 ug of total RNA, random primers (InVitrogen)
and Superscript II reverse transcriptase (InVitrogen). Transcripts
levels were analyzed by real time PCR in an iCycler iQ apparatus
(Bio-Rad Laboratories, Marnes La Coquette, France) with SYBR
Green I detection. The reactions were performed in duplicate for
cach sample using a qPCR MasterMix Plus SYBR with fluorescein
(Eurogentec, Angers, France) with 5 1077 M of cach sense and
antisense primer and 6 ng of cDNA in 15 pL total volume. The
thermal cycling parameters were: initial denaturation at 95°C: for
10 min, followed by 40 cycles at 95°C for 15 sec and 60°C: for
I min. Relative expression of the mRNA was quantified using the
cquation described by M.W. Pfafll [19]: ratio = (Eg.) Csctmen
controlsamplo)/(F, o Crrefimean controlsampk) The mRNA levels were
normalized for B-actin mRNA in samples obtained from cultured
cells. Values in control conditions were set as 1 for each gene, and
fold changes are provided on the figures. The sequences of the
specific primers are detailed in Table S1.

Statistical Analysis

Results are provided as mean = SEM. Differences between
experimental conditions were tested by the Kruskal-Wallis One
Way Analysis of Variance on Ranks test. The Newman-Keuls
posthoc test was used to adjust for multiple comparisons
(SigmaPlot V.11.0 software). Values of p<<0.05 were considered
statistically significant.

Results

Effect of Torasemide on MR Translocation into the
Nucleus

MR is a nuclear transcription factor. Upon ligand binding, MR
shuttles from its cytoplasmic localization into the nucleus. We first
analyzed the kinetics of ligand-induced MR translocation in COS-
7 cells transiently transfected with the previously described MR-
147-GFP functional fluorescent variant of MR [15]. It has
previously been shown that under non-stimulated conditions,
MR is present both in the cytoplasm and the nucleus, but addition
of aldosterone induces nuclear accumulation of the receptor [20].
In cells treated with 107® M aldosterone, cytosolic MR-GFP
initiated its translocation to the nucleus within minutes, with a
half-maximal translocation time of approximately 18 minutes
(Figure 1). In cells treated with 10~° M torasemide alone (without
aldosterone) no translocation of the MR-GFP was detected.
Spironolactone alone (10~° M), however, induced MR transloca-
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Figure 1. In vivo kinetics of nuclear translocation of MR in COS- < 400
7 cells. COS-7 cells transfected with GFP-MR were treated with 1072 M 2 350 4
aldosterone (Aldo), 1078 M aldosterone +10™° M torasemide (Aldo+ 2
Tora), 10 8 M aldosterone +10 ® M spironolactone (Aldo+Spiro), g 300 -
107° M spironolactone (Spiro) or 10 M torasemide (Tora), starting 2 250 - *
at time 0. Individual points represent the average percentage © #
fluorescent intensity of the nucleus vs. total cellular fluorescence (Fn/ 2 200 -
Ft) measured in individual cells over the indicated period of time (+ SE, g 150 -
n=16). Data points were fitted to a sigmoid curve. - 100
doi:10.1371/journal.pone.0073737.g001 T
50 -
tion but with a much slower rate than aldosterone alone (Figure 1), 0 T T T T T 1

consistently with previously publishpd reports [20]. Ctrl  Aldo Aldo Aldo Spiro RU
Simultaneous addition of 107° M torasemide and 10~° M * + 38486
aldosterone did not change the kinetics of aldosterone-induced Spiro RU

MR-GFP nuclear translocation while spironolactone (10 6 M) 38486

slowed down aldosterone-induced MR nuclear translocation

(Figure 1), indicating that torasemide and spironolactone behave C
differently, regarding aldo-induced MR nuclear translocation.
350 4 *

Effect of Torasemide on Aldosterone-mediated MR 300
Transactivation Activity —

A transactivation assay was set up in the rat H9C2-MR B 250 -
cardiomyocytes cell line expressing moderate levels of rat MR 2
[16]. The system allows rapid and efficient screening of MR- % 200 -
dependent transactivation, using a MMTV promoter construct ©
that includes Hormone Response Elements leading to luciferase % 150 -
expression upon binding of MR to the Hormone Response ko]
Elements. In the absence of MR activation, luciferase is not 'S 100 A
expressed while upon MR activation, luciferase activity is —
expressed and can be easily detected (Figure 2A). This widely 50
used reporter system allows efficient analysis of molecules with
agonist/antagonist activity on the MR. 0

Addition of 107 M aldosterone induced a 3.5 fold increase in
luciferase activity which was fully inhibited by the MR antagonist
spironolactone (10~° M) but not by the GR antagonist RU 38486
(10~ M) indicating specific MR activation by aldosterone in this
cellular context (Figure 2B). Spironolactone or RU38486 alone
have not effects (Figure 2B). Several concentrations of spironolac- Figure 2. Effect of Tor ide on ligand-d dent tr i-
tone or torasemide were then tested for their inhibitory activity of vation activity of MR in H9C2-MR cells. A: The MMTV promoter
the aldosterone-mediated MR activation (Figure 2C). 10°° M contains Hormone Response Elements (HRE); the promoter sequence

was fused to the Luciferase coding sequence. This construct was
transfected into H9C2-MR cells. Upon binding of the aldosterone-MR
complexes on HRE, luciferase is transcribed and light emission is
enhanced, assessing MR transactivation activity. In the presence of an

spironolactone fully inhibited the MR transactivation induced by
10~% M aldosterone while torasemide has only a weak inhibitory
cffect that was concentration-independent. In order to unmask a
potential inhibitory effect in the presence of a lower aldosterone
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MR antagonist, binding of aldosterone to MR is prevented and
luciferase expression is abolished. B: 10 8 M aldosterone (Aldo)
increased MR transactivation activity (luciferase activity) which was
prevented by a 100-fold excess of the MR antagonist spironolactone
(Spiro; 107° M) but not by the GR antagonist RU 38486 (RU 38486;
107° M). Each antagonist alone has no effect. Mean = SEM (n=8). *
p<0.05 vs control (Ctrl); # p<0.05 vs aldosterone. C: 10 M
aldosterone (Aldo) increased MR transactivation activity, which was
fully inhibited by the MR antagonist spironolactone (S) at 10-6 M.
Torasemide (T) has a slight antagonist effect independent of its
concentration. Mean * SEM (n=4). *p<<0.05 vs control (Ctrl); # p<0.05
vs aldosterone.

doi:10.1371/journal.pone.0073737.g002

concentration, the effects of spironolactone and torasemide were
also tested in the presence of 107° M aldosterone. In these
conditions, torasemide has no inhibitory effect at difference with a
dose-dependent antagonist activity of spironolactone (Figure S1).

Effect of Torasemide on MR-mediated Endogenous Gene
Expression in H9C2-MR Cells

The MMTV promoter, despite being classically used as a
reporter of MR activation, is distinct from natural targets for the
MR in cardiomyocytes. It could therefore be argued that
activation/antagonism of MR may be different in a natural cell
context. We took advantage of our previous work that identifies
MR-modulated cardiac genes [21] to test the effect of torasemide,
in comparison to spironolactone, in HYC2-MR cells. We analyzed
the expression of the Serum- and glucocorticoid- inducible kinase-
1, Sgk-1 (regulated by corticosteroid hormones in kidney cells),
Orosomucoid-1 (an inflammatory protein), Serpina-3, PAI-1 and
Tenascin-X (genes of the extra-cellular matrix remodeling) and
Rgs-2 (Regulator of G protein signaling-2). Torasemide (10~° M)
alone significantly decreased the basal expression (in absence of
serum and aldosterone) of Orosomucoid-1 and Tenascin-X, which
is indeed very weakly expressed in cardiomyocytes in the absence
of adosterone stimulation (Figure S2). We next tested the
antagonist activity of torasemide. As depicted in Figure 3, in the
presence of 10~% M aldosterone, spironolactone partly or fully
inhibited aldosterone-induced expression of aldosterone/MR
target genes while torasemide had no effect, even at a high
concentration (107° M). Similar effects were observed when a
lower concentration of aldosterone was used (10~7 M) (Figure 4)
indicating that the absence of antagonist activity of torasemide was
not due to unfavorable competition with a high aldosterone
concentration. Interestingly, the potency of spironolactone varies
among the analyzed target genes: PAI-1, Orosomucoid-1 and
Serpina-3 were inhibited with 10 fold lower spironolactone
concentration (107° M) than Sgk-1, Rgs-2 and Tenascin-X
(Figure 4). We next evaluated whether a torasemide (10~° M)
could enhance the sensitivity of MR toward spironolactone in
aldosterone-treated HIC2-MR cells. To this purpose, we treated
cells with a low dose of spironolactone (10~ M) that was not
sufficient to reduce -the increase of gene expression with 1078 M
aldosterone. Addition of torasemide did not sensitize the MR to
spironolactone as shown by the analysis of aldo-induced gene
expression of Orosomucoid-1, Sgk-1 and Tenascin-X (Figure S2).

