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Abreviaturas

A continuacion se detalla por orden alfabético una lista de las

abreviaturas utilizadas en la Memoria.
AC: adenilato ciclasa
ACTH: homona adenaocorticotropa
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ciclico

APZ2: proteina adaptadora 2
ARN: acido nbonucleico
ARNm: ARMN mensajero
ASP: agouti

bF GF: factor de crecimiento basico

de fibroblastos,

CRE: elemento de respuesta al
AMPC.

CREB: proteina de unidn a
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cpm: cuentas por minuto

DCT: dopacromo tautomerasa
DHI: 5 6-dihidroxiindal

DHICA: acido DHI-2-carboxilico

DMEM: medio minimo esencial

modificado por Dulbecco
dpm: desintegraciones por minuto
DQ: dopaquinona
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extracelulares
ET-1: endotelina 1
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&
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MITF: microphthalmia

MMP: metaloproteasa de matriz
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PKA: proteina quinasa A
PKC: proteina quinasa C
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RGP: fase de crecimiento radial
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Introdurecidn

1. LA PIEL: ESTRUCTURA Y COMPOSICION.

La piel es un drgano complejo, gue cubre toda la superficie del cuempo.
Constituye el 15% del peso total del adulto v, por tanto, es el drgano mas extenso del
cuermpo. Cumple multiples funciones vitales gracias a su estruciura elaborada, que se
encuentra organizada en tres capas. la epidermis (y sus apéndices asociados,
foliculos pilosos v foliculos sebaceos, v glandulas sudoriparas); la dermis (separada de
la epidemis por la unidn  dermal-epidermal); v la hipodemmis  (Figura 1)
Embrioldgicamente, la epidermis v sus apéndices son de ongen ectodérmico, mientras

gue la dermis v la hipodermis son de origen mesodérmico.

Capas y estructuras de la pisl
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Figura 1. Estructura de la piel y capas de la epidermis.

La hipodermis es un tgjido conjuntivo adiposo, que representa la parte mas
profunda de la piel v conecta la dermis con los organos. Tiens una funcion importante
en la temorregulacion, aislamiento, aprovisionamiento de  energia  (almacen
nutricional) v proteccidon frente a lesiones mecanicas.

La dermis &5 un tejido conjuntivo grueso elastico v compresible, que protege la
epidermis, sus apendices v los plexos vascular v nervioso que la recorren. Esta
formada por células (fibroblastos, células dendriticas, mastocitos) v moléculas fibrosas.
Contiene receptores tactiles v del dolor, cuyas ramificaciones llegan hasta la superficie
de la piel v a diversas glandulas: glandulas sudoriparas, glandulas sebaceas v
foliculos pilosos. Tambien, en el interior de la dermis, se encuentran vasos sanguineos
gue proporcionan nutrnientes v calor a la piel, asi como nervios que se ramifican entre

las distintas capas de la misma.
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La epidermis es un epitelio estratificado, que se renueva continuamente. Esta
formada por cinco capas de células: el estrato comeo es la capa mas extema v el
estrato germinativo es la mas profunda. La superficie del estrato corneo esta formada
por 25-30 subcapas de celulas escamosas, que se desprenden continuamente par
friccion v que son reemplazadas por celulas del estrato germinative. Estas celulas se
conocen como queratinocitos, porque el protoplasma es rico en gueratina, gue
contribuye a las propiedades protectoras de la piel. Los queratinocitos se onginan a
partir de divisiones mitdticas de células madre de la capa basal. La célula hija formada
migra hacia la superficie celular v durante su recomido, sufre un proceso de
diferenciacion morfoldgica v bioguimica conocido como queratinizacién. Finalmente, se
desprenden de la superficie celular en aproximadamente 20 dias (1),

Ademas de los gueratinocitos (~30-20% de |la poblacion celular epidéermica
total), en la epidermis se localizan otras celulas residentes:

e |Las células de Langerhans (~5-8%) v celulas dendriticas libres (~1-2%),
responsables de |la respuesta inmunitaria epidémmica;

s |Los melanocitos (~5%), celulas dendriticas localizadas principalmente
en la capa basal, encargadas de la produccidn de pigmentos
polifendlicos conocidos como melaninas;

s Las celulas de Merel (~3-5%), células neuroendocrinas que actlan

como receptores sensoriales cutaneos.

2. MELANOCITOS.

2.1. Melanocitos. Origen y funcién: sintesis de melaninas.

Los melanocitos se onginan a partir de celulas pluripotentes de la cresta neural
del embridn denominados melanoblastos, mediante un proceso de proliferacion vy
diferenciacion (2. Una vez formados, los melanocitos migran a la capa basal de la
epidermis (lamina basal), al bulbgo piloso v al ojo, donde producen melanina, el
principal pigmento de la piel. La correcta migracion, distribucion v funcionamiento de
melanoblastos/melanocitos determina el fenotipo visible de la piel. Los melanocitos se
distnbuyen regularmente en la lamina basal siguiendo un patron caracteristico. Cada
melanocitc de la epidermmnis esta funcionalmente conectado a los fibroblastos
subyacentes de la dermis v a los queratinocitos de la epidermis supravacente. La
distnbucion de los melanocitos entre los gueratinocitos basales ocumre en una

proporcion de un melanocito por cada 4-10 queratinocitos basales.
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Las melaninas son pigmentos fotoprotectores de naturaleza polifendlica,
derivados de la oxidacidn del amincacido tirosina v de la polimenzaciéon posterior de
sUs productos oxidados. Las melaninas protegen la piel de la radiacion solar UY,
absorbiéndola v actuando como un filtro (3). Los melanocitos pueden producir dos
tipos de pigmentos melanicos:

o |las ewmslanings, de  color mamdn o negro vy fuertemente
fotoprotectoras;
o |Las feomelaninas, de color rojizo, mucho menos fotoprotectoras.

La biosintesis de melaninas transcurre a través de una ruta enzimatica
compleja conocida como via de Raper-Mason, que se esquematiza en la Figura 2. Los
pigmentos melanicos son sintetizados a partir del aminoacido  L4irosina vy se
almacenan en unos organulos esfercos U ovoides llamados melanosomas. Los dos
tipos de melanina difieren no sdlo en color, sing también en el tamario, forma v modo
de empaqgquetamiento en los melanosomas que las contienen.

La enzima clave en la ruta de sintesis de melaninas es tirosinasa, TYRE, que
cataliza dos reacciones sucesivas: la hidroxilacion de tirosina a DOPA, v la oxidacion
de DOPA a dopaquinona (DQ). En condiciones de bajo contenido en compuestos con
grupos sulfhidrilo, la via melanogénica conduce a la produccién de eumelaninas. En
estas condiciones, DG cicla espontaneamente para formar el metabolito intermedio
dopacromo, gue espontaneamente pierde el grupo carboxilico generando  5,6-
dihidroxiindal (DHI). Este compuesto se oxida v polimerza dando lugar a polimeros
insolubles de alto peso molecular de color marron oscuro casi negro, conocidos comao
DHI-melaninas. Sin embargo, en presencia de la enzima dopacromo tautomerasa
(DCT, tambiégn conocida como Tyrp2), dopacromao tautomenza sin perder sU grupo
carboxilico dando lugar al acido DHI-Z-carboxilico (DHICA), gque puede oxidarse v
polimerizar, dando lugar a un subtipo de eumelaninas, conocidas como DHICA-
melaninas, caracterizadas por un color mamran claro, moderada solubilidad v tamario
intermedio (4] En cambio, en presencia de grupos tidlicos de bajo peso molecular con
grupos sulfhidrilo libres, como cisteina o glutatién, se produce una reaccidn de
conjugacion entre la DQ (formada a partir de tirosina por TYR ) con dichos compuestos
tiolicos, generando 3- 0 S-cisteinil DOFPAs. Estos compuestos se oxidan v polimenzan,
dando lugar a melaninas de color amarillo-rojizo conocidas como feomelaninas (Figura
21 (5:6) Este tipo de melanina es menos fotoprotectora que la eumelanina, v por
interaccidn con la radiacidn UY puede producir perdxido de hidrdgeno, superdxido v
radicales hidroxilo, gue conducen a un estrés oxidativo que puede causar dafio en &l
ADMN.



Introduccion

Eaa]

HO Coo
TE TEr
HEL," . Con
1 HE HE
HO 1 cys
tirosina tH,
l espontanea

HO con

o Coo .

HE;

HO HH HO

espantanea DDPACRW(}&CT LG 'H!N u S_S_CVSDDPA

[WalH
H0
HO

espont anea

Cok

NEZHZECMZCMm

Figura 2. Via de sintesis de eu- v feomelaninas.

Los melanocitos sintetizan tanto eumelaninas como feomelaninas, con una
relacidén entre las dos gue viene determinada por un balance entre la expresion de las
distintas enzimas melanogeénicas v la disponibilidad en la célula de tirosina y agentes
reductores con grupos sulfhidrilo (7). La proporcion en la gue se encuentran determina
la pigmentacidn visible.

Los melanosomas, organulos citoplasmicos en los gue tiene lugar la biosintesis

del pigmento, sufren un proceso de maduracion vy, finalmente, cuando estan cargados

de melanina son transportados a lo largo de
las dendritas del melanocito v transferidos a
los queratinocitos adyacentes. Una vez en los
queratinocitos, los melanosomas 5e
distribuyen v, en respuesta a la radiacidon LY,
se sitian alrededor del nucleo para formar

unas estructuras que 1o protegen (Figura 3).

Figura 3. Felaciones estructurales v funcionales

entre los melanocitos v los gueratinocitos en la

o graniudos de '.z . . .
mialaninis por lamina basal de la epidermis.
ancima died nldeo
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2.2 Formacion de melanosomas.

En condiciones fisiclogicas, la sintesis de melanina esta restringida a los
melanosomas, v sus elementos enzimaticos v estructurales se organizan v ensamblan
separadamente en un proceso que recuerda a la formacion del lisosoma (8) En
general, la estructura de los melanosomas depende del tipo de melanina producida.
Los eumelanosomas son elipticos v contienen una matnz fibrilar, mientras que la forma
de los feomelanosomas es vanable con un contomo redondeado v contiene una matnz
vesiculoglobular. Los melanosomas se desamollan en cuatro etapas. La etapa | es una
etapa temprana gque cormresponde a un estado sin organizacion evidente de la matriz
(premelanosoma)l. En la etapa I, va se ha organizado la matriz, pero ain no hay
formacidon de melanina (eumelanosomas); en los feomelanosomas la melanina ya se
ha formado en esta etapa. En la etapa |Il, hay deposicion de melanina. En la etapa IV,
los melanosomas  estan completamente llenos de melanina, es decir, estan

melanizados, son densos v han perdido la actividad tirosinasa (9) (Figura 4.

Figura 4 Microscopia electrénica del desarrollo de eumelanosomas (a-f) y de feomelanosomas
(o-i) (9).

3. REGULACION DE LA MELANOGENESIS.

La pigmentacidn melanica depende de la proliferacidn v diferenciacion de los
melanocitos. En los mamiferos estos procesos estan regulados por NUMerosos genes
{(10%, asi como por controles epigeneticos mediados por otros tipos celulares
adyacentes, especialmente los gueratinocitos (11). Estas células contribuyen también
de forma decisiva a la proliferacion, supervivencia v diferenciacidn de los melanocitos
a traves de la secrecidn de moléeculas de sefializacion intracelular.

La proliferacion del melanocito esta regulada positivamente por factores de

crecimiento mitogéenicos, como el factor de crecimiento basico de fibroblastos (bFGF)
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(12) v otros agentes como ésteres de forbol. En los melanocitos, el AMPC colabora de
forma sinergica con estos factores para inducir la proliferacion celular (13).

Far otra parte, la requlacion de la diferenciacion del melanocito esta mediada
por distintos agentes fisicos v guimicos, gue utilizan multiples vias de sefializacion,

siendo la radiacion UY el principal inductor fisioldgico externo de la melanogénesis.

3.1. Efectos de laradiacién UY sobre la pigmentacidn.

La radiacion UY es el principal factor inductor de la pigmentacion inducida o
facultativa de la piel humana. La radiacion UY provoca el oscurecimiento rapido de la
piel (reaccidn de bronceado), que ocurre inmediatamente tras la exposicion a la
radiacion. Este bronceado no se produce por una sintesis de melanina, sino por la
oxidacion vy polimenzacion de  intermedios melanogénicos presxistentes v la
redistribucion de los melanosomas (14). Por otra parte, dias después de la exposicion
a la radiacién UY se produce una respuesta de bronceado tardia v mas duradera, gue
implica la activacion de los melanocitos. Esta respuesta es compleja, va que tiene al
menos dos componentes: por una parte, un efecto directo sobre los melanocitos v, por
otra parte, una activacion de la liberacion de moléeculas de sefializacion por los
gqueratinocitos, gue provocan una respuesta melanocitica secundarna (15) La
combinacion de estos efectos conduce a un aumento en la expresion v la actividad en
los melanocitos de Microphthalmia (MITF), principal regulador transcripcional de genes
de proteinas melanogeénicas como Pmell?, MART-1, TYR, TRP1 v DCT, que
finalmente provoca Uun aumento en el contenido de melanina {(16).

En cuanto a las respuestas directas de los melanodtos, la radiacion LY
provoca la aparicion de fotoproductos de ADN vy la generacion de especies reactivas
de oxigeno (ROS), que provoca el dafio oxidativo de ADN, asi como la peroxidacion
lipidica v proteica. La activacion de p38 provoca una estimulacion de la transcripcion
de genes melanogénicos (17,18). For otra parte, en las celulas iradiadas v sobre todo
en los gueratinocitos, se produce una acumulacion de pS3, v una induccicn del
inhibidor de la quinasa dependiente de ciclina p21 (Figura ). Como consecuencia, el
ciclo celular entra en parada, v las ceélulas mas dafiadas entran en apoptosis, mientras
gue en las gue han sufrido un dafio moderado se activan mecanismos de reparacion
del ADMN (19). Otro efecto importante de la acumulacion de p53 es la induccion de
genes controlados por este factor de transcrpcion, tanto en los gueratinocitos como en
los melanocitos. Uno de ellos es el de POMC, el precursor de las melanocortinas o
MSH (hormona estimulante del melanocito «) v ACTH (hormona adenocorticotropa)l.

La produccion v liberacion de estas hormonas se activa por tanto en los queratinocitos,

12
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conduciendo a la activacion paracrina de los melanocitos {17,20). Esta activacidon es
tanto mas potente cuanto que la acumulacion de p53 en melanocitos produce un
incremento de la expresion del gen que codifica para el receptor MC1R reconocido par
las melanocortinas v mediador de sus efectos. For otra parte, en los queratinocitos, la
radiacion UV también estimula la liberacion de endotelina 1 (ET-11 v de bFGF, que
actlan sobre sus receptores en el melanocito. El efecto conjunto de estos factores es
complejo g incluye la induccion transcripcional de MITF, su activacidan por fosfonlacidn,
la induccitn de los genes melanogenicos, v la activacion de las vias de supervivencia
como la de Akt, v de proliferacion como la de los receptores del bFGF (19.21). Asi, la
radiacion UY media una respuesta de gran complejidad que afecta a la supervivencia,

proliferacion vy diferenciacidon de los melanocitos.

A
Capa de ozeno 7 ‘ X,

/U\"A UVE e ?
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Figura 5. Esguema schre los efectos de la radiacion UY en los melanocitos vy
gueratinocitos de la piel humana. Se muestra dnicamente una parte de los efectos. La
induccion de p53 no es exclusiva de los gueratinocitos vy se produce tambien en los

melanocitos.
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3.2 Las melanocortinas.

El prncipal agente para- v endocrino inductor de la diferenciacion del
melanocito es «-MEH, perteneciente a la familia de las melanocortinas.

Las melanocortinas (MCs) forman una familia de péplidos neuroendocrinos,
ornginalmente caracterizados como reguladores de la pigmentacion cutanea y de la
produccion de cortisol. Las MCs se expresan en la pituitaria v en localizaciones
periféericas, incluyendo la piel. La disfuncién de la sefalizacion por MCs se ha
relacionado con cuadros dispares como hiperfagia v obesidad severa prematura,
deficiencia familiar de glucocorticoides, vasculitis, trastomos fibrdticos de la epidermis,
y distintos tipos de cancer cutane g, incluido el melanoma (21).

Las MCs naturales son las hormonas estimulantes del melanocito, o, B- v v
MSH, v la hormona ACTH, todas derivadas de un precursor comin de 235
aminoacidos, la pro-opiomelanocortinag (POMC) (8)(Figura 8).

Estructuralmente, los péptidos MEH (o=, - v v MSH) comparten con ACTH la
secUencia aminoacidica -Tyr-x-Met-x-His-Phe-2rg-Trp- que contiene el tetrapéptido
His-Phe-Arg-Tm (HFRWY), critico para la actividad melanotropica.

Los gueratinocitos v los melanocitos de la epidermis humana expresan POMC
v todas las enzimas necesanas para su procesamiento, por lo que la sintesis ectopica

y la liberacion de las hommonas ACTH, a- v - MSH v B-endorfina, también tienen lugar

enla piel {21).
PRO-OPIOMELANOCORTINA
| [ | I Hl |
Fragmento amino terminal ACTH B- Lipotroping
=2 | | | |
. w» R
—tSH a-MSH  CLIP t+ Lipotrotopina - Endorfina
] ] | | |
p-tSH Met-encefaling
[
TMSH NH,-YVMGHF RWDRFG-0H
p-MSH NH,-AEKKDEGPYRMEHFRWGSPPKD
o-MSH Ac-5YSMEHFRWGKPV- NH,
ACTH NH,-sYsME HF RWGKPV GKKRR PVKVYPNGAEDESAEAFPLEF -OH

Figura 6. Procesamiento protealitico de la POMC. Las enzimas proconvertasas, PC1T y
PZ2, realizan el procesamiento proteclitico de la POMC hasta los peptidos bioldgicamente

activos. PC1 libera ACTH v B-lipotropina, mientras que PC2 libera B-endorfinas vy o-MSH.
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El peptido de 13 aminocacidos «-MSH es el producto de POMC con mayaor
relevancia fisioldgica para los melanocitos v junto con ACTH, el de mavor actividad
melanogénica. Estas MCs gjercen su accion a traves de |los receptores acoplados a

proteinas G (GPCRs), que estimulan la cascada de senalizacion del AMPC (22:23).

4. RECEPTORES ACOPLADOS A PROTEINAS G.

Los GPCRs constituyen una superfamilia formada por mas de 1000 miembros,
o que supone mas del 1% de los genomas de mamiferos. Los miembros de esta
familia incluyen receptores para muchas hormonas, neurotransmisores, iones de
calcio, ademas de receptores sensoriales para vanos odorantes, sabor dulce v
amarga, e incluso fotones. Los GPCRs regulan la actividad de enzimas metabdlicas v
vias de sefalizacion, canales ionicos v transportadores de membrana, v la funcidn de
las maquinarias transcripcional v secretora. Estan implicados en numerosas funciones
vitales como neurgtransmision, regulacion de la secrecion de glandulas endocrinas v
exocrinas, exocitosis, foto w guimiorrecepcidn, quimiotaxis, control de la presidn
sanguinea, funcidn plaguetana, embriogénesis, angiogénesis, regeneracion tisular v
control del crecimiento celular nomal o aberrante. Ademas, existen muchos GFCHs
huerfanos, de los gque se desconoce suU ligando o su funcidn. Estos receptores son la

diana de mas del S0% de los agentes terapéuticos actuales del mercado (24,25)

4.1. Caracteristicas estructurales y clasificacién.

La informacidn acerca de la estructura de los GPCRs se basd inicialmente en
las estructuras de alta resolucion de la forma inactiva de la rodopsina (28), va que es
posible obtener grandes cantidades altamente enriguecidas de esta proteina a partir
de retina bovina. Ademas, la rodopsina es un GPCR extracrdinanamente estable, que
refiene su funcion bajo condiciones que desnaturalizan otros GPCRs. Posteriomente,
se han cristalizado algunos otros GPCRs como el pZ-adrenérgico o el de adenosina, o
gue ha mejorado nuestra comprension de la estructura general de la familia (27,28).

Todos los GPCRs comparten una estructura basica comun formada por siete
helices transmembrana (T, tres bucles extracelulares, tres bucles intracelulares, un
extremo M-terminal extracelular v un extremo C-terminal intracelular. Cada uno de los
segmentos Th estad compuesto generalmente por 20-27 aminoacidos
mayontariamente hidrofobicos, que forman hélices «, por lo gue también se conoce a
los GPCRs como receptores siete hélices transmembrana. Los segmentos M-terminal

(7-59% amincacidos), los bucles hidrofilicos (5-230 aminoacidos) v los segmentos C-
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terminal (12-359 aminoacidos) son muy vanables en cuanto al tamaro v la secuencia
de amincacidos. El mayor grado de homologia entre los GFPCRs se observa dentro de
los segmentos Th, mientras que las estructuras mas vanables son los extremos aming
y carboxilo terminal, v el bucle intracelular que une los segmentos TS vy TME.

Los GFPCRs se clasifican en tres familias, A, B v C, en base a la similitud de su
secuencia. Los miembros de cada familia comparten mas de un 22% de identidad en

las regiones Th, asi como residuos v maotivos muy conservados (Figura 7).

re

Familia A, FamlllaB. Familia C.

Figura 7. Estructura de las familias de GPCRs.

e |La famiia A es el grupo mas extenso e incluye los fotomreceptores
(rodopsina), los receptores adrengrgicos v otros muchos tipos de receptores, como el
subgrupo de receptores olfativos v el de receptores de melanocortinas.

e |La familia B contiene sdlo 25 miembros e incluye los receptores para la
familia de hommonas peptidicas gastrointestinales, la homona  liberadora  de
corticotropina, calcitonina v la hommona paratiroidea.

e |Lag familia C es relativamente peguena v contieng la familia de receptores
metabotropicos de glutamato, el receptor de GABAg, el receptor sensible a calcio v los
receptores del gusto.

La dimerizacion de los GPCHs es un fendmeno comuin gue modula
propiedades clave de los receptores, como la unidn del ligado, la eficiencia de
acoplamiento, la desensibilzacion v el trafico desde el reticulo endoplasmico (RE)
hasta la membrana celular, v a través de rutas endociticas (29,30,

La dimenzacion de los GPCRs puede ser mediada por puentes disulfuro wo
interacciones no covalentes entre los dominios extracelulares, los Cterminales v los
segmentos Th (31 Se han propuesto dos hipdtesis para el mecanismo de
dimerizacién de los GPCRs. En los dimercs de contaclo, los dos mondmeros se

pliegan independientemente como unidades individuales, v establecen un numero
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limitado de contactos como consecuencia de su empaguetamiento lateral en el plano
de la membrana. Algunas de estas interacciones pueden ser puentes disulfuro
covalentes, o bien, interacciones de tipo "coilled-coil” entre los dominios C-terminales
de los mondmeros. Por otra parte, en los dimeros de infercambio de dominios, los
monameros intercambian dominios conectados por un bucle bisagra, de forma que la
unidad funcional esta formada por un dominio de cada monomero. Existen sjemplos
gue se asocian a ambos modelos, como es el caso del receptor GABAR, cuva
heterodimerzacidn implica interacciones entre dominios "coiled-coil” del extremo C-
terminal (22), el receptor metabotropico de glutamato, mGlus, gue dimeriza mediante
la formacion de puentes disulfuro covalentes (33), el receptor de histamina H1, cuya
dimerizacidn ocume a través del intercambio de dominios (34) v el MCTRE, que dimenza
mediante la formacidon de puentes disulfuro, asi como mediante interacciones no

covalentes posiblemente porintercambio de dominios (35,36 ).

