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RESUMEN

Las células dendriticas (CDs) son células presentadoras de antigenos que
desempenan un papel crucial en el comienzo de la respuesta inmunoldgica
adaptativa. En los tejidos y antes de su encuentro con el antigeno, las CDs se
encuentran en un estado inmaduro, sin embargo, cuando las CDs inmaduras se
exponen a patdégenos u otras “sefales de peligro”, sufren un proceso
denominado maduracién o activacién durante el cual, entre otros cambios, se
produce el incremento en la expresién del receptor de quimioquinas CCR7. Este
receptor controla la migracién de las CDs maduras desde el foco de inflamacién
hacia los ganglios linfaticos, siguiendo un gradiente de concentracién sus
ligandos, CCL19 y CCL21. En los ganglios, las CDs presentardn los antigenos
endocitados a los linfocitos T especificos para generar una respuesta adaptativa.
Ademas de la quimiotaxis, CCR7 regula otras funciones en las CDs, como la
maduracién, la supervivencia, la endocitosis, la citoarquitectura y la velocidad

migratoria.

El complejo SCF es un complejo enziméatico con actividad E3 ubiquitin ligasa
encargado de la ubiquitinacién de numerosas proteinas en la célula para
posteriormente ser degradadas por el proteasoma. Este complejo estd compuesto
por Skpl, Rbxl y Cul-1. Para que el complejo se active, es necesario que la
proteina de ensamblaje Cul-1 sea modificada covalentemente por Nedd8, una
molécula homdloga a la ubiquitina, mediante un proceso denominado

nedilacidon.
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En este trabajo estudiamos si CCR7 podia estar induciendo nedilacién, y
consecuente activacién, de la ubiquitin ligasa SCF en las CDs y también
investigamos las consecuencias funcionales de dicha activacion. En primer lugar,
observamos que la estimulacién de CCR7 con CCL21 inducia nedilacién de Cul-1
a través de la sefalizacidn mediada por la familia de proteinas de Gai.
Posteriormente analizamos si dicha nedilacién podia estar mediando alguna de
las funciones reguladas por CCR7 en las células dendriticas. Sin embargo,
observamos que la inhibicién farmacoldgica de la nedilacion con MLN4924
(MLN) no afectaba a las funciones reguladas por CCR7, incluyendo, la
supervivencia, quimiotaxis, velocidad migratoria, endocitosis o la

citoarquitectura de estas células.

Sorprendentemente, observamos que la nedilaciéon de Cul-1 ocurria en el nicleo
de las CDs. En este sentido, se comprobd que Cul-1 se encontraba en el nicleo
formando parte del complejo SCF con Skpl y Rbxl. En este trabajo también
observamos que la estimulaciéon de CCR7 indujo poliubiquitinacién tipo K48
(Poli-Ub-K48), relacionada con la degradacién proteasomal, en el nacleo de las
CDs. Dicho incremento en Poli-Ub-K48 se inhibié cuando las células fueron
pretratadas con MLN. La reduccién en los niveles de Cul-1 mediante un siRNA

tuvo un efecto similar sobre la Poli-Ub-K48 inducida por CCR7.

Estos resultados sugieren que CCR7 induce la Poli-Ub-K48 de proteinas a través
de la nedilacién de Cul-1, lo cual induce activaciéon de la E3 ligasa SCF en el
nlcleo de las CDs. Apoyando este concepto, nuestros estudios indican que la

ubiquitina (Ub) colocaliza con Nedd8 en el nicleo de las CDs y ademas la Ub
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nuclear desaparece cuando se inhibe la nedilacién con MLN o cuando se silencia

Cul-1 mediante un siRNA.

Finalmente, analizamos si la degradacién de las proteinas ubiquitinadas podia
estar ocurriendo en el mismo nucleo de las CDs. Nuestros estudios mostraron la
presencia de un componente del proteasoma 26S en el nucleo de las CDs y su
posible cercania con el complejo SCF, sugiriendo que la degradacion de las
proteinas ubiquitinadas en respuesta a CCR7 podria darse en el nicleo de las
CDs. Con el fin de averiguar qué proteinas se ubiquitinan en respuesta a la
estimulaciéon de CCR7, se realizaron estudios de protedmica precipitando Cul-1
de extractos de proteinas nucleares. El anélisis del interactoma de Cul-1 sugiere
que esta proteina puede estar participando en el metabolismo de proteinas, v,

posiblemente, en el mantenimiento de la proteostasis nuclear.

En conclusién, nuestros resultados indican que CCR7 puede inducir otros tipos de
modificaciones post-traduccionales diferentes a la fosforilacién, como es la
nedilacion y la ubiquitinacién. Este trabajo describe una nueva via de
sefalizacién regulada por CCR7 que induce la nedilacién de Cul-1y la activacién
de SCF en el nacleo de las CDs. Este complejo es responsable de la Poli-Ub-K48
de proteinas nucleares. La presencia de proteasomas y su cercania a SCF sugieren
que la degradacién de proteinas puede darse en el nicleo de las CDs. En este
sentido, los datos obtenidos permiten especular que CCR7 podria estar

participando en el mantenimiento de la proteostasis nuclear.
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SUMMARY

Dendritic cells (DCs) are potent antigen presenting cells, key for the development
of an adaptive immune response. DCs are found in peripheral tissues in an
immature state, but when these cells encounter a pathogen or a “danger signal”,
they undergo a process called maturation, in which, they upregulate the
expression of chemokine receptor CCR7. This receptor controls the migration of
DCs from the inflammation site to the lymph nodes, following the concentration
gradient of its ligands, chemokines CCL19 and CCL21. In the lymph nodes, DCs
will present the antigens endocyted to specific T cells to activate an adaptive
response. In addition to chemotaxis, CCR7 controls other functions in DCs, such

as maturation, survival, endocytosis, cytoarchitecture and migratory speed.

The SCF complex (Skp1-Cul-1-Fbox containing complex) is an E3 ubiquitin ligase
enzyme that mediates the ubiquitination of a large number of proteins in the cell
to induce their degradation by the ubiquitin proteasome system. This complex
contains the proteins Skpl, Rbx1 and Cul-1. For SCF to be activated, Cul-1 has to
be modified covalently by Nedd8, an ubiquitin-like protein. This process is called

neddylation.

In this study we wanted to find out if CCR7 could induce neddylation of the SCF
and the functional significance of this process in DCs. First, we observed that
stimulation of CCR7 with CCL21 induces neddylation of Cul-1 through Gai
protein signaling. Next, we analyzed if this neddylation could be controlling

CCR7-regulated functions in DCs. In this regard, we inhibited neddylation with a
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drug called MLN4924 (MLN), but we observed no effect of this inhibition in
CCR7 induced survival, chemotaxis, migratory speed, endocytosis or

cytoarchitecture changes in DCs.

We later found that neddylation of Cul-1 was occurring in the nucleus of DCs
and we confirmed that Cul-1 was part of the SCF complex, along with Skp1 and

Rbx1 in the nucleus.

Upon CCR7 stimulation, we observed an increase in K48 polyubiquitination
(K48-Poly-Ub), known to direct proteins for their degradation by the
proteasome, in the nucleus of DCs. This increase was prevented by MLN
treatment. A similar result was observed when Cul-1 levels were reduced with a
siRNA. These results indicate that CCR7 is inducing K48-Poly-Ub of proteins in
the nucleus of DCs through SCF Neddylation/activation. Consistent with these
results, fluorescence microscopy analysis showed Ub was found concentrated in
the nucleus of DCs co-localizing with Nedd8. Upon MLN treatment or Cul-1
reduction by a siRNA, Ub levels decreased in the nucleus of DCs. We could also
detect proximity between Nedd8 and Ub, abolished when DCs were treated

with MLN.

Likewise, we wondered whether degradation also could be taking place in the
nucleus of DCs. Our studies show there are proteasomes in the nucleus of DCs
and these superstructures seem to be close to the SCF complex, suggesting
degradation of ubiquitinated proteins in response to SCF could also take place in

the nucleus of DCs.
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To find out which proteins are being ubiquitinated in response to CCR7, we
carried out proteomic studies of the nuclear interactome of Cul-1. Our results
indicate Cul-1 could participate in proteins metabolism, and, possibly, in the

maintenance of nuclear proteostasis.

In conclusion, we have observed that CCR7 can induce other types of
posttranslational modifications, different from phosphorylation, such as
neddylation and ubiquitination. We describe a new signaling pathway in which
CCR?7 induces neddylation of Cul-1 and the activation of the SCF complex. This
takes place largely in the nucleus of DCs and it is responsible for the K48-Poly-Ub
of proteins in this compartment. Degradation also could be taking place in the
nucleus of DCs, as the presence of proteasomes seems to indicate. In this regard,
we speculate CCR7 could be participating in the maintenance of nuclear

proteostasis.
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Modelo actualizado de la sefializacién intracelular activada por CCR7. La estimulacion de CCR7
con sus ligandos, CCL19 y CCL21, induce un aumento de la supervivencia, la quimiotaxis, la
velocidad migratoria y la endocitosis, asi como cambios la citoarquitectura de las CDs. Los
resultados obtenidos en esta tesis sugieren una nueva via de sefializacién en la que la estimulacién
de CCR7 induce la nedilacién de Cul-1 en el nicleo, activando asi al complejo SCF, que induce
poliubiquitinacién tipo K48 de proteinas nucleares, para ser degradadas posteriormente por el
proteasoma.
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INTRODUCCION

1. El sistema inmunolégico

El sistema inmunolégico (S1) protege al organismo frente a multiples amenazas,
incluyendo patdgenos, agentes fisicos y quimicos o células tumorales, gracias a la
coordinacién de dos tipos de respuestas inmunoldgicas: la respuesta innata y la
respuesta adaptativa. La respuesta inmunoldgica innata constituye la primera
linea de defensa del organismo y es la encargada de reconocer las amenazas y
actuar de manera inmediata y, relativamente, inespecifica para eliminarlas
(Dudek, Martin et al. 2013). Las células del sistema inmune innato y otras células
del organismo expresan receptores que reconocen estructuras microbianas
conservadas denominadas “patrones moleculares asociados a patdgenos”
(“pathogen associated molecular patterns (PAMPs), u otras “sefiales de peligro”,
“patrones moleculares asociados al dafio” (“damage associated molecular
patterns (DAMPs)) (Medzhitov 2001), que activan una respuesta inflamatoria en

estas células.

La respuesta inmunolégica adaptativa se desencadena de manera muy especifica
contra agentes que son reconocidos como antigenos. Comparada con la
inmunidad innata, la inmunidad adaptativa se produce de manera mas tardia
(tras varios dias). Estd mediada principalmente por los linfocitos T y los linfocitos
B, que tras ser activados por células de la inmunidad innata, maduran y generan
clones de linfocitos especificos contra el antigeno (lwasaki and Medzhitov 2015).

Estos clones serdn los responsables de generar la llamada “memoria
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inmunolégica”, que consiste en la capacidad del sistema inmune de reaccionar de
manera rapida y especifica si se expone nuevamente a un antigeno con el que ya

haya estado en contacto previamente (Dudek, Martin et al. 2013).

Aunque hasta ahora se pensaba que la memoria inmunoldgica era exclusiva del Sl
adaptativo, recientemente se ha descubierto que el Sl innato posee una
capacidad similar, a la que se ha denominado “inmunidad entrenada” (“trained
immunity”). Este tipo de “memoria” confiere a las células del Sl innato la
capacidad de responder de manera mas rapida y eficiente frente a un
determinado antigeno con el que ya han estado en contacto anteriormente

(Franceschi, Salvioli et al. 2017; Lee, Geng et al. 2017).

Para que se inicie la respuesta inmune adaptativa, es necesario que los linfocitos
reconozcan al antigeno, que se expone sobre moléculas del complejo mayor de
histocompatibilidad (CMH en ratén o HLA en humano) en la superficie de las
células presentadoras de antigenos. Las células dendriticas son las més potentes y

eficaces células presentadoras de antigenos.

2. Ciclo biolégico y funcién de las células dendriticas

Las células dendriticas (CDs) juegan un papel clave en la iniciacién de la respuesta
inmunolégica adaptativa, asi como en la induccién de memoria inmunoldgica y

tolerancia periférica (Mellman 2013).

Al igual que los monocitos y los macréfagos, las CDs derivan de progenitores

hematopoyéticos de la médula ésea con un potencial de diferenciacién mieloide.
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Dichos progenitores mieloides dan lugar, tras sucesivas etapas de diferenciacién,
a pre-CDs que pasan al torrente circulatorio para posteriormente extravasarse a
los tejidos periféricos (Geissmann, Manz et al. 2010). En estos tejidos, las CDs se
encuentran en una fase de diferenciacién denominada “inmadura” (figura 1). Las
CDs inmaduras realizan una labor de “vigilantes™ frente a patégenos invasores o
sefales de peligro. Este estado inmaduro se caracteriza por una alta capacidad
endocitica, principalmente mediante macropinocitosis y fagocitosis, y una

capacidad de presentacién antigénica relativamente baja (Mellman 2013).

Cuando las CDs inmaduras se exponen a patégenos, PAMPs o citoquinas
inflamatorias, experimentan una serie de cambios fenotipicos y funcionales, un
proceso denominado maduracién o activacién (figura 1). Durante la maduracién
se reduce drésticamente la capacidad de capturar antigenos, aunque permanece
la capacidad endocitica mediada por receptores (Yanagawa and Onoe 2003;
Platt, Ma et al. 2010). Ademés, se activa la maquinaria de procesamiento
antigénico y se incrementa la expresion de moléculas coestimuladoras como
CD80 y CD86, y HLA (CMH) (Dudek, Martin et al. 2013). También, durante este
proceso disminuye la expresidn de receptores de quimioquinas inflamatorias
(CCRI, 2, 5 y CXCR1 y 2) y se incrementa considerablemente la expresién del
receptor de quimioquinas CCR7. Este receptor controla la migraciéon de las CDs
maduras desde el foco de la inflamacién hacia los ganglios linfaticos, siguiendo
un gradiente de concentracién de sus dos ligandos, las quimioquinas CCL21 vy

CCL19.

33



| Médula 6sea Sangre Tejidos periféricos Vasos linfaticos Ganglios linfoides
Progenitor Pre-CD CD inmadura CD activada CD madura
hematopoyético TLR
CCR1  pts g CCR7 . .
geno &~ S X
! & ccre & . N . ¥ L7 coso ariels.
A~ ~ &Z CCRs \ ) — g | I’ o
Q/‘— Q ) 1< “-’(uav N W N W T - N 1R )| ) cozs ©
N < LSCCXCR1 i ccLi9 Gradiente ) M g
Y ¢ e cCL21 2 '
CXCR2 CelcEL1g MHC CDsd
yCCL21 class I CD86
Activacion
célulaT
Diferenciacion Activacion Maduracién

Figura 1. Ciclo biolégico de las células dendriticas. Las células dendriticas (CDs) se originan en la médula 6sea
a partir de progenitores hematopoyéticos. Estos progenitores migran a través de los vasos sanguineos a los
tejidos periféricos, y durante este trayecto se produce su diferenciacién a CDs inmaduras. En los tejidos
periféricos, las CDs inmaduras actian como “centinelas” que detectan microorganismos patégenos, PAMPS
o DAMPS. Al activarse se modifica la expresidn de sus receptores de membrana, disminuyendo la expresién
de receptores inflamatorios (CCRI1, 2, 5, 6 y CXCR1 y 2) y aumentando la expresién de CCR7, MHCII
(CMHII), CD40, CD80 y CD86. CCR7 dirige las CDs a los ganglios linfaticos siguiendo el gradiente de
concentracién de los ligandos CCL19 y CCL21. En los ganglios, las CDs presentaran los antigenos
endocitados previamente a las células T para comenzar una respuesta adaptativa. Modificado a partir de
(Bachmann, Kopf et al. 2006).

Las CDs maduras, una vez localizadas en las zonas ricas en linfocitos T de los
ganglios, presentardn los antigenos capturados en su fase inmadura a los
linfocitos T que posean el receptor TCR especifico para dichos antigenos. Estos
linfocitos T se activardn, comenzarén a proliferar y migrarén al foco inflamatorio
donde las CDs captaron previamente los antigenos, generando asi una respuesta
adaptativa contra esos antigenos (Mempel, Henrickson et al. 2004; Krummel,

Bartumeus et al. 2016).

Durante un proceso inflamatorio, los monocitos de sangre periférica pueden
migrar a las zonas inflamadas y diferenciarse en CDs que contribuyen a la
respuesta inmune contra la amenaza detectada (Qu, Brinck-Jensen et al. 2014).
Ademas, existe un subtipo de CDs inmaduras que, aunque no han sido activadas
por sefales inflamatorias, expresan CCR7, lo que les permite migrar a los

ganglios linfaticos continuamente transportando antigenos propios o agentes
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ambientales inocuos. De esta manera presentan los antigenos a las células T junto
con las sefiales necesarias para que éstas se conviertan en linfocitos T reguladores
(tolerogénicos) (Mellman 2013). Por lo tanto, las CDs desempefian un papel
clave en la regulacién del sistema inmunoldgico y la adquisicidn de tolerancia

periférica.

3. Las quimioquinas y sus receptores

3.1 Las quimioquinas

Las quimioquinas (citoquinas quimiotacticas) son pequenos péptidos (8-14 KDa)
que actian como quimioatrayentes celulares. Mediante la unién a sus receptores
especificos, las quimioquinas inducen la activacién de diversas vias de
transduccién de sefales intracelulares que regulan la migracién y otras multiples
funciones celulares (Luster 1998; Lopez-Cotarelo, Gomez-Moreira et al. 2017).
Debido a este importante papel, son necesarias para el correcto desarrollo y
homeostasis de las células del sistema inmunolégico (Criffith, Sokol et al. 2014).
Las quimioquinas generalmente son secretadas al medio extracelular, a excepcién
de CX3CL1 (fractalquina), que es una proteina de membrana. Muchos de estos
péptidos pueden unirse a proteinas sialiladas presentes en la superficie celular o a
los proteoglicanos sulfatados que se presentan en la matriz extracelular. Debido a
su afinidad por los proteoglicanos, al ser secretadas al exterior celular, pueden
oligomerizar y permanecer concentradas localmente formando gradientes

estables (Li, Pettersson et al. 2014).
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Las quimioquinas constituyen una amplia familia compuesta por alrededor de 50
miembros que se clasifican atendiendo a la posicién relativa de dos de sus cuatro
residuos de cisteina (C) muy conservados, que se encuentran proximos al
extremo N-terminal. De acuerdo con esta clasificaciéon existen 4 familias de
quimioquinas: CXC-, CC-, C- o y CX;C-. Donde X representa a cualquier

aminodacido (figura 2).
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Figura 2. Tipos de quimioquinas. Las quimioquinas se clasifican en cuatro grupos, atendiendo a la posicidon
relativa de dos de sus cuatro cisteinas més conservadas, en el extremo N-terminal: Quimioquinas tipo (CXC)
(a), (CC) (b), (C) (c) y (CX3C) (d). A la derecha de cada tipo se indican las quimioquinas descritas y sus
receptores.(Rostene, Kitabgi et al. 2007).

Las quimioquinas CXC presentan un aminoécido no conservado entre ambas
cisteinas y son quimioatrayentes de neutrdfilos, linfocitos T, linfocitos B y células
Natural Killer (NK). Las quimioquinas CC-, en las cuales las cisteinas son
adyacentes, son quimioatrayentes de monocitos, macréfagos, baséfilos, linfocitos

T y eosindfilos. Las quimioquinas C son aquellas que presentan sélo dos cisteinas

36



conservadas en lugar de cuatro (Kelner, Kennedy et al. 1994) y los udnicos
miembros de esta familia son la linfotactina a y la B, quimioatrayentes de
linfocitos T. Por dltimo, existe una quimioquina CX3C, con tres aminoacidos no
conservados entre las dos primeras cisteinas, denominada fractalquina (Rollins
1997; Rostene, Kitabgi et al. 2007). Esta clasificacién permite estandarizar la
nomenclatura de estas moléculas de acuerdo con el grupo al que pertenecen
(CC-, C-, CXC- o CX3C-), seguido de una L (ligando), todo ello seguido de un

ndmero (Bacon, Baggiolini et al. 2002) (figura 2).

Desde un punto de vista funcional, las quimioquinas ademé&s pueden agruparse
en homeostéticas o inflamatorias, dependiendo de si regulan, a través de sus
respectivos receptores, funciones celulares homeostaticas basicas o relacionadas
con un proceso inflamatorio (Lopez-Cotarelo, Gomez-Moreira et al. 2017). Las
quimioquinas homeostéaticas controlan funciones como la migracién constitutiva
de los leucocitos y la organizacién de los érganos linfoides secundarios, mientras
que las inflamatorias son secretadas en focos de inflamacién, de manera
transitoria, para reclutar a las células del sistema inmune encargadas de resolver

dicho proceso inflamatorio (Lopez-Cotarelo, Gomez-Moreira et al. 2017).

3.2 Los receptores de quimioquinas

Las quimioquinas controlan las funciones celulares mediante su unién a
receptores especificos en la superficie de las células. Los receptores de
quimioquinas pertenecen a la familia de los receptores acoplados a proteinas G

(Guanine nucleotide binding proteins) heterotriméricas (GPCR’s o G-protein-
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coupled-receptors). Los receptores de quimioquinas se clasifican en 4 grupos
distintos atendiendo al tipo de quimioquina que unen: CCR-, CR-, CXCR- o
CX3CR-, donde R significa receptor. Estos receptores se expresan en una gran
cantidad de células (Zlotnik and Yoshie 2012; Lopez-Cotarelo, Gomez-Moreira et

al. 2017) .

Receptor inactivo—> Unidén del ligando ——> Receptor activo
NH, NH, NH

Quimioguina

-'» '¢

“ "

Proteina G oTP \ / \

Sefializacion ¢ ziizacion
Desensibilizacion/
internalizacién

Figura 3. Estructura de un receptor de quimioquinas acoplado a proteina G. El receptor estd formado por
siete hélices alfa transmembrana. El extremo N-terminal est4 orientado hacia el exterior, donde interacciona
con su ligando. La unién del ligando desencadena la interaccién entre la proteina G acoplada y el receptor,
a través motivo DRY y el extremo C-terminal, desencadenando la separacién de las proteinas G, y Gg,,
iniciando la cascada de sefalizacién hacia el interior celular. Moléculas como la B-arrestina regulan la
internalizacion y desensibilizacién del receptor. Modificado a partir de (O'Hayre, Salanga et al. 2008).

Los receptores de quimioquinas estdn formados por siete hélices alfa que se
encuentran insertadas en la membrana citoplasmética con un extremo N-terminal
y tres bucles orientados hacia el exterior celular y un extremo C-terminal y otros
tres bucles orientados hacia el citosol (figura 3). Las quimioquinas se unen a la
region N-terminal (extracelular) del receptor, y el extremo C-terminal esta
relacionado con la internalizacién del receptor (Nibbs, Gilchrist et al. 2007). La
capacidad de los receptores de quimioquinas de sefializar tras la unién del
ligando reside fundamentalmente en la presencia de un motivo DRY (Aspértico,

Arginina, Tirosina). Este motivo, que se encuentra cerca de la tercera regién
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transmembrana en el segundo bucle intracelular, esta situado cerca de la zona de
acoplamiento de la proteina G. El motivo DRY se encuentra muy conservado y
su ausencia o mutacién impide la sefalizacién intracelular del receptor a través

de la proteina G (Allen, Crown et al. 2007).

Las proteinas G heterotriméricas acopladas a los GPCR’s transducen y amplifican
la sefial de la quimioquina al interior celular (figura 3). Estas estan constituidas
por tres subunidades: una subunidad a, una subunidad 8 y una subunidad vy, de
las cuales existen una gran variedad de subtipos. Sin embargo, las subunidades 3
y Y forman un dimero muy estable que sélo puede ser disociado en condiciones
desnaturalizantes, por lo que Gg, constituye una unidad funcional. La subunidad
Gq se encuentra unida, por un lado, a los bucles citosélicos del receptor de
quimioquinas, y, por otro lado, al complejo Gg,. Las proteinas G heterotriméricas
se clasifican en cuatro familias dependiendo de la subunidad a que contienen: a,
Qijo» Ogm» Oinz. La subunidad Gq contiene un dominio GTPasa que determina la
conformacién y estado de activacién de la proteina G (Vogler, Barcelo et al.
2008). Las proteinas G alternan dos estados: un estado inactivo unido a GDP y
un estado activo unido a GTP. La unién del ligando al receptor GPCR desencadena
el intercambio de GDP por GTP, en la subunidad a, lo que produce un cambio
conformacional en G, —GTP que separa dicha subunidad del dimero Gg,, y ambas se
liberan hacia el citoplasma, donde inician cascadas de sefializacién intracelular. La
subunidad Gq posteriormente hidrolizard el GPT a GDP y volvera a su conformacién
inactiva, induciéndose la reasociaciéon de las subunidad Gg,, lo que termina con la

sefalizacién efectora (McCudden, Hains et al. 2005).
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Los receptores de quimioquinas pueden regularse mediante un proceso de
internalizacién y desensibilizacién que depende de unas proteinas adaptadoras
denominadas B-arrestinas (figura 3). Se ha observado que la estimulacién del
receptor con su ligando induce que las proteinas GRK (G-receptor coupled
kinase), PKA o PKC, fosforilen la regién C-terminal del receptor creando un sitio
de unién con las B-arrestinas, que inducen la internalizacién del receptor, e

impiden que interaccione con la proteina G (Kohout and Lefkowitz 2003).

Existen unos receptores de quimioquinas denominados atipicos (Atypical
Chemokine Receptors, ACRs) que carecen de motivos DRY o presentan motivos
DRY alterados, de modo que no sefializan a través de las proteinas G. Se piensa
que los receptores ACRs actan como receptores “basurero” (scavenger) que
regulan los niveles locales de quimioquinas (Ulvmar, Hub et al. 2011; Graham,
Locati et al. 2012); aunque recientemente se ha descrito que algunos de estos
ACRs pueden dimerizar con los receptores tipicos regulando asi su funcién (Nibbs

and Graham 2013).

4. Las quimioquinas CCL19 y CCL21 y su receptor CCR7

4.1 CCL19y CCL21

Las quimioquinas CCL19 y CCL21 son los Gnicos ligandos conocidos de CCR7 y
se expresan de manera constitutiva en los érganos linfoides secundarios. A
pesar de que ambas quimioquinas se unen a CCR7 con afinidad similar y se
expresan en los 6rganos linfoides, CCL19 y CCL21 difieren ligeramente en su

estructura. También se han encontrado algunas diferencias en cuanto al tipo de
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sefializacidn que inducen al unirse a CCR7 (Bardi, Lipp et al. 2001; Kohout,
Nicholas et al. 2004; Sanchez-Sanchez, Riol-Blanco et al. 2006; Byers, Calloway

et al. 2008; Comerford, Harata-Lee et al. 2013).

CCL21 es una molécula de 14,5 KDa que posee una cola polibésica en su regién
C-terminal, la cual le permite unirse a glicosaminoglicanos (GAGs) de la matriz
extracelular y al acido polisidlico de la superficie celular (Weber, Hauschild et al.
2013). Por ello, esta quimioquina, ademéas de encontrarse de forma soluble, se
encuentra también adherida a la matriz extracelular de las células endoteliales,
siendo capaz de inducir adhesién, fundamental para el proceso de extravasacidon
(Comerford, Harata-Lee et al. 2013). En ratén se expresan dos isoformas de
CCL21, como consecuencia de una duplicacién génica, que difieren en un
aminoéacido (Leu o Ser) en posicidon 65 (CCL21 Leu 65 y CCL21 Ser 65) (Vassileva,
Soto et al. 1999) y tienen un patrén de expresidon distinto en el organismo
(Nakano and Gunn 2001). Sin embargo, en humanos sélo existe el gen que
codifica para la forma CCL21-Leu y se expresa en las células endoteliales de los
vasos linfaticos aferentes de los ganglios linfaticos y en los vasos linfaticos de
algunos 6rganos no linfoides, ademas de en las células estromales de la zona T
de los ganglios y en las células epiteliales de la medula del timo (Comerford,

Harata-Lee et al. 2013).

CCL19 es una molécula méas pequena, de 11 KDa, y comparte un 32% de
homologia de secuencia peptidica con CCL21, pero no presenta la extensién o
cola polibésica en su extremo C-terminal, por lo que se encuentra de manera

soluble y con una disponibilidad més local. CCL19 se produce en las células
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reticulares del drea T de los ganglios linfaticos y en las células epiteliales de la
médula del timo, ademas, las propias CDs maduras secretan CCL19 (Sallusto,

Palermo et al. 1999).

El patréon de expresion de CCL19 y CCL21 permite que las células que expresan
CCR7 migren desde los tejidos periféricos a los érganos linfoides a través de los
vasos linfaticos aferentes. Aunque CCRY7 es el receptor tipico de CCL19 y CCL21,
pueden unirse también a ACKR4 (previamente denominado CCR11 o CCX-CKR),
que se expresa en las células reticulares de los ganglios linfaticos, las células
epidérmicas y las epiteliales del timo. Se sabe poco acerca de la funcién de este
receptor, pero se ha sugerido que, como todos los receptores de quimioquinas
atipicos, ejerce una funcién de secuestro de estas quimioquinas como mecanismo
regulador y parece tener un papel importante en el desarrollo y la seleccion de

los linfocitos T (Heinzel, Benz et al. 2007; Bunting, Comerford et al. 2013).

4.2 CCR7

Este receptor se expresa en multiples células, incluyendo linfocitos B, linfocitos T,
células dendriticas, macréfagos, neutréfilos, y una subpoblacién de NKs. CCR7 se
expresa ademds, de manera patoldgica, en diversas células cancerigenas
(Mashino, Sadanaga et al. 2002; Ding, Shimada et al. 2003; Takanami 2003;
Takeuchi, Fujimoto et al. 2004; Gunther, Leier et al. 2005; Muller, Sonkoly et al.

2006; Fang, Lee et al. 2008).

Los ratones KO para CCR7 (Ccr/7-/-) presentan o6rganos linfoides con una

arquitectura y compartimentalizacién aberrante. Estos resultados sugieren que

42



CCR?7 esta implicado en el desarrollo y la organizacién de los érganos linfoides
secundarios, debido a que regula la migracién hacia los ganglios de leucocitos

que son importantes para la organizacién de estas estructuras.

Se ha demostrado que la migracién mediada por CCR7 en el timo es necesaria
para el desarrollo de la tolerancia central. CCR7 regula la migracién de los
timocitos dentro del timo, necesaria para eliminacién de células autorreactivas.
Es por ello que en ratones KO para CCR7 se observa una elevada incidencia de

autoinmunidad espontanea (Comerford, Harata-Lee et al. 2013).

Ademés de controlar la tolerancia central, CCR7 modula también la tolerancia
periférica. La tolerancia periférica estd relacionada con la continua migracién
constitutiva de las células dendriticas, cargadas con antigenos propios, desde los
tejidos periféricos a los ganglios linfaticos para activar a las células T reguladoras,
que inhiben a los linfocitos autoreactivos (Schneider, Meingassner et al. 2007;

Maldonado and von Andrian 2010).

En los modelos KO para CCR7 también se observa un retraso en la induccién de
una respuesta inmunolégica adaptativa, debido nuevamente a la disminucién en
el nimero de CDs y linfocitos T que migran a los ganglios (Forster, Schubel et al.

1999).
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5. Funciones reguladas por CCR7 en las CDs y vias de sefializacién

intracelulares.

El receptor de quimioquinas CCR7 ha sido clasicamente estudiado como un
receptor que regula la quimiotaxis; sin embargo, desde hace unos afos se ha ido
observando que regula otras funciones celulares importantes para el
funcionamiento de las CDs y el desarrollo de una respuesta inmunoldgica
adaptativa. Entre estas nuevas funciones se incluyen la induccién de la
maduraciéon (Marsland, Battig et al. 2005), el control de la supervivencia
(Sanchez-Sanchez, Riol-Blanco et al. 2004; Escribano, Delgado-Martin et al.
2009) vy la regulacidén del citoesqueleto de actina, del que dependen algunas
funciones como la endocitosis (Yanagawa and Onoe 2003; Torres-Bacete,
Delgado-Martin et al. 2015), los cambios en citoarquitectura (Yanagawa and
Onoe 2002; Torres-Bacete, Delgado-Martin et al. 2015) y en la velocidad

migratoria de las células (Riol-Blanco, Sanchez-Sanchez et al. 2005).

Numerosos trabajos en los ultimos afos han ido elucidando la red de
interacciones moleculares que controlan las funciones reguladas por CCR7 en las
CDs (figura 4). Las diversas cascadas de sefalizacion activadas por CCR7 se
pueden agrupar en tres mdédulos de sefializacién: el médulo regulador de la
quimiotaxis, el médulo regulador de la supervivencia y el médulo regulador de
la dindmica de la actina. Estos mddulos presentan un alto grado de
independencia porque se ha observado que cuando se inhibe uno de ellos, el

resto de las funciones no se ven alteradas (Riol-Blanco, Sanchez-Sanchez et al.
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2005; Torres-Bacete, Delgado-Martin et al. 2015). Hasta el momento sélo se ha
identificado una conexién entre el moédulo regulador de la quimiotaxis y el

modulo de la supervivencia (Lopez-Cotarelo, Escribano-Diaz et al. 2015).
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Figura 4. Esquema de las rutas de sefializacién intracelular activadas por CCR7 en las CDs. CCR7 controla
tres complejos médulos de sefializacion que regulan la supervivencia, la quimiotaxis y la dindmica de la
actina, que gobierna procesos de endocitosis, cambios en citoarquitectura y cambios en velocidad
migratoria. @ = fosforilacién activadora, @) = fosforilacién inhibitoria.

5.1 CCR?7 vy la regulacién de la quimiotaxis

La funcién clasica de CCR7, la quimiotaxis, esté regulada por la via de las MAP-
quinasas (figura 4) (Riol-Blanco, Sanchez-Sanchez et al. 2005). CCR7, a través de
la subunidad Gai, induce una cascada de fosforilaciones que lleva a la activacién
secuencial de RAF (resultados no publicados) y MEK1/2, que fosforila y activa a
ERK1/2. Por otra parte, CCR7 induce la activacion de p38. ERKI/2 y p38

confluyen en la fosforilacién y activacién de JNK. Esta via de sefalizacién
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controla la direccionalidad de las CDs y permite que las células se dirijan hacia la

fuente productora de la quimioquina.

5.2 CCR7 vy la regulacién de la supervivencia de las CDs

La estimulacién de CCR7 inhibe la apoptosis e induce supervivencia en las CDs
(Sanchez-Sanchez, Riol-Blanco et al. 2004; Escribano, Delgado-Martin et al.

2009; Lopez-Cotarelo, Escribano-Diaz et al. 2015).

CCR7 activa a través de Gai a PI3K (figura 4), que estimula la activacién de la
quinasa AKT mediante su fosforilacién en la treonina 308, mediada por PDKI
(no mostrado). También se induce la fosforilacién de AKT en la serina 473,
mediada por mTORC2 (no mostrado). Una vez fosforilada en ambos residuos y
activa, AKT fosforila e inhibe a una serie de moléculas con efectos pro-
apoptéticos en las CDs, como los factores de transcripcion FOXO1/3 vy la
proteina GSK3B (Escribano, Delgado-Martin et al. 2009; Lopez-Cotarelo,
Escribano-Diaz et al. 2015). FOXOI1/3 regula la transcripcién de genes pro-
apoptoéticos como Bim y activa la cascada de caspasas, induciendo finalmente la
apoptosis. Por otro lado, AKT también previene la apoptosis al fosforilar de
manera inhibitoria a TSC2, permitiendo la activacién de mTORCI. Este complejo
de sefializacién induce supervivencia a través de la activacién de la quinasa S6k y
el bloqueo de 4EBP1, un inhibidor de la traduccién (Lopez-Cotarelo, Escribano-

Diaz et al. 2015).

Por otra parte, AKT activa directamente la ruta de NFkB, que promueve

supervivencia (Sanchez-Sanchez, Riol-Blanco et al. 2004). AKT regula la
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fosforilacién de IkBa, proteina que secuestra a NFKkB. La fosforilacién de IkBa
desencadena su ubiquitinacion y degradacidon por el proteasoma (Sanchez-
Sanchez, Riol-Blanco et al. 2004). Una vez que NFkB se encuentra libre, se
trasloca al nicleo, donde activa la transcripcién de genes relacionados con la

supervivencia, como Bcl, (Escribano, Delgado-Martin et al. 2009).

Aunque hemos mencionado que los médulos activados por CCR7 presentan un
alto grado de independencia, existe una conexién entre los médulos que regulan
la quimiotaxis y la supervivencia a través de la proteina AMPK. Esta quinasa
puede promover apoptosis induciendo la activaciéon de FOXO1/3. Ademas, se
sabe que AMPK también inhibe a mTORCI1, que induce supervivencia en las CDs.
Tras la estimulacion de CCR7, ERK1/2 fosforila de manera inhibitoria a AMPK en
la serina 485. Dicha inhibicién impide que AMPK, por un lado, active a
FOXO1/3 vy, por otro lado, inhiba a mTORCI, contribuyendo en
aproximadamente el 20% supervivencia inducida por CCR7 en las CDs (Lopez-

Cotarelo, Escribano-Diaz et al. 2015).

5.3 CCR?7 y la regulacién del citoesqueleto de actina

El receptor CCR7, ademds de estar acoplado con la subunidad de la proteina
Gai, también se acopla a la subunidad Gal3. La subunidad Gal3 activa una ruta
de sefalizacién que estd implicada en la regulacién de la dindmica de la actina
(figura 4). Esta regulaciéon del citoesqueleto de actina es necesaria para que
tengan lugar los cambios morfolégicos y el movimiento celular necesarios para

que la migracién celular se produzca correctamente.
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Tras la unién de sus ligandos, CCR7 se activa y estimula la ruta de la GTPasa
RhoA, por un lado, a través de la proteina acoplada Gai, que activa Mstl
(Torres-Bacete, Delgado-Martin et al. 2015) y, por otro lado, a través de la
subunidad Gal3 acoplada a CCR7. Posteriormente, RhoA regula la actividad de
las quinasas Pyk2 y ROCK, que activa a la quinasa LIMK. Ambas vias (Pyk2 y
ROCK) convergen en la fosforilacién inhibitoria de la cofilina-1, que resulta en
una inhibicién de su capacidad despolimerizadora de actina. Esta ruta, por tanto,
impide la despolimerizacién de actina, pero, ademés, ROCK induce también la
contracciéon de filamentos de actina al fosforilar y activar directamente a MLC, a
la vez que bloquea a su inhibidor, la fosfatasa MYPTI. Estos efectos sobre la
actina son fundamentales para que la célula lleve a cabo cambios en
citoarquitectura, incremento la velocidad migratoria y la endocitosis activa de

particulas (Torres-Bacete, Delgado-Martin et al. 2015).

6. El sistema ubiquitina-proteasoma (UPS)

La degradacién de proteinas debe ser un mecanismo perfectamente coordinado,
eficiente y rdpido en su ejecucién para asegurar que una célula funcione
correctamente. Las células eucariotas cuentan con una maquinaria que permite
controlar la degradacién proteica de manera eficiente, el Sistema Ubiquitina-
Proteasoma (UPS) (figura 5). La especificidad y selectividad de este sistema radica
en el marcaje de las moléculas destinadas a la degradacién con una pequefia
proteina denominada ubiquitina. La unién de varias moléculas de ubiquitina o
poliubiquitinacién de una proteina permite “etiquetarla”, generalmente, para ser

degradada por un complejo molecular con actividad proteolitica denominado
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proteasoma 265 (Hershko, Eytan et al. 1982; Hershko and Ciechanover 1998;
Murata, Yashiroda et al. 2009; Tanaka 2009; Inobe and Matouschek 2014). El
proceso de reconocimiento y “etiquetado” de una proteina con ubiquitina

comprende 3 etapas con 3 tipos de enzimas (E1, E2 y E3).

El UPS es responsable de la degradacién de entre el 80 y el 90% de las proteinas
de la célula (Rock, Gramm et al. 1994). La desregulacién del sistema UPS puede
dar lugar a inestabilidad gendémica y descontrol del ciclo celular, entre otros
procesos, pudiendo desencadenar patologias como el céncer, trastornos
inmunolégicos y neurolégicos (Nakayama and Nakayama 2006; Paul 2008;

Schmidt and Finley 2014; Skaar, Pagan et al. 2014).
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Figura 5. Sistema Ubiquitina-Proteasoma (UPS). El sistema UPS estd encargado de la degradacion a través del
proteasoma de proteinas “etiquetadas” con ubiquitina (Ub). El marcaje de la proteina diana se realiza en
tres pasos por enzimas activadoras El, conjugadoras E2 y ligasas E3 de Ub. Una vez que la proteina es
degradada a pequefios péptidos por el proteasoma 26S, las Ub son recicladas para ser utilizadas
nuevamente. Modificado de (Tu, Chen et al. 2012).
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6.1 La ubiquitinacién

a) Estructura y funcién de la ubiquitina

La ubiquitina (Ub) es una proteina de 76 aminoéacidos y 8,5KDa muy conservada
a lo largo de la evolucién (Jentsch, Seufert et al. 1991). La ubiquitina presenta
una glicina (G76) en su extremo C-terminal a través de la cual forma un enlace
covalente con un grupo amino de un residuo presente en la proteina diana
(figura 6). Ademaés, la ubiquitina presenta siete residuos de lisina (K o Lys) (K6,
K11, K27, K29, K33, K48 y K63), altamente conservados, a través de los cuales
establece enlaces con la G76 de otras ubiquitinas y genera las cadenas de
poliubiquitina (Pickart and Eddins 2004; Pickart and Fushman 2004) (ilustrado

mas adelante en la figura 8).

N-terminal

Figura 6. Estructura de la Ubiquitina. La ubiquitina presenta una estructura globular en la cual son
fundamentales un residuo de glicina en el extremo C-terminal (G76) y siete residuos de lisina conservados
(K6, K11, K27, K29, K33, K48 y K63), necesarios para la interaccion con el sustrato y la formacién de
cadenas de poliubiquitina. Modificado a partir de (Neutzner and Neutzner 2012) y (Metzger, Pruneda et al.
2014).

b) Las proteinas similares a Ubiquitina (ULMs)

A lo largo de la evolucidn se ha generado una familia de proteinas, conocidas

como proteinas similares a ubiquitina (ubiquitin-like modifier proteins o ULMs),

50



que comparten cierta similitud en secuencia y estructura con la ubiquitina
(Cappadocia and Lima 2017). Estas proteinas no solo comparten parte de su
secuencia de aminoéacidos, sino también la capacidad de formar enlaces
isopeptidicos entre la glicina de su extremo C-terminal y un grupo amino de la
proteina diana (Pickart and Fushman 2004). La familia de proteinas ULMs esta
formada por alrededor de 20 miembros involucrados en la modificacién post-
traduccional de proteinas (Hochstrasser 2009; van der Veen and Ploegh 2012).
Entre este grupo de proteinas se encuentra Nedd8 (“Neural precursor cell
Expressed Developmentally Downregulated protein 8”), una pequefa proteina
de 81 aminoéacidos y 9 KDa que presenta un ~60% de identidad con la secuencia
de la ubiquitina (Kumar, Yoshida et al. 1993; Kamitani, Kito et al. 1997; Pickart

and Eddins 2004; Soucy, Dick et al. 2010; Enchev, Schulman et al. 2015).

B ¢ Cterminus

Ile36 patch A Ala72

Figura 7. Estructura de Nedd8 destacando su similitud con la ubiquitina. (A) Representacién tridimensional
de las estructuras de Nedd8 y Ubiquitina ilustrando su potencial electrostatico (negativo en rojo y positivo
en azul). Se observa una gran similitud entre ambas proteinas. (Herrmann, Lerman et al. 2007) (B) y (C)
Estructura de Nedd8. Nedd8 consiste en una estructura globular con dos parches hidrofébicos (paich), lle44
e lle36 que median la interaccién con otras proteinas y dos lazos (loop), B1 y B2. (Enchev, Schulman et al.
2015)
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Nedd8 se compone de una cola C-terminal que finaliza con dos glicinas, a través
de las cuales se forma el enlace covalente con la molécula diana (Enchev,
Schulman et al. 2015) (figura 7). El cuerpo globular posee dos parches
hidrofébicos, de carga neutra, que existen también en la ubiquitina, y son los
encargados de mediar interacciones con otras proteinas, y un lazo entre las
[dminas B1 y B2 (figura 7B). También posee unas regiones polares que no estan
presentes en la ubiquitina y que probablemente influencian las funciones
especificas de Nedd8 (figura 7A). Aunque se asemeja mucho a la Ub en secuencia
y estructura, la unién de Nedd8 a las proteinas (o nedilacién) no induce
directamente su degradacién por el proteasoma, sino que se ha visto relacionada
con la modificacién de la conformacién una proteina, su estabilidad o su
capacidad para formar enlaces con otras moléculas, regulando asi su funcién
(Rabut and Peter 2008; Deshaies and Joazeiro 2009; Enchev, Schulman et al.

2015).

¢) Proceso de ubiquitinaciéon

Para que se lleve a cabo la ubiquitinacién, es necesario que la molécula
precursora de la ubiquitina sufra un corte proteolitico en una zona del extremo
C-terminal que permite exponer el residuo de G76, de tal manera que puede ser

ligada a una proteina diana.

La unién de ubiquitinas a un sustrato (figura 8) requiere tres tipos de enzimas,
que actian de manera secuencial: las enzimas activadoras de ubiquitina (E1), las

enzimas conjugadoras de ubiquitina (E2) y las enzimas ligasas de ubiquitina
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(E3)(Pickart and Eddins 2004). El genoma humano codifica 2 enzimas El, 37
enzimas E2 y unas 600 ligasas E3 de ubiquitina, que catalizan la transferencia de

una molécula de ubiquitina a la proteina diana (Bulatov and Ciulli 2015).

e Enzimas activadoras de ubiquitina (E1): Estas enzimas se encargan de adenilar
a la ubiquitina en su extremo C-terminal, utilizando una molécula de ATP.
Este proceso permite la formacién de un enlace tioéster entre una cisteina del
centro activo de la E1 y el residuo de glicina (G76) del extremo C-terminal de
la ubiquitina, activdndose la ubiquitina (Handley, Mueckler et al. 1991; Groen
and Gillingwater 2015).

e Enzimas conjugadoras de ubiquitina (E2): Reciben la ubiquitina activada de la
E1 y forman de nuevo un enlace tioéster entre su centro activo y la ubiquitina.
Las E2 funcionan como un intermediario entre las E1 y las E3. El mecanismo de
accion de las E2 depende del tipo de E3 con el que han de interaccionar. Cada
enzima E2 puede interaccionar con varias E3 (Glickman and Ciechanover
2002; Lecker, Goldberg et al. 2006).

¢ Enzimas ligasas de ubiquitina (E3): Las denominaremos E3 ligasas a lo largo de
esta tesis. Catalizan la “ligacién” de la ubiquitina a la proteina diana, y lo
pueden hacer de dos maneras distintas. Directamente, recibiendo la ubiquitina
de la E2, uniéndola, y transfiriéndola a la proteina diana, o indirectamente,
reclutando a la proteina diana y permitiendo que la E2 le transfiera la
ubiquitina (ver mas adelante en la figura 10). En este proceso se forma un
enlace covalente isopeptidico entre la ubiquitina y el grupo g-amino de un

residuo de lisina de la proteina diana. Aunque la lisina es el residuo aceptor
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mas comun, es también posible que otros residuos funcionen como sitios de
ubiquitinacién, como los residuos de cisteina y serina (Herrmann, Lerman et

al. 2007; McDowell and Philpott 2013).