Discussion

Spectacular progress has been made in the treatment of heart
failure during the last decades. Combining drugs of different
therapeutic classes such as diuretics, beta-blockers, Angiotensin
Converting Enzyme inhibitors and Angiotensin receptor blockers
led to major clinical benefits on morbidity-mortality. Despite these

PLOS ONE | www.plosone.org
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progresses, heart failure remains a life-threatening disease,
requiring further improvement of the therapeutic strategies.
Blocking the mineralocorticoid receptor has been proposed and
validated as an additional tool: clinical studies in patients with
severe or mild heart failure demonstrated an additional benefit of
MRAs administered on the top of standard therapy [8-10]. The
results of these trials led to changes in the therapeutic guidelines
[22,23]. One of the proposed underlying mechanisms explaining
this clinical benefit relies on the decrease of myocardial fibrosis.
Indeed targeting cardiac fibrosis would impact the severity of heart
disease by reducing stiffness, improving cardiac hemodynamics
and reducing pro-arrhythmic triggers. Cardiac anti-fibrotic
therapy includes MRAs (such as spironolactone or eplerenone)
and, more recently, the diuretic torasemide. Whether MRAs and
torasemide act on the same pathways or not needs to be carefully
addressed. Indeed if these therapeutic classes act on different
pathways, it may be useful to use both of them which may lead to
additive beneficial effects.

It has been proposed that torasemide has some mineralocorti-
coid receptor antagonist properties and torasemide is considered
as an “‘anti-aldosterone” compound [5]. In order to test the
potential MR antagonist property of torasemide, we selected
several genes of different functional classes (inflammation,
extracellular matrix remodelling, signalling) that were previously
shown, by ourselves and by others, to be regulated by aldosterone
in cardiomyocytes [16,21]. Rgs-2 (Regulator of G protein
signaling-2) is a multifunctional signaling regulator and exerts
G'TPase-activating protein activities. Many signals that regulate
cardiomyocyte growth, differentiation, and function are mediated
via heterotrimeric G proteins, which are controlled by Rgs
proteins  [24]. Three aldosterone-regulated genes have close
connections with the regulation of the extra-cellular matrix:
Plasminogen Activator Inhibitor-1 (PAI-1), a member of the
SERPIN family, is the major physiological inhibitor of tissue-type
Plasminogen Activator and Urokinase Plasminogen Activator, that
activate plasminogen to its active form plasmin and lead to
fibrinolysis. In addition to its serine protease inhibitor function,
PAI-1 also alters cell/matrix interactions by binding to vitronectin
[25]; Serpina-3 (also named ol-antichymotrypsine) is a serine
protease inhibitor with multiple functions including maturation of
pro-MMP9 and wound healing, regulation of apoptosis and
inflammation [26]; Tenascin-X belongs to the family of matricel-
lular proteins. These proteins are extracellular matrix proteins that
modulate cell-matrix interactions and collagen accumulation and
organization, but do not have a direct structural role [27].
Tenascin-X is an essential regulator of collagen deposition by
fibroblasts [28] and is up-regulated during fibrosis after tissue
injury [27]. Orosomucoid-1 is an acute phase protein that is
induced by pro-inflammatory cytokines and glucocorticoids [29].
Interestingly, elevated plasma level of Orosomucoid-1 is consid-
cred as a cardiovascular risk factor [30].

The data reported in the present study clearly do not support
the concept that torasemide acts as an antagonist of the MR.
Indeed using different approaches, we showed that torasemide
does not behave as spironolactone, a prototypic MRA: it did not
affect nuclear translocation of MR nor inhibited aldosterone-
induced up-regulation of various mineralocorticoid receptor target
genes in cardiomyocytes. These results are not compatible with the
study of Uchida et al. [5] proposing that torasemide acts as a
competitive antagonist of aldosterone binding in kidney homog-
enates. A tissue-specific effect of torasemide on MR binding in
kidney but not cardiomyocyte is a possibility but, to our
knowledge, such tissue-specific actions of MR antagonists have
not been reported.
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Figure 3. Torasemide does not act as a MR gonist for the r ion of endog genes in H9C2-MR cells in the presence of
10 2 M aldosterone. 10 ¢ M aldosterone (Aldo) increased expression of the aldosterone-targets genes Sgk-1, PAI-1, Orosomucoid-1, Rgs-2,
Serpina-3 and Tenascin-X. Addition of increasing doses of spironolactone (A+S) inhibited aldosterone-induced gene expression. In contrast,
increasing concentrations of torasemide (A+T) had no antagonistic effect. Mean * SEM (n=4). *p<<0.05 vs control (Ctrl); # p<0.05 vs aldosterone.
doi:10.1371/journal.pone.0073737.g003
From our results and previously published data, spironolactone binding kinetics and ligand-induced co-chaperone release from the
not only competes with aldosterone for binding to MR, but it also aporeceptor complex [31]. Therefore, spironolactone is not a
induces ligand-dependent conformational changes that uncover classic competitive antagonist of MR. It has been proposed that
nuclear localization signals, eliciting MR trafficking to the nucleus. the inhibitory effect of spironolactone on MR is based on the
The slower kinetics of this process when compared to aldosterone- induction of an altered receptor conformation, which in turn
induced nuclear translocation may reflect differences in ligand disrupts co-activator recruitment [32]. This could be consistent
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10 ° M aldosterone. 10~° M aldosterone (Aldo) increased expression of the aldosterone-targets genes Sgk-1, PAI-1, Orosomucoid-1, Rgs-2,
Serpina-3 and Tenascin-X. Addition of increasing doses of spironolactone (A+S) inhibited aldosterone-induced gene expression. In contrast,
increasing concentrations of torasemide (A+T) had no antagonistic effect. Mean = SEM (n=4). *p<<0.05 vs control (Ctrl); # p<0.05 vs aldosterone.
doi:10.1371/journal.pone.0073737.9g004

with recent data demonstrating that spironolactone behaves as an
inverse agonist of MR [33,34] suggesting that spironolactone
beneficial therapeutic actions involve the induction of MR-
dependent effects that are opposite to those induced by natural
agonists such as aldosterone. The molecular basis for the inverse

PLOS ONE | www.plosone.org 6

agonist activity is unknown. It has been proposed that spirono-
lactone can act as an MR agonist in a cell- and promoter-specific
fashion [35], but the identities of specific target genes that may be
regulated by spironolactone-MR complexes remain to be eluci-
dated.
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Torasemide, at micromolar concentrations, has also been
reported to inhibit aldosterone secretion in vitro by adrenal cells
from rats, cows and guinea pig upon stimulation by potassium and
Angll (among other classical aldosterone secretagogues), while
furosemide has no effect on adrenal aldosterone secretion [36]. In
human, torasemide has been reported to inhibit transcardiac
extraction of aldosterone in patients with congestive heart failure
[37], an effect which might be due to inhibition of local
aldosterone synthesis, that has been reported to be increased in
human heart failure [38]. In vivo however, in both human and
dogs, torasemide, as other diuretics, increases plasma aldosterone
levels to compensate sodium loss [39,40,41]. Therefore, if MR is
not properly antagonized, torasemide administration would likely
increase MR activation through the rise in plasma aldosterone
levels rather than decrease MR-mediated pathways.

Both torasemide and spironolactone have been shown to be
efficient in patients and in dogs with HF [1,42]. One can speculate
that adding torasemide to spironolactone in HF would be
beneficial. Torasemide has a strong diuretic effect and an anti-
fibrotic effect for which a mechanism has been recently proposed:
torasemide inhibits procollagen type I carboxy-terminal proteinase
activation as well as lysyl oxidase expression and collagen cross-
linking in patients with heart failure [11,12], resulting in
normalization of left ventricular stiffness. MRAs act at different
levels: MRAs prevent electrophysiological abnormalities, oxidative
stress and extracellular matrix remodeling as well as inflammation
[7]. Beneficial additive effects may therefore occur in patients.
Such therapeutical benefit in HF remains to be addressed.