4.2, Sefializacion a través de la proteina G.

La mayaria de los GPCRs se activan por la unidn de agonistas a la cara
extracelular de los segmentos TM o al entomo N-terminal extracelular, que induce un
cambio de conformacion. Este cambio conformacional permite el acoplamiento del
receptor a una proteina G heterotrimeénca, compuesta por tres subunidades distintas,
o, By oy, formandose el complejo ligando-receptor-proteina . Esta interaccidn se
produce a traves de los bucles intracelulares. Los distintos GPCRs varian en el grado
de actividad constitutiva o independiente de agonista para acoplarse a la proteina G,
de forma gue se han encontrado receptores mutantes con una actividad constitutiva
aumentada en numerosas enfermedades (37,38). La proteina G libera el GDF unido a
la subunidad Gy lo sustituye por una molécula de GTF. Este intercambio conduce a
la disociacion de la subunidad G, el dimero Gy v el receptor. Como consecuencia,
las subunidades Go v GPyestimulan moléculas efectoras como las adenilato vy
guanilato ciclasas, fosfodiesterasas, fosfolipasa A., fosfolipasa ) por lo gue activan o
inhiben la produccion de distintos segundos mensajeros tales como AMPc, GMPC,
diacilglicerol, inositoltrifosfato, acido araquidonico v acido fosfatidico (39).

Finalmente, la subunidad Go posee actividad enzimatica e hidraliza el GTF a

GDP, permitiendo su reasociacion con Gy (Figura 8).
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Figura 8. Mecanizmo de acoplamiento de los GPCHs a la proteina G.

Las proteinas G se clasifican sequn el tipo de subunidad o, en seis familias

{407y

s 5. proteinas gue estan acopladas a la estimulacion de la adenilato ciclasa.

e 5 proteinas acopladas a la inhibicidn de la adenilato ciclasa v a la activacidn
de canales de potasio (GIRK).

s Gy proteinas acopladas a la activacion de fosfolipasa Cp.

s 5y proteinas acopladas a la activacion del factor de intercambio de
nucledtidos de guanina REho.

s 5, proteinas acopladas a la estimulacion de la adenilato ciclasa, en células
olfativas.

s 5 proteinas acopladas a la fosfodiesterasa de GMPc, en células
fotorreceptoras.

For tanto, el tipo de proteina & que se asocie con cada receptor determina la
via 0 cascada de transduccion de la sefial que se dispare en respuesta a una
determinada sefal extracelular. Mas adelante se detalla la via de sefializacidn inducida
por AMPC, porgue es la via canonica activada en los melanocitos por unidn de c-MSH

a su receptor MCTR
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4.3. Glicosilacion de los GPCRs.

Asl como la mayoria de las proteinas de membrana que transitan a través del
FE, los GPCRs suelen estar MN-glicosilados. Esta modificacion posttransduccional
implica un complejo proceso que transcume en varias etapas gue tienen lugar en el RE
v alo largo del aparato de Golgi.

La primera etapa de la MN-glicosilacion es la union covalente del precursor
GlehangGleNAC-. Esta cadena se transfiere a partir del transportador lipidico dolicol-
pirafosfato a la proteina naciente en un residuo de asparragina en el lumen del EE,
dentro de la secuencia consenso Asn-#-SerfThr. Después de esta transferencia, las
siguientes reacciones de procesamiento incluyen la eliminacion de residuos de
glucosa v de al menos un residuc de manosa en el RE, que conducen a la formacidn
de una cadena rica en manosa. El polipéptido parcialmente procesado es transportado
al aparato de Golgi, donde se eliminan varios maonosacaridos v se afaden de manera
secUencial M-acetiiglucosamina, fucosa, galactosa v acido sidlico. La glicoproteina
recién sintetizada sale del aparato de Golgi v es transportada a su destino final (Figura
9.

El procesamiento del glicano en el RE parece estar conservado en todas las
células v juega un papel importante en el plegamiento proteico (41,42, en el control de
calidad a través del ciclo de calnexinag (43), en la oligomenzacion (44) v en el trafico
lisosomal (45). La presencia del carbohidrato de las glicoproteinas también es
importante en otros procesos celulares, como la estabilidad, la degradacidn asociada
al RE (ERAD) como consecuencia de la eliminacion de residuos de manosa (46), la
actividad enzimatica, la proteccidn frente a la degradacidn mediada por proteasas (47,
funciones estructurales adicionales, la unidn de ligandos con alta afinidad, la expresidn
en la superficie celular wo el acoplamiento de logs GPCRs (48-52). Por otro lado, las
reacciones gue tienen lugar en el aparato de Golgi explican la diversidad estructural de
los M-oligosacandos en las glicoproteinas maduras .

La presencia, &l tamario v la naturaleza del carbohidrato en una proteina se
pueden analizar mediante la digestion con  glicosidasas  especificas.  La
endoglicosidasa H (EndoH), digiere selectivamente cadenas de MW-glicanos ricas en
manosas v cadenas de M-glicanos de tipo hibrido [Figura 9), pero no digiere
oligosacandos complejos, 1o gue permite analizar la maduracion del carbohidrato. La
M-glicosidasa F (PMzasa F), hidroliza todos los tipos de cadenas de MN-glicanos de
glicopéptidaos v glicoproteinas, porlo gue elimina toda la fraccidon glucidica.

La mayoria de los GPCREs contienen uno o mas sitios potenciales de M-

glicosilacion dentro de la secuencia consenso Asn-*-SerfThr, donde X representa
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cualquier aminoacido excepto una proling, localizado en el extremo MN-terminal wo en
los bucles extracelulares. Los efectos de la glicosilacidn en los GFCRs son especificos

de cada receptor, o que reguiere realizar estudios sobre cada uno de ellos.
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Figura 9. Procesamiento de los oligosacaridos con unidn tipo M en el aparato de Golgi.

5. MC1R: RECEPTOR DE MELANOCORTINAS 1.

5.1. Subfamilia de receptores de melanocortinas.

Existen cinco receptores de MCs (MCRs), denominados MC1R a MCSR, que

forman una subfamilia de la clase A de la superfamilia de los GPCRs (53). Puesto que

las MCs estan implicadas en la regulacion de procesos fisioldgicos clave, en la
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actualidad se considera a los MCRs dianas farmacologicas potenciales de primer
orden (547

Los MCRs se acoplan a la adenilato ciclasa a traves de la proteina s,
produciendo la transformacion de ATP en AMPC v su acumulacion dentro de la célula
diana. Existe una alta homologia de secuencia entre los MCRs, con un 60% entre
MCAR v MCSR, aproximadamente un 45% entre MC3RE v MCIR v un 38% de
identidad entre MCZ2E v MCAR (Figura 10). Los MCRs difieren entre si en su
distribucidn tisular v en su afinidad por las MCs naturales v sintéticas (55) (Tabla 1) v
sus antagonistas, la proteina de sefalizacion agoutl (A5F) v la proteina relacionada

con el gen Agouti (AGRP).

MCTR
MCZR
- MCSR
MCS5R
MC4R

Figura 10. Dendrograma de los M CRs humanos.

s ElMCIR fue el pimer miembro de la familia de MCRs clonado. Es el receptaor
para la a-MMSH en melanocitos v el que presenta la mayor afinidad por esta MC.
ElMC1TR humano, ademas, tiene una alta afinidad por la ACTH, menor afinidad
por B-MEH v la més baja afinidad por «MSH.

o  Después de la clonacion del MCI1R, se clond el MC2R . Este receptor tiene la
caracteristica particular de que sdlo se activa en respuesta a ACTH, porlo que
se le denomina también receptor de ACTH. Se expresa en la glandula adrenal,
donde regula la produccion de mineralcorticoides v glucocortidoides.

s Bl MC3R tiene una afinidad similar para o-, -, yyv-MSH, v para ACTH. Se
expresa en muchas areas del sistema nervioso central v en warios tejidos
periféricos incluyendo el tracto intestinal v 1a placenta. MC3R parece intervenir
en la modulacion de funciones del sistema nervioso autdnomo, de la
inflamacion vy de la ingesta de alimentos, entre otras.

o E| MC4R se expresa predominantemente en el sistema nervioso central. El
orden de afinidad por MCs es) a-MSH = ACTH > B-MSH >=> »-M3SH. Entre sus
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funciones destacan la regulacion de la ingesta de alimentos v la homeostasis
de energia.

e E| MCS5R fue el dlitimo en ser clonado. Es similar al MC1R v al MC4R en su
capacidad para responder a todas las MCs, excepto a +~MSH. Se expresa en
glandulas exocrinas v en la piegl v su principal funcién parece ser la regulacion

de las secreciones glandulares.

MCR Agonistas Antagonistas | Tejido de expresidén mayoritaria
alSH = ACTH =AM SH Melanocitos, sistema inmune,
MC1R ASP
=yl SH gueratinocitos
MC2ZH ACTH . Corteza adrenal
ol SH = BMSH =y SH Sisterma nervioso central
MC3IR AGRF
= ACTH Macrofagos
ol SH = ACTH =pMSH
MC4R AGRP, ASP Siztema nervioso central
=y SH
abl SH = ACTH =BMSH _ _ .
MCER AGRF Glandulas exocrinas, linfocitos
=y SH

Tabla 1. Sistema de los MCRs. Distribucion tisular de los MCRs vy propiedades

farmacologicas.

5.2 Caracteristicas generales del MC1R.

El MC1R humano es un GFCR relativamente pequefio, con 317 aminoacidos v
una homologia de secuencia del 60% con el resto de los MCRs. Se expresa en
melanocitos v en células de melanoma.

Se ha identificado una isoforma generada por procesamiento altemativo del
ARMmM (56). Esta isoforma difiere de la forma mavontarna de 317 aminoacidos en que
contiene un fragmento adicional de 85 aminoacidos en el extremo Cterminal, por lo
gue tiene una longitud de 382 aminoacidos. Es similar a la isoforma mayoritaria en su
afinidad por las diversas MCS.

Ce todos los genes implicados en el control de la pigmentacion del pelo v de la
piel, el MCIR es el principal determinante de las variaciones nommales de tipo de piel v
el color del pelo en el hombre. Este receptor regula la cantidad v el tipo de pigmento
producido por los melanocitos v es el principal determinante del fototipo de la piel v de
la sensibilidad al dafio inducido por luz UY (57 ,58).

El sistema de las MCs, sobre todo oMSH v ACTH, constituye la principal red

neurcendocrina cutanea. En la epidermis humana los MCRs presentes son el MCITR v
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el MC5R. MCSR se expresa casi exclusivamente en sebocitos, donde media una
respuesta sebotrdfica a «-MSH (21). Bl MC1R se expresa preferentemente en los
melanocitos, siendo el mediador exclusivo de las respuestas a MCs de este tipo
celular. Sus principales efectos consisten en la activacion de la proliferacion vy
diferenciacion de los melanocitos, gue se manifiesta por un incremento selectivo en la
sintesis de eumelaninas [(59). For ello, & MCIR juega un papel central en la

fotoproteccian, a traves de la estimulacion selectiva de la eumelanogenesis.
5.3. Estructura del MC1R.
El MC1R &5 una proteina integral de membrana con las caracteristicas tipicas

de los GPCREs: un extremo MN-terminal, 7 fragmentos Th v un extremo C-terminal

extracelular (Figura 11).
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Figura 11: Estructura del MC1R humano segun el modelo de Rhingalm et al (B0). La
secuencia de aminoacidos corresponde al MC1R silvestre (Mumero de acceso GenBank

AFIZEZTE). EL, extracelular, MP, membrana plasmatica; IL, intracelular.
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5.3.1. Extremo N-terminal.

La mayoria de las proteinas de membrana plasmatica contienen un peptido
sefial en el extremo N-terminal que guia la proteina naciente a la membrana del RE vy
es rapidamente eliminado por un corte proteolitico. Sin embargo, el extremo MN-terminal
del MC1R no encaja con el consenso descrito para el péptido sefial v la eliminacidén de
los 27 primeros aminoacidos no tiene efectos en la unidn al ligando o en los niveles de
expresion (61). Ademas, un epitopo Flag unido al extremo amino terminal del MCTR,
no es eliminado durante el procesamiento de la proteina en células HEK293T (682). Ello
sugiers gque el MC1R pertensce a la clase minoritaria de proteinas de membrana gue
usan el primer fragmento Tk como sefial de trafico hacia la membrana plasmatica
(B3]

El MC1RE maduro contiene dos posibles secusncias de M-glicosilacion en el
extremo MN-terminal [*NTSP™ v 2NQTG*. Ademas, el MCIR sufre N-glicosilacion
como se observa por el desplazamiento de la movilidad electroforética de la proteina
tras el tratamiento con endoglicosidasas (64). Sin embargo, no se conoce si ambos
secUones estan glicosilados, aungue la presencia de un residuo Pro en el lado
carboxilico de la GIn1%, disminuye su potencial de M-glicosilacion. AN no se ha
analizado el posible papel de la N-glicosilacion del MCTR.

Por otro lado, un residuo de Cys cercano al primer fragmento T, esta
conservado en todos los MCRs v es critico para su funcidn, va que su mutacion a Gly
0 Ala provoca la perdida de funcion del receptor v su retencion intracelular en el RE
(65) Este comportamiento se debe a gue el residuo Cys3h esta implicado en la
formacion de un puente disulfuro intermolecular que contribuye a la dimenzacion del
receptor junto con los puentes disulfuro formados por los residuos Cys2B7, Cys273 y
Cys275 (36).

5.3.2 Los bucles extracelulares.

Los bucles extracelulares del MC1RE son pequefios (B0,66,67), particularmente
el segundo, gue es muy corto. Esta caracteristica se ha relacionado con la alta
actividad constitutiva que muestran varnos miembros de la subfamilia de los MCRs (68)
vy en particular el MCITRE (22). El tercer bucle extracelular de los MCRs esta
inusualmente conservado v es fco en residucs de Pro vy Cvs, 1o que sugiere gue tiene
una funcidon altamente especializada (68). For ofra parte, la mutacion de los residuos
Cys287 0 Cys275 a Gly o Ala, provoca la pérdida de funcidon del receptor (6%), debido

a su participacion en puentes disulfuro criticos para el mantenimiento de la estructura
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nativa (26 El residuo Cys271 en el MCAR, que eqguivale al residuo Cyws2B7 en el
MC1R, esta unido mediante un puente disulfuro al residuo Cys2V9, que equivale a la
Cys27S del MCIR, v se ha descrito una mutacidon natural C27V1R, asociada con
obesidad mdrbida (69) Estos hallazgos, junto a la perfecta conservacidn de los
residuos de Cys presentes en el tercer bucle extracelular en todos los MCKES, sugieren

un papel general de los puentes disulfuro en la funcidn de los MCRs.

5.3.3. Los bucles intracelulares.

Los bucles intracelulares (ils) de los GPCRs proporcionan la zona de unién a
las proteinas heterotrimércas G v contienen dianas de fosforilacion implicadas en la
regulacion de la sefializacion, intemalizacion v ciclado de los receptores (70). Dentro
del 117 del MC1R humano se han identificado B vanantes naturales, de las cuales al
menos 4 comesponden a formas de pérdida parcial o total de funcidn, lo que indica la
importancia de este dominio en la funcion del MCI1R (22). Ademas, el 12 contiens
sifios diana de fosforilacidn de proteina guinasa A (PRA) conservados v de proteina
guinasa C (PKC), aungue aun no se ha determinado si se encuentran fosforlados en

condiciones fisioldgicas.

5.3.4. Los fragmentos TM ¥ la zona de unién al agonista.

Los fragmentos T se sitdan aproximadamente perpendiculares al plano de la
membrana, en una disposicién en sentido contrario a las agujas del reloj. Para los
ZPCREs de la Clase A, el sitio de unidn del ligando es un bolsillo formado por la
contribucion de vanos T, que se localiza debajo de la interfase entre la membrana
plasmatica v el medio extracelular. Se han desarmollado  diversos modelos
tridimensionales para explicar la estructura de los complejos ligando-receptor. Fara el
MC1R, se ha propuesto gue residuos cargados negativamente presentes enel T2 v
Th3 interaccionan con el aminoacido Arg contenido en la secuencia His-Fhe-Ang-Tmp
de las MCs naturales. Ademas, residuos aromdaticos situados cerca del lado
extracelular de los fragmentos Th4, & v 8, también contribuirian a la unién del agonista

mediante su interaccién con los residuos aromaticos del famacoforo (V0,717

6.3.5. El extremo citosélico C-terminal.

El extremo citosdlico del MCI1R es corto, contiene 19 aminoacidos de los

cuales 6 estan presentes en todos los MCHS.
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Una delecion de los Ultimos cinco aminocacidos del MC1R, que incluye el
tripeptido terminal CSVY presente en todos los MCREs secuenciados hasta el momento,
es suficente para anular su funcion (62} Este mutante delecionadao es retenido en un
compartimento intracelular v se expresa en muy baja densidad en la membrana
plasmatica. Por tanto, la expresion del MCI1RE en la superficie celular depende de la
integridad de su extremo C-teminal.

For otro lado, la mutaciaon C3154 tambien afecta a la funcidn del MCTR (62). EI
mutante C315A muestra Un menor nimero de sitios de unidn en la superficie celular
en relacion al MCI1R silvestre. Por lo tanto, la aclacion podria ser un determinante
importante de la densidad del receptor en la membrana, bien por mejorar el trafico
anterdgrado o inhibir la intermalizacién, bien por modificar la estabilidad de la proteina
en la membrana plasmatica (7 2) Ademas, el extremo C-terminal del MC1R contiene
residuos de Sery Thr fosforlables que participan en la regulacion del estado funcional

del receptor La importancia reguladora de estos residuos se discutira mas adelante.

5.4, Vias de sefializacion del MC1R.

El MC1RE, activado por unidn del agonista «-M5H, seflala a través de |a
activacion de la proteina s heterotrimenca, que a su vez estimula la adenilato ciclasa.
El resultado es un aumento en los niveles intracelulares de AMPFc. El AMPFC se une a
los dos sitios de la subunidades reguladoras de la proteina guinasa A, PRA,
permitiendo que las subunidades cataliticas se liberen v se activen. A su vez, PKA
fosforla canales ionicos, enzimas v proteinas reguladoras. Ademas, PKA se trasloca al
nucleo donde fosforila la familia de factores de transcripcion CREE (proteina de unidn
a elementos sensibles a AMPC). Una vez fosforiladas, las proteinas CREB activan la
expresion de genes especificos que tienen las secuencias consenso CRE (elemento
sensible a AMPc) en sus promotores (Figura 12).

El AMPCc es, ademas, responsable de la mavoria de las acciones
melanogénicas de a-MSH (73). Estas incluyen la activacién de la enzima TYR v un
cambio en la sintesis de feomelaninas a la produccion de las eumelaninas, mas
oscuras v mas fotoprotectoras que las feomelaninas (74). La activacion de TYR ocurmne
principalmente a nivel transcripcional v esta mediada por la induccion  de
Microphthalmia (MITF), un factor de transcripcion de la familia helice-bucle-hélice,
cuya expresion se activa en respuesta a las proteinas CREB.

MITF se une a la caja M, una regidn conservada que se enclentra en los
promotores de los genes TYR, TYRPT y DCT, v estimula la regulacidn transcripcional

de estas proteinas v la maduracion de los melanosomas (759). El resultado final es un
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aumento de la actividad de TYR , la enzima limitante en la sintesis de melanina, con el

consiguiente aumento de la pigmentacion de la piel.

Figura 12 El mecanismo de regulacion de la melanogénesis inducida por AMPC

implica al factor de transcripcion Microphthalmia como transductor de la sefal.

Existen algunos datos que permiten suponer que el MCIR utiliza otras vias de
sefializacidon ademas de la cascada del AMPC, pudiendo activar la cascada de las
proteinas quinasas activadas por mitogenos (MAPK) ERKT v ERKZ (73) o de la
guinasa de estrés p38 (VE). Los mecanismos de activacion de estas wias son muy
poco conocidos, aungue en melanocitos de raton se ha propuesto gue son
dependientes del AMPc. Mo existen estudios al respecto para el MCTR humano.
Ademas, aungue el efecto de las mutaciones del MC1R relacionadas con cancer de
piel sobre la sefalizacion via AMPC se conoce relativamente bien, no ocurre lo mismao
con  posibles efectos sobre su capacidad de la activacidn de las guinasas
mencionadas. También se desconocen las posibles relaciones de entrecruzamiento de

las distintas vias de sefalizacion activadas por MCIRE. Por dlitimo, se sabe
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relativamente poco de la regulacion de la sefalizacion por MCI1R, y los datos

disponibles se refieren dnicamente a la cascada del AMFC.

5.5, Actividad constitutiva del MC1R.

El MC1R posee actividad constitutiva independiente de agonista (77). Muestro
grupo  ha demostrado que en células HEK gue sobreexpresan MCIR, las
concentraciones basales de AMPC se elevan hasta el 40% de los niveles méaximos
obtenidos en presencia de agonistas.

En receptores constitutivamente activos, los agaonistas inversos compiten con
los ligandos activadores por los sitios de union, v estabilizan la forma inactiva del
receptor, disminuyendo la sefalizacion independiente de agonista. Ademas de los
ligandos activadores naturales, se han descrto dos antagonistas para los miembros de
la familia de los MCRs, ASF v AGREF. Ambos antagonistas participan en el control de
la sefalizacion por MCs (78). La actividad antagonista de ambas moléculas reside en
sus dominios C-erminales ricos en cisteinas (79). ASPF posee una elevada afinidad
para el MC1R, para el gue se considera un agonista inverso (227, al menos en el

modelo murinog.

6. REGULACION DE LA FUNCION DEL MC1R.

La actividad del MC1RE esta estrechamente regulada. El genotipo del MCTR
proporciona un primer nivel de regulacion, wa gue el gen humano es altamente
polimérfico con mas de 100 variantes alélicas, la mayoria de las cuales comesponden
a la sustitucion de un solo aminoacido (22,80,

Ademas de este nivel de regulacién, la actividad del MCIR se modula por
Varios mecanismos que incluyen cambios en la expresién genica, estabilidad del
ARMmM v eficiencia de traduccidn o en la velocidad de procesamiento post-raduccional
de la proteina v en su trafico a traves de la via secretora.