Enlace tioéster

S
Sustrato

Figura 8. Esquema del proceso de ubiquitinacién. La ubiquitina es activada por enzima E1 mediante un
proceso de adenilacién con consumo de ATP. La ubiquitina forma un enlace tioéster con la cisteina del
centro activo de la El, que la transfiere del mismo modo a una cisteina en la enzima E2 y, por ultimo, la
ubiquitina se transfiere al sustrato, acoplado a una enzima E3 ligasa, mediante la formacién de un enlace
covalente con una lisina del mismo. Posteriormente, se lleva a cabo la adicién de méas moléculas de
ubiquitina o poliubiquitinacién. Modificado a partir de (Valimberti, Tiberti et al. 2015)

La poliubiquitinacién o elongacién de las cadenas de ubiquitina se produce
mediante la formacién de un enlace isopeptidico entre el residuo G76 en
posicion C-terminal de una ubiquitina y el grupo €-amino de un residuo de lisina
(K) de la siguiente molécula de ubiquitina. Puesto que las ubiquitinas poseen 7
lisinas conservadas (K6, K11, K27, K29, K33, K48, K63), se pueden formar
muchos tipos de enlaces con otras ubiquitinas o con proteinas diana. Cada tipo
de enlace se ha visto relacionado con un destino especifico de la proteina diana,
hablandose de un “cédigo de ubiquitinacién” (Komander 2009; McDowell and

Philpott 2013) (figura 9). La degradacién de proteinas en el proteasoma depende
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principalmente de cadenas de ubiquitina unidas a través de la K48 (Hershko and
Ciechanover 1998; Thrower, Hoffman et al. 2000), aunque también puede

ocurrir a través de la K11 (Jin, Williamson et al. 2008).
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Figura 9. Tipos de ubiquitinacién y destino de las proteinas ubiquitinadas. (A) Las ubiquitinas (Ub) pueden
formar enlaces a través de sus 7 lisinas conservadas. Cada tipo de enlace se ha visto relacionado con
diferentes destinos para una proteina. En la figura se detalla la abundancia relativa con la que se encuentra
cada tipo de ubiquitinacién. (B) La clave de colores representa los distintos residuos de Ub. Las proteinas
pueden ser marcadas por una Ub (monoubiquitinacién), varias moléculas de Ub en diferentes residuos de
lisina  (multiubiquitinacién), cadenas cortas Ub (oligoubiquitinacién) o cadenas mas largas
(poliubiquitinacién) que pueden ser, tanto homogéneas como heterogéneas. También se puede dar la
elongacién de cadenas de Ub de manera lineal, unidas entre si a través de su extremo N-terminal.
Modificado de (Komander 2009)(A) y (Kravtsova-lvantsiv and Ciechanover 2012)(B).

Otros residuos, como la ubiquitinacién en K63, ha sido asociados mayormente
con la modificacién de la funcién de las proteinas, pudiendo estar involucrados
en multiples vias, como la respuesta al dafio en el ADN (Glickman and
Ciechanover 2002; Komander 2009), aunque recientemente se ha sugerido que
K63, también puede estar involucrada en la degradacién a través del
proteosoma (Ohtake, Tsuchiya et al. 2018). Ademas, existen otros tipos de
ubiquitinacién menos comunes, como las cadenas de poliubiquitina de tipo
mixto, combinando uniones de ubiquitinas a través de diferentes lisinas

(Emmerich, Ordureau et al. 2013; Meyer and Rape 2014; Kristariyanto, Abdul
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Rehman et al. 2015), la formacién de cadenas de ubiquitina ramificadas, la
multiubiquitinacién, o la ubiquitinacién lineal a través de la metionina 1 (M1) del
extremo N-terminal (Rieser, Cordier et al. 2013).

Se ha demostrado que para que una proteina sea degradada por el proteasoma
requiere llevar unida una cadena de al menos 4 moléculas de ubiquitina

(Thrower, Hoffman et al. 2000).

6.2 Las ligasas E3 de ubiquitina

Como se ha mencionado anteriormente, las enzimas E3 ligasas son las encargadas
de seleccionar especificamente las proteinas destinadas a ser ubiquitinadas. Estas
moléculas reconocen modificaciones en las proteinas, como fosforilaciones, que
las hacen mas susceptibles de ser ubiquitinadas y degradadas (Lucas and Ciulli

2017).

a) Tipos de ligasas E3 de ubiquitina

Las enzimas E3 ligasas se clasifican en 4 grupos atendiendo al motivo estructural

que poseen: ligasas E3 con dominios HECT (Kee and Huibregtse 2007; Metzger,

Hristova et al. 2012), ligasas E3 con dominio PHD-finger (Pascual, Martinez-

Yamout et al. 2000; Coscoy and Ganem 2003; Bienz 2006), ligasas E3 con

dominios U-box (Hatakeyama and Nakayama 2003; Hatakeyama and

Nakayama 2003; Metzger, Pruneda et al. 2014) y ligasas E3 con dominio RING-

finger. En esta tesis nos centramos en las ligasas E3 con dominio RING-finger.
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Ligasas E3 con dominio RING-finger

Estas enzimas contienen un dominio RING (“Really Interesting New Gene™)
formado por entre 40 y 100 aminoéacidos con 8 residuos conservados de cisteina
e histidina que coordinan dos atomos de Zn2+ formando una estructura de
abrazaderas cruzadas (“zinc-finger”). Esta zona crea una plataforma que sirve de
anclaje para las E2 ligasas (Yi and Ehlers 2007). En las E3 ligasas de tipo RING-
finger, a diferencia de otras, como las HECT, la E2 cargada con ubiquitina se
ancla en una regién de la E3, mientras que el sustrato se ancla en otra zona de la
E3, de modo que la E2 transfiere la ubiquitina directamente al sustrato sin pasar

por la E3, es decir, sin formarse ninglin enlace entre la E3 y la ubiquitina (figura

10).

@@ Figura 10. Lligasas E3 de ubiquitina tipo

HECT y tipo RING-finger. Ambas li
o O - Y Hpo B nger. Amoas Tgasas
E2 . s reciben la ubiquitina de una enzima E2; sin
KA% @ HECT(E3) embargo, mientras las E3 tipo HECT
' forman un enlace con la ubiquitina antes
%@ 2l de transferirla al sustrato (s), las de tipo
@ @ \ RING no establecen ninglin enlace con la

@ ubiquitina, sino que la transfieren
directamente de la E2 al sustrato.

E2 s Modificado a partir de (Nethe and
RING(E3) Hordijk 2010)

Dentro de las E3 ligasas de tipo RING-finger, puede ocurrir que la E2 y el
sustrato se anclen dentro de la misma proteina RING-finger (como muestra la
figura 10), o que la proteina RING-finger se encuentre formando un conjunto
con otras proteinas dando lugar a un Complejo E3 ligasa (Metzger, Pruneda et
al. 2014) (figura 11), donde se requiere la actividad catalitica de la RING-finger y

la presencia de una serie de adaptadores. Al segundo grupo, de tipo multimérico,
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pertenecen los complejos E3 ligasa mejor descritos, los complejos tipo CRL
(“Cullin-containing RING-E3 ligase™) y el complejo APC (“Anaphase promoting

complex”).

Los CRL son complejos E3 ligasa que estan formados, de manera general, por
una E3 ligasa tipo RING-finger, una proteina que reconoce al sustrato (receptora
del sustrato), una proteina adaptadora y una proteina de ensamblaje de la
familia Cullin, que sirve como soporte a las dos anteriores para permitir la
interaccién de la E2-Ub con el sustrato a ubiquitinar (Zheng, Schulman et al.

2002)(figura 11).

* 69 F-box @
* 8050Cs | Receptor del

+ 1808 BTB trat

+ 90 DCAF sustrato

¢

* Rbx1

RING-finger E3 { . Rbx2

. Skpl

* ElonginaB/C  Adaptador
+ DDBI1

Cullin: 1,2, 3,
4A,4B,5,7,9 . , )
Complejo CRL

Figura 11. Los complejos E3-ligasa tipo CRL. Los complejos CRL estdn formados por una proteina de
ensamblaje de la familia Cullin que ancla por un lado una proteina adaptadora que lleva unida una proteina
receptora del sustrato, encargada de reconocer y unir el sustrato. Por el otro lado, Cullin se encuentra unida
a la enzima RING-finger, que interacciona con la enzima E2 cargada con ubiquitina para que pueda
producirse la ubiquitinacién del sustrato.

Las proteinas de la familia Cullin se caracterizan por un dominio de homologia
cullin muy conservado (“cullin-repeat domain™) de unos 150 aminoacidos en su
region C-terminal y se denominaron asi por su pertenencia a un complejo capaz
de “seleccionar” y ubiquitinar proteinas (“to cull”="to choose in a negative way,
discard”) (Sarikas, Hartmann et al. 2011). Este dominio es responsable de la

interaccién con la RING-finger E3 (Zheng, Schulman et al. 2002), mientras que el
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extremo N-terminal es el encargado de anclarse a otras proteinas adaptadoras.
Existen 8 tipos de complejos CRL (CRLI1, 2, 3, 4A, 4B, 5, 7 y 9) dependiendo de

la proteina Cullin que posean (Cul-1, -2, -3, -4A, -4B, -5, -7 y -9/PARC).

Ademas, estos CRLs varian segin la RING-finger E3 y las proteinas adaptadoras
que posean. En humanos existen 2 componentes RING-finger E3 (Rbx1 y Rbx2),
y 4 proteinas adaptadoras, Skp1 (para Cul-1y -7), Elongina B/C (para Cul-2 y -5)

y DDBI1 (para Cul-4A/B)(Zhao and Sun 2013).

Las proteinas adaptadoras son las que se anclan a la proteina Cullin e
interaccionan con las proteinas encargadas del reconocimiento del sustrato. Estas
Gltimas son muy variables, y en ellas radica la especificidad de las E3-ligasas.
Existen 69 proteinas de tipo F-box (Jin, Cardozo et al. 2004) para CRL-1 (CRL
con Cul-1), 80 proteinas SOCS para CRL-2 y -5, aproximadamente 180 proteinas
BTB para CRL-3 y unas 90 proteinas DCAF para CRL-4A y -4B (Linossi and
Nicholson 2012). Por lo tanto, las més de 400 proteinas se combinan para dar
lugar a infinidad de complejos CRL encargados de ubiquitinar alrededor del 20%
de las proteinas celulares degradadas en el proteasoma (Deshaies and Joazeiro

2009; Sarikas, Hartmann et al. 2011; Skaar, Pagan et al. 2014).

6.3 El complejo SCF (CRL-1)

El complejo CRL-1 ha sido el complejo CRL més estudiado ya que contiene a Cul-
1 (gen conocido también como Cdc53) la proteina de la familia Cullin mejor

caracterizada (Kipreos, Lander et al. 1996; Willems, Lanker et al. 1996). CRL-1 es
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conocido también como SCF (Skpl-Cul-1-Fbox) y con ese nombre nos

referiremos a él a partir de ahora.

El complejo SCF (figura 12), estd formado por 3 componentes invariables, Rbx1
(la E3 ligasa tipo RING-finger), Cullin-1 (proteina de ensamblaje, Cul-1) y Skpl
(proteina adaptadora), que se une a un componente variable, la proteina
receptora del sustrato, de la familia de proteinas F-box (Cenciarelli, Chiaur et al.
1999; Craig and Tyers 1999; Winston, Koepp et al. 1999; Zhao and Sun 2013;
Bulatov and Ciulli 2015; Zheng, Zhou et al. 2016; Reitsma, Liu et al. 2017). Las
proteinas Skpl y F-box, son las responsables del reconocimiento del sustrato y de

la especificidad del proceso de ubiquitinacién por las E3.

En humanos se han descrito 69 proteinas F-box, pero solo el 5% de estas
proteinas ha sido estudiado. Las proteinas F-box reconocen modificaciones en los
sustratos (fosforilaciéon, glicosilacién, hidroxilacién, acetilaciéon, etc.) que les
permiten interaccionar con ellos para que se lleve a cabo el proceso de
ubiquitinacion (Skaar, Pagan et al. 2013; Wang, Liu et al. 2014; Lucas and Ciulli
2017). De este modo, la protedlisis mediada por SCF depende tanto de la
disponibilidad de las proteinas F-box, como de las modificaciones que presenten

los sustratos (Nakayama and Nakayama 2006).

El complejo SCF posee una estructura (figura 12) en la cual Cul-1 aparece como
una plataforma central elongada que une, por su extremo N-terminal al
complejo formado por Skpl-F-box (“mddulo de reconocimiento del sustrato™), y

por su extremo C-terminal a la E3 Rbx1 (Zheng, Schulman et al. 2002). La regién
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N-terminal de Cul-1 estd muy conservada entre especies, pero no con otras
proteinas de la familia Cullin (Bulatov and Ciulli 2015). Rbx1, la E3 ligasa de tipo
RING-finger asociada a SCF, se incorpora en la regiéon C-terminal de Cul-1 y
posee una regién RING-finger un poco diferente al resto, puesto que, ademés de
los dos 4tomos de Zn?* que normalmente presentan estas enzimas, posee una
insercién de 20 residuos que permiten la unién de un tercer &tomo de Zn?* y la
formacion de un tercer zinc finger (Zheng, Schulman

et al. 2002).

Figura 12. El complejo SCF. El complejo SCF estd formado por Cul-1,
que hace de plataforma conectora entre Skpl, F-box y el sustrato con
la E3-RING finger, Rbx1, que entra en contacto con la enzima E2
cargada con ubiquitina. Para que la transferencia de ubiquitina ocurra,
Cul-1 debe encontrarse nedilado.

Complejo SCF

6.4 Regulacién de la actividad de SCF

La regulacién de la actividad de SCF es muy compleja, pues depende de la
disponibilidad y estabilidad de todos los componentes necesarios para el
ensamblaje del SCF, asi como de la disponibilidad de la E2 ligasa cargada con
ubiquitina y de los sustratos a ubiquitinar. Estos udltimos, ademas deben
encontrarse con las modificaciones postraduccionales necesarias para poder ser
reconocidos por las F-box (Lucas and Ciulli 2017). Por otro lado, la regulacién de
SCF depende de la existencia de componentes que activen o inactiven el
complejo. Se trata de un equilibrio muy complejo de unién y separacién de
unidades que puede desviarse hacia un destino u otro, dependiendo de la

disponibilidad y estado de dichas unidades.
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a) Activacién de SCF por nedilacién

Todos las CRLs son activados mediante la modificacion de un residuo de lisina
(K) en la proteina Cullin. Esta modificaciéon consiste en la unién covalente de
Nedd8, un proceso conocido como nedilacidon. De este modo, el complejo SCF
se activa cuando Cul-1 es nedilado (figura 12) (Duda, Borg et al. 2008). La
nedilacién estimula la actividad de SCF a través de varios mecanismos. La
nedilacién de Cul-1 ayuda a reclutar a la E2 cargada con ubiquitina gracias a la
capacidad que tiene Nedd8 de unirse, ademés de a Cul-1, a la E2 cargada con Ub
(Read, Brownell et al. 2000; Kawakami, Chiba et al. 2001; Petroski and Deshaies
2005; Sakata, Yamaguchi et al. 2007). Sin embargo, el reclutamiento de la E2-Ub
y de los adaptadores de reconocimiento del sustrato no son suficientes para que
la ubiquitinacién del sustrato se lleve a cabo, debido a que, de manera
constitutiva, el complejo (Rbx1, Cull, Skpl-Fbox-sustrato) se encuentra en una
conformacién méas o menos rigida que mantiene un espacio de 50A entre la E2-
Ub vy el sustrato, una distancia que no permite que se transfiera la ubiquitina al
mismo (figura 13). En este sentido, la unién de Nedd8 a Cul-1 provoca un
cambio conformacional en el complejo SCF que le aporta flexibilidad, sobre
todo a la regién E3-E2-Ub, de modo que es capaz de reorientarse, acercarse al

sustrato y transferirle la ubiquitina (Merlet, Burger et al. 2009).

La ubiquitinacién se lleva a cabo en dos pasos, primero se produce la
transferencia de la primera ubiquitina a un residuo de K del sustrato y después la
unién de maés ubiquitinas a la primera ubiquitina, esto es, la elongacién de la

cadena de poliubiquitinas. Se sabe que la unién de Nedd8 a Cul-1 estimula
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ambos procesos (Petroski and Deshaies 2005; Duda, Borg et al. 2008; Merlet,
Burger et al. 2009; Boh, Ng et al. 2011; Duda, Scott et al. 2011; Onel, Sumbul et

al. 2017).
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Figura 13. Activacién de SCF por nedilacién de Cul-1. Cuando Cul-1 es nedilado, sufre un cambio
conformacional que modifica su interaccién con Rbx (RING)-E2-Ub haciéndola mas flexible y permitiendo
que se reoriente hacia el sustrato. Esto provoca que se cierre el espacio de 50A existente entre la E2 y el
sustrato, permitiendo asi la transferencia de ubiquitina. Modificado de (Merlet, Burger et al. 2009)

Nedilacién

Nedd8 es una proteina similar a ubiquitina y el proceso de nedilacién es anélogo
al proceso de ubiquitinacién (Liakopoulos, Doenges et al. 1998; Cappadocia and
Lima 2017). Al igual que la ubiquitina, Nedd8 debe sufrir un procesamiento
inicial (Linghu, Callis et al. 2002; Coleman, Bekes et al. 2017). La enzima
proteolitica UCHL3 procesa tanto a la ubiquitina como a Nedd8 (Wada, Kito et
al. 1998), aunque otra enzima, DENI (llamada también SENPS8), procesa
exclusivamente a Nedd8 y ademés tiene la capacidad de desacoplarlo de algunos

sustratos (Kurihara, Semenova et al. 2000; Chan, Yoon et al. 2008).

La nedilacién, al igual que la ubiquitinacién, depende de 3 pasos en los que

participan una enzima E1, una enzima E2 y una enzima E3 (figura 14). La E1 o
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NAE (“Nedd8 Activation Enzyme”), es un heterodimero formado por Ulal
(NAE1 o APPBPT) y Uba3, la E2 o NCE (“Nedd Conjugation Enzyme”), es Ubcl2,
y la Nedd-E3-ligasa, en el caso de SCF, es DCN1-like protein 1 (DCUN1D1) (Dcnl
en levaduras) (Kurz, Chou et al. 2008; Chung and Dellaire 2015; Keuss, Thomas
et al. 2016). También se ha demostrado que Rbx1 es esencial para que la
nedilacién se lleve a cabo, puesto que Rbx1 es capaz de unirse tanto a la Nedd8-
E2, Ubcl2, como a la Nedd8-E3, DCUNIDI, que catalizan el proceso de
transferencia de Nedd8 a Cul-1 (Kamura, Conrad et al. 1999; Morimoto, Nishida

et al. 2003; Yang, Zhou et al. 2007).

Precursor de
NEDD8

Sy

Procesamiento Hidrolasa del C-
del precursor terminar de
NEDDS8

Figura 14. Mecanismo de la nedilacién. El mecanismo es
ATP P . ope . s
D similar al de la ubiquitinacién, esto es, consta de tres

_\,be,\'o“ NEDDS
maduro

Isopeptidasa
ueNEDDe etapas en las que intervienen tres tipos de enzimas.
Inicialmente, la proteina precursora de Nedd8 tiene que

sufrir un corte proteolitico en una zona del extremo C-
D . terminal, que lleva a cabo DEN1 (SENPS8).
}E

Posteriormente, Nedd8 se activa mediante un proceso
mediado por la enzima E1, el dimero UBA3/APPBPI, para
luego transferirse a una enzima E2, Ubc12, la cual, asistida
por la enzima E3, transferird la molécula de Nedd8 a la
proteina diana. Modificado de (Rabut and Peter 2008).

Se ha observado que, del conjunto total de proteinas Cullin, solo una pequefia
fraccién se encuentra nedilada basalmente (~10%), lo que indica que solo una
pequefa parte de los complejos CRLs se encuentra completamente activo
(Bennett, Rush et al. 2010; Emberley, Mosadeghi et al. 2012). Ademaés, se ha

demostrado que el residuo K720 es fundamental para que se forme el enlace
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entre Nedd8 y Cul-1, y, por tanto, para que el complejo SCF se active

(Furukawa, Zhang et al. 2000; Yue, Ma et al. 2018).

b) Denedilacién y secuestro Cul-1

La nedilacién es un proceso reversible. Un mecanismo de regulacién del
complejo SCF consiste en la eliminacién de Nedd8 de Cul-1, proceso conocido
como denedilacién. Este proceso lo lleva a cabo el sefialosoma COP9 (CSN), un
complejo multimérico con actividad metaloproteasa que cataliza la separacién
de Nedd8 de las proteinas Cullin, regulando asi la actividad de las CRLs
(Schmaler and Dubiel 2010; Chung and Dellaire 2015). Sin embargo, el efecto de
CSN sobre SCF no es del todo inhibitorio puesto que diferentes estudios indican
que los ciclos de nedilacién y denedilacién de SCF favorecen la renovacién de
sus componentes y el correcto funcionamiento de este complejo. Ademas, la
funcién denedilante de CSN estabiliza las F-box previniendo la
autoubiquitinaciéon de SCF (Zhou, Wee et al. 2003; He, Cheng et al. 2005; Wee,

Geyer et al. 2005; Bosu and Kipreos 2008).

En ausencia de nedilacién, las proteinas Cullin (excepto Cul-7) pueden formar un
complejo con la proteina Candl ("cullin associated Nedd8 dissociated protein 1"),
que compite con Skp1 por la unién a Cul-1 y obstruye la regién de unién de Cul-
1 con el complejo Skpl-Fbox-sustrato. La nedilacién de Cul-1 disocia a Candl y
permite la asociacién del complejo Skpl-F-box-sustrato y la formacién del SCF
(Liu, Furukawa et al. 2002; Zheng, Yang et al. 2002; Goldenberg, Cascio et al.

2004; Reitsma, Liu et al. 2017). También se ha observado que la presencia de
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Skpl y altas concentraciones de ATP pueden provocar la disociacion de Candl de
Cul-1 (Zheng, Yang et al. 2002). Al igual que en el caso del CSN, se ha descrito
recientemente que el efecto de Cand-1 sobre SCF no es inhibitorio como se
pensaba, sino que se ha demostrado que es necesaria la presencia de Candl para
la degradacién eficiente de los sustratos de SCF, ademds de para estabilizar al
complejo y reclutar las enzimas de nedilacién, proceso que luego provocara su

separacion de SCF (Liu, Reitsma et al. 2018).

En resumen, CSN y Candl median la remodelacién continua del complejo SCF,
que sufre ciclos de nedilacién, denedilacion por CSN, secuestro por Candl,
nedilacién, liberacién de Cand1 y formacién del nuevo complejo SCF activo. Este

ciclo permite el correcto funcionamiento de la E3 ligasa de Ub.

¢) Inhibicién de la nedilacién

El farmaco MLN4924 (también Illamado Pevonedistat, de Millennium
Pharmaceuticals, Inc. Takeda Oncology Company, Cambridge, MA, USA) inhibe
la nedilacién a nivel de la E1 (NAE) (Soucy, Smith et al. 2009) y ha sido
ampliamente usado para la inhibicién general de los complejos CRLs (Soucy,
Dick et al. 2010; Nawrocki, Griffin et al. 2012; Zhao and Sun 2013; Zhao,
Morgan et al. 2014). Durante el proceso de nedilacién en presencia de
MLN4924, aunque la NAE lleva a cabo el primer paso de adenilacién de Nedd8,
dependiente de ATP, debido a la similitud del MLN4924 con la molécula de
AMP, se forma un aducto entre Nedd8 y MLN4924. Este aducto es similar al

Nedd8 adenilado que deberia formarse en condiciones normales, pero con la
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diferencia de que permanece adherido al centro activo de la NAE (figura 15)
bloqueando la actividad de la enzima e impidiendo que continte el proceso de
nedilacién (mostrado en la figura 14) (Brownell, Sintchak et al. 2010). De este
modo se bloquea de manera especifica la nedilacion de los complejos CRL
(Soucy, Smith et al. 2009). La degradacién de numerosos reguladores del ciclo
celular depende de la nedilacién y activacién de los complejos CRL (Frescas and
Pagano 2008), es por ello que MLN4924 ha mostrado tener propiedades
antitumorales y actualmente se estdn llevando a cabo los primeros ensayos
clinicos con esta molécula (Soucy, Smith et al. 2009; Soucy, Smith et al. 2009;
Nawrocki, Griffin et al. 2012; Bulatov and Ciulli 2015; Bhatia, Pavlick et al. 2016;

Paiva, Godbersen et al. 2017; Picco, Petti et al. 2017; Wong, Micel et al. 2017).

Figura 15. Reconstruccién tridimensional de la interaccién entre NAE1, NEDD8 y UBA3. Se destaca el sitio
de unién de MLN (en rojo). Debido a su similitud con la molécula de AMP, MLN interfiere con la reaccién
de transferencia de NEDD8 desde NAE1 (E1) a UBA3 (E2), necesaria para que se lleve a cabo el primer paso
de la reacciéon. Modificado a partir de (Bulatov and Ciulli 2015)

d) Regulaciéon de SCF por dimerizacién de sus proteinas F-box

Otro mecanismo de regulacién del complejo SCF depende de su capacidad para

formar dimeros a través de sus proteinas F-box (Tang, Orlicky et al. 2007;
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Merlet, Burger et al. 2009) (figura 16). Esto favorece el encuentro de la E3 con el
sustrato y la enzima E2-Ub cuando la disponibilidad local de los mismos es baja.
También puede facilitar el reconocimiento del sustrato al modificar la orientacién
de las lisinas del mismo que aceptaran la ubiquitina de la E2 y asi puede adaptar

a todo el complejo al tamafo y forma del sustrato.

Ubiguitina

® — o
Sustrato

Figura 16: Regulacién de la actividad de SCF por dimerizacién de sus proteinas F-box. En situaciones en las
que la disponibilidad del sustrato y la E2 cargada sean limitados, se puede producir la dimerizacién de
complejos E3-ligasa a través de sus subunidades F-box permitiendo la ubiquitinacién de un sustrato en un
SCF por parte de otro SCF que presente la E2 cargada con ubiquitina. Modificado a partir de (Bosu and
Kipreos 2008).

Ademas, otro mecanismo regulador parece ser la existencia de “pseudosustratos”
que pueden unirse a SCF, pero no son ubiquitinados. Se desconoce la funcién de
estas proteinas pero se cree pueden desempefar un papel regulador de la
ubiquitinacién compitiendo por afinidad con los sustratos del complejo SCF

(Davis, Hatzubai et al. 2002).

6.5 Principales dianas conocidas del complejo SCF

Las proteinas F-box, la subunidad del complejo E3 ligasa que reconoce al
sustrato, confieren especificidad al proceso de ubiquitinacién. De las 69 proteinas

F-box conocidas, sélo se han identificado los sustratos de unas 20 F-box (Frescas
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and Pagano 2008; Zheng, Zhou et al. 2016). Los siguientes ejemplos son algunas

F-box que interaccionan con Cul-1 dentro de SCF y algunos de los sustratos que

reconocen:

e SKP2: reconoce para su ubiquitinacién y, degradacion, algunos reguladores
negativos del ciclo celular, como p27, p21 y p57, otras proteinas supresoras
de tumores como RBL2 y FOXOT1. SKP2 reconoce a estos sustratos cuando se
encuentran fosforilados en secuencias especificas (Frescas and Pagano 2008;
Ravid and Hochstrasser 2008).

e Fbw7: induce la ubiquitinacién de reguladores positivos del ciclo celular,
como Myc, Jun, la Ciclina E, Notch, Presenilina 1/2 y SREBP1/2 (Welcker and
Clurman 2008).

e PBTRCP: reconoce a una gran variedad de sustratos como B-Catenina, IkBa,
p100, IFNaR, SNAIL, y STATI, y también a algunos reguladores del ciclo

celular como Weel, Emil/2 y Cdc25A/B (Frescas and Pagano 2008).

6.6 El proteasoma 26s

El proteasoma 26S es una compleja maquinaria de protedlisis de 2.5 MDa
encargada de la degradacién de proteinas marcadas con cadenas de ubiquitina
(Hershko and Ciechanover 1998; Murata, Yashiroda et al. 2009; Tanaka 2009;
Inobe and Matouschek 2014). Se encarga de la degradacién de toda clase de
proteinas, desde proteinas reguladoras a estructurales, y también de Ila
eliminacién de proteinas defectuosas o desnaturalizadas que podrian interferir

con el correcto funcionamiento de la célula (Hershko, Eytan et al. 1982).
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Al proteosoma se le han atribuido, a su vez, funciones inmunoldgicas debido a
que lleva a cabo el procesamiento de péptidos antigénicos para su presentacion
en moléculas del CMH (Kloetzel 2004). Por todo ello, el proteasoma participa
en la homeostasis, la regulacion del ciclo celular y la apoptosis, la diferenciacion,
la respuesta inmunoldgica y el metabolismo celular (Glotzer, Murray et al. 1991;
Hershko, Ganoth et al. 1991; Kloetzel 2004; von Mikecz 2006; Konstantinova,

Tsimokha et al. 2008) .

Este macrocomplejo estd dividido estructuralmente y funcionalmente en dos
subcomplejos (figura 17): un nucleo central catalitico 20S y una o dos particulas
reguladoras 195 en los extremos, que se denominan asi por su coeficiente de
sedimentacion. Cada subcomplejo estd formado por anillos compuestos por
multiples subunidades que desempefian distintas funciones durante el proceso de
degradacién. El proteasoma 195 estd encargado del reconocimiento de las
proteinas ubiquitinadas y de su desdoblamiento para penetrar en el proteasoma

20S, que posee la actividad proteolitica.

El proteasoma 20S estd formado por 4 anillos apilados, dos interiores tipo B y
dos exteriores tipo a, que forman una estructura de barril con un tdnel central.
Cada anillo estd formado por 7 subunidades (al-7, B1-7). Los anillos tipo B
poseen las subunidades con actividad catalitica, B1, B2 y B5, cuyo extremo N-
terminal, con capacidad hidrolitica, estd orientado hacia el interior del tinel
(Arendt and Hochstrasser 1997; Heinemeyer, Ramos et al. 2004). B1 posee
actividad similar a caspasa, permitiendo el corte de la proteina a través de

aminodcidos acidos de su C-terminal. B2 posee actividad similar a tripsina al
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cortar las proteinas por sus aminodcidos béasicos en el extremo C-terminal. Y 5
posee actividad similar a quimotripsina y permite cortar a las proteinas por sus
residuos hidrofébicos (Arendt and Hochstrasser 1997; Heinemeyer, Ramos et al.
2004; Murata, Yashiroda et al. 2009; Tanaka 2009). Los anillos periféricos a
tienen una funcién reguladora sobre los anillos B puesto que los extremos N-
terminal de las subunidades a pueden cerrarse y ocluir el paso hacia el tunel
formado por los anillos B (Tanaka 2009). El mecanismo de apertura de las
subunidades a no ha sido completamente elucidado, pero probablemente esté
regulado por el proteasoma 19S. El nucleo catalitico 20S degrada las proteinas a
oligopéptidos de entre 3 y 15 aminoéacidos, que son posteriormente degradados

a aminodcidos simples por oligopeptidasas y/o amino-carboxi peptidasas.

RPN3, 5-9
n,12,15 J Tapa
O

Proteasoma 195+

RPN10 RPN, 2,13

- Base
RPTI-6

+Anillo o

Proteasoma 26S Proteasoma 205 -

al-7
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p1-7

Figura 17. Estructura del proteasoma 26S. El proteasoma 26S estd formado por un nicleo catalitico o
proteasoma 20S compuesto por dos anillos a exteriores y dos anillos B internos, con actividad proteasa, y
una particula reguladora o proteasoma 195 en cada extremo del 20S, formado por una tapa y una base. El
proteasoma 195 estd compuesto por particulas reguladoras con capacidad ATPasa (RPT) y otras sin
capacidad ATP-asa (RPN). Modificado a partir de (Murata, Yashiroda et al. 2009).

Proteasoma 195 {
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El proteasoma 19S es una unidad reguladora que cubre uno o ambos extremos
del proteasoma 20S. Estd formado por al menos 19 subunidades distintas
denominadas particulas reguladoras (regulatory particles o RP) agrupadas en dos
partes, una tapa y una base que interaccionan directamente con el nucleo
catalitico 20S (Murata, Yashiroda et al. 2009). La degradacién de proteinas por
el proteasoma conlleva un gasto de ATP, por ello, el proteasoma 195 estéa
formado por algunas subunidades reguladoras con actividad ATPasa, RPT
(regulatory particle of triple-ATPase), y otras subunidades sin capacidad ATPasa,
RPN (regulatory particle non-ATPase). La tapa estd compuesta por las
subunidades encargadas del reconocimiento del sustrato poliubiquitinado y de la
deubiquitinacién del mismo, que libera a la proteina para ser degradada y a las
ubiquitinas para ser recicladas. Se ha demostrado que la unién de proteinas
poliubiquitinadas estimula la actividad del proteasoma (Bech-Otschir, Helfrich et
al. 2009; Li and Demartino 2009; Peth, Besche et al. 2009). La base esta
formada por 6 RPT y 4 RPN que estdn encargadas del desdoblamiento de la
proteina, la apertura del canal a del proteasoma 20S y la traslocacién de la

proteina hacia el interior del mismo.

6.7 El sistema UPS en patologia

El proteasoma 26S se localiza tanto en el citoplasma, ya sea independiente o
asociado al reticulo endoplasmatico, como en el ntcleo de las células eucariotas
(Wojcik and DeMartino 2003; von Mikecz 2006). En este sentido, se ha sugerido
que el correcto funcionamiento del proteasoma en el nicleo de las células es

necesario para que se mantenga la proteostasis nuclear (homeostasis de proteinas
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nucleares), puesto que la acumulacién de proteinas aberrantes en el nucleo
puede dar lugar a numerosas patologias neurodegenerativas (Gallagher, Oeser et

al. 2014).

Como se ha mencionado, el sistema ubiquitina proteasoma regula multiples
procesos, por lo que un incorrecto funcionamiento del mismo puede dar lugar a
patologias muy diversas, como el céncer, patologias neurodegenerativas y
patologias autoinmunes (Paul 2008). Es por ello que se han desarrollado
inhibidores del proteasoma, como el Bortezomib (Paramore and Frantz 2003),
que actualmente se utiliza para tratar el mieloma multiple, la Lactacistina
(Omura, Fujimoto et al. 1991) o el MGI132, actualmente el maés utilizado en
investigacion y que ha mostrado tener también propiedades antitumorales (Han

and Park 2010; Guo and Peng 2013; Qiang, Sui et al. 2017).

Sin embargo, estos inhibidores actian de manera inespecifica sobre la
degradacién de proteinas, y muchas patologias ya descritas se han asociado a
disfunciones en ligasas E3, que llevan a la acumulacién de proteinas como p53 o
la ciclina E (Strohmaier, Spruck et al. 2001; Sakamoto 2002; Staropoli,
McDermott et al. 2003). Es por ello que un abordaje més especifico, como la
inhibicion de los complejos CRLs por parte el MLN4924 ha mostrado tener muy
buenos resultados en céncer (Soucy, Smith et al. 2009; Nawrocki, Griffin et al.
2012; Bulatov and Ciulli 2015; Bhatia, Pavlick et al. 2016; Paiva, Godbersen et al.
2017; Picco, Petti et al. 2017) o la enfermedad inflamatoria intestinal (Cheng, Hu

et al. 2016). Sin embargo, es importante conocer cémo estos tratamientos
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afectan al sistema inmunolégico, fundamental para la resolucién de las

enfermedades.

Algunos estudios han destacado que la nedilacidon juega un papel crucial en el
funcionamiento de algunas células del sistema inmunoldgico, como macréfagos,
células T y CDs. Por ejemplo, la inhibicidon de la nedilacién reprime la liberacién
de citoquinas proinflamatorias inducida por LPS en macréfagos (Chang, Reyna et
al. 2012), e inducida por la activacién del TCR en células T (Jin, Liao et al. 2013).
Esto también ocurre en las CDs, humanas y murinas, donde la inhibicién de la
nedilacién o la inactivaciéon de SCF resulta en la supresién de la liberacidon de
citoquinas proinflamatorias dependiente de LPS y otros estimulos, tanto
infecciosos (ligandos de TLR1/2 y NOD2), como no infeccciosos (agonistas
CD40L) (Mathewson, Toubai et al. 2013; Cheng, Hu et al. 2016). Ademas,
también se ha demostrado que la inhibicién de la nedilacién en CDs inhibe su
capacidad de estimular a las células T alogénicas para que éstas proliferen

(Mathewson, Toubai et al. 2013; Cheng, Hu et al. 2016).
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ANTECEDENTES

CCR?7 regula una compleja red de sefializacién que le permite controlar multiples
funciones homeostaticas en las células dendriticas (CDs), incluyendo la
quimiotaxis, supervivencia, velocidad migratoria, citoarquitectura, endocitosis o
maduracién (Yanagawa and Onoe 2002; Yanagawa and Onoe 2003; Sanchez-
Sanchez, Riol-Blanco et al. 2004; Marsland, Battig et al. 2005; Riol-Blanco,
Sanchez-Sanchez et al. 2005; Sanchez-Sanchez, Riol-Blanco et al. 2006; Lopez-
Cotarelo, Escribano-Diaz et al. 2015; Torres-Bacete, Delgado-Martin et al. 2015).
La mayoria de los estudios acerca de CCR7, y de los receptores de quimioquinas
en general, se han centrado en el anélisis del papel regulador de la fosforilacion
en el control de las funciones celulares mencionadas, pero los estudios de otros
tipos de modificaciones post-traduccionales que pudieran ser importantes para la
regulacién de las funciones conocidas u otras funciones desconocidas de este

receptor son escasos (Schaeuble, Hauser et al. 2012).

La nedilacién, o unién de Nedd8 a una proteina, es un tipo de modificacién
post-traduccional que estd involucrada en el control de algunas funciones de
leucocitos del sistema inmune innato (Chang, Reyna et al. 2012; Li, Liu et al.
2013; Mathewson, Toubai et al. 2013; Cheng, Hu et al. 2016), y del sistema
inmune adaptativo (Jin, Liao et al. 2013). La funcién mas estudiada de la
nedilacién es la activacion de las ligasas E3 de ubiquitina tipo CRL, entre ellas, la

maés estudiada es SCF (CRL-1) (Merlet, Burger et al. 2009).
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La E3 ubiquitin ligasa SCF (Skp1-Cullin-1-F-Box) controla la ubiquitacién de una
gran cantidad de proteinas celulares para su degradacién por el proteasoma vy
SCF se activa cuando su componente Cul-1 se nedila (Merlet, Burger et al. 2009).
Por tanto, la nedilacion regula la actividad E3 ubiquitin ligasa y la ubiquitinacién

de componentes celulares.
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HIPOTESIS

CCR?7 controla en las células dendriticas humanas la ubiquitinacién de proteinas
mediante la estimulacién, a través de nedilacidn, de la actividad de la ubiquitin-

ligasa SCF (Skp1-Cullin1-F-Box).

OBJETIVOS

1. Analizar si la estimulacién de CCR7 induce nedilacién de Cullin-1 (Cul-1)
en CDs humanas maduras y e identificar las proteinas G sefializadoras que
median la nedilacién de Cul-1.

2. Averiguar si se requiere nedilacién para el control de las funciones
reguladas por CCR7 (quimiotaxis, supervivencia, velocidad migratoria,
endocitosis y cambios en citoarquitectura).

3. Examinar la localizaciéon subcelular de Cullin nedilado (Cul-1Nedd8),

4. Comprobar si Cul-1Ned® forma parte del complejo SCF (Skp1-Cul-1-F-Box).

5. Estudiar si la nedilacién de SCF, y la consecuente activacidon de esta ligasa,
regula la ubiquitinacién de proteinas en las CDs.

6. ldentificar las proteinas que son ubiquitinadas por SCF tras la estimulacién

de CCRY7.
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MATERIALES Y METODOS

Reactivos generales

Las quimioquinas CCL19, CCL21 y el TNF se adquirieron a PeproTech (Rocky
Hill, NJ). Las citoquinas recombinantes humanas IL-4 y GM-CSF se obtuvieron de

Immunotools.

El Ficoll (Lymphoprep) se obtuvo de Axis Shield (Oslo, Noruega). Los monocitos
se purificaron con anticuerpos anti-CD14 unidos a bolitas magnéticas (Miltenyi

Biotech, STEMCELL Technologies, GR, Francia).

El inhibidor MLN4924 se obtuvo de Active Biochemicals Co. (Wan Chai, Hong
Kong,). El dextrano-FITC, la poli-L-ornitina, el Hoechst 33258, el colorante rojo
Ponceau, la toxina pertusica, el cocktail de inhibidores de proteasas, la Faloidina-
TRITC, la proteina A-agarosa y el kit de PLA Duolink fueron adquiridos de
Sigma-Aldrich (Merck, KGaA, Darmstadt, Alemania). La pepstatina A, la albimina
de suero bovino (BSA), la proteina G-agarosa y los anticuerpos secundarios de
conejo, ratén y cabra acoplados a la peroxidasa (HRP) se adquirieron a Santa

Cruz Biotechnology Inc. (Santa Cruz, CA).

Los anticuerpos secundarios conjugados con fluorocromos, anti-rabbit Alexa 568,
anti-mouse Alexa 488 y anti-goat Alexa 488 se adquirieron a Molecular Probes

(Thermo Fisher Scientific, Waltham, MA, EEUU).
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La informacién sobre los anticuerpos primarios utilizados en esta tesis se detalla

en la siguiente tabla.

Anticuerpo Casacomercial  Especie Concentracion Técnica Concentracién Técnica Concentracion Técnica
Actina B Santa Cruz Ms 0,2ug/ml WB
AKT p-Ser473 Cell Signalling Rb 1ug/ml WB
AKT p-Thr308 Cell Signalling Rb 1pg/ml wB
Cofilina p-Ser3 Santa Cruz Rb 0,2ug/ml WB
Cullin-1 Biorbyt Rb 1pg/ml WB 10pg/ml IF
Cullin-1 Santa Cruz Rb 2ug/ml P Apg/ml IF
CD3¢ Santa Cruz Ms 2ug/ml IP
ERK1 Santa Cruz Rb 0,2pg/ml WB
ERK2 Santa Cruz Rb 0,2ug/ml WB
ERK1/2 p-Thr202/p-Tyr204  Cell Signalling Rb 1ug/ml WB
Prot GB2 Santa Cruz Rb 2ug/ml P
IkBa Biorbyt Rb 1ug/ml WB
Lamina-B1 Cell Signalling Rb 1pg/ml WB
LAT Santa Cruz Rb 10pg/ml P
LDH Sigma Ms 1pg/ml WB
Nedd8 Cell Signalling Rb 1pg/ml WB 20ug/ml IF
Nedd8 Genetex Rb 1ug/mi WB 40ug/ml IF
PKCT Santa Cruz Gt 10pg/ml IP
p65 (NFKB) Santa Cruz Rb 0,2ug/ml WB
Rbx1 Santa Cruz Ms 0,2pg/ml WB 2ug/ml IF
Rbx1 Biorbyt Rb 1pg/ml WB
Rho-GDI Santa Cruz Rb 0,2ug/ml WB
Skpl Santa Cruz Gt 0,2ug/ml WB 10pg/ml P
Skp1 Cell Signalling Rb 1ug/ml WB
Tubulina o Rockland Rb 1pg/ml WB
Ubiquitina Santa Cruz Ms 4ug/ml IF 2ug/ml P 0,2ug/ml WB
Ubiquitina K48 Millipore Rb 1pg/ml WB
Vinculina Sigma Ms 2,5pug/ml WB
Proteasoma 20S B2 Santa Cruz Gt 0,2ug/ml WB 4pg/ml IF
Tabla 1: informacién de los anticuerpos utilizados en esta tesis y las concentraciones y técnicas para las
que se usaron. Rb = conejo, Ms = ratén, Gt = cabra. WB = Western Blot, IP = inmunoprecipitacién,
IF = inmunofluorescencia.

Modelo experimental

Se utilizaron células dendriticas (CDs) humanas derivadas de monocitos de sangre
periférica, obtenida de donantes sanos a través del Centro de Transfusiones de la
Comunidad de Madrid. La sangre, obtenida en forma de concentrado
leucoplaquetario, se diluyé en PBS para luego separar sus distintos componentes
mediante centrifugacién en gradiente de Ficoll. De este modo se separd la

fraccibn de células mononucleares de sangre periférica (Peripheral Blood
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Mononuclear Cells, PBMCs), que contiene mayormente monocitos, linfocitos T y
B y células NK. A continuacién, se purificaron los monocitos (células CD14+)
mediante la utilizacion de anticuerpos anti-CD14 acoplados a bolitas magnéticas
y un soporte imantado, siguiendo las instrucciones del proveedor (Miltenyi
Biotech). Las células obtenidas, monocitos CD14+ (95%), se resuspendieron en
RPMI con 10% de suero fetal bovino (FBS, Fetal Bovine Serum, Lonza Group
Ltd, Basilea, Suiza) y se cultivaron a una concentracién de 1 x10¢ células/ml en
presencia de las citoquinas GM-CSF (1000 U/ml) y IL-4 (1000 U/ml). Las
citoquinas, que se suministraron cada 2 dias a partir del inicio del cultivo y
durante 7 dias, inducen la diferenciaciéon de los monocitos hacia un fenotipo de
CD inmadura. Las CDs inmaduras se maduraron afadiendo, ademas de las
citoquinas GM-CSF e IL-4 a las concentraciones indicadas, la citoquina pro-
inflamatoria TNF-a (50 ng/ml). Tras 3 dias en cultivo, se obtuvo un porcentaje
de células CD80+, CD86+, CD83+, CCR7+ y HLA-DR+ mayor del 85%, Estas
células ademds dejaron de expresar CD14 (menos de 1% de células CD3+,
CD14+, CD16+ o CD19+). Por tanto, las CDs maduras se utilizaron para los

experimentos en el dia 10 y 11 desde el momento de su purificacién.

Experimentos de estimulacién de CCR7

Para los experimentos se utilizaron las CDs maduras, que expresan el receptor
CCR7. Para estudiar el efecto que ejerce la estimulacion de CCR7 sobre la
dindmica de activacién de diferentes moléculas de sefalizacién intracelular, se
estimularon las CDs maduras con CCL21 a distintos tiempos. En primer lugar, es

necesario reducir la actividad basal de las moléculas a estudiar. Por ello, las
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células (106 células/ml) se trasladaron a un medio RPMI sin suero que incluye
0,1% de BSA, donde se dejaron aclimatar entre 30 y 45 minutos a 37°C y 5% de
CO,. Posteriormente, las CDs se estimularon con CCL21 (18 nM) y se
mantuvieron en el incubador durante tiempo indicado en la leyenda de las
figuras. A continuacién, las células se centrifugaron a las méximas revoluciones
(~12.000 g) durante 30 segundos. Posteriormente, se retiré el sobrenadante y
los pellets obtenidos se lisaron resuspendiéndolos en buffer de carga (SB) 2x (200
mM Tris-HCI, pH 6.8, 0,1 mM de ortovanadato sédico, 6% SDS, T mM EDTA,
4% [B-mercaptoetanol, 10% glicerol y azul de bromofenol). Las muestras
obtenidas se hirvieron durante 5 minutos para desnaturalizar las proteinas vy,

posteriormente, se mantuvieron a -20°C hasta su andlisis.

Experimentos con inhibidores

Se realizaron diversos experimentos en los que se bloqueé una determinada
proteina o ruta de sefalizacién. Los experimentos de inhibicién se realizaron del
mismo modo que los experimentos de estimulacién mencionados arriba, solo
que las células se incubaron con los inhibidores farmacoldgicos de interés, en
ausencia de suero y a los tiempos indicados en la leyenda de las figuras, antes de

la estimulacién con CCL21.