Perspectives

Taken together, these results demonstrate that the diuretic
torasemide does not act as a mineralocorticoid receptor antagonist
as previously proposed. This suggests that the use of torasemide
together with an MR blocker could further enhance the anti-
fibrotic effects of these therapeutics, especially in heart failure.
This should be particularly considered since torasemide increased
aldosterone, the ligand of the MR, due to its effects of the renal Na
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Supporting Information (doi:10.1371/journal.pone.0073737):
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Figure S1. Effect of Torasemide on Ligand-dependent transactivation activity of
MR in H9C2-MR cells. 10° M aldosterone (Aldo) increased MR transactivation
activity, which was fully inhibited by the MR antagonist spironolactone (S) at 10~ M
while torasemide (T) has no effect. Mean £ SEM (n=4). *p<0.05 vs control (Ctrl);
# p<0.05 vs aldosterone. doi:10.1371/journal.pone.0073737.s001
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Figure S2. Torasemide did not
enhance MR sensitivity to a low
dose of spironolactone for the
regulation of endogenous genes in
HI9C2-MR cells. A low dose of
spironolactone (10 M) did not
block aldosterone-induced response
of Orosomucoid-1, Sgk-1 and
Tenascin-X. Torasemide (10°M)
did not confer higher sensitivity to
the spironolactone antagonist when
spironolactone and torasemide were
combined. Mean + SEM (n=4).
*p<0.05 vs control (Ctrl).
doi:10.1371/journal.pone.0073737.s
002
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Genes Forward Reward
Actin GCC GGG ACC TGACAGACT A GGC CATTCTTTG CTC GAA
PAI-1 GCCTCCTCATCCTGCCTAAGT | TGTGCCGC TCTCGTTCACCTC

Orosomucoid-1

GCATGGCGCTGCACATGGTT

TGC TTG AAC ACG GGG TCT CGG A

Rgs-2

AAGACCCGTTTGAGCTATTITC

GAATG CAG CAAGCC CATATTT

Serpina-3

AGA CAA GGG GAC ACAACT GG

GAG ATG CTAAGT GGG GAG AA

Sgk-1

GC TCG AAG TAC CCT CAC CTA

AGG GGTTGG CGT TCATAAGTT

Tenascin-X

CGTGTTCG CCC AGTATGACTT

AT TGA GAT TGG CGT AGT GAC A

Table S1. Sequences of the specific primers. Actin: B-actin; PAI-1: Plasminogen
Activator Inhibitor-1; Rgs-2: Regulator of G protein signaling-2; Sgk-1: Serum- and
glucocorticoid-inducible kinase-1. doi:10.1371/journal.pone.0073737.s003
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Anexo 2

ANEXO 2: MANUSCRITOS EN PREPARACION

1 Jimenez-Canino, R., Lorenzo-Diaz, F., Bailey M. A., Livingstone, D. E., Jaisser,
F., Farman, N., & Alvarez de la Rosa, D. (manuscript in press). SUMOylation of
11p-Hydroxisteroid Dehydrogenase Type 2 Regulates Cortisol-dependent
Mineralocorticoid Receptor Activity.
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Abstract

The enzyme 11f-hydroxysteroid dehydrogenase type 2 (11B-HSD2) is selectively expressed in
aldosterone target tissues, conferring aldosterone selectivity for the mineralocorticoid receptor (MR) by
converting 11B-hydroxyglucocorticoids to inactive 11-ketosteroids. Congenital deficiency of 11p-HSD2
causes a form of salt-sensitive hypertension known as the syndrome of apparent mineralocorticoid excess
(AME). The disease phenotype, which ranges from mild to severe, correlates well with the reduction in
enzyme activity. Furthermore, polymorphisms in the HSD11B2, the gene encoding 113-HSD2, have been
linked to blood pressure and salt-sensitivity, a major cardiovascular risk factor. Regulation of 113-HSD2
expression by different factors such as sex steroids or vasopressin has been described, but post-
translational modulation of 11R-HSD2 activity has not been explored. Analysis of 113-HSD2 sequence
revealed a consensus site for conjugation of small ubiquitin-related modifier (SUMO) peptide.
SUMOylation is a major post-translational regulatory event in several cellular processes. Our results
demonstrate that 11B-HSD2 is SUMOylated at lysine 266. Non-SUMOylatable mutant K266R was
unable to prevent cortisol-dependent MR nuclear translocation. The same effect was achieved by
enzymatic deSUMOylation of 11B-HSD2 by SENP1 co-expression. These data suggest that
SUMOylation of residue K266 is essential to maintain enzyme activity. However, in the presence of 113-
HSD2-K266R nuclear MR shows decreased transactivation due at least in part to a failure to recruit
transcriptional co-regulators. Wild type 11p-HSD2 and K266R mutant showed similar cortisol to
cortisone conversion rate, indicating that enzymatic activity is not directly affected by SUMOylation.
Taken together, our data suggests that SUMOylation of 11B-HSD2 at residue K266 controls cortisol-
mediated MR nuclear translocation and activation independently of the ability of the enzyme to

metabolize cortisol.
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Introduction

11B-hydroxysteroid dehydrogenase (11B-HSD) isozymes catalyze the interconversion between
biologically active 11p-hydroxyglucocorticoids and inactive 11-ketosteroids [1]. The isoform 11B-
hydroxysteroid dehydrogenase type 2 (11B-HSD2) catalyzes the NAD-dependent reaction to convert
cortisol to inactive cortisone [2]. The opposite reaction is NADP(H)-dependent and is catalyzed by the
isozyme 11B-hydroxysteroid dehydrogenase type 1 (11B-HSD1), leading to increased local cortisol
concentration, mainly in the liver [3]. 11p-HSD2 shows a cell-specific expression in aldosterone target
tissues, such as epithelial cells from distal colon and principal cells of the distal nephron, where its main
function is to protect the non-selective mineralocorticoid receptor (MR) from non-specific activation by
glucocorticoids [4]. Aldosterone main physiological function is to regulate electrolyte
reabsorption/excretion and has a key role in regulating intravascular volume through MR activation,
mainly on the renal distal convoluted tubule and cortical collecting duct. MR activation promotes
epithelial sodium channel (ENaC) expression and activity in apical membrane of epithelial cells, where it
acts to increase sodium reabsorption [5]. Glucocorticoids such as cortisol or corticosterone are ligands of
glucocorticoid receptor (GR), but also bind MR with high affinity, working as agonists in both receptors.
Since glucocorticoids are present in plasma at a much higher concentration than aldosterone [6] and
activity of MR and GR is not interchangeable [7], the presence of 11B-HSD2 is essential to prevent
inappropriate MR activation by glucocorticoids in aldosterone target tissues [4]. 11B-HSD2 activity can
be exceeded by cortisol hypersecretion leading to high cortisol levels and MR overactivation [8].
Decreased 113-HSD?2 activity also leads to overactivation of MR by endogenous glucocorticoids. In both
cases there is excess renal sodium retention and consequently a salt sensitive increase in blood pressure
[9]. Loss-of-function mutations of 113-HSD2 coding gene (HSD11B2) lead to congenital hypertension
known as the syndrome of apparent mineralocorticoid excess (AME) [10]. AME is characterized by
hypertension and hypokalemia with low renin and aldosterone circulating levels [11]. An AME-like
phenotype is also shown by patients intoxicated with natural licorice, which contains glycyrrhetinic acid

that together with its derivative, carbenoxolone, is able to inhibit 113-HSD2 [12]. The severity of AME

En nombre de TERESA GIRALDEZ FERNANDEZ
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symptoms correlates well with the underlying enzyme activity. Several polymorphisms in HSD11B2,
some of them known to produce slightly decreased 113-HSD2 activity, have been correlated with salt-
sensitive increase of blood pressure in healthy volunteers or in essential hypertension [13-19]. All this
evidence indicates that appropriate control of 113-HSD2 expression and activity is essential for blood
pressure regulation. However, there have been no descriptions of cellular mechanisms that dynamically
regulate 11B-HSD2, such as post-translational modifications.

Small ubiquitin-related modifiers (SUMO) are ~11 kDa proteins that are post-translationally conjugated
to other proteins. This reversible post-translational modification is typically observed in nuclear proteins,
related to transcription factor regulation [20], DNA damage response [21], mitosis or cell progression
[22]. However, SUMOylation has also been observed as a regulatory modification for cytosolic or plasma
membrane proteins [23]. Analysis of the human 11B-HSD2 sequence uncovered a canonical
SUMOylation consensus motif around lysine 266 (Figure 1). Based on that, we hypothesized that
SUMOylation of K266 in 113-HSD2 may be involved in regulating its activity and therefore could affect
MR glucocorticoid-dependent transcriptional activity. To test this hypothesis we co-expressed MR with
wild type or non-SUMOylatable mutant 11B-HSD2-K266R and studied cortisol-dependent nuclear
translocation, receptor activation and gene transactivation. In addition, we measured 11B-HSD2
enzymatic activity and cortisol binding to MR. Our results show that 118-HSD2 is SUMOylated at
residue K266. Cortisol-dependent MR nuclear translocation is prevented by wild type 113-HSD2 in a
dose-dependent way, but not by mutant K266R, suggesting that SUMOylation is essential to preserve
enzymatic activity. However, 11B-HSD2 enzymatic activity was not affected by the mutation.
Paradoxically, MR translocated in the presence of 118-HSD2-K266R shows diminished transactivation
and lower ability to recruit transcriptional co-activators. Our results strongly suggest that 113-HSD2 is
able to regulate cortisol-dependent MR activation independently of the enzymatic ability to remove

cortisol.
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Material and methods

Sequence analysis

We used prediction algorithm GPS-SUMO [24] to search for consensus SUMOylation motifs ((B-K-x-
D/E, where B is a large hydrophobic residue, K is the lysine conjugated to SUMO, x is any amino acid,
and D or E is an acidic residue Asp or Glu) in 118-HSD2 from different species. Additionally, GPS-
SUMO was used to predict putative SUMO interaction motifs (SIM) in the same sequences. Multiple
sequence comparison was performed with Clustal Omega (European Bioinformatics Institute).