For dlitimo, una vez en la membrana plasmatica, la actividad del MCI1R esta
controlada por la unién de las MCs, lo que puede conducir a su desensibilizacion
homdloga v a su internalizacién en vesiculas endociticas, asi como por péptidos
competidores o agonistas inversos como ASP v AGREP. Algunos de estos tipos de

regulacidn se describen a continuacian.
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6.1. Variantes alélicas del MC1R.

Enla especie humana se han identificado mas de 100 variantes naturales del
MCTR. La tabla 2 incluye una recapitulacion de las variantes naturales conocidas
hasta el momento (0],

Valverde et al (81) idenfificaron por primera wez la relacion entre un
polimorfismo del MCOTR v el pelo rmojo, la piel clara v la escasa capacidad de
broncearse, conocido como fenatipo RHC ("pelo de color rojo”).

Las variantes del MC1R mas fuertemente asociadas con el fenotipo RHC
incliuyen DE8AE, R142H, R151C, R160WY v D294H, que se han designado como alelos
‘R de alta penetrancia. Estas variantes alélicas se asocian ademas con un aumento
en el nesgo de melanoma v de canceres de piel de tipo no melanoma (64) Las
variantes alélicas VEOL, Y920 v R1630 tienen una asociacion mas débil con el
fenotipo RHC v se designan como alelos .

Las variantes B R142H, R151C, R160WY v DZ284H junto con el alelo r WEOL,
estan presentes en el 30% de la poblacion del norte de Europa v corresponden, en
conjunto, a mas del 60% de todos los casos de pelo rojo (82,

Los alelos R R142H, BE151C, R160WY v D284H comesponden a formas con
disminucidn de funcion, pero el grado de disfuncion v sus bases moleculares adn no
estan completamente establecidos. 5e ha demostrado una capacidad disminuida pero
detectable para estimular la produccion de AMPC tras la union del agonista en el
siguiente orden: WT (receptor silvestre)>> R180WY = R151C > R142H = D284H. Esto
sugeria que la disfuncion de estos alelos RHC estaba principalmente relacionada con
un fallo en la activacion de la proteina Gs. Estudios recientes han demostrado una
retencidn intracelular con una reducida expresion en superficie celular para DE4E,
RE121C v R160WY, pero no para D284H, por 1o que un procesamiento abemrante puede
contribuir a la pérdida parcial de funcién asociada con ciertos alelos RHC (35,583,584,

Hasta el momento, se han descrito algunos analisis funcionales de variantes
naturales de baja frecuencia, pero no hay ningln estudio convincente de su asociacion
con el fenctipo, precisamente a causa de suU escasa incidencia. Entre éstos se
encuentra el mutante R162F, gue tiene un interés particular, va que comresponde a la
primera secUencia descrita como MCTR  silvestre, aungue estudios posteriores
encontraron un residuc Arg en la posicion 182 del receptor (56,;85). La Pro distorsiona
las estructuras helicoidales v, por tanto, una sustitucion R/F en la interfase entre 12 v
T3 puede ser relevante funcionalmente. La expresidn en celulas heterdlogas
demostro que R162F es una variante con pérdida de funcién completa en la via del

AMPC (86) Ademas, el receptor R162F se encuentra retenido en un compartimento
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intracelular v su expresion en la membrana celular es indetectable. Otra variante
natural poco frecuente, L93R, encontrada en una linea celular de melanoma, tampoco
responde a NDP-MSH (684 ) En sistemas heterdlogos, el mutante L93R es incapaz de
unir agonista v producir AMPc, aungue sus niveles de ARMNmM son similares a los del
MCTR silvestre. La proteina L93R se retiens en un compartimento intracelular, lo que
indica un procesamiento abemante v perdida de expresion en superficie como causa
probable de su pérdida de funcidn (87).

Muestro grupo, en colaboracion con otros laboratorios, ha caractenzado
funcionalmente diversas wvanantes alélicas del MC1R, algunas que no habian sido
descrtas adn (V514 v CZEIR) v otras cuya funcion no se habia estudiado todavia
(W38N, S41F, MAZET v N2815). La mutacidon M2815 comresponde a un polimorfismo
silencioso funcionalmente, mientras que las otras mutaciones estan asociadas con
diversos grados de pérdida de funcidn, desde una disminucion moderada en el
acoplamiento al AMPc (W38M v WSTA) hasta la casi completa ausencia de
acoplamiento funcional (S41F, MI128T v CZ89F). Los mutantes MI128T v C2849R
alcanzan la superficie celular en su trafico anterdogrado, pero son incapaces de unir
hormona. Los mutantes V3gk, S41F v V51A se encuentran retenidos en el RE v su
expresion en la superficie celular es muy baja (80).

Por otra parte, experimentos realizados en nuestro laboratoro (3%.36)
mostraron que el MC1R sufre dimenzacién constitutiva. La dimerzacidn ocurre en una
etapa temprana en la via biosintética secretora, probablemente en el RE v podria ser
necesana para la llegada del receptor a la membrana plasmatica, como ocurme en
otros GPCRs (29) Ademas, mutantes naturales del MC1E son capaces de
homodimenzar v heterodimerizar con el MC1RE silvestre. La heterodimenzacion puede
causar alteraciones funcionales v, de hecho, se ha demostrado que la cotransfeccion
del MC1RE silvestre v un mutante con pérdida parcial de funcién, da lugar a formas de
afinidad alterada v menor eficacia de acoplamiento a la via del AMPc (35). Por lo tanto,
la heterodimenzacion del MCIR con las formas mutadas puede tener consecusncias
funcionales al modular propiedades fammacoldgicas clave como la afinidad por el
agonista o la eficacia de acoplamiento a las proteinas G.

En resumen, el haplotipo MCIR determina caracteristicas importantes de la

pigmentacion v constituye Uun primer nivel de regulacion de la actividad del MC1R.
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Tabla 2: YVariantes naturales del MC1R.
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6.2 Trafico de MC1R a través de la via secretora.

iZomo hemos comentado, algunos mutantes naturales del MC1R presentan
defectos en su trafico anterdgrado. El trafico de los GFCZRs comienza en el RE donde
son sintetizados, plegados v ensamblados. Los receptores adecuadamente plegados
son reclutados v empaquetados en vesiculas dervadas del RE cubiertas de COFIIL
Estas vesiculas migran del RE hasta el complgjo intermedio RE-Golgi (ERGIC), el
aparato de Golgi v la red del Trans-Golgi (TGM). Durante su migracion, los receptores
sufren modificaciones postdransduccionales hasta alcanzar el estado maduro, v ser
finalmente transportados a la membrana plasmatica. Una vez en la superficie celular,
la estimulacidn con sus ligandos puede conducir a la intermalizacién de los GPCRs,
mediante un mecanismo que implica la fosforlacidn de los GPCRs por guinasas de
receptores acoplados a proteinas G (GRKsS), la union de los receptores fosforlados a
las amrestinas v la intemalizacion en vesiculas endociticas, cuyo desting final pueds ser
la degradacion en lisosomas o el reciclaje a la membrana plasmatica. El balance entre
el trafico del GFCR a la membrana plasmatica v la internalizacion v degradacion

determina el nivel de expresion en la superficie celular (Figura 13) (88).
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Figura 13 Esguema de las vias que regulan la expresion en memhbrana plasmatica de
los GPCHs.
El trafico de las proteinas de membrana de la via secretora esta regulado por
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plegadas son retenidas en el RE vy, frecuentemente, son retrotraslocadas al citosol v
degradadas por el proteasoma. Hasta el momento, se han descrito dos tipos de
mecanismos de QC. Un sistema general implica las chaperonas residentes en el RE
gue controlan caracteristicas conformacionales como la comrecta formacion de enlaces
disulfuro o la exposicion de zonas hidrofobicas (89;90). Este mecanismo de control
reconoce las conformaciones no nativas de las proteinas e impide su trafico
anterégrado hacia la superficie celular. Las chaperonas del RE, proteinas accesorias v
proteinas modificadoras de la actividad del receptor (RAMPS) 52 unen a superficies
hidrofobicas v glicanos inmaduros de proteinas incompletamente plegadas. Las
chaperonas del RE mejor caractenzadas que interaccionan con los GPCREs son
calnexina, calreticulina v BiP (21). Cuando la proteina ha alcanzado su conformacidn
nativa es liberada de la union a la chaperona para incorporarse a las vesiculas de
transporte del RE. Si la proteina no se pliega correctamente, las chaperonas
permanecen unidas a la proteina e impiden su salida del RE. En este caso, las
proteinas mal plegadas suelen ser retrotraslocadas al citosol, ubiguitinadas v
degradadas por el proceso de degradacion asociada al RE (ERAD) (92

El segundo v mas especifico sistema de QC consiste en el reconocimiento de
motivos especificos que interaccionan con proteinas gue avudan al correcto
plegamiento de la proteina o gue conducen las proteinas bien plegadas a traves del
RE v del Golgi (93;94). Asi, proteinas incormrectamente plegadas o incluso proteinas
bien plegadas pueden ser retenidas en el RE debido a la presencia de motivos de
refencidn (88,92,95).

Tras la salida del RE, los GFCREs son transportados a traves del ERGIC, &l
aparato de Golgi v e TGN, Las proteinas Rab GTPasas son una superfamilia de
zTPasas relacionadas con EAS, implicadas en la regulacidon del trafico intracelular.
iZada proteina Rab tiene un patron de localizacion subcelular gue se relaciona con los
compartimentos entre los gue coordina el transporte. Rab1 es una de las GTFasas
mejor estudiadas v caracterizadas en el trafico de la via secretora. Se localiza
especificamente en el RE v en el aparato de Golgi v requla el transporte anterdgrado
desde el RE hasta v a traves del Golgi (95,96 En el trafico retrogrado, Rabs regula la
intemalizacion de los GPCRs desde la membrana plasmatica en vesiculas endociticas
denominadas endosomas tempranos (EE) v Rab¥ contribuye a dingir los GPCRs hacia
endosomas tardios (LE) v lisosomas para su degradacion. Por otro lado, Rabd v
Fab11 estan implicadas principalmente en el reciclaje del receptor intemalizado desde
EE hasta la membrana plasmatica (Figura 13) (97).

Las vanantes alélicas del MC1RE con pérdida de funcion R121C v R160WY son

formas deficientes en su trafico anterdgrado, va gue se encuentran retenidas en el RE
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v el aparato de Golgi, respectivamente [84). Ademas, la retencidn intracelular de estas
variantes es debida probablemente a su incapacidad para sufrir una fosforilacian en el
residuo Thr1s7 v la acumulacion del mutante R1680W en el Golgi estaria causada por
la muptura de un motivo basado en residuos de anginina gue funciona como sefal de
devolucidn al EE (94

Ademas, otras dos mutaciones en residucs proximos a Arg151 v Arg 160 tienen
efectos fenotipicos consistentes con los cambios presentes en R151C v R160W. La
variante artificial T157A se encuentra retenida en el RE, mientras que el mutante
natural R162FP muestra una acumulacion en la cara proximal del Golgl similar a
R1B0VY. Estos datos, asi como el hecho de que el maotivo " TLPR'® es diana de PKC
v se fosfonla @ wive, sugiere un modelo de regulacion en la via secretora, en el que la
ruptura de la secuencia consenso "TTLPR'®" impediria la fosforilacién del residuo
Thr1a¥, lo gue conduciria a una retencidn intracelular (34). La secluencia
BITLPRARR™ (Figura 14) con |a diana de fosforilacion v el motivo dibdsico aparece
perfectamente conservada en el hombre, ratén, gonla v en muchos otros vertebrados.
Ademas, la Thr157 es invariable en muchas especies asi como en los cinco MCRs
humanos, por lo que su estado de fosforlacién/defosforlacion podria proporcionar un
mecanismao general de regulacion del trafico anterdgrado de los miembros de esta
subfamilia de GFCRs.

intracelular

Figura 14. Estructura del bucle intracelular 2 del MC1R humano. En rojo, se sefialan los
residuos mutados en los alelos RHC, en naranja, la posicidn de otras mutaciones naturales vy

en azul, las posikles dianas de fosforilacian.

6.3. Desensibilizacion e internalizacién del MC1R.

La desensibilizacién es un mecanismo de regulacion de la sefializacion muy
extendido entre los receptores de membrana. La desensibilizacidn homdloga se define
como una inhibicion transitona de la respuesta del receptor a sus agonistas v esta

mediada por una familia de SerfThr quinasas conocidas como GRKS, gue reconocen el
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receptor activado (40,88). El receptor fosforilado interacciona con proteinas de la
familia de las arestinas (ARRE), lo que desacopla el receptor de la proteina G v
provoca su intemalizacion a través de vesiculas de clatrina (Figura 15). Las ARR v
otras proteinas de la maquinaria de intemalizacion actlan como adaptadores capaces
de aproximar otros componentes, lo gue a menudo conduce a la activacion de otras

vias de sefializacion coma la via de las MAFKSs (99,100,

GPCR 0

Sehalizacidon
Defosforilacion f
y Reciclaje '

End

QSoma

Degradacion lisosoma

Figura 15. Mecanismo de desensibilizacidon mediada por GRK, internalizacidn

dependiente de clatrina, resensibilizacion y degradacion de un GPCE.

El MCIE experimenta desensibilizacion homdloga tras la exposicion a
agonistas en células de melanoma en cultive (101) v en sistemas heterdlogos. La
desensibilizacion del MC1R esta mediada probablemente por GRK2 o GRKE. GRERKE
parece mas potente gque GREKZ va que es capaz de inhibir la sefalizacion constitutiva e
inducida por agonista del MCIR, mientras que GRKZ sdlo inhibe la funcidn
dependiente de agonista. Las dianas de fosforlacion en el MCI1RE de GRKZ v GRRE
gue regulan la intemalizacidn v desensibilizacidn del mismo son los residucs Thra0s v
Ser316, localizados en el extremo C-terminal citosdlico, de manera que el doble
mutante T308A/S3 164 tiene una tasa de intemalizacdn muy reducida (102,

Resultados no publicados de nuestro grupo sugieren gue una vez fosforilado,

las ARR se unen al MC1R, impidiendo la activacidn de la proteina G vy la sefalizacion.
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Las células de melanoma humano expresan las siguientes formas de ARR. ARREB1-
201, ARRE2-201 vy una nueva forma de ARKEEB?Z, designada ARREBZ-001 (manuscrito
en preparacidn). Farece ser gque esta nueva variante es capaz de unirse al MCI1R en
condiciones basales, incluso en ausencia de agonista.

Ademas de interaccionar con el receptor fosforilado, las ARE también se
asocian a moléculas de clatrina v a una proteina adaptadora (AFP2), 10 que induce la
formacion de vesiculas de clatrina enriguecidas en el receptor. Tras la accion de la
actividad GTPasa de la dinamina, estas vesiculas se intermalizan o endocitan (1037,

En el caso de las wvariantes alélicas RHC, el nimero de receptores en
membrana plasmatica para R1%1C v R1680VWY es & veces mas bajo que para el MC1R
silvestre, mientras que el D294H expresa un numero de receptores en membrana 3
veces mayor que el MCIR silvestre (1020 El indice de internalizacion para e 02544
es similar al gue se obtiens con el doble mutante T308A/531684, que tiene blogueadas
las dianas de fosforilacion por GRKs v es resistente a internalizacion. Ello sugiere que
sU expresion alterada en superficie se pueda deber a su incapacidad para
internalizarse. Las variantes R151C vy R1B0WY posesn un indice de intemalizacion mas
alto gue el MC1R silvestre, lo gue podria contribuir a su baja expresion en superficie,
ademas de su retencidn en compartimentos intracelulares como consecuencia de su

procesamiento aberrante.

7. LA SUPERFAMILIA DE LAS QUINASAS ACTIVADAS POR
MITOGENOS.

7.1. Caracteristicas funcionales de las MAPKs y clasificacién.

MdItiples vias de sefalizacidn intracelulares median los efectos proliferativos de
los GPCRs. Dentro de estas vias se encuentra la cascada de sefializacidn de las
MAPKs Los miembros de esta familia, una vez activados por fosfonlacion, se
traslocan al ndcleo donde fosforilan factores de transcripcion, regulando la expresion
de genes gue tienen un papel importante en el crecimiento celular normal v abemante
(1043 Asi, las MAFK son capaces de transformar estimulos extracelulares en sefales
intracelulares, gue controlan la expresion génica v, finalmente, regulan la progresion
del ciclo celular a través de la fase G1, el desarrollo embrionano, el movimiento celular
v la apoptosis, asi como la diferenciacion celular (105-107 ).

Lavia de transduccion de sefiales gue conduce a la activacion de las MAPK es
uno de los mecanismos mas extendidos de regulacion de la proliferacion vy

diferenciacion de celulas eucariotas. Todas las células eucariotas tienen varias vias
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MAPK, cada una de las cuales se activa por una serie de estimulos, a traves de
diversas familias de receptores: hormonas y factores de crecimiento, que actlan a
través de receptores tirosina quinasa, citoguinas y hormmonas, que actian mediante
ZPCRs, la familia de citoquinas inflamatonas del factor de necrosis tumoaoral (TNF ), que
poseen receptores especificos. Ademas, las MAPKs se activan en respuesta a
situaciones de estrés como choque osmatico, radiacion ionizante v dafo isquemico.

La superfamilia de MAPK en mamiferos estad formada por cuatro familias
principales: las proteinas quinasas reguladas por sefiales extracelulares (ERKsS), que
incluye ERK1 v ERKZ {también conocidas como pdd ™y pd2MeE respectivamente);
las guinasas c-Jun-M-terminal o proteinas  quinasas activadas por el estrés
(JNKSSAFKY), 1la familia de quinasas p38, el homdlogo del gen HOG1 de
Sacchammycas caeravisias, v la MAPK grande (BMK, ERKS) (108). Cada una de estas
MAPKS incluye a su vwez varias isoformas.

Cada familia de MAFK esta formada por tres quinasas conservadas que actlan
secUencialmente: una MAP quinasa, un activador de la MAP quinasa (MAF guinasa
guinasa o MEK), v una MAP quinasa quinasa guinasa (MEK quinasa, MAP3K) (Figura
16).

Estimulo Factores de crecimiento, citoquinas,
getrés celular y otros

\
{Rosi

Cmkkar ) {0 ks )

D CE0zd
Respuesta Proliferacidn, Inflamacidm,
diferenciacion, apoptosis,
desarrollo desarrollo

Figura 16. Esguema de tres de las wias de MAPKs en celulas de organismos
superiores (ERKs, JMKsy p38).

Las MAF3K, gue son Ser/Thr guinasas, se activan a menudo a través de
fosforilacion wo como resultado de la interaccidon con una proteina pequerfia de unidn a
TP de la familia Ras/Eho en respuesta a estimulos extracelulares (108). La

activacion de la MAP3K conduce a la fosforilacidn v activacion de la MAPKK, que a su
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vez estimula la actividad MARK a través de |a fosforilacion dual en residuos de Tyr
Thr dentro de un motivo conservado de Thr-X-Tyr en el bucle de activacion del
subdominio quinasa (donde X es Glu, Pro o Gly para ERK, JMK vy p3E,
respectivamente ).

Lna vez activas, las MAPKSs fosforilan sustratos diana en residuos de Sero Thr
seguidos de Pro. Ademdas, la especificidad de sustrato depende a menudo de la
presencia de motivos de interaccidon especificos localizados en los  sustratos
fisioldgicos. La especificidad de la cascada MAFK también esta mediada por la
interaccion con proteinas adaptadoras gue organizan las vias en modulos especificos
atraveés de la unidn simultanea de varos componentes (1107

Algunos de los sustratos fisioldgicos de las MAPKS son proteinas nucleares
como factores de transcripcion. Las MAFPKs también catalizan la fosforilacion v la
activacion de varias proteinas quinasas conocidas como proteinas quinasas activadas
por MAFK (MKs). La familia MK comprende las quinasas 56 nbosomal (RSKs), las
quinasas activadas por mitégenos v estrés (MSKs), las quinasas de interaccidon con
MAPK (MRMES), las proteinas quinasas activadas por MAPKs 1 v 2 (IMKZ2 v 3) v |a
proteina quinasa 5 activada por MAPK [(MKS). En conjunto, estas guinasas median
una gran cantidad de funciones bioldgicas en respuesta a mitdgenaos v a estimulos de
estrés. Sin embargo, la falta de inhibidores especificos ha dificultado la identificacion

de sus funciones hioldgicas exactas.

7.2 Via de las ERKs.

La via ERK1/2 de mamiferos, también conocida como cascada clasica de
MAPKs esta formada por las MAP3kKs ARAF B-RAF v C-RAF (también conocida
como RAF-1), las MAPK quinasas MEK1T v MERKZ v las MAFKs ERR1 v ERKZ ERKA
vy ERKZ tienen una identidad de amincacidos del 83% v se expresan en todos log
tejidos (1111 (Figura 17).

La via ERK1/2 es uno de los principales reguladares de la proliferacidn celular.
Existen varios inhibidores de esta via que se usan como agentes contra el cancer. Dos
de los compuestos mas usados en ceélulas en cultivo, U026 v PDSE059, son
inhibidores no competitivos de MEK12/5 que impiden la estimulacién de ERKAS2/%.

ERK1/2 son capaces de fosforilar sustratos variados en residuos de Ser vy Thr
gue se encuentran prdximos a una o vanas Pro. Dentro de estos sustratos se
encuentran proteinas de membrana (COD120a, Syk v calnexina), proteinas del

citoesgueleto (neurofilamentos v paxilina), proteinas citosdlicas como fosfolipasa Ao
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(PLA;) v varias subfamilias de guinasas activadas por MAPK, Mis (MEKs, MRKs v
RSKs).

Proteinas del citoesqueleto,

Proteinas de membrana,

Proteinas ctosolcas

\_::_II‘*I
Emcm /H-\\/

I— MKP i

Enew ¢ ﬁlmunm @arFD  Eeamy {:Eﬁ} {Ewd {;ﬂc?} Statiid {iﬂg} (pans
e

Transcripcién

Figura 17. Esquema de los componentes de lavia de ERKI1/2 v sus respuestas celulares.