Western Blot

Las muestras obtenidas de los experimentos se resolvieron mediante

electroforesis en geles de poliacrilamida en condiciones reductoras (SDS-PAGE).
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Los geles se transfirieron a membranas de PVDF (previamente activadas con
metanol) mediante un sistema de transferencia himedo. Tras la transferencia, se
realizé una tincidén de la membrana con rojo Ponceau para comprobar que la
transferencia se habia producido correctamente. Las membranas tefiidas fueron
escaneadas para conservar informacién sobre la carga de las proteinas. Tras ser
destefidas, las membranas se bloquearon durante Th en TBST (TBS 0,1% Tween
20, pH 7,5) que incluye 5% de leche desnatada en polvo. Después, las
membranas se incubaron durante 18 h a 4°C con los anticuerpos primarios (Tabla
1) en TBST+ 5% BSA. Tras esta incubacidn, se realizaron 3 lavados con TBST y
las membranas se incubaron con anticuerpos secundarios frente a la especie de
interés (conejo, ratén, cabra) acoplado a peroxidasa (80 ng/ml en TBST) durante
Th. Por dltimo, se lavaron 3 veces mas con TBST y se procedid al revelado digital
(Chemidoc, Bio-Rad Laboratories, CA, EEUU) o analdgico (Curix 60, Agfa-
Gevaert Group) de las bandas inmunoreactivas con ECL (Thermo Fisher

Scientific, Waltham, MA, EEUU).

El densitometrado de las bandas se realizé con los softwares Multigauge de
Fujifilm, Image Lab de Bio-rad e Image J, corrigiéndose los valores de las
proteinas frente a un control de carga y normalizdndolos respecto al punto no
estimulado con CCL21, también llamado tiempo O & (-), y frente al control sin

tratar, en caso de tratamiento con inhibidores.

Para la eliminacién de anticuerpos primarios y reincubacién de membranas con
nuevos anticuerpos, procedimiento conocido como “stripping” se utilizd un

buffer compuesto por glicina (125 mM), 0,1% SDS, 1% Tween 20 pH 2.2. La
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membrana se sometié a 2 lavados de 10 min en el buffer de stripping, después 2
lavados de 10min en PBS, 2 lavados de 5 min en TBST y fue bloqueada de nuevo
e incubada con los anticuerpos primarios como se ha mencionado

anteriormente.

Inmunofluorescencias

Las CDs maduras se resuspendieron en RPMI 0,1% BSA a una concentracién de
106 CDs/ml. A continuacién, se sembraron 5x10° células en cristales de 10 mm de
didmetro que habian sido previamente cubiertos con poli-L-ornitina (0,1 mg/ml)
y se dejaron adherir durante Th a 37°C. Tras la estimulacién con CCL21 (18 nM)
las células se fijaron con PFA 4% (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
durante 15 min a temperatura ambiente. Tras un lavado con PBS, las células se
permeabilizaron con metanol frio o Tritén X-100 al 0,2% en PBS durante 5 min.
Tras otros 3 lavados con PBS, las preparaciones se bloquearon con IgG humana
(1 pg/ml) durante 5 min. A partir de este momento, los lavados se hicieron con
PBS 0,1% BSA. Las muestras se incubaron con los anticuerpos primarios diluidos
en PBS 0,1% BSA durante 1h. Se hicieron 3 lavados y después se afiadié la mezcla
de anticuerpos secundarios diluidos en PBS 0,1% BSA junto con el colorante
Hoechst 33258 durante 1h. Las muestras se lavaron 2 veces con PBS y 1 vez con
agua destilada antes de ser montadas sobre portaobjetos con el medio de
montaje Dako (Dakocytomation). Finalmente se analizaron con un Microscopio
Laser Confocal espectral (CLSM) Leica TCS SP5. Se realizaron entre 10 y 20
fotografias de secciones confocales de 0,5 um de grosor. Las imagenes se

analizaron con el software de Leica LAS X y con Image J, con el que se realizaron
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las animaciones en 3D. Las imagenes fueron preparadas con el software Adobe
Photoshop CS.

Ensayo de ligacién por proximidad: PLA (Proximity Ligation Assay)

La técnica del PLA permite analizar mediante microscopia de fluorescencia la
proximidad de dos moléculas (Fredriksson, Gullberg et al. 2002; Soderberg,
Gullberg et al. 2006). Con esta técnica se obtiene una sefial fluorescente positiva
cuando las dos moléculas analizadas se encuentran a una distancia menor a 40

nm, distancia a la cual la probabilidad de que estén interaccionando es muy alta.

Yant |4

Figura 18. La técnica PLA. Esta técnica consiste en el marcaje de las proteinas cuya interaccién quiere
detectarse con sus respectivos anticuerpos primarios (1). A continuacién, se afiaden los anticuerpos
secundarios que llevan acopladas unas sondas de ADN (2). Se afiaden unas sondas complementarias y
conectoras (3) y una ligasa de ADN, que produce la ligacién de las sondas y la formacién de un ADN
circular (4). Se aflade una ADN-polimerasa que amplifica el ADN circular (5) y gracias a la presencia de
oligonucledtidos marcados fluorescentemente (6) se puede observar una sefial fluorescente al microscopio,
siempre y cuando las proteinas analizadas se encuentren a menos de 40 nm para que sondas acopladas a sus
anticuerpos secundarios puedan hibridar. (Modificado del catdlogo de Sigma).

Las CDs (5 x 10* células) se dejaron adherir sobre cristales cubiertos previamente
de poli-L-ornitina y se fijaron del mismo modo que se hizo para las
inmunofluorescencias. Las muestras se permeabilizaron con 0,2% Triton X-100 &
metanol frio (Panreac), se bloquearon con IgG humana y se incubaron con los
anticuerpos primarios. A continuacién, en lugar de utilizarse anticuerpos
secundarios, se llevé a cabo el PLA (figura 18), siguiendo las instrucciones del

fabricante (Duolink Il in situ PLA detection kit, Sigma). Las muestras se incubaron
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con anticuerpos secundarios especiales conjugados con unas sondas de ADN
(sondas PLUS y MINUS) que hibridan y generan un ADN circular gracias a una
enzima ligasa y a oligos complementarios. Seguidamente, se lleva a cabo una
amplificacién del ADN circular mediante la adicién de la enzima polimerasa.
Finalmente se afadieron sondas de oligonucleétidos complementarios
fluorescentes que se unen al ADN amplificado. Por altimo, las muestras se
montaron con un medio que incluye el colorante DAPI (4',6-diamino-2-
fenilindol) para el marcaje de los nucleos. La amplificacién del ADN circular,
indicativa de una sefial positiva de PLA, se aprecia como un punteado
fluorescente en las zonas donde las moléculas estudiadas se encuentran préximas
entre si. Las preparaciones se analizaron mediante microscopia confocal, del

mismo modo que las inmunofluorescencias.

Fraccionamiento de proteinas citoplasmicas y nucleares

Para el fraccionamiento de proteinas citopladsmicas y nucleares se utilizaron 5x10°¢
CDs maduras por condicién. Se llevé a cabo el experimento en RPMI 0,1% BSA
y, al finalizar el mismo, las células se lavaron con PBS frio, manteniéndose en
medio frio (4°) a partir de este momento. Las CDs se disolvieron en buffer de
extraccién de proteinas citoplasmicas (10 mM Hepes pH 7,6, 10 mM KCl, 0,1
mM EDTA, 0,1 mM EGTA, 1 mM DTT, T mM molibdato) suplementado con los
inhibidores de proteasas: pepstatina A (10 pg/ml) y el cocktail de inhibidores
Sigma (5 mg/ml), que incluye EDTA (1 mM), AEBSF (2 mM), Bestatin (130 uM),
E64 (14 uM), Leupeptin (1 uM). Las células se incubaron en hielo durante 15 min

y posteriormente se afiadié NP-40 (Fluka, Sigma-Aldrich) al 10% y se agité en un
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aparato vortex 5 segundos. Los lisados se centrifugaron a las maximas
revoluciones (~12.000 g) durante 5 min a 4°C. Se separ6 el sobrenadante, que
corresponde a la fraccién citoplasmica, y se alicuoté y congelé a -80°C. Los
pellets (nucleos) se lavaron con PBS, se resuspendieron en buffer de extraccién de
proteinas nucleares (20 mM Hepes pH 7,6, 400 mM NaCl, 1 mM EDTA, T mM
EGTA, 1 mM DTT, T mM molibdato, pepstatina A (10 yg/ml) y el cocktail de
inhibidor de proteasas de Sigma) y a continuacién se incubaron 30 min en hielo,
agitando con el vortex cada 10 min. Los lisados se centrifugaron a maéximas
revoluciones (~12.000 g) durante 30 min y se transfirieron los sobrenadantes
(fraccién nuclear) a un tubo nuevo. Se alicuotaron y congelaron las muestras a -

80°C hasta su utilizacion.

La concentracidn proteica de los extractos citoplasmicos y nucleares se cuantificd
mediante el método de Bradford utilizando el reactivo de la compafiia Sigma.
Tras la cuantificacion se prepararon diluciones de las muestras a 2 mg/ml y se
resuspendieron en buffer de carga 2x para ser analizadas por electroforesis

(cargaron 15 pg de proteina por pocillo) y Western blot.

Inmunoprecipitaciones

Para estos ensayos se utilizé la mayor cantidad de CDs disponible (idealmente
entre 15-30x10¢ células, equivalente a 2-4 mg de proteina total). Las células se
resuspendieron en RPMI con 0,1% BSA y se dejaron estabilizar 45 min a 372 y
5% de CO, Posteriormente las células se estimularon con CCL21 durante 5 min,

tras lo cual se lavaron con PBS frio para detener la reaccién. Las células se
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mantuvieron a 4°C el resto del proceso. A continuacion, las CDs se lisaron en un
buffer de inmunoprecipitacién (1% NP-40, 50 mM Tris pH 7.4, 100 mM Nad(l, 2
mM MgCl2, 10% glicerol y cocktail de inhibidores de proteasas de Sigma (5
mg/ml)) y se incubaron con rotacién durante 1 h. El lisado fue sonicado 5 min y
centrifugado a ~12.000 g durante 90 min. Posteriormente, el sobrenadante se
sometid a un pre-aclarado con agarosa unida a proteina A durante 18 h en
rotaciéon a 4°C. Tras eliminarse por centrifugacién la proteina A-agarosa, se
afadieron los anticuerpos (2 pg/mg de proteina) y se incubaron durante 6 h.
Después se incubd el lisado con 30 pl/ml de proteina A-agarosa durante 1h. Se
recogio el pellet de agarosa, vy, tras varios lavados, las muestras estuvieron listas
para ser procesadas, bien mediante Western blot, resuspendiéndolas en buffer de

carga 2x, o bien para su analisis por protedmica.

Inmunoprecipitacién nuclear

En este trabajo se llevd a cabo, también, la inmunoprecipitacién de proteinas
nucleares. Para ello se realizd la extraccién proteinas como se menciond en el
método de fraccionamiento de proteinas citopldsmicas y nucleares. Tras la
separaciéon de los extractos citoplasmicos, se lavaron los pellets nucleares 3 veces
con PBS frio. Estos pellets se disolvieron en el buffer de inmunoprecipitacién
mencionado arriba, se sonicaron durante 5 min y se procedié con la
inmunoprecipitacién de la manera habitual. Una vez terminado el proceso, las
muestras se procesaron para ser analizadas mediante Western blot o mediante

protedmica.
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Anélisis proteémico

Las muestras obtenidas en la inmunoprecipitacién nuclear fueron sometidas a un
proceso de digestiobn con tripsina para obtenerse los péptidos que
posteriormente se analizaron mediante cromatografia liquida (LC) vy

espectrometria de masas (MS).

Digestién con tripsina

Las muestras se resuspendieron en 50 mM de bicarbonato amdnico pH 8.0, y se
trataron con 1 pg de tripsina, manteniéndose durante 18 h a 37°C con agitacién
(700 rpm). Al final de este periodo se afiadieron 0,5 pg de tripsina y se continud
la incubacién durante otras 2 h en las mismas condiciones. Posteriormente las
muestras se centrifugaron, y los péptidos tripticos (el sobrenadante) se pasaron a
un tubo limpio. El pellet se lavd dos veces con 100 pL de agua de calidad HPLC,
El sobrenadante resultante de los dos lavados se juntdé con los péptidos
recolectados anteriormente, y el pellet se desechd. La solucién con péptidos se
acidificé con 50% de &acido férmico (FA) hasta tener una concentracién final de
FA del 2%. Las muestras se secaron en el concentrador de vacio SpeddVac
(Eppendorf), se resuspendieron en 20 pL de FA al 5% y una tercera parte de las

muestras se analizd en el espectrémetro de masas Q-Exactive.

Analisis LC-MS

Los péptidos se cargaron en una pre-columna Acclaim PepMap 100 (Thermo

Scientific) y se eluyeron en una columna PepMap RSLC C18, de 15 ¢cm de
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longitud, 75 pm de didmetro interno y 3 pm de tamafio de particula (Thermo
Scientific). La separacidn de los péptidos se llevd a cabo en un nano Easy nLC
1000 (Proxeon) acoplado a una fuente idnica con nanoelectrospray (Thermo

Scientific).

La velocidad de flujo de la fase mévil fue de 300 nL/min usando 0.1% de acido
férmico en agua (tampdn A) y 0.1% de acido férmico en acetonitrilo (tampdn
B). Se siguié un perfil de gradiente de 0-35% de tampdén B durante 90 min,

35%-100% de tampoén B durante 4 min y 100% de tampdn B durante 8 min.

Los espectros de masas se obtuvieron en un espectrémetro de masas Q Exactive
(Thermo Scientific) trabajando en modo positivo. Los espectros de masas
correspondientes al espectro de barrido completo tenian una relacién de masa
carga (m/z) 400-1500 Th y se obtuvieron con una resolucién de 70.000 vy
36.000, respectivamente. De cada espectro se seleccionaron los 10 iones mas
intensos para su fragmentacién mediante disociacién por colisién de alta energia
(HCD). Los iones con carga Unica o sin asignaciéon de carga se desecharon. La
ventana de exclusién dindmica se fijé en 20 s. Los archivos de espectros (*.raw)
se enfrentaron a la base de datos Homo sapiens a través de Proteome Discoverer
(version 1.4.1.14, Thermo Scientific) utilizando MASCOT como motor de
busqueda. En los pardmetros de busqueda, la carbamidometilacién de cisteinas y
la oxidacién de metionina se establecieron como modificaciones fijas. La
tolerancia de la seleccién de los precursores y los iones producto se fijé en 10
ppm y 0,02 Da, respectivamente. La identificacién de los péptidos se validd

mediante el algoritmo Percolator usando un valor q < 0,01 (1).
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El conjunto de proteinas identificadas, excluyendo aquellas que se encontraron
en el control de inmunoprecipitacion, se filtraron contrastdndose con la base de
datos CRAPome (Mellacheruvu, Wright et al. 2013), un repositorio online de
proteinas identificadas que aparecen recurrentemente en los controles negativos
de experimentos de purificaciéon por afinidad acoplados a espectrometria de
masas (AP-MS) vy, por tanto, muy probablemente sean contaminantes. Se
eliminaron aquellas proteinas que aparecieran en més del 60% de los controles

negativos de los experimentos del CRAPome.

Las proteinas resultantes del filtrado se introdujeron en la base de datos STRING

(http://string-db.org/) (Szklarczyk, Franceschini et al. 2011), que recoge Ila

informacién disponible acerca las interacciones conocidas o probables entre las
proteinas y las agrupa de acuerdo a distintos pardmetros formando redes. Este
software detecta, entre otras caracteristicas, posibles clusters de proteinas
pertenecientes a la misma ruta de sefalizacién, o que realizan funciones similares.
Ademas, se analizd el enriquecimiento en procesos bioldgicos del conjunto de
proteinas mediante el software FunRich 3.0, una herramienta bioinformética que
aporta informacién sobre el enriquecimiento funcional y el analisis de las redes

de interaccién entre las proteinas identificadas.

Nucleofecciones

Las CDs se transfectaron con siRNA frente a Cul-1 (ON-TARGET plus human
CULT (8454) siRNA - SMART Pool de Dharmacon, N¢ catdlogo L-004086-00-

0005) o siRNA control (ON-TARGET plus Non-targeting Pool, Dharmacon N®
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catédlogo D-001810-10-05), mediante el método de nucleofecciéon (Amaxa, Lonza
Group Ltd Basilea, Suiza) utilizando un kit especifico para células dendriticas
(Nucleofector™ Kits for Human Dendritic Cells, Amaxa, Lonza Group Ltd) y
siguiendo el protocolo recomendado por el fabricante. Brevemente, se utilizaron
2 pg de siRNA para nucleofectar 5x10¢ de CDs maduras por condicién. Se utilizd
un aparato nucleofector (Amaxa, Lonza Group Ltd) utilizando el programa U2,
que es especifico para las CDs. Posteriormente, las células se cultivaron en un
medio completo (+FBS) que incluye GM-CSF (1000U/ml) y IL-4 (1000U/ml) y se
incubaron durante 48h a 37°C y 5% de CO,. Transcurrido este tiempo, las
células se recolectaron y contaron mediante exclusiéon de la tincién con Azul
Tripan, para excluir a las CDs muertas. Para comprobar que se habia producido
el silenciamiento del gen con el siRNA, se analizaron los niveles de la proteina de

interés mediante Western blot, como se ha descrito previamente.

Ensayos de quimiotaxis

Los ensayos de quimiotaxis se realizaron en placas 6,5 mm con soportes
permeables Transwells de 5 pm de didmetro de poro (Costar, Corning
Incorporated, NY, EEUU). Se utilizaron 10> CDs disueltas en RPMI 0,1% BSA y se
colocaron en la cdmara superior permeable del pocillo. En el pocillo inferior,
rellenado con RPMI 0,1% BSA, se anadié CCL21 (18 nM). Se reservaron alicuotas
de las células como controles o inputs del nimero de células de partida. La placa
se incubd durante 2h a 372 y 5% de CO,. Tras este tiempo se recogié el medio

del pocillo inferior y se contd el nimero de células que habian migrado a la
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camara inferior mediante citometria de flujo, estableciendo un contaje durante

60 segundos.

Ensayos de endocitosis

Para analizar la endocitosis en las CDs maduras se realizaron experimentos de
captacion de dextrano-FITC (1 mg/ml) y se analizd la incorporaciéon de este
reactivo mediante citometria de flujo. Para ello se utilizaron 3 x 10° CDs por
condicién que se resuspendieron en RPMI 10% FBS y HEPES (20 mM). Para el
experimento es necesario un control de absorcién pasiva de dextrano-FITC, que
consiste en mantener a las células con dextrano-FITC a 4° durante todo el
experimento. Las muestras donde se valord la endocitosis activa se incubaron
con dextrano-FITC a 372 y 5% de CO, el tiempo deseado, en presencia o
ausencia de CCL21 (18 nM). Posteriormente las células se centrifugaron a 4°C y se
lavaron 5 veces con PBS 0,1% BSA frio. Por Gltimo, se resuspendieron en PBS frio
para su andlisis por citometria de flujo mediante un citémetro EPICS (Coulter
Electronics) equipado con un laser de Argén que emite a una longitud de onda

de 488 nm y recoge la fluorescencia del FITC con un filtro FL1 a 525 nm.

Anélisis de la apoptosis

Para analizar la apoptosis de las CDs humanas se realizaron experimentos en los
que se indujo la apoptosis mediante la privacidén de suero en células sin tratar o
pre-tratadas con el inhibidor MLN4924, y que fueron mantenidas en presencia o

ausencia de la quimioquina CCL21 (18 nM). Para ello se utilizé el mismo ndmero
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de células vivas, cuantificadas mediante la exclusiéon del colorante azul Tripan,

mantenidas el tiempo indicado a 372 y 5% de CO, en RPMI 0,1% BSA.

Tras el experimento, se valord la apoptosis de las CDs analizando la morfologia
de sus nicleos mediante tincion con Hoechst y microscopia de fluorescencia.
Para ello, las CDs se adhirieron 45 min sobre cristales recubiertos de poli-L-
ornitina, se fijaron con PFA 4% durante 15 min a temperatura ambiente. Las
muestras se tifleron con Hoechst 33258 en PBS con 0,1% BSA durante 5 min y se
montaron con medio de montaje DAKO del mismo modo que las

inmunofluorescencias.

Las preparaciones se analizaron usando un microscopio Axioplan Universal de
Zeiss con una camara CCD Digital Leica DFC 350 FX y un objetivo 63x de
inmersién en aceite (Leica Microsystems, Mannheim). Se realizaron fotografias al
azar de los nucleos de las CDs en distintos campos y se cuantificaron alrededor
de 500 células de cada condicién y donante, analizando el porcentaje de nucleos

condensados (picnéticos) o fragmentados presentes en cada muestra.

Anélisis de la citoarquitectura

Al igual que en las inmunofluorescencias, las CDs maduras se resuspendieron en
RPMI 0,1% BSA a una concentraciéon de 10¢ CDs/ml. A continuacién, se
sembraron 5x10° de estas células en cristales de 10 mm de didmetro previamente
cubiertos con poli-L-ornitina y se dejaron adherir durante Th a 37°C. Tras este
tiempo las células se dejaron sin estimular o se estimularon con CCL21 (18 nM)

durante 10 min. Posteriormente las células se fijaron con PFA (4%) (Santa Cruz
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Biotechnology Inc., Santa Cruz, CA) durante 15 min, a temperatura ambiente.
Tras un lavado con PBS, las células se permeabilizaron con Tritén X-100 (0,2%
V/V) en PBS durante 5 min. Tras 3 lavados con PBS. Las muestras se incubaron
con Faloidina-TRITC (Sigma-Aldrich) junto con el colorante Hoechst 33258
durante 1 h. Se hicieron 3 lavados con PBS 0,1% BSA una vez con agua antes de
montar los cristales sobre portaobjetos con el medio de montaje Dako
(Dakocytomation) y se analizaron con un Microscopio Laser Confocal espectral
(CLSM) Leica TCS SP5. Las imagenes se analizaron con el software Image J, con el
que se analizé la morfologia de las CDs maduras tras ser estimuladas con CCL21,
a través de la medicidon de su didmetro mayor. Las imégenes fueron preparadas

con el software Adobe Photoshop CS.

Andlisis estadistico

Los datos representados en las graficas muestran la media * el error estdndar de
la media de experimentos que se realizaron en, al menos, 3 donantes sanos
independientes. La evaluacién de la significancia estadistica entre tratamientos se
calculé utilizdndose la prueba t de Student para muestras pareadas. En los casos
en los que la desviacidén era muy elevada se empled la prueba no paramétrica de
Wilcoxon-Mann-Whitney. En todos los casos, se consideraron significativos los p-
valores inferiores a 0,05. Como prueba complementaria también se analizaron
los intervalos de confianza. “ns” indica diferencias no significativas entre dos
tratamientos, mientras que “N” hace referencia al nimero de experimentos

independientes realizados, es decir, nimero de donantes independientes

analizados.
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RESULTADOS

1. La estimulacion de CCR7 en las células dendriticas induce

nedilacién de Cullin-1 mediada por Gai.

En primer lugar, quisimos averiguar si la activacion de CCR7 podia inducir
nedilacién en las células dendriticas (CDs). La nedilacién se puede analizar

mediante Western blot (WB) usando anticuerpos frente Nedd8.

En la figura 19 se puede observar que, la estimulacion de CCR7 con CCL21
durante 5 min produjo un incremento significativo en la nedilacién (Nedd8)
(figura 19A) de una proteina de un peso molecular de ~85 KDa. Este peso
molecular es similar al de la proteina Cul-1, la diana de nedilacién mayoritaria y
mejor caracterizada en diferentes tipos celulares, incluyendo las CDs
(Mathewson, Toubai et al. 2013; Enchev, Schulman et al. 2015; Cheng, Hu et al.
2016). La unién de Nedd8 a Cul-1 provoca un cambio de movilidad
electroforética de esta proteina (“shift”) que permite observar una sefial de doble
banda en el WB frente a Cul-1, siendo la banda superior, Cul-1-nedilada (Cul-
INedd8) vy la banda inferior, Cul-1 sin modificar. Tras someter la membrana anterior
a un lavado (stripping, ver Material y Métodos), se reincubd con un anticuerpo
frente a Cul-1 y se observd que la banda nedilada detectada previamente,

correspondia con Cul-1Nedd8 (figura 19A).

Los experimentos de estimulaciéon de las CDs con CCL21 a distintos tiempos

confirmaron que se obtenia la méxima nedilacién entre los 2 y los 10 min,
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manteniéndose niveles altos de nedilacién hasta, al menos, los 30 min después
de la estimulacion con CCL21 (figura 19B). Como el tiempo méximo de
nedilaciéon se alcanzé tras 5 min de estimulacion CCL21, el resto de las

estimulaciones se realizaron a este tiempo.

A 3,00 1 p=0,0005 B 300
0
g 2,50 4 ® 250
-+ caa 3 3
Z 2,00 { 2 200 |
; 8 | Nedds 3 P 4
o 150 -
3 o 4
3 i ' Cul-1Nedd2 % 2 1,50
S— Cul-1 1,00 o
E W E 1,00 4
S
Erkl £ 050 1 "g 050 |
0,00 4
) (+CcL21) 0,00 T x x - x .
0 5 10 15 20 25 30
Tiempo (min)
(o @ 27 ]
D 5 _
. anti-Cull _Control ~ PTX 3 20 p=0004
IP: anti-GBy —— Lisado Y — 4+ caz 3
21,5
anti-Neddsg .- % | Nedds | - — ” — |Nedd8 °
WB ‘é 1,0 -
anti-Cull e . Cul-1 | e ‘—” - |p-Erk‘l/2 g 05 |
go
ccLat - + I-——'"'__'l B-actina £ 0,0 -
caa| () (+)
Control

Figura 19. La estimulacién CCR7 con CCL21 induce nedilacién de Cul-1. (A) y (B) Las CDs (108celulas/ml) se
resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin estimular (-) o se estimularon con CCL21 (18
nM), durante 5 min en (A) y los tiempos indicados en (B). Después las células se lisaron y analizaron
mediante SDS-PAGE seguido de WB en los que se usaron anticuerpos frente a Nedd8. La banda de Nedd8 se
cuantificd y se representa como incremento relativo respecto a las células sin estimular, a las que se asigné
un valor arbitrario de 1. En (A) se muestra un WB representativo frente a los anticuerpos anti-Nedd8 y anti-
Cul-1, empledndose Erkl como control de carga. A continuacién, se representa la media = SEM (N=15). En
la figura (B) se representa, al igual que en (A) la media = SEM (N=6-15). (C) Las células (20-30 x 10® CDs)
se trataron igual que en (A) con la diferencia de que, tras la estimulacién con CCL21, las CDs se
resuspendieron en buffer de lisis y, posteriormente, se inmunoprecipité Cul-1. Las muestras se separaron
mediante SDS-PAGE, y posteriormente se analizé mediante WB la presencia de Cul-1 y Nedd8. (D) Las
células (10® CDs/ml) fueron tratadas como en (A), con la diferencia de que, previo a la estimulacién con
CCL21, las células fueron pre-tratadas con toxina perttsica (PTX, 100ng/ml 3h). Posteriormente las CDs
fueron estimuladas, lisadas, separadas mediante SDS-PAGE y analizadas mediante WB con anticuerpos frente
a Nedd8 y p-ERK1/2. Se usé un anticuerpo frente (-actina para confirmar la igualdad de la carga. En el
diagrama de barras se representa la media = SEM (N=10).

Para confirmar que la proteina nedilada en respuesta a la estimulacién de CCR7
es Cul-1, se realizé una inmunoprecipitacién (IP) de Cul-1, seguida de un WB con
un anticuerpo anti-Nedd8. Como se observa en la figura 19C, se produjo un

aumento de la nedilacién de Cul-1 tras la estimulacién de las CDs con CCL21.
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CCR7 induce sefiales intracelulares a través de las proteinas G heterotriméricas.
Para analizar si tras la estimulacion de CCR7, la familia Gy media la nedilaciéon
observada, se trataron las CDs con la toxina pertisica (PTX), un inhibidor
selectivo de esta familia de proteinas G. Los resultados muestran que el
tratamiento con PTX inhibié el efecto estimulante de CCR7 sobre la nedilacién,

lo que sugiere la participacién de las proteinas Gg; (figura 19D) en este proceso.

2. Las funciones reguladas por CCR7 en las CDs no dependen de la

nedilacién

CCR?7 regula, ademas de la quimiotaxis, varias funciones de las CDs, incluyendo
la supervivencia, la velocidad migratoria, la endocitosis y los cambios en
citoarquitectura (Yanagawa and Onoe 2002; Yanagawa and Onoe 2003;
Sanchez-Sanchez, Riol-Blanco et al. 2004; Riol-Blanco, Sanchez-Sanchez et al.
2005; Torres-Bacete, Delgado-Martin et al. 2015). A continuacién analizamos si
la nedilacién estaba implicada en la regulaciéon de las funciones de CCR7 en las
CDs. Para ello utilizamos un inhibidor farmacolégico de la nedilacion, MLN4924
(MLN), que actta inhibiendo a la enzima NAE, que participa en el primero de
los tres pasos de la transferencia de Nedd8 a las proteinas Cullin, o nedilacién

(Soucy, Smith et al. 2009).

2.1 La inhibicién de la nedilacién no afecta a la supervivencia inducida por
CCR?7

En numerosos tipos celulares, incluyendo leucocitos, la nedilacién de las proteinas

Cullin estd implicada en la regulacién la supervivencia celular (Li, Liu et al. 2013;
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Wang, Luo et al. 2015; Cheng, Hu et al. 2016). Como CCR7 regula la
supervivencia de las CDs (Sanchez-Sanchez, Riol-Blanco et al. 2004; Escribano,
Delgado-Martin et al. 2009; Lopez-Cotarelo, Escribano-Diaz et al. 2015)
analizamos si la nedilacién de Cul-1 podia estar mediando estos efectos inductores
de supervivencia. Para analizar la apoptosis las CDs se tifieron con Hoechst (figura
20), un método que permite apreciar los nicleos condensados y/o fragmentados,
tipicos de las células apoptdticas, y compararlos con los de las células sanas, que
son mas grandes y mantienen su integridad (Sanchez-Sanchez, Riol-Blanco et al.
2004; Escribano, Delgado-Martin et al. 2009; Lopez-Cotarelo, Escribano-Diaz et
al. 2015) (figura 20A). En la figura 20B(a) se puede observar que el cultivo de las
CDs durante 48h en RPMI en ausencia de suero produjo un aumento en los
niveles de apoptosis de las CDs, que se redujo significativamente cuando las células
se mantuvieron en presencia CCL21, tal como se habia reportado previamente
(Sanchez-Sanchez, Riol-Blanco et al. 2004; Escribano, Delgado-Martin et al. 2009;
Lopez-Cotarelo, Escribano-Diaz et al. 2015). Cuando se analizd la apoptosis de las
CDs en las que se inhibié la nedilacién mediante el tratamiento con MLN, se
observé que, aunque la apoptosis aumento tras el tratamiento, la estimulacion de
las CDs con CCL21 redujo el porcentaje de células apoptdticas de manera
equivalente a la observada en el en el control sin MLN (figura 20B b). La figura
20C muestra que el tratamiento con MLN produjo un completo bloqueo de la
nedilacién. Los resultados indican que, aunque la inhibicién de la nedilacién
induce apoptosis basal en las CDs, tal como se ha descrito previamente (Cheng,
Hu et al. 2016), la estimulacién de CCR7 induce supervivencia, aun cuando la

nedilacién se encuentra completamente inhibida.
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Figura 20. La inhibicién de la nedilacién no afecta a la supervivencia inducida por CCR7. Las CDs (10®
celulas/ml) se resuspendieron en RPMI con 10% FBS (+FBS) o 0,1% de BSA (-) y se mantuvieron sin tratar
(Control o C) o se trataron con MLN4924 (MLN, 0,5 uM 2h) tras lo cual las CDs se estimularon con CCL21
(18 nM) (+CCL21) y se mantuvieron en cultivo a 37°C durante 48h, afadiéndose nuevamente CCL21 al
medio cada 6h. Posteriormente las CDs se adhirieron durante 1 h en cristales previamente cubiertos con Poli-
L-ornitina. Posteriormente las células se fijaron con PFA 4% vy se tifieron los nucleos con Hoechst33342. Las
preparaciones se analizaron al microscopio y se fotografiaron. En (A) se muestra una fotografia
representativa de cada tratamiento en la que las puntas de flecha sefialan nucleos condensados o
fragmentados que se corresponden con células apoptéticas. Los colores de las fotografias fueron invertidos
porque asi se puede apreciar mejor la condensacién nuclear. (B) a) Se contaron alrededor de 500 células y
se calculd el porcentaje de apoptosis (% medio = SEM). b) Estos porcentajes se relativizaron respecto a las
muestras no estimuladas para analizar el efecto de la quimioquina CCL21. (C) Una alicuota de estas muestras
se analizé por SDS-PAGE seguido por WB con anticuerpos frente a Nedd8, pERK1/2 como control de
estimulacién de CCR7 y B-actina como control de carga. Se muestra que tras el tratamiento con MLN la
nedilacién (Nedd8) se encuentra totalmente inhibida (N=4).

La inhibicién de la nedilacién no afecta a la activaciéon de la via de NFkB

inducida por CCR7.

Puesto que la activacién de la via de NFKB es uno de los mecanismos mediante
los cuales CCR7 regula la supervivencia en las CDs (Sanchez-Sanchez, Riol-Blanco
et al. 2004; Escribano, Delgado-Martin et al. 2009) y se ha descrito previamente

que la nedilacién de Cul-1 estd implicada en la activacién de NFKB en las CDs en
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respuesta a LPS (Mathewson, Toubai et al. 2013), analizamos si la inhibicién de
la nedilaciéon con MLN ejercia algin efecto sobre la activaciéon de NFKB inducida

por la estimulacién de CCR7.

NFkB es un factor de transcripcidn que se encuentra en el citoplasma secuestrado
por la proteina inhibitoria IkB. Sin embargo, diversos estimulos provocan la
fosforilacién de kB, que induce su degradacién, permitiendo que NFkB se
trasloque al nucleo, donde regula la expresién de diversos genes promotores de
supervivencia como Bcl,, un gen de la familia Bcl2 (Sanchez-Sanchez, Riol-Blanco
et al. 2004; Escribano, Delgado-Martin et al. 2009). La medida de los niveles de
kB puede reflejar, de manera indirecta, el grado de activacién de NFkB. Niveles
elevados de I«B, indican que NFxB estd inhibido, y, reducidos niveles de I«xB
implican que estd activado. Para investigar si la nedilacién juega un papel en la
activaciéon de NFkB, se analizé si la inhibicién de la nedilacién afecta la
degradacién de IkBa mediada por CCR7 y la traslocacién de NFkB al nucleo de
las CDs. Para ello se llevd a cabo el fraccionamiento de proteinas citoplésmicas y
nucleares, en células pre-tratadas con MLN o sin pre-tratar, y estimuladas con
CCL21 o sin estimular. Como control positivo se emplearon CDs tratadas con
TNFa, un conocido activador de la ruta de NFKB (Sanchez-Sanchez, Riol-Blanco
et al. 2004). Como se puede observar en la figura 21, la estimulacién de CCR7
con CCL21, o con TNF-a, indujo la degradacién de IkBa en el citoplasma de las
CDs (figura 21A y 21B). La inhibicién de la nedilacién con MLN no afect6 a la
degradacion de IkBa, lo que sugiere que la nedilaciéon de Cul-1 no regula la

degradacion IkBa inducida por CCR7.
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Figura 21. La inhibicién de la nedilacién no afecta a la activacién de la via de NFkB inducida por CCR7. Las
CDs (5 x 108 células) se resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin tratar (Control o C)
o se trataron con MLN4924 0,5 puM durante 2 h (MLN), posteriormente las células se mantuvieron sin
estimular (-) o fueron estimuladas con CCL21 (18 nM) (+) o TNFa (100 ng/ml) durante 45 min. Transcurrido
este tiempo, las células se lavaron en PBS frio y se llevé a cabo la extraccién y fraccionamiento de proteinas
citopldsmicas y nucleares. (A) Las muestras fueron analizadas mediante SDS-PAGE seguido de WB con
anticuerpos frente a IkBa y p65. Como control de carga se analizaron los niveles 3-Actina y de LDH. Este
Gltimo se utilizé también como marcador de citoplasma. (B) Se representa la cuantificacién de los niveles de
proteina IkBa en la fraccién citopldsmica estandarizados como incremento respecto a las muestras sin
estimular [(-)] a las que se asigna un valor arbitrario de 1. (C) Se representa la cuantificacion de los niveles de
proteina p65 en la fraccién citoplédsmica y nuclear estandarizados como incremento respecto a las muestras
sin estimular [(-)] a las que se asigna un valor arbitrario de 1. En las gréficas se representa la media +SEM
(N=6). (D) Se comprobé mediante WB que la nedilacion se encontraba inhibida. (E) Las CDs (10°
células/ml) se resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin tratar (Control o C) o se
trataron con MLN4924 0,5 uM durante 2 h (MLN), posteriormente las células se mantuvieron sin estimular
(-) o fueron estimuladas con CCL21 (18 nM) (+) durante 5 min. Transcurrido este tiempo, las muestras
fueron lisadas y analizadas mediante SDS-PAGE seguido de WB con anticuerpos frente a Nedd8, p-AKT
(Ser473) y p-AKT (Thr308). Se utilizaron B-Actina y vinculina como controles de carga (N=3).

Cuando se analizaron mediante WB los niveles de p65, una molécula de la
familia NFkB, en el nucleo y el citoplasma (figura 21A y 21C), se observé que la
estimulaciéon de CCR7 con CCL21 o TNF-a indujo la traslocacién de p65 al
ntcleo, como se sugiere por la observacién de la caida en los niveles de p65 en
el citoplasma y su aumento en el nucleo (figura 21C). Nuevamente, en las CDs

pretratadas con MLN, CCL21 indujo los mismos efectos de caida del p65
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citoplasmico y aumento del nuclear, indicando que la nedilacién de Cul-1 parece
no tener ningln efecto sobre la traslocacion de p65 al nicleo tras la estimulacién
de CCRY. La figura 20D confirma que la nedilacién se inhibié correctamente en
el experimento de fraccionamiento. Los resultados obtenidos sobre NFkB

concuerdan con lo observado en el caso de IkBa.

La ruta de AKT es la principal ruta inductora de la supervivencia activada por
CCR7 en las CDs y es responsable de la activacidon de la ruta de NFkB (Sanchez-
Sanchez, Riol-Blanco et al. 2004; Escribano, Delgado-Martin et al. 2009; Lopez-
Cotarelo, Escribano-Diaz et al. 2015). En concordancia con estos resultados, se
observé que MLN no afecta a la activacion de AKT (fosforilacidn en serina 473 y

en treonina 308) inducida por CCR7 (figura 21E).

2.2 la nedilacién no regula la quimiotaxis inducida por CCR7

A continuacién, estudiamos si la nedilaciéon de Cul-1 podia estar involucrada en
la regulacién de la quimiotaxis, una funcién clave controlada por CCR7 en las
CDs (Riol-Blanco, Sanchez-Sanchez et al. 2005). Para ello realizamos
experimentos en el sistema franswell, que mide la migracién de las células de un
pocillo superior hacia un pocillo inferior, comunicados entre si por poros. En los
resultados de los experimentos en transwell, el signo (-) significa que no hay
quimioquina y (+), que se incluye CCL21 en el medio (pocillo superior/pocillo
inferior). De este modo, en la condicién (-/-) no hay quimioquina en ningin
compartimiento, de tal manera que las células que migran al pocillo inferior lo

hacen de manera aleatoria. El punto (-/+) representa la migracién quimiotactica,
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puesto que existe un gradiente de concentracién de CCL21. Por altimo, el punto
(+/+), en el que hay quimioquina en ambos compartimentos y, por tanto, no
hay gradiente de concentracién, representa una migracion aleatoria, que en caso
de ser mayor que (-/-) se debe a un incremento en la velocidad migratoria,

puesto que la quimioquina estd induciendo aceleracién en las células.

En la figura 22A se puede observar un experimento en un 7ranswell, donde el
establecimiento de un gradiente quimiotéactico de CCL21 (pocillo superior -/
pocillo inferior +) induce un importante aumento en la quimiotaxis de las CDs,
como ya estd descrito anteriormente (Riol-Blanco, Sanchez-Sanchez et al. 2005).
Como se puede observar, el tratamiento con MLN no afecta a la quimiotaxis
inducida por CCR7. Se comprobdé que la nedilacién de Cul-1 se bloquea

completamente tras el tratamiento con MLN (figura 22B).

También puede apreciarse en las figuras 22C y 22D que, aunque el tratamiento
con MLN aumenta basalmente la activacién de ERKI1/2, la principal proteina
reguladora de la quimiotaxis en las CDs, su fosforilaciéon dependiente de CCR7

no se vio afectada por el tratamiento con MLN.

En conjunto, estos resultados indican que el bloqueo de la nedilacién no afecta

ni a la activacién de ERK1/2 ni a la quimiotaxis regulada por CCR?7.
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Figura 22. La inhibicién de la nedilacién no afecta a la quimiotaxis inducida por CCR7. (A) Las CDs (10°
células/100 pL) disueltas en RPMI 0,1% BSA se mantuvieron sin tratar (Control) o se trataron con MLN4924
durante 2h (MLN, 0,5 yM). A continuacion, las células se colocaron en el pocillo superior del Transwell. El
pocillo inferior se rellené con RPMI 0,1% BSA. El simbolo — representa ausencia de quimioquina y +
significa que se afiade CCL21 (18 nM) en el medio (pocillo superior/pocillo inferior). La placa se incubd
durante 2 h a 37°. Tras este tiempo se conté el nimero de CDs que habian migrado a la cdmara inferior y se
normalizaron respecto a sus valores de partida. Los datos se representan como porcentaje de migracién *
SEM (N=6). (B) Alicuotas tomadas del experimento (A) se analizaron mediante SDS-PAGE seguida de WB,
con anticuerpos frente a Nedd8, pERK1/2 y a-tubulina, que fue usada como control de carga. (C) Las CDs
(108 células/ml) se trataron igual que en (A) con MLN4924 (MLN), después las células se estimularon con
CCL21 (18 nM) durante los tiempos indicados. Las muestras se lisaron y analizaron mediante SDS-PAGE
seguida de WB con anticuerpos frente a Nedd8, Cul-1 y p-ERK1/2. ERK2 y B-actina fueron usados como
controles de carga. Se cuantificaron los niveles de pERKI1/2, representados en (D) y normalizados frente a las
muestras control sin estimular (tiempo 0), a las que se asigné un valor arbitrario de 1 = SEM (N=10).

A continuacién se analizd si la nedilaciéon juega algin papel en la regulacién de
otras funciones controladas por CCR7, como son la velocidad migratoria (Riol-
Blanco, Sanchez-Sanchez et al. 2005), la endocitosis (Yanagawa and Onoe

2003), o la citoarquitectura celular (Yanagawa and Onoe 2002).

2.3 lanedilacién no controla la velocidad migratoria inducida por CCR7

En el experimento de transwell mencionado anteriormente (figura 22A) se

puede determinar, de manera indirecta, si se producen cambios en velocidad

106



migratoria de las CDs (Riol-Blanco, Sanchez-Sanchez et al. 2005). Como se
explicé previamente, si se cuantifica el porcentaje de CDs que migran cuando se
afiade la quimioquina tanto en el pocillo superior e inferior del transwell (+/+)
con respecto a aquel en donde no se pone quimioquinas (-/-) se evalla la
velocidad migratoria. Los datos obtenidos en las condiciones (-/-) y (+/+) de la

figura 22A se representan en la figura 23.

18 - Figura 23. La inhibicién de la nedilacién no
16 p=0,028 afecta a la velocidad migratoria inducida por

- p=0.028 CCR?7. 105 CDs disueltas en RPMI 0,1% BSA
14 - se mantuvieron sin tratar (Control) o se

trataron con MLN4924 durante 2 h (MLN,
0,5 pM). A continuacién se colocaron en el
10 4 1 pocillo superior permeable del Transwell. El
pocillo inferior se rellené con RPMI 0,1%
BSA. (-/-) y (+/+) representan (pocillo
- superior/pocillo inferior), donde + significa
que se afiadié CCL21 (18 nM). La placa se
incubé durante 2h a 372y 5% de CO.. Tras
- este tiempo se conté el ndmero de células
| que habian migrado a la cdmara inferior y se

normalizaron respecto a sus valores de
) | (+/+) /) | (+/4) partida. Los datos se representan como
Control MLN porcentaje + SEM (N=6).

12 4

% de la migracion debida a
incremento en velocidad migratoria

o N & O ®

Como se observa en esta figura, cuando se compara l1a migracion de ias LUs en
los transwell (+/+) frente a (-/-), se observa que la estimulacién de CCR7 indujo
un aumento en la velocidad migratoria de las células, tal como hemos descrito
previamente (Riol-Blanco, Sanchez-Sanchez et al. 2005; Torres-Bacete, Delgado-
Martin et al. 2015). Si se analiza esta migracién en las CDs control y las CDs
tratadas con MLN, se observa que se produce un aumento similar en la velocidad
migratoria en ambos casos (figura 23). Por tanto, los resultados indican que la
nedilacién no estd implicada en la regulacién de la velocidad migratoria inducida

por la estimulaciéon de CCR7 en las CDs.
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2.4 La nedilacién no regula la endocitosis dependiente de CCR7

CCR7 regula la endocitosis en las CDs (Yanagawa and Onoe 2003; Torres-
Bacete, Delgado-Martin et al. 2015). En el siguiente experimento utilizamos
dextrano-FITC para analizar la endocitosis en las CDs. Se considera endocitosis a
aquella captacién de dextrano que se produce cuando las células estdn a 37°C, y
ésta disminuye cuando disminuye la temperatura del medio, por lo que, la
fluorescencia que observemos al mantener a las células 4°C, se atribuye a la
absorcién pasiva de dextrano. Cuando las CDs mantenidas a 372 se estimularon
con CCL21 durante 5 min, se observdé un incremento en la cantidad de
fluorescencia (figura 24A), esto es, en la endocitosis de dextrano-FITC, respecto a
la fluorescencia de las células a 37°C sin estimular, como ya estd descrito
previamente (Yanagawa and Onoe 2003; Torres-Bacete, Delgado-Martin et al.
2015). Este incremento refleja el aumento de la endocitosis dependiente de
CCR7. Cuando analizamos la endocitosis a 372 (figura 24B), vemos que, tras la
estimulaciéon con CCL21, no se observaron diferencias entre las células tratadas
con MLN vy las células control. Por tanto, los datos indican que la endocitosis
inducida por la activacién de CCR7 no requiere de la nedilacién. Se comprobé la

inhibicién de la nedilacién mediante WB (figura 24C)
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2.5 la nedilacién no estd implicada en los cambios de morfologia celular
producidos por CCR7

Para que las CDs migren correctamente es necesario que experimenten cambios
en citoarquitectura, particularmente, cambios en la configuracién de la F-actina.
En la figura 25A se muestran unas imagenes de microscopia de fluorescencia en
las que se observa el citoesqueleto de actina de las CDs tefiido con faloidina-
TRITC. En esta figura se puede apreciar como al estimularse las células con CCL21
la morfologia cambia de un fenotipo redondeado a un fenotipo expandido, que
refleja el aplastamiento (“spreading”) de las CDs sobre el sustrato (Yanagawa and

Onoe 2002). Es posible cuantificar este fendbmeno analizando la longitud del
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didmetro mayor de estas células antes y después de la estimulaciéon de las CDs
(figura 25B). Como se observa en la gréfica, la longitud del didmetro mayor
aumenta significativamente al exponer las células a la quimioquina CCL21.
Ademaés, tras la estimulacion con CCL21, no se apreciaron diferencias en

“spreading” entre las CDs no tratadas (Control) o tratadas con MLN4924 (MLN).
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Figura 25. La nedilacién no estd implicada en los cambios de citoarquitectura inducidos por CCR7 en las
CDs. Las CDs (5x10°) se resuspendieron en RPMI 0,1% BSA vy se trataron con MLN4924 (MLN, 0,5 pM)
durante 2h o se mantuvieron sin tratar (Control). Posteriormente se sembraron en cristales recubiertos con
poli-L-ornitina y se dejaron adherir durante 1 h a 37°C, tras lo cual se estimularon con CCL21 (18 nM)
durante 10 min, se fijaron con PFA 4% y se permeabilizaron con Tritén X-100 al 0,2% en PBS. Después, las
muestras se tifieron con Faloidina-TRITC (5 pg/ml) y Hoechst 33258 (10 pg/ml). (A) Las muestras se
analizaron en el microscopio y se fotografiaron. (B) Las imagenes se analizaron para cuantificar la expansién
de las CDs maduras (~120 CDs) tras ser estimuladas con CCL21, a través de la medicién de su didmetro
mayor, representado en valores absolutos (didmetro celular = SEM). (C) Las CDs (10°cel/ml) se
resuspendieron en RPMI con 0,1% de BSA, se pretrataron con MLN como en (A) y se estimularon con
CCL21 (18 nM) los tiempos indicados. Después las CDs se lisaron y analizaron mediante SDS-PAGE seguido
de WB con anticuerpos frente a Nedd8, p-Cofilina-1 (Ser 3) o frente a Erkl, que fue usado como control de
carga (N=3).