Plasmid constructs

Generation and use of a functional fluorescent derivatives of MR with insertion of YFP or GFP after
amino acid 147 (MR-147-YFP/GFP) has been previously described [25-27]. Plasmid pcDNA3.1-MR,
expressing hMR-WT was previously described [28]. Plasmid expressing wild-type human 11p-HSD2
fused to flag epitope (HSD2-Flag) cloned in pcDNA3 (Invitrogen) was a kind gift from Dr. Alex
Odermatt (University of Berne, Switzerland) and has been previously described (Odermatt, 1999). 11-
HSD2 sequence was amplified by PCR and subcloned in peCFP-N1 vector (Clontech) to produce an in-
frame fusion with the cyan fluorescent protein (CFP) (HSD2-CFP). 11B-HSD2 non-SUMOylatable
mutant K266R (HSD2-K266R) and AME mutants R337C (HSD2-R337C) [29] or R213C (HSD2-R213C)
[30] were obtained introducing point mutations by site-directed mutagenesis using the Quickchange
Lightning Kit (Agilent Technologies). Human SUMOL cloned in pEYFP-C1 (Clontech) to express YFP-
SUMOL1 was obtained from Addgene (plasmid 13380) [31]. Sequence of human deSUMOylase Senpl
cloned in pFlag-CMV (Sigma) to express epitope-tagged FLAG-Senpl was obtained from Addgene
collection (plasmid 17357) [32]. Senpl sequence was amplified by PCR and subcloned in pcDNA 3.1
(Invitrogen) to remove the FLAG epitope from the original construct in order to prevent cross-reactions in
PLA assays (see below). SRC-1 sequence was amplified by PCR from mouse hippocampus cDNA using
a proofreading DNA polymerase. The reverse oligonucleotide contained the coding sequence of HA
epitope tag. The resulting PCR product was cloned using pcDNA3.1 Directional TOPO Expression kit

(Thermo Fischer Scientific). All constructs and mutations were confirmed by DNA sequencing.
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Cell culture, transfection and hormone treatment

We used COS-7 cells, which lack endogenous MR and GR expression [33]. COS-7 cells were obtained
from American Type Culture Collection (Manassas, VA) and maintained in DMEM supplemented with
10% FBS. Cells were transfected with Jetprime (Polyplus Transfection, Illkirch, France) as described
before [25, 26]. pcDNA3.1 (Invitrogen) was used as a control in transfections. At the time of transfection
cells were washed and transferred to growth medium supplemented with charcoal-stripped fetal bovine
serum (Lonza) to eliminate steroids. Twenty-four hours after transfection, cells were washed and treated
with the indicated amounts of aldosterone or cortisol. Aldosterone and cortisol were obtained from Sigma,
dissolved in ethanol, and added to cells to the final concentration indicated for each experiment. Control
cells were treated with ethanol at the same dilution used for treatments (1:1000).

Immunoprecipitation and western blot analysis

11B-HSD2 immunoprecipitation was performed using a mouse monoclonal antibody against FLAG
epitope (Sigma) at 1:150 dilution in lysis buffer (in mM: NaCl, 170; EDTA, 1; DTT, 1; Tris-HClI, 20; pH
7.6) supplemented with 0.5% Nonidet-P40 and protease inhibitor cocktail. Antibody-antigen complex
capture was performed using Proteome Protein A and Protein G Magnetic Beads kit (Millipore). Western
blot analysis was performed as previously described [25, 26]. Human 11B3-HSD2 was detected with rabbit
polyclonal antibody (H-145; Santa Cruz Biotechnology). MR was detected with mouse monoclonal
antibody rMR365-4D6, developed by Dr. Celso Gomez-Sanchez et al. [34] and obtained from the
Developmental Studies Hybridoma Bank (The University of lowa, Department of Biology, lowa City,
1A). When indicated, proteins fused to fluorescent proteins were detected using a previously described
polyclonal antibody raised in rabbit, kindly provided by Dr. Raimundo Freire (Hospital Universitario de
Canarias, Canarias, Spain) [35]. To control for total protein loading we used monoclonal antibodies
against glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Abcam) or B-actin (Sigma). Secondary
antibodies conjugated with peroxidase (GE Healthcare) were used at 1:10000 dilution. Western blots were
developed with Immun-Star WesternC kit (Bio-Rad) and signals were detected with a Chemidoc imaging

system (Bio-Rad) and quantified with the software provided by the manufacturer (Image Lab, Bio-Rad).
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Cell imaging and kinetic analysis of nuclear translocation

Semiquantitative analysis of subcellular distribution in the absence of aldosterone was performed as
previously described [36]. Briefly, cells were transfected with the indicated combination of plasmids,
grown for 48 hours in culture medium supplemented with charcoal-stripped serum. Cells were then fixed,
mounted, and images were taken under a confocal microscope. At least 75 cells per condition were scored
into five categories (N, exclusive nuclear localization; N > C, predominant nuclear localization; N = C,
even distribution throughout cytosol and nucleus; N < C, predominant cytosolic localization; C, exclusive
cytosolic localization). Data are shown as the percentage of cells in each category from the total amount
of cells scored. To detect MR-WT or HSD2-Flag constructs, cells were immunostained following
previously published procedures [26] using a monoclonal antibody against the FLAG epitope (clone M2,
Sigma) or a polyclonal antibody against MR (MR-H300, Santa Cruz Biotechnology) followed by
incubation with goat anti-mouse or anti-rabbit secondary antibodies conjugated to Alexa fluor 488 or 594
(Invitrogen). Images were collected using a Fluoview 1000 confocal microscope (Olympus, Barcelona,
Spain). Kinetic analysis of cortisol-induced MR nuclear translocation was performed as previously
described [26, 37]. Briefly, cells were transfected with MR-147-GFP and grown for 48 hours in DMEM
supplemented with charcoal-stripped fetal bovine serum. Cells were then transferred to extracellular
saline (in mM: NaCl, 137; KClI, 4; CaCl2, 1.8; MgCl2, 1; glucose, 10; HEPES,10; pH 7.4), placed under a
Fluoview 1000 confocal microscope (Olympus) in a temperature-controlled environmental chamber set at
37°C and treated by adding 10 nM aldosterone to the medium. Images were collected for 1 hour at a
sampling rate of one every 2 minutes. Quantitative analysis of MR-GFP distribution was performed
frame-by-frame using the manufacturer’s software (Olympus). Recordings in the absence of aldosterone
were performed to control for photobleaching of GFP. Data processing and sigmoid curve-fitting were

performed using Prism 5 (GraphPad) according to the following equation:

Fnax —Fo

v (227

F=FR+]
1-+exp( T
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where Fq is the initial nuclear fluorescence, Fmax is the maximal nuclear fluorescence reached, ty is the
time (min) at which fluorescence is halfway between Fy and Fpax, and V, is a factor determining how
steeply nuclear accumulation changes with time.

In situ proximity ligation assay (PLA)

PLA was performed using a commercially available kit (Duolink, Olink Biosciences, Uppsala, Sweden)
as recently described [25, 26]. 11p-HSD2 SUMOylation was detected in COS-7 cells transfected with
wild type or K266R HSD2-Flag and SUMO1-YFP by using a mouse monoclonal anti-Flag antibody
(clone M2, Sigma) and a rabbit polyclonal anti-GFP kindly provided by Dr Raimundo Freire. MR nuclear
interaction with SRC-1 coactivator was detected in COS-7 cells transfected with wild type MR and SRC-
1-HA by using a mouse monoclonal anti-HA antibody (clone HA.11, Covance) and a rabbit polyclonal
anti-MR (MR-H300, Santa Cruz Biotechnology). The antibodies used in the assay were previously
validated by immunocytochemistry using previously described procedures [27, 36]. Specificity controls
consisted on non transfected cells or omitting either one of the transfected plasmids (HSD2-FLAG or
SUMO1-YFP), Results were quantified using the software provided by the manufacturer (Duolink Image
Tool) and are expressed as average number of puncta/cell area.