En células quiescentes, las ERKs se encuentran en el citoplasma. Esta
localizacion esta mediada por su unidn especifica a las MAPKKs, MEKT v MEKZ, que
se localizan en el citoplasma debido a la existencia de una secuencia NES (sefial de
salida del ndcleo) en su dominio amino terminal (112,

La fosforlacion de ERW inducida por el estimulo extracelular conduce a la
disociacion de ERK de MEK. Una vez activa, ERWK disociada se trasloca al ndcleo,
donde activa por fosforilacidn diversas dianas nucleares, entre ellas, los factores de
transcripcion oMy, Elk1 v ATFZ . ERK1 actla preferentemente sobre Elk1, factor de
transcripcidn que contiene el dominio "Ets" v que esta implicado en la transcripcidn de
genes gue promueven la progresion del ciclo celular, mientras que ERRKZ2 muestra
preferencia por c-hyc (107]

Ademas, ERK12 son capaces de fosforlar el factor de transcripcidn
Microphthalmia (MITF) en la Ser?3 (113). Esta fosforilacion aumenta la actividad
transcripcional de MITF v, sin embargo, sirve como seflal gque conduce a suU
ubiguitinacion v degradacién en el proteasoma. Este proceso es dependiente de la

enzima conjugada con ubiguitina hIJBCY. For tanto, la disminucion en los niveles de
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MITF conduce a una regulacion negativa de la expresidn de las enzimas
melanogénicas v a una inhibicidn de la melanogenesis (114,

Tras la traslocacion al nucleo, ERK1/2 se inactivan por defosforlacidan v deben
relocalizarse en el citoplasma. Esta relocalizacion parece depender de un mecanismao
de transporte activo basado en la secuencia NES presente en MEKT v MERZ MEK
entra transitornamente en el nicleo, se une a la ERK inactiva v la transporta desde el
nucleo al citoplasma (112).

La cascada de sefalizacion ERK1/Z se activa por factores de crecimiento,
suero y ésteres de forbol v menos frecuentemente por ligandos de los GPCRs,
citoguinas, estrés osmatico, v desorganizacion de los microtibulos. El mecanismo
clasico v mejor conocido de activacion de la via de las ERK es, sin duda, el mediado
porlos factores de crecimiento. Los factores de crecimiento son peguefas proteinas o
péptidos de sefalizacidn intracelular que desencadenan Un mecanismo elaborado que
se inicia por la dimerizacion de sus receptores especificos, proteinas con actividad
tirosina guinasa (RTK), su autofosforlacion v el reclutamiento secuencial a la
membrana de las proteinas adaptadoras She v GrbZ, el factor de intercambio de GTF
S0s5, la proteina G peguefia con actividad GTFPasa RAS v la proteina quinasa C-RAF
(RAF-1. Algunos ejemplos de RTK son el receptor de insulina, el receptor del factor
de crecimiento epidérmico (EGFR]), el receptor del factor de crecimiento de fibroblastos
(FGFR) o el receptor del factor de crecimiento de celulas madre (c-KIT), del que
hablaremos mas adelante. C-RAF (MAP3K) se activa a nivel de la membrana
plasmatica para iniciar una cascada de activacion v fosforilacion de MEK (MAPKIK) v
ERK {115) (Figura 18)

Ligando:

Membrana ﬁEﬂ
| MARK
s
NGO 6o gt
Figura 18. “ia RAS-RAF-MEK-ERK.
=05 es un factor de intercambio de nucledtidos de guanina unidos a EAS

Citoplasma

citoplasmico (RAS-GEF) gque se asocia constitutivamente con la proteina adaptadora
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b2 v gue puede activar a RAS (118). Cuando Grb2 interacciona con un receptor de
membrana fosforlado en residuos de Tyr, posiciona Sos en la membrana plasmatica
donde promueve la activacion de RAS.

Las proteinas RAS (H-RAS, K-REAS v N-RAS) son proteinas pequefias de Union
de nucledtidos de guanina, gque se encuentran asociadas a la superficie intefor de la
membrana plasmatica (117). Se encuentran inactivas en &l estado de union a GDP v
se activan cuando intercambian GDP por GTR. Tras la formacién del complejo
Zrh250s con RAS, se activa el intercambio del nucledtido de RAS, generando la
forma RAS-GTP, gue permite la transduccion de la sefal, va gue es capaz de
interaccionar con una gran varnedad de proteinas efectoras, gue incluye la familia de
proteinas quinasas RAF.

Las proteinas RAF son SerfThr guinasas citosolicas. Existen tres isoformas de
FEAF en mamiferos, A-RAF, B-RAF v C-REAF, todas ellas pueden activar MEK pero
cada una realiza funciones distintas. La forma activa RAS-GTF se asocia con el
dominio de unidén de RAS (RED) situado en la regidn reguladora M-terminal de la
guinasa. Esto promueve un cambio en la conformacidn v el reclutamiento de RAF a la
membrana, conduciendo a su fosforlacion; lo que pemmite estimular su actividad
Ser/Thr quinasa (102). La hidrélisis del GTF unido a RAS por una actividad intrinseca
ZTPasa relaja la conformacion v finaliza la sefial.

La regulacion de RAS v RAF es crucial para el mantenimiento adecuado de la
proliferacion celular, puesto que mutaciones activadores en estos genes conducen a la
oncogénesis. De hecho, RAS esta mutada en el 30% de los canceres humanos,
mientras gue B-RAF esta mutada en el 50% de los melanomas malignos (118).

RAF activado se une vy fosforla las quinasas con especificidad dual MEK-1 v
MEK-2 (MAFPKKS), que a su vez fosfonlan ERKASZ dentro del motivo conservado Thr-
FlU-Tyr (TEY ) en el bucle de activacion del subdominio guinasa.

Ademas de la activacion por factores de crecimiento, las MAPKs tambign se
estimulan por otros agentes extracelulares como factores de estrés, hormonas v

citoguinas. Muchos de estos ligandos transmiten sefiales via GFPCREs.

7.3. Mecanismos de activacidn de las ERK iniciados por GPCRs.

Bajo ciertas condiciones, las MAPKs ERKA1/2 pueden activarse a traves de

componentes de las wias de sefalizacion iniciadas por GPCRs. Los principales

mecanismos descritos hasta la fecha se descrnben a continuacion.
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7.3.1. Mecanismos dependientes de segundo mensajero.

Las subunidades Ga activan la produccion de segundos mensajeros gue, a su
vez, estimulan la actividad de proteinas guinasas gue pueden regular la actividad de
los componentes de la cascada de las ERK. Los detalles del mecanismo de
entrecruzamiento de las dos wias dependen del tipo de proteina G inicialmente
activado por el GPCR. Las sefales gue estimulan receptores acoplados a G,
conllevan la activacion de FKC, gue puede fosfornlar v activar C-EAF (112). En cuanto
a los receptores acoplados a la proteina Gs, el AMFC actla como segundo mensajenn
para activar PkA v el Ras-factor de intercambio de GTF sensible a AMPc (RAS-GEF),
Epac, de una manera independiente de PKA. Cada uno de los componentes pueds
inducir la activacicn de la GTPasa peqguefia de membrana (smGP) RAP1T gue,
dependiendo del sistema celular v del nivel de expresion de las isoformas RAF, puede
activar o inhibir la cascada de las ERK1/Z (Figura 19). La isoforma C-RAF se expresa
ubicuamente, mientras gue el nivel de expresion de A-RAF v B-RAF varia segun el
sistema celular. B-RAF se expresa mayontanamente en células de origen neural como
los melanocitos. Ademas, la actividad basal de B-RAF es mayor gue la actividad basal
de C-HAF, v puede ser activada completamente porla unidn de RAS-GTP v de RAFR1T-
ZTF. En cambio, C-REAF sdlo puede ser activada por RAS-GTR.

En unos pocos tipos celulares en los due la isoforma B-RAF se expresa en
altos  niveles, como  celulas endocrinas v nerviosas como  las  células  de
feocromocitoma de rata PC12 (células usadas como modelo de diferenciacion de
células nerviosas), los melanocitos v células de melanoma v las células tiroideas, el
AMPC activa la via de las ERK. El mecanismo de activacidn de ERK1/Z inducido por
AMFC no se conoce con exactitud. Parece ser gue en las celulas PC12, la activacion
de ERK1/2 estaria mediada por B-RAF v, ademas, parece que RAS, RAP1, Sre, PRA v
14-3-2 pueden estar implicados en la via de sefalizacion. En el caso de los
melanocitos, se ha sugendo gue la via de activacidn de ERK por AMPC debe ser
similar a la de las células PC12, va gue ambos tipos celulares son de origen neural. La
activacion de ERK en melanocitos parece implicar muchos factores, aungue el
mecanismo exacto no se conoce. Fara melanocitos de raton, se ha propuesto que el
AMFC puede activar RAS; aunque el mecanismo de activacion de EAS no se conoce v
parece gue en &l no estarian implicados ni Epac, ni PKA, ni el activador clasico de
RAS Sos (120).

Enla mavoria de células, el AMFC inhibe la wia de sefalizacion de las ERK. En

células enlas gue se expresa sélo o principalmente C-RAF (RAF-1), como fibroblastos
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0 células hematopoyéticas, la inhibicidon se piensa que puede ocumir por distintos
mecanismos (Figura 19). Uno de los modelos propuestos sugiere gue la smizF RAP1
es activada mediante un proceso dependiente de PRA, secuestrando C-RAF e
impidiendo su activacion (121). Un modelo alternativo sugiere que PKA inhibe C-RAF
por fosforilacion directa en el residuo Ser621 (122) El tercer modelo propuesto sugiere
tambien la fosforlacidn directa de C-RAF por PKA. En este caso, FRA fosforila tres
sitios dentro del dominio N-terminal de C-RAF (Serd3, Ser?33 v Ser?b9). Estos tres
sifios actlan independientemente blogueando la activacion de C-RAF, |0 que asegura
gue C-RAF esta inactivada cuando los niveles de AMPC son elevados. Los tres
residuos fosforilados bloguean la interaccion de C-RAF con RAS. El residuo Serdd
fosforilado lo hace directamente mediante impedimento estérico, v los residuos Ser?33

y Ser?bd por reclutamiento de la proteina 14-3-3 en el extremo N-terminal de C-REAF

(123:124).

AGOHISTA

.

RS R RS

Figura 19. Mecanizmo de sefializacion de ERK mediado por la activacion de GPCRs

acoplados a Gs.
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7.3.2. Activacion porel dimero Py de la proteina G.

El dimero By, tras su disociacion de la subunidad o« de la proteinag G, pusde
interaccionar con la via de las ERK por diversos mecanismos: por activacion de RTKs
que reclutan Grb2 v Sos (1250 por la activacion dependiente de fosforilacion de Ras-
factor liberador de nucledtidos de guanina (GRF), gue conduce a la activacion de RAS;
por la activacion de la proteina quinasa Ser/Thr KSRE-1, que inhibe la activacion de
ERK, v porinteraccion y activacion de PI3Ky. Se han descrito ofros mecanismas, comao
la activacidn de la guinasa Src, cuyo papel se comentara mas adelante, o de FRC
(118} Forlo tanto, los posibles efectos del dimero By son complejos vy dependerian del

tipo celular considerado.

7.3.3. Regulacién por proteinas adaptadoras.

Ademas de su funcion en la desensibilizacidon e intemalizacion de los GPCREs,
se ha demostrado que las ARRE actian como proteinas adaptadoras o de andamiaje
que pueden facilitar la activacion de la via ERK1/2 (Figura 20} Tras la fosforilacidn de
los GPCRs porlas quinasas de receptores acoplados a proteinas G (GRKs), las ARR
se asocian al receptor fosforilado v reclutan los componentes de la cascada ERKA/Z:
FAF MEK v ERK. Ademas, el complejo se intemaliza mediante vesiculas recubiertas
de clatrina. Esta asociacion facilita la activacion de las ERKs v su retencidon en el
citosol. Por tanto, tras la activacidon del receptor, las ARR promueven su internalizacion
y la co-localizacion con los componentes de la cascada ERK1/2 en grandes vesiculas
endociticas denominadas "sefalosomas” (100;126).

Estos complejos cumplen vanas funciones. For un lado, sirven para aumentar
la eficiencia de la sefalizacion entre las sucesivas duinasas en la cascada de
fosforlacion; aseguran la fidelidad de la sefializacion evitando el entrecruzamiento con
las otras vwias de MAPKS v permiten aproximar las MAFKS a ubicaciones subcelulares
especificas. Por otra parte, debido a la localizacion citosdlica de las ARKE, la formacion
de complejos estables con ERK1/2 activadas conduce a su retencidn citosdlica vy
reduce su sefalizacion nuclear limitando el efecto sobre la proliferacion celular
(241261273 Asi, la activacion de las ERK mediada por ARRE tendria menor efecto

mitogénico v se relacionaria mas bien con un control de la diferenciacién celular.
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Figura 20. Modelo para la activacion de ERK mediado por arrestina.

7.3.4. Transactivacidn.

Dtro posible mecanismo de activacion de la via ERK1/2 se conoce con el
nombre de transactivacion. El concepto de transactivacion se utiliza para designar un
fendmeno por el cual un receptor es activado por un ligando de un receptor heterdlogo,
gue posiblemente pertenece a una clase distinta de receptor con respecto al
mecanismao de transduccion de la sefial. Clasicamente, la transactivacidon se refiere a
la activacion de un RTK por el ligando de un GPCR, lo gue constituye una importante
via de acoplamiento de los GPCRs a la cascada de senalizacion de las ERKs.

Desde el descubrimiento inicial de wanos agonistas de GPCREs capaces de
transactivar al EGFRE (128), este mecanismo se ha generalizado para otros muchos
ETKs, como los receptores de neurotrofinas, del factor de crecimiento derivado de
plaguetas (FDGF) v del factor de crecimiento de fibroblastos (FGF), lo que conduce a
una variedad de efectos celulares, que incluven proliferacion, diferenciacion, migracion
Y sUpervivencia (129,130},

Hasta el momento, se han identificado dos modelos de transactivacion de

FETKs por GFCRs: dependientes o independientes del agonista del RTK.
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7.3.4.1. Transactivacién de RTKs por mecanismos

independientes de sus ligandos.

En este caso, el GPCR activado por su propio agonista consigue estimular la
actividad tirosina quinasa del RETk sin la participacion del ligando de este Olitimo. Ello
puede conseguirse por varias vias. En algunos casos, se produce una asociacion
fisica entre el GPCR v el RTK gue va a resultar transactivado a través de la formacion
de un complejo multiproteico u otras formas de compartimentalizacion funcional, como
el ensamblaje en microdominios de membrana (131). En otros casos, la
transactivacicn se produce porla fosforilacion del RTK por componentes que actuarian
aguas abajo del GPCR, como tirosina guinasas de la familia de proteinas Sre, PRC v
Fl3k. For gjemplo, se ha propuesto que las tirosina guinasas Sre v Pyk median la
activacion del EGFR tras la estimulacion de algunos GPCR por interaccidn directa vy
fosforlacion del RTK (132).

La familia de quinasas Src (SFks) es una subclase de proteinas tirosina
guinasas asociadas a membrana, implicadas en una varedad de procesos de
transduccion de sefiales, que conducen a diversas respuestas celulares, tales como
adhesidn, quimictaxis, supervivencia, proliferacién v trafico proteico (133,134 La
familia Src esta formada por nueve miembros, de los cuales tres se expresan de forma
ubicua, c-5rc, c-Yes, v Fyn, mientras gque los otros seis, Lok, Hok, Far, Lyn v Blk,
tienen una expresion mas restingida a ciertos tejidos, principalmente en células
hematopoyéticas (135,

Estas tirosina guinasas son proteinas de 52-62 kDa. Los miembros de la familia
comparten una estructura conservada que consiste en un dominio "Onice” en la region
M-terminal de 50-70 residucs, de alta vanabilidad entre los miembros de la familia,
pero gue siempre contiens sefales de modificacion lipidica gque conduce a
miristoilacion v, en algunos casoes, a palmitoilacion, gue sinven para anclar las quinasas
a la membrana plasmatica. A continuacidn, se encuentra el dominio SH3, que se
asocia de forma especifica con dominios ricos en residucs de Pro relacionados con la
secUencia consenso FXXP. El dominio SH3 esta seguido por el dominio SHZ, gue
proporciona interaccion con motivos de Tyr fosforilados, presentando la maxima
afinidad por el dominio pYEEl. La dlitima regién es el dominio quinasa o SHT,
responsable de la actividad enzimatica.

Como la mavyoria de las proteinas guinasas, los miembros de la familia Src
requieren la fosforlacidn dentro de un segmento del dominio guinasa denominado
bucle de activacion para su completa actividad quinasa. Una caracteristica importante

de esta familia es la presencia de dos residuos de Tyr gue regulan la actividad de la
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enzima de manera opuesta. El resido de Twrd16 se encuentra fosforilado en el estado
activo, mientras que el residuc de Tyr527 esta fosforilado en el estado inactivo. En la
conformacion inactiva, el dominio 5H3 interacciona con la region entre el dominio SH2
v el dominio guinasa, rica en residuos de Pro. Esta interaccion ayuda a posicionar el
bucle de activacion en su posicion inactiva. Ademas, el dominio SHZ interacciona con
el residuo de Tyr fosforilado del extremo C-terminal (TywrS27), cuya fosforilacion es
levada a cabo porla quinasa especifica de Sre (Csk) o por su homdloga Chk (136). La
combinacion de ambas interacciones estabiliza la configuracidn inactiva de la enzima.
La pérdida de fosforilacion del residuo Twb27 conduce a la activacion de la
actividad catalitica de Src. La autofosforilacion del residuc Tyrd 16 dentro del dominio
catalitico también es importante para la regulacion de la aclividad guinasa. For tanto,
existen multiples vias para activar la familia Src. Estas vias incluyen el desplazamiento
de las interacciones intramoleculares de los dominios SHZ o SH3 por ligandos de alta
afinidad, o la modificacion de ciertos residuos: defosforilacién de pTwS27 por una
tirosina fosfatasa o fosforlacidn de Tywrd 16, Los distintos miembros de la familia Sro
pueden ser mas sensibles a la regulacion por un mecanismo particular gque por otro.
Ademas, parece gue existen distintos niveles de actividad dentro de la familia Src: i) la
forma completamente cerrada inactiva gue presenta las interacciones de los dominios
SH3/MSH2, la cola CHerminal fosforilada v el bucle de activacién no fosforlado, i) una
forma parcialmente activa en la que las interacciones 5H32 wo SH2 estan desplazadas
pero el bucle de activacion no esta fosforilado v, 1ii) una forma completamente activa
gue presenta el bucle de activacion fosforilado pero gue puede o no presentar las

interacciones intramoleculares de los dominios SH3/SH2 (Figura 21).

Src

win SH2

Fosforilacion
Tur¥16
-

Desfosforilacion
Twr527
[

Figura 21. Mecanismos implicados en la activacion de las quinasas de la familia Sre.
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La relacion entre las SFKs v los RTKs es compleja v bidireccional. Forun lado,
se ha demostrado gue la familia Src esta implicada en la sefalizacion de muchos
ETkKs, como el receptor del PDGE (PDGFR), EGFR, FGFR, oKIT v atros (137 El
mecanismo de activacion de las Src por los RTKs es variado. Las SFK pueden
asociarse con el RTK a través de la interaccion de su dominio SHZ con residuos de
tirosina fosforilados del receptor activado. Esta asociacion libera la interaccion
intramaolecular entre el dominio SH2 v la cola C-terminal, permitiendo que la molécula
adopte la conformacidon cataliticamente activa. Sin embargo, otros estudios sugisren
mecanismos de activacion distintos. En otros casos, se ha implicado a la Tyr fosfatasa
Shp2 en la activacion de las guinasas de la familia Src en respuesta a PDGF, EGF v
FGF. En el caso de c-KIT, se ha demostrado que la unidn de SCF a su receptor
conduce a un rapido aumento de la actividad quinasa de las Srco Investigaciones
realizadas sugieren gque las SFks se asocian con los residuos fosforilados TyraB8 vy
Tywrs?0 de o-KIT .

For otro lado, las SFKs pueden modular la actividad v la sefalizaciéon de los
ETks, particulammente de EGFR, PDGFR, c-KIT v de IGFR, mediante fosforilacion
directa del RTK. Se ha demostrado que las Tyr quinasas Src pueden fosforilar de
manera directa v selectivamente la Twa00 de c-KIT (138). Esta tirosina, gque no se
fosforla por la actividad quinasa intrinseca de ¢-KIT, sirve como sitio de unidn a Crikll.
Ademdas, este residuo de tirosina se comesponde con el residuc Tyrddd de FDGF R
que también es fosforilado por SFKS, 1o gue sugiere que estos dos receptores pueden
compartir componentes de sefializacion de la fosforlacion dependiente de SFks.

Zomo se ha mencionado anterormente, las SFKs, como Sre, Fyvno oo Yes,
pueden ser aclivadas por ligandos de GPCRs mediante mecanismos heterogéneos.
Las SFKs parecen asociarse con v ser activadas por GPCRs, bien a través de la
interaccion directa con dominios intracelulares del receptor ricos en residuos de Pro,
gue sirven de sitios de anclaje para el dominio SH3 de Src (139) 0 a través de residuocs
de Tyr fosforlados del receptor, que sirven como sitios de anclaje para los dominios
SH2 de Src (140); o bien a través de la unidn con proteinas asociadas a GPCRs como
las subunidades de la proteina heterotiménca G o las ARR (127141

Dtro mecanismo de transactivacion de RTks independiente del ligando implica
la inactivacion de la familia de proteinas Twr-fosfatasas (PTPs), que controlan la
actividad de ETKs v su sefializacion {(142). El perdxido de hidrdgeno (H202) v otras
especies reactivas de oxigeno inactivan las PTFs por oxidacidon de la cisteina catalitica
en el sitio activo de estas enzimas. La estimulacion de muchos GPCRs conduce a la

generacion de H.O. (143), lo gue puede inactivar las PTPs gue controlan
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negatvamente los RTKs v, por tanto, conducen a la transactivacion del RTH {Figura
22).

FTK {activa) FHTk {inactivo) — ETE (activo)

i

_;...mi..m Inactivacion

o
NADPH
oxilasa ” ; HEQE

Figura 22 Mecanismos de transactivacion de RTKs independientes de ligandao.

7¥.34.2. Transactivacion de RTKs por mecanismos dependientes

de su ligando.

En el segundo modelo de transactivacidn, dependiente de ligando, la
estimulacion del GPCR induce la activacidon de una metaloproteasa de matriz (MMF ) o
de un compaonente de la familia de desintegrinas v metaloproteasas (ADAM), que
produce el corte proteclitico de un precursor transmembrana del ligando del RTK gue,
a continuacion, actla uniéndose al dominio extracelular de unién del ligando del RTK,
activandalo (Figura 23) (1301443 Este mecanismo se ha demostrado para la
activacion del EGFR por algunos GPCREs. También podria operar en otros ETK cuyos

ligandos estan asociados a membranas, como &l receptor c-KIT.