Una de las moléculas que regula la dindmica de la actina es la Cofilina-1. Tras la
estimulaciéon de CCR7, esta proteina se fosforila de manera inhibitoria en la
serina 3. Si analizamos la fosforilacién Cofilina-1 mediante WB (figura 25C), se

observa que, tras la estimulaciéon con CC21, dicha fosforilacién no se encuentra
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alterada por el pretratamiento con MLN. Por tanto, estos resultados indican que
la nedilacién no se requiere para que CCR7 induzca cambios en el citoesqueleto

en las CD:s.

3. Nedd8 se concentra en el nicleo de las células dendriticas

Los resultados negativos mencionados en el apartado 2, nos hicieron
cuestionarnos acerca de la posible localizacién de la nedilacién inducida por
CCR7, pues, algunos de los mediadores activados por CCR7 actian en el
citoplasma de las CDs, pero otros ejercen su accién en el nicleo. En este sentido,
llevamos a cabo experimentos de fraccionamiento de proteinas citoplasmicas y
nucleares. En estos experimentos observamos, por WB, que Nedd8 o Cul-1
nedilada (Cul-1Nedd8) se concentraba en el nicleo de las CDs (figuras 26A y 26B).
Ademas, la estimulacién de CCR7 indujo nedilacién de Cul-1 en el nucleo de las
células, que se vio bloqueada por el tratamiento con MLN. Sin embargo, los
niveles de Cul-1 sin modificar son similares en el nicleo y el citoplasma de las
CDs, aunque se vio una disminucién de Cul-1 en el citoplasma de las células
control tras la estimulacién con CCL21. Los experimentos de inmunofluorescencia
(IF), con anticuerpos frente a Nedd8 y Cul-1, mostraron un resultado similar
(figura 26C), esto es, Cul-1 total se encuentra mas homogéneamente distribuido

por toda la célula, mientras que Nedd8 se concentra en el nicleo de las CDs.
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Figura 26. Nedd8 se concentra en el nicleo de las células dendriticas. Las CDs (5 x 10°cel/ml) se
resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin tratar (Control) o se trataron con
MLN4924 durante 2 h (MLN). Posteriormente, las células fueron estimuladas con CCL21 (18 nM) (+)
durante 5 min. Transcurrido este tiempo, las CDs se lavaron en PBS frio y se llevd a cabo la extraccién vy el
fraccionamiento de proteinas citoplasmicas y nucleares. (A) Las muestras fueron analizadas mediante SDS-
PAGE seguido de WB con anticuerpos frente a Nedd8, Cul-1 y Erkl, que fue usado como control de carga.
Se emplearon anticuerpos frente a la proteina nuclear Lamina 1 y la proteina citoplasmética Rho-GDI, que
fueron usadas como como controles de posible contaminacién entre fracciones nuclear y citoplasmaética (B)
Se representa la cuantificaciéon de los niveles relativos de Cul-1Nedd8 y Cul-1 en las CDs del apartado A,
estandarizada respecto a la fraccién nuclear (C-), a la que se asigna un valor arbitrario de 1T + SEM (N=5).
(C) 5 x 10* CDs resuspendidas en RPMI con 0,1% BSA dejaron adherir sobre cristales recubiertos de poli-L-
ornitina. Las células se estimularon con CCL21 (18 nM) durante 5 min y luego se fijaron con PFA 4%, se
permeabilizaron con metanol frio y se tifieron con anticuerpos especificos frente a Nedd8 y Cul-1. Los
nlcleos se tifleron con Hoechst 33342. Las preparaciones fueron montadas y analizadas mediante
microscopia confocal. Se muestra una fotografia representativa de una seccién confocal (N=4).

4. Cul-1Nedd8 forma parte de un complejo SCF en el nicleo.

Los resultados negativos obtenidos con relacidn a los efectos de la inhibicion de
la nedilacion sobre las funciones descritas reguladas por CCR7 vy el
descubrimiento de que Nedd8 se encontraba fundamentalmente en el nicleo de
las CDs nos llevaron a plantearnos si Cul-1Ned® formaba parte del complejo E3
ligasa SCF también en el nucleo o, por el contrario, podia estar ejerciendo una

funcién independiente de SCF.
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Como se ha comentado en la introduccién, el complejo SCF consta de 3
proteinas invariables: Rbx1, Skpl y Cul-1. En los siguientes experimentos nos
centramos en el estudio de la localizacién de Rbx1 y Skp1 en las CDs, asi como en
el anélisis de su interacciéon con Cul-1. Para ello, se realizaron experimentos de
inmunofluorescencia (IF), ensayo de ligacién por proximidad (Proximity ligation

Assay, PLA) e IP.

En primer lugar, los experimentos de IF frente a Rbx1 y Skpl (figura 27A),
sugieren que ambos tienen una distribucidén similar a la de Nedd8, pues se
encuentran concentrados en el nucleo de las CDs, aunque de manera menos

acusada que Nedd8.

Una vez comprobado que Rbx1 y Skpl estdn presentes también en el nicleo de
las CDs, usamos la técnica PLA para analizar si ambas proteinas estdn lo
suficientemente cercanas a Cul-1 (<40nm) como para sugerir que estédn
interaccionando y formando un complejo. La técnica PLA se ha empleado
previamente para estudiar la presencia de complejos moleculares analizando la

cercania entre sus componentes (Soderberg, Gullberg et al. 2006).

En la figura 27B puede observarse mediante microscopia de fluorescencia una
fotografia de una seccién confocal de un PLA entre Cul-1 y Rbxl donde se
aprecian puntos fluorescentes tanto en nicleo como en citoplasma. Del mismo
modo se observa un PLA entre Cul-1 y Skpl donde se aprecian puntos

fluorescentes en el nucleo de las CDs.
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Figura 27. Cul-1Ned@8 forma parte del complejo SCF en el nicleo. (A) A las CDs resuspendidas en RPMI con
0,1% BSA (5 x 10%) se les permitié adherirse sobre cristales recubiertos de poli-L-ornitina, se estimularon con
CCL21 (18 nM) durante 5 min y se fijaron con PFA 4%, después fueron permeabilizadas con metanol frio y
teflidas con anticuerpos especificos frente a Rbx1, Skpl o Cul-1. Los nucleos se tifieron con Hoechst 33342.
Las preparaciones fueron montadas y analizadas mediante microscopia confocal. Se muestra una fotografia
representativa de una seccién confocal (N=3). (B) Las CDs fueron tratadas igual que en (A) hasta la
incubacién de las mismas con los anticuerpos primarios Cul-1 y Rbx1 o Cul-1 y Skpl, tras lo cual se llevé a
cabo un PLA (ver Materiales y Métodos) con las sondas arriba mencionadas. Las muestras fueron analizadas
por microscopia confocal y se muestra una fotografia representativa de una seccién confocal. Los puntos
fluorescentes rojos se representan una sefial positiva del PLA (N=3). (C) Las CDs (20-30 x 10® CDs) se
resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin estimular (-) o estimuladas con CCL21 (18
nM) durante 5 min (+) a 372. Después, las CDs se lavaron en PBS frio y se llevé a cabo la extraccién de
proteinas citopldsmicas y la lisis de los nicleos en buffer de IP. Posteriormente se llevé a cabo la IP nuclear
de Cul-1. Se tomaron alicuotas de las muestras antes de la IP para analizar la carga. Las muestras se
analizaron mediante WB usando anticuerpos frente a Cul-1 y Rbx1. (D) Las CDs humanas maduras (20-30 x
10° CDs) se resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin estimular (-) o estimuladas con
CCL21 (18 nM) durante 5 min (+) a 37°. Después, las células se lisaron resuspendiéndolas en buffer de lisis y
se llevd a cabo la IP de Skpl. Las muestras fueron analizadas mediante SDS-PAGE y WB con anticuerpos
frente a Cul-1y Skpl.
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Para confirmar que existe interaccion entre Cul-1, Skpl y Rbx se realizaron
experimentos de IP. En la figura 27C se puede observar un experimento de IP de
Cul-T nuclear. Como se observa en la figura, el anticuerpo inmunoprecipitd a
Cul-1 adecuadamente y se observd la co-inmunoprecipitacion de Rbxl1,

sugiriendo que estas dos proteinas interaccionan entre si.

Por otro lado, se realiz6 una IP con un anticuerpo frente a Skpl (figura 27D).
Observamos que Skpl se inmunoprecipitd correctamente y que co-

inmunoprecipité con Cul-1.

Estos experimentos sugieren que los miembros del complejo SCF, Rbx1 y Skpl se
localizan en el nacleo y ademéas que se encuentran interaccionando con Cul-1.
Por tanto, Cul-1"d® parece estar formando el complejo E3 ligasa SCF en el

nulcleo de las CDs.

5. CCR7 induce nedilacién/activaciéon de SCF que estimula la

ubiquitinacién de proteinas en el nicleo de las CDs.

5.1 CCR?7 estimula la poliubiquitinacién de tipo K48 en el nicleo de las CDs a
través de la nedilacion.

Una vez confirmado que Cul-1 se encontraba nedilado y formando parte del
complejo E3 ligasa SCF en el nacleo de las CDs, en los siguientes experimentos
estudiamos si el complejo SCF se encontraba ubiquitinando proteinas nucleares.
Como se ha mencionado anteriormente, existen distintos tipos de ubiquitinacién

dependiendo del residuo conservado de la ubiquitina (Ub) que media el enlace
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con la siguiente molécula de ubiquitina en la cadena (McDowell and Philpott
2013). Se ha establecido que los distintos tipos de enlaces entre Ub’s pueden
determinar un destino diferente para la proteina marcada. El marcaje de una
proteina por una cadena de al menos 4 Ub’s unidas entre si a través de la lisina
48 (K48) induce la degradacidon de dicha proteina por el proteasoma 26S
(Thrower, Hoffman et al. 2000). Puesto que el complejo SCF participa en la
ubiquitinacién de proteinas que son posteriormente degradadas por el
proteasoma, analizamos si la estimulacién con CCR7 podia estar induciendo
poliubiquitinacién de tipo K48 y si este fendbmeno podia estar mediado por la
nedilacion de Cul-1 y la consiguiente activaciéon de SCF. Para ello se utilizdé un
anticuerpo que reconoce especificamente las moléculas de Ub unidas entre si a
través de la K48 (Poli-Ub-K48). En la figura 28 se representa un fraccionamiento
de proteinas citoplasmicas y nucleares de células control y tratadas con MLN y
estimuladas (+) o no (-) durante 5 min con CCL21. Cuando analizamos los
resultados mediante WB, como se puede observar en la figura, la estimulacion de
las CDs con CCL21 induce un aumento en la nedilacién de Cul-1 en el nucleo de
las CDs y el tratamiento con MLN inhibe por completo la nedilacién de Cul-1.
Cuando analizamos las proteinas que se encuentran poliubiquitinadas con
cadenas de =5 unidades de Ub (=50 KDa) con uniones tipo K48, ademés de
que se observa que existe una mayor cantidad de dichas proteinas en el nicleo
de las CDs respecto al citoplasma, la estimulacién con CCL21 induce un aumento
significativo en los niveles de Poli-Ub-K48 en el nucleo de estas células. Ademas,

dicho fenébmeno se previene cuando las células son pre-tratadas con MLN,
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sugiriendo que se requiere nedilacion para que se produzca la ubiquitinacién

observada (figura 28A y 28B).
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Figura 28. CCR7 estimula la poliubiquitinacién de proteinas tipo K48 en el ndcleo de las CDs a través de la
nedilacién. Las CDs (5 x 10%cel/ml) se resuspendieron en RPMI con 0,1% de BSA y se mantuvieron sin tratar
(Control) o se trataron con MLN4924 durante 2h (MLN, 0,5 uM), posteriormente las células fueron
estimuladas con CCL21 (18 nM) (+) durante 5 min. Transcurrido este tiempo, las células se lavaron en PBS
frio y se llevd a cabo la extraccién y fraccionamiento de proteinas citopldsmicas y nucleares. (A) Las
muestras fueron analizadas mediante SDS-PAGE seguido de WB con anticuerpos frente a Cul-1, Poli-Ub-K48,
Erkl como control de carga y Lamina B1 y Rho-GDI como controles de carga y de contaminacién entre
fracciones. (B) Se representa la cuantificacion de los niveles de poliubiquitinacién en las CDs del apartado A,
estandarizados respecto a la fraccidén nuclear sin estimular, a la que se asigna un valor arbitrario de 1+SEM
(N=8). (C) Las CDs humanas maduras (20-30 x 10° CDs) se resuspendieron en RPMI con 0,1% de BSA y se
mantuvieron sin estimular (-) o estimuladas con CCL21 (18 nM) durante 5 min (+) a 37¢. Después, las células
se lisaron resuspendiéndolas en buffer de lisis y se llevd a cabo la IP de la ubiquitina total (Ub). Las muestras
fueron analizadas mediante SDS-PAGE y WB con anticuerpos frente a la Poli-Ub K48 y la ubiquitina total
(Ub).

A continuacién, estudiamos si CCR7 producia un aumento en la ubiquitinacién
de manera general, o exclusivamente sobre la poliubiquitinacién de tipo K48.

Para ello, inmunoprecipitamos las proteinas ubiquitinadas con un anticuerpo que
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reconoce tanto cadenas de Ub de los distintos tipos y tamanos, como ubiquitina
libre. En la figura 28C observamos que se inmunoprecipité la misma cantidad de
Ub total en células estimuladas y sin estimular, pero dicho inmunoprecipitado se
vio enriquecido en cadenas de Poli-Ub-K48 en células estimuladas con CCL21.

Estos resultados indican que CCR7 induce un aumento en la Poli-Ub-K48 en el

nucleo de las CDs y que dicho fenédmeno requiere de la nedilacion.

También analizamos mediante IF doble, si Nedd8 y Ubiquitina (Ub) co-localizan
en el nucleo de las CDs, asi como el efecto del tratamiento de estas células con
MLN. Como se observa en la figura 29A, la Ub tiene una distribucién
mayormente nuclear en las CDs, coincidiendo con la distribuciéon de Nedd8. Sin
embargo, cuando las CDs son pre-tratadas con MLN, se observa una disminucién
de los niveles de Nedd8 en el nucleo, que va acompafiada también de una
disminucion de los niveles de Ub nucleares. Estos resultados sugieren nuevamente
que la nedilacién es necesaria para que se produzca la ubiquitinacién de las

proteinas nucleares.

Para asegurarnos de que Nedd8 vy la Ubiquitina se encontraban lo
suficientemente cerca como para que SCF activo esté interaccionando con la
ubiquitina, transfiriéndola a la proteina diana, se realizaron experimentos de PLA
entre ambas proteinas en células pre-tratadas o no pre-tratadas con MLN vy
estimuladas con CCL21 (figura 29B). Después se cuantificé el nGmero de puntos
fluorescentes en nucleo y citoplasma de cada célula (figura 29C) y se observé que
la sefal fluorescente era mayormente nuclear, pues se observaron

aproximadamente el doble de puntos fluorescentes PLA en el nicleo respecto al

118



citoplasma. Ademas, cuando las CDs, fueron tratadas con MLN, dichos puntos
fluorescentes se redujeron dréasticamente, hasta aproximadamente la mitad,
coincidiendo con los resultados observados en la IF. Estos resultados indican que
la cercania de Nedd8 y Ub en el nucleo de las CDs depende de la existencia de

nedilaciéon.
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Figura 29. La ubiquitinacién nuclear depende de nedilacién en las CDs. (A) 5 x 104 CDs resuspendidas en
RPMI con 0,1% BSA fueron tratadas con MLN4924 (0,5 yM 2h) y adheridas sobre cristales recubiertos de
poli-L-ornitina. Las células fueron estimuladas con CCL21 (18 nM) durante 5 min, fijadas con PFA 4%,
permeabilizadas con metanol frio y tefiidas con anticuerpos especificos frente a Ubiquitina (Ub) y Nedd8.
Los ntcleos se tifieron con Hoechst 33342. Las preparaciones fueron montadas y analizadas por microscopia
confocal. Se muestra una fotografia representativa de una seccién confocal (N=5). (B) Las CDs fueron
tratadas igual que en (A) hasta la incubacién de las mismas con los anticuerpos primarios Ub y Nedd8, tras
lo cual se llevé a cabo un PLA (descrito en materiales y métodos). Las muestras fueron analizadas por
microscopia confocal y se muestra una fotografia representativa de una seccién confocal. Los puntos
fluorescentes rojos se representan una senal positiva del PLA. (C) Las muestras del apartado (B) fueron
analizadas y se cuantificé el nimero de puntos fluorescentes por célula en el nucleo y el citoplasma de las
CDs, que se representa en valores absolutos + SEM (N=4).
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Tras la estimulacidon de las CDs con CCL21 no se observaron diferencias en los
niveles de Ub mediante IF, en concordancia con los resultados de la IP de la
figura 28C. Tampoco se observaron cambios significativos en cuanto al nimero

de puntos fluorescentes en los experimentos de PLA (no mostrado).

5.2 La nedilacién especifica de Cul-1 regula la ubiquitinacién inducida por
CCR7 en CD:s.

Puesto que MLN es un inhibidor del proceso de nedilacidén y hay otras proteinas
que se nedilan ademas de Cul-1, quisimos confirmar nuestros resultados mediante
la reduccién de la expresion de Cul-1 con un siRNA. Para ello las CDs se
nucleofectaron con un pool de siRNAs frente a Cul-1 y se analizaron los niveles
de Cul-1 48h maés tarde mediante WB e IF. Posteriormente se analizaron los
niveles de ubiquitinacién en respuesta a CCL21 en células silenciadas y control
por ambas técnicas.

La figura 30A muestra 3 donantes sometidos a un silenciamiento de Cul-1. Como
se puede observar, la reduccién en los niveles de Cul-1 varié de un donante a
otro (figura 30A a). La disminucién en los niveles de Cul-1 se observé también

mediante IF (figura 30A b).
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Figura 30. La reduccién de los niveles de Cul-1 con un siRNA tiene los mismos efectos que MLN sobre la
ubiquitinacién. 5x10¢ CDs se nucleofectaron con un siRNA frente a Cul-1 (ver material y métodos). (A) 48h
después de la nucleofeccién las CDs se resuspendieron en RPMI 0,1% BSA (106 cel/ml). (a) Las células del
apartado (A) se lisaron y analizaron mediante SDS-PAGE seguido de WB con anticuerpos frente a Cul-1y -
actina como control de carga. Se muestran 3 experimentos independientes en los cuales la reduccién de Cul-
1 fue diferente. (b) 5x10° CDs del apartado (A) se adhirieron sobre cristales recubiertos de poli-L-ornitina,
después se fueron fijaron con PFA 4%, se permeabilizaron con metanol frio y se tifieron con un anticuerpo
especifico frente a Cul-1. Los ntcleos se tifieron con Hoechst 33342. (B) 10x10% células del apartado A se
estimularon con CCL21 (18 nM) durante 5 min a 37°C. Después las CDs se lisaron y analizaron mediante
SDS-PAGE seguido de WB con anticuerpos frente a Ub-k48 y Erk2, como control de carga. Las muestras
aparecen cuantificadas y estandarizadas respecto a las muestras sin estimular, a las que se asigné un valor
arbitrario de 1. (C) 5x10> CDs del apartado (A) se adhirieron sobre cristales recubiertos de poli-L-ornitina,
después se fijaron con PFA 4%, se permeabilizaron con metanol frio y se tifieron con un anticuerpo
especifico frente ubiquitina (Ub). Los nucleos se tifieron con Hoechst 33342. Las preparaciones del apartado
A(b) y C fueron montadas y analizadas por microscopia confocal. Se muestra una fotografia representativa
de una seccidon confocal (N=3).
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Al analizarse los niveles de Poli-Ub-K48, se puede apreciar que la reduccién de
Cul-1 produjo una reducciéon en el efecto estimulador de CCR7 sobre la Poli-Ub-
K48 (figura 30B), de manera similar a lo observado en los estudios con MLN.
Por ultimo, al analizarse la ubiquitina mediante IF también se observé un
resultado equivalente al obtenido con MLN, la reduccién en los niveles de Cul-1
por efecto del siRNA produjo una disminucién de los niveles de ubiquitina en el
ntcleo de las CDs (figura 30C).

Los resultados mostrados, sugieren que la nedilacién de Cul-1 regula la

ubiquitinacién de proteinas nucleares en CDs.

6. El proteasoma se localiza préximo a SCF en el nucleo de las CDs

El hecho de que CCR7 induzca ubiquitinacién K48 en el nicleo de las CDs
sugiere que podria estar ocurriendo la degradacién de proteinas en este mismo
compartimento. El proteasoma 26S se ha identificado previamente en el nicleo
celular (Hugle, Kleinschmidt et al. 1983; Kleinschmidt, Hugle et al. 1983; Lee and
Goldberg 1998; Pines and Lindon 2005; Rockel, Stuhlmann et al. 2005; von
Mikecz 2006; Carmo-Fonseca, Berciano et al. 2010; Matsuo, Kishimoto et al.
2011; Gallagher, Oeser et al. 2014). En este sentido, también analizamos la
localizacién del proteasoma en las CDs y si esta superestructura se encontraba
cerca de SCF. Estudios de IF muestran la existencia del proteasoma (subunidad
catalitica B2 del proteasoma 20S) en el nucleo de las CDs (figura 31A). También
se realizaron estudios de PLA entre Cul-1 y la proteina 20S B2. Como se puede

observar en la figura 31B, Cul-1 y el proteasoma 20S se encuentran préximos
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tanto en el nicleo como en el citoplasma de las CDs. Estos resultados estan en
linea con resultados previos que muestran que SCF se asocia directamente con el
proteasoma 26S (Bloom, Peschiaroli et al. 2006). Ante la posibilidad de que se
encontraran interaccionando o formando parte del mismo complejo, se llevd a
cabo la IP de Cul-1 y se analizd la posible interaccién con 20S B2. Sin embargo,

no se observd asociacién entre estas proteinas (figura 31C).
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Figura 31. El proteasoma se localiza préximo a SCF en el nicleo de las CDs (A) 5 x 104 CDs resuspendidas en
RPMI con 0,1% BSA fueron adheridas sobre cristales recubiertos de poli-L-ornitina. Las células fueron
estimuladas con CCL21 (18 nM) durante 5 min. A continuacién fueron fijadas con PFA 4%, permeabilizadas
con metanol frio y tefiidas con anticuerpos especificos frente a la subunidad B2 del proteasoma 20S. Los
nucleos se tifieron con Hoechst 33342. Las preparaciones fueron montadas y analizadas por microscopia
confocal. Se muestra una fotografia representativa de una seccién confocal (N=2). (B) Las CDs fueron
tratadas al igual que en (A) salvo que tras la fijacién y permeabilizacion, las células se incubaron con
anticuerpos especificos frente a la subunidad 2 del proteasoma 20S y frente a Cul-1. A partir de entonces se
llevé acabo la técnica PLA (ver seccién de materiales y métodos). Las preparaciones fueron montadas y
analizadas por microscopia confocal. Se muestra una fotografia representativa de una seccién confocal
(N=2). (C) Las CDs humanas maduras (20-30 x 10® CDs) se resuspendieron en RPMI con 0,1% de BSA vy se
mantuvieron sin estimular (-) o estimuladas con CCL21 (18 nM) durante 5 min (+) a 37°. Después, las células
se lisaron resuspendiéndolas en buffer de lisis y se llevd a cabo la IP de Cul-1. Las muestras fueron analizadas
mediante SDS-PAGE y WB con anticuerpos frente a Cul-1y a la subunidad 2 del proteasoma 20S.

123



7. Posibles proteinas candidatas a ser ubiquitinadas bajo la
estimulacion de CCR7: Anélisis del interactoma de Cul-1 en el

nucleo de las CDs

El siguiente objetivo que nos planteamos en este estudio fue investigar qué
proteinas podian ser ubiquitinadas por el complejo SCF activo en el ntcleo en
respuesta a la estimulacién de CCR7. Esta informacién puede proporcionar una
idea de si la ubiquitinacién activada por CCR7 a través de la nedilacién de Cul-1
podria estar regulando alguna funcién nueva para este receptor en el ntcleo de

las CDs.

Para intentar resolver esta pregunta, llevamos a cabo estudios de protedmica
basados en espectrometria de masas. Decidimos llevar a cabo un fraccionamiento
celular para obtener fracciones enriquecidas en proteinas citopldsmicas vy
fracciones enriquecidas en proteinas nucleares de células estimuladas con CCL21.
Posteriormente inmunoprecipitamos Cul-1 de la fraccién nuclear, donde se
encuentra la mayor parte de Cul-1Ned¥  Las muestras se analizaron mediante
cromatografia liquida (LC) acoplada a espectrometria de masas (MS), en el
espectrometro de masas Q-Exactive, con el objetivo de identificar las proteinas
que podrian estar interaccionando con Cul-1, y, por tanto, siendo reclutadas por

el complejo SCF para su ubiquitinacién.

En la figura 32 se observa el resumen de tres experimentos de IP de Cul-1 nuclear
analizados mediante LC-MS. Aunque se identific6 un reducido nimero de

proteinas, se encontraron proteinas comunes en los tres experimentos realizados
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(figura 32A). De las 40 proteinas identificadas en los tres experimentos, se
eliminaron 11 tras el filtrado por el repositorio de contaminantes CRAPome
(Mellacheruvu, Wright et al. 2013). Posteriormente, se analizaron las posibles
interacciones entre las 29 proteinas resultantes mediante la herramienta
bioinformética STRING v 9.0 (www.string-db.org) (Szklarczyk, Franceschini et al.
2011). De este modo, se encontraron interacciones descritas, representadas con
lineas, entre 9 de las proteinas encontradas, aunque no se encontrd ninguna
interaccién descrita o predicha entre proteinas identificadas y Cul-1 (figura 32B).
El anélisis funcional de las 29 proteinas mediante el programa FunRich (Pathan,
Keerthikumar et al. 2015) revelé un enriquecimiento en los procesos bioldgicos
metabolismo de proteinas (6 proteinas, incluyendo a Cul-1) y respuesta inmune
(4 proteinas) (figura 32C). Se comprobd mediante WB (figura 32D) que la IP se

llevd a cabo correctamente.

Estos resultados confirman nuevamente que el complejo SCF activado en
respuesta a CCR7 puede estar involucrado en el control del metabolismo de
proteinas en el nicleo de las CDs. Concretamente, destacamos varias proteinas
involucradas en la sintesis de proteinas, como las proteinas ribosomales L27A, S5,
4X, el factor de elongacién Ts mitocondrial (TSFM) y el complejo THO
(ALYREF), implicado en la exportacién nuclear de ARNm. Se puede encontrar
maés informacién sobre las proteinas identificadas en las tablas suplementarias

incluidas en formato electrénico.
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Figura 32. Estudio del interactoma de Cul-1 en el nicleo. Las CDs (20-30 x 10° CDs) se resuspendieron en
RPMI con 0,1% de BSA y se mantuvieron sin estimular (-) o estimuladas con CCL21 (18 nM) durante 5 min
(+) a 37°. Después, las CDs se lavaron en PBS frio y se llevd a cabo la extraccién de proteinas citoplasmicas
y la lisis de los nucleos en buffer de IP. Posteriormente se llevé a cabo la IP nuclear de Cul-1. Las muestras
obtenidas fueron sometidas a una digestién con tripsina y se analizaron mediante LC-MS. (A) representa las
proteinas obtenidas en 3 experimentos diferentes sefialando las proteinas comunes a los experimentos, entre
ellas, la propia Cul-1. (B) El andlisis de las interacciones de estas proteinas mediante STRING revela
interacciones conocidas entre 9 de las proteinas encontradas, pero ninguna interaccién con Cul-1 descrita
hasta ahora. (C) El andlisis de los procesos biolégicos en los que estan implicados estas proteinas muestra un
enriquecimiento significativo en los procesos de metabolismo de proteinas (marcado en amarillo) y
respuesta inmune (marcado en rosa). (D) Se tomaron alicuotas de las muestras de la IP para analizar la carga
y comprobar que la IP se habia producido correctamente mediante WB usando anticuerpos frente a Cul-1
(se muestran dos exposiciones (Expo.) de un revelado del WB). (N=3 experimentos, 9 donantes)
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DISCUSION

CCR7 controla multiples funciones en las CDs que contribuyen a una adecuada
respuesta inmune adaptativa. Por ello, es importante conocer la sefalizacién
intracelular inducida por este receptor y cdmo contribuye a regular las funciones
celulares. La mayor parte de los estudios sobre la senalizacién de CCR7 se han
centrado en el andlisis de la fosforilaciéon de proteinas, y los estudios centrados
en otros tipos de modificaciones post-traduccionales son escasos (Schaeuble,
Hauser et al. 2012). En este trabajo observamos que la estimulacién de CCR7
induce nedilaciéon de la E3 ligasa SCF en el nucleo de CDs, resultando en su
activaciéon y el consiguiente incremento de la poliubiquitinacién nuclear de tipo

K48.

En primer lugar, observamos que la estimulacién de CCR7 produjo un aumento
en la nedilacién de Cul-1 (Cul-1m49)  una de las dianas de nedilacién mas
estudiadas (Enchev, Schulman et al. 2015). Estudios previos han mostrado que la
nedilacién juega un importante papel en la regulacién de diferentes células del
sistema inmunoldgico, como los macréfagos, las células T y las CDs (Chang,
Reyna et al. 2012; Jin, Liao et al. 2013; Mathewson, Toubai et al. 2013; Cheng,
Hu et al. 2016). Es por ello que, a continuacién, estudiamos si la nedilacion

jugaba un papel en la sefializacién inducida por CCR7 en las CDs.

Hasta ahora, la mayoria de los trabajos en los que se estudia la nedilacién, se
centran en bloquear dicho proceso con el farmaco MLN4924 (MLN) y analizar

qué efectos ejerce la inhibicién sobre el funcionamiento de las células, pero
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pocos estudios han analizado los cambios en nedilaciéon producidos por la
estimulaciéon de un receptor. En relacidn con esto, se ha observado que la
estimulacién de células endoteliales microvasculares humanas con LPS induce un
aumento en la nedilacién de Cul-1 (Ehrentraut, Kominsky et al. 2013) y que la IL-
B1 induce nedilacién de Cul-3 en fibroblastos embrionarios de ratén (Lee, Kim et
al. 2012). También, se ha observado en células HEK-293 que el dafio en el ADN
estimula la nedilacién de proteinas, como la Histona 4 y la Histona 2 y que
Nedd8 se encuentra localizada en los sitios danados del ADN (Ma, Chen et al.
2013; Li, Guan et al. 2014; Brown, Lukashchuk et al. 2015). Ademas, se ha
observado que incluso algunos receptores pueden nedilarse, como EGFR (Oved,
Mosesson et al. 2006) o CXCR5 (Renaudin, Guervilly et al. 2014). Este trabajo se
muestra, por primera vez, que un receptor de quimioquinas, induce nedilacién

en las CD:s.

Los receptores de quimioquinas sefializan al interior celular a través de las
proteinas G. Gai media la sefializacién de la mayor parte de las rutas reguladas
por CCR7 en las CDs (Riol-Blanco, Sanchez-Sanchez et al. 2005). En este sentido,
nuestros estudios de inhibicién con la toxina pertasica mostraron que Gai
también controla el incremento de nedilacién inducido tras la estimulacién de

CCR?7.

A continuacién, investigamos si la nedilacidn se requeria para regular las
funciones que controla CCR7 en las CDs. Para este fin, empleamos el inhibidor

MLN.
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CCR?7 induce supervivencia en las CDs (Sanchez-Sanchez, Riol-Blanco et al. 2004;
Riol-Blanco, Sanchez-Sanchez et al. 2005; Lopez-Cotarelo, Escribano-Diaz et al.
2015), y parte este incremento de la supervivencia se debe a la activaciéon de la
ruta de NFKB (Sanchez-Sanchez, Riol-Blanco et al. 2004; Escribano, Delgado-
Martin et al. 2009). La estimulacién de CCR7 induce degradacién de IkBa por el
proteasoma, lo que permite la traslocacion de NFkB al nicleo, donde regula la
expresion de genes reguladores de la supervivencia, como Bcl,. Estd descrito que
la nedilacion de SCF regula la ruta de NFKB en diversos tipos celulares,
incluyendo a las CDs (Mathewson, Toubai et al. 2013), puesto que IkBa es una
diana del complejo SCF, que regula su ubiquitinacién para su posterior
degradacién por el proteasoma (Winston, Strack et al. 1999; Read, Brownell et
al. 2000). Es por ello que nos preguntamos si la nedilacién de Cul-1 inducida por
CCR?7, podia regular la via de NFKB al inducir la ubiquitinacién y degradacién

de IkBa y, de esta manera, regular la supervivencia de las CDs.

En primer lugar, observamos que la inhibicién de la nedilacién mediante el
tratamiento con MLN aumenté el porcentaje de apoptosis en las CDs con
respecto a las células no tratadas. Este resultado concuerda con lo observado por
Cheng et al., que previamente mostraron que el tratamiento con MLN induce
apoptosis de CDs derivadas de médula 6sea de ratén (Cheng, Hu et al. 2016).
Puesto que la nedilacién regula la supervivencia basal de las CDs, analizamos si
podria contribuir a regular la supervivencia de las CDs tras la estimulacién de
CCR7. Sin embargo, observamos que en CDs pre-tratadas con MLN, la

estimulaciéon de CCR7 aln reducia la apoptosis hasta niveles similares a los de las
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células sin tratamiento con MLN, indicando que la nedilacién no juega un papel
en la regulacién de la supervivencia inducida por CCR7 en las CDs. Para
confirmar estos resultados, analizamos directamente si la nedilacién inducida por
CCR7 estaba implicada en la regulacion de la ruta de NFkB. Sin embargo,
observamos que, en concordancia con lo observado en los experimentos de
supervivencia inducida por CCR7, el tratamiento con MLN no afecté a la
degradacién de IkBa ni a la traslocacién de NFkB al nucleo dependiente de
CCR7. También observamos que, tras la estimulacién de CCR7, la activacién de
AKT, necesaria para la activacion de la via de NFkB, tampoco estaba afectada
por la inhibicién de la nedilacién. Por tanto, concluimos que el incremento de
nedilacién de Cul-1 observado tras la estimulacion de CCR7 no regula la

activacién de la via de NFkB, ni la supervivencia de las CDs.

A continuacién, quisimos estudiar si la nedilacién jugaba algin papel en el
control del resto de las funciones que se sabe que estan reguladas por CCR7 en
CDs. Comenzamos analizando si la nedilacidon controlaba la quimiotaxis, la
funcién clasica controlada por CCR7. Los experimentos de transwell mostraron
que la inhibicién de la nedilacién no afect a la quimiotaxis de las CDs, asi como
tampoco afectd a la activaciéon de ERK1/2, un regulador clave de la esta ruta.
Este resultado concuerda con trabajos previos que muestran que la inhibicién de
la nedilacién no afecta a la via de las MAP-quinasas (Mathewson, Toubai et al.
2013; Cheng, Hu et al. 2016). Por tanto, los resultados claramente indicaban
que, tras la estimulacién de CCR7, el incremento observado en la nedilacién no

estd involucrado en el control de la quimiotaxis. Del mismo modo que en los
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experimentos de tfranswell mencionados anteriormente, observamos que la
inhibicién de la nedilacién tampoco afectd el al incremento de la velocidad

migratoria regulada por CCR7.

También analizamos el posible papel de la nedilaciéon en la regulacién de la
endocitosis inducida por CCR7 (Yanagawa and Onoe 2003). En relacién a esto,
observamos que la inhibicidén de la nedilacién tampoco afecté al incremento en

la endocitosis inducida por CCR7.

Como hemos mencionado, CCR7 también regula cambios en la citoarquitectura
de las CDs (Yanagawa and Onoe 2002) que dependen de la inhibicién, mediante
fosforilacién, de la proteina reguladora de actina Cofilina-1 (Torres-Bacete,
Delgado-Martin et al. 2015). En este sentido, observamos, nuevamente, que la
inhibicién de la nedilacién no afectd a los cambios en morfologia, aplastamiento
(spreading) celular, ni en la fosforilacién de la Cofilina-1 en la Serina 3 inducida

por la estimulacién de CCR7.

Aunque estos resultados son interesantes, no aportan informacién acerca del
significado funcional de la nedilacién inducida por CCR7 en las CDs. Sin
embargo, durante los experimentos de fraccionamiento de proteinas y Western
blot (WB), y de inmunofluorescencias (IF) nos encontramos con un resultado
interesante: A pesar de que Cul-1 total se observé repartido de manera similar
entre el nicleo y citoplasma de las CDs; Nedd8 o Cul-1md¥ se encontrd
mayormente concentrado en el nuicleo de las CDs. La presencia nuclear de

proteinas modificadas por Nedd8 ya habia sido observado previamente

131



(Kamitani, Kito et al. 1997; Furukawa, Zhang et al. 2000; Jubelin, Taieb et al.
2010; Huang, Kaufman et al. 2011; Ma, Chen et al. 2013; Enchev, Schulman et al.
2015), aunque esto no se ha investigado hasta ahora en células del sistema
inmunolégico. Se ha sugerido que el extremo C-terminal de Cul-1 es responsable
de su traslocacién al nicleo y que el bloqueo de dicha traslocacién disminuye la
nedilacién de Cul-1 (Furukawa, Zhang et al. 2000), sugiriendo que la nedilacién
se produce en el nucleo. En nuestro sistema celular nos encontramos con unos
niveles de nedilacién basales en el nicleo de las CDs y es alli donde aumenta la
nedilaciéon de Cul-1 en respuesta a la estimulacion de CCR7. Ademas, se observa
una disminucién en los niveles de Cul-1 sin modificar en el citoplasma, tras la
estimulaciéon con CCR7, por lo que existe la posibilidad de que CCR7 esté
induciendo la traslocacion de Cul-1 al nicleo, donde sufre nedilacién. Sin
embargo, es necesario realizar experimentos de inhibicién del transporte nuclear

para averiguar si CCR7 tiene algun efecto sobre la traslocacién de Cul-1.

Puesto que las proteinas Rbx1, Skpl, Cul-1 forman el nucleo invariable del
complejo SCF, analizamos si estas proteinas podrian formar parte un complejo
SCF nuclear. Los estudios de IF mostraron que Rbxl tiene una distribucién
predominantemente nuclear, coincidiendo con la de Nedd8. Estos resultados
coinciden con resultados previos que también indican una localizacién nuclear de
Rbx1 (Wei and Sun 2010). Ademas, los andlisis de PLA entre Cul-1 y Rbxl
sugieren que ambas moléculas se encuentran muy prdximas en el interior del
ndcleo, aunque también se observd cercania en el citoplasma, lo que sefiala la

presencia de SCF tanto en el nicleo como en el citoplasma. El hecho de que la
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nedilacidon/activaciéon de SCF ocurra Gnicamente en el nucleo, plantea preguntas
acerca de qué funcién puede estar desempefando el complejo SCF sin nedilar en
el citoplasma, o si Cul-1-Rbx1 se traslocan juntos al nicleo para activarse SCF. Se

requieren futuros experimentos para resolver estas preguntas.

En cualquier caso, quisimos analizar la interaccién en el ntcleo entre Cul-1 y Rbx1
mediante IP nuclear de Cul-1 en CDs estimuladas o no con CCL21. En estos
experimentos se observé que Rbx1 co-inmunoprecipitaba con Cul-1 en ambos
casos, indicando que ambas proteinas forman parte de un mismo complejo. En
su conjunto, los resultados del PLA y de la IP sugieren que ambas proteinas

interaccionan en el nucleo.

En cuanto al otro componente invariable de SCF, la proteina adaptadora Skpl,
los resultados de la IF muestran una distribucién similar a la observada para
Rbx1. Skpl también aparece més concentrada en el nucleo de las CDs.
Interesantemente, los experimentos de PLA muestran que Skpl y Cul-1 se
encuentran préximos exclusivamente en el nacleo de las CDs. Se ha descrito que
cuando Cul-1 no se encuentra nedilado, su sitio de unién a Skpl-Fbox se
encuentra bloqueado por la proteina Candl; sin embargo, cuando Cul-1 se
nedila, Candl se disocia, permitiendo la asociacién de Skpl-Fbox a Cul-1 (Liu,
Furukawa et al. 2002). Puesto que Cul-1m¢d% se observa sélo en el nicleo, es de
esperar que la sefal positiva de PLA para Skpl-Cul-1 se observe sélo en el nicleo

de las CDs.
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A continuacién, decidimos comprobar mediante inmunoprecipitacién (IP) que
estas moléculas interaccionaban. Se inmunoprecipité Skpl de lisados totales de
CDs estimuladas y sin estimular con CCL21 y se comprobd, mediante WB, que

co-inmunoprecipitaba con Cul-1.

En resumen, podemos afirmar que Cul-1 estd formando un complejo con Rbx1 y
Skp1 y, por tanto, que el complejo se encuentra completo en el nicleo de las
CDs. En su conjunto, los resultados previos indican que, puesto que la mayoria
de Cul-1d48 se encuentra en el nicleo, el complejo SCF se encuentra activado en
el nucleo de las CDs, y por tanto puede estar induciendo la ubiquitinacién de

proteinas en este compartimento.

Trabajos previos han demostrado que la E3 ligasa SCF controla la ubiquitinacién
de proteinas de tipo K48 (Petroski and Deshaies 2005). Ademas, este tipo de
ubiquitinacién se ha observado previamente también en el nicleo (Chen, Dai et
al. 2006; Suresh, Ramakrishna et al. 2010; Ferreira, Soares et al. 2015). Por
tanto, en los siguientes experimentos analizamos si CCR7 podia inducir la
poliubiquitinacién de tipo K48 (poli-Ub-K48). Observamos que la estimulacién
de CCR7 dio lugar a un aumento de la poli-Ub-K48 en el nucleo, sobre todo de
cadenas largas de poliubiquitina (de méas de 5 unidades, o peso superior a 50
KDa). Ademas, este incremento se bloqued cuando las CDs se pretrataron con
MLN. Estos resultados indican que la estimulacion de CCR7 induce
poliubiquitinacién-K48 de proteinas en el nicleo de las CDs, y para que este

proceso ocurra, se requiere nedilacién.
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Cuando se realizé una IP de las proteinas ubiquitinadas totales en las CDs, se
observé que la estimulacion de CCR7 no indujo un aumento general en la
ubiquitinacién, sino que provocd un enriquecimiento en cadenas de
poliubiquitina tipo K48, indicando que la ubiquitinacién inducida por CCR7 es
especificamente ese tipo. Ademas, resultados preliminares (no mostrado) indican

que la estimulacién de CCR7, no modifica los niveles de ubiquitinacién en K63.

Cuando analizamos la ubiquitina (Ub) mediante IF comprobamos que esta
proteina se encuentra muy concentrada en el nacleo de las CDs. Sin embargo,
cuando las CDs se pretrataron con MLN, se observd una disminucién de la Ub
dentro del nucleo. Por tanto, parece que la existencia de ubiquitinacidon en el
nlcleo de las CDs depende de la nedilacidon. Este resultado coincide el trabajo de
Hughes et al., que observan, mediante IF, una reduccién en la ubiquitinacién tras

el tratamiento con MLN (Hughes, Wood et al. 2015).

Trabajos previos de otros grupos han mostrado que el sitio de nedilacién de Cul-
1 se encuentra muy préximo al sitio de unién de la enzima E2, que porta consigo
la Ub vy, por otro lado, que la nedilacién de Cul-1 favorece la interaccién de SCF
con la E2 cargada (Kawakami, Chiba et al. 2001; Sakata, Yamaguchi et al. 2007).
Por tanto, si el complejo SCF nedilado/activo esta ubiquitinando a las proteinas
nucleares, entonces Nedd8 se localizaré cerca de la Ub. En los experimentos de
IF mencionados anteriormente, se observd que la Ub colocaliza en el ndcleo con
Nedd8, y que ambos disminuyen cuando las células son pretratadas con MLN. Al
realizar experimentos de PLA entre Ub y Nedd8, observamos sefal fluorescente

mayormente en el nicleo de las CDs, y el tratamiento con MLN, redujo
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significativamente dicha sefial fluorescente. Estos resultados sugieren que existe
cercania entre Nedd8 (Cul-1med€) y la Ub, y que dicha cercania depende en gran

medida de que Nedd8 esté unido a Cul-1.

El tratamiento con MLN inhibe la nedilacién a nivel de la E1 (NAE), por lo que
no solo inhibe la nedilacién de Cul-1, sino también la de otras proteinas de la
familia Cullin. Para comprobar que el efecto de CCR7 sobre la ubiquitinacién se
debe especificamente a Cul-1, decidimos reducir los niveles de Cul-1, mediante un

siRNA.

La transfeccion de las CDs con material genético es un proceso con una eficiencia
limitada, debido a que se trata de células terminalmente diferenciadas. Se
redujeron los niveles de Cul-1 en tres donantes y se analizaron los efectos del
silenciamiento sobre la ubiquitinacién. En dichos donantes se observd una
tendencia similar a la observada con MLN sobre la Poli-Ub-K48. Tras la
estimulacién de las CDs con CCL21, se observé un aumento en la Poli-Ub-K48 en
las CDs transfectadas con el siRNA control, que no se observé en las CDs

transfectadas con el siRNA de Cul-1.

Asimismo, se analizd la localizacién de la Ub mediante IF y se observd que el
silenciamiento de Cul-1 produjo una disminucién de la Ub en el nudcleo de las
CDs, de manera similar a lo observado en los experimentos con MLN. Estos
resultados sugieren que la ubiquitinacién de proteinas inducida por CCR7 en el

nlcleo de las CDs depende de la nedilacién de Cul-1 y activacién de SCF.
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La ubiquitinacion de tipo K48 estd asociada a la degradacién de proteinas
mediante el proteasoma, y numerosos trabajos en los ultimos afios han
mostrado ubiquitinacién y degradacién mediada por el proteasoma en el nucleo
de las células eucariotas (Hugle, Kleinschmidt et al. 1983; Kleinschmidt, Hugle et
al. 1983; Lee and Goldberg 1998; Pines and Lindon 2005; Rockel, Stuhlmann et
al. 2005; von Mikecz 2006; Carmo-Fonseca, Berciano et al. 2010; Matsuo,
Kishimoto et al. 2011; Gallagher, Oeser et al. 2014). En el caso de las CDs,
mostramos mediante inmunofluorescencia que el proteasoma también se expresa
en el ndcleo, usando un anticuerpo frente a la subunidad catalitica 2,

perteneciente al subcomplejo 20S del proteasoma 26S.