Transactivation function assays

MR transcriptional activity was assayed by cotransfecting a plasmid encoding MR with a plasmid
containing a synthetic promoter containing two copies of the basic hormone-responsive element (HRE)
fused to the firefly luciferase gene (GRE2X-luc; kindly provided by Dr. Rainer Lanz, Baylor College of
Medicine, Houston,TX) and a plasmid containing Renilla luciferase under the control of a
cytomegalovirus promoter (pSG5-ren; kindly provided by Dr. Fatima Gebauer, Center for Genomic
Regulation, Barcelona, Spain), as previously described [25, 26]. 113-HSD2 constructs were included in
the transfection mix as indicated in each experiment. Total amounts of transfected DNA were kept
constant. Cotransfected Renilla and firefly luciferase activities were measured sequentially using a
commercially available kit (Dual-Glo, Promega). MR-dependent transcriptional activity was calculated as

the ratio firefly luciferase/Renilla luciferase. Results are given as normalized average + SE. ECy, values
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were calculated from normalized data fitted to a log(agonist) versus response equation with variable slope
using Prism 5.

11-HSD2 activity assays

11B-HSD2 enzyme activity was determined by liquid chromatography and tandem mass spectrometry
(LC-MS/MS) using COS-7 cells transfected with wild type HSD2 or non-SUMOylatable mutant K266R.
24h after transfection cells were washed and transferred to charcoal-stripped serum-supplemented
DMEM. Cells were treated with the indicated time and cortisol concentration. Cells were collected for
protein assay by the method of Bradford and medium was used to extract steroids in ethyl acetate (HPLC
grade). The organic layer was dried by heating at 60°C under a gas nitrogen current. Steroids were then
diluted in a mobile phase of 30% acetonitrile to be analyzed by LC-MS/MS using a AB SCIEX seleXION
mass spectrometer to obtain the absolute amount of cortisol and cortisone present in the medium.
Negative control consisted on samples from non transfected cells run in parallel. Enzyme activity was
calculated as pmol of cortisone accumulation normalized by time and total amount of protein. In certain
experiments we express the data as percentage conversion of cortisol to cortisone. Data were fitted to a
Michaelis-Menten equation using Prism 5 software (GraphPad Software).

Independently, 11p-HSD2 activity was analyzed by measuring *H-corticosterone conversion into *H-11-
dehydrocorticosterone by HPLC as described [38]. Data were analyzed by measuring the percentage
conversion of cortisol to cortisone.

Statistical analysis

Statistical analysis was performed using Prism 5 software (GraphPad Software, Inc.). Unpaired Student t
test, one-way ANOVA followed by Dunn’s multiple comparison test, or two-parameter ANOVA

followed by Bonferroni post test were applied as indicated in each Figure.
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Results and Discussion

118-HSD2 is SUMOylated at lysine 266

We used the prediction algorithm GPS-SUMO [24] to investigate whether the human 113-HSD2
sequence displays any consensus SUMOylation sites. Results showed that lysine 266 is part of a high
probability canonical SUMOylation motif. This lysine and the SUMO consensus motif are highly
conserved in other mammals including primates, ruminants and rodents, but not pigs (Fig. 1). In addition
to the canonical high probability covalent SUMOylation site surrounding K266, the algorithm predicted
additional lower probability SUMOylation sites and SUMO interaction motifs (SIM), which may mediate
non-covalent interaction with SUMO peptides (on-line supplemental information, Table S1).

We then sought to establish whether 113-HSD2 is SUMOylated in vivo at residue K266. To that end we
co-transfected COS-7 cells with either FLAG-tagged wild type 11B8-HSD2 or nonSUMOylatable mutant
K266R with a plasmid expressing YFP-SUMO1. After immunoprecipitation of 113-HSD2 with an anti-
Flag antibody, we detected SUMO1-GFP by western blot. Results demonstrate a positive band migrating
consistently with the predicted molecular mass of approximately 82.5 kDa (resulting from the mass of
11B-HSD2, GFP and SUMO1, which are respectively 44, 27 and 11,5 kDa each). The intensity of this
band was notably decreased in the case of K266R mutant (Fig. 2), demonstrating that the majority of the
signal arises from SUMOylation at this residue. Interestingly, SUMOylation is not detected when total
11B-HSD2 in the input sample is analyzed by western blot, suggesting that a low proportion of the protein
is SUMOylated (Fig. 2). This is consistent with the general finding that the proportion of proteins
modified by SUMO in vivo is very low, but the modification has a high functional impact, a phenomenon
that has been termed the “SUMO paradox” [39].

In order to confirm 11B-HSD2 and accurately quantify the extent of SUMOylation at residue K266
relative to the rest of the protein, we tested wild type or K266R 11p-HSD2 SUMOylation by in situ
proximity ligation assay (PLA) in COS-7 cells. First, we investigated 11B-HSD2 subcellular localization

of FLAG-tagged wild type or K266R HSD2. Immunostaining using anti-flag antibody shows the
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previously described ER-associated localization of 118-HSD2 [40] for both HSD2 wild type and non-
SUMOylatable mutant constructs, indicating that SUMOylation at residue K266 is not involved in the
appropriate subcellular sorting of the enzyme (Fig. 3A). To quantitatively assess 11B-HSD2
SUMOylation we used PLA cotransfecting FLAG-tagged wild type HSD2 or K266R and YFP-tagged
SUMO-1 protein. We used monoclonal anti-Flag and polyclonal anti-YFP antibodies for PLA assay.
Results show a prominent PLA signal indicating wild type 118-HSD2 SUMOylation in the cytosol, ER-
associated region, even though most of SUMO-1 protein localizes in the nucleus (Fig. 3B). PLA signal of
non-SUMOylatable mutant K266R was strongly reduced to approximately 25% of the wild type signal
(Fig. 3B and C). Further proof of 113-HSD2 SUMOylation was obtained by using co-transfection of the
well-known deSUMOylase SENP1 [41], PLA signal was drastically reduced by co-expression of SENP1
to approximately 20% of the signal (Fig. 3B and C). Non-transfected cells or omission of either one of the
transfected plasmids resulted in the absence of signal (Fig. 3B and C). These results demonstrate 11p-
HSD2 SUMOylation, predominantly at K266 residue.

SUMOylation alters 115-HSD2 enzyme kinetics but not protein abundance

We next asked whether SUMOylation alters 113-HSD2 enzyme abundance or activity. To that end we
transiently transfected wild type or mutant 118-HSD2 in COS7 cells and quantified protein expression by
western blot. In addition to the K266R mutant, we included in the analysis two mutants that have been
previously described as AME-producing mutations in humans, R213C and R337C. The former has been
previously described as a loss-of-function mutation (PMID: 7670488), while the latter has been described
to be a destabilized variant of the protein (PMID: 8733000; PMID: 17314322). Quantification of 11(3-
HSD2 constructs showed that non-Sumoylatable mutant K266R did not produce any significant change in
protein abundance when compared to wild type 113-HSD2 (Fig. 4). As expected, mutant R337C showed
clearly diminished expression to approximately 20% of wild type level (Fig. 4).

In order to test whether mutation K266R alters or not 113-HSD2 activity, we measured conversion of

cortisol to cortisone in intact cells by performing liquid chromatography coupled to mass spectrometry
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(LC-MS/MS) to quantify both steroids in the culture medium. COS-7 cells were transfected with wild
type 118-HSD2 or non-SUMOylatable mutant K266R and then incubated for the indicated time and
cortisol concentration. First, we compared the time-dependent conversion of 300 nM cortisol to cortisone
in non-transfected or HSD2-WT transfected cells (Fig. 5A). Results show a linear time-dependent cortisol
conversion in cells transfected with wild type 113-HSD2 and a very slow conversion in non-transfected
cells (lower than 1% in up to 4 hours treatment; Figure 5A). We then compared 118-HSD2-WT and non
SUMOylatable mutant HSD2-K266R activity incubating 30 minutes with increasing cortisol
concentration and fitting the data to a Michaelis-Menten curve (Fig. 5B). We calculated enzyme
parameters Km and Vmax, obtaining a Km of 563.4 nM for wild type and 375.9 for K266R mutant and a
Vmax of 573.5 pmol/hour/mg of protein for wild type and 394.9 for K266R mutant (Fig. 5B and C). The
parameters calculated for wild type 113-HSD2 are consistent with previously published data [30, 42].
Non-SUMOylatable mutant K266R showed a 67% decrease in Km and 69% decrease in Vmax when
compared to wild type HSD2. We checked the enzyme activity at 100 and 500nM cortisol concentration
to represent physiological rates of cortisol previously assayed (Fig. 5B and D). At 100nM cortisol non-
SUMOylatable mutant K266R shows higher activity (140%) while at 500nM cortisol there are no
differences between both wild type HSD2 and K266R. In order to make sure that cofactor availability was
not a limiting factor in COS-7 cells, we checked the enzyme activity reached at 100 and 500nM cortisol
concentration with or without 2 mM cofactor addition to the medium. Results show that NAD addition is
not necessary (Fig. 5E). In addition we performed western blot analysis to demonstrate that differences
are not due to different 113-HSD2 construct expression (Fig. 5F and G).