Liberacion de —r
Ligande GPCR HB-EGF [TGFa) ()
D ~ oroHE-EGF h
N .-.\ [proTGFo) / {
£TE,

Py — Uup (activo)

\/ﬁ-

GPCH (active) & @ ¥ E

Figura 23. Mecanismo de transactivacion de RTK s dependiente de ligando.
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7.4. Receptortirosina quinasa ¢c-KIT.

c-HIT es el receptor con actividad tirosina quinasa del ligando de células
madre, SCF & KL, v juega un papel critico en la fisiologia del melanocito, induciendo
melanogénesis, proliferacion, migracion y supervivencia. c-KIT pertenace a la subclase
Il de la superfamilia de ETks. La organizacidn estructural de esta subclase de RTKs
se caracteriza por la presencia de una region extracelular con cinco dominios de tipo
inmunoglobuling (1g), un dominio transmembrana v un dominio intracelular, que poses
actividad tirosina guinasa.

c-KIT se expresa en mastocitos v células progenitoras hematopoyéticas,
mientras que la mavoria de las células hematopoyéticas diferenciadas carecen de
expresion de c-kIT. Ademas, se expresa en melanocitos cutaneos v coroidales. Las
mutaciones perdida de funcion en c-KIT se asocian con el desorden conocido como
pigbaldismo. Estas mutaciones conducen a sordera, megacolon vy pigmentacion
defectuosa en pelo v piel. La pérdida de expresion de c-KIT parece estar asociada con
la progresion de ciertas formas de melanoma. Aproximadaments el 70% de las
lesiones metastaticas v de las lineas celulares de melanoma humano no expresan
niveles detectables de c-KIT (1451 Sin embargo, hay estudios que han identificado
mutaciones activadoras de ¢-KIT presentes en pacientes con melanoma, como la
mutacion LASYEP (148}, lo que sugiere que la activacidon constitutiva de c-KIT regularia
positivamente la mitogenesis.

La union de SCF al dominio extracelular del receptor desencadena una
cascada de sucesos intracelulares gue comienzan con la dimerizacion del receptor,
seguida de la estimulacion de su actividad intrinseca tirosina quinasa y consecuents
autofosforlacion. Tras la estimulacion de la actividad quinasa, se fosforilan residucs de
Tyr, que funcionan como sitios de anclaje para moléculas de transduccion de sefales
con dominios SH2 (Figura 24

La proteina adaptadora Grb? puede asociarse directamente con Twrid03 v
Tywra36 fosforladas de ckIT. Ademas, GrbZ se puede asociar con la Ty fosfatasa
SHP-2 o con la proteina adaptadora ShoA tras la estimulacidon con SCF. Por otra parte,
las quinasas SFEK tambien se unen a c-KIT a través de motivos de fosfotirosing.
Algunos estudios han demostrado que la activacidn de las SFKs, inducida por SCF, es
importante para la activacion de la cascada RAS-ERK mediada por c-KIT {147]). Sin
embargo, otros estudios encontraron gue la inhibicion de SFK no tiene efecto sobre |a
actividad de ERK, por lo que el papel de las SFK en la sefializacién de oKIT

permanece por aclarar {148,
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Figura 24 Estructura del receptor c-KIT v moleculas de transduccion de sefiales que

se unen al receptor activado.

El ligando de c-KIT, SCF, se expresa como una proteina de membrana
altamente glicosilada. La forma bicldgicamente activa de SCF es un dimero asociado
no covalentemente. Su procesamiento alternativo conduce a dos isoformas, gue
difieren en la ausencia o presencia del exdn 8, gue se caractenza por la presencia de
un sitio especifico de corte proteclitico (149}, La isoforma que contiene el sitio de corte
sufre protedlisis, generandose una forma soluble (18-kDa), mientras gque la isoforma
gue carece del sitic de corte proteolitico permanece asociada a la membrana (31-kDa).
Las formas soluble v asociada a membrana de SCF presentan efectos distintos en la
autofosforlacion de c-KIT. La estimulacion con la isoforma soluble conduce a una
activacion rapida v transitoria, la autofosfonlacion de c-KIT, asi como su rapida
degradacion. Por otro lado, la estimulacién con la isoforma asociada a membrana

conduce a una activacion mas sostenida (1207
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8. MELANOMAS.

81. Melanomas: etiologia y subtipos.

Existen dos tipos generales de canceres de piel: El cancer de piel de tipo no-
melanoma (generalmente de células basales v de células escamosas) v el cancer de
piel de tipo melanoma.

El melanoma es un tumor que se ongina en los melanocitos, localizados en la
lamina basal de la epidermis v en el ojo (151). El Unico factor ambiental de resgo
conocido es la exposicion a la luz UV v en personas con la piel clara el riesgo esta
aumentado (152). El melanoma es el quinto cancer mas comin en hombres v el
tercero mas comuan en mujeres por debajo de los 3% afos.

Los melanomas constituyen la etapa final de Uuna sene de lesiones a nivel de
los melanocitos. Una de las teorias mas aceptadas propone que los precursores de los
melanomas son las lesiones de la pigmentacion conocidas como nevi. La primera
etapa seria la transformacidon de un melanocito normal en un nevus benigno v, luego,
en un nevus displasico (153). A continuacidn, se formaria un melanoma que crece
lateralmente en la epidermis, denominado fase de crecimiento radial (RGP). Este
melanoma puede ser tratado por cirugia, pero si no se extimpa, puede progresar a la
fase de crecimiento vertical (VGP), que se asocia con la invasion de la dermis v la
adquisicion de capacidad metastatica (Figura 25). Estos melanomas son muy
agresivos v pueden extenderse a organos perifericos como el cerebro v el corazon, v

no tienen tratamiento efectivo.
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Figura 256. Etapas en la progresidn de un melanoma.
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La exposicion extrema a luz UV (gquemaduras de sol) produce darnos en el ADMN
v puede conducir a la muerte de los queratinocitos por apoptosis, pero los melanocitos
tienden a sobrevivir debido a su robusta respuesta de reparacion frente a dafio en el
ADM. El cancer de piel de tipo melanoma se asocia con regiones de la piel sometidas
a exposiciones de sol intermitentes pero de alto nivel (154)
Las caracteristicas morfoldgicas e histoldgicas del tumor definen cuatro
subtipos principales de melanomas (154
o  Melanoma de extension superficial, Representa el Y0% de todos los
melanomas cutaneos v aparece frecuentemente sobre un nevus previo.
o  NMelanoma nodular Es el segundo tipo mas frecuente (10-30% de todos
los melanomas) v forma el grupo clinico Mas agresivo v con mayor
capacidad metastatica.
o  Nelanoma lentiginoso maligno: Se produce en Zonas con exposiciin
salar cronica.
o  NMelanoma lentiginoso acral: Se localiza en Zonas no expuestas a la luz
solar (palma de las manos, planta de los pies v la regidn periungueal ).
El melanoma es una enfermedad multifactorial. En su eficlogia, tanto en los
casas familiares como en los esporadicos, influyen factores ambientales o exdgenos v

factores enddgenos (15%).

8.2. Melanoma familiar: genes de alta penetrancia.

El melanoma familiar es poco frecuente, constituye entre el 8§ v el 12% de los
casos. Sin embargo, estudios de ligamiento han pemitido identificar dos genes
implicados en el melanoma familiar que confieren susceptibilidad con alta penetrancia;
COKNZ2AMRE v COK4 Ambos genes son importantes en el control de la division
celular.

El locus COKNZA/MARE codifica para dos proteinas diferentes: pl16-INk4A, que
interviene en la regulacidn del ciclo celular a través de la proteina del retinoblastoma
(Rb1 v p14-ARF, importante en la via de p53, por lo que ambas tienen un papesl
fundamental en la regulacién de la progresion a través del ciclo celular v la
senescencia. La proteina pl16-INK4A inhibe la activacion de CDK4 v CDRE por la
ciclina D1, impidiendo la fosforilacion de Eb1. Bb1 no fosforilada secuestra al factor de
transcripcién E2F, lo que impide gue pueda inducir la progresidn de la fase G1 a la
fase S del ciclo celular (Figura 28). Por ofro lado, la proteina p14-ARF regula la
actividad de p53 inhibiendo MDMZ2, una ubiguitina ligasa que conduce a ph3 a la

degradacion por el proteasoma. Altos niveles de p14-ARF estabilizan p53, pemitiendo
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gue induzca p21, un inhibidor del ciclo celular gue bloguea la fosforilacion de Rb1
mediada por CORZ/cicling E (Figura 26). Las mutaciones relacionadas con melanoma
familiar pueden afectar a p16-INK4A, p14-ARF 0 a ambos. Se encuentran mutaciones
en el locus COKNZ2AMARE en el 25-40% de todas las familias con melanoma [(1526). La
penetrancia de dichas mutaciones esta fuertemente condicionada por influencias
ambientales, depende de la poblacion, la localizacion geografica v la presencia de

otros genes modificadores (157

CDKNZ2A

Elb Ela E2 E3

91 4AHF p1 .SI:‘-&KM

Gl

Ciclo
celular S

Froteosoma

G2

Figura 26 El locus COENZA v el control del ciclo celular.

El locus COKE codifica la quinasa 4 dependiente de ciclina. Las mutaciones en
COK4 son muy poco frecuentes, va que se han identificado muy pocas familias gue las
presentan. Dichas mutaciones se localizan frecuentemente en la zona de unidén a

INKAA-p1E, resultando en una proteina gue no se inhibe por pl16-INK4A. Las
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mutaciones activadoras en CDK4 son oncogénicas va gue esta quinasa regula
negativamente a la proteina Rb (158-160).

También se han asociado con el melanoma familiar variaciones en ofros genes,
particularmente en el MCTR. Como se ha mencionado antenormente, el MCTH a5 un
gen de susceptibilidad de penetrancia moderada. En estudios epidemicldgicos de
grandes grupos de poblacidn se han encontrado varios alelos comao R 121C, R180W v
D284H gque se asocian a un riesgo incrementado de todas las formas de cancer de
pigl. Esta asociacion es dependiente de la carga alelica, de manera que el nesgo es
mayor para portadores de dos alelos mutados (58],

MCITR puede ademas interaccionar con otros genes. Se ha demostrado que
variantes del MCTH tienen un efecto modificador en la penetrancia de mutaciones en
el locus COKNZ2A, en familias con antecedentes de melanoma v, aquellas personas
portadaras de mutaciones en COKANZ2A v de variantes en MO TR desarrollan melanoma

a una edad anterior gue aguellos que no poseen dichos polimorfismos (161).

8.3. Melanoma esporadico.

En el melanoma esporadico no son frecuentes las mutaciones en COK4 vy
COKNZA y, sin embargo, son muy comunes las mutaciones en genes gue codifican
proteinas de la wia de sefalizacion de las ERK. La via de sefalizacidn de ERK esta
hiperactivada en mas del 30% de los melanomas humanos (1541 Mientras su
actividad es baja en los nevi, esta elevada en la fase RGF y en las etapas siguientes
del melanoma, lo gue sugiere que tiene una importante funcién en el progreso de la
enfermedad.

Los cambios mas comunes gue conducen a una hiperactivacion de esta via
s0n mutaciones en 8-FAF, gue conducen a una activacion constitutiva. Mutaciones en
B-FAF aparecen hasta en el 70% de melanomas, mientras gue aln no se han descrito
mutaciones en 4-FAF v C-RFAF asociadas a melanoma (162). En los nevi benignos, 8-
RFAF se encuentra también frecuentemente mutado, aungue estas lesiones raras
veces se transforman en malignas. La mavoria de las mas de 20 mutaciones en 8-
RAF son poco frecuentes, debido a gue una de ellas, la sustitucion de la Yal en
posicion 800 por Glu, es la predominante (163). Ademas, el residuo ValB0D se
encuentra mutado a otros aminoacidos, por lo gue es el mas importante en melanoma
Y Sugiers gue las mutaciones oncogénicas activadoras de B-RAF promueven la
malignizacion. 5-FAF mutante es esencial para el crecimiento v mantenimiento del
melanoma v estimula la supervivencia v proliferacion mediada  por MAFK
(118164165
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La sefalizacion constitutiva de ERK inducida por B-RAF oncogénico puede
contribuir a la secrecion autocring de factores de crecimiento como bFGF, la hormona
a-MEH, EGF v SCF. Su importancia en melanoma se acentla conforme progresa la
enfermedad v, ademas, tienen |la capacidad de retroalimentar la via de sefnalizacion de
RAS. Por dltimo, esto conduce a la perdida de dependencia de los melanocitos de los
factores de crecimiento derivados de queratinocitos, lo gue permite a los melanocitos
5U invasion v supervivencia en la dermis. Por otro lado, formas mutantes de B-RAF
son capaces de activar NF-xB (166, un conocido factor antiapoptdtico. Esto conduce
a la supresion de la apoptosis, lo gue puede contribuir a la guimiorresistencia del
melanoma. Ademas, B-RAF regula la migracion celular. En melanoma, B-RAF puede
facilitar la invasion regulando la expresion de proteinas como la metaloproteasa de
matriz-2 (MMP-2) v B-integrina. Las MMPs degradan la matriz extracelular v, de esta
manera, afectan a la invasion v metastasis de las células cancerigenas.

Ademas de mutaciones en B8RAF también son frecuentes mutaciones en
NRAS, entre el 15 al 30% de los melanomas, mientras gque mutaciones en las otras
isoformas de RAS (HRAS v KRAS) son poco frecuentes (162). Al igual gue las
mutaciones en B8HAF, mutaciones en NRAS producen una activacion constitutiva de
esta via de sefializacidon similar cuantitativamente a la asociada a mutaciones en B-
RAF. En ausencia del inhibidor del ciclo celular INK4Ap18, RAS oncogénico puede
inducir melanoma y parece tener un papel critico en el mantenimiento del tumor (167
Ademas, melanomas primarios que aparecen en la piel sin exposicion cranica al sol
tienen frecuentemente mutaciones en B8R4~ o NEAS, mientras que estas mutaciones
50N poco comunes en tumores de la piel con dafio solar crdnico o en melanoma acral
o de las mucosas, lo gue sugiere caminos distintos para la génesis de estos subtipos
de melanomas.

Mutaciones simultaneas en MN-RAS v B-RAF son muy poco frecuentes en &l
melanoma, como corresponde a proteinas de la misma vwia de sefalizacion. La
adquisicion de mutaciones en B-RAF v NV-RAS5 no es la Unica estrategia gue usan las
células de melanoma para asegurarse gque la via de las MAPK esté constitutivamente
activa. Ademas de estas alteraciones genéticas, los melanomas frecuentemente no
expresan genes gue codifican proteinas que regulan negativamente la fosforilacion de
ERK {168)

8.4. Relacidn entre el MC1R vy el cancer de piel.

El melanoma es una de las neoplasias con un incremento de incidencia mas

notable La incidencia v mortalidad en individuos de raza blanca crecen con mas
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rapidez que en cualguier otra forma de cancer, a excepcion del de pulmdn en mujeres
de algunos paises, duplicandose cada 10 a 20 afios. En Espafa la incidencia actual
supone un aumento del 400% en relacion con la década pasada. Estudios de
poblacion han demostrado gue algunas variantes alélicas del MC1RE se comelacionan
positivamente con el riesgo de melanoma v otros carcinomas cutaneos. En los
canceres de piel esporadicos esta asociacion ha sido demostrada para alelos del tipo
REHZ, que doblan el iesgo de melanoma v que se asacian también con un fenctipo de
pigmentacidn feomelanica v elevada sensibilidad a la radiacidn solar (58). Este
fenoctipo se comesponde con los fototipos | vy I, frecuentes en el Morte de Europa v el
Feino Unido. Por contraposicion, los individuos con piel oscura, pelo negro, facilidad
para broncearse tras exposicion al sol v resistencia a las guemaduras solares
(fototipos Iy V) son casi siempre portadores del alelo MCTH silvestre. Asi, MUTR es
el principal determinante genetico del fototipo humano, con un comportamiento casi
mendeliano [57;169). For dltimo, cabe destacar que ademas de su efecto "per se”
como gen de susceptibilidad de baja penetrancia, e MCIR es un modificador del
nesgo asociado a genes de alta penetrancia, como ya se comentd mas arnba. Paor

tanto, la relacion entre MC1R v melanoma es compleja v aun poco comprendida.
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Obretivos

Como se ha mencionado anteriormente, la via de oMSHMCIRE es
esencial en la homeostasis cutanea. Ademas, las MCs son moleculas gue
participan en la regulacién de procesos tan importantes vy variados como la
ingesta de alimentos, la homeostasis energética, el comportamiento sexual,
algunas respuestas inflamatorias, la regeneracion nerviosa v la funcion de las
glandulas exocrinas, ademas de la pigmentacion melanica v la funcién de la
corteza adrenal. Estas accdones estan mediadas por una familia de cinco
receptores muy homalogos, para los que el MR constituye un buen modelo.
For ello, la caracterizacion a nivel molecular de la sefializacion por MC1R puede
proporcionar nuevos paradigmas de regulacion de la sefializacion por receptores
de MCs, con posibles implicaciones para nuevas terapias de trastomos cutaneos
y sistemicos. Sin embargo, este tipo de estudios se wven complicados por el
caracter altamente polimarfico del MCIRE humano, en el gue son frecuentes las
variantes alélicas de funcion desconocida v a menudo con trafico intracelular
alterado. Mo se conocen las caracieristicas del acoplamiento funcional de
muchas de estas wvariantes, ni tampoco se comprende el papel de algunos
aspectos esenciales del procesamiento del receptor como su glicosilacion, como
determinantes de su nivel de actividad.

Por otra parte, la relacidon entre algunas formas alélicas del MC1R con
seflalizacion alterada v la susceptibilidad al melanoma esta demostrada, pero
aun no se comprende lals) base(s) molecular(es) de la misma. El incremento en
la incidencia del melanoma maligno en los dlitimos afos v su estrecha relacion
con los factores individuales (como el genotipo MCTR) v ambientales {como la
exposicion ala radiacion UY), asi como la importancia de un diagnéstico precoz,
son datos que justifican la enorme importancia de la investigacién de este tumaor,
tanto a nivel basico como dinico. For tanto, un mejor conocimiento bioldgico de
esta neoplasia, permmitira avanzar mas rapido en el control del melanoma
cutaneo. En este contexto, uno de los aspectos cruciales de la biologia del
melanocito es la sefalizacion por el sistema a-MSHMIIR v su relacion con vias
de transduccién de sefales inductoras de la diferenciacién (v por tanto de la

pigmentacidon v de la fotoproteccion) v de la proliferacian.



Objetivos

A la vista de estos antecedentes v en el contexto de la relacion de MCI1TR

con cancer de piel, proponemos |os siguientes objetivos concretos:
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Analisis del patron de glicosilaciéon del MC1R silvestre v algunas de sus
principales variantes naturales asociadas a fenotipos cutaneos v a nesgo

incrementado de cancer de piel.

Caracterizacion de la funcién del carbohidrato en el MC1R.

Efecto de las mutaciones mas frecuentes relacionadas con melanoma
maligno en la sefalizacidn del MCIR porla via de las ERK. 5e analizaran
las formas R151C, R160WY y D294 H, entre otras.

Estudio del mecanismo de activacion de las ERK por gl MCTRE humana.

Estudio de las posibles relaciones de entrecruzamiento de las distintas

vias de sefializacidon mediadas por MCTRE.
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Materiales v métodos

1. REACTIVO3Y MATERIALES.

El sistema ECL Plus ‘“Western Blotting Detection System, [‘25I]—NDP—MSH
(2000CiK¥mmaol), Cyclic AMP [BH]-Biotrak Assay System son de Amersham

Fharmacia/Ge Healthcare (Little Chalfont, Inglaterra).

Tris, el acido etilendiaminotetraacético (EDTA), v el dodecil sulfato sodico
(50D3) son de AppliChem GMEH (Darmstad, Alemania).

Los reactivos necesarios para la realizacion de |la electroforesis de proteinas
y transferencia Westem: acrilamida, bisacrilamida, persulfato amonico, TEMED,
Tween 20, Extra Thick Blot Paper Protean ¥L Size, asi como los marcadores de
peso molecular de proteinas fueron suministrados por Bio-Rad (Richmond, CA,
USA).

El medioc de montaje de inmunofluorescencia es de DAKO Corporation
(Caminteria, USA)

Los estandares de peso molecular de ADM, las enzimas EcoTag DMA
polimerasa, la Pfu DMNA polimerasa v las endonucleasas de restriccidn son de

Fermentas (Barcelona, Espana).

La Lipofectamina 2000, las células quimicamente competentes Library
Efficiency DHSw la enzima T4 DMNA  ligasa, los anticuerpos marcados con
fluordforos Alexa 488-AntiRabbit conjugate v Alexa S68-AntiMouse conjugate, el
vector de expresion pcDMAZ 1T v el kit de sintesis de cOMNA SuperScript First-Strand
synthesis System for RT-FPCRE son de Invitrogen Corporation (Carshad, CA, USA)

El etanol v el isopropancl son de Merck iDamstadt, Alemania).
Immaobilion-MNy+ Blotling Membrane es de Millipore (Billerica, MA, LSA).
La agarosa, el medio LE agar v SOB son de Pronadisa (Madrd, Espana).
El Quiaquick Gel Extraction Kit es de Quiagen (Hilden, Alemania).

Las enzimas PNizasa F v Endoglicosidasa H, v todos los cebadares son de

Foche Applied Sciences (Mannheim, Alemania).

El lgepal CA-6320, la albdumina de suero bovino (BSA), el fluoruro de
fenilmetilsulfonilo (FMSF), el acido bicinconinico, la ampiciling, la kanamicina, el p-
formaldehido, el B-mercaptoetanol, Mouse Monoclonal Anti Clone HAY, Anti Flag
M2 monoclonal antibody, Anti Flag Rabbit polyclonal, GenElute HP Flasmid
Maxiprep Kit, GenElute HP Plasmid Miniprep Kit v la iodoacetamida son de Sigma-
Aldrich Co. (St Louis, MO, USA).
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El kit QuickChange Site-directed mutagénesis es de Stratagene (La Jolla,
AL USAY

El materal de plastico uiilizado en los cultivos celulares es de TRPP

(Trasadingen, Suiza).

El kit DNA Clean & Concentrator’™ es de Zymo Research (Orange, CA,
USA)

Los productos gque no aparecen descritos en esta seccidn, se especifican en

los apartados comespondientes.

2. LINEAS CELULARES, CULTIVOS CELULARES Y PREPARACION DE
EXTRACTOS.

Los medios de cultivo empleados fusron: Opti-MEM v DMENM, sin glutamina. Los
medios de cultivo, el suero bovino fetal (SBF), la glutamina, la tripsina/EDTA v los
antibioticos penicilina v estreptomicina fueron suministrados por Gibco BRL-Life
Technologies (Gaithersburg, USA)L El antibidtico geneticinag G418 fue suministrado
por Calbiochem [Damstad, Alemania).

Se utilizaron distintas lineas celulares de melanoma humano establecidas en
el laboratorio del Prof. & Ghanem, LOCE, Universidad Libre de Bruselas, Bélgica.
Estas células se cultivaron en medio HAME-10 {Invitrogen-Gibco, Faisley, URK),
suplementado con 10% de SBF v antibidticos 100 U/ml de penicilina (MP
Biomedicals, Asse-Relegem, Belgium), 100 pg/ml de sulfato de kanamicina v 100

po/ml de estreptomicina (Invitrogen-Gibco).

Las transfecciones transitoras se realizaron con células de feocromocitoma
de rata, PC12, con celulas embrionarias humanas, HEK293T v con la linea de
melanama HBL.