Ademaés, experimentos de PLA nos permitieron observar que existe cercania entre
Cul-1 y la subunidad B2 del proteasoma 20S, tanto en el nucleo como en el
citoplasma de las CDs, lo cual sugiere que en ambos compartimentos SCF y el
proteasoma estdn cercanos. Interesantemente, un estudio ha reportado que
existe una interaccién directa entre SCF y el proteasoma (Bloom, Peschiaroli et
al. 2006). Sin embargo, tras la IP de Cul-1, observamos que Cul-1 no
coinmunoprecipita con la subunidad (2. El trabajo de Bloom et al. demuestra
asociacién entre Cul-1 y las subunidades a2 y a6, por lo que, es posible que la
asociacién entre Cul-1 y el proteasoma se dé Gnicamente en esas subunidades. Es
por ello que es necesario analizar la co-inmunoprecipitacién con dichas

moléculas antes de afirmar que no existe unién entre SCF y el proteasoma 26S.
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Para averiguar posibles dianas del complejo SCF y, puesto que Cul-1 es una
proteina clave en este complejo, analizamos, mediante IP y protedmica, las

proteinas que pudieran interaccionar con Cul-1.

Realizamos tres experimentos en los que inmunoprecipitamos Cul-1 del nucleo
de las CDs e identificamos las proteinas acompanantes mediante protedmica.
Aunque se comprobd que Cul-1 inmunoprecipité correctamente, se obtuvo un
bajo nimero de proteinas, debido probablemente a que las proteinas nucleares
de las CDs constituyen entre un 8-10% de las proteinas totales (datos no
publicados de nuestro laboratorio) y la eficiencia de la IP puede ser muy baja. La
reproducibilidad en los 3 experimentos también fue bastante baja, debido
posiblemente al bajo nimero de proteinas obtenidas. Al analizarse las posibles
interacciones entre las proteinas identificadas, no se encontraron interacciones
descritas entre Cul-1 y las proteinas identificadas. Sin embargo, el estudio
funcional de procesos bioldgicos mostré un enriquecimiento significativo en
proteinas relacionadas con la respuesta inmune, aunque sin una relacién descrita
entre ellas, y también en proteinas relacionadas con el metabolismo proteico,
con interacciones descritas entre ellas. Concretamente, se encontraron varias
proteinas ribosomales, una relacionada con la elongacién traduccional y otra
relacionada con la exportacién nuclear de ARN mensajero. Estas proteinas
sugieren que Cul-1 podia interaccionando, de algin modo, con la maquinaria de
sintesis de proteinas. En este sentido, existen evidencias que indican la existencia
de sintesis de proteinas en el nucleo de las células (Dahlberg, Lund et al. 2003;

David, Dolan et al. 2012; Reid and Nicchitta 2012; Yewdell and David 2013) y se
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sabe que durante la sintesis de proteinas se producen proteinas defectuosas o mal
plegadas que deben ser eliminadas para asegurar el correcto funcionamiento de

la célula (Goldberg 2003; Lelouard, Ferrand et al. 2004).

La estimulacién de CCR7 induce activacidén de la ruta de mTORCI, cuyas dianas,
S6K y 4EBPI1, controlan la sintesis de proteinas (Haghighat, Mader et al. 1995;
Hay and Sonenberg 2004). Por tanto, es posible que la activacién por nedilacién
de SCF inducida por CCR7 en el nucleo de las CDs esté implicada en el control
de calidad de las proteinas sintetizadas en respuesta a CCR7.  Futuros
experimentos permitirdn determinar si CCR7 estd regulando la traduccién de

proteinas.

En resumen, los resultados presentados en esta tesis demuestran, por primera
vez, que un receptor de quimioquinas regula la activacidén por nedilaciéon de SCF
y la consecuente ubiquitinacién de proteinas en el ndcleo de las CDs. Estos
resultados muestran que CCR7 estd regulando una nueva funcién, ademas de las
ya descritas, y aportan informacién sobre la regulacién del UPS en el nicleo de
las CDs, un compartimiento celular muy sensible al estrés, donde la acumulacién
de proteinas aberrantes pueden dar lugar a toxicidad y muerte celular, y originar
numerosas patologias (Shibata and Morimoto 2014). Puesto que las CDs son
fundamentales para el desarrollo de una respuesta inmune adaptativa, resulta
crucial comprender con precisién los mecanismos que regulan la degradacién de
proteinas, asi como las nuevas funciones reguladas por CCR7 en estas células, ya
que pueden ser utilizadas como posibles dianas terapéuticas para la modulacién

de la respuesta inmunoldgica.
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En la figura 33 se representan el modelo que incluye los resultados obtenidos en
este trabajo, en conjunto con los resultados previos acerca de las funciones
reguladas por CCR7 y la red de senalizacidn controlada por este receptor en las

CDs.
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Figura 33. Modelo actualizado de la sefializacién intracelular activada por CCR7. La estimulacién
de CCR7 con sus ligandos, CCL19 y CCL21, induce un aumento de la supervivencia, la
quimiotaxis, la velocidad migratoria y la endocitosis, asi como cambios la citoarquitectura de las
CDs. Los resultados obtenidos en esta tesis sugieren una nueva via de sefializacién en la que la
estimulacién de CCR7 induce la nedilacién de Cul-1 en el nicleo, activando asi al complejo SCF,
que induce poliubiquitinacién tipo K48 de proteinas nucleares, para ser degradadas
posteriormente por el proteasoma nuclear.
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CONCLUSIONES

La estimulaciéon de CCR7 induce nedilacién de Cullin-1 (Cul-1) en las CDs

humanas maduras, que estd mediada por la familia de proteinas Gaii.

Esta nedilacién no participa en el proceso regulatorio que conduce a la
quimiotaxis, el incremento de supervivencia, la velocidad migratoria, la

endocitosis o los cambios en citoarquitectura inducidos por CCR7 en las CDs.

La nedilacién de Cul-1 inducida por CCR7 se produce en el nucleo de las
CDs, donde Cul-1Nedd® forma parte del complejo SCF junto con las proteinas

Rbx1y Skpl.

La nedilacién/activacién de SCF inducida por CCR7 promueve ubiquitinacién

(K48) de proteinas nucleares en las CDs.

CCR7 podria controlar la degradacion de proteinas mediada por el

proteasoma en el nucleo de las CDs, contribuyendo a los mecanismos de la

proteostasis nuclear.
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Beyond Chemoattraction:
Multifunctionality of
Chemokine Receptors in
L eukocytes

Pilar Lépez-Cotarelo,'® Carolina Gémez-Moreira,'®
Olga Criado-Garcia,® Lucas Sanchez,® and
José Luis Rodriguez-Fernandez'*

The word chemokine is a combination of the words chemotactic and cytokine,
in other words cytokines that promote chemotaxis. Hence, the term chemokine
receptor refers largely to the ability to regulate chemoattraction. However,
these receptors can modulate additional leukocyte functions, as exemplified
by the case of CCR7 which, apart from chemotaxis, regulates survival, migra-
tory speed, endocytosis, differentiation and cytoarchitecture. We present evi-
dence highlighting that multifunctionality is a common feature of chemokine
receptors. Based on the activities that they regulate, we suggest that chemo-
kine receptors can be classified into inflammatory (which control both inflam-
matory and homeostatic functions) and homeostatic families. The information
accrued also suggests that the non-chemotactic functions controlled by che-
mokine receptors may contribute to optimizing leukocyte functioning under
normal physiological conditions and during inflammation.

‘What’s in a name? That which we call a rose by any other name would smell as sweet.’
Romeo and Juliet (Il ii, 1-2)

Chemokine Receptors: What's in a Name?

Chemokines constitute a large family of peptides that are characterized by their relatively high
degree of similarity in their amino acid sequences, small molecular weights, and the presence of
cysteines at conserved positions resulting in a characteristic 3D structure [1]. A common
function for this family of proteins emerged in 1987 when it was found that interleukin-8 (IL-8,
later renamed CXCL8) displayed potent chemoattractive (see Glossary) activity for neutro-
phils, leading to the groundbreaking discovery that most members of this family of molecules
promote directional migration [2]. In 1992, considering the high number of these ligands that
were able to attract leukocytes, they were officially called chemokines, a combination of the
words ‘chemotactic’ and ‘cytokine’, i.e., cytokines that promote chemotaxis. Studies on IL-8
showed very early that chemokines are able to regulate several functions in leukocytes in
addition to chemotaxis, including respiratory burst, cell shape changes, and exocytosis [3].
However, soon the field focused on chemotaxis, a function that is crucial for the control of the
positioning of leukocytes during the immune response. In this regard, most work performed on
chemokine receptors has focused on their ability to control chemotaxis. It could be that the
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Chemoattraction controlled by che-
mokine receptors is crucial for the cor-
rect positioning of leukocytes during
the immune response.

Most studies on chemokine receptors
have focused on their ability to regulate
chemoattraction, but there is accumu-
lating evidence that chemokines
receptors regulate additional functions
in leukocytes.

Gaining information on these non-che-
moattractive functions may provide a
better understanding of the role of
these receptors in the immune system
and facilitate the development of
immunomodulatory tools.
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The Mammalian Sterile 20-like 1 Kinase Controls Selective
CCR7-Dependent Functions in Human Dendritic Cells

Jesus Torres-Bacete,* Cristina Delgado-Martin,* Carolina Gomez-Moreira,*
Siro Simizu,”' and José Luis Rodriguez-Fernandez*

The chemokine receptor CCR7 directs mature dendritic cells (mDCs) to the lymph nodes where these cells control the initiation of the
immune response. CCR7 regulates chemotaxis, endocytosis, survival, migratory speed, and cytoarchitecture in mDCs. The molecular
mechanisms used by CCR7 to regulate these functions in mDCs are not completely understood. The mammalian sterile 20-like 1 kinase
(Mstl) plays a proapoptotic role under stress conditions; however, recently, it has been shown that Mst1 can also control homeostatic
cell functions under normal conditions. In this study, we show that stimulation of CCR7 in mDCs induces G;-dependent activation of
Mstl, suggesting the involvement of this kinase in the control of CCR7-dependent functions. Analysis of the mDCs in which Mstl
expression levels were reduced with small interfering RNA shows that this kinase mediates CCR7-dependent effects on cytoarchi-
tecture, endocytosis and migratory speed but not on chemotaxis or survival. In line with these results, biochemical analysis indicates
that Mstl does not control key signaling regulators of CCR7-dependent chemotaxis or survival. In contrast, Mst1 regulates down-
stream of CCR7 and, of note, independently of G3, the RhoA pathway. Reduction of Mst1 inhibits CCR7-dependent phosphorylation
of downstream targets of RhoA, including cofilin, myosin L. chain, and myosin L chain phosphatase. Consistent with the role of the
latter molecules as modulators of the actin cytoskeleton, mDCs with reduced Mstl also displayed a dramatic reduction in actin
barbed-end formation that could not be recovered by stimulating CCR7. The results indicate that the kinase Mst1 controls selective

CCR7-dependent functions in human mDCs. The Journal of Immunology, 2015, 195: 973-981.

ature dendritic cells (mDCs) play a key role in the
initiation of the immune response (1). These cells express
the chemokine receptor CCR7, which directs them to the
lymph nodes (LNs), where they present Ags to naive T cells (2). In
addition to chemotaxis, CCR7 controls in mDCs several functions,
including cytoarchitecture, migratory speed, endocytosis, and sur-
vival (2-8), which contribute to the efficient functioning of these
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cells during the adaptive immune response (3, 9). The adequate
functioning of CCR7 in mDCs is necessary to elicit an efficient
immune response. Therefore, it is crucial to understand the mecha-
nisms used by this receptor to regulate its different functions in these
cells (2, 9-11). Recent studies suggest that CCR7-dependent func-
tions can be controlled in mDCs through the regulation of function-
specific signaling modules that display some degree of independence
(2). In this regard, before we have shown that CCR7 uses the kinase
Akt to regulate survival (2, 3, 5), the kinases Mek1/2-Erk1/2 to
control chemotaxis (2, 4), and the axis RhoA—cofilin to regulate
migratory speed (2, 4).

The active form of the small GTPase RhoA (RhoA—GTP) regulates
actin organization, through its downstream target, the Rho-associated
coiled-coil—containing protein kinase (ROCK). This serine/threonine
kinase induces activation of LIM kinase, which phosphorylates and
inhibits cofilin, an actin-binding protein with severing and depoly-
merizing activities (12, 13). Active cofilin severs actin fibers resulting
in the generation of free barbed ends. At these sites takes place the
assembly of actin filaments, which drive membrane protrusions re-
quired for cell migration and other actin-dependent processes (12,
13). LIM kinase—mediated phosphorylation inhibits the actin-binding
activity of cofilin, resulting in more stable F-actin filaments and
inhibition of actin-free barbed formation (12, 13). Apart from con-
trolling cofilin activity, ROCK also promotes actin filament contrac-
tion through two alternative mechanisms. First, by phosphorylating/
activating the myosin L chain (MLC) (12, 14) and, second,
through the phosphorylation of myosin phosphatase target subunit 1
(MYPT1), the regulatory/myosin binding subunit of the MLCP, the
enzyme that dephosphorylates MLC, resulting in the inhibition of this
phosphatase (12, 15). The net result of this process is an increase in the
phosphorylation of the MLC, which leads to an increase in cross-
bridge cycling and the rate of tension development.

The mammalian sterile 20 (Ste20)-like kinase 1 (Mstl) is
a serine—threonine kinase included in the germinal center kinase
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group II of proteins, a family of MAPK-related kinases that are
homologous to the yeast Ste20 kinase (16, 17). Under stress
conditions, Mst1 plays proapoptotic roles in multiple cells types
(18, 19). Recently, it has been shown that under homeostatic
conditions Mstl can regulate several additional cell functions
in lymphocytes, including adhesion, proliferation, cell morphology,
and chemotaxis (20-24). The studies on nonapoptotic functions of
Mstl have focused largely on lymphocytes, and there is no infor-
mation on other leukocytes (25). These studies are important to
define the functions of this kinase in the immune system. We have
analyzed the involvement of Mstl in the control of CCR7-mediated
functions in human mDCs and found differences in the role played
by Mstl in these cells compared with lymphocytes. Our results
indicate that CCR7 uses in mDCs Mstl to regulate endocytosis,
cytoarchitecture, and migratory speed but not chemotaxis or sur-
vival. To our knowledge, this is the first published study on the role
of Mstl in DCs. The information obtained can be useful to develop
strategies for efficient modulation of the functions of CCR7 during
the immune response.

Materials and Methods

Reagents and materials

Fibronectin, polyornithine, LY294002, pertussis toxin, Hoechst 33342, and
FITC—phalloidin were from Sigma-Aldrich. Biotin-G-actin was from Cy-
toskeleton (Denver, CO). CCL19 and CCL21 were obtained from PeproTech
(London, U.K.). FITC-conjugated anti-biotin Ab was from Jackson Immu-
noResearch Laboratories. Akti-1/2 and UO126 were from Calbiochem
(Nottingham, U.K.). The rabbit polyclonals anti-phospho-Akt (S473), anti—
phospho-Erk1/2 (T202/Y204), and anti—phospho-myosin L chain 2 (T18/
S19) and the rabbit monoclonals anti—-phospho-Mek1/2 (S217/221) and
anti—phospho-Mst1 (T183) were from Cell Signaling Technology (Beverly,
MA). The mouse monoclonal anti-Dock-8, the goat polyclonal anti-Mst2,
the rabbit polyclonals anti-Erk-2 (C14), anti-phospho-MYPT1 (T853), anti—
phospho-cofilinl (S3), and the mouse monoclonals anti-RhoA and anti—3-
actin were from Santa Cruz Biotechnology (Santa Cruz, CA). The rabbit
monoclonal recognizing Mstl and phospho-Mst1 (T183)/Mst2 (T180) were
from Epitomics (Burlingame, CA).

Cells and culture conditions

Human PBMCs were isolated from buffy coats from normal donors over
a Lymphoprep (Nycomed) and monocyte induced to differentiate to DCs by
adding GM-CSF and IL-4 for 7 d as described previously (3-5, 26, 27).
Briefly, monocytes were resuspended at 0.5-1 X 10° cells/ml and cultured
in complete medium (RPMI 1640 [Life Technologies BRL; Life Tech-
nologies, Paisley, U.K.]) containing 10% heat-inactivated FBS, including
GM-CSF (1000 U/ml) and IL-4 (1000 U/ml). Cells were cultured for 7-8 d,
with cytokine addition every second day to obtain a population of im-
mature DCs (CD14"°%, CD83~, CDla*, and HLA-DR"). GM-CSF, IL-4,
and 50 ng/ml TNF-a were added to the cells for an additional 72-h period
to induce their maturation. Analysis by flow cytometry showed that the
treatment yielded a homogeneous population of mDCs (CD1a*, DC-
SIGN*, CD14""~, HLA-DR™¢" CD83*, and CCR7" expressing cells).

Rho activity

DCs (5 X 10° cells) were dissolved in Rho-lysis buffer (25 mM HEPES
[pH 7.5], 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl,, | mM EDTA,
2% glycerol, 5 mM sodium fluoride, 0.2 mM sodium orthovanadate, and
protease inhibitors). Active Rho (Rho-GTP) was isolated directly on glu-
tathione—agarose beads using GST-tagged Rhotekin Rho binding domain
(Cytoskeleton). The bead pellets were washed in Rho-lysis buffer, sus-
pended in SDS-PAGE sample buffer, and boiled as indicated below.
Samples were separated by SDS-PAGE and subjected to Western blotting
with an anti-RhoA Ab.

Measurement of chemotaxis and random migratory speed of
mDCs

Chemotaxis in response to chemokines was determined by measuring the
number of migrated cells through a polycarbonate filter with 5-pm pore size
in 24-well Transwell chambers (COSTAR, Costar Europe, Badhoevedorp,
the Netherlands) as indicated previously (4, 14, 27). Briefly, the upper
chamber of the Transwells included 1 X 10° mDCs suspended in 100 wl
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RPMI 1640 medium containing 0.1% BSA, and the lower chamber con-
tained 600 pl of the same medium with or without CCL21 (18 nM). The
mDCs that migrate to the bottom chamber (after 2 h at 37°C) were counted
by flow cytometry using the CellQuest software (BD Biosciences). The
migratory speed of mDCs was measured by videomicroscopy. DCs sus-
pended in 0.1% BSA in RPMI 1640 medium were allowed to attach for
30 min onto 0.5 pg/ml fibronectin-coated well p.-Slides (IBIDI, Martinsried,
Germany), and then movement of the mDCs in the absence (random spon-
taneous migration) or in the presence of CCL21 (chemokinesis) was
followed for 2 h using a Leica DMI6000B microscope coupled to a high-
resolution monochrome Hamamatsu CCD C9100-02 camera. Tracks
of individual cells were analyzed using the manual tracking plugin of the
ImageJ 1.47 software (National Institutes of Health, Bethesda, MD). As
a complement to the time-lapse microscopy experiments, we also assessed
indirectly the effects of CCL21, or the reduction of Mstl, on the migratory
speed of the mDCs using a checkerboard setting (Fig. 7D). For this purpose,
we included, or not, CCL21 in the upper and lower chambers of the Transwell
setting described above and then counted the number of DCs that randomly
migrate to the bottom chamber. Under these conditions, the percentage of
mDCs migrating to the bottom well is an indicator of the speed of the cells.

Assays of apoptotic damage

An equal number of viable DCs (determined by exclusion on trypan blue
staining) were incubated in RPMI 1640 for 30 h in the absence or the
presence of CCL21 (18 nM). The cells were then fixed with cold methanol,
and apoptotic nuclear morphology was assessed using Hoechst33342
staining as indicated previously (3, 5, 26-28).

Endocytosis

The cells (0.5-1 X 10° DCs) were incubated in 10% FBS RPMI 1640
medium including 20 mM HEPES. FITC—-dextran was added to a final
concentration of 1 mg/ml. CCL21 was added to the mDCs at a final
concentration of 18 nM. Endocytosis of the tracer was halted at 5 min by
addition of ice-cold PBS and rapid cooling of the cells on ice. The cells
were extensively washed with ice-cold PBS. The fluorescence intensity of
the cells was analyzed by flow cytometry using an EPICS flow cytometer
(Coulter Electronics). Incubation of cells with the endocytic tracer on ice
was used as a background control. The mean fluorescence intensity, after
subtracting the background fluorescence of the control from each experi-
mental sample, multiplied by the percentage of mDCs that display fluo-
rescence indicates the amount of tracer incorporated by the cell population.

Immunofluorescence

Immunofluorescence and confocal microscopy analysis were performed as
previously described (29) with small changes. Briefly, DCs (5 X 10* cells),
suspended in 0.1% BSA in RPMI 1640 medium, were incubated 30 min at
37°C onto coverslips coated with poly-ornithine (20 pg/ml). Cells were
fixed in 4% paraformaldehyde in PBS (10 min at room temperature) and
permeabilized with 0.2% Triton X-100 (10 min at room temperature).
Before processing for immunofluorescence, the cells were treated with
1% BSA (15 min) to block unspecific binding. Coverslips were mounted
in fluorescent mounting medium (DakoCytomation), and representative
fields of cells were photographed through oil immersion lens. Confocal
microscopy was performed using an MRC-1000 Confocal Laser Scanning
System (Bio-Rad) connected to a Nikon Diaphot 200 inverted micro-
scope. Images were acquired with the Bio-Rad COMOS graphical user
interface and software. Image analysis was performed using Adobe
Photoshop 5.0 (Adobe Systems) and Image software.

Barbed-end detection and quantification

The procedure was performed as described elsewhere (30) with slight
changes. DCs (3 X 10° DCs/300 w1 RPMI 1640 medium) stimulated or not
for 5 min with CCL21 (18 nM) were suspended for 45 s at 37°C in per-
meabilization buffer (5 mM KCI, 137 mM NaCl, 4 mM NaHCO3;, 0.4 mM
KH,POy,, 1.1 mM Na,HPO,, 2 mM MgCl,, 5 mM PIPES [pH 7.2], 2 mM
EGTA, 5.5 mM glucose, 0.04 mg/ml saponin, and 1% BSA) containing
0.02 mg/ml biotin—-G-actin. The reaction was stopped by adding per-
meabilizing buffer, without saponin and BSA. Subsequently, the DCs were
fixed for 10 min with 3.7% paraformaldehyde in permeabilizing buffer.
Finally, the mDCs were incubated for 10 min with permeabilizing buffer
containing 0.1 M glycine; blocked for 20 min in TBS buffer containing 1%
BSA, 1% FBS, and 5 p.g/ml phalloidin; and incubated for 1 h with FITC-
conjugated anti-biotin Ab. The mDCs were extensively washed with TBS
buffer containing 1% BSA. Coverslips were mounted in fluorescent
mounting medium (DakoCytomation), and representative fields of cells
were photographed through oil immersion lens. It has been shown that
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fluorescent intensity is proportional to the number of barbed-end present in
the compartment analyzed (31). Therefore, we analyzed the fluorescent
intensity in annuli outside the cell periphery and extending inside the cell
using Fujifilm Multi Gauge. The images were always collected at sensi-
tivities such that none of the pixels in the image were saturated.

Cell stimulation, cell lysis, and immunoblotting

This process was performed as indicated previously (4, 5, 27). Briefly,
mDCs (3 X 10° cells/300 pl RPMI 1640 medium) were stimulated or not
with the chemokines for indicated periods of time. The stimulation was
terminated by solubilizing the cells in 2X SDS-PAGE buffer (250 mM
Tris/HCI [pH 6.8], 0.1 uM sodium orthovanadate, 6% SDS, 2 mM EDTA,
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FIGURE 1. Stimulation of CCR7 in human mDCs induces G;-mediated
activation of Mstl. (A) DCs (3 X 10° DCs) were nucleofected either with
pCI (vector) or pCI/Mst2 expression vector (Mst2). Aliquots including
similar numbers of live vector— and Mst2-transfected mDCs were analyzed
by Western blot for the presence of Mst2 and Mstl. The blots were also
probed with an Ab against B-actin to show equal loading of the gels. One
of three representative experiments is shown. (B) DCs were stimulated
with CCL19 (18 nM) or CCL21 (18 nM) for the indicated times. Aliquots
were taken to analyze the level of phosphorylated/active Mstl (T183)
(p-Mstl) and total Mstl. a-Tubulin (a-Tub) shows equal loading. One of
three representative experiments is shown. (C) Upper panel, DCs were left
untreated (control) or pretreated with PTX (100 ng/ml) in 10% FBS/RPMI
1640 medium for 2 h. Subsequently, the mDCs were transferred to RPMI
1640 medium and then stimulated or not with CCL21 (18 nM) for 5 min.
Then, aliquots were taken to analyze the level of phospho-Mstl (T183)
(p-Mstl), total Mstl, and phosphorylated Erk1/2 (T202/Y204) (p-Erk1/2) by
Western blotting. 3-Actin levels show equal loading. One of four repre-
sentative experiments is shown. Lower panel, The phosphorylation of Mst1
in control and PTX-treated mDCs, unstimulated (—) or stimulated with
CCL21 (+), were analyzed. Phosphorylation levels of Mst1 in unstimulated
control and PTX-treated DCs, normalized for $-actin, were given an ar-
bitrary value of 1, and phosphorylation levels of the CCL21-stimulated
DCs were referred to this value. Results shown represent the mean = SD
(n = 3 independent experiments).
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4% 2-ME [v/v], and 10% glycerol [v/v]) and boiled. The samples were
fractionated by SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked with 5% nonfat milk protein in TBS (pH
7.5) and then incubated with the indicated Abs in TBST (TBS plus 0.1%
Tween 20). Proteins were visualized with the appropriate HRP-conjugated
secondary Abs (Santa Cruz Biotechnology) and ECL substrate (Pierce)
detection system.

Expression constructs and transfections

Control-, Mstl-, and «;3-siRNA were all from Applied Biosystems/
Ambion (Austin, TX). Two different siRNAs-Mstls were used to
reduced Mstl (Mst1-siRNA catalog number 4390824, sense (5'-3"),
GGCGACUUGAAUACCUUCAULt, and antisense (5'-3"), AUGAAG-
GUAUUCAAGUCCCtt; and Mstl-siRNA catalog number AMS51331,
sense (5'-3"), CAGUGAUAGGAACACCAUULtt, and antisense (5'-3"),
AAUGGUGUUCCUAUCACUGTa). Two siRNAs—controls were used
with similar results (catalog numbers 4390843 and AM4613 [sequences
not provided by Ambion]). Expression plasmids pCI-neo and pCI-Human
Mst2 have been described (32) (5 wg DNA in both cases), or siRNA-
Control-, siRNA-Mstl-, and siRNA-a;3 (0.9 pg in all cases) were
transfected in the mDCs (3-=5 X 10° DCs) using a nucleofactor (AMAXA,
Koeln, Germany), following the manufacturer’s instructions. When the
siRNAs were nucleofected, the DCs were collected and analyzed 48 h after
nucleofection.
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p-Mst1
| —— | Mst1

I-—- | Erk2

LY294002

Control

C Control Akti-1/2
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T =il oAkt
R e el )

FIGURE 2. CCR7-dependent activation of Mstl in human mDCs is not
mediated by Erk1/2 or PI3K/Akt. (A) DCs (1 X 10® mDCs/ml RPMI 1640
medium) were either left untreated (control) or pretreated for 60 min with
1 uM PD0325901 (PD). Subsequently, the mDCs were stimulated (+) or
not (—) with CCL21 (18 nM) for 5 min. The mDCs were then lysed and
analyzed by Western blotting with Abs against phospho-Mstl (T183)
(p-Mstl) or total Mstl. To analyze the phosphorylation/activation of Erk1/2,
the membranes were also probed with an anti—phospho-Erk1/2 (T202/
Y204) (p-Erk1/2). To show equal loading, the membrane were probed with
anti-Erk2. (B) DCs (1 X 10° DCs/ml RPMI 1640 medium) were either left
untreated (control) or pretreated with LY294002 (100 M) for 60 min. The
mDCs were subsequently stimulated (+) or not (—) with CCL21 for 5 min
and then subjected to Western blot with anti—phospho-Mstl (T183)
(p-Mstl) or phospho-Akt (S473) (p-Akt). a-Tubulin («-Tub) levels show
equal loading of the gels. One of three representative experiments is
shown. (C) DCs suspended as in (A) were either left untreated (control) or
pretreated with Akti-1/2 inhibitor (5 wM) for 60 min. The mDCs were
stimulated (+) or not (—) with CCL21 for 5 min and then lysed, and ali-
quots were subjected to Western blot with anti—phospho-Mstl (T183)
(p-Mstl) or anti—phospho-Akt (S473) (p-Akt) Abs. a-Tubulin (a-Tub)
levels show equal loading of the gels. One of three representative ex-
periments is shown.
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FIGURE 3. Mstl does not mediate CCR7-dependent activation of Erk1/2
or Akt. (A) Left panel, DCs (3 X 10° DCs) were nucleofected with
control- or Mst1-siRNA. Thirty-six hours after nucleofection, samples
were washed in RPMI 1640 medium, and then an equal number of live
DCs, determined by trypan blue exclusion, were extracted in 2X sample
buffer and analyzed by Western blotting with an anti-Mst1 Ab. To confirm
equal loading, the blots were reprobed with an Ab reacting with 3-actin. One
representative example is shown. Right panel, Bar diagrams showing the
quantification of the relative levels of Mstl in control- and Mst1-siRNA
nucleofected mDCs. The quantity of Mstl observed in the immunoblots was
normalized against the levels of B-actin observed in each sample. The levels
of Mstl in the control-siRNA nucleofected DCs were given an arbitrary
value of 100. Results shown represent the mean * SD (n = 7). (B) Upper left
panel, Samples of DCs nucleofected either with control— or Mst—siRNA were
washed in RPMI 1640 medium, and then an equal number of live DCs, as
determined by trypan blue exclusion, were stimulated or not for 5 min with
CCL21 (18 nM). Subsequently, the cells were lysed, and aliquots were
subjected to Western blot with Abs against phosphorylated/active Mek1/2
(S217/221) (p-Mek1/2), Erk1/2 (T202/Y204) (p-Erkl1/2), or Akt (S473)
(p-Akt). Erk2 levels show equal loading of the gels. One of three repre-
sentative experiments is shown. The bar diagrams represent the fold increase
in phosphorylation of Mek1/2 (upper right panel), Erk1/2 (lower left panel),
and Akt (lower right panel) in control- and Mstl-siRNA nucleofected
mDCs upon stimulation with CCL21. The phosphorylation levels of all the
proteins examined were normalized with respect to the total levels of Erk2.
The normalized phosphorylation was referred to the phosphorylation levels
in the unstimulated control- and Mst1-siRNA nucleofected mDCs, which
were given a value of 1. Results shown represent the mean = SD (n = 3, for
p-Mek1/2; n = 6, for p-Erk1/2; and n = 3, for p-Akt). (C) The mDCs were
nucleofected with control- or Mst1-siRNA as indicated in (A). A total of
100 X 10 of controls or Mst1-siRNA nucleofected mDCs was suspended
in 0.1% BSA/RPMI 1640 medium and placed in the upper chambers of
a Transwell setting and then allowed to migrate to the bottom chamber,
which includes (+) or not (—) CCL21. The values represent the percentage of
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Statistics

Data are expressed as mean *£ SD, with the “n,” indicating the number of
experiments performed. Significance of differences between two series of
results was assessed using the Student ¢ test. The p values = 0.05 were
considered significant. The p values > 0.05 were denoted as ns, nonsig-
nificant.

Results
Stimulation of CCR7 in human mDCs induces G ,;-dependent
activation of Mstl

We studied whether stimulation of CCR7 induces activation of
Mst in mDCs. For this purpose, we used an Ab that recognizes
phosphorylated/active Mst1/2. Because the Ab used recognizes both
active Mstl (T183) and Mst2 (T180) (33, 34), we tested whether the
human monocyte—derived mDCs used in our experiments express
endogenously both Mst isoforms. As shown in Fig. 1A, the mDCs
express endogenously Mstl but not Mst2. We could only detect Mst2
when we overexpressed this kinase (Fig. 1A). Therefore, hereafter,
the results obtained with the anti—-phospho-Mst1/2 Ab used in the
experiments will refer only to phosphorylated/active Mstl (T183).
We studied whether the stimulation of CCR7 in mDCs induces
phosphorylation/activation of Mst1. Time-course experiments showed
that both CCL19 and CCL21 induced phosphorylation of Mstl
(Fig. 1B). Because similar activations were obtained with CCL19 and
CCL21, we decided to use CCL21 to stimulate the cells in the rest of
the experiments. Next, we analyzed the signaling pathways down-
stream of CCR7 involved in the activation of Mstl. Inhibition of Gi
by pretreating the mDCs with pertussis toxin (PTX) blocked CCR7-
dependent phosphorylation of Mstl, indicating that Gi mediates
CCR7-dependent phosphorylation of this kinase (Fig. 1C).

Mstl does not mediate CCR7-dependent chemotaxis or
survival in human mDCs

Previously, we have shown that CCR7 uses in mDCs the key reg-
ulators Mek1/2-Erk1/2 (2, 4) and Akt (2, 3, 5) to control chemotaxis
and survival, respectively. We analyzed whether Mstl could be
a component of the signaling pathway that controls these two CCR7-
dependent functions in mDCs. Inhibition of the activity of Mek1/2—
Erk1/2—by treating the DCs with PD0325901 (Fig. 2A, see
Supplemental Fig. 1) or UO126 (data not shown), two highly se-
lective inhibitors of Mek1/2 (35) and, consequently, of Erk1/2, the
only known downstream targets of Mek1/2 (36)—failed to block
CCR7-dependent phosphorylation of Mstl. Moreover, inhibition of
PI3BK—by treating the cells with LY294002 (Fig. 2B) or Akt by
using the selective Akt inhibitor Akti-1/2 (37) (Fig. 2C)—failed
to inhibit CCR7-induced activation of Mstl. Note that in these
experiments, inhibition of PI3K/Akt increased the basal activity of
Mstl, consistent with prior results indicating that active Akt keeps
Mstl basally inhibited (38). Finally, we knocked down Mstl by
nucleofecting the mDCs with either of two different siRNAs (see
Materials and Methods). Both siRNAs for Mst1 were able to reduce
Mstl at similar levels and gave similar results in functional and
biochemical experiments (Fig. 3A and results not shown; see also

mDCs migrating to the lower chambers. Results shown represent the
mean * SD (n = 3). (D) The mDCs were nucleofected with control- or
Mst1-siRNA as indicated in (A). A total of 5 X 10 of live, control—, or
Mst1-siRNA nucleofected mDCs, were suspended in 0.1% BSA/RPMI
1640 medium and left in the incubator for 30 h in the presence or absence
of CCL21 as indicated. The cells were supplemented with CCL21 every
10 h. Subsequently, the mDCs were fixed and stained with Hoechst to
analyze the percentage of apoptotic cells as indicated in Materials and
Methods. Results shown represent the mean = SD (n = 3).
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Materials and Methods); therefore, we used them interchangeably
in all the subsequent experiments. As shown in Fig. 3A, reduction
of Mstl with siRNA in DCs failed to affect CCR7-dependent ac-
tivation of the Mekl/2, Erkl/2, or Akt (Fig. 3B, see also
Supplemental Fig. 1). The results obtained suggest that downstream
of CCR7 the signaling pathways that induce activation of Mstl are
independent of those that induce activation of Mek1/2-Erk1/2 or
Akt. Consistent with the biochemical results, reduction of Mstl in
mDCs using siRNA failed to affect CCR7-induced chemotaxis
(Fig. 3C). Furthermore, although the knocking down of Mstl re-
duced the basal number of mDCs that became apoptotic, however, it
did not inhibit the prosurvival effects induced by the stimulation of
CCR7 (Fig. 3D). In summary, the results indicate that CCR7
induces activation of Mstl in mDCs independently of the pathways
used by this receptor to regulate survival and chemotaxis
(Supplemental Fig. 1).

Mstl mediates CCR7-induced activation of the RhoA pathway
independently of G, ;3 in human mDCs

We analyzed whether Mstl could mediate RhoA activation in
mDCs. First, we analyzed the kinetics of RhoA activation upon
stimulation of CCR7. Stimulation of mDCs with CCL21 induced
activation of RhoA, which starts after 0.5 min, reaches maximal
activity after 2 min, and decays after 5 min (Fig. 4A). Consistent
with these results, stimulation of CCR7 also induced changes in
the phosphorylation of three well-known targets downstream of
RhoA, namely, MLC, MYPT1, which is the regulatory/myosin
binding subunit of the MLCP, and cofilin (Fig. 4B). MLC was
phosphorylated on T18/S19, which leads to its activation (Fig. 4B)
(14), MYPT1 was phosphorylated on T696, which results in the
inhibition of the activity of MLCP (Fig. 4B) (15), and cofilin was
phosphorylated on S3, which results in the inactivation of its actin
severing activity (12). Taking into account these biochemical
results, next we analyzed whether Mstl could mediate CCR7-
dependent activation of RhoA in mDCs. For this purpose, we
analyzed the effect that the reduction of Mstl exerted on CCR7-
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FIGURE 4. Stimulation of CCR7 induces phosphorylation of RhoA
downstream targets. (A) DCs (5 X 10° cells) were stimulated with CCL21
(18 nM) for the indicated time. The DCs were then lysed, and active Rho
(Rho-GTP) was pulled down using GST-tagged Rho binding domain
(RBD) bound to glutathione-agarose beads. The level of RhoA-GTP
isolated on the beads was assessed by Western blotting with an anti-RhoA
Ab. An aliquot of the cells lysed before the pull down was used to perform
a Western blot with the anti-RhoA Ab. The results are representative of
three independent experiments. (B) DCs (1 X 10° mDCs/ml RPMI 1640
medium) were stimulated for the indicated times with CCL21, and sub-
sequently, aliquots were taken to analyze the level of phosphorylated
MYPT1 (T696) (p-MYPT1), MLC (T18/S19) (p-MLC), and cofilin (S3)
(p-cofilin) by Western blotting. 3-Actin levels show equal loading of the
gels. One of three representative experiments is shown.
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induced phosphorylation of the RhoA downstream targets. After
knocking down of Mstl by nucleofecting the mDCs with siRNA
(see Fig. 3A), it was observed that the reduction of Mstl blocked
the phosphorylation of MYPT1, MLC, and cofilin (Fig. 5A),
suggesting that Mstl modulates the activation of the RhoA path-
way downstream of CCR7 (see Supplemental Fig. 1).

As Mstl regulates the RhoA-dependent pathway and it has been
shown that the G,/13 family of G proteins can mediate the effects
of G protein—coupled receptors on this pathway (39-41), we an-
alyzed whether G,3 could mediate the effects of CCR7 on Mstl.
However, it was observed that the reduction of G,z using siRNA
(Fig. 5B) failed to inhibit the increase in the phosphorylation of
Mstl upon stimulation of CCR7 (Fig. 5C, Supplemental Fig. 1),
which indicates that G, ;3 does not mediate the activation of Mstl
downstream of this receptor. The interference with G,3-mediated
signaling using siRNA blocked the CCR7-dependent activation of
the RhoA signaling pathway, including the phosphorylation of
MYPT1, MLC, and cofilin (Supplemental Fig. 2), confirming that
Gq13 can also mediate the activation of RhoA downstream of
CCR?7 (Supplemental Fig. 1). Finally, as both G, 3 (Supplemental
Fig. 2) and Mstl (Fig. 5) regulate, downstream of CCR7, the
RhoA-dependent pathway, we analyzed whether RhoA could be
upstream of Mst1. For this purpose, we inhibited RhoA by treating
the mDCs with C3-exoenzyme, which irreversibly inhibits the
activity of this small GTPase (Fig. 5D) (29, 42). Although this
treatment blocked the RhoA pathway as expected (Fig. 5D),
however, it failed to block CCR7-dependent activation of Mstl
(Fig. 5D), suggesting that RhoA is not upstream of Mst1. Because,
as shown above, Mstl is downstream of Gi (Fig. 1C), together the
results point out the existence in mDCs of two signaling axes,
namely CCR7-G,;3 and CCR7-G;-Mstl, which independently
converge in RhoA (Supplemental Fig. 1).

Finally, interestingly, the inhibition of RhoA (Fig. 5D) or the
decrease in the expression of G,;3 (Supplemental Fig. 2B) did not
affect the CCR7-induced increase in the phosphorylation of the
survival regulator Akt (Supplemental Fig. 2B; data not shown) or
the chemotaxis regulator Erk1/2 (Fig. 5D, Supplemental Fig. 2B).
These results emphasize that downstream of CCR7 the signaling
pathways that converge on RhoA are independent of those regu-
lating chemotaxis and survival (Supplemental Fig. 1).

Mstl is required for actin-free barbed-end formation in human
mDCs

The extension of an actin cytoskeletal network requires the de-
velopment of F-actin—rich protrusions, which depends on the
formation of free barbed end, from where F-actin filaments can
grow. Because new barbed-end formation requires the activity of
the actin-severin protein cofilin (12), which, as shown above
(Fig. 5A), was phosphorylated/inhibited downstream of Mstl, we
hypothesized that the inhibition of this kinase could block free
barbed-end formation (Supplemental Fig. 1). We reduced Mstl by
nucleofecting mDCs with siRNA (Fig. 6A) and then analyzed
barbed-end formation in the mDCs (Fig. 6B). As shown in Fig.
6B, reduction of Mstl dramatically blocked barbed-end formation
in both unstimulated and CCL21-stimulated mDCs, indicating that
normal levels of Mstl are required for barbed-end formation in
mDCs.

Mstl mediates the effects of CCR7 on endocytosis,
cytoarchitecture, and migratory speed in human mDCs

Because Mstl regulates barbed-end formation, consequently,
F-actin organization, we analyzed other CCR7-dependent func-
tions that could be regulated by Mstl in mDCs. Because CCR7
regulates the cytoarchitecture of mDC (4, 6), we reduced Mstl in
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FIGURE 5. Mstl regulates CCR7-induced activation of the RhoA
pathway independently of G,3. (A) The experiments were performed with
mDCs obtained in the nucleofections shown in Fig. 3A. Upper right panel,
Live control- and Mst1-siRNAs nucleofected mDCs were suspended in
RPMI 1640 medium and then stimulated (+) or not (—) for 5 min with
CCL21. The cells were subjected to a Western blot as in Fig 3A. The
following Abs were used, namely, anti-phosphorylated MYPT1 (T696)
(p-MYPT1), MLC (T18/S19) (p-MLC), and cofilin (S3) (p-cofilin). B-Actin
shows equal loading of the gels. One of three representative experiments is
shown. The bar diagrams represent the fold increase in the phosphorylation of
MYPT1 (upper right panel), MLC (lower left panel), and cofilin (lower right
panel) in control- and Mst1-siRNA nucleofected mDCs upon stimulation with
CCL21. The phosphorylation levels of all the proteins examined were nor-
malized with respect to 3-actin. The phosphorylation levels in the unstimulated
control- and Mst1-siRNA nucleofected DCs were given a value of 1. Results
shown represent the mean = SD (n = 4, for p-MYPT1; n = 3 for p-MLC; and
n =9 for p-cofilin). (B) Left panel, DCs (3 X 10° cells) were nucleofected
either with control- or G, ;3-siRNA and the levels of G, 3 analyzed by im-
munoblotting. (3-Actin shows equal loading of the gels. Right panel, The
relative levels of expression G, 3 in mDCs nucleofected with control- or
Mst1-siRNA were determined as indicated in Fig. 3A. Results shown represent
the mean * SD (n = 8). (C) Left panel, Samples of the control- or G 3~
siRNA nucleofected mDCs obtained in (B) were stimulated (+) or not (—) for 5
min with CCL21. The mDCs were lysed, and aliquots were subjected to
Western blot with an anti-phosphorylated Mstl (T183) (p-Mstl). The blots
were striped and analyzed with an Ab against Mst! to show equal loading. One
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FIGURE 6. Mstl controls barbed end formation in mDCs. (A) Left
panel, DCs were nucleofected with control- or Mst1—-siRNA, and Western
blots were performed as indicated in the legend to Fig. 3A. o-Tubulin
shows equal loading of the gels. Right panel, The relative levels of G5 in
DCs nucleofected either with control or with Mstl-siRNA were deter-
mined as indicated in Fig. 3A. Results shown represent the mean * SD
(n = 6). (B) Left panel, Aliquots of control- or Mst1-siRNA nucleofected
mDCs as indicated in (A) were stimulated or not with CCL21. The mDCs
were partially permeabilized and processed to analyze barbed-end for-
mation as indicated in Materials and Methods. One representative exper-
iment is shown. Right panel, Incorporation of FITC-labeled actin
monomers was quantified by fluorescence intensity measurement using
Multigauge version 3.0. Data representing the number of free barbed ends
are expressed as arbitrary units of fluorescence intensity and represent
means * SD.

mDCs by nucleofecting cells with siRNA (Fig. 7A) and then an-
alyzed the morphology of the mDCs both in the presence or ab-
sence of CCL21 (Fig. 7B). Analysis of the polarization indexes
(Fig. 7B), which quantify the degree of morphological polariza-
tion of the cells, showed that mDCs with reduced expression
of Mstl, both unstimulated or CCL21-stimulated, displayed a
rounder morphology (i.e., higher polarization indexes) when
compared with control-siRNA nucleofected mDCs, which pre-
sented more elongated morphologies (lower polarization indexes)
(Fig. 7B). Staining of the actin cytoskeleton with phalloidin-FITC
also showed that the mDCs that presented reduced levels of Mstl
displayed smaller dendritic extensions and the F-actin was largely
localized at the cell periphery (see insets in Fig. 7B).

Because stimulation of CCR7 induces endocytosis of mDCs (7),
we tested whether Mstl could also modulate this function. DCs
nucleofected with control- or Mst1-siRNAs (Fig. 7A) were in-
cubated with FITC—dextran and then stimulated or not with
CCL21 to study the degree of incorporation of this polysaccharide

of three representative experiments is shown. Right panel, The level of
phosphorylated Mstl was normalized against the total Mst1 and referred to
the values observed in unstimulated control- or G,;3—siRNA nucleofected
mDCs, which were given an arbitrary value of 1. Results shown represent
the mean = SD (n = 7). (D) Left panel, DCs (300 X 10® DCs) were left
untreated (control) or pretreated with C3—exoenzyme (50 ng/ml) for 16 h.
Then, the cells were lysed and aliquots subjected to Western blot with an
anti-phosphorylated MLC (T18/S19) (p-MLC). Right panel, DCs pre-
treated with C3 exoenzyme as in the left panel were stimulated (+) or not
(—) with CCL21 (18 nM) for 3 min. Aliquots were taken to analyze the
level of phosphorylated-Mst1 (T183) (p-Mstl) and Erk1/2 (T202/Y204)
(p-Erk1/2). B-Actin shows equal loading of the gels. One of four repre-
sentative experiments is shown.
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FIGURE 7. Mstl controls CCR7-dependent cytoarchi-

tecture, endocytosis, and migratory speed in human

mDCs. (A) Left panel, DCs were nucleofected either

with control- or Mst1-siRNA, and Western blots were

performed as indicated in Fig. 3A. Erk2 shows equal B
loading of the gels. Right panel, Mstl levels in mDCs
nucleofected either with control- or with Mst1-siRNA
were quantified as indicated in Fig. 3A. Results shown
represent the mean = SD (n = 11). (B) Upper panel,
Samples of mDCs nucleofected with control— or Mst1—
siRNA were plated on polyornithine-coated dishes and
allowed to adhere for 30 min at 37°C in the incubator.
Subsequently, the cells were stimulated or not with
CCL21 (18 nM) for 5 min. The cells were treated and
stained with FITC—phalloidin as indicated in Materials
and Methods. Scale bar indicates 50 pwm. Inset shows
a representative mDC under the conditions indicated.
Lower panel, The polarization index of the cells was
calculated as the ratio of X to Y, where Y is the longest
distance across cells, and X is the greatest width per-
pendicular to Y. (C) Samples of control- or Mstl—
siRNA nucleofected mDCs (50-100 X 10° cells),
suspended in complete medium, in the presence of
FITC—dextran (1 mg/ml), were left unstimulated (left
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panel) or stimulated (right panel) for 5 min with 1.0
CCL21. The bar diagrams represent the amount of

FITC—dextran internalized by the mDCs after 5 min. x 0.8
The relative levels of incorporation of FITC—dextran in §
Mst1-siRNA nucleofected mDCs both in unstimulated E

(left panel) or CCL21-stimulated (right panel) were 2 0.6
referred to the levels of endocytosis observed in E
unstimulated (left panel) or CCL21-stimulated (right 3 0.4+
panel) control-siRNA nucleofected mDCs. Results =
shown represent the mean = SD (n = 3). (D) Upper

panel, Relative migratory speed in control- and Mst1— 0.2
siRNA nucleofected mDCs both unstimulated (—) or

stimulated with CCL21 (+). Unstimulated control- and 0.0
Mst1-siRNA were given an arbitrary value of 1. Lower ccL21

panel, Checkerboard setting to assess random motility
of control- and Mst1-siRNA nucleofected mDCs were
performed as indicated in Materials and Methods.
CCL21 included (+) or not (—) in the upper or lower
wells of the Transwell setting as indicated in the figure.

by flow cytometry. As shown in Fig. 7C, the reduction in the ex-
pression of Mstl curtails the ability to internalize FITC—dextran in
unstimulated and in CCL21-stimulated mDCs. The effects of the
reduction of Mstl on the endocytic ability of the mDCs were less
potent in the CCL21-stimulated than in the unstimulated mDCs,
suggesting the existence of alterative, Mstl-independent pathways
that may contribute to regulate CCR7-dependent endocytosis.