We used an independent method to assess 11B-HSD2 activity by measuring *H-corticosterone conversion
to *H-11-dehydrocorticosterone by HPLC (Fig. 5H). COS-7 cells were treated with 10 nM °H-
corticosterone for 60 min and conversion to *H-11-dehydrocorticosterone was measured and normalized
to total protein content. Wild type HSD2 showed a 12.24% =+ 0.55 (average = SE, n=6) conversion, while

HSD2-K266R showed a 12.72% + 0.43 conversion (n=6).
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Lack of SUMOylation at residue K266 allows cortisol-dependent MR nuclear translocation

To investigate whether K266 SUMOylation has a role on 113-HSD2 function preventing MR activation
by circulating glucocorticoids, we first asked whether mutant K266R impairs 11p-HSD2 ability to
prevent cortisol-induced MR nuclear translocation. To that end we studied nuclear translocation of our
fully functional fluorescent derivative MR, with YFP inserted after amino acid 147 [25-27], cotransfected
or not with different HSD2 constructs fused to CFP (wild type HSD2; AME loss-of-function mutant
R337C; and non SUMOylatable mutant K266R). The assay was performed in COS-7 cells, which lack
detectable endogenous expression of 11p-HSD2 (Figs. 2, 4 and 5). Transfected cells were left untreated or
exposed overnight to two different physiological cortisol concentrations (100 or 500 nM). In the absence
of ligand, MR localization is predominantly cytosolic in most (> 80%) of cells (Fig. 6A and B) as
previously described in the same cell line [43]. Cotransfection with HSD2-WT, K266R or R337C did not
alter naive MR subcellular localization in the absence of cortisol (Fig. 6A and B). Overnight treatment
with 100 nM cortisol stimulated full MR translocation to the nucleus (> 90% of cells). As expected, 113-
HSD2-WT coexpression disturbed MR translocation, keeping a predominantly cytosolic MR localization,
consistent with the cortisol-removal function of the enzime (Fig. 6C and D). Cotransfection of 11p-
HSD2-R337C construct restored cortisol-induced MR translocation (Fig. 6C and D), consistent with the
loss-of-function effect previously described for this AME mutant [29]. Non SUMOylatable mutant 11f-
HSD2-K266R coexpression was also incapable to prevent MR nuclear translocation, behaving like the
loss-of-function mutant R337C (Fig. 6C and D). In order to check 11p-HSD2 capacity to remove cortisol
at higher concentration, we studied MR nuclear translocation with 500 nM cortisol treatment overnight,
resulting in MR full nuclear translocation in all conditions (Fig. 6E and F). This result demonstrates that
11B-HSD2 capacity to remove cortisol is limited and can be exceeded by high cortisol levels at the high
end of the physiological range, an effect which has been suggested previously [38].

Lysine residues are the target of other post-translational modifications in addition to SUMOylation,
including acetylation or ubiquitination. In order to check whether non-SUMOylatable K266R mutant

effect at 100nM cortisol is specific of SUMOylation and not due to impairing of other modifications or
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induction of a structural defect in the enzyme due to the mutation, we tested MR nuclear translocation
coexpresing HSD2-WT with deSUMOylase SENP-1. This experiment also resulted in full cortisol-
induced MR translocation, consistent with a SUMOylation-mediated effect on the ability of 113-HSD2 to
prevent cortisol access to MR (Fig. 6G and H).

We next investigated the Kinetics of cortisol-induced nuclear translocation in living COS-7 cells by
imaging MR subcellular dynamics for the first hour after 100 nM cortisol addition. We ran time-lapse
experiments in cells co-transfected with MR-147-GFP with or without wild type HSD2, AME mutant
R337C or non-SUMOylatable mutant K266R. All 13-HSD2 constructs used were CFP-tagged. Images
were taken every two minutes up to 60 minutes after ligand addition and the ratio of nuclear MR was
calculated for every frame. Full cortisol-dependent MR nuclear translocation was achieved approximately
50 minutes after ligand addition (Fig. 7A and B). As expected, wild type HSD2 prevented nuclear import
(< 10% of the receptor translocated over the time period). MR translocation in the presence of AME
mutant R337C or non-SUMOylatable mutant K266R, was indistinguishable from the control MR
condition (Fig. 7A and B). These data are consistent with subcellular localization after overnight
treatment (Fig. 6C and D), suggesting that 11B-HSD2 activity and its ability to prevent cortisol access to
MR is regulated by SUMOylation of lysine 266.

114-HSD2 SUMOylation affects cortisol- but not aldosterone-dependent MR transcriptional response

We then tested whether MR-mediated gene transactivation is affected by11B-HSD2 SUMOylation. MR
activity was assessed by cotransfecting the receptor with a luciferase reporter gene under the control of a
synthetic promoter containing two copies of the hormone response element (HRE) in COS-7 cells. We
treated cells overnight with increasing doses of cortisol (10 pM — 1 uM) in the presence or absence of the
different 11B-HSD2 constructs. MR cortisol-dependent transactivation curve showed an ECs, of 40 nM
(Fig. 8A). AME mutants HSD2-R337C or R213C did not alter cortisol apparent affinity for MR,
presenting an ECs, of 32-44 nM, as expected for loss-of-function constructs. The presence of HSD2-WT
produced the expected decrease in MR apparent affinity, with an ECs, of approximately 2 UM, two orders

of magnitude higher than cortisol ECs, for MR-WT. Surprisingly, non-SUMOylatable mutant HSD2-

14
Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion
Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28

En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59
En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03

En nombre de TERESA GIRALDEZ FERNANDEZ

184 /212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18
En nombre de ERNESTO PEREDA DE PABLO

184 /212



K266R also decreased activity and apparent affinity (ECso = 1.4 uM), behaving like the functional HSD2-
WT (Fig. 8A). Western blot analysis showed that results of activity assays are not due to impaired MR
expression (Fig. 8C and D).

Taking into consideration the experiments described above, it is clear that 113-HSD2-K266R decreases
activity of MR at cortisol concentrations where full receptor translocation was demonstrated (Fig. 6 and
7), suggesting an impairment of cortisol-induced receptor activation in the presence of 113-HSD2-
K266R. We next asked whether this functional impairment is ligand-dependent. To that end, we tested
aldosterone-dependent MR transactivation with the different HSD2 constructs (Fig. 8B). All dose-
response curves were superimposed, with an ECs, between 0.07 and 0.16 nM, as expected for aldosterone
[28]. This result demonstrates that 113-HSD2-K266R does not impede per se MR activation, but rather
prevents the activity of the receptor previously translocated by cortisol.

114-HSD2 SUMOylation affects cortisol- but not aldosterone-dependent recruitment of co-activators to
MR

To gain insight into the mechanism by which in the presence of 118-HSD2-K266R prevents cortisol-
induced but not aldosterone-induced MR transactivation, we tested the interaction between MR and
steroid receptor co-activator 1 (SRC-1), a well-known co-activator of MR activity [44]. We cotransfected
COS-7 cells with MR-WT and SRC1-HA. SRC-1 displays a predominantly nuclear localization both in
control and cortisol-stimulated conditions, whereas MR shows the expected ligand-induced trafficking
from cytosol to nucleus (Fig. 9A). To quantitatively assess MR-SRC-1 interaction we used PLA
coexpresing CFP-tagged 113-HSD2-WT or K266R mutant. Results show a prominent PLA signal in the
nucleus when MR is cotransfected with SRC-1 and nuclear translocation is promoted by cortisol (Fig.
9B). PLA signal was drastically reduced to ~ 40% by co-expression of either WT or K266R 113-HSD2
(Fig. 9B and C). Non-transfected cells or omission of either one of the transfected plasmids resulted in the
absence of signal (Fig. 9B and C). These results demonstrate that efficient interaction of MR with SRC-1

is impaired not only by presence of active 113-HSD2 (which decreases nuclear translocation) but also by
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the non SUMOylatable mutant K266R, suggesting a connection between MR and 113-HSD2 where lack
of SUMOylation allows nuclear translocation but impairs the proper MR conformation necessary to
recruit transcriptional co-activators. To explain that aldosterone-dependent transcriptional activity is not
affected, we suggest that aldosterone ability to stabilize the ligand binding domain of the receptor is
enough to allow the correct conformational change, whereas cortisol is unable due to the higher off-rate
previously reported [38].