Las células HEL, PC12 v HEK2Z93T se cultivaron con medio MEM
modificado por Dulbecco, DMEM, suplementado con un 10% de 5BF, 2 mM de
glutamina, 100 Wiml de penicilina v 100 wgdiml de sulfato de estreptomicina.

Los cultivos primarios de melanocitos normales humanos se obtuvieron a
partir del prepucio de necnatos en el laboratorio de la Prof. 2. Abdel-Malelk,
Universidad de Cincinnati, US4 Las células fueron cultivadas en medio MCDE 153
(Sigma-Aldrich Co.), suplementado con 5% de SBF, 13 ng/ml de extracto de
pituitaria bovina (BEPE), 8 nM de 12-miristato 13-acetato de forbol (PMA), 5 pg/ml de

insulina, 1 wg/ml de transfermina, 1 pgfml de c-tocoferal v 0.6 ng/ml del factor de
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crecimiento de fibroblastos humano (bFGF). EI EPE fue eliminado del medio de

cultive 2 & 3 dias antes y durante la duracion de cada expenmento.

Los diferentes tipos de cultivos celulares fueron mantenidos en un incubador
ThemmoQuest (Formma Scientific, Manetta, OH, USA) a una temperatura constante
de 37% C en una atmdsfera saturada de humedad v con un 5% de CO. El
mantenimiento de dichas lineas celulares se llevd a cabo sembrando 5 x 10° células
por botella de 75 cm® en 10 ml de medio de cultivo adecuado. Las células se
dejaron crecer 3-4 dias hasta un 85% de confluencia. A continuacidn, se lavaron
con PBS (NaCl 137 mM, KCI 2.7 mi, Na:HPO4 10 mM, KH2PO4 1 mid, pH 7 23, v
se recogieron por centrifugacion S min a 1200 xg, tras el tratamiento con
tripsina/EDTA (0.5% tripsinag, 0.2% EDTA en FES) en el caso de las lineas celulares

de melanoma, melanocitos nomales humanaos v las células PC12.

Fara la extraccion proteica, se siguieron dos procedimientos distintos en

funcian de las proteinas gue se deseaban detectar.

1. Para la extraccion v posterior analisis por transferencia YWestern de proteinas
fosforladas, las células se lavaron con PBS v se resuspendieron con tampdn de
solubilizacion celular |, que contiene PMSF 100 ng/ml, 1% de Igepal v 1% de
inhibidores de fosfatasas (imidazol 200 mM, NaF 100 mM, molibdato de sodio
115 mM, o-vanadato de sodio 100 mh y tartrato de sodio dihidratado 400 mhid)

(Calbiochem) en PBS. A continuacian, se centnfugaron a 12000 rpm durante 20

minutos a 4% C en una centrifuga Eppendorf 54152 B Los sobrenadantes se
recogieron para determinar el contenido total de proteina mediante el kit del

acido bicinconinico, utilizando BSA como patran.

2. Para la extraccidn y posterior deteccidn de proteinas en presencia del MC1R,
las celulas se lavaron con PES frio por centrifugacion a 2000 mpm, a 4° C
durante 10 min. Una vez aspirado el sobrenadante, se solubilizaron en tampdn
de solubilizacion celular [l (50 mi Tris-HCI pH 8, 1% lgepal, 1 mi EDTA, 0.1

mhl PMSF), suplementado con iodoacetamida 10 mb. La iodoacetamida

carboximetila los grupos sulfhidrilo de los residuos de cisteina e impide la
formacién de agregados que alteren el proceso de separacion electroforetica.
Tras la resuspension, las muestras se incubaron con agitacidn wvigorosa en
oscundad, a 4" C durante 1h. A continuacian, se centrifugaron en una centrifuga
Eppendorf (30 min a 4° C). Se recogieron |os sobrenadantes v se procedid a la

cuantificacidn de la proteina total como se ha descrito anteriormente.
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3. ACTIVADORES E INHIBIDORES.

Los activadores e inhibidaores usados en los distintos experimentos son los

siguientes (Figura 1)
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La hormona fisioldgica a-MSH v su analogo sintético, NDP-MSH
(Calbiochem) a una concentracion de 107 M para los expernmentos
de cinéticas v a concentraciones crecientes de hormona desde 10°
b4 hasta 10°M para los experimentos de dosis-respuesta,

partiendo en ambos casos de un stock 107 en HCI 0.0 M.

El factor de crecimiento nervioso B humano, B-NGF (Calbiochermn],

se Usd a una concentracion final de 100 ng/ml.

El péptido recombinante humano, SCF (GenScript), se utilizd a una

concentracién final de 10 ng/ml.

El péptido humano endotelina-1, ET-1 (GenScript), potente ligando
de los receptores de endotelina ET, v ETg, usado a una

concentracion final de 107

El inhibidor de la MAFK quinasa MEK, PD98058 (Sigma Chemical

Company), a una concentracion final de 50 ph.

El activador de proteina quinasa C, 12-minstato 13-acetato de forbol,
conocido como PMA o TRPA (Sigma Chemical Company), a una

concentracion final de 0.1 ngdul.

El inhibidor selectivo de proteina quinasa €, Ro-31-8425

(Calbiochem), a una concentracidn final de 25 nhd.

El activador de la adenilato ciclasa, forskolina (FSK) (Calbiochem), a

una concentracion final de 10°M, a partir de un stock 107%M.

El inhibidor de la adenilato ciclasa, 2',5-dideoxyadenosine (DDA)
(Chemical Company), se resuspendid a una concentracion de 200
mh! en DMSO vy posteriorments, se diluyd para tener una

concentracian final de 2 Smh.

El inhibidor de fosfodiesterasas, 3-isobutil-1-metilzantina (IBMX)

(Sigma Chemical Company), a una concentracion de 107,

El inhibidor de los canales de Ca® de tipo L, nifedipine, (Sigma

Chemical Company), a una concentracion final de 10 pg/ml.
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El activador de los canales de Ca®, {+)-Bay K8644 (Sigma

Chemical Company), se empled a una concentracion de Tuh,

El activador especifico de |la proteina de intercambio activada por
AMPC (Epac o cAMP-GEF), 8-pCPT-2'0-Me-cAMP [Eiclog), a una

concentracion final de S0 pM.

El activador de PKA, 6-Bnz-cAMP (EBiclog), se utilizéd a una

concentracion de 50 phd.

El inhibidor competitivo de PRA de tipo | v II, Rp-cAMPS (Biclog), a

una concentracion final de 20 ph.

El  inhibidor  selective  de  las o 1—2}manosidasas,  1-
deoxymannojiimycin  hydrochloride  (1-DMJ)  (Sigma  Chemical

Company), se empled a una concentracion de S phd.

El inhibidor de la M-glicosilacion de proteinas que bloguea la
transferencia de M-acetilglucosamina 1-fosfato al dolicol monofosfato,

tunicamicina (Sigma Chemical Company), se utilizd a una

concentracion final de & pa/ml.

El inhibidor de los RTKs, AG1478 [Calbiochem), a una

concentracion de 50 uh.

Los inhibidores de la actividad del RTK o-KIT, ISCKO3, GTP-14564

(Calbiochem) v Sunitinib (Tocris Bioscience), usados a una

concentracion final de 1 uh, 1 uM v 10 nM, respectivamente.

El inhibidor de los RTK de la clase |ll, GTP-14564 [(Calbiochem), a

una concentracion final de 1 uh.

El inhibidor selective del RTK EGFR, PD183035 (Calbiochem),

usado a una concentracion final de 0.1 phd,

Los inhibidores selectivos de la familia de proteinas tirosina quinasa
sre, PP2 v NA-PP-1 (Calbiochem), usados en experimentos de
dosis-respuesta a concentracionss crecientes desde 0.01 pM hasta

10 My desde 0.1 pM hasta 1 uM, respectivamente.

El inhibidor de la familia de proteinas tirosina guinasa Src, asi como
inhibidor de vanos RTK como c-kIT, Dasatinib (Bictang Inc), usado

a una concentracion de 10 ni.
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s Elinhibidor de las metaloproteasas (MMPs) 1, 2, 3, 8 v 9, GMB001

(Millipore ), a concentraciones crecientes desde 0.1 pM hasta 10 ph.

SCF AG1ATE
BETKs Forskolina 25" DDA
A j & NOP-MSH
b ¥ ..s‘;';“"':-:." GPCR
A o o
"*ll'] :_:'5.1;' GTR
{PMA - ATD I/ “,
?5”’“ N RGS
Ro-31-8425 —— ﬂ%;?\ N AMP #—  AMPc
- PDE
~. . it /
N 7

ﬁu;g;r Fas, (Rsa IBMX  Epac @@gﬂ—ﬁ-ﬁnz-mmp
B 8-pCPT-2-0- l

Me-cAMP Rp-cAMPS

- e Activacion
PDOBOSY — o ——4 Inhibicign

Figura 1. Dianas de algunos de los activadores e inhibidores descritos anteriormente.

4. TRANSFECCIONES TRANSITORIAS.
4.1. Transfeccién transitoria de ADN plasmidico.

Para las transfecciones transitorias se utilizd el reactivo Lipofectamina™
2000 {Invitrogen, Carlsbad, CA) a una concentracion de 1 mg/ml. En algunos casos,
la lipofectamina v el ADM se diluyeron antes de la formacion de los complejos
lipofectamina-ADMN en medio Opti-MEM reducido en suero para aumentar la

eficiencia de transfeccion.

Las células se cultivaron en placas de 6 12 ¢ 24 pocillos, segun las
necesidades. Cuando las células alcanzan una confluencia del 85-90%, se procede

a la transfeccion. Para una placa de 12 pocillos, el procedimiento es el siguiente:
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El ADMN (0.3 pgfpocillo) v la Lipofectamina (1.5 plfpocillo) se diluyen por
separado en 50 pl de medio DMEM sin suero (protocalo 1) o en medio Opti-MEM
reducido en suerg (protocole 20 durante 10 min a temperatura ambiente.
Transcurrido este periodo, el ADMN diluido se mezcla con la Lipofectamina diluida (el
volumen final es ahora de 100 plfpocillo) v se incuban durante 20 min como maximo,
a temperatura ambiente para permitir que se formen los complejos ADN-
Lipofectaminag 2000, A continuacion, se afiaden 100 pl de la mezcla a cada pocillo
que contiene 300 pl de medio DMEM sin suero (protocolo 13 o 300 pl de medio
DMEM suplementado con 10% de S5BF v glutamina 2 mM (protocolo 2). No se
afiaden antibidticos durante la transfeccidn. Transcurridas 6h, el medio es sustituido
por DMEM suplementado con 10% de SEF, glutamina 2 mh, 100 Uil de penicilina
y 100 pg/ml de sulfato de estreptomicing. Las celulas se procesan entre 24 v 48 h
después de la transfeccion. Para placas de B8 v 24 pocillos, las cantidades vy
vollmenes utilizados se comesponden con el doble v la mitad de lo mencionado

anteriormente, respectivamentes.

4.2. Transfeccidn transitoria de ARN pequefio de interferencia.

Para el silenciamiento de la expresion de genes se realizaron ensayos de
interferencia de ARMN por transfeccién transitona con ARMN  peguefios de
interferencia {siRMNA). Los siRMNAS son moléculas de ARN de 20-25 nucledtidos de
longitud, que silencian genes promoviendo la hidrdlisis de ARNM cuyas secuencias
s0n exactamente complementaras. Cada molécula de siENA es incomporada a un
complejo multiproteico conocido como RISC (Complgjo de Silenciamiento inducido
por ARMNY, gue separa las dos hebras de la molécula de siRMNA, quedandose una de
ellas incorporada en el complejo. Esta hebra es usada como molde para reconocer
a la molécula de ARMNmM o gue, posteriormente, conduce a su degradacidon por
RISC.

La transfeccidn transitona de los siRMNAS se realizd siguiendo el protocolo 2
descrito anteriormente. El siRMNA especifico para e gen de interés se resuspendio
en agua libre de RNAsSa hasta una concentracion de 10 ph. A continuacian, se
diluyd por separado el siRMNA (4 plpocillo) v la Lipofectamina (1.5 wf pacillo) con 50
pl de Opti-MEM reducido en susro v se incubd a temperatura ambiente durante 10
min. El procedimiento continda segun se ha detallado en el protocolo 2, pero las

células se procesan 48 h después de la transfeccion. Como control negativo, se
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utilizd una mezcla de secuencias de ARMN gue no conduce a la degradacion

especifica de ningan ARMNM celular conocido.

5. ELECTROFORESIS ANALITICA DE PROTEINAS.

Una vez recogidos los lisados celulares, se mezcld un volumen del
sobrenadante conteniendo 20-30 pg de proteina con tampdn de electroforesis de
proteing (180 mM Tris-HC, pH 8.8, 15% glicerol, 9% DS, 0.075% azul de

bromaofenol, v 7.5% p-mercaptoetanol). La electroforesis se realizd en un gel de

acrilamida en presencia de 505 (SDS-PAGE) mediante el sistema discontinuo de
Lasmmli con algunas modificaciones, con una cubeta Mini Protean I & Il v una
fuente de alimentacion 3000 Xi, ambos de BioRad. Se prepararon un gel separador
de unos 6§ cm de altura v 075 cm de grosor de un 5-12% de acrilamida-
bisacrilamida, segln el tamario de las proteinas de interés; v un gel hacinador de 1
cm de altura v 075 om de grosor de un 4% de acrilamida-bisacrilamida. La
polimenzacion de los geles esta catalizada por los radicales sulfato que se forman a
partir de persulfato amdnico en presencia de TEMED (RN M MN-tetrametil-
etildiamina). Una vez polimenzados los geles, se aplicd en cada calle un volumen
de 28 pl de muestra, que comresponden aproximadamente a 25-30 pg de proteina.
A continuacion, se procedid a la electroforesis usando un tampon de recomido
disociante (Tris 25 mi, Glicina 190 mi, 505 0.1%, pH §.3), con una intensidad de
comente de 15 mA/gel durante el avance del frente por el gel hacinador v de 25

mAJgel durante el recormido por el gel separador.

Tras la electroforesis, la deteccion especifica de las proteinas se realizd

mediante la transferencia Westarn.

6. TRANSFERENCIA WESTERN.

La presencia v cantidad de determinadas proteinas en extractos celulares,
se analzo mediante transferencia VWestern usando anticuerpos especificos (Tabla
1) El gel de poliacrilamida donde se han separado las proteinas, se incuba con un
tampon de transferencia (Tris 48 mM, Glicing 39 mh, 505 0.04%, metanol 20%)
durante 5 min. A continuacion, se procede a la electrotransferencia de las proteinas
a una membrana de PYDF {Immobilon-P) de 0.45 pm de tamario de poro (Millipore],
en una unidad de electrotransferencia semi-seca de Bio-Fad, aplicando un voltaje

constante de 22V,
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Cuando la intensidad de comente desciende desde 0.14 Afgel hasta 0.04

Adgel  aproximadamente 1h, se detiene la electrotransferencia v se bloguea la

membrana con 5% de leche desnatada en polvo & 2-4% de BSA en el tampon

correspondiente segln el anticuerpo primano que se vaya a Utilizar (Tabla 1), en

agitacion suave (50 mpm) durante 1h. Transcumido este tiempo, se procede a la

incubacion con el anticuempo primario en tampdén de blogueo v se incuba durante

toda la noche en agitacion suave a 4” C.

Anticuerpo Anticuerpo | ... ..
L Tampén de bloqueo | Dilucién Dilucion
primaro secundario
o-ERKZ o-CONEjo
2% BSA en IGST 1:7500 1:10000
(Santa Cruz) (Millipore)
o-pERKI1/Z o-CONEjo
2% BSAen IGST 1:5000 1:10000
(Santa Cruz) (Millipore)
o-cKIT o-CONEjo
2% BSA en TGST 1:2000 1:10000
(Cell signaling) (Millipore)
c-pokIT (Tyr? 213 o-CONEo
2% BSA en IGST 12000 1-10000
(Santa Cruz) (Millipore)
c-pokIT (Tyr703) o-CONED
2% BSA en IGST 1:2000 N 1:10000
(Cell signaling (Millipore)
o-pMARCKS o-CONEjo
2% BSAen IGST 1:2000 1:5000
(Cell signaling) (Millipore)
o-pTYR(PY39 0 o-ratdn
PTYR( ) 5&|ECHEDEB1afBSWWEEH 14000 110000
(Santa Cruz) Rl (Promega)
o-BRaf o-CONEjo
2% BSA en IBST 1:2000 1:10000
(=anta Cruz) (Millipore)
o-SCF o-ratdn
2% BSAenTGST 1:2000 1:10000
(=anta Cruz) (Fromega)
o-psre (Tyre30) o-CONE| o
2% BSA enIGST 1:2000 1:10000
(Santa Cruz) (Millipore)
o-F lag-HRP 5% leche en PESTween 15000 o o
(Sigma-Aldrich) 0.1% '
-Fla ~ratan
o-rlag 5% leche en DF'BS;’TWEEH 110000 B 110000
(Sigma-Aldrich) 0.1% (Promena)
o-HA-HRP o
5% leche en PESMween 1-1000 o o

(Sigma-Aldrich)

0.1%

Tabkla 1. Anticuerpos utilizados en la deteccion de proteinas mediante transferencia

Western. Se especifica para cada anticuerpao la casa comercial, el tampon utilizado en el
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hlogueo de la membrana, que coincide con el tampon de unidn del anticuerpo eliminanda la

leche, la dilucion utilizada, el anticuerpo secundario (si es necesario) vy |la dilucion empleada.

Seguidaments, se lava la membrana repetidas veces en tampon de lavado,
en agitacion vigorosa (100 rpm) v, a continuacion, en el caso de necesitar
anticuerpo secundario, se realiza la incubacion durante 1h con éste. Fosteriormente,
se realiza el lavado de la membrana con tampon de lavado.

Para la deteccion especifica de la proteina de interés, se usa el método de
guimioluminiscencia mejorada o aumentada ECL Plus (Amersham Fhammacia) v la
emision se registra en el aparato de adquisicion de imagenes Chemi-Smart3000.

Para comprobar gue todas las calles del gel de electroforesis han sido
cargadas con la misma cantidad de proteinas, se trata la membrana con NaOH 0.5
M durante 10 min en agitacion vigorosa (100 rpm ) para despegar los anticuerpos
primarios y secundanios. A continuacian, se realizan varios lavados con TGSMween
20 v se bloguea la membrana con TGS/ Tween conteniendo BSA al 2% durante 1h
en agitacion suave (S0 rpm). Fosternormente, se incuba la membrana con el
anticuerpo -ERKZ diluido en el tampon de blogueo (dilucidn 1:7500) durante toda
la noche en agitacion a 4° C. El tratamiento continda lavando la membrana
con TGSMween 20 e incubando con el anticuerpo secundano c-10G de conejo
conjugado con la peroxidasa de rabano (dilucion 1:10000) diluido en TGS Mween 20
con BSA al 2% durante 1h. Tras varos lavados, se procede al revelado, tal v coma
se ha indicado anteriomente.

La intensidad de las bandas comespondientes a la proteina de interés, se
comgid por diferencia con el obtenido para el fondo vy los resultados de
cuantificacian se normalizaron dividiendo el valor para la proteina diana entre &l
obtenido para ERKZ.

7. ENSAYO DE UNION HORMONA-RECEPTOR.
7.1. Ensayos de union y de competicion.

El nimero de sitios de unidn para el agonista del MC1E en la membrana
plasmatica, asi como la afinidad de las distintas variantes de interés del receptor
por el ligando, se cuantificd mediante ensayos de unidn del radicliganda [I'25]—NDP—
MSH

Se realzaron ensayos de unidn a una concentracion fija de hormona

radiactiva de 107'"M (0.1 WCit v ensayos de competicion. Estos dltimos se basan en
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la competicion para unirse al receptor presente en la membrana plasmatica de
células en cultivo, del ligando NDP-MMEH a diversas concentraciones, frente a una
cantidad fija de [|125]—NDP—M8H_ La radiactividad asociada a las celulas representa
la cantidad de radioligando unido al receptor, que se relaciona inversamente con la
cantidad de receptor unido a MDF-MSH no marcado. Asi se pusden construir
curvas de desplazamiento que indican el valor de la ICgy (Concentracion de ligando
no marcado que conduce a un 50% de inhibicion de la unidn del radioligando],
relacionado  directamente con  la  afinidad  del receptor por el ligando.
Altemativamente, conociendo la dilucidn isotépica del trazador radiactivo en cada
condicion, pueden construirse curvas de saturacion, cuyo ajuste proporciona los
valores de Bmax (ndmero total de sitios de unidn especificos en la preparacion) v
de Kd (constante de disociacion del complejo igando-receptor).

Los ensayos se realizaron en placas de 12 pocillos vy tras prvar a las células
de suero al menos durante 3h, se afiadid un volumen final de 300 ul de la dilucidn
isotépica con [I"**FNDP-MSH 107" v concentraciones crecientes desde 107" hasta
1078 dle NDP-MSH (competidor no marcado). Tras 1h de incubacidon, se realizaron
2 lavados con DMEM v posterior recogida de las células con tripsinag, en tubos de
plastico. La hormona radiactiva unida al receptor, se contd en cpm en un contador
gamma MWMizard 1470 Automatic Gamma Counter, Perkin Elmer).

La unign especifica para cada concentracion de hormona fria utilizada se
calculd de la siguiente manera; union especifica = union total — unidn inespecifica.
Las cpm comespondientes a la union inespecifica se obtuvieron a partir de células
transfectadas sdlo con el plasmido, sin presencia de receptor, e incubadas
Unicamente con [I"®*JMNDP-MSH o bien células incubadas con el trazador
radioactivo en presencia de un gran exceso de ligando nativa [10%M). Se
emplearon pocillos paralelos para estimar la cantidad de proteina por pocillo. Los
valores de Bmax v las constantes de disociacion se calcularon par regresion no

lineal (hipéroola rectangular) con el programa GraphPad Frism.

7.2. Ensayos de internalizacion.
Fara medir el porcentaje de receptor intemalizado en presencia de ligando,
se realizaron ensayvos de unidn de radicligando utilizando una mezcla isotopica de

I"*-NDP-MSH con una concentracion

MOP-MSH con una concentracion 107 h Y[
10", Tras incubar las células (privadas de suero al menos 3h), con la mezcla

durante 90 min, se lavaron 2 veces con DMEM v 2 veces con la solucion de lavado

acido a 4% C. Los lavados acidos liberan el ligando unido al receptor en la

membrana plasmatica sin lisar las células, por lo que la radiactividad asociada a
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estos lavados es indicativa del receptor presente en la superficie celular, no
internalizado. Los lavados se recogieron y se midid su radiactividad. Despugs, se
recogieron las celulas con tripsina, v se contd la radiactividad asociada. El indice de
internalizacion es el porcentaje de radiactividad interna, respecto a las cpm totales
{suma de las cpm asociadas a los lavados acidos v las cpm asociadas al lisadao

celular).