We have shown before that stimulation of CCR7 results in an
increase in the migratory speed of the mDCs (4). Because mi-
gration involves changes in the actin cytoskeleton, we analyzed
whether the reduction of Mstl could also affect the migratory
speed of the mDCs (Fig. 7D). For this purpose, first we analyzed
by time-lapse videomicroscope the relative migratory speed of
mDCs stimulated or not with CCL21 (Fig. 7D). Alternatively, we
used a Transwell setting where we included or not CCL21 in the
upper and lower chambers (Fig. 7D). As in this setting, there is no
gradient of chemokines, the number of mDCs that migrate to the
lower chambers of provides information on the random motility of
the cells, in the absence or in the presence of CCL21. As shown in
Fig. 7D, both time-lapse videomicroscopy and the Transwell

S 40 - |
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-siRNA -siRNA g b
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ccLzt - 4+ = 4 Upper
ccL21 — + = 4 Lower
Control- Mst1-
siRNA  siRNA

setting experiments showed that the reduction of Mstl did not
affect the migratory speed of the mDC in the absence of chemo-
kines. In contrast, in the presence of CCL21, mDCs with reduced
levels of Mst1 presented a significant reduction of their migratory
speed. The results indicate that upon stimulation of CCR7, the
kinase Mstl regulates the migratory speed of the mDCs.

Discussion

CCR7 directs mDCs to the lymph nodes, where takes place the
initiation of the immune response, implying that an adequate
functioning of this receptor during this process is of critical im-
portance (2). CCR7, in addition to chemotaxis, controls the
cytoarchitecture, the migratory speed, the endocytosis, and the
survival of the mDCs (2-8, 43). The studies on the role of Mstl in
the immune system have focused on lymphocytes, and there is no
information on the role of this kinase in other leukocytes (25). In
this study, we have analyzed the role of Mstl in the control of the
CCR7-mediated functions in human mDCs. The results obtained
indicate that downstream of CCR7, Mstl controls in mDCs
cytoarchitecture, endocytosis, and migratory speed but not sur-
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vival or chemotaxis (Supplemental Fig. 1). These results provide
useful information to develop strategies to modulate selectively
the functions of CCR7 in mDCs and to better interpret recently
described pathologies associated with the loss of function of Mstl
(44-46).

Recent reports show that alteration in Mstl function may im-
portantly affect the immune response. Patients bearing mutations of
Mst1 that lead to a loss in the function of this kinase show recurrent
bacterial and viral infections and symptoms of autoimmunity (44—
46). Resembling the phenotype observed in Mstl-deficient mice
(25), these patients show also T cell lymphopenia and impaired
T cell responses. On the basis of these observations, most of the
symptoms presented by the patients have been ascribed to defi-
cient T cell function. However, in view of our results, it is possible
that alterations in CCR7-depending signaling in mDCs could also
contribute to the pathologies observed.

The information obtained in this paper supports our previous
studies indicating that in mDCs the signaling modules controlling
CCR7-dependent chemotaxis and survival are different of the
modules controlling migratory speed (2, 4). The observation that
downstream of CCR7 Mstl modulates simultaneously cytoarchi-
tecture, migratory speed, and endocytosis suggests that this kinase
is high upstream the signaling pathway controlled by CCR?7.
Further studies will have to be performed to dissect the specific
molecular components that selectively control each one of these
three functions. We have also observed that two axes, namely,
CCR7-G,13 and CCR7-Gi-Mstl, converge to regulate RhoA and,
consequently, actin dynamics, in mDCs (Supplemental Fig. 1). In
summary, the results underline the key role of the regulation of the
actin cytoskeletal network to control CCR7-dependent changes in
cytoarchitecture, migratory speed, and endocytosis in DCs.

It has been shown that in thymocytes after phosphorylation by
the kinases Mst1 or Mst2, the protein Mob1 binds and activates the
Racl guanyl nucleotide exchanger Dock8, which is abundant in the
thymus. Activated Dock8 promotes the activation of the small
GTPase Rac, which controls the actin cytoskeleton and, conse-
quently, the migratory response of the thymocytes (47). These
results underline the key role of Mst1 in the regulation of the small
GTPase Rac and the migration of thymocytes (47). Our results
indicate that in DCs, downstream of CCR7 and Mstl, RhoA
controls actin-dependent functions, including migratory speed,
cytoarchitecture, and endocytosis. In future studies, it would be
interesting to analyze whether in DCs Mstl1 is also able to regulate
Rac, as observed in thymocytes (47). Interestingly, when we an-
alyzed in DCs the effect of knocking down Mstl with siRNA on
Dock8, we observed by Western blotting and immunofluorescence
analysis that the reduction of Mstl failed to affect the levels or
localization of Dock8, suggesting alternative mechanisms to reg-
ulate Dock8 and/or Rac in DCs (results not shown).

We observed that reduction of Mst1 leads to reduced basal levels
of mDC apoptosis, consistent with prior results showing that Mst1
could play proapoptotic roles in cells (18, 19). However, the re-
duction of Mstl does not block CCR7-dependent activation of Akt
or the induction of survival in mDCs, indicating that Mstl does
not mediate CCR7-dependent survival in these cells. The knock-
ing down of Mstl also failed to affect CCR7-dependent chemo-
taxis or the activation of Erk1/2, a key regulator of chemotaxis in
mDCs (4). These observations are in contrast with results obtained
in thymocytes and mature lymphocytes where has been shown that
Mstl controls CCR7-dependent chemotaxis (20, 21, 24, 47).
These results point out differences in the role performed by Mstl
in different leukocytes and emphasize the importance of getting
insight on the role of Mst1 in different cells of the immune system
to develop selective strategies to intervene on these cells.

Mstl CONTROLS CCR7-DEPENDENT FUNCTIONS

While this work was in progress, another group, using Mst1/2
KO mice models, has also shown that Mst1/2 is involved in the
activation of RhoA in thymocytes (47). Because we used in our
experiments monocyte-derived human mDCs and we focused on
Mstl, together ours and the aforementioned results indicate that
Mstl can regulate RhoA both in lymphoid murine cells and human
DCs. Finally, the results showing that G,; and G, 3 converge in
the regulation of RhoA are also of interest in view of prior con-
tradictory data on this issue. Previously, it has been indicated that
G, 13 regulates RhoA downstream of GPCRs (39-41), apparently
challenging data obtained by other groups supporting that G;
regulates RhoA downstream of GPCRs (48-50). Our results in-
dicating that it is possible for a single GPCR, in this case CCR7, to
use simultaneously both G; and G, 5 to mediate the activation of
RhoA, reconcile these apparently contradictory results. In sum-
mary, the data obtained provide further insights on the mecha-
nisms used by CCR7 to regulate its functions in mDCs and on the
role of Mstl in these cells.
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Background: Chemokine receptor CCR7 promotes survival in mature dendritic cells (mDCs).

Results: Activated AMP-dependent kinase (AMPK) induces apoptosis in mDCs; CCR7 uses the kinases MEK1/2-ERK1/2 to
regulate phosphorylation of AMPK on Ser-485 and consequently its inhibition.

Conclusion: CCR7 uses a novel MEK1/2-ERK1/2-AMPK signaling axis to induce survival in mDCs.

Significance: AMPK is a potential target to regulate mDC-mediated immune responses.

Chemokine receptor CCR7 directs mature dendritic cells
(mDCs) to secondary lymph nodes where these cells regulate the
activation of T cells. CCR7 also promotes survival in mDCs,
which is believed to take place largely through Akt-dependent
signaling mechanisms. We have analyzed the involvement of the
AMP-dependent kinase (AMPK) in the control of CCR7-depen-
dentsurvival. A pro-apoptotic role for AMPK is suggested by the
finding that pharmacological activators induce apoptosis,
whereas knocking down of AMPK with siRNA extends mDC
survival. Pharmacological activation of AMPK also induces apo-
ptosis of mDCs in the lymph nodes. Stimulation of CCR7 leads
to inhibition of AMPK, through phosphorylation of Ser-485,
which was mediated by G;/Gfvy, but not by Akt or S6K, two
kinases that control the phosphorylation of AMPK on Ser-485
in other settings. Using selective pharmacological inhibitors, we
show that CCR7-induced phosphorylation of AMPK on Ser-485
is mediated by MEK and ERK. Coimmunoprecipitation analysis
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and proximity ligation assays indicate that AMPK associates
with ERK, but not with MEK. These results suggest that in addi-
tion to Akt-dependent signaling mechanisms, CCR7 can also
promote survival of mDCs through a novel MEK1/2-ERK1/2-
AMPK signaling axis. The data also suggest that AMPK may be a
potential target to modulate mDC lifespan and the immune
response.

Mature dendritic cells (mDCs)? are potent antigen-present-
ing cells that stimulate naive T cells in the lymph nodes (1). It
has been shown that the longevity of mDCs importantly affects
the immune response. In this regard, both mice depleted of
mDCs and mice that present aberrant long lived mDCs develop
autoimmune diseases (2—6). However, between these two
extremes, it is observed that the immune response improves as
the longevity of the mDCs increases (3, 7). The aforementioned
results suggest that obtaining information on the mechanisms
that regulate mDC survival can be very useful to develop strat-
egies to modulate the longevity of these cells and improve the
immune response.

Chemokine receptor CCR7 (ligands CCL19 and CCL21)
directs mDCs to the lymph nodes (LNs), attracted first by
CCL21, which is expressed in the lymphatic vessels that lead to
the LNs, and then by both CCL19 and CCL21, which are both
expressed by stromal cells in the LNs (8, 9). Apart from direct-
ing the migration of mDCs, CCR7 also promotes survival in

° The abbreviations used are: mDC, mature dendritic cell; ACC, acetyl coen-
zyme A carboxylase; mTOR, mammalian target of rapamycin; mTORC,
mTOR complex; PTX, pertussis toxin; LN, lymph node; PLN, popliteal LN;
FOXO, Forkhead box class O; AMPK, AMP-dependent kinase; S6K, S6
kinase; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; CFSE,
carboxyfluorescein diacetate succinimidyl ester; PLA, proximity ligation
assay; DMSO, dimethyl sulfoxide; SR, sulforhodamine B; Z, benzyloxycar-
bonyl; VAD-FMK, Val-Ala-Asp(OMe)-fluoromethyl ketone; OMe, O-methyl
ester; Akti, Akt1/2 inhibitor; RAPA, rapamycin; Abs, antibodies; p, phospho.
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these cells (10-12), although the signaling mechanisms that
regulate the latter function are starting to be defined. Previ-
ously, we showed that CCR7-regulated survival in mDCs is
mediated by the G, family of G proteins and the kinase Akt (10,
11). This kinase promotes survival through activation of the
transcription factor NF«B and inhibition of several pro-apo-
ptotic targets, including the transcription factors FOXO1/3 and
the kinase GSK33 (10-12).

AMP-dependent kinase (AMPK) is considered a molecular
sensor of cellular energy status (13, 14). Under conditions of
low cellular energy status, AMPK becomes activated, resulting
in the stimulation of ATP-producing (catabolic) pathways and
the inhibition of ATP-consuming (anabolic) processes (13, 14),
which together lead to the recovery of the ATP/ADP ratio of the
cell. Recently, it has emerged that AMPK may also promote
survival (e.g. Ref. 15) or apoptosis (e.g. Ref. 16) depending on the
cell type. AMPK is activated upon phosphorylation of Thr-172,
which is located on the activation loop of the catalytic a-sub-
unit of the kinase (17), and it is inhibited by phosphorylation of
Ser-485/491 (AMPKal on Ser-485 and AMPKa2 on Ser-491)
(18-20). Phosphorylation of Ser-485/491 blocks the activity of
AMPK, even when Thr-172 is phosphorylated, suggesting that
phosphorylation of the aforementioned Ser residues exerts a
dominant inhibitory role on activity of AMPK (21). It has been
shown that the kinases Akt (18, 22, 23) or S6K (21) can inhibit
AMPK by directly phosphorylating Ser-485/491 in different cell
types. Herein we have studied whether the kinase AMPK plays
arole in the regulation of the survival of mDCs. We show, first,
that AMPK can play pro-apoptotic roles in mDCs both in vitro
and in vivo; second, we show that the stimulation of CCR7 in
mDCs leads to a rapid inhibition of AMPK through the phos-
phorylation of Ser-485; third, we show that MEK/ERK mediate
the CCR7-dependent inhibition of AMPK; and fourth, we show
that ERK, but not MEK, interacts with AMPK. Together, these
results indicate that CCR7 can contribute to extend the survival
of mDCs through the novel MEK1/2-ERK1/2-AMPK signaling
axis. These results also suggest that the kinase AMPK may be a
potential target to modulate the immune response.

EXPERIMENTAL PROCEDURES

Reagents and Materials—CCL19, CCL21 and TNFa were
from PeproTech (Rocky Hill, NJ). GM-CSF and IL4 were pur-
chased from ImmunoTools. Fluorescent dye carboxyfluores-
cein diacetate succinimidyl ester (CFSE) was obtained from
Molecular Probes. FLIVO™ is Val-Ala-Asp(OMe)-fluoro-
methyl ketone (VAD-FMK). Sulforhodamine B (SR)-FLIVO
(SR, A, 565 nm; A, >600 nm), a form of FLIVO conjugated to
sulforhodamine B, was obtained from Immunochemistry
Technologies, LLC. Z-VAD-FMK was obtained from Enzo (Life
Sciences). LY294002, Akt1/2 inhibitor, pertussis toxin, Hoechst
33342, propidium iodide, and the anti-a-tubulin antibodies
were from Sigma. Compound C (24), UO126 and PD0325901,
and ERK activation inhibitor peptide II, were from Calbiochem
(Nottingham, UK). Rapamycin, KU0063794, Gallein, A769662
and FR180204 were obtained from Tocris Bioscience (Bristol,
UK). CAY10561 was from Cayman Chemicals (Ann Harbor,
MI). The anti-Bim antibody was from Affinity Bioreagents
(Golden, CO). The MEK]1, B-actin, 4E-BP1, ERK1, ERK2, and
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anti-AMPKa1 antibodies were from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). The anti-Akt1, anti Bcl-_;, anti-AMPKaq,
the anti-TSC2, anti-mTOR, anti-phospho-MEK1/2 (Ser-217/
221), anti-phospho-ERK1/2 (Thr-202/Tyr-204 in ERK1, Thr-
185/Tyr-187 in ERK2), anti-phospho-Aktl (Ser-473), anti-
phospho-AMPKal (Ser-485), anti-phospho-AMPKa (Thr-
172), anti-phospho-TSC2 (Thr-1462), anti-phospho-mTOR
(Ser-2448) and anti-phospho-4EBP1 (Thr-37/46), anti-phos-
pho-p70-S6K (Thr-389), and anti-p70-S6K antibodies were
from Cell Signaling Technology (Beverly, MA). The anti-phos-
pho-acetyl CoA-carboxylase (Ser-79) was from Millipore. The
anti-cleave caspase 3 was form Biorbyt (Cambridge, UK).
Mice—C57BL/6 mice (8 —10 weeks) were maintained in the
animal facility at the Centro de Investigaciones Bioldgicas and
treated according to Animal Care Committee guidelines.
Purification of Murine DCs and Labeling of the Cells with
Fluorescent Cell Trackers—Murine DCs were purified (97%
CD11c") from spleens of donor mice using magnetic beads
(Miltenyi) following the manufacturer’s protocol. DCs used in
the in vivo studies were labeled for 30 min at 37 °C with 2.5 um
of the fluorescent cell tracker probe CFSE in 0.1% BSA in PBS.
Cells and Culture Conditions—Human peripheral blood
mononuclear cells were isolated from buffy coats from normal
donors over a Lymphoprep (Nycomed, Norway). Monocytes
were purified using anti-CD14 magnetic beads (Miltenyi) fol-
lowing the manufacturer’s protocol and then induced to differ-
entiate to DCs by adding GM-CSF and IL4 for 7 days as indi-
cated previously (10, 11, 25-27). The DCs were induced to
mature by adding TNF« as indicated previously (10, 11, 25-27).
Assays of Apoptotic Damage in Vitro—An equal number of
live mDCs (determined by exclusion on trypan blue staining)
were incubated in 0.1% BSA or 10% FCS in RPMI in the pres-
ence or absence of AMPK activators. Subsequently, the mDCs
were harvested and plated for 40 min on polyornithine-coated
coverslips. Apoptotic nuclear morphology was assessed using
Hoechst 33342 staining as indicated previously (10, 11, 25, 26)
or by analyzing the loss of nuclear DNA content by flow cytom-
etry using propidium iodide as indicated elsewhere (28, 29).
Cell Lysis and Western Blot Analysis—To reduce the basal
levels of activity of the molecules analyzed, mDCs (100 X 10®
cells) were maintained in 0.1% BSA/RPMI for 30 min before
starting the stimulation with chemokines. Mature DCs were
then stimulated with chemokines for the indicated periods of
time. The stimulation was terminated by solubilizing the cells
in SDS-PAGE sample buffer (100 mm Tris/HCI, pH 6.8, 0.05
mM sodium orthovanadate, 3% SDS, 1 mm EDTA, 2% 2-3-mer-
captoethanol, 5% glycerol) and boiled and then fractionated by
SDS-PAGE and transferred to nitrocellulose membranes. After
blocking with 5% nonfat milk protein in TBST (TBS plus 0.1%
Tween 20), pH 7.5, membranes were incubated with the indi-
cated antibodies in TBST and visualized with the appropriate
HRP-conjugated secondary antibodies (Santa Cruz Biotechnol-
ogy) and an ECL substrate (Pierce) detection system. Quantifi-
cation of the blots was performed using MultiGauge software
from Fujifilm.
Immunoprecipitation—Mature DC (~50 X 10° DCs) were
dissolved in lysis buffer A (1% Nonidet P-40, 100 mm NaCl, 1
mM EDTA, 0.5 um vanadate, and 20 mm Hepes, pH 7.4, includ-
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ing a protease inhibition mixture (Sigma), and subjected to
immunoprecipitation with anti-AMPKa antibody in the pres-
ence of TrueBlot™ anti-rabbit Ig agarose beads (TrueBlot™,
eBioscience, San Diego, CA). Immunoprecipitates were
washed five times in lysis buffer and then boiled in SDS-
PAGE sample buffer supplemented with 50 mwm dithiothre-
itol. After SDS-PAGE and transfer to nitrocellulose, the pri-
mary antibody step was followed by incubation with a
horseradish peroxidase-conjugated antibody that recognizes
native rabbit IgG (TrueBlot™, eBioscience).

SiRNAs and Nucleofections—Random control and AMPKal
siRNAs were obtained from Santa Cruz Biotechnology. The
siRNAs were transfected into mDCs by using nucleofection
technology (Amaxa Biosystems) according to the manufactu-
rer’s instructions.

Proximity Ligation Assay (PLA)—The assay was performed
on mDC seeded onto polyornithine-coated coverslips. The
mDCs were treated with CCL21 and fixed in 4% paraformalde-
hyde. Staining with primary antibodies was performed as in
conventional immunofluorescence. However, instead of using
fluorescently labeled secondary antibodies, a PLA was carried
following the manufacturer’s instructions (30) (Duolink II in
situ PLA detection kit, Olink Bioscience). Briefly, samples were
incubated with secondary antibodies conjugated with DNA
probes (MINUS and PLUS DNA probes). Probes were hybrid-
ized and ligated, followed by amplification of the DNA template
in a rolling circle amplification reaction. A detection solution
was added to identify amplified DNA. Finally, coverslips with
the cells were prepared using mounting medium that includes
DAPI to stain the nuclei. The coverslips were analyzed with a
confocal microscope, and the interactions among ERK and
AMPK proteins, detected as distinct fluorescent spots inside
each DC, were subsequently quantified.

Two-photon Microscopy and Analysis of Apoptotic CFSE-la-
beled Dendritic Cells in the Lymph Nodes—The method has
been described in detail previously (10, 25, 26, 31). Briefly,
CFSE-labeled splenic mDCs (10° mDCs/ml) were dissolved in
20 pl of RPMI and injected subcutaneously along with LPS (1
pg/ml) into the hind footpad of recipient C57BL/6 mice (2 X
10° mDCs per footpad). After 36 h, when the mDCs have
already reached the popliteal LNs (PLNs) (26, 32), treated or
control animals were injected intraperitoneally, respectively,
with the AMPK activator A769662 (3.6 mg/25 g of mice in
DMSO) or with vehicle control DMSO. 40.5 h after initiation of
the experiment, the mice were injected intravenously with SR-
FLIVO (SR, A, 565 nm; A,,,, >600 nm), and after an additional
1 h, the mice were sacrificed, and the popliteal LNs were
extracted from the mice and subsequently subjected to two-
photon confocal analysis to visualize among the injected CFSE-
mDCs those that present SR-FLIVO staining (see “Results”).
Two-photon microscopy and analysis of apoptotic CFSE-DCs
in the LNs was performed as described previously (31).

Statistics—Data are expressed as mean = S.D., and signifi-
cance of differences between two series of results was assessed
using the Student’s ¢ test. Values of p < 0.05 were considered
significant, and #s indicates non-significant differences.
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RESULTS

AMPK Promotes Apoptosis in Mature Dendritic Cells in
Vitro—To determine whether AMPK could regulate apoptosis
in mDCs, we maintained the cells in complete medium in the
absence or in the presence of the selective AMPK activators
A769662 or AICAR. A769662 is a direct allosteric activator of
AMPK (36). AICAR is an agent that is transported into cells
where it is phosphorylated to form the AMP-mimetic S-
aminoimidazole-4-carboxamida ribonucleoside monophosphate
(ZMP), which activates AMPK without altering the intracellular
levels of AMP or ATP (33) (Fig. 14). Western blotting analysis
using antibodies that recognize a phosphorylated/active
AMPKa (p-AMPK (Thr-172)), or phosphorylated acetyl coen-
zyme A carboxylase (ACC) (p-ACC (Ser 79)), which is a direct
target of active AMPK (34), confirmed that the treatment of
mDCs with A769662 or AICAR induced activation of AMPK
(Fig. 1A, panel a). We treated the mDCs with the AMPK acti-
vators and then measured the percentage of apoptosis by stain-
ing the nuclei of the cells with Hoechst 33342. DCs treated with
Aktil/2, a potent inhibitor of the pro-survival kinase Akt (10,
11, 25), were used as positive controls of apoptosis. As shown in
Fig. 1A, panels b and ¢, mDCs treated with pharmacological
activators of AMPK displayed increased percentage of apopto-
sis. Similar results were obtained when, instead of Hoechst
staining, apoptosis was measured by analyzing the loss of
nuclear DNA content typical of apoptotic cells by flow cytom-
etry using propidium iodide as label (28, 29) (Fig. 14, panel d) or
the activation of caspase-3, another well known apoptotic
marker (Fig. 14, panel e). When the pharmacological activators
of AMPK were used to induce apoptosis in mDCs that had been
pretreated with Z-VAD-FMK, a general caspase inhibitor, the
effects of the AMPK activators on the apoptosis of the cells were
abrogated, indicating that these agents induce caspase-depen-
dent cell death (Fig. 1B). Finally, to corroborate that AMPK
played pro-apoptotic roles in DCs, we reduced AMPK levels
using siRNA (Fig. 1C, panel a). When DCs with normal or
reduced levels of AMPK were shifted to 0.1% BSA/RPMI for
24 h and then stained with Hoechst 33342, it was observed that
the mDCs that displayed reduced levels of AMPK (Fig. 1C,
panel b) also presented a reduced percentage of apoptosis.
Together, these results indicate that AMPK can promote apo-
ptosis in mDCs.

We analyzed potential mechanisms whereby active AMPK
could induce apoptosis in DCs. Previously, we reported that the
kinase GSK3 may induce apoptosis in DCs by promoting the
translocation to the nucleus of the transcription factor FOXO
(10), which controls the expression of the pro-apoptotic Bcl2
family member Bim (10, 25, 26, 35). We tested whether simi-
larly active AMPK could also promote the translocation of
FOXO and induce overexpression of Bim in DCs. For this pur-
pose, we transfected the DCs with FOXO1-GFP and then
induced activation of AMPK by stimulating the DCs with
AICAR or A769662. As shown in Fig. 24, these agents induced
a significant increase in the number of DCs that displayed
FOXO-GFP in the nucleus. Consistent with these results, the
stimulation of DCs with AICAR or A769662 also caused an
increase in Bim levels in the DCs (Fig. 2B). In similar experi-
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FIGURE 1. AMPK induces apoptosis in dendritic cells. A, panel a, DCs were suspended in 10% FCS in RPMI and then incubated for 24 h either in this medium
alone (—) or in this medium plus Akti (5 um), AICAR (1 mm), or A769662 (25 um). Aliquots of DCs were subjected to a Western blotting analysis with Abs against
phospho-AMPKa (Thr-172), phospho-ACC, or total AMPKa. Panel b, photographs taken from representative samples of the Hoechst 33342 stained DCs treated
as in panel a. Arrowheads indicate apoptotic cells, showing condensed or fragmented nuclei. Panel ¢, DCs were suspended in 10% FCS in RPMI and then
incubated in medium alone (—) orin medium plus Akti, AICAR, or A769662, as in panel a. The number represents -fold increase in the number of apoptotic DCs,
determined by Hoechst 33342 staining, with respect to the control untreated DCs kept in 10% FCS in RPMI, which was considered as 1. Results shown represent
the mean £ S.D. (n = 4). Panel d, the cells were treated or not with Akti, AICAR, or A769662 as in panel b. The number represents -fold increase in the number
of DCs that presented DC fragmentation upon propidium iodide (P/) staining with respect to control untreated DCs kept in 10% FCS in RPMI. Results shown
represent the mean = S.D. (n = 6). Panel e, the DCs were suspended in 10% FCS in RPMI and then incubated for 33 h either in this medium alone (=) or in this
medium plus AICAR or A769662 as in panel a. Aliquots of DCs were subjected to a Western blotting analysis with an antibody against caspase-3. The blots were
probed with an antibody against a-tubulin to show equal loading. A representative experiment out of two performed is shown. B, DCs were suspended in 0.1%
BSA in RPMI and then incubated for 40 h either in this medium alone (=) or in medium including AICAR (1 mm) or A769662 (25 um), either in the absence
(control) or in the presence of 10 ug/ml pan caspase inhibitor z-VAD-FMK. The apoptotic DCs observed in medium alone (—) untreated with z-VAD-FMK were
given an arbitrary value of 1, and the -fold increase of apoptosis in the other samples was referred to this value. Results shown represent the mean = S.D. (n =
5). ns indicates non-significant differences. C, mnDCs were nucleofected either with random siRNA (control siRNA) or with a siRNA specific for AMPK (AMPKa1
siRNA). Panel a, 36 h after nucleofection, mDCs were washed in RPMI, and then an equal number of live DCs, determined by trypan blue exclusion, were
subjected to Western blotting with an anti-AMPKa antibody. To confirm equal loading, the blots were reprobed with an antibody reacting with B-actin. Panel
b, samples of DCs nucleofected either with control or with AMPKa1 siRNA were washed in RPMI, and then an equal number of live DCs, determined by trypan
blue exclusion, were transferred to 0.1% BSA in RPMI for an additional 24 h. At the end of this period, the DCs were stained with Hoechst. The number of
apoptotic DCs observed in the control siRNA nucleofected DCs was given an arbitrary value of 1, and the number of apoptotic DCs observed in AMPK
siRNA-transfected DCs was referred to this value. Results shown represent the mean + S.D. (n = 3).

ments, we did not observe any change in the expression of the
pro-survival Bcl2 member Bcl-; (not shown). Together, these
results suggest that AMPK could induce apoptosis in DCs by
promoting translocation of pro-apoptotic FOXO1 to the
nucleus, which up-regulates the expression of the pro-apopto-
tic Bim.

Because it has been shown that AMPK inhibits the kinase
mammalian target of rapamycin complex 1 (mTORC1) (36, 37),
and mTORCI1 has been shown to mediate the pro-survival sig-
naling of the kinase Akt (38), we hypothesized that active
AMPK may induce apoptosis by interfering with the pro-sur-
vival signaling induced from mTORCI1 in DCs. To test this con-
cept first, we analyzed whether mTORC]1 plays a pro-survival
role in DCs. Inhibition of mTORC1 by treating the DCs with
the highly selective inhibitor rapamycin (RAPA) induces apo-
ptosis, indicating that mTORC1 promotes survival in these
cells (Fig. 2C). Next we studied whether CCR7 could also
induce activation of mMTORCI. As shown in Fig. 2D, simulation
of CCR7 with CCL21 induces phosphorylation/inhibition of
the mTORC upstream inhibitory molecule TSC2 and an

830 JOURNAL OF BIOLOGICAL CHEMISTRY

increase in the phosphorylation of 4EBP1, a direct downstream
target of mTORC (Fig. 2D), together indicating that CCR7
induces activation of mTORCI. Finally, we analyzed whether
active AMPK could inhibit CCR7-dependent activation of
mTORCI1 (Fig. 2E). The treatment of the DCs with A769662 or
AICAR, which, as indicated by the elevated levels of active/
phosphorylated AMPK (Thr-172), induced activation of AMPK
(Fig. 2E), also inhibited mTORCI activity, as indicated by the
reduction in the phosphorylation of 4EBP1 (Fig. 2E). Together,
these results indicate that in DCs, active AMPK may also pro-
mote apoptosis by inhibiting mTORCI1.

Stimulation of CCR7 Receptor Induces Phosphorylation/Inhi-
bition of AMPK—As we have shown previously that stimulation
of CCR7 protects mDCs from apoptosis (10, 11), we hypothe-
sized that this receptor could also induce inhibition of pro-
apoptotic AMPK in these cells. To test this hypothesis, the
mDCs were treated with CCL21 for various times and then
lysed in sample buffer. Subsequently, we examined the activity
of AMPK using an antibody that recognizes the phosphory-
lated/inactive form of AMPKal (p-Ser-485). Stimulation with
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FIGURE 2. Active AMPK may promote apoptosis by inducing translocation of FOXO1 to the nucleus and by inhibiting mTORC1. A, panel a, the DCs were
transfected with vector or FOXO1-GFP, and 6 h after transfection, the cells were resuspended in 10% FCS RPMI and then either kept untreated (Control) or
treated with AICAR (1 mm), A769662 (25 um), or LY294002 (LY, 100 um) for an additional 2.5 h. Subsequently, the DCs were plated onto polyornithine-coated
coverslips, fixed, permeabilized, and stained with Hoechst 33342. The DCs were examined with a fluorescence microscope. Scale bar represents 20 wm. Panel
b, bar diagram representing the percentage of vector- or FOXO1-GFP-transfected DCs with GFP staining concentrated in the nucleus. Results shown represent
the mean = S.D. (n = 3). B, DCs were suspended in 0.1% BSA in RPMI and then kept untreated (—) or stimulated with A769662 (25 um) or AICAR (1 mm) for 16 h.
Aliquots of the DCs were subjected to a Western blot with an Ab against Bim. Blots were reprobed with an antibody reacting with B-actin to show equal loading
(a representative experiment is shown). C, panel a, the DCs were suspended in 0.1% BSA in RPMI and then treated (+) or not (—) for 40 h with RAPA (100 nm).
DCs maintained in 10% FCS in RPMI were used as negative controls. The DCs were plated on polyornithine-coated coverslips, fixed, and stained with Hoechst,
and the apoptotic cells were examined as indicated under “Experimental Procedures.” Results shown represent the mean = S.D. (n = 3). Panel b, to confirm that
RAPA inhibited mTORC1, aliquots of the control or RAPA-treated DCs from panel a were stimulated (+) or not (—) with CCL21 (15 nm). Subsequently, the DCs
were lysed and analyzed by SDS-PAGE, followed by Western blotting. The blots were analyzed with Abs against phosphorylated 4EBP1 (Thr-37/46) or
phosphorylated Akt (Ser-473). To show equal loading, the membranes were reprobed with an Ab against Akt. D, DCs (100,000 cells), suspended in 0.1% BSA in
RPMI, were stimulated for the indicated times with CCL21 (15 nm) and then lysed and analyzed by SDS-PAGE, followed by Western blotting with Abs against
phosphorylated TSC2 (Thr-1462) or phosphorylated 4EBP1 (Thr-37/46). To show equal loading, the membranes were reprobed with Abs against total 4EBP1.
A representative experiment out of three performed is shown. E, the DCs were suspended in 0.1% BSA in RPMI and then kept untreated (Control) or treated with
A769662 (25 um) or AICAR (1 mm) for 60 min. Subsequently, the DCs were stimulated (+) or not (=) with CCL21 (15 nm) and then lysed and analyzed by
SDS-PAGE, followed by Western blotting. The blots were analyzed with Abs against phosphorylated 4EBP1 (Thr-37/46) or phosphorylated AMPKa (Thr-172). To
show equal loading, the membranes were reprobed with an Ab against AMPKa.

Control A769662 AICAR
ccL2t - + - + - +

p-AMPKa (T172)

AMPKa

CCL21 (Fig. 3A) or CCL19 (not shown) induced inactivation of
AMPK, which remained at relatively high levels until 60 min
and only decayed after 120 min (Fig. 3A4). Consistent with these
results, stimulation of CCR7 caused also a reduction of the
phosphorylation of the AMPK substrate ACC (Fig. 3B). When
we used an antibody that recognizes the active form of AMPK
(p-Thr-172), it was observed that stimulation of CCR7 also led
to reduced levels of this active form of AMPK (Fig. 3B). Finally,
the treatments of the mDCs with Compound C, a selective
inhibitor of AMPK (24), blunted the phosphorylation of the
active form of AMPK (p-Thr-172) (Fig. 3C, panel a), but failed
to affect the CCR7-induced phosphorylation of Ser-485 on
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AMPK (Fig. 3C, panel b). Because AMPK activity is completely
blunted after the treatment with Compound C, these results
indicate that upon stimulation of CCR7, the phosphorylation of
AMPK on Ser-485 was not due to an autophosphorylation
event, but to the activity of an upstream kinase. In summary,
these experiments indicate that stimulation of CCR7 in mDC
causes phosphorylation on Ser-485 and inhibition of AMPK,
which is mediated by an upstream kinase.

Activation of AMPK Induces Apoptosis of Murine DCs in the
Lymph Nodes—We studied whether active AMPK could also
play a pro-apoptotic role in the LNs, the setting where DCs
present antigens to naive T-cells during the initiation of the
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FIGURE 3. Stimulation of CCR7 induces phosphorylation/inhibition of
AMPK. A, DCs (100,000 cells), suspended in 0.1% BSA in RPMI, were stimu-
lated for the indicated times with CCL21 (15 nm) and then lysed and analyzed
by SDS-PAGE, followed by Western blotting with Abs against phosphory-
lated/inhibited AMPKa1 (Ser-485). To show equal loading, the membranes
were reprobed with Abs against total AMPKa. A representative experiment
out of three performed is shown. B, DCs (100,000 cells), suspended as in A,
were stimulated with CCL21 for the indicated times and then extracted and
subjected to a Western blotting with Ab against phospho-ACC (Ser-79) and
against phosphorylated/active AMPKe (Thr-172). To show equal loading, the
membrane was reprobed with an Ab against total AMPKe. A representative
experiment out of three performed is shown. C, panel a, DCs, suspended as in
panel a, were either untreated (Control) or treated with AMPK inhibitor Com-
pound C (Comp. C, 20 um) for 60 min. Control and Compound C-treated DCs
were stimulated with CCL21 (15 nm) for 5 min, and subsequently, lysed and
subjected to Western blot analysis with Abs against phospho-AMPKa (Thr-
172) and AMPKa. A representative experiment out of three performed is
shown. Panel b, aliquots of the control or Compound C-treated samples, stim-
ulated or not with CCL21, were used to analyze the activity of AMPK using the
anti-phosphorylated AMPKa1 (Ser-485) antibody. To show equal loading, the
membrane was reprobed with an Ab against total AMPKa.

immune response. Before performing the experiment in vivo,
we first analyzed whether the treatment with AMPK activators
also induced apoptosis in the splenic mDCs in vitro. Treatment
with AICAR and A769662 significantly enhanced the activity of
AMPK (Fig. 4A, panel a) and the apoptosis of the cells (Fig. 44,
panel b), indicating that active AMPK is also pro-apoptotic in
splenic mDCs in culture. Furthermore, stimulation of splenic
mDCs with murine CCL19 or CCL21 also induced, as in human
mDCs, phosphorylation of AMPK on Ser-485 (Fig. 4B).

As it is known that conventional mDCs that arrive from
peripheral tissues to the LNs become largely apoptotic in these
regions (26, 39), we studied whether activators of AMPK could

832 JOURNAL OF BIOLOGICAL CHEMISTRY

enhance the percentage of apoptotic mDCs inside the PLNS,
which would indicate that active AMPK plays pro-apoptotic
roles in these cells in vivo. For this purpose, C57BL/6 mice were
injected subcutaneously in the hind footpad with CFSE-labeled
splenic DCs. After 36 h, a time at which, as we previously dem-
onstrated (26), there are a significant number of CFSE-labeled
DCs positioned in the PLNSs, the mice were injected intraperi-
toneally with 100 wmol of A769662. Control animals were
injected with the same amount of vehicle (Fig. 4C, panel a).
After an additional 4.5 h, the animals were injected intrave-
nously with SR-FLIVO, a poly-caspase binding inhibitor probe
(VAD-FMK) conjugated to a fluorescent dye that binds irre-
versibly to apoptotic caspases and allows the detection of apo-
ptotic cells in vivo (10, 25, 26, 31). 1 h after the injection of
SR-FLIVO, the mice were sacrificed, and the PLNs were
obtained and analyzed by two-photon microscopy. In these
experiments, if AMPK is pro-apoptotic, an enhanced SR-
FLIVO staining in the mDCs in the PLNs obtained from the
A769662-treated animals would be expected when compared
with the vehicle-treated controls. Consistent with this predic-
tion, mice injected with A769662 displayed a significant
increase in the percentage of SR-FLIVO-labeled CFSE-DCs,
indicating that active AMPK plays pro-apoptotic roles in the
mDCs in vivo (Fig. 4C, panels b and c). We also observed induc-
tion of apoptosis in the DCs inside the PLNs when the mice
were injected with AICAR (not shown). In summary, the prior
experiments indicate that active AMPK promotes apoptosis of
mDCs both in vivo and in vitro.

CCR7-dependent Inhibition of AMPK in mDCs Is Mediated
by G, and Gy, but Not by PI3K/Akt or S6K—In the next exper-
iments, we studied the signaling pathway that could regulate
the phosphorylation/inhibition of AMPK downstream of
CCR7. As the G; protein family of G proteins and the Gy
dimers associated to these proteins mediate CCR7-dependent
survival in mDCs (10, 11), we tested their involvement in the
control of CCR7-dependent inhibition of AMPK. G;-mediated
signaling was blocked by treating the mDCs with the selective
inhibitor pertussis toxin (PTX), and GBy-mediated signaling
was blocked by treating the cells with Gallein (40). The
observed inhibition of the CCR7-dependent phosphorylation
of ERK1/2 (Fig. 5A, panels a and b), two kinases known to be
regulated by G, and GBvy (10, 27), indicated that both PTX and
Gallein efficiently blocked their targets. The treatment with
PTX or Gallein also blunted the CCR7-induced phosphoryla-
tion of AMPK on Ser-485 (Fig. 5A, panels a and b), indicating
that G; and G+ regulate the phosphorylation of AMPK on
Ser-485 downstream of CCR7.

Stimulation of CCR7 induces activation of Akt in mDCs (10,
11,41), which is also controlled by the G; family of proteins (10,
11). As Akt mediates the phosphorylation of Ser-485 on AMPK
in a variety of cell types (18, 22, 23, 42), we analyzed whether it
could also play a similar role downstream of CCR7 in mDCs.
Surprisingly, the blocking of the activity of Akt, with the PI3K
inhibitor LY294002 (Fig. 5B, panel a) or with the selective Akt
inhibitor Aktil/2 (43) (Fig. 5B, panel b), failed to affect CCR7-
dependent phosphorylation of AMPK on Ser-485, indicating
that Akt does not mediate CCR7-dependent inhibition of
AMPK in mDCs. Further emphasizing that Akt and AMPK are
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FIGURE 4. Activation of AMPK increases the apoptosis of dendritic cells in vitro and in the lymph nodes. A, panel a, splenic mDCs (500,000 cells) suspended
in 10% FCS in RPMI were kept unstimulated (Control) or stimulated for the indicated times with AICAR (1 mm) or A769662 (25 um) and then lysed and analyzed
by SDS-PAGE, followed by Western blotting with Abs against phospho-AMPKa (Thr-172), total AMPKa and B-actin. A representative experiment out of five
performed is shown. Panel b, aliquots of the splenic DCs treated as in panel a for 2 h were fixed and stained with Hoechst 33342 to detect apoptotic DCs. The
number represents the -fold increase in the number of apoptotic DCs respect to the number of apoptotic DCs observed in the controls that was considered as
1.Results represent the mean = S.D. (n = 6 experiments). B, splenic DCs (500,000 cells) suspended in 0.1% BSA in RPMI were stimulated for the indicated times
with murine CCL19 or CCL21 (both at 15 nm) and then lysed and analyzed by SDS-PAGE, followed by Western blotting with Abs against phospho-AMPK«a1
(Ser-485), total AMPKa, and S-actin. A representative experiment out of five performed is shown. C, panel a, experimental protocol. 2 X 10° CFSE-labeled
splenic DCs were injected in the footpads of recipient mice. After 36 h, the animals were injected intraperitoneally with 100 umol of A769662 or a similar
volume of vehicle DMSO. After an additional 4.5 h, mice were injected (intravenously) with SR-FLIVO to stain apoptotic DCs in the LNs. After 1 h, the popliteal
LNs were extracted, fixed, and subjected to two-photon analysis. Panel b, representative SR-FLIVO staining displayed by CFSE-labeled DCs obtained from the
LNs of animals treated either with A769662 or with DMSO. The LNs of the mice were extracted and studied by two-photon microscopy as indicated under
“Experimental Procedures.” Panel ¢, the stacks of optical images of the LNs were examined with the Leica confocal software, and the values of the maximum
amplitude of the SR-FLIVO and CFSE channel were obtained as indicated previously (see “Experimental Procedures”). Data from two experiments are pre-
sented. The data are represented as maximum intensity of SR-FLIVO over maximum intensity of CFSE for each individual DC in an LN. For A769662-treated
animals, 74 DCs were analyzed in Experiment 1 (Exp 1), and 26 DCs were analyzed in Experiment 2 (Exp 2); for DMSO vehicle-treated animals, 171 DCs were
analyzed in Experiment 1 (Exp 1), and 237 DCs were analyzed in Experiment 2(Exp 2).

independently regulated, the inhibition of AMPK, by treating may also directly phosphorylate AMPK on Ser-485 (21). There-
the mDCs with Compound C, did not affect the CCR7-depen- fore, we studied whether inhibition of S6K could block CCR7-
dent phosphorylation of Akt (not shown). dependent phosphorylation of AMPK on Ser-485. To inhibit

Stimulation of CCR?7 also induces activation of the mamma-  S6K, we treated the mDCs with pharmacological agents that
lian target of rapamycin complex 1 (mTORC1) (Fig. 5C), which  block either Akt (Akti) or mTORC1 (RAPA or KU0063794),
promotes survival in mDCs (Fig. 2C). Recently, it has been  both upstream regulators of S6K (44) (Fig. 5D). To analyze S6K
shown that S6K, a molecule that is regulated by mTORC1 (44), activity, we used an antibody that recognizes a phosphorylated/
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FIGURE 5. Signaling downstream of CCR7 regulating the phosphorylation of AMPKa1 on serine 485. A, panel a, DCs (100,000 cells) in complete medium
were either kept untreated (Control) or treated with PTX (100 ng/ml) for 180 min. Subsequently, the DCs were washed and suspended in 0.1% BSA in RPMI.
Control and PTX-treated DCs were stimulated with CCL21 (15 nm) for 5 min and subsequently lysed and subjected to Western blotting with the Ab against
phosphorylated AMPKa1 (Ser-485) or phosphorylated ERK1/2 (Thr-202/Tyr-204 ERK1/Thr-185/Tyr-187 ERK2). ERK2 levels show equal loading of the gels. A
representative experiment out of three performed is shown. Panel b, DCs, untreated or pretreated with the GBvy inhibitor Gallein (40) for 15 min, were
stimulated or not with CCL21 for 5 min and then lysed, and aliquots were subjected to Western blotting with an Ab against phosphorylated AMPKa1 (Ser-485)
and phosphorylated ERK1/2 as in panel a. ERK2 levels show equal loading of the gels. A representative experiment out of three performed is shown. B, DCs
suspended in 0.1% BSA in RPMI were either left untreated (Control) or pretreated for 60 min with the PI3K inhibitor LY294002 (LY, 100 um, 60 min) (panel a) or
Akti (5 um) (panel b). The DCs were subsequently stimulated or not with CCL21 (15 nm) for 5 min and then lysed, and aliquots were subjected to Western blot
with the Ab against phosphorylated/inhibited AMPKa1 (Ser-485) or against phosphorylated/active Akt1 (Ser-473). B-Actin levels show equal loading of the
gels. A representative experiment out of three performed is shown. C, DCs (100,000 cells), suspended in 0.1% BSA in RPMI, were stimulated for the indicated
times with CCL21 (15 nm) and then lysed and analyzed by SDS-PAGE, followed by Western blotting with Abs against phosphorylated TSC2 (Thr-1462),
phosphorylated mTOR (Ser-2448), or phosphorylated 4EBP1 (Thr-37/46). To show equal loading, the membranes were reprobed with Abs against total TSC2
and mTOR. D, DCs suspended in 0.1% BSA in RPMI were either left untreated (Control) or pretreated for 60 min with Akti (5 um), RAPA (100 nm), or KU0063794
(Ku) (500 nm). The DCs were subsequently stimulated or not with CCL21 (15 nm) for 5 min. The DCs were then lysed and analyzed by Western blotting with Abs
against phosphorylated/inactive AMPKa1 (Ser-485), phosphorylated/active S6K (Thr-389), and phosphorylated/active Akt (Ser-473). Membranes were also
probed with antibodies that recognize total S6K and AMPKa.

active form of this kinase (p-S6K (Thr-389)). Treatment of the
mDCs with the inhibitors Aktil/2 (43), rapamycin (43, 45), and
Ku (46), to inhibit Akt, nTORC1 and mTORC1/2, respectively,
blunted, as expected, the activation of S6K. However, despite
strong inhibition of S6K, the CCR7-dependent phosphoryla-
tion of AMPK on Ser-485 was not affected (Fig. 5D). These
results indicate that Akt, mTORC1, mTORC2, and S6K do not
mediate CCR7-dependent inhibition of AMPK in mDCs (see
model in Fig. 9).