Taken together, our data demonstrate that non-SUMOylatable mutant HSD2-K266R is able to promote
MR nuclear translocation, but even though a significant amount of receptor is translocated toward the
nucleus, cortisol-dependent transcriptional activity is impaired. We suggest that 113-HSD2 must be
interacting directly or indirectly with MR, allowing a cortisol-mediated conformational change of the
receptor that participates in its activation and depends on 11-HSD2 modification by SUMOylation.

Our data demonstrate that the effect of mutation K266R on11B-HSD2 activity is mild, particularly at
physiological cortisol concentrations. This is hard to reconcile with data showing full nuclear
translocation but diminished MR activity. One possible explanation could be based on the proposed
physical interaction between MR and 11B-HSD2, previously suggested in the literature [40]. This
hypothesis implicates that adequate interaction between MR and 11B-HSD2 is necessary for the correct
cortisol-induced conformational change of the receptor required to recruit transcriptional co-activators. In
the absence of SUMOylation, this interaction would not be productive, decreasing MR transcriptional
efficiency, but increasing its ability to translocate to the nucleus. Based on this idea, we checked whether
we could detect direct interaction between MR with 113-HSD2 by PLA, but the results were negative
(data not shown). This suggests that MR and 11B3-HSD2 do not closely interact in the cell, although the
result does not preclude the possibility that both proteins are part of a larger complex and that
SUMOylation of 113-HSD2 alters the nature of it.

In summary, we have shown that 113-HSD2 is SUMOylated and that this modification mainly takes place

at residue K266. 113-HSD2 SUMOylation does not affect enzyme activity but alters its ability to prevent
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cortisol-induced MR nuclear translocation. Interestingly, cortisol-translocated MR displays lower activity,

due at least in part to impaired co-activator recruitment.
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Figure legends

Figure 1. Prediction of SUMOylation sites in 11-HSD2 by in silico tool. Alignment of sequences
around the highly-conserved lysine 266 (human). *, residue conserved in all species; :, positions with
conservative amino acid substitutions; ., partially conserved residues.

Figure 2. 11g-HSD2 is modified by SUMOylation. Western blot analysis of FLAG-tagged HSD2 and
SUMO-1-GFP immunoprecipitated with an anti-FLAG antibody. Negative control consisted on omission
of 11B-HSD2 in the transfection mix. Cell lysates were analyzed in the same blot consecutively probed
with anti-11BHSD2 and anti-GAPDH antibodies. After anti-FLAG immunoprecipitation, blot was probed
with anti-GFP antibody to detect YFP-SUMO. NT, non-transfected cells. Arrowheads mark the migration
of molecular mass markers (values in kDa).

Figure 3. 118-HSD2 SUMOQylation occurs mainly at residue K266. A) Subcellular localization of
FLAG-tagged wild type HSD2 and non-SUMOylatable mutant K266R. B) Representative images of
proximity ligation assay results examining the interaction of FLAG-tagged 11B-HSD2-WT or non-
SUMOylatable mutant K266R with YFP-SUMOL in the absence or presence of deSUMOylate SENP1.
C) Quantitative analysis of PLA signals. Bars represent the average number of puncta/cell area + S.E. (n =
20 cells per condition). Negative controls consisted on analysis of non-transfected cells or leaving out
either 118-HSD2-WT or YFP-SUMOL from the transfection mix. ***, p< 0.001, one-way ANOVA
followed by Dunn’s multiple comparisons test.

Figure 4. 11B-HSD2-K266R mutant has normal protein abundance. A) Representative western blot
of 11B-HSD2 expression in COS-7 cells. NT, non transfected cells. The same blot was consecutively
probed with anti-113HSD2 and anti-GAPDH antibodies. Arrowheads mark the migration of molecular
mass markers (values in kDa). B) Quantitative analysis of western blots detecting expression of 11j-
HSD2 variants. Bars represent the average + SE of three independent experiments. *, p< 0.05, one-way

ANOVA followed by Bonferroni’s multiple comparisons test.
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Figure 5. Non-SUMOylatable mutantion K266R alters 118-HSD2 enzyme kinetics. COS-7 cells were
transfected with wild type 113-HSD2 or non-SUMOylatable mutant K266R. After 24h in charcoal-
stripped serum-supplemented DMEM, cells were treated with indicated time and cortisol concentration.
Steroids in culture medium were quantified by LC-MS/MS . A) Percentage conversion of 300 nM cortisol
to cortisone in non-transfected cells (N.T.) or in cells transfected with wild type 11B3-HSD2. Linear
regression was used to fit data points to a linear equation. B) Wild type and mutant113-HSD2 enzyme
kinetics. Transfected cells were treated with increasing cortisol concentrations for 30 min. Data points
represent average values = SE (N = X) and were fitted to the Michaelis-Menten equation. C) Michaelis-
Menten parameters obtained from data fitting in panel B. D) Enzyme activity in transfected COS-7 cells
treated with 100 or 500nM cortisol concentration. E) Enzyme activity in transfected COS-7 cells
supplemented with 2 mM NAD and treated with 100 or 500nM cortisol concentration. F) Western blot
analysis of 11B-HSD2 expression in COS-7 cells used for enzyme activity determinations. NT, non
transfected cells. The same blot was consecutively probed with anti-113-HSD2 and anti-B-actin
antibodies. Arrowheads mark the migration of molecular mass markers (values in kDa). G) Quantitative
western blotting analysis showing no changes in HSD2 expression of the different constructs transfected.
* p< 0.05, unpaired t student test. H) Quantitative HPLC-based analysis of *[H]-cortisol conversion to
3[H]-cortisone in transfected COS-7 cells.

Figure 6. 11p-HSD2 SUMOylation impairs its ability to prevent cortisol-induced MR nuclear
translocation. A) Quantitative analysis of MR-147-YFP subcellular localization in COS-7 cells
expressed alone or cotransfected with 113-HSD2 wild type, nonSUMOylatable mutant K266R or AME
mutant R337C in the absence of ligand. Values represent the average percentage of cells in each category
from the total amount of cells scored in three independent experiments (N, exclusive nuclear localization;
N C, predominant nuclear localization; N C, even distribution throughout cytosol and nucleus; N C,
predominant cytosolic localization; C, exclusive cytosolic localization). B) Representative images of

untreated COS-7 cells transfected with the indicated constructs. C Quantitative analysis of MR-147-YFP
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subcellular localization in COS-7 cells after overnight treatment with100 nM cortisol. Note that
expression of wild type 113-HSD2 greatly diminished nuclear translocation, while AME mutant R337C
or non-SUMOylatable mutant K266R were incapable of preventing cortisol-induced translocation. D)
Representative images of COS-7 cells transfected with the indicated constructs after 100 nM cortisol
treatment. E) Quantitative analysis of MR-147-YFP subcellular localization in COS-7 cells after
overnight treatment with 500 nM cortisol, showing full MR nuclear translocation independently of wild-
type or mutant 113-HSD2 expression. F Representative images of COS-7 cells transfected with the
indicated constructs after 500 nM cortisol. G) Quantitative analysis of MR-147-YFP subcellular
localization in COS-7 cells in the presence of 100nM cortisol and deSUMOylase SENP-1. H)
Representative images of COS-7 cells transfected with the indicated constructs and treated with 100 nM
cortisol.

Figure 7. Cortisol-induced MR nuclear translocation kinetic is not altered by non-SUMOylatable
118-HSD2-K266R. COS-7 cells were co-transfected with the indicated combinations of MR-GFP and
wild type or 118-HSD2-CFP mutants. Untreated cells were placed under the confocal microscope in
Ringer’s medium and treated with 100 nM cortisol. A) Quantitative analysis of MR the time course of
MR subcellular localization after cortisol addition (time 0). Images were recorded every two minutes.
Nuclear vs. total fluorescence was calculated for 7-9 cells in each condition. Values represent average
nuclear localization + SE. Data points were fitted to Boltzmann sigmoidal curves. B) Representative
images of cortisol-induced MR nuclear translocation by 100nM cortisol. T, time in minutes after cortisol
addition.

Figure 8. Cortisol-induced MR nuclear translocation results in impaired receptor activity in the
presence of non-SUMOylatable 11B-HSD2. COS-7 cells were co-transfected with the indicated
combinations of MR-YFP and wild type or HSD2-CFP mutants, GRE2X-luciferase and CMV-Renilla
reporters. After 24h in charcoal-stripped serum-supplemented DMEM, cells were treated or not with the
indicated dose of cortisol (0.1 nM to 10 puM) or aldosterone (0.01 nM to 1 uM) overnight and firefly

luciferase and Renilla luciferase activities were determined using the Dual-Glo kit (Promega). Cortisol
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(A) or aldosterone (B)-induced promoter transactivation. Individual points represent the average + SE (N
= 3) firefly/Renilla values normalized to the maximum activity in each construct. Data points were fitted
to a variable slope model (four parameters). C) Representative western blots of MR expression in COS-7
cells. NT, non transfected cells. The same blot was consecutively probed with anti-MR and anti-GAPDH
antibodies. Arrowheads mark the migration of molecular mass markers (values in kDa). D) Quantitative
analysis of western blots detecting expression of MR. Bars represent the average + SE of three
independent experiments. *, p< 0.05, one-way ANOVA followed by Bonferroni’s multiple comparisons
test.