8. ENSAYO DE ACOPLAMIENTO FUNCIONAL.

La unidn del agonista al MC1R produce la activacion de la proteina Gs, que
a sU wez estimula la adenilato ciclasa. El resultado es un aumento en los niveles
intracelulares de AMPc. Por tanto, para analizar el acoplamiento funcional del

MCTR, se usa el siguiente método de cuantificacion de AMPFC intracelular.
8.1. Estimulacidén y extraccidén de AMPc.

Los ensayos se realizaron en placas de 12 pocillos. Se sembraron paocillos
por duplicado v dos pocillos paralelos para determinar la proteina total. Cuando las
células se encontraban aproximadamente al 80% de confluencia o 16h después de
realizar una transfeccidn transitoria, las celulas fueron privadas de suero durante un
tiempo minimo de 3h. A confinuacion, se realizd el tratamiento con el reactivo o
inhibidor de interés.

Unawvez llevado a cabo el tratamiento, se aspird el medio de los pocillos v se
lavaron con PES frio. Para liberar el AMPC intracelular al medio, se retird el PES de
los pocillos v se afadid 200 pl de HCI 0.1 M, previamente calentado a 70° C. Cada
pocillo se recogid en tubos eppendor v éstos fueron licofilizados durante
aproximadamente 2h en un liofilizador Speed-Yac Concentrador, SVCT100H, Savant,
Los precipitados obtenidos se lavaron con 100 pl de agua bidestilada v se secaron

durante unos 30 min. Finalmente, cada muestra se disolvid en tampdn Tris/EDTA

para AMEc en un volumen adecuado segun los niveles de AMPC que se esperaba

obtener

8.2. Ensayo de AMPc.

La cantidad de AMPC presente en las muestras se determing mediante un kit
comercial de radioinmunoensayo  (Amersham  Biosciences), basado en la
competencia entre el AMPC no marcado de la muestra v una cantidad fija de
[Hg]AMF’C por una proteina con afinidad por el AMPc. La cantidad de AMPC

marcado enlazado por la proteina de unidon es inversamente proporcional a la del
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AMPC presente en la muestra, que se calcula mediante la extrapolacion a partir de
una recta de calibrado con concentraciones conocidas de AMPC,

En pramer lugar, se enfrian las tubos en hielo v se transfiere a cada uno 50
pl de muestra. Para la recta de calibrado, se preparan tubos con 0, 2 v 8 pmoles de
AMPC, a partir de un stock proporcionado por el kit v para los blancos, se afiaden

150 ul de fampon Tris/EDTA para AMPc. A continuacion, se afade a todos los

tubos 50 pl de [HB]AMPC y 100 pl de proteina de unidn; este ditimo se afade a
todos los tubos excepto a los blancos. Todos los tubos se incuban en un barfo de
agua-hielo durante 2h.

Posteriormente, se afiade a cada tubo 100 pl de carbdn activo y se
centrifuga a 12000 mpm a 4° C durante 2 min. Asi se separa el AMPc unido a la
proteina del AMPC libre, puesto que el carbdn activo adsorbe el nudedtido libre en
el medio. Tras la sedimentacidn del carbén activo, se transfieren 200 pl del
sobrenadante a wviales con 2 ml de liguidoe de centelleo (Ecoscint, Mational
Diagnostics, Inglaterra). La medida del [Hj]ﬁ\MPC se realizd mediante un contador
de radiacion B v los resultados se obtuvieron en dpm. Finalmente, haciendo uso del
programa GraphFad Prism vy teniendo en cuenta el volumen de tampdn usado para

disalver las muestras, se calcularon los pmoles de AMPC por pg de proteina.

9. DETERMINACION DE LA VIDA MEDIA DE PROTEINAS.

La determinacidn de la vida media del receptor MC1R se realizd siguiendo la
desapancion de la proteina en células tratadas con el inhibidor de la sintesis
proteica, cicloheximida. Las celulas de interés se incubaron con cicloheximida 1071
en DMENM completo, durante distintos tiempos desde 0.5 hasta 8h. Las células se
lisaron, los extractos celulares se procesaron siguiendo el protocolo 2 descrito
anteriormente v la cinética de desaparncion de la proteina se analizd por

transferancia Western.

10. TRATAMIENTO CON ENDOGLICOSIDASAS.

Fara analizar &l patron de glicosilacion del receptor MC1R, se llevaron a
cabo ensayos de desglicosilacion mediante el uso de dos glicosidasas especificas:

la endoglicosidasa H {endoH) v la M-glicosidasa F (PNGasa F).

Los extractos proteicos se incubaron a 37" C durante 3h en el tampdn de

desdlicosilacidn con 2 unidades de PMNGasa F o 15 miliunidades de endoH en un
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volumen final de 15 pl. En el caso de las digestiones con PMGasa F, las muestras
se incubaron previamente a 95% C durante 5 min para desnaturalizar las proteinas v

facilitar la completa desglicosilacion.

Tras la incubacion a 37" C, se afadid a cada tubo 5 pl de_tampon de

muestra (4x), con B-mercaptoetancl. Las muestras se sometieron a SDS-FAGE v la

proteina se detectd mediante transferencia VWestern.

11. EXTRACCION DE ADN GENOMICO.

Fara el aislamiento de ADMN gendmico de las lineas celulares de melanoma

se Utilizo el kit DNeasy Blood and Tissue (Qiagen).

En primer lugar, se recogieron las células {un numero maximo de 5 x 10°
células) mediante tripsinizacidn, se centrifugaron v se resuspendieron en 200 pl
de PBS. Para la lisis celular, se afiadieron 20 pl de la enzima proteinasa Ky 200 pl
del tampdn gue contiene hidroclorure de guanidinio. Las muestras se mezclaron
mediante agitacion vigorosa v se incubaron a 96 C durante 10 min. A continuacian,
se afladieron 200 pl de etanol absoluto v se mezclaron hasta obtener una disolucion
homogénea La muestra se colocd en un filtro v se centrifugd a mas de 6000 xg
durante 1 min. Después de realizar sucesivos lavados, el ADN se recuperd

mediante centrifugacidn en 200 W de tampdn de elucidn.

Fara la cuantificacidn de la concentracidn del ADN, se realizd 1a lectura de |3

absorbancia a 260 nm mediante un espectofotometro GeneCuant.

12. EXTRACCION DE ARN.

Fara la extraccion del ARM total, se uUtilizd el kit comercial RNAqueousR
(&mbion), partiendo de aproximadamente 10°% células. Las células cultivadas en
botellas de 25 cm? se lavaron con PBS frio v, a continuacion, se afadié 1.5 ml de
Lysis/Binding Solution, una discolucidn de sales de guanidinic gue permite
simultaneamente la lisis celular v la inactivacion de las RMNAsas enddgenas. Se
rascd la superficie del frasco con una espatula, hasta obtener un lisado no
demasiado viscoso, que se diluyd con etanol al 84% en una proporcidn de volumen
de 1.1 v se homogenizd mediante una micropipeta o bien, haciendo pasar la mezcla
del lisado v el etanol a través de una jennguilla de 25 g hasta obtener una mezda

homogénea Esta mezcla se colocd sobre el fitro proporcionado por el kit v se
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centrifugd a 15000 xg durante 1 min. Tras descartar el sobrenadante, se realizaron
lavados sucesivos del filtro a 15000 xg durante 1 min v, finalmente, se recuperd el

AREMN mediante tampon de elucion precalentado a 95° C.

Fara la cuantificacion de la concentracién del ARN, se realizd la lectura de |a
absorbancia a 260 nm mediante un espectofotometro GeneQuant. La pureza del

ARM se determind mediante la relacion entre las absorbancias a 260 v 280 nm.

13. SINTESIS DE cDNA.

La sintesis de cDMA a partir de ARN total (RT-PCR) se realizd mediante =l
kit Su;::uerScriptTM Il First-Strand Synthesis System for RT-PCR, partiendo de
aproximadamente 2 pg de una muestra de ARNM total El procedimiento consistid en
una primera etapa en la que se mezcla la muestra de ARMN molde con oligol(dT Jy 2. v
dhTPs v se procedid a la desnaturalizacion del AREMN a 65% C durante 5 min. A
continuacion, la muestra se enfrid lentamente v se incubd en hielo durante al menos
1 min. Se afadid el volumen necesano de tampdn de la retrotranscriptasa, DTT,
MG Cla y RMNaseQUT™ {a las concentraciones recomendadas por el fabricante). Las
muestras se incubaron a 42° C, 2 min v, posteriormente, se afadio 2 pl de la enzima
Superscript Il Retrotranscriptasa. La reaccion de sintesis de cOMA se llevd a cabo a
50° C durante 50 min v se termind incubando las muestras a 85 C, 5 min. Fara
eliminar el ARM restante, las muestras se incubaron con 1 pl de RMase H a 37° C

durante 20 min.

14. CLONACION DE GENES.

14.1. Obtencién de mutantes de glicosilacién del MC1R mediante

mutagénesis dirigida.

Fara determinar la importancia de la glicosilacidon en la funcion del MCI1RE,
creamas mutantes del receptor que carecieran de Uuno o de ambos supuestos sitios
de M-glicosilacion presentes en la secuencia del gen. Para ello, se llevaron a cabo
mutaciones puntuales mediante mutagenesis dirigida utilizando el kit QuickChange
HL Site-Directed Mutagenesis.

Como molde para realizar la mutagenesis se Utilizd el gen del MC1R, con el
epitopo Flag en el extremo MN-terminal, insertado en el vector de expresion pcDMAS.
Se realizd una PCR usando la ADM polimerasa Py Turbo suministrada por el kit v

una pareja de cebadores complementarios formados por oligonucledtidos sintéticos
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{uno directo v uno reverso), que contienen la mutacion deseada (Tabla 2. Durante
los sucesivos ciclos de la PCR, los cebadores se unen al vector y la ADN
polimerasa va extendiendo la cadena nucleotidica hasta generar el plasmidao
mutado. Fara digenr el ADN molde parental v seleccionar el ADN sintetizadao con la
mutacion de interés, se incuba el producto de la PCR con la endonucleasa Do |,
que digiere especificamente el ADN metilado v hemimetilado. Después, se realiza
la transformacion de células ultracompetentes XL10 Gold, v la seleccidn de
recombinantes.

Las FPCR v la eleccidn de cebadores se realizaron siguiendo las
instrucciones del fabricante (2.5 1 de Pfu Turbo, 10 ng de ADMN molde, v 125 ng de
cada cebador, para cada reaccion). En todos los casos, el programa de
amplificacion consistid en 18 ciclos v Uuna vez completados, una extension de 7 min
aBs" C

A continuacian, el producto de la PCR se incubd con 10 U de la enzima de
restriccion Dar 1 a 37° C durante 1 h vy, después, se procedid a la transformacidn de
las células ultracompetentes v a la seleccion de los recombinantes.

Farallevar a cabo la seleccion, se picaron varnas colonias, se inocUlaron en
4 ml de medio S0OB con 100 pg/ml de ampicilinag v se dejaron crecer durante 18h a
37" C en agitacidn vigorosa. Transcurmido este tiempo, se aisld el ADN plasmidico
utilizando el Plasmid Genelute HP Miniprep Kit, que acopla el sistema de extraccién
por lisis alcalina con el uso de columnas de elevada afinidad por el ADN. Para la
cuantificacion de la concentracion del ADN, se realizd la lectura de la absorbancia a
260 nm mediante un espectofotdmetro Geneuant. La pureza del ADMN se
determind mediante la relacion entre las absorbancias a 260 y 280 nm.
Faosteriormente, se realizaron las digestiones con las endonucleasas apropiadas en
cada caso v se verficd gue estuviera presente la mutacion deseada mediante

secUenciacion (Servicio de Secuenciacion de la Universidad de Murcia).

Mutante Secuencia de oligonucledtidos

N15GQ S-GGGCTCCCTCCAATCCACCCOCACAGC-3

N29Q} | 5-GCTGGCTGCCCAACAGACAGGAGCIZCGG-3

T31A S-TGCCAACCAGGCAGGAGLCCGGT G-

Tabla 2. Ze muestran  los cebadores directssd ') 5'disefiados para la
mutagénesis. Se utilizan junto con un cebador reverso complementario. El coddn mutado se

muestra en negrita. Fara el daoble mutante N15G-N230Q), se realizaron 2 rondas consecutivas
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de mutagénesiz, usando como molde un mutante sencillo v el par de cebadores

correspondiente al otro mutante.

14.2. Subclonacidén de c-KIT en pcDNA3.

Tras la adquisicion comercial del cDMA codificante para o-KIT humano
(O penbiosystems) clonado en el vector pBluescriptR, procedimos a la subclonacion
del inserto en el vector de expresion pcDMAS 1. Para llevar a cabo la subclonacian,
se realizd una FCR Utilizando como molde el ADN plasmidico con el inserto de
interes v los oligonucledtidos directo v reverso que se detallan en la Tabla 3. Estos
cebadores contienen secuencias de restriccion para las enzimas BamHIl v xhaol,
respectivamente, lo gue permitird su posterior clonacion en pcDMNAZ 1.

Las condiciones empleadas en la FCR son: 10 ng del olon de o-KIT, 0.5 pg
de cada cebador, 0.2 mM de diNTPs v 1 unidad de Ffu polimerasa en un volumen
final de 50 wl. El programa de amplificacion consistiéo en 30 ciclos, con una etapa de
B5° C durante 1 min de la hibridacién de los cebadores con el molde, seguido de
una extension de 10mina 72° C. Mediante electroforesis en gel de agarosa del 1%
se verificd la presencia del producto de amplificacion del tamario adecuado, que se
purificd con el kit DNA Clean & Concentrator™ (Zymo Research), siguiendo las
instrucciones del fabricante.

El producto de PCR punficado v el vector de expresion pcDMNAZ T se
sometieron por separado a una doble digestién con las endonucleasas de
restriccion BamH| v Xhol, mediante incubacion a 37° C durante 1h. Cada mezcla de
digestidn se separd por electroforesis en un gel de agarosa del 1% v las bandas
correspondientes al vector v a o-KIT se extrajeron del gel con el Quiagen Extraction
kit, sequn las instrucciones del fabricante. Fosternormente, los eluidos se
cuantificaron mediante el aparato nanodrop del Servicio de Apoyvo a la Investigacion
de la Universidad de Murcia.

La ligacion se llevd a cabo usando 30 ng de vector, la cantidad de inserto
necesaria para mantener una proporcion molar de 1. 5 (vector inserto) v 1 unidad
de T4 DNA ligasa, mediante incubacion a temperatura ambiente durante 4h.
Finalmente, 10 ng de la mezcla de ligacidn se transformaron en las células
competentes DH5xF' resistentes a ampicilina. El procedimiento continda como se

ha descrito en el apartado 14.1.
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Nombre Secuencia (8'— 3')

c-Kit-Fw (d) | GCAGGATCCGCGATGAGAGGCGCTCGT (BamH/)

c-Kit-Rv {r) CTGACTCGAGT CAGACAT CGTCGT G (XA

Tabla 3. Secuencia de los oligonucledtidos empleados en la subclonacion de c-KIT
en el vectar de expresion pcOMA3 1. Se detalla el nombre del cebador, =i es directo (d) o
reverso (r) y su secuencia oligonucleotidica. La secuencia diana de la enzima de restriccion
elegida para clonar el producto aparece en negrita v el nombre de la enzima entre

paréntesis.

15. SECUENCIACION DE N-RAS, B-RAF Y MC1IREN LINEAS DE MELANOMA.,

Fara obtener la secuencia nuclectidica completa del cOMA codificante para
M-RAS w MCTR de distintas lineas de melanoma, se realizd una RT-PCRE. Fara ello,
se extrajo el ARN total de cada una de las lineas celulares y se sintetizd el cDMNA,
siguiendo el protocolo descrito en los apartados 10w 11

A partir del cDMA, se llevd a cabo la amplificacion por PCRE de los genes M-
FAS v MCIR. Los cebadores empleados en la reaccion de amplificacion se detallan
a continuacion en la tabla 4, asi como la temperatura de la etapa de hibridacion de
los cebadores.

En el caso de B-RAF, se analizd |la secuencia nuclectidica completa del
exon 15, en las distintas lineas de melanoma. En primer lugar, se realizo el
aislamiento del ADM gendmico de las |lneas celulares siguiendo el protocolo
descrito en el apartado 10 v, a continuacion, se llevd a cabo la reaccion de
amplificacion del exon 15, usando los cebadores directo v reverso especificados en
la tabla 5 (Thomas et al, 2004 El programa de amplificacidn empleado consistio
en 35 ciclos, con una etapa de 57° C durante 1 min correspondiente a la hibridacion
de los cebadores con el molde, seguidos de una extension final de 10 mina 72° C.

Mediante electroforesis en gel de agarosa del 1% se venficd la presencia del
producto de amplificacidon en el peso molecular esperado v el producto de la
reaccién de amplificacion se purificd mediante el kit DNA Clean & Concentrator™

(Zvymo Research), siguiendo las instrucciones del fabricante.
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Nombre Secuencia (§'— 3') Temperatura
hibridacién (* C)
MC1RFw (d) ATGGCTGTGCAGGGATCCCAG 60
MC1R-Rv (r) TCACCAGGAGCATGTCAGCAC 60
NRAS Fw (d) CGGATCCGAAAT GACT GAGTACAAAC 54
NRAS Ry (r) TGAATTCTTACATCACCACACATG 54
BRAF Fw (d) TCATAATGCTTGCTCTGATAGG A 57
BRAF Ry {r) GGCCAAAAATTTAATCAGTGGA 57
MC1Rint-Fw (d} AGCAACGTGCTGGAGAC 54
MC1Rint-Rv (r} GCGTAGAAGATGGAGATGTAG 62
NRASInt-Fw (d) CCATGAGAGACCAATAC 50
NRASInt-Rv (r} GGTACAT CATCCGAGTC 52

Tabla 4. Secuencia de los oligonucledtidos empleados en la secuenciacion del
cOMA codificante para MCIR v N-FAS v del exdn 15 de B-RAF. En negrita se indican los
cebadores usados en la amplificacian par PCR v en negrita v subrayada, los cebadores
internaos usados en la secuenciacian. Se especifica el nombre del cebador, sies directo (d) o
reverso (), su secuencia oligonuclectidica v la temperatura empleada en la etapa de

hibridacian en el programa de amplificacian por PCR.

Fara la cuantificacion de la concentracidon de ADN, se realizd la lectura de la
absorbancia a 260 nm mediante un espectofotometro GeneQuant. La pureza del
ADM se determind mediante la relacion entre las absorbancias a 260 v 280 nm.
Fosteriommente, se obtuvo la secuencia nuclectidica del gen de interés mediante
secUenciacion (Servicio de Secuenciacion de la Universidad de Murcia) v
comparacion con la secuencia del gen silvestre, usando los mismos cebadores que
para la amplificacion por PCR. En el caso de la secuenciacion del MCIR y MN-RAS,
se emplearon ademas cebadores internos, que se especifiican en la Tabla 4. Todas
las mutaciones se confimnaron mediante una segunda secusnciacion a partir de un
producto de PCE obtenido independientemente del anteror, para descartar

mutaciones debidas a artefactos durante el procedimiento experimental
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16. MICROSCOPIA.
16.1. Microscopia éptica.

Fara determinar el grado de dendritogénesis de las células PC12 v las
células de melanoma humano HEL tras la incubacidn con distintos reactivos, se
sembraron las celulas en placas de 12 pocillos. Cuando se  encontraban
aproximadamente al 80% de confluencia, se transfectaron transitoriamente con el
plasmido de interés en los casos en [0s que fuera necesario v, postedormente, se
llevd a cabo el tratamiento requerido durante 48h. La adguisicidon de imagenes se
realizd mediante el Uso de una camara fotografica acoplada a un microscopio dptica,
con el objetivo 20X v en contraste de fases. Para cada linea celular v para cada

condicion, se capturaron diferentes imagenes enzonas aleatorias del pocillo.
16.2. Microscopia confocal.

La microscopia confocal se utilizd para analizar el patron intracelular de las
distintas variantes de glicosilacidn del MC1R transfectadas transitoriamente en las
celulas HEK2Z283T.

16.2.1. Tincidén inmunoquimica.

En todos los casos, se sembraron las células en placas de 24 pocillos en
cuya interior hablamos introducido cubreobjetos estérles necesarios para el
tratamiento posterior. Cuando las células se encontraban aproximadamente a un
80% de confluencia, se realizd la transfeccidn transitorna con un vector con el MC1R
silvestre o con las distintas variantes de glicosilacion del receptor marcadas con el
epitopo Flag. Transcurridas 12h después de la transfeccion, las células se fijaron
con p-formaldehido al 4% en FES durante 10 min v, a continuacian, se lavaron tres
veces con PES. La tincion inmunoguimica continda mediante la incubaciaon de las
células con glicinag 20 mM en FES durante al menos 20 min, para bloquear los
grupos aming libres. Fostenormente, para permeabilizar la membrana, las células
se incubaron con lgepal CAG3D 0.5% en PBS durante 12 min, previamente a la
incubacidn con el anticuerpo primano correspondiente (Tabla ). Tras la incubacién
durante 30 min, las celulas se lavaron 3 veces durante 5 min con PES-BSA 1% v se
incubraron 30 min con el anticuerpo secundario comespondiente. Tras la incubacian,
las preparaciones se lavaron 3 veces con PES-BSA 1%, v tras retirar el exceso de
liquido, los cubreobjetos se montaron sobre portachjetos, mediante el uso de 3 pi
de medio de montaje para fluorescencia. Tras el secado del medio sobrante, se
sellaron los cubreobjetos con laca de ufas, guedando preparados para su

observacion.
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16.2.2. Adquisicién de imagenes.

Las imagenes fueron captadas mediante un microscopio de fluorescencia
confocal True Confocal Scanner TCS-5P2 de Leica. Para cada tipo de linea celular
y para cada condicidn, se capturaron diferentes imagenes en zonas aleatonas del
cubreobjetos. Las imagenes representan multiples series de cortes transversales en
el gje 7, adquiridos a intervalos de entre 0.1 v 0.5 pm, desde el polo superior hasta
el inferior de la célula, o bien imagenes de una sola seccidn en diferentes niveles
del gje £. Las secciones se obtuvieron a traves de un objetivo de 63X en aceite de
inmersion. La comecta adquisicion de imagenes para una posterior colocalizacion
requirid que la seleccidn de los filtros fuera la idonea v que la emision espectral de
los fluorocromos usados estuviera suficientemente separada para evitar el
fendomeno de cruce de sefiales o "crosstalking”. Otro de los reguisitos importantes
fue que la intensidad de fluorescencia del fondo fuera minima v la intensidad de
fluorescencia de la muestra no estuviera saturada. Para los estudios de
colocalizacion, la toma de las imagenes de una misma seccion marcada con
diferentes fluorocromos se realizd de manera secuencial para cada fluorocromo vy

ambas imagenes fueron adguindas en condiciones espaciales idénticas.