CCR7-dependent Inhibition of AMPK in DCs Is Mediated by
MEK/ERK—Upon stimulation of the mDCs with CCL21, we
observed similar kinetics in the activation of the kinases MEK1/
2/ERK1/2 and phosphorylation of AMPK on Ser-485 (Fig. 6A4).
Therefore, we studied whether MEK1/2/ERK1/2 could mediate
the phosphorylation of AMPK on Ser-485 downstream of

834 JOURNAL OF BIOLOGICAL CHEMISTRY

CCR7. Treatment of the cells with UO126 (Fig. 6B) or
PD03255901 (Fig. 6C), two potent and selective inhibitors of
MEK1/2 (45) and, consequently of ERK1/2, the only known
downstream targets of MEK1/2 (47), blunted CCR7-dependent
phosphorylation of AMPK, indicating that MEK1/2 regulates
the phosphorylation of AMPK on Ser-485 downstream of
CCRY7. In the next experiments, we studied whether ERK1/2
could also regulate AMPK phosphorylation on Ser-485. Our
attempts to reduce the expression of ERK1 or ERK2 in mDCs
using siRNAs were unsuccessful. Although the siRNAs used
readily blunted ERK1 and ERK2 expression in HL-60 cells, we
were unable to reduce the levels of these two kinases in mDCs
(not shown). Therefore, we decided to use two pharmacological
inhibitors to block ERK1/2 activity, namely, CAY10561 (Fig.
7A) and FR180204 (Fig. 7B). CAY10561 displays a high selec-
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FIGURE 6. CCR7-dependent phosphorylation/inhibition of AMPK is mediated by MEK. A, DCs (100,000 cells) suspended in 0.1% BSA in RPMI were
stimulated for the indicated times with CCL21 (15 nm) and then lysed and analyzed by SDS-PAGE, followed by Western blotting with Abs against phosphory-
lated AMPKa1 (Ser-485), MEK1/2 (Ser-217/221), or ERK1/2 (Thr-202/Thr-204 ERK1/Thr-185/Tyr-187 ERK2). To show equal loading, the membranes were rep-
robed with an Ab against AMPKa. A representative experiment out of three performed is shown. B, panel a, DCs suspended in 0.1% BSA in RPMI were either left
untreated (Control) or pretreated with UO126 (2.5 um, 60 min). The mDCs were subsequently stimulated or not with CCL21 for 5 min and then lysed, and the
aliquots were subjected to Western blot with an antibody against phosphorylated/inactive AMPK«a1 (Ser-485) or phosphorylated active ERK1/2 (Thr-202/Tyr-
204 ERK1/Thr-185/Tyr-187 ERK2). a-Tubulin (a-TUB) levels show equal loading of the gels. A representative experiment out of three performed is shown. Panel
b, -fold increase in the phosphorylation of AMPK in control and UO126 (UO)-treated mDCs, upon stimulation with CCL21. In both control and UO126-treated
DCs, the degree of phosphorylation of the unstimulated DCs was given an arbitrary value of 1, and -fold increase in the CCL21-stimulated mDCs was
represented. Panel ¢, similar to panel b with the difference that -fold increase in phosphorylation of ERK1/2 was examined. C, panel a, the experiments were
performed as described in B, with the only difference that the DCs were treated with PD325901 (1 um, 60 min). Panels b and ¢, similar to panels b and cin B, with

the only difference that PD325901 was used. ns indicates non-significant differences.

tivity against ERK when tested against a panel of 184 related
kinases (48, 49), and FR180 displays a high selectivity against
ERK when tested against eight related kinases (50). As shown in
Fig. 7, A and B, although the effects of CAY10561 and FR180
displayed higher variability when compared with the effects of
the MEK1/2 inhibitors, both agents blocked CCR7-dependent
phosphorylation of AMPKla on Ser-485. Therefore, these
results indicate that ERK1/2 can mediate the effects of MEK1/2
to induce inhibition of AMPK. As the pharmacological block-
ing of MEK1/2 and ERK1/2 prevents the phosphorylation/inhi-
bition of AMPK, which plays pro-apoptotic roles, we predicted
that treatment of the mDCs with the inhibitor would reduce the
pro-survival effects induced by stimulation of CCR7. As shown
in Fig. 7C, as expected, the pretreatment of the mDCs with the
inhibitors of MEK1/2 or ERK1/2 reduced the pro-survival
effects induced by the stimulation of CCR7, although at an
extent slightly lower than that induced by inhibition of Akt.
ERK Associates to AMPK—As active MEK/ERK are required
to observe phosphorylation of AMPK on Ser-485 downstream
of CCR7, we studied the possibility that these molecules could
associate to AMPKa in mDCs. We immunoprecipitated the
endogenous AMPKe from cultures of mDCs and then carried
out a Western blotting to analyze for the presence of ERK1 or
MEKI1 in the immunoprecipitates. As shown in Fig. 84, we

SASBMB

JANUARY 9, 2015 «VOLUME 290-NUMBER 2

observed that AMPKa and ERK1 interacted both in unstimu-
lated and in CCL21-stimulated mDCs, suggesting that these
two proteins are able to associate, directly or indirectly, consti-
tutively. In contrast, we did not detect MEK1 in the AMPKa
immunoprecipitates (not shown). Because direct or indirect
protein-protein associations cannot be discriminated by im-
munoprecipitation, to study whether AMPKa and ERK1 could
interact directly each other, we performed a PLA (51, 52). This
isa novel microscopy technique that allows detecting, with high
specificity and sensitivity, close proximity between two pro-
teins (<40 nm), suggesting direct interactions between these
two molecules (30, 51, 52). The mDCs were plated on polyor-
nithine-coated dishes, and then they were stimulated with
CCL21 and finally subjected to a PLA analysis. Negative con-
trols where single antibodies against ERK1 (Fig. 8B, panel a),
AMPKI1a (Fig. 8B, panel a), or MEK1 (Fig. 8B, panel b) were
used showed no PLA fluorescence. Interestingly, we observed
PLA fluorescence signal between the pair ERK1/AMPKa only
in CCL21-stimulated mDCs, but not in unstimulated mDCs,
suggesting that stimulation of CCR7 induces proximity
between these two kinases (Fig. 8B, panel c). Consistent with
immunoprecipitation results, we did not observe PLA fluores-
cent signal between the pair MEK1/AMPKa« (not shown). Anal-
ysis of the interaction between ERK1 and MEK1, which was
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FIGURE 7. CCR7-dependent phosphorylation/inhibition of AMPK is mediated by ERK. A, panel a, DCs suspended in 0.1% BSA in RPMI were either left
untreated (Control) or pretreated with CAY10561 (CAY, 20 uMm, 2,5 h). The DCs were stimulated with CCL21 (15 nm) for 5 min and then lysed, and aliquots were
subjected to Western blot with antibodies against phosphorylated/inactive AMPKa1 (Ser-485), total AMPKe, phosphorylated active ERK1/2 (Thr-202/Tyr-204
ERK1/Thr-185/Tyr-187 ERK2), or total ERK2. A representative experiment out of five performed is shown. Panel b, -fold increase in AMPK phosphorylation in
control and CAY10561-treated mDCs, upon stimulation with CCL21. In both control and CAY10561-treated DCs, the degrees of phosphorylation of the
unstimulated DCs were given an arbitrary value of 1, and the -fold increase in the CCL21-stimulated mDCs was represented. Panel ¢, similar to panel b with the
difference that -fold increase in phosphorylation of Erk1/2 was examined. In panels b and ¢, the results represent the mean = S.D. (n = 5 experiments). ns
indicates non-significant differences. B, panel a, experiments were performed as described in A, with the differences that FR180 (100 um, 60 min) was used and
that anti-total ERK1/2 shows equal loading of the gels. A representative experiment out of three performed is shown. Panel b, similar to panel b in A, with the
difference that -fold increase in AMPK phosphorylation was examined in the presence of FR180 as indicated in panel ain B. Panel ¢, experiments similar to panel
cin A with the difference that -fold increase in phosphorylation of Erk1/2 was examined in the presence of FR180 as indicated in panel a in B. In panels b and c,
theresults represent the mean = S.D. (n = 3 experiments). ns indicates non-significant differences. C, relative number of apoptotic DCs in unstimulated (—) and
CCL21-stimulated DCs (+), after treating the mDCs with Akti, the MEK1/2 inhibitor UO126 (UO), or the ERK1/2 inhibitor CAY10561 (CAY). Results represent the
mean = S.D. (n = 5 experiments).

used as a positive control, also showed intense PLA fluores-
cence in the stimulated, but not in the unstimulated, mDCs
(Fig. 8B, panel d). In summary, these results show that ERK and
AMPK may be part of a similar protein complex, and in this
complex, active ERK may control the phosphorylation of
AMPK on Ser-485.

DISCUSSION

CCR7 directs mDCs to the LNs where the initiation of the
immune response takes place. Previously, we showed that in
addition to chemotaxis, CCR7 can promote survival in mDCs
through the kinase Akt (10—12), which controls survival by
inducing activation of NF«B and inhibition of FOXO1/3 and
GSK3B (10-12). To get further insights on the mechanisms
used by CCR7 to induce survival in mDCs, herein we have ana-
lyzed the involvement of the kinase AMPK in this process. Our

836 JOURNAL OF BIOLOGICAL CHEMISTRY

results indicate that in mDCs, AMPK can play pro-apoptotic
roles in vitro and in vivo.

The phenotypical features presented by the DCs that die after
inducing activation of AMPK suggest that this kinase may induce
an apoptotic type of death. In this regard, AMPK-dependent death
is inhibited by the pan-caspase inhibitor z-VAD-FMK; it associ-
ates to caspase 3 activation, to the fragmentation of the nucleus,
and to the increase in the expression of the pro-apoptotic Bcl2
family member Bim. Our results indicate that AMPK may pro-
mote apoptosis, at least partially, by inducing translocation to the
nucleus of FOXO1, a transcription factor that plays pro-apoptotic
roles in mDCs through the regulation of the expression of Bim (10,
25, 26), and by inhibiting mTORC]1, a kinase complex controlled
by CCR?7 that also induces survival in mDCs (10, 26). In other cell
types, AMPK has also been shown to be able to promote apoptosis
using these two mechanisms (36, 53, 54).
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FIGURE 8. AMPKa« interacts with ERK1. A, equal number of DCs, stimulated (+) or not (—) with CCL21 (15 nm), were subjected to immunoprecipitation (/P) with
anti-AMPKa antibody or with IgG control, and subsequently, the immunoprecipitates were separated by SDS-PAGE, followed by Western blotting (WB) with
anti-ERK1 or anti-AMPKa antibodies. A lysate of DCs was used as positive control. Aliquots of the lysates used to immunoprecipitate AMPK were analyzed for
Western blotting for the presence of B-actin to demonstrate equal amount of proteins immunoprecipitated (not shown). B, interaction between ERK1 and
AMPKa in mDCs was detected as fluorescent signals using the PLA. Panels a and b, PLA negative controls performed by labeling the DCs only with the anti-ERK1
or anti-AMPKa antibodies plus the anti-rabbit MINUS and the anti-goat PLUS (panel a) and the anti-MEK1 antibody and the anti-rabbit MINUS and the
anti-mouse PLUS probes (panel b). Nomarski images and nuclei stained with Hoechst 33342 are also shown. Scale bar, 10 um. In panels a and b, the number of
fluorescent signals per cell was also quantified. At least 40 cells per field were counted. Results represent the mean = S.D. (n = 3 experiments). Panel ¢, PLA
fluorescent staining, indicating interaction between ERK1 and AMPKe, after CCL21 stimulation. Panel d, positive control. PLA fluorescent staining between
MEK1 and ERK1 upon CCL21 stimulation is shown. Nomarski images and nuclei stained with Hoechst 33342 are also shown. Scale bar, 10 wm. In panels cand d,
the number of fluorescent signals per cell was also quantified. At least 40 cells per field were counted. Results represent the mean = S.D. (n = 3 experiments).
ns indicates non-significant differences.

Consistent with its pro-survival role of the chemokine
receptor CCR7 (11), we observed that its stimulation induces

FOXO to the nucleus of DCs, from where it can regulate
apoptosis. Thus, CCR7-mediated inhibition of AMPK may

a rapid phosphorylation/inhibition of pro-apoptotic AMPK
on Ser-485 (18 -21). This inhibition of AMPK may promote
DC survival through the effects that can be exerted on FOXO
and mTORCI. Previously, we showed that stimulation of
CCR?7 induces activation of Akt, which, upon phosphoryl-
ating nuclear FOXO, induces its translocation to the cyto-
plasm (10, 11), preventing this factor from exerting pro-apo-
ptotic effects through Bim. However, in contrast to Akt,
active AMPK promotes, as shown above, the translocation of
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prevent this kinase from opposing the effects of Akt on
FOXO, facilitating the complete translocation of FOXO to
the cytoplasm. Moreover, CCR7-dependent inhibition of
AMPK may also be able to prevent this kinase from inhibit-
ing the pro-survival effects exerted by mTORCI1. Thus,
CCR7-mediated inhibition of AMPK may contribute to the
extended survival of the DCs.

These results suggest that downstream of CCR7, the
kinases MEK/ERK, but not Akt or S6K, mediate the phos-
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phorylation of AMPK on Ser-485. Our results also indicate
that ERK and AMPK may be components of a signaling com-
plex where active ERK controls the phosphorylation of
AMPK on Ser-485. Interestingly, these data contrast with
prior results, obtained in other cell types, where it has been
indicated that AMPK promotes inhibition of ERK (55-58),
pointing out context-dependent differences in the mecha-
nisms used by these two molecules to regulate each other.
Previously, it has also been shown that infection of PK-15
cells with porcine circovirus type 2 (PCV2) also promotes
interaction between AMPK and ERK (58). To the best of our
knowledge, our work is the first study indicating that MEK/
ERK can mediate the inhibition of AMPK by regulating Ser-
485 phosphorylation.

The results obtained also indicate that MEK/ERK can reg-
ulate mDC survival. Until now, we had overlooked a role for
MEK/ERK as regulators of CCR7-dependent survival in
mDCs, probably due to the relatively less important role of
these kinases as regulators of this function when compared
with Akt. In most early experiments, the effects of MEK/ERK
on mDC survival were analyzed after relatively short periods
(6-10 h). Under these conditions, the effects of interfering
with MEK/ERK on survival were negligible when compared
with those induced by Akt inhibition. Only when apoptosis
was analyzed after longer treatment with ERK1/2 inhibitors
(24 —40 h) did MEK/ERK emerge as a regulator of mDC sur-
vival, although still less potent than Akt. In Fig. 9, we present
a model that summarizes the results obtained regarding the
signaling mechanisms involved in the phosphorylation/inhi-
bition of AMPK.

The results indicating that MEK/ERK, but not Akt, control
AMPK phosphorylation on Ser-485 were unexpected for sev-
eral reasons. First, we have shown previously that Akt is a key
mediator of CCR7-dependent survival in mDCs (10, 11). Sec-
ond, CCR7-mediated activation of Akt and phosphorylation of
AMPK on Ser-485 were both mediated by G,, suggesting that
the CCR7-G;-Akt axis may regulate the phosphorylation of
AMPK. Third, Akt inhibits AMPK by directly phosphorylating
Ser-485 on AMPK in several other cell types (18, 22, 23, 42).
However, despite these prior results, we observe that inhibition
of Akt or S6K, another kinase involved recently in the regula-
tion of the phosphorylation of AMPK on Ser-485 (21), failed to
block the phosphorylation of this residue upon stimulation of
CCR?7. In contrast, inhibition of MEK or its direct target ERK
blocked CCR7-dependent phosphorylation of AMPK on Ser-
485. Therefore, MEK/ERK emerge as novel regulators of the
phosphorylation/inhibition of AMPK and, consequently, the
survival of mDCs in addition to Akt. Interestingly MEK-ERK
dependent phosphorylation of AMPK on Ser-485 seems cell-
and/or receptor-specific because in granulosa cells, MEK/ERK
inhibition was ineffective in preventing the FSH-mediated
phosphorylation of AMPK on Ser-485 (22). These disparate
results regarding the roles of Akt, S6K, and MEK/ERK on the
phosphorylation of Ser-485 emphasize the combinatorial char-
acter of the signaling pathways and the importance of a detailed
knowledge of the specific pathways used by specific receptors in
each cell type. In summary, the data presented herein indicate
that CCR7 may use the MEK-AMPK axis, in addition to Akt-
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FIGURE 9. CCR7-stimulated phosphorylation-inhibition of AMPK. Stimu-
lation of CCR7 with CCL19 or CCL21 induces G, GBy-mediated activation of
the kinases MEK1/2/ERK1/2. CCR7 also induces activation of the PI3K/Akt/
mTORC1/4EBP1 and S6K pathways, which promote survival in mDCs.
Active AMPK induces apoptosis in mDCs by inhibiting the pro-survival
effects of mMTORC1 and by promoting translocation of the transcription
factor FOXO to the nucleus, where it can control the expression of the
pro-apoptotic Bcl2 family member Bim. Stimulation of CCR7 regulates,
through the G, GBy/MEK1/2-ERK1/2 pathway (and independently of the
P13K/Akt/mTORC1pathway), the phosphorylation of the kinase AMPK on
Ser-485, which results in the inhibition of this kinase and the consequent
dampening of its pro-apoptotic effects. Therefore, CCR7 promotes sur-
vival in DCs through Akt-dependent mechanisms described previously
(10-12) and by promoting MEK/ERK-dependent inhibition of AMPK.

dependent mechanisms (10 -12), to promote survival in mDCs.
These results add a novel component to the array of signals
relayed from CCR7 to promote the survival of mDCs and pro-
vide new potential targets to modulate the function of these
cells in the immune system.
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Formoterol decreases muscle wasting as well as inflammation in the
rat model of rheumatoid arthritis. Am J Physiol Endocrinol Metab
310: E925-E937, 2016; doi:10.1152/ajpendo.00503.2015.—Adju-
vant-induced arthritis is an experimental model of rheumatoid arthritis
that is associated with body weight loss and muscle wasting. [3»-
adrenergic receptor agonists are powerful anabolic agents that trigger
skeletal muscle hypertrophy and have been proposed as a promising
treatment for muscle wasting in human patients. The aim of this work
was to determine whether formoterol, a selective (3>-adrenoreceptor
agonist, is able to ameliorate muscle wasting in arthritic rats. Arthritis
was induced in male Wistar rats by intradermal injection of Freund’s
adjuvant. Control and arthritic rats were injected daily with 50 pg/kg
sc formoterol or saline for 12 days. Body weight change, food intake,
and arthritis index were analyzed. After euthanasia, in the gastrocne-
mius mRNA was analyzed by PCR, and proteins were analyzed by
Western blotting. Arthritis decreased gastrocnemius weight, cross-
sectional area, and myofiber size, whereas formoterol increased those
variables in both arthritic and control rats. Formoterol decreased the
external signs of arthritis as well as NF-kB(p65) activation, TNFa,
and COX-2 levels in the gastrocnemius of arthritic and control rats.
Those effects of formoterol were associated with a decreased expres-
sion of myostatin, atrogin-1, and MuRF1 and in LC3b lipidation.
Arthritis increased the expression of MyoD, myogenin, IGF-I, and
IGFBP-3 and -5 in the gastrocnemius. In control and in arthritic rats,
treatment with formoterol increased Akt phosphorylation and myoge-
nin levels, whereas it decreased IGFBP-3 expression in the gastroc-
nemius. These data suggest that formoterol has an anti-inflammatory
effect and decreases muscle wasting in arthritic rats through increas-
ing Akt activity and myogenin and decreasing myostatin, the p-NF-
kB(p65)/TNF pathway, and IGFBP-3.

cachexia; adjuvant-arthritis; [3»-adrenoreceptor; myogenin; insulin-
like growth factor-binding protein-3

CHRONIC INFLAMMATORY ILLNESSES such as cancer, sepsis, and
obstructive pulmonary disease are associated with a decrease in
body weight and cachexia. Similarly, patients with rheumatoid
arthritis have rheumatoid cachexia, which increases morbidity
and mortality (33). Adjuvant-induced arthritis is an experimen-
tal model of rheumatoid arthritis that induces inflammatory
cachexia. On days 10 and 11 after adjuvant injection, rats stop
gaining body weight and develop chronic inflammation, poly-
arthritis, anorexia, and cachexia due to whole body wasting,
including muscle and fat tissue loss (6, 33). Skeletal muscle
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loss in arthritic rats is secondary to systemic inflammation and
not to anorexia (7) or the reduction of spontaneous locomotion
(15). Muscle wasting in several inflammatory illnesses is due
to hyperactivation of the ubiquitin-proteasome pathway and
autophagy lysosomal proteases, which are involved in protein
degradation in skeletal muscle (22, 35). The two E3 ubiquitin
ligases muscle RING-finger protein-1 (MuRF-1) and atrogin-1
are sensitive markers for muscular atrophy (35), and both are
upregulated in arthritic rats (6). Moreover, arthritis also in-
creased autophagic gene expression in muscle (18).

In addition to activating muscle proteolysis, the increased
release of cytokines during chronic inflammation also pro-
motes satellite cell activation and myogenesis (62). In this
sense, we have reported that arthritis increases muscle regula-
tory factors and markers of satellite cell activation, myogenic
differentiation factor D (MyoD), and myogenin (6), which play
key roles in muscle plasticity and regeneration. The insulin-
like growth factor-I (IGF-I)-insulin growth factor-binding pro-
tein (IGFBP) system in the skeletal muscle plays an important
role in the maintenance of muscle mass (59). Adjuvant-induced
arthritis is associated with alterations in the IGF-IGFBP sys-
tem, and IGF-I administration to arthritic rats decreases muscle
wasting as well as arthritis-induced increase in muscle
IGFBP-3 mRNA (40, 41).

B>-Adrenergic receptors are the main adrenergic receptors
expressed in muscle cells, and their stimulation has well-
known anabolic actions (for review, see Ref. 58). Activation of
[>-adrenergic receptors have also been shown to have anti-
inflammatory effects in various inflammatory conditions, such
as bronchial asthma, chronic obstructive pulmonary disease,
and carrageen-induced paw oedema (14, 28, 63), as well as in
several experimental models of sepsis (34). However, the role
played by the sympathetic nervous system on arthritis devel-
opment is not well known. It has been described that the timing
of adrenergic drug administration is a critical factor in deter-
mining disease progression (21, 42). Sympathectomy or ad-
ministration of {3-adrenergic antagonist before the onset of
arthritis decreases the severity of the illness in experimental
arthritis (37, 38). However, when adrenergic therapy is given
after disease onset, it decreases joint inflammation and bone
destruction in the arthritic hind limbs (42). 3»-adrenoreceptor
receptors are expressed in immune cells, and their stimulation
decreases production of proinflammatory cytokines such as
TNFa, whereas it increases the release of the anti-inflamma-
tory interleukin-10 (10, 49). The anti-inflammatory effect of
[B>-adrenergic stimulation was also evidenced in mice lacking
B>-adrenergic receptors, where there was decreased survival
and increased inflammation in the endotoxemia setting (64).
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Formoterol is a highly (-selective adrenergic receptor ag-
onist that is capable of producing skeletal muscle hypertrophy
at microgram doses (55). Its hypertrophic effect is mediated
both by stimulating skeletal muscle synthesis and by decreas-
ing muscle proteolysis (3, 25, 36). Accordingly, formoterol has
been proposed as a possible pharmacological therapy for mus-
cle loss (3, 26). Therefore, the purposes of this study were to 1)
analyze the possible anti-inflammatory effect of formoterol
administration to arthritic rats and 2) elucidate whether its
effect on skeletal muscle is mediated by a decrease in prote-
olysis or/and by changes in myogenic regulatory factors and
the IGF-IGFBP system.

MATERIALS AND METHODS

Animals. Arthritic and control male Wistar rats weighing 160 g (6
wk old) were purchased from Charles River Laboratories (Barcelona,

FORMOTEROL DECREASES INFLAMMATION AND CACHEXIA IN ARTHRITIS

Spain). Arthritis was induced in rats by an intradermal injection of 0.1
ml of heat-inactivated Mycobacterium butyricum (40 mg/ml in paraf-
fin oil) in the right hindpaw under isoflurane anesthesia (6). Control
animals were injected with vehicle. After arrival (day 3 after adjuvant
injection), rats were housed three per cage and maintained under
standardized conditions of temperature (20-22°C) and light (lights on
from 7:30 AM to 7:30 PM). The procedures followed the guidelines
recommended by the European Union for the care and use of labora-
tory animals and were approved by the Complutense University
Animal Care Committee.

In the first experiment, the effect of formoterol administration on
arthritic rats was examined. On day 11 after adjuvant injection, both
control and arthritic rats were randomly divided into four groups, each
with 20 rats. Control rats were subcutaneously (sc) injected daily with
250 pl of saline at 9 AM for 6 or 12 days and divided into /) control
rats (C) fed ad libitum and 2) pair-fed rats (PF) that received the same
amount of food (g/100 g body wt) eaten on the previous day by
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Fig. 2. A: formoterol administration (50 pg/kg) for 12 days to control rats
increased gastrocnemius mean fast and slow fiber area. B: representative
transverse sections from fast fiber region (fop) and mixed region (bottom) of
gastrocnemius muscle. Bar, 50 wm. Data are expressed as means = SE for
n = 7-9 rats/group. *P < 0.05, **P < 0.01 vs. saline.

arthritic rats treated with saline; arthritic groups were 3) arthritis-
saline (AA) and 4) arthritis-formoterol (AA-form), which received a
daily sc injection of 50 pg/kg formoterol (28) dissolved in saline for
6 or 12 days. We have observed that in arthritic rats the highest
expression of atrogenes and myogenic regulatory factors in gastroc-
nemius muscle occurs between days 15 and 16 after adjuvant injec-
tion, before the maximum values of both arthritis scores and muscle
atrophy are reached (6). Accordingly, half of the rats in each group
were euthanized by decapitation 16 days after adjuvant injection and
after 6 days of formoterol treatment, 2.5 h after the last injection. The
gastrocnemius muscle of the left hindpaw was removed, dissected,
weighed, and frozen in liquid nitrogen and stored at —80°C until
immunohistochemistry, RNA, and protein extraction were performed.
Isolation and manipulation of tissues were always performed under
sterile conditions. Although gastrocnemius expression of atrogin-1
and MuRF-1 transcripts peak around 16 days postadjuvant injection,
muscle atrophy is more dramatic around day 22 (6). Therefore, the
second half of the rats from each group was euthanized by decapita-
tion (on day 22 after adjuvant injection and after 12 days of formoterol
treatment) 2.5 h after the last injection. The gastrocnemius muscle of
the left hindpaw was removed, dissected, weighed, and frozen in
liquid nitrogen and stored at —80°C until analyses were performed.

Assessment of arthritis was performed by measuring the arthritis
index of each animal, which was clinically scored by grading each
paw from O to 4. Grading was determined as follows: 0, no erythema
or swelling; 1, slight erythema or swelling of one or more digits; 2,
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swelling of paw; 3, swelling of entire paw and ankle; 4, ankylosis,
incapacity to bend the ankle. The severity score was the sum of the
clinical scores of each limb, the maximum value being 16 (6). Body
weight, food intake, and arthritis index scores were examined daily.
Food intake per cage was calculated by measuring the difference
between the initial and the remaining amount of pellets in the feeder
and expressed as grams per 100 grams body weight per day.

In a second experiment, we tested the effect of formoterol admin-
istration on control rats. Rats were euthanized by decapitation 2.5 h
after the last injection, after being injected with 50 wg/kg sc or saline
(250 pl) over 2, 6, or 12 days. The gastrocnemius muscle of the left
hindpaw was removed, dissected, weighed, and frozen in liquid
nitrogen and stored at —80°C until analyses were performed.

Muscle morphology and inmunohistochemistry. The gastrocnemius
from the left hindpaw of the rats treated over 12 days was weighed,
and the medial part was dissected, placed on a transparency film,
glued at one end to a cork with gum tragacanth (Fibraguar; Fardi,
Madrid, Spain), frozen in isopentane, cooled by liquid nitrogen, and
stored at —80°C. Ten-micrometer cryostat sections taken from the
midbelly region were fixed with 100% acetone and stained with
hematoxylin-eosin. Parallel sections were kept at —80°C until further
processing for immunohistochemical analysis. Four to six muscle
hematoxylin-eosin stained sections were used to determine the whole
cross-sectional area. Sections were scanned by transparency and
converted to JPEG images (Epson scanner 4990). The area of each
section was measured with ImageJ software, using the measure of the
slide width (25 mm) to set the scale.

We used muscle fiber cross-sectional size as an index of type-
specific fiber atrophy. Slow muscle fibers were detected with a
monoclonal antibody against slow myosin heavy chain form (1:80;
NCL-MHCs-Novocastra, Newcastle upon Tyne, UK) and secondary
Alexa fluor 488 Goat antimouse IgG (A11001-Invitrogen, 1:100;
Invitrogen, Madrid, Spain). The extracellular matrix was detected by
wheat germ aglutinin labeled with Texas Red (W849, 1 pg/ml;
Invitrogen). Sections were mounted with Prolong-Gold antifade re-
agent combined with DAPI (P36931; Invitrogen). Digital images were
taken with a Leica DMI300 microscope. Several X10 photomicro-
graphs were used to compose fast fiber and mixed fiber regions with
GIMP software. Complete sections were reconstructed in some cases.
Compositions were made with at least two layers: WGA and slow
myosine images. The WGA layer was used to border detection using
Difference of Gaussians and inversion. After selecting the white
WGA lines by tone, they were filled with black. Gaps on the
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Fig. 3. Effect of formoterol (form) treatment (50 pg/kg body wt sc daily) to
arthritic (AA) rats on arthritis index score evolution. Formoterol treatment
decreased arthritis scores (P < 0.01). Data are expressed as means = SE for
n = 9-10 rats/group. +P < 0.05, ++P < 0.01 vs. AA rats injected with
saline. LSD multiple comparison test.
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boundaries and connective tissue were corrected manually. Slow
fibers on mixed areas were selected and filled with red (ff0000). The
JPEG image with scale was first made binary to analyze particles with
Image] software. This procedure allows measuring of the fast-fiber
area. To analyze the area of the slow fibers from the mixed JPEG
image, black boundaries were converted to white by color threshold
and red fibers changed to black. At least two images from each region
were selected for counting.

RNA extraction and real-time PCR. Gastrocnemius (100 mg) was
homogenized, and total RNA was extracted using Ultraspec (Biotecx
Laboratories, Houston, TX), following the manufacturer’s protocol.
The final concentration of RNA was determined (260 nm) with a
BioPhotometer (Eppendorf, Germany), and the integrity of the RNA
was confirmed by agarose gel electrophoresis. First-strand ¢cDNA
synthesis was performed using 1 g of total RNA with a Quantiscript
Reverse Transcription kit (Qiagen, Valencia, CA).

FORMOTEROL DECREASES INFLAMMATION AND CACHEXIA IN ARTHRITIS

Real-time PCR for quantification of mRNA was performed on a
SmartCycler (Cepheid, Sunnyvale, CA), using a SYBR Green proto-
col on the fluorescence temperature cycler. Each real-time PCR
reaction consisted of 10 ng of total RNA equivalents, 1X Takara
SYBR Green Premix Ex Tag (Takara Bio, Otsu, Shiga, Japan), and
300 nM forward and reverse primers in a reaction volume of 25.5 ul.
Primers for real-time PCR were obtained from Roche (Madrid,
Spain). The thermal cycling profile consisted of a preincubation step
at 95°C for 10 s followed, by 40 cycles of 95°C denaturation steps for
15 s, 60°C annealing steps for 30 s, and 72°C extension steps for 30
s. Results were expressed relative to the control animals, where the
relative mRNA abundance has been arbitrarily set to 1, using the cycle
threshold 2 (AACt) method, with 18S as reference gene. PCR prod-
ucts were separated using agarose gel electrophoresis to confirm
product presence and size.
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Fig. 4. Effect of formoterol (form) treatment (50 pg/kg body wt sc daily) to arthritic rats for 6 (A) or 12 (B) days on TNFa mRNA, NF-kB(p65) phosphorylation,
and COX-2 in the gastrocnemius. C, control; PF, pair-fed; AA, arthritic rats; AA-f, arthritic rats treated with formoterol. TNFao mRNA was measured by PCR;
p-NF-kB(p65), NF-kB(p65), and COX-2 were measured by Western blot. Representative Western blots are shown in A and B, fop. Boxes through immunoblots represent
spliced images to follow group and treatment order. Arthritis increased TNFa expression, NF-kB(p65) phosphorylation, and COX-2 levels in the gastrocnemius.
Formoterol treatment for 6 or 12 days prevented arthritis-induced increase in TNFa and NF-kB(p65) phosphorylation and decreased COX-2 in the gastrocnemius
(P < 0.01). Data represent means = SE (n = 6-10). *P < 0.05, **P < 0.01 vs. control rats; °P < 0.05, °°P < 0.01 vs. PF rats; +P < 0.05, ++P < 0.01 vs. AA

rats injected with saline. LSD multiple comparison test.
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Western blot. Gastrocnemius was homogenized in RIPA buffer (10
wl/mg) with a protease inhibitor cocktail of 12.5 mM sodium deoxy-
colate, 100 mM phenylmethane sulfonyl fluoride, and 12.5 mM
sodium orthovanadate and phosphatase inhibitors (Sigma-Aldrich,
Madrid, Spain). The homogenate was later centrifuged at 13,000 rpm
at 4°C for 30 min to remove tissue debris. Protein concentration was
determined using the Bradford protein assay, with bovine serum
albumin as standard. The protein extract was boiled for 5 min with a
1:1 volume of Laemmli loading buffer. Proteins (100 wg) were
resolved by electrophoresis on 14% polyacrylamide gels under reduc-
ing conditions and then transferred onto nitrocellulose membranes
that were blocked by incubation in 5% nonfat dry milk and 0.1%
Tween (Sigma-Aldrich) in Tris-buffered saline. Ponceau S staining
was performed to ensure equal transfer prior to blocking. Membranes
were probed overnight at 4°C with antibodies against p-Aktser(473),
COX-2 (D5HS), and microtubule-associated protein-1 light chain 3b
(LC3b) (Cell Signaling Technology Inc, Boston, MA), Akt, p-NF-
kB(p65) Ser®*¢, NF-kB p65 (C20), MuRF, MyoD, and myogenin
(Santa Cruz Biotechnology, Santa Cruz, CA), and «-tubulin (Sigma-
Aldrich). Membranes were then incubated for 90 min in the appro-
priate secondary antibody conjugated to horseradish peroxidase (anti-
mouse IgG; Amersham Biosciences, Little Chalfont, UK), anti-rabbit
IgG (GE Healthcare, Madrid, Spain), and anti-goat IgG (Santa Cruz
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Biotechnology), and peroxidase activity was detected using enhanced
chemiluminescent reagent (Amersham Biosciences). Following ECL
detection of phosphoproteins, membranes were stripped with stripping
buffer (Restore Western Blot Stripping Buffer; Thermo Scientific
Rockford, IL) and reprobed for total protein. Band intensities were
quantified by densitometry using a PC-Image VGA24 program for
Windows. The density of the protein band in each lane was expressed
as the percentage of the mean density of control rats after load
normalization using a-tubulin.

Statistical analysis. Results were compared using the statistics
program Statgraphics plus for Windows. Normal distribution of data
was assessed using a Shapiro-Wilks W-test. Data are presented as
means * SE. Statistical evaluation of the data was performed by
one-way analysis of variance; post hoc comparisons were made using
the least significant difference multiple range test. Statistical signifi-
cance was set at P < 0.05.

RESULTS

As expected, arthritis decreased body weight gain (P <
0.01) because arthritic rats treated with saline had lower body
weight gain than control and pair-fed rats from days 2 and 4 of
treatment, respectively (Fig. 1A). Formoterol administration to
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Fig. 5. Effect of formoterol administration (50 p.g/kg body wt sc. daily) for 2, 6, and 12 days to control rats on gastrocnemius TNFa, myostatin, atrogin-1, muscle
RING finger 1 (MuRF1), BCL2/adenovirus E1B 19-kDa protein-interacting protein-3 (Bnip-3), and light chain 3b (LC3b) mRNA (A), NF-kB(p65)
phosphorylation (B), MuRF1 protein (C), and LC3b lipidation (D). mRNAs were measured by PCR and proteins by Western blot. Representative Western blots
are shown in B-D, top. Formoterol treatment decreased TNFa, myostatin, atrogin-1, and Bnip-3 mRNA, MuRF1 mRNA and protein, NF-kB(p65)
phosphorylation, and LC3b lipidation. Data represent means = SE (n = 8-10). *P < 0.05, **P < 0.01 vs. control rats injected with saline. LSD multiple
comparison test.
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arthritic rats increased body weight gain, where these rats had
higher body weight gain than pair-fed rats, on days 4 and 5 of
treatment. The stimulatory effect of formoterol treatment on
body weight gain was not due to changes in food intake, since
formoterol did not modify the inhibitory effect of arthritis on
food intake (data not shown). Formoterol administration to
control rats for 12 days also increased body weight gain from
69 * 2.3 g in rats treated with saline to 82 * 1.4 g in control
rats treated with formoterol (P < 0.01), but it did not modify
food intake (data not shown).

As expected, the decrease in body weight gain observed in
arthritic rats was associated with muscle wasting. Evolution of
gastrocnemius muscle wet mass on days 6 and /2 of formoterol
treatment is shown in Fig. 1B. Arthritis decreased gastrocne-
mius mass on day 6 (P < 0.01) compared with both control and
pair-fed rats. Gastrocnemius mass decreased further on day 12
in arthritic rats treated with saline, having lower values than on
day 6 (P < 0.01). This decrease in skeletal muscle mass is not
secondary to the decrease in food intake, since pair-fed rats
have gastrocnemius mass similar to that of control rats fed ad
libitum, and is higher than that of arthritic rats. Formoterol
administration to arthritic rats for 6 days tended to increase
gastrocnemius mass, but this increase was not statistically
significant. However, formoterol treatment for 12 days in-
creased gastrocnemius mass (P < 0.01) and prevented the
decrease in gastrocnemius mass observed between days 6 and
12 in arthritic rats treated with saline. Formoterol administra-
tion to control rats for 12 days increased gastrocnemius mass

FORMOTEROL DECREASES INFLAMMATION AND CACHEXIA IN ARTHRITIS

(1,257 = 34 mg in rats treated with formoterol over 12 days vs.
1,066 = 22 in rats treated with saline, P < 0.01).

Fig. 1, C-E, shows that arthritis induced a dramatic decrease
in gastrocnemius cross-sectional area and in mean fast and
slow fiber area (P < 0.01). As we have observed previously,
myofiber atrophy was higher in fast than in slow fibers (8). Six
days of treatment with formoterol did not significantly increase
gastrocnemius mass or cross-sectional or fiber area (data not
shown). However, the stimulatory effect of 12 days of formot-
erol treatment on gastrocnemius mass in arthritic rats was
associated with an increase in gastrocnemius cross-sectional
(P < 0.01) and mean fast fiber area (P < 0.05). In control rats,
12 days of formoterol treatment increased gastrocnemius cross-
sectional area as well as mean fast and slow fiber area (Fig. 2,
A and B).

As shown in Fig. 3, formoterol treatment decreased arthritis
score index (P < 0.01), where the difference was significant
from day 4 of treatment with formoterol. Arthritis increased
TNFa mRNA in the gastrocnemius muscle on both day 6 and
day 12 of treatment (P < 0.01; Fig. 4, A and B). Formoterol
prevented the stimulatory effect of arthritis on TNFa expres-
sion in the gastrocnemius muscle on both day 6 and day 12
(P < 0.01), where the arthritic rats treated with formoterol for
6 days had lower TNFa mRNA values than those of arthritic
rats treated with saline and pair-fed rats. The inhibitory effect
of formoterol on TNFa expression in the gastrocnemius was
also observed in control rats from the 2nd day of treatment with
formoterol (P < 0.01; Fig. 5A). Arthritis increased NF-
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kB(p65) phosphorylation on both day 6 and day 12 (P < 0.05;
Fig. 4, A and B), but the increase was higher on day 6 of
treatment (and 16 days after adjuvant injection) than on day 12
of treatment (and 22 days after adjuvant injection). Arthritic
rats treated with formoterol showed lower NF-kB(p65) phos-
phorylation in skeletal muscle on both days (P < 0.01).
Formoterol was also able to decrease NF-«kB(p65) phosphory-
lation in the gastrocnemius of control rats on all days analyzed
(Fig. 5B). The arthritis-induced increase in COX-2 levels in the
gastrocnemius was decreased by formoterol treatment on both
day 6 (P < 0.05; Fig. 4A) and day 12 of treatment (P < 0.01;
Fig. 4B). However, COX-2 levels in arthritic rats treated with
formoterol were higher than in pair-fed rats. Pair-feeding the
rats did not modify TNFa, COX-2, or pNF-kB(p65) levels in
the gastrocnemius (Fig. 4, A and B).

As shown in Fig. 5A, formoterol administration to control
rats for 12 days decreased the expression of myostatin,
atrogin-1, MuRF1, and the autophagic marker gene BCL2/
adenovirus E1B 19-kDa protein-interacting protein-3 (Bnip-3)
as well as MuRF1 protein (P < 0.05; Fig. 5C). Lipidation,
modification of LC3b from from LC3-I to the lipidated form
(LC3b-II), has been widely used to indicate the occurrence of
autophagy. Formoterol administration to control rats for 12
days decreased lipidation of LC3b, measured as the LC3b-1I/
LC3b-Iratio (P < 0.05; Fig. 5D). However, formoterol was not
able to decrease LC3b expression in control rats (Fig. 5A).
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The effect of arthritis and formoterol treatment on myosta-
tin, atrogin-1, and MuRF]1 in the gastrocnemius is shown in
Fig. 6. Although myostatin mRNA was not modified by arthri-
tis or pair-feeding the rats (Fig. 6, A and C), expression was
decreased dramatically on days 6 and /2 (P < 0.01) in arthritic
rats treated with formoterol. Atrogin-1 and MuRF1 mRNA
expression in the gastrocnemius of arthritic rats was higher
than in control and in pair-fed rats on both day 6 and day 12 of
treatment (P < 0.01; Fig. 6, A and C), where the increase was
higher on day 6 than on day 2. Formoterol treatment pre-
vented arthritis-induced increase in atrogin-1 and MuRF1
mRNA, but to higher levels than those of pair-fed rats. Arthritis
also increased MuRF1 protein in arthritic rats treated with
saline (P < 0.01) but not in rats treated with formoterol (Fig.
6, B and D). Figure 7 shows the effect of arthritis and formot-
erol on the autophagic gene expression Bnip-3 and LC3b and
on LC3b lipidation. Arthritis increased Bnip-3 and LC3b
mRNA (P < 0.01; Fig. 7, A and C). Formoterol administration
to arthritic rats prevented the effect of arthritis on Bnip-3
mRNA and decreased LC3b mRNA. Arthritis increased the
conversion of LC3b-I to LC3b-II by lipidation (Fig. 7, B and
D), and formoterol treatment for 6 and 12 days decreased
LC3b-II, the lipidated form of the protein.

Arthritis did not modify protein kinase B (Akt) activity in
the gastrocnemius muscle, since gastrocnemius of arthritic rats
treated with saline had Akt phosphorylation similar to control
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rats (Fig. 8, A and C). In contrast, in arthritic rats treated with
formoterol for 6 or 12 days there was an increase in p-Akt
levels as well as in the p-Akt/Akt ratio (P < 0.01). Similarly,
formoterol increased p-Akt and p-Akt/Akt ratio after 6 and 12
days of treatment in control rats (Fig. 9A). On day 6 of
treatment there was an increase in MyoD expression in the
gastrocnemius of arthritic rats regardless of whether they
where treated with saline or formoterol (P < 0.01; Fig. 8B).
However, the stimulatory effect of arthritis on MyoD expres-
sion was not seen on day 12, since MyoD levels were similar
in all groups of rats (Fig. 8D). As shown in Fig. 9B, formoterol
treatment did not significantly modify MyoD protein levels in
the gastrocnemius of control rats. Arthritis increased myogenin
levels on days 6 and 12 (P < 0.01; Fig. 8, B and D). As has
been reported (60), increased MyoD in muscle suggests that
satellite cells are in a proliferative phase in arthritic rats on day
6. However, on day 12 (22 after adjuvant injection), MyoD
levels in the gastrocnemius were not increased in arthritic rats.
In contrast, myogenin levels were increased on both days.
Differences between MyoD and myogenin expression in ar-
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thritic rats on day 12 of treatment can be due to the fact that
MyoD acts on early stage of muscle regeneration, whereas
myogenin is involved at a later stage of differentiation (30).
Formoterol treatment for 12 days further increased myogenin
in the gastrocnemius of arthritic rats (P < 0.01). Formoterol
treatment for 6 and 12 days was also able to increase myogenin
levels in control rats (Fig. 9B), but these increases were lower
than those induced by arthritis.

The expression of IGF-I and IGFBPs mRNA in the gastroc-
nemius was modified by arthritis and formoterol treatment but
not by pair-feeding the rats (Fig. 10, A and B). IGFBP-3
mRNA levels in the gastrocnemius of the arthritic rats treated
with saline were markedly increased on both day 6 and day 12
(P < 0.01). In contrast, IGF-I mRNA levels were increased in
arthritic rats treated with saline on day 12 of treatment. Arthri-
tis increased gastrocnemius IGFBP-5 levels mRNA in rats
treated with saline on day 6 (P < 0.01), and they increased
further on day 12 of treatment. The time course expression of
IGFBP-5 in arthritic rats was modified in a pattern similar to
that of IGF-I mRNA and myogenin, with their expression
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being higher on day 12 than on day 6. The possible explanation
for the highest expression being on day 12 could be that
IGFBP-5 and myogenin are related to the differentiation pro-
cess in regenerating muscle (65), since knockdown of this
IGFBP inhibits myogenic differentiation (54).

Formoterol administration to arthritic rats decreased
IGFBP-3 expression (P < 0.01). Similarly, in control rats
formoterol administration was able to decrease IGFBP-3 ex-
pression in the gastrocnemius (P < 0.01; Fig. 9C). Arthritic
rats treated with formoterol had higher gastrocnemius IGFBP-5
than pair-fed rats but lower gastrocnemius IGFBP-5 than
arthritic rats treated with saline on day 6 (P < 0.05). However,
on day 12 of treatment, the two groups of arthritic rats had
similar IGFBP-5 mRNA (Fig. 10B). In control rats, formoterol
treatment did not modify IGF-I or IGFBP-5 mRNA in the
gastrocnemius (Fig. 9C).

DISCUSSION

The present study indicates that formoterol administration to
arthritic rats decreases inflammation and prevents inflamma-
tory cachexia. The protective effect of formoterol on skeletal
muscle mass is associated with decreased inflammation, myo-
statin, atrogenes, autophagic gene and IGFBP-3 expression,
and LC3b lipidation together with Akt and myogenin activa-
tion.