Figure 9. 11B-HSD2- K266R expression impairs MR interaction with SRC-1 coactivator after
cortisol treatment. COS-7 cells were co-transfected with the indicated combinations of MR-WT, SRC-1-
HA and CFP tagged HSD2 constructs. A) Subcellular localization of MR-WT and HA-tagged SRC-1
before and after 100nM cortisol treatment. B) Representative images of proximity ligation assay results
examining the nuclear interaction between MR and SCR-1 after 100nM cortisol treatment absence of
11B-HSD2 or in the presence of CFP tagged 113-HSD2-WT or K266R mutant. PLA was performed with
monoclonal anti-HA and polyclonal anti-MR antibodies. C) Quantitative analysis of PLA signals. Bars
represent the average number of puncta/cell area + S.E. (n = 20-25 cells per condition). Negative controls
consisted on analysis of non transfected cells, leaving out either MR-WT or SRC-1 from the transfection
mix and omission of cortisol treatment. ***, p< 0.001, one-way ANOVA followed by Dunn’s multiple

comparisons test.
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Figure 3.
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Figure 5.
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Figure 7.
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Figure 8.
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Figure 9.

PLAsignal DAPI

CFP

SRC1-HA MR-WT Nontransfected

MR+ SRC1-HA

o
T
c
o
7]
<
)
o
o
°
i
©
£
£
S
z

- cortisol

MR+ SRC1-HA MR+ SRC1-HA

HSD2-WT-CFP

MR+ SRC1-HA
K266R-CFP

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59

En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03
En nombre de TERESA GIRALDEZ FERNANDEZ

203/212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

203 /212



On-line supplemental information:

Source Position | Peptide
Human 214 -218 IVTVG 36.995 0.089 Interaction
266 FKTE 12.949 0.008 Consensus
Chimpanzee 214 -218 IVTVG 36.995 0.089 Interaction
266 FKTE 12.949 0.008 Consensus
Macaque 214 -218 IVTVG 36.995 0.089 Interaction
266 FKTE 12.949 0.008 Consensus
Sheep 214 -218 IVTVS 41.304 0.055 Interaction
266 FKTE 13.601 0.008 Consensus
Bovine 214 -218 IVTVS 41.304 0.055 Interaction
266 FKTE 13.601 0.008 Consensus
Mouse 58-62 LVVLA 44.461 0.036 Interaction
214 -218 IVTVG 40.651 0.06 Interaction
266 FKTD 3.499 0.035 Consensus
Rat 58-62 LVVLA 44.461 0.036 Interaction
214 -218 IVTVG 40.651 0.06 Interaction
266 FKTE 10.308 0.009 Consensus
Pig 58-62 LVVLA 42.61 0.043 Interaction
214 -218 IVTVG 39.887 0.065 Interaction
Guinea Pig 141 MKPE 10.094 0.013 Consensus
266 FKTE 14.881 0.006 Consensus
Frog 136 - 140 LTIIQ 37.222 0.132 Interaction
218 - 222 IVTVG 42.654 0.047 Interaction
262 - 266 ILILP 39.663 0.051 Interaction
Zebrafish 203 - 207 IVTIS 45.732 0.039 Interaction

Table S1. Predicted consensus SUMOylation sites and SUMO-interacting motifs
(SIM) in different species. SUMOylation sites and SUMO-interacting motifs (SIM)
predicted within 11B-HSD2 sequence through the algorithm GPS-SUMO.
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Anexo 3

ANEXO 3: LISTA DE FIGURAS Y TABLAS
Figura 1: Anatomia y estructura del rifién. En detalle se muestra la disposicion

y estructura de las nefronas. Stuart Ira Fox (Fisiologia Humana, 132 edicion

2014, MCGIAW-HII) ...ttt 6
Figura 2: Estructura quimica del colesterol (Cx;H460) a la izquierda, Pm =

385,65 g/mol; y de la aldosterona (C21H230s) a la derecha, Pm = 360,44 g/mol.............. 9
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Anexo 4

ANEXO 4: LISTA DE ABREVIATURAS

uM: Micromolar

A: Alanina

ACE: Enzima convertidora de angiotensina
ACTH: Hormona adrenocorticotropa o corticotropina
ADH: Hormona antidiurética o vasopresina

AF: Dominio de transactivacion

AME: Sindrome de Exceso Aparente de Mineralocorticoides
AMP: Adenosin monofosfato

AMPc: AMP ciclico

ANP: Péptido natriurético auricular

AR: Receptor de andrégenos

ATP: Adenosin trifosfato

C: Cisteina

cDNA: DNA complementario

CFP: Proteina fluorescente cian

CH3CO: Grupo acetilo

CI': Cloro

CO,: Di6xido de carbono

CRH: Hormona liberadora de corticotropina

D: Acido aspértico

DBD: Dominio de unién a DNA

dm: doble mutante

DMEM: Dulbecco’s modified Eagle’s medium
DNA: Acido desoxirribonucleico

E: Acido glutamico

ECso: Concentracion efectiva media

ENaC: Canal epitelial de sodio

FBS: Suero fetal bovino

GAPDH: Gliceraldehido 3-fosfato deshidrogenasa
GFP: Proteina fluorescente verde

GMP: Guanosin monofosfato

191

Este recibo incorpora firma electrénica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccion: http://sede.ull.es/validacion

Identificador del documento: 858046 Cadigo de verificacion: 6SYt1hLi
Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 14/02/2017 15:54:28
En nombre de RUBEN JIMENEZ CANINO
UNIVERSIDAD DE LA LAGUNA 15/02/2017 15:41:59

En nombre de DIEGO ALVAREZ DE LA ROSA RODRIGUEZ

UNIVERSIDAD DE LA LAGUNA 15/02/2017 21:26:03
En nombre de TERESA GIRALDEZ FERNANDEZ

207 /212

Este recibo incorpora firma electrdnica de acuerdo a la Ley 59/2003
La autenticidad de este documento puede ser comprobada en la direccién: http://sede.ull.es/validacion

Identificador del documento: 859083 Cddigo de verificacion: 1FdrvOCS

Firmado por: UNIVERSIDAD DE LA LAGUNA Fecha: 16/02/2017 14:29:18

En nombre de ERNESTO PEREDA DE PABLO

207 /212



Anexo 4

GMPc: GMP ciclico

GR: Receptor de glucocorticoides

GRE: Elemento de respuesta a glucocorticoides
GTP: Guanosin trifosfato

H: Histidina

H": Protones

HDAC: Histona desacetilasa

hMR: MR humano

HRE: Elemento de respuesta hormonal

HPLC: LC de alta presién

HSD2: 11-B-hidroxi-esteroide-deshidrogenasa tipo 2
HSP90: Proteina de choque térmico de 90 kDa
ICs0: Concentracion inhibitoria media

K: Lisina

K*: Potasio

Kd: Constante de disociacion

kDa: Kilodalton

Ki: Constante de inhibicion

Km: Constante de Michaelis

LBD: Dominio de unién al ligando

LC: Cromatografia liquida

MR: Receptor de mineralocorticoides

mRNA: RNA mensajero

MS: Espectrometria de masas

PIAS: Proteinas Inhibidoras de STAT Activado
NLS: Secuencia de localizacion nuclear

NTD: Dominio NH-terminal

Na*: Sodio

NaCl: Cloruro sédico

NAD: Nicotinamida adenina dinucleétido
NGAL: Lipocalina 2

nM: Nanomolar

PCR: Reaccién en cadena de la polimerasa
PLA: Ensayo de ligacién por proximidad
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Pm: Peso molecular

PO,*: Grupo fosfato

PVDF: Polivinilidenofluoruro

Q: Glutamina

gPCR: PCR cuantitativa

R: Arginina

RNA: Acido ribonucleico

RT-PCR: PCR de transcripcion inversa

S: Serina

SGK1: Quinasa inducida por suero y glucocorticoides 1
siRNA: RNA interferente

SDS: Dodecilsulfato sodico

SDS-PAGE: Electroforesis desnaturalizante en gel de poliacrilamida
SIM: Motivo de interaccién con SUMO

SRC: Coactivador de receptores de esteroides

STAT: Transductor de sefial y activador de la transcripciéon
SUMO: Small ubiquitin-related modifier

TSA: Tricostatina A

Vmax: Velocidad maxima

wt: Wild type

YFP: Proteina fluorescente amarilla
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