Anticuerpo primario | Dilucién Anticuerpo secundario Dilucioén

anti Flag 17000 o-ratdn conjugado con Alexa 568 1:400

Si -Aldrich
(Sigma-Aldrich) (Invitrogen)

o-calnexina 1:1500 | w-conejo conjugado con Alexa 488 1:400

(Santa Cruz) (lreitrogen)

Tabkla §. Anticuerpos usados en la tincidn inmunoguimica de preparaciones para
microscopia confocal. Se indica para cada anticuerpo primario, su procedencia, la dilucidn
empleada, el anticuerpo secundario empleado v su dilucion. Todas |as incubaciones con los

anticuerpos tanto primario como secundario se realizaron en PBS-BSA 1%,
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CAPITULO 1

N-glicosilacién del receptor de melanocortinas 1. Ocupaciéon de los

sitios de glicosilacion y papel funcional.

RESUMEN.

La estimulacion del receptor de melanocortinas 1 (MC1R), receptor acoplado
ala proteina Gs (GPCR) expresado en melanocitos, porla hommona estimulante del
melanocito o (ehSH ) conduce a la sefializacion a través de la via del AMPC v la via
de las proteinas quinasas activadas por mitdgenos ERK1 v ERKZ2. Por tanto, la
seflalizacion del MCI1R es critica para la proliferacion v diferenciacion  del
melanocito v el MCTR es uno de los prncipales determinantes de la pigmentacion
cutanea v del fototipo. Los GPCRs suelen estar M-glicosilados v el MC1R tiene dos
sitios potenciales de MN-glicosilacion situados en su extremo MN-terminal, Asnla vy
AsnZ8. Se ha demostrado gue el MCTRE es una glicoproteina con una sensibilidad
inusual a la digestion con endoglicosidasa H, pero la ocupacion de cada sitio de
glicosilacién especifico o la importancia funcional de esta modificacion post-
traduccional no se ha investigado. Demostramos que el MC1R esta M-glicosilado en
los residuos Asnl1S vy Asn29, con cadenas de glicanos estructuralmente diferentes.
Ademas, mostramos que la N-glicosilacién no es necesaria para la alta afinidad de
unidn del agonista o el acoplamiento funcional. Por el contrano, la glicosilacidn tiene
un fuerte efecto sobre la disponibilidad de moléculas del MC1R en la membrana
plasmatica, muy probablemente por una combinacion entre un mejor trafico hacia la
superficie celular v una menor intemalizacién. Finalmente, encontramos que
mutantes del MC1R tienen diferentes grados de glicosilacidn gue no muestran una
simple correlacidn con su grado de impedimento funcional ni con su trafico

intracelular.

Fublicado en:
Herraiz Semano C., Sanchez-Laorden B.L., Jmenez-Cervantes C., Garcia-Bomon
JO(2010). Figment Celf Melanoma Res (enviado).
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N-glycosylation of the human melanccortin 1 receptor. Occupancy of

glycosylation sequons and functional role.

ABSTRACT.

Stimulation of the melanocortin 1 receptor (MC1R), a Geprotein coupled
receptar (GPCR) expressed in melanocvtes, by o melanocyie-stimulating hormone
(ahSH) triggers the cAME pathway and activates the mitogen-activated protein
kinases ER1 and ERKZ. Thus MC1R signalling is critical for melanocyte proliferation
and differentiation and MC1RE is a major determinant of skin pigmentation and
phototype GFCRs are usually M-glycosylated and MC1RE has two putative MN-linked
glyvcosvlation sites located inits extracellular M-terminus, Asn12 and Asn29. It has
been demonstrated that MCIR is a glycoprotein with an unusual sensitivity to
endoglycosidase H digestion, but the occupancy of each specific glycosylation
sequon ar the functional importance of this post-translational modification has not
been investigated. YWe demonstrate that MC1RE is M-glycosylated at residues Asnila
Y ASN29 ) with structurally different glycan chains. Wye also show that N-glycosylation
is not necessary for high affinity agonist binding or functional coupling. Conversely,
glycosylation has a strong effect on the availability of MCIR molecules on the
plasma membrane, most likely by a combination of improved forward trafficking and
decreased intermalization. Finally, we found that MC1E mutants exhibit different
degrees of glycosylation which do not show a simple correlation with their degree of

functional impaiment or their intracellular trafficking.

INTRODUCTION.

The human melanocortin 1 receptor (MC1R) is a G protein-coupled receptor
(GPCR) preferentially expressed in epidermal melanocytes (1), where it acts to
regulate the amount and type of melanin pigment production (2). Upon activation by
¢ melanocyte stimulating hommone  {aMSH), MCIR is positively coupled to
stimulation of the cAMP pathway via the Gs protein, and to the extracellular signal-
regulated mitogen activated protein kinases ERK1T and ERKZ2 (3). Accordingly, its
signalling iIs cntical for melanocyte differentiation and proliferation, and MCI1R is a
major determinant of skin phototype and skin cancer risk (4). Several vanant alleles
of the highly polymomhic MCOTR gene are associated with red hair and fair skin {the
RHCZ phenotype) (5-8), a high number of freckles (8) and increased risk for skin

cancer (10-13).
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GPCRs and most other plasma membrane proteins are synthesized in the
endoplasmic reticulum (ER) and undergo subsequent processing durng their
trafficking through the biosynthetic-secretory pathway (14) This post-translational
maturation usually includes M-glycosylation, the covalent attachment of glycan
chains to Asn residues inthe protein backbone, which invaolves a multistep pathway
highly conserved in eukaryotic cells. MN-glycosyiation plays a critical role in protein
folding (15-17), guality control (187 including ER-associated degradation (ERAD) as
a consequence of mannose timming (19), oligomernzation {20}, lectin-based sarting
along the secretory pathway (21), protection from protease-mediated degradation
(22} and lysosomal trafficking (233 In the case of GPCRs, N-inked carbohvydrate
chains may fulfil additional functions by contributing to high affinity ligand binding,
cell surface expression and/or functional coupling (24-31). These effects are specific
to each glycoprotein, thus requiring investigation in each receptor system.
M-glycosylation begins in the lumen of the ER by the one-step transfer of the
mannose-rich  glycan  GleMan,GlchAc-  from the  lipid  carrier  dolichol
pywrophosphate onto an Asn residue of the nascent protein. This residue must be
located within the rather strict consensus sequence Asn-X-Ser/Thr, where X stands
for any amino acid except a Pro (32) After this transfer, subsequent processing
reactions including cycles of glucose removal and readdition vield a high-mannose
type chain (Fig. 1) The final structure is acquired in the Golgi apparatus by the
trimming of several mannose residues and addition of galactosyl, fucosyl, sialyl and
GlcMAC residues. The occurrence and extent of these reactions is varable, thersby
accounting for the structural diversity of MN-linked sugar chains in mature
glycoproteins. These may include smaller high-mannose type chains, hybrid type
oligosaccharides or langer complex carbohydrate chains [Fig. 1) The degree of
processing and the contribution of the oligosaccharde moiety to the molecular
weight of glycoproteins can be analyvzed by means of two glycosidases, endo-f3-
acetylglucosaminidase H  (EndoH)  and  peptide-N*-{acetyl-F-glucosaminy -
asparagine amidase (FMGaseF) FMNGaseF hydrolyses all common types of M-
linked glycan chains and therefore comparison of the electrophoretic mobility of
glycoproteins before and after PNGaseF treatment allows for an estimation of the
molecular weight {(Mr) of the protein backbone. Conversely, EndoH only cleaves
core high-mannose M-glycan chains and hybrid-type chains. Accordingly, the
immature incompletely processed forms of most glycoproteins found in the ER are
sensitive to EndoH but most often these proteins become resistant to EndoH

following modification  of the mannose-rich  glycan  chains  to complex
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oligosaccharides in the Golgi networlk. Therefore, acquisition of EndoH resistance

can be considered an evidence of normal processing and trafficking beyvond the ER.
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Fig. 1. Scheme of N-linked oligosaccharide, structural types and biosynthetic pathway in the
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endoplasmic reticulurm and the Golgi apparatus. OST stands for oligosaccharyl transferase,
THM for tunicamycin and OMJ for 1-deoxymannojirimycin. Forms included in the hatched
hox correspond to complex-type EndoH resistant aligosaccharides. All other forms are either
high-mannose or hybrid type oligozaccharides and these forms correspond to EndoH
sensitive glycoforms. Also shown are the steps of the pathway blocked by THM and DMJ as
well as CHO-Lecl and CHO-LecB mutant cells.

The extracellular MNteminus of MCI1R contains two potential N-glycosylation
sequons "NST' and *NQT* . Previous EndoH and PNGaseF digestion studies and
the comparison of the electrophoretic mobility of wildtype (WWT) MCTR and a
glycosylation-incompetent mutant where both Asni1d and Asn29 were mutated to
izIn showed that MC1R is expressed as a glycoprotein both in heterologous systems
(33) and in melanoma cells (34;35) However, these studies did not address the
occupancy of each specific glycosylation sequon, or the functional consequences of
glycosylation. Moreover, MR glvcosylation pattern was highly unusual in that WT
remained EndoH-sensitive. This feature would be expected for aberrantly processed
mutant forms retained within intracellular compartments such as the R151C and
R1B0WVY RHC variants (36) or other natural mutants (11;36), but it was surprising for
a fully active WT protein.

In this study, we sought to compare the occupancy of each glycosylation
sequon, to analyze the functional significance of this modification, and to establish

the glycosylation pattern of different natural MC1R variants.

EXPERIMENTAL PROCEDURES.
Materials and phamacological agents.

A radioimmunoassay kit for cAMP and [‘25I]—NDP—MSH (2000 Cifmmol) were
fram Amersham Fhammacia Biotech i(Little Chalfont, LK) Lipofectamine 2000 and
competent DHSa cells were from Invitrogen, {Carlsbad, CA). Igepal CA-B30, BSA,
EDTA, PMSF, bicinchoninic acid, p-mercaptoethanol, SDS and anti-Flag M2
monoclonal antibody peroxidase conjugate were from Sigma Chemical Company
(St Louis, MO, USA) Rabbit antibodies against ERKZ and calnexin were from
Santa Cruz Biotechnology (Santa Cruz, CA). SD5S-PAGE and Western blot reagents
were from Bio-Rad (Richmond, CA, USA), and other reagents from Merck
(Darmstadt, Germany) or Prolabo (Barcelona, Spain). The aMSH analogue [Nle“, D-
Phe?] alSH (NDF-WMEH) and forskolin were from  Calbiochem  (Darmstadt,
Gemany) and were routinely used at 107 and 10° M respectively.

Deoxymannojinmycin (OMJ) and tunicamycin (THNK) were from Sigma (St Louis,
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MO, USA) and were used at 5 uM and 5 pg/ml, respectively. The endoglycosidase
H and M-glycosidase F were from Roche Applied Sciences (Mannheim, Germany).
Expression construct and transfection.

All expression constructs were prepared in pcDMNAZ (Invitrogen). The following
expression constructs have been described: WT-MCIR, the Flag-tagged variants
V3EM, V1A and M2815 (37), S41F, M128T and C289R (35), R162P (38), L93R
and ES94k (11), C35A, R151C, R160WY and D294H (33), T308A-T3164, T3038D-
T3160D (38) The WEOL and VI92M point mutants and the double mutants N150Q-
M280, K226M-R2270Q and R30EQ-R307Q were obtained by mutagenessis with the
QuickChange kit (Stratagens, La Jolla, CAY and WT Flag-MC1R as template. All
constructs were verfied by double strand automated sequencing. The Rab1-EGFF,
Rab5-EGFP and Rab7-EGFF constructs were a gift from Prof Miguel Seabra
{Impenal College, London, LK.

Cell culture.

HEKRZ293T cells, parental CHO and mutant CHO-Lec! and CHO-Lec8 cells, and
HEL human melanoma cells {a gift from Prof. G Ghanem, Free University of
Brussels, Belgium) were grown in DMEM, supplemented with 10% foetal bovine
serum, 100 Usml penicillin and 100 wg/ml streptomycin sulfate. Stable transfectants
derived from HEL cells were cultured in the presence of 800 pg/ml G413 sulfate
(407, Cells grown to 80% confluence were transfected using Opti-MEM to dilute DNA
and Lipofectamine.

Functional assays.

Radioligand binding assays were done with 107" M ["®*IFNDP-MSH, and
increasing concentrations of unlabelled NDP-MSH, up to 107 1, when reguired as
previously described (41). For cAMP production assavs, cells grown in 12-well
plates were transfected, serum-deprived for 12-24 b and stimulated as required. The
medium was aspirated and the cells quickly washed with 800 pl ice-cold phosphate
buffered saline (PBS). Cells were lysed with 200 pliwell 01N HCI preheated at 707
C, and scrapped. The mix was freeze-dried, washed with 100 pul H:O and freeze-
dried again. cAMF was measured with a commercial radicimmunoassay, as per
instructions. Parallel dishes were used for protein determination performed with the
bicinchoninic acid method.

Western blot.

Cells were washed twice with PES and solubilized at 4 °C in 200 I solubilization

buffer (50 mhd Tris-HCI pH 8, 1% Igepal, 1 mM EDTA, 0.1 mM PMSF, 10 mh

iodoacetamide). Samples were centrifuged (105,000xg, 30 min) and a volume of
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supematant containing 10 pg protein was mixed (2:1 ratio) with electrophoresis
sample buffer (180 mM Trs-HZI pH 6.8, 15% glycerol, 9% 5D5S, 0.075%
bromophenal blue and 7.5% p-mercaptosthanol). Electrophoresis and Western
blotting were performed as described (11.33,39). MC1R was detected with anti-Flag
M2 monoclonal  antibody peroxidase conjugate. Comparable  loading  was
ascertained by stripping and reprobing the membranes with an anti-ERKZ antibody.
Endoglycosidase treatment.

Cell lysates were incubated (372 C 4h) with 15 mU EndoH or 2 U PRNGaseF in
50 mM phosphate buffer, pH 7.0, 10 mi EDTA 0.1% 5DS. For PNGaseF digestion,
samples were previously denatured by heating at 95° C for & min. Reactions were
stopped with electrophoresis sample buffer, and the samples were analyzed by
Western blot.

Immunofluorescence microscopy.

Cells grown on  coverslips were transfected as required, fixed with
paraformaldehyde (4% in PES) and pemmeabilized (0.1% Igepal). To detect MC1R,
cells were labelled with anti-Flag M2 maonoclonal antipody {17000}, followed by an
Alexa 565-conjugated secondary antibody. For co-localization of Flag-MC1RE and
calnexin, cells were incubated simultaneously with anti-Flag monoclonal and anti-
calnexin rabbit polyclonal, followed by Alexa 568-conjugated anti-mouse and Alexa
4 88-conjugated anti-rabbit secondaries. Rab1-EGFFP, RabS-EGFF and Rab7-EGFP
were detected by their intrinsic fluorescence. Samples were mounted with a
mounting medium from DakoCytomation (Carpinteria, USA) and examined with a

Leica laser scanning confocal microscope.

RESULTS.

Two potential glycosylation sites in MC1R are occupied by structurally
different, EndoH-sensitive glycan chains.

We confirmed our previous data on the occurrence of WT MCIRE as an
EndoH-sensitive glycoprotein and extended these observations by analyzing the
occupancy of each one of the two potential glycosylation sites in the protein. WT
MCTR and the glvcosyviation-incompetent double mutant N1SQ-MN29G (33) were
expressed in HEKZ93 cells, and their electrophoretic pattem before and after EndoH
and PHGaseF treatment was compared [Fig. 24). As previously reported (33),
MCTR expressed in HEK cells migrated as a doublet with a majority band of
apparent Mr ~ 29 kDa and a minority band of Mr ~ 34 kDa. Both EndoH and
FMGaseF fully digested the upper 34 kDa band but the mobility of the 29 kDa form
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remained unchanged, and identical to the one of the glycosylation-null mutant. The
same pattern was observed for HEL melanoma cells stably expressing physiological
levels of WT receptor (36) (Fig. 2B} This confirmed that the ~ 29 kDa form
corresponded to "de move” WT MCTR, whereas the 34 kDa isoform was a fully
glyvcosvlated but EndoH-sensitive protein (33,35,36).

WWe prepared point mutants where the putative glycosylation sequons were
abolished independently by mutating either Asn12 or Asn29 to GIn. These N150
and N290Q point mutants were expressed in HEK293 cells and their electrophoretic
pattern was compared with “WT MCI1R and the double mutant N15Q-M290Q (Fig.
2C). Both single mutants migrated as doublets with one band corresponding to the ~
29 kDa protein backbone and the other to a partially glycosylated form. The Mr of
these glycoforms was significantly lower than the one of glycosyated WT MR,
Moreover the electrophoretic mobility of the glycosyated MN290Q mutant was higher
compared with glycosyated N15Q. These data proved that the Asn12 and the

AEn2Y sites were both occupied by ineguivalent glycan chains,
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Fig. 2. Usage of glycosylation sequons in the MC1R. A, EndoH and PMGaseF digestion of
WT MCTR expressed in HEKZ93T cells and electropharetic pattern of a glycosylation-null
MC1R mutant. Cell extracts were digested at 37 2C for 3 h with 15 mU EndoH (eH)or 2 U
PHGaszeF (eF). The electrophoretic pattern of the digested extracts was analyzed by
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Western hlot and compared with the glycosylation-incompetent N150/M 290 mutant (lane
labelled Q). B, Endoglycosidase digestion of Flag-labelled WT MCI1R stably expressed in
HEL human melanoma cells. Extracts of HEL cells were digested with EndaoH or FNGaseF
and analyzed by Western hlot. C, Electrophoretic pattern of glycosylation-deficient MCI1R
mutants. Flag-labelled WT MCITRE, M150G, N290 and M12GyN200 (GG were expressed in
HEK cells and their electrophoretic pattern was compared by Western blot. ERKZ blot was

used as loading control.

Effect of glycosylation on MCIR cell surface expression and functional
coupling.

To assess the effect of glycosylation on MC1R cell surface expression we
performed radioligand binding studies using '**|-labelled NDP-MSH and HEK cells
transfected with WT MCIR or the glycosylation mutants. To exclude possible
artefacts due to misfolding of the mutant proteins, we used two complementary
strategies: i) analysis of new mutants where the NXST glycosylation sites were
abolished by replacement of the SerThr hydroxylated residue, rather than the Asn
acceptor and, i} parallel studies performed with HBL cells expressing W receptor
and treated with nucleoside antibiotic  tunicamycin (TRMY or  with  1-
deoxymannojirimycin (DD THNM  blocks the initial transfer of the dolichol
phosphate-bound oligosaccharide chain to Asn acceptors in proteins by inhibition of
ER phosphosugar transferases. DMJ inhibits Gaolgi-resident mannosidases, which
allows loading of the Asn acceptor with the initial carbohydrate chain, but prevents
trimming and processing to hybrid or complex type oligosaccharides (Fig. 1).

HEKZ93 cells transfected with WT or mutant MC1R were incubated with a
fixed concentration of '**|-labelled NODP-MSH (10 M corresponding to ~ 10° cpm),
washed and counted for bound ligand. Cells expressing WT or the MN15Q mutant
bound similar levels of agonist, whereas ligand binding was much lower for the
M290 and N15Q-M280 mutants (Fig. 3A) We also abolished glycosylation of Asn29
by mutating Thr31 to Ala. The T31A mutant behaved as MN29GQ or N1SQ-N290.
Thus, occupancy of the T sequon was crucial for efficient ligand binding,
whereas glycosylation of the PNST'® site was dispensable. Accordingly, the twao
glycan chains in MC1RE were not only different in structure, but also functionally
ineguvalent.

iZonsistent with the importance of glycosyiation for normal agonist binding,
HEL cells treated with either THM or DMJ bound significantly lower amounts of the
MCTR radicligand (Fig. 3B) “We also tested the effect of the drugs on the

electrophoretic pattem of the MCIR (Fig. 3C). Under our experimental conditions,
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THM completely abolished receptor glycosylation as assessed by the presence of
the 29 kDa protein band exclusively. Significantly, DWMJ had no noticeable effect on
the electrophoretic pattern, in spite of the strong decrease in agonist binding

observed for cells treated with the mannosidase inhibitor.
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Fig. 3. Effect of glycosylation on MC1R cell surface expression. A, Specific hinding of 1251

MDP-MSH (10°% M, 10° cpm) to HEK293 cells expressing the indicated MC1R forms. Results
are given as mean £ sem, iz 3. B, Effect of TMNM and OMJ on "2 _NDP-MSH hinding to HBEL
melanoma cells. HEL cells expressing WT MC1R were treated with OMJ (5 M, 48h) or TRM
(& po/ml, 18h), before determination of radioligand binding. Kesults are given as mean %
sem, n= 3. C, Effect of TNM and DOMJ on the electrophoretic pattern of MC1R in HEL cells.
Cells were treated as above, and detergent-solubilized extracts were analyzed by Western

hlot using an anti-Flag monoclonal antibody for MCTR detection.
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Changes in the amount of agonist bound at a single ligand concentration can
be determined by differences in receptor cell surface expression andfor binding
affinity. To distinguish these possibilities, we performed saturation  binding
expenments at increasing agonist concentrations, from 10" to 1077 M. Data were
analyzed by non-linear regression to obtain the total number of binding sites (Brmax),
and the dissociation constant (Kd). The results are summarnzed in Table 1. The
glycosylation mutants and WT MCI1R showed comparable binding affinity. WT and
mutant M150 were expressed at similar plasma membrane levels. In contrast, N290
and MN15Q-MN290 showed significant reductions in Bmax relative to WT. Accordingly,
decreased agonist binding in cells expressing N29Q orthe glycosylation-null mutant
was due to lower cell surface expression, rather than impaired affinity. Monetheless,
a significant fraction of unglyvcosylated receptor molecules was trafficked to the cell
surface, thus showing that MN-glycosylation at AsnZ9 is an important but not an

absolute reguirement for expression on the plasma membrane.

TAEBLE 1. Binding parameters of WT and glycosylation MCIRE mutants in HEKZ93T

cells.

MC1R Varant Brmax (fmoles/pg protein) Fod (nhay
WAYT 3604 1541+ 0747
MN15Q 3503 1.605 + 0663
M290 0.64 £ 0.05 236820875
Q0 044 +0.03 1.135 + 0.385

Data are given as mean £ SEM | for at least three independent experiments.

The effect of glycosylation on functional coupling to the cAMP synthesizing
system was next considered. Cells expressing WT MCIRE or the glycosylation
mutants were challenged with 107 M NDP-MSH and intracellular cAMP levels were
measured (Fig. 44). The cAMP response was strongly decreased for N290, T31A
and MN15Q-M290Q. Additionally, we examined cAMP production after NDP-M5SH
stimulation of HEL cells in the presence or absence of DMJ or TRM (Fig. 4B). cAMP
generation was also significantly