Our data show that formoterol treatment decreases the se-
verity of arthritis. These data are in accord with those reported
previously in experimental models of arthritis, in which (3»-
adrenergic stimulation inhibits inflammation during the
chronic symptomatic phase of arthritis (for review, see Ref.
31). The anti-inflammatory effect of adrenergic stimulation has
also been reported in rheumatoid arthritis patients who lose
sympathetic nerve fibers, where catecholamine-producing cells
in the synovial tissue start to replace sympathetic nerve fibers
and have a strong anti-inflammatory effect (5). Formoterol has
an anti-inflammatory effect on skeletal muscle of arthritic as
well as of control rats, since it decreases NF-kB(p65) phos-
phorylation and the expression of TNFa and COX-2 in the
gastrocnemius in both groups of rats. The anti-inflammatory
effect of B,-adrenergic stimulation has been reported in differ-
ent cell types such as leukocytes, lung smooth muscle, and
endothelial cells (28). In the skeletal muscle, it has been found
that (-adrenergic blockade by propranolol treatment exacer-
bated sepsis-induced increase in muscle IL-6 and TNFa ex-
pression (34), suggesting an anti-inflammatory action of 3-ad-
renergic activation in muscle.

In addition to its anti-inflammatory effect, formoterol treat-
ment increased body and gastrocnemius weights. These data
are in accord with the well-known antiatrophic actions of
[Bo-adrenergic agonist on skeletal muscle (26, 32). To our
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Fig. 10. Effect of formoterol (form) administration (50 pg/kg body wt sc daily)
to arthritic rats for 6 (A) or 12 (B) days on IGFBP-3, IGF-I, and IGFBP-5
mRNA in the gastrocnemius. C, control; PF, pair-fed; AA, arthritic rats.
mRNA was measured by PCR. Arthritis increased IGFBP-3 mRNA (P <
0.01), whereas form decreased its expression (P < 0.01). IGF-I mRNA was
increased in AA treated with saline on day 12 (P < 0.05). Arthritis increased
IGFBP-5 mRNA (P < 0.01). Data represent means = SE (n = 7-9). *P <
0.05, **P < 0.01 vs. control rats; °P < 0.05, °°P < 0.01 vs. PF rats; +P <
0.05, ++P < 0.01 vs. AA injected with saline. LSD multiple comparison test.

knowledge, this is the first study directly showing the role of
[B>-adrenergic activation in arthritis-induced muscle wasting.

As we have reported previously (6, 7), myostatin expression
was not increased in arthritic rats. The lack of modification of
myostatin in arthritic rats is in agreement with data reported in
other conditions of muscle atrophy such as dexamethasone
administration (23), muscle disuse (46), and some types of
cancer (4). Formoterol was able to decrease myostatin expres-
sion in arthritic rats after 6 and 12 days of treatment and in
control rats after 12 days of treatment. The inhibitory effect of
formoterol on myostatin is well known (52), and it has been
proposed that certain anabolic actions of formoterol in cancer-
induced cachexia may be mediated via the myostatin system
(4). In this sense, myostatin downregulation can contribute to
the inhibitory effects of formoterol on muscle proteolysis,
since myostatin upregulates atrogin-1 and MuRF1 expression,
through the inhibition of Akt phosphorylation, thereby increas-
ing the levels of active FoxO1 (47).

Arthritis increased atrogin-1, MuRF1, Bnip, and LC3B ex-
pression and LC3B-I conversion to LC3B-II by lipidation,
suggesting an activation of the ubiquitin-proteasome and au-
tophagic-lysosomal proteolytic pathways. Taking into account
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that arthritis does not modify Akt/FoxO3 phosphorylation (7),
atrogenes and autophagy in arthritis can be induced through
NF-kB activation, as it has been reported in hepatocytes after
LPS administration (9). Formoterol significantly decreased
arthritis-induced atrogin-1, MuRF1, Bnip-3, and LC3b expres-
sion in the gastrocnemius as well as LC3b lipidation. Similarly,
[B>-adrenergic agonists have been reported to prevent cancer-
induced muscle wasting and denervation-induced atrogin-1 and
MuRF1 upregulation in muscle (3, 12, 19). Furthermore,
chronic depletion of epinephrine exacerbates fasting-induced
muscle proteolysis, increases atrogin-1, MuRF1, and LC3b
expression and LC3b lipidation, and decreases p-Akt levels
(20). The inhibitory effect of epinephrine on muscle proteoly-
sis seems to be mediated by cAMP (50). Therefore, formoterol-
induced MuRF1, atrogin-1, Bnip3, and LC3b repression can be
mediated, as mentioned above, through the activation of
AMPc/Akt and/or through downregulation of inflammation.

As reported previously, arthritis did not modify Akt phos-
phorylation in muscle (8). These data differ from those ob-
served in other acute wasting conditions such as lipopolysac-
charide (LPS) or glucocorticoid administration, which decrease
Akt phosphorylation, whereas the transcription factors Fork-
head box-containing protein O subclass (FoxO)-1 and -3a
activities are increased (13, 44). In cachexia induced by
chronic illnesses, the activity of the Akt/FoxO signaling path-
way is not well known. It has been reported that FoxO1 and
FoxO3 protein activity were unchanged in human cancer ca-
chexia (61). Furthermore, in humans with chronic obstructive
pulmonary disease, muscle atrophy is associated with an in-
crease in Akt activation (17, 57). These and several other data
indicate that under certain conditions Akt/FoxO and atrogene
activity can be independent of each other. A possible explana-
tion for these discrepancies can be that cachexia induced by a
chronic process is not as rapid and severe as the acute muscle
wasting observed in acute experimental models of muscle
wasting. Accordingly, the physiological regulators may not be
exactly the same. The fact that arthritis increased muscle TNFa
expression and NF-kB(p65) phosphorylation suggests that this
pathway can be responsible for arthritis-induced increased
expression of atrogin-1 and MuRF1.

As reported previously with B,-adrenoceptor agonists (29),
6 and 12 days of formoterol treatment also increased Akt
activation in arthritic and control rats. It has been postulated
that this stimulatory effect is mediated by an IGF-I-indepen-
dent growth pathway through the Gia/GBy/phosphatidylinosi-
tol 3-kinase signaling pathway (29, 56). Although some au-
thors found that the stimulatory effect of formoterol on Akt
phosphorylation decreases after 10 days of treatment (25),
others reported that administration of formoterol is able to
increase Akt phosphorylation after 28 days (31). Our data and
those of Koopman et al. (31) suggest that some of the effects
of formoterol on skeletal muscle mass are exerted via Akt
signaling.

As we have reported previously, arthritis increases the myo-
genic regulatory factors MyoD and myogenin (6, 8). Upregu-
lation of MyoD and myogenin together with an increase in
inflammatory markers has also been reported in burn-induced
muscle atrophy (53). Moreover, collagen-induced arthritis and
immobilization increase muscle proteolysis and decrease mus-
cle mass (15). However, whereas collagen-induced arthritis
stimulated inflammation and myogenin expression, immobili-
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zation did not modify the inflammatory response, and it de-
creased MyoD (15). These data are in accord with those
showing that inflammation, although it induces muscle wast-
ing, is also able to trigger muscle regeneration by activating
satellite cell proliferation and differentiation, as indicated by
Tidball (62). Stimulation of genes that regulate muscle devel-
opment and growth, such as myogenin, has been reported in
rats submitted to 5—14 days of an experimental intensive care
unit model (39). These authors interpreted that result as a
compensatory mechanism to reduce the excessive downregu-
lation of sarcomeric proteins and upregulation of different
proteolytic pathways.

A stimulatory effect of formoterol on muscle regeneration
and on muscle regulatory factors has also been reported (11).
The effects of formoterol on gastrocnemius do not seem to be
mediated by MyoD, since MyoD expression in the gastrocne-
mius was not modified by formoterol administration to arthritic
or to control rats. However, formoterol treatment was able to
increase the expression of myogenin in the gastrocnemius of
both arthritic and control rats. Similarly, in immobilized rat
plantaris muscle, clenbuterol upregulated myogenin, whereas
MyoD expression was unaffected (16). It has been reported
previously that the inhibition of NF-kB activity increases Akt
phosphorylation and promotes skeletal muscle regeneration by
limiting inflammatory response and fibrosis (48). Therefore, it
is possible that formoterol stimulates Akt and myogenin ex-
pression through its inhibitory action on NF-«B.

The effect of B.-adrenoreceptor stimulation on the IGF-I
system in skeletal muscle is not well known. Gongalves et al.
(19) found that clenbuterol did not change IGF-I levels in the
soleus muscle. In contrast, clenbuterol has been reported to
induce overexpression of IGF-I mRNA in the soleus and
masseter muscles (1, 45). Arthritis increased IGFBP-5 in a way
similar to myogenin, where the highest expression was ob-
served on day 12. This could be explained by the fact that
IGFBP-5 and myogenin are related to the differentiation pro-
cess in regenerating muscle (65), since knockdown of this
IGFBP inhibits myogenic differentiation (54). However, the
present study shows that formoterol administration increases
Akt activity, but it does not significantly modify IGF-I or
IGFPS5 in control or arthritic rats. Despite the aforementioned
discrepancies, [3>-adrenoreceptor stimulation does not increase
serum IGF-I levels but actually decreases circulating IGF-I (1,
2). These and our data are in accord with the second IGF-I-
independent growth pathway involving the activation of [3»-
adrenoceptors and subsequent Akt activation that has been
mentioned above (29).

In contrast to the lack of effect of formoterol on IGF-I,
formoterol decreased the arthritis-induced increase in gastroc-
nemius IGFBP-3 mRNA as well as IGFBP-3 expression in
control rats. An inhibitory effect of clenbuterol on IGFBP-3
expression has been reported previously in the masseter muscle
(45). IGFBP-3 is able to suppress myoblast proliferation
through an IGF-I-independent mechanism (51). In different
tissues, local IGFBP-3 is an inhibitor of cell growth and/or
promoter of apoptosis by a non-IGF-dependent mechanism
(27). Furthermore, IGFBP-3 upregulation is mediated by pro-
apoptotic and growth inhibitory factors such as TNFa (27).
Therefore, it is not surprising that muscle wasting induced by
inflammation is associated with increased IGFBP-3 levels, as
we have observed not only in arthritis but also after endotoxin
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injection (44). Taking into account that Akt is a negative
regulator of IGFBP-3 (24), the inhibitory action of formoterol
treatment on IGFBP-3 in the gastrocnemius can be mediated by
the increase in p-Akt and/or the decrease in TNFa. Therefore,
downregulation of IGFBP-3 levels in the gastrocnemius by
formoterol treatment can contribute to skeletal muscle growth,
development, and hypertrophy.

In summary, formoterol has an anti-inflammatory and hy-
pertrophic action in skeletal muscle through increasing pAkt
activity and myogenin and decreasing the p-NF-kB(p65)/
TNFa pathway, myostatin, and IGFBP-3 in both arthritic and
control rats. This study shows for the first time the effects of
[B-adrenergic agonist on muscle atrophy and transcription fac-
tors involved in muscle protein degradation in arthritis. Our
observations suggest that formoterol treatment could be useful
in reducing arthritis symptoms and in preserving muscle mass
in rtheumatoid arthritis patients. Further histological and func-
tional studies are required to clarify the potential effect of
formoterol on muscle regeneration and myogenesis.
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Alpha melanocyte stimulating hormone («MSH) has been shown to have anti-inflammatory and anticachectic actions. We
hypothesized that «MSH administration could attenuate the effect of lipopolysaccharide (LPS) on the skeletal muscle through
modifications in IGF-Akt-FoxOl pathway, or/and in serum corticosterone. Adult male Wistar rats were injected with LPS and/or
aMSH. aMSH administration reduced LPS-induced increase in liver TNFa and serum nitrites as well as NF-«B activation in
skeletal muscle. In contrast, MSH was not able to prevent the stimulatory effect of LPS on serum concentration of ACTH and
corticosterone. LPS decreased serum levels of IGF-I and IGFBP3 and their expression in the liver (P < 0.01). However IGFBP3
expression in the gastrocnemius was increased by LPS. Treatment with « MSH prevented the effects of LPS on IGFBP3 but not on
IGF-I. In the gastrocnemius «MSH blocked LPS-induced decrease in pAkt as well as the increase in pNF-xB(p65), FoxOl, atrogin-
1, and MuRF1 levels. These results suggest that «MSH blunts skeletal muscle response to endotoxin by downregulating atrogenes
and FoxOl at least in part by controlling NF-xB activation and Akt signalling, but not through modifications in the secretion of

corticosterone or IGF-I.

1. Introduction

Inflammation induces skeletal muscle wasting leading to
inflammatory cachexia that causes an increase in morbidity
and mortality [1]. Critically ill patients with sepsis have a
reduction in muscle mass within the first week [2]. This
decrease in muscle mass is secondary to an increase in
muscle proteolysis, whereas muscle protein synthesis rate
does not seem to be affected [3]. Similarly, experimental
sepsis induced by bacterial lipopolysaccharide (LPS) admin-
istration increases muscle proteolysis, but it does not decrease
protein synthesis [4]. Of the major proteolytic systems,
ubiquitin-proteasome pathway is increased, whereas calpain
and caspase activities are not changed in sepsis [3]. Between
the ubiquitin-proteasome system, two E3 ubiquitin ligases,
muscle RING-finger protein-1 (MuRF1) and muscle atrophy
F-box (MAFbx/atrogin-1), play an important role in muscle

atrophy; they are called atrogenes and serve as early markers
of skeletal muscle atrophy, aiding in the diagnosis of muscle
disease [5]. Cytokines such as TNFa act as potent inducer
of the inflammatory response transcription factor NF-xB
that increases proteasome-dependent protein breakdown in
skeletal muscle [6].

The Forkhead box containing protein O-subclass (FoxOs)
are transcription factors that regulate cell proliferation, dif-
ferentiation, and apoptosis. In their active unphosphorylated
state, these proteins reside in the nucleus and promote gene
expression of atrophy-stimulating genes such as atrogin-1
and MuRFI1 [7]. Skeletal muscle FoxO nuclear localization
and transcriptional activities are suppressed by insulin-
like growth factorl (IGF-I)/phosphatidyl inositol 3-kinase
(PI3K)/protein kinase B (Akt) pathway. Phosphorylation
of FoxOs by Akt induces translocation from the nucleus
and inactivation by degradation in the cytosol. Atrogene
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induction through FoxOl and FoxO3a activation is a crucial
step in the process leading to muscle atrophy during sepsis
[8]. In this sense, sepsis increases FoxOl mRNA levels as
well as nuclear FoxOl levels and DNA binding activity in
gastrocnemius muscle, but not in the heart [9, 10].

Although muscle wasting during sepsis seems to be
secondary to multiple factors, the increased release of proin-
flammatory cytokines and glucocorticoids and the decreased
release of IGF-I are important mediators of inflammatory
cachexia. Inflammatory stress induced by LPS increases a
number of proinflammatory cytokines that are released into
the blood stream to activate the innate immune response.
LPS administration also has a profound effect on the neu-
roendocrine system, leading to an increase in glucocorticoid
secretion along with a decrease in circulating IGF-I [11-
13]. Glucocorticoids are potent mediators of muscle atrophy
[14,15], through atrogin-1 and MuRF1 upregulation [16]. IGF-
I is an important regulator of muscle mass; in addition to
stimulating muscle protein synthesis through activation of
PI3K and Akt, it also reduces the expression of atrogin-
1 and MuRF1 by inhibiting FoxO transcription factors [17,
18]. Taking into account that the IGF-I/Akt pathway is a
crucial regulator of muscle mass, the decrease in IGF-I levels
together with the increase in serum glucocorticoids can be
the mechanism by which sepsis induces muscle wasting.

Alpha melanocyte stimulating hormone («MSH) is a
peptide that belongs to the melanocortins family that has
many physiological functions, including immune function.
aMSH has a potent anti-inflammatory activity; it decreases
inflammatory mediators such as proinflammatory cytokines
and nitric oxide production [19], whereas it increases anti-
inflammatory cytokines [20]. It has been shown that the anti-
inflammatory action of «MSH in a number of cell types is
through blockade of NF-«B activation [20-22].

aMSH has been shown to ameliorate the course of inflam-
matory illnesses in experimental animals such as endotoxin-
induced hepatitis [23], inflammatory bowel disease [24]
and adjuvant-induced arthritis [25]. In addition to its anti-
inflammatory activity, we have reported that «MSH is also
able to prevent arthritis-induced muscle wasting, decreasing
MuRF1 and atrogin-1 levels in skeletal muscle [26]. The
aim of the present study was to analyze whether peripheral
aMSH administration is able to prevent endotoxin-induced
increase in atrogin-1, MuRFl, and FoxOl and to analyze the
possible role played by the IGF-I system and by endogenous
glucocorticoids.

2. Material and Methods

2.1. Animals. All procedures on animals were carried out
according to the guidelines recommended by the EU for
the care and use of laboratory animals and were approved
by the Complutense University Animal Care Committee
(approval ID: CEA-UCM 16/12). Experimental design was
performed to minimize suffering and the number of animals
used. Male Wistar rats weighing 250-275g were used in
all experiments; they were purchased from Charles River
Laboratories (Barcelona, Spain). Rats were housed 2-3 per
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cage, under controlled conditions of temperature (22°C) and
light (lights on from 07:30 to 19:30 h). Rats were quarantined
for 1 week before any experimental use.

Rats were randomly assigned to the following treatment
groups of 10 rats and fed ad libitum: (1) control, i.p. injected
with 250 uL sterile saline, (2) control + «MSH, i.p. injected
with 100 pug/kg aMSH trifluoroacetate salt (Bachem, Buben-
dorf, Switzerland), (3) LPS, i.p. injected with 250 ug/kg LPS
(serotype 055:B5, Sigma Chemical Co.), and (4) LPS + «MSH,
which was simultaneously i.p. injected with both compounds
in 250 uL saline. As LPS decreases food intake, a pair-fed (PF)
group was added; it was injected with saline and received the
same amount of food eaten by the group of rats injected with
LPS. Rats received the treatments at 17:00 h and at 08:00 h the
following day. This LPS administration protocol was shown
to decrease levels of serum IGF-I and its mRNA in the liver
[27]. All animals were euthanized by decapitation at 12:00 h,
19 h after the first, and 4 h after the second LPS and/or «MSH
injection.

Trunk blood was collected and allowed to clot, and
the serum was stored at —20°C for IGF-I, IGF binding
protein 3 (IGFBP3), adrenocorticotropin hormone (ACTH),
corticosterone, and nitrite assays. Spleens were removed,
dissected, and weighed; liver and gastrocnemius muscle were
removed, frozen immediately in liquid nitrogen, and stored
at —80°C for isolation of mRNA and proteins.

2.2. RNA Extraction and Real-Time PCR. RNA was extracted
using UltraspecTM (Biotecx Laboratories Inc. Houston,
Texas, USA). The final concentration of RNA was deter-
mined with a BioPhotometer (Eppendorf, Germany), and
the integrity of the RNA was confirmed by agarose gel
electrophoresis. First-strand cDNA synthesis was performed
using 1ug of total RNA and the Quantiscript Reverse
Transcription kit (Qiagen Combh Hilden, Valencia, CA,
and USA). Real-time PCR for quantification of mRNA was
performed on a SmartCycler (Cepheid, Sunnyvale, CA, USA)
using a SYBR-Green protocol on the fluorescence tempera-
ture cycler. Each real-time PCR reaction consisted of 2.5 ng
c¢DNA, 1x Takara SYBR Green Premix Ex Taq (Takara BIO
INC, Otsu, Shiga, Japan), and 300 nM forward and reverse
primers in a reaction volume of 25 L. Primers for real-time
PCR (Table 1) were obtained from Roche (Madrid, Spain)
by using the EXIQON Universal Probe Library. The thermal
cycling profile consisted of a preincubation step at 95°C for
10 s followed by 40 cycles of 95°C denaturation steps for 15,
60°C annealing steps for 30's, and 72°C extension steps for
30s. Results were expressed as fold changes in expression of
each gene compared with control animals treated with saline
using cycle threshold 2(AACT) method with 18S as reference
gene.

2.3. Immunoblot. Gastrocnemius was homogenized in
RIPA buffer (10 uL/mg) with protease inhibitors cocktail,
sodium deoxycholate 12.5mM, phenylmethane sulfonyl
fluoride 100 mM, sodium orthovanadate 12.5mM, and
with phosphatase inhibitors (Sigma-Aldrich, Madrid,
Spain) for pAkt/Akt and pFoxOl/FoxOl. Because of the
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TABLE 1: Primers for real-time PCR.
Gene Forward primer (5'to 3" Reverse primer (5' to 3") Product bp
18S GGTGCATGGCCGTTCTTA TCGTTCGTTATCGGAATTAACC 60
TNF« TGAACTTCGGGGTGATCG GGGCTTGTCACTCGAGTTTT 122
FoxOl1 TCAGGCTAGGAGTTAGTGAGCA GGGGTGAAGGGCATCTTT 95
Atrogin-1 GAACAGCAAAACCAAAACTCAGTA GCTCCTTAGTACTCCCTTTGTGAA 74
MuRF1 TGTCTGGAGGTCGTTTCCG ATGCCGGTCCATGATCACTT 58
IGF-I GCTATGGCTCCAGCATTCG TCCGGAAGCAACACTCATCC 62
IGFBP-3 GGAAAGACGACGTGCATTG GCGTATTTGAGCTCCACGTT 78

low endogenous levels of total FoxOl in skeletal muscle,
accurate quantification of FoxOl following nuclear and
cytosolic fractionation of whole muscle remains difficult.
Therefore, we determined it in the total protein extract. The
protein extracts were boiled for 5min in a 1:1 volume of
Laemmli loading buffer. Proteins (100 ug) were resolved
by electrophoresis on 10-12% polyacrylamide gels under
reducing conditions and transferred onto nitrocellulose
or polyvinylidene fluoride membranes (Bio-Rad, Madrid,
Spain) that were blocked by incubation in 5% nonfat dry milk
and 0.1% Tween (Sigma-Aldrich), in Tris-buffered saline.
Ponceau-S staining was performed to ensure equal transfer
prior to blocking. Membranes were probed overnight at
4°C sequentially with antibodies against pAkt (473), and
pFoxO1 (256) (Cell Signalling Technology Inc, Boston,
USA), Akt, FoxOl, NF-xBp65 (C20), pNF-«Bp65 (536)
and MuRF1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) with stripping of membranes, using stripping buffer
(Restore Western Blot Stripping Buffer, Thermo-scientific
Rockford, II, USA) before each new antibody. Membranes
were incubated for 90min in the appropriate secondary
antibody conjugated to horseadish peroxidase (anti mouse
IgG, Amersham Biosciences, Little Chalfont, UK; anti rabbit
IgG, GE Healthcare, Madrid, Spain; or anti goat IgG, Santa
Cruz) and peroxidase activity was detected using enhanced
chemiluminescent reagent (Thermo Scientific, Rockford,
IL, USA). Band intensities were quantified by densitometry
using Gene Tools Analysis software.

2.4. Ligand Blot. Serum IGFBP3 levels were measured by
ligand blot. Two microlitres of serum were diluted in sample
buffer and boiled for 2 min at 90°C and loaded on to 1% SDS-
12.5% polyacrylamide gels, and proteins were separated by
electrophoresis under nonreducing conditions. Proteins were
transferred onto nitrocellulose sheets (HybondTM-C extra,
Amersham, UK). The membranes were dried and blocked for
1h with 5% nonfat dry milk, 0.1% Tween (Sigma-Aldrich),
in Tris-buffered saline. Membranes were probed overnight
at 4°C with '*I-labelled IGF-I (15 x 10°cpm/mL). The
nitrocellulose sheets were then washed, dried, and exposed
at —80°C to X-ray film (Kodak X-Omat AR, Eastman Kodak,
Rochester, NY, USA). The film signals were quantified by den-
sitometry using a PC-Image VGA24 program for Windows.
The density of the IGFBP3 band in each lane was expressed as
the percentage of the mean density of sera from control rats.

2.5. IGF-I, ACTH, Corticosterone, and TNF« Determinations.
Serum IGF-I was measured using the antiserum to human
IGF-I (UB2-495), from Dr. Underwood and Dr. Van Wik,
and is distributed by the NIDDK Hormone Distribution Pro-
gram through the National Hormone and Pituitary Program.
Levels of IGF-I were expressed in terms of rat IGF-I from
Gropep Ltd. (Adelaide, Australia). The intra-assay coeflicient
of variation was 8%. All samples from the same experiment
were run in the same assay.

Serum ACTH and corticosterone was analyzed by a
commercial kit from MP Biomedicals, LLC (Orangeburg,
NY, USA), following the manufacturer’s protocols. Liver
TNF« was determined by ELISA with a kit from Amersham
Biosciences (Barcelona, Spain).

2.6. Nitrite Determination. Nitrite and nitrate concentrations
in serum were measured by a modified method of Griess
assay [28]. Serum was deproteinized to reduce turbidity by
centrifugation through a 30 kDa molecular weight filter using
a Centrifree Micropartition Device with a YM-30 ultrafiltra-
tion membrane (Amicon Division, Millipore Corporation,
Bedford, TX, USA), at 15000 rpm for 1h at 37°C for 300 uL
samples. One hundred uL of filtrated serum was mixed
with 100 uL of vanadium chloride and was quickly followed
by the addition of the Griess reagents. The determination
was performed after incubation at 37°C for 30 min. The
absorbance was measured at 540 nm. Nitrite and nitrate
concentrations were calculated using a NaNO, standard
curve.

2.7 Statistical Analysis. Statistics were computed using the
statistics program STATGRAPHICS plus for Windows. Data
are presented as means + standard error of the mean and
were tested with analysis of variance (ANOVA); post-hoc
comparisons were made using the LSD multiple range test.
Statistical significance was set at P < 0.05.

3. Results

3.1. Anti-Inflammatory Activity of aMSH Administration in
Rats Injected with LPS. As shown in Figure 1(a), LPS adminis-
tration increased spleen weight (P < 0.01) in rats treated with
saline, but not in rats treated with « MSH. «MSH treatment
to control rats did not modify spleen weight. LPS induced a
significant increase in serum nitrite/nitrate levels (P < 0.01
Figure 1(b)). «MSH decreased nitrite/nitrate levels (P < 0.01)
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F1GURE I: Effect of xMSH treatment (100 ug/kg) on spleen weight (a), serum concentrations of nitrites/nitrates (b), liver TNFae mRNA (c) and
liver TNF« protein (d) in control rats or in rats treated with LPS (250 pug/kg). PF = pair-fed rats. «MSH treatment decreased the stimulatory
effect of LPS administration on spleen weight, serum concentration of nitrites + nitrates, liver TNFa, and liver TNFa mRNA. Results are
expressed as means + SEM for 6-10 rats per group. **P < 0.01 and “P < 0.05, LSD multiple comparisons test.

in rats treated with LPS, but not in control rats. Pair-feeding with «MSH, LPS increased liver TNFo mRNA (P < 0.05)
the rats did not modify spleen weight or serum nitrite levels.  but to lower levels (P < 0.05) than those observed in rats
LPS administration also increased liver TNF« as well as its injected with saline (Figure 1(c)). However, liver TNFa was
mRNA (P < 0.01, Figures 1(c) and 1(d)). In rats treated not increased by LPS administration in rats treated with
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TaBLE 2: Effect of 0.1 mg/kg «MSH administration on body weight gain and food intake in control rats or in rats treated with 250 pg/kg LPS.
PF = pair-fed rats. xMSH treatment attenuated the inhibitory effect of LPS administration on body weight gain and food intake. Results are
expressed as means + SEM for 10 rats per group. Values without the same letter are significantly different. LSD multiple comparisons test.

Body weight gain Food intake
g/19h g/19h
Control-saline 4.3 +0.6" 18.6 + 0.35°
Control-aMSH 6.1+0.7% 20.3 + 0.45%
LPS-saline -21.7+0.7° 3.9+0.67°
LPS-aMSH -14.3 + 3.6° 6.5+ 1.4°
PF -14.7 +1.2° 3.9

aMSH (Figure 1(d)). Liver TNFae mRNA and protein levels
were similar in control rats treated with saline and in pair-fed
rats.

3.2. aMSH Ameliorates LPS-Induced Decrease in Food Intake
and Body Weight Gain. LPS administration decreased both
food intake (P < 0.01) and body weight (P < 0.01, Table
2). This decrease in body weight gain is not only due to LPS-
induced anorexia, since decrease in body weight gain was
higher in the rats injected with LPS than in pair-fed rats
(P < 0.05). In control rats xMSH treatment did not modify
food intake or body weight gain. However, MSH treatment
attenuated the inhibitory effect of LPS on food intake (P <
0.05) and on body weight gain (P < 0.01).

3.3. Serum ACTH and Corticosterone after LPS and/or c MSH
Administration. Serum levels of corticosterone and ACTH
were not significantly modified by pair-feeding the rats or
by administering 100 yg/kg aMSH to control rats (Figures
2(a) and 2(b)). LPS administration increased serum levels of
ACTH and corticosterone (P < 0.01) in both groups of rats
treated either with saline or with « MSH.

3.4. aMSH Administration Prevents the Effect of LPS on
IGFBP3 but Not on IGF-I Levels. In rats treated with saline,
LPS decreased circulating levels of IGF-I and IGFBP3 (P <
0.01, Figures 2(c) and 2(d)). xMSH administration prevented
the inhibitory effect of LPS on circulating IGFBP3 levels,
whereas it was unable to modify the effect of LPS on serum
IGF-I levels. Neither serum concentrations of IGF-I nor
IGFBP3 were affected by pair-feeding the rats or «MSH
administration in control rats.

As observed in circulating IGF-I and IGFBP3, LPS
administration decreased IGF-I and IGFBP3 expression in
the liver (P < 0.01, Figures 3(a) and 3(c)). Treatment with
aMSH did not modify the inhibitory effect of LPS on liver
IGF-I mRNA. In contrast, kMSH attenuated LPS-induced
decrease in liver IGFBP3, where the rats treated with LPS and
a«MSH had IGFBP3 mRNA levels between those of control
rats and of the rats treated with LPS alone. Pair-feeding the
rats or kMSH administration to control rats did not modify
liver expression of IGF-I or IGFBP3.

Figures 3(b) and 3(d) show IGF-I and IGFBP3 expression
in the gastrocnemius muscle. LPS had a different effect on
IGF-I and IGFBP3 mRNA in the gastrocnemius than in

the liver. Gastrocnemius IGF-I mRNA was not significantly
affected by LPS, aMSH, or by pair-feeding the rats (Fig-
ure 3(b)). In contrast, LPS administration increased IGFBP3
mRNA in the gastrocnemius muscle (P < 0.05). aMSH
treatment prevented the stimulatory effect of LPS on muscle
IGFBP3, whereas it did not modify IGFBP3 mRNA in control
rats.

3.5. aMSH Administration Prevents the Effect of LPS on NF-
kB(p65), pAkt, FoxOl, MuRFI1, and Atrogin-1 in the Gastroc-
nemius Muscle. The effects of LPS and «MSH administration
on NF-xB(p65) and Akt in the gastrocnemius muscle are
shown in Figures 4(a), 4(b), 4(c), and 4(d). LPS increased
phosphoNF-«xB(p65) in the rats treated with saline (P < 0.01,
Figure 4(a)) but not in those treated with «MSH. There were
no modifications in gastrocnemius NF-xB(p65) levels in none
of the experimental groups (Figure 4(b)). LPS had a negative
effect on Akt signalling, since it decreased phosphoAkt levels
(P < 0.01, Figure 4(c)). «MSH treatment blocked the
inhibitory effect of LPS on Akt phosphorylation. Neither
aMSH nor pair-feeding the rats modified pAkt levels in the
gastrocnemius muscle. All experimental groups had similar
total Akt levels (Figure 4(d)).

LPS-induced decrease in muscle pAkt levels was asso-
ciated with an increase in the muscle content of the active
transcription factor FoxOl, as well as in its mRNA levels
(P < 0.01, Figures 5(b) and 5(c)). xMSH treatment prevented
the stimulatory effect of LPS on FoxOl and FoxOImRNA
levels, since the rats treated with LPS and «MSH had lower
FoxOl content than the rats injected with LPS and saline and
content similar to the levels of pair-fed rats. Pair-feeding the
rats increased mean FoxOl and its mRNA levels in the muscle,
but this increase was not significant. LPS administration
decreased pFoxOl1 levels (P < 0.05, Figure 5(a)). LPS also
decreased pFoxOl1 levels in the rats treated with «MSH, but
the decrease was not significant in comparison to the levels of
control rats treated with « MSH.

Atrogenes expression coincides with the activity of the
NF-«xB and the Akt/FoxOl pathway in the five groups of
rats. Atrogin-1 mRNA was increased by LPS administration
(P < 0.01, Figure 6(a)). Rats treated with both LPS and
aMSH had lower gastrocnemius atrogin-1 mRNA than rats
that received LPS alone (P < 0.01), and similar to pair-
fed rats. LPS administration also increased muscle MuRF1
and its mRNA expression in the gastrocnemius muscle
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FIGURE 2: Effect of kMSH treatment (100 pg/kg) on serum concentration of corticosterone (a), ACTH (b), IGF-I (c), and IGFBP3 (d) in control
rats or in rats treated with LPS (250 ug/kg). PF = pair-fed rats. LPS administration increased the serum concentrations of corticosterone and
ACTH (P < 0.01), whereas «MSH had no significant effect either in control or LPS treated rats. Serum concentrations of IGF1 were decreased
by LPS administration in both groups of rats treated with either xMSH or saline (P < 0.01). LPS treatment decreased serum concentration of
IGFBP3 (P < 0.01). xMSH treatment prevented the effect of LPS on serum IGFBP3. Pair-feeding the rats did not modify serum corticosterone,
ACTH, IGF-1, or IGFBP3 levels. Data are expressed as mean + SEM for n = 8-10 rats per group. **P < 0.01 and *P < 0.05, LSD multiple
comparisons test.
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are expressed as mean + SEM for n = 8-10 rats per group. “*P < 0.01 and *P < 0.05, LSD multiple comparisons test.
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FIGURE 4: PhosphoNF-«xB(p65) (a), NF-xB(p65) (b), phospho-Akt (c), and total-Akt (d) in gastrocnemius muscle of control, LPS and pair-fed
(PF) rats treated with «MSH (100 pg/kg) or saline. LPS increased phosphoNF-xB(p65) (P < 0.01) and decreased pAkt (P < 0.01) in the rats
treated with saline but not in rats treated with «MSH. Data represent mean + SEM (n = 7-10 rats). “*P < 0.01 and *P < 0.05, LSD multiple
comparisons test.
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(P < 0.01, Figures 4(b) and 4(c)). «MSH treatment blocked
LPS-induced increase in MuRF1 and in its mRNA in the
gastrocnemius muscle.

4. Discussion

Our data show that xMSH treatment was not able to modify
the stimulatory effect of LPS on circulating ACTH and
corticosterone or the inhibitory effect of LPS on circulating
and liver IGF-1. However, kMSH treatment induced anti-
inflammatory changes in liver and muscle and prevented neg-
ative effects of LPS on skeletal muscle, such as inhibition of
Akt phosphorylation and increase in IGFBP3 expression and
in FoxOl, atrogin-1, and MuRF1 levels in the gastrocnemius
muscle.

As previously reported [19, 20] «MSH prevented the
increase in liver TNFa after LPS injection. The anti-
inflammatory effect of «MSH was also evidenced by the
ability of this hormone to decrease LPS-induced increase in
spleen weight and serum concentration of nitrites/nitrates
and to prevent NF-xB phosphorylation in muscle after LPS
administration.

In accordance with data we have previously reported in
arthritic rats [26], peripheral «MSH treatment attenuated
LPS-induced anorexia and the decrease in body weight gain.
On the contrary, intracerebroventricular administration of
aMSH potentiates LPS-induced reduction in food intake
during 6 h [29]. Those data and the fact that systemic xMSH
treatment did not decrease food intake in control rats (present
data and [26]) suggest that the ability of systemic « MSH
to cross the blood brain barrier is low, as it has previously
been reported [30], and the effects we observed are exerted
at peripheral level.

In spite of its anti-inflammatory effect, peripheral admin-
istration of «MSH was not able to decrease the stimulatory
effect of LPS administration on the adrenal axis. However,
when centrally administered, xMSH has been reported to
decrease the stimulatory effect of LPS on serum corticos-
terone levels, at a very low dosage [31, 32]. In addition,
aMSH is not able to prevent the stimulatory effect of CRH
on pituitary ACTH, suggesting a hypothalamic rather than
pituitary site of action of aMSH on the hypothalamic-
pituitary-adrenal axis [32].

In contrast to our data, an inhibitory effect of peripheral
aMSH administration on LPS-induced increase in ACTH
has been reported in mice [33]. Discrepancies can be due to
the fact that these authors used a higher dosage of « MSH.
We tested a higher dosage of «MSH (200 pg/kg), and again
peripheral kMSH administration was not able to prevent the
effect of LPS on circulating IGF-I, ACTH, and corticosterone
(author’s unpublished observation). Another possibility is
that «MSH decreases the response to LPS within the first
few minutes after administration. In this sense, Huang et al.
[34] reported that in rats, 100 ug/kg «MSH partially blocks
the stimulatory effect of LPS, since it prevents the increase
in plasma corticosterone 60 min but not 30 or 120 min after
LPS administration. Nevertheless, we cannot exclude that at
a higher dosage peripheral administration of MSH may be

1

able to prevent the stimulatory effect of LPS on corticosterone
levels.

As previously reported [11, 12, 27], LPS administration
decreased circulating IGF-I and IGBP3 and their gene expres-
sion in the liver. Similar data have also recently been reported
in septic patients [35]. LPS decreases serum IGF-I, acting
both in the liver and at a central level [36, 37]. The effects of
aMSH treatment on serum levels of IGF-I and IGFBP3 in rats
injected with LPS were different, since «MSH was not able
to modify the inhibitory effect of LPS on IGF-I, whereas it
prevented the LPS-induced decrease in serum IGFBP3 and
its expression in the liver. The different responses of both
proteins to «aMSH treatment may be due to the fact that
they are regulated differently [38-40]. In addition, they are
produced by different liver cells, whereas IGF-I is mainly
produced in hepatocytes, IGFBP3 expression is only found
in nonparenchymal cells [38, 41]. The effect of xMSH on liver
IGFBP3 can be exerted directly, since liver cells express all
aMSH receptors (MCRs) and their expression is upregulated
during the acute phase response [42]. In addition, «MSH
inhibits endotoxin-induced upregulation of the acute-phase
cytokines (interleukinl (ILI), IL6, and TNF«) in isolated
Kupffer cells [42]. Therefore, tMSH can prevent LPS-induced
decrease in IGFBP3 synthesis by nonparenchymal cells,
although it is not able to prevent the decrease in IGF-I
expression.

In contrast to the effect of LPS on liver IGFBP3 expres-
sion, local expression of IGBP3 was increased in skeletal mus-
cle by LPS administration. These data indicate that regulation
of IGFBP3 varies depending on the tissue. In chronic inflam-
mation induced by arthritis we have found that IGFBP3
expression is also increased in the gastrocnemius muscle but
not in the liver [43]. An increase in muscle IGFBP3 has also
been reported 2 days after muscle injury, during the early
phase of regeneration when muscle is invaded by inflam-
matory cells, especially by macrophages [44]. In periph-
eral tissues local IGFBP3 is a well-documented inhibitor
of cell growth and/or promoter of apoptosis by a non-
IGF-dependent mechanism (for review see [45]). IGFBP3
is produced by myogenic cell cultures and it suppresses
proliferation in an IGF-dependent and -independent man-
ner [46]. Accordingly, the increased expression of IGFBP3
in skeletal muscle can contribute to inflammation-induced
muscle wasting. As in the case of circulating levels of IGFBP3,
aMSH treatment was able to prevent LPS-induced increase in
muscle IGFBP3 expression.

In the gastrocnemius muscle LPS decreased pAkt,
whereas it increased pNF-xB(p65) and FoxOl active protein
and its mRNA. These data are in accordance with those
previously reported by other authors [9, 47, 48]. As expected,
the decrease in pAkt and the increase in pNF-«B and FoxOl
protein were associated with an increased expression in
both atrogenes atrogin-1 and MuRF1. Treatment with «MSH
prevented the effects of LPS on the muscle: the decrease
in Akt phosphorylation and the increase in NF-xB(p65)
phosphorylation and FoxO1, MuRF], and atrogin-1, reaching
levels similar to those found in pair-fed rats. All these
data indicate that «MSH administration blocks LPS-induced
alterations in Akt/FoxOl signalling and downstream gene
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targets of FoxOl, atrogin-1, and MuRFl in gastrocnemius
muscle. Similarly, in arthritic rats, «MSH administration
prevents upregulation of both atrogin-1 and MuRF1 [26].

Taking into account that «MSH treatment prevented the
inhibitory effect of LPS on pAkt in the gastrocnemius, we
expected that «MSH would be able to modify the inhibitory
effect of LPS on IGF-I. However, kMSH administration was
unable to prevent LPS-induced decrease in serum and liver
IGF-I expression. The possibility exists that normalization of
Akt activity in gastrocnemius of the rats treated with LPS and
aMSH is related to normalization of NF-xB activity and/or
to muscle IGFBP3 levels. There are several data indicating
that IGFBP3 can play an inhibitory role in the PI3K/Akt
signalling pathway in different types of cancer cells, through
an IGF-independent effect [49, 50]. IGFBP3 also decreases
Akt phosphorylation in noncancer cell cultures such as
adipocytes [51].

Although aMSH did not modify the effect of LPS on
the main hormones related to muscle wasting (IGF-I and
corticosterone), it had anti-inflammatory actions, and in the
skeletal muscle it prevented the decrease in pAkt levels, the
activation of NF-xB and FoxOl, and the upregulation of
atrogin-1and MuRFI. Because we analyzed the acute effects of
LPS treatment, it was not possible to measure muscle atrophy.
However, in arthritic rats chronic xMSH treatment decreases
both muscle wasting and inflammation [26], in spite of not
preventing the increase in serum concentrations of corticos-
terone and ACTH or the decrease in serum concentration of
IGF-I (authors’ unpublished observation). Another treatment
that shows anti-inflammatory and anticachectic effects in
arthritic rats is the PPAR-« agonist fenofibrate. Fenofibrate
administration decreases skeletal muscle atrophy [52], but it
is also unable to prevent the effects of arthritis on serum IGF-I
and corticosterone levels [43].

It has been postulated that stimulation of muscle proteol-
ysis requires two events, increased circulating glucocorticoid
and/or impaired insulin signalling [53]. PI3K/Akt pathway,
which had previously been shown to be sufficient to induce
hypertrophy via activation of protein synthesis pathways, can
also dominantly suppress the activation of atrophy pathways,
determined by the induction of atrophy markers MuRF1 and
atrogin-1 [54]. IGF-I, activated PI3K, or activated Akt is
sufficient to inhibit the upregulation of MuRF1 and atrogin-
1 induced by the glucocorticoid dexamethasone [18]. In
our data, the preventive effect of «MSH on LPS-induced
increase in atrogin-1 and MuRF1 levels can be explained
by the normalization of NF-«B and Akt/FoxOl pathways.
This can be secondary to a reduced release of cytokines, as
reflected by the normalization of pNF-xB levels, and/or to the
normalization of IGFBP3 levels in the gastrocnemius.

5. Conclusion

Our data suggest that in rats injected with LPS, «MSH exerts
anti-inflammatory and antiproteolytic activities in skeletal
muscle downregulating FoxO1 and atrogene activation at
least in part by controlling NF-«xB and Akt activation. These
results support «MSH as a novel potential therapeutic agent
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for clinical use in patients with sepsis that show a reduction
in muscle mass. The pathways through which a-MSH blunts
muscle wasting should be clarified by future studies analyzing
the possible melanocortin receptors involved.
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EFFECT OF CYCLOOXYGENASE-2 INHIBITION BY MELOXICAM,
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Cyclooxygenase-2-induction by inflammatory stimuli has been proposed as a mediator of inflammatory cachexia. We
analyse whether cyclooxygenase-2 inhibition by meloxicam administration is able to modify the response of skeletal
muscle to inflammation induced by lipopolysaccharide endotoxin (LPS). Male rats were injected with 1 mg kg™' LPS at
17:00 h and at 10:00 h the following day, and euthanized 4, 24 or 72 hours later. Atrogin-1, MuRF1, myogenic regulatory
factors and cyclooxygenase-2 in the gastrocnemius were determined by real time-PCR (mRNA) and Western blot
(protein). In a second experiment the effect of meloxicam administration (1 mg kg') was analyzed. Meloxicam was
administered either in a preventive manner, 1 hour before each endotoxin injection, or in a therapeutic manner, starting
2 hours after the second LPS injection and at 24 and 48 hours afterwards. There was a marked increase in MuRF1
mRNA (P<0.01) 4 hours after LPS, and in atrogin-1 mRNA 4 hours (P<0.01) and 24 hours (P<0.01) after LPS.
Cyclooxygenase-2 was increased, whereas MyoD was decreased at 4, 24 and 72 h. Both types of meloxicam treatment
blocked LPS-induced increase in atrogin-1. Preventive, but not therapeutic, meloxicam decreased myostatin (P<0.01)
and increased Pax7 (P<0.01) and MyoD (P<0.05). Therapeutic meloxicam treatment decreased gastrocnemius
myogenin. These data suggest that cyclooxygenase-2 inhibition by meloxicam administration can prevent the increase
in atrogin-1 and the decrease in MyoD induced by LPS administration. However, prolonged therapeutic meloxicam
treatment seems to be less effective, since it can inhibit myogenic regulatory factors.

Key words: cyclooxygenase-2, gastrocnemius muscle, lipopolysaccharide, MyoD, meloxicam, myostatin, myogenin, skeletal

muscle, sepsis

INTRODUCTION

Skeletal muscle is a plastic organ that can increase or
decrease in volume in accordance with modifications in energy
balance and environmental factors. Inflammatory illnesses such
as sepsis, cancer and arthritis are associated with muscle wasting
(1-3). Sepsis induces myopathy characterized by a reduction in
muscle force-generating capacity and muscle wasting (3).
Moreover, myopathy and its related syndromes are a major cause
of mortality and long-term morbidity in critically ill patients (3).
Critically ill patients with sepsis can have a 20% reduction in
muscle mass within the first week (4). These patients have a
normal muscle protein synthesis rate, whereas muscle
proteolysis is increased up to 160% (5). Of the major proteolytic
systems, ubiquitin-proteasome pathway is increased, whereas
calpain and caspase activities are not changed in sepsis (5). The
two E3 ubiquitin ligases, muscle RING-finger protein-1 (MuRF-
1) and atrogin-1 are sensitive markers for muscular atrophy (6).
The mechanisms by which chronic inflammatory diseases
activate the ubiquitin-proteasome pathway are through the
release of cytokines (2) or myostatin, a negative regulator of
muscle mass (7).

Cyclooxygenases (COXs) are key enzymes in regulating the
biosynthesis of prostaglandins. COX-2 isoform is inducible by
pro-inflammatory cytokines and other stimuli, not only in
immune cells, but also in other tissues such as skeletal muscle
(8). COX-2 activation plays an important role in cachexia
induced by experimental arthritis (3). Inhibition of COX-2, by
meloxicam administration, ameliorates muscle wasting by
preventing arthritis-induced upregulation of muscle atrogin-1
and MuRF1 (3). COX inhibitors are also able to improve cancer
cachexia in both experimental animals and in humans (9, 10), by
acting on the ubiquitin-proteasome pathway (11).

In spite of the anti-cachetic effect of anti-inflammatory
therapy with COX-2 inhibitors, these drugs can have adverse
effects on muscle regeneration and growth after muscle injury
(12). COX-2 activation plays an important role in muscle
regeneration after muscle injury (13). The role of COX-2 in
muscle regeneration seems to be related to the fact that
inflammatory response facilitates myogenesis (14). Although the
role of COX-2 activation in sepsis is not well known, COX-2
inhibition prevents lipopolysaccharide-induced decrease in
serum and liver IGF-I and decreases pro-inflammatory cytokines
and liver injury in septic rats (15, 16).


https://www.ncbi.nlm.nih.gov/pubmed/23388481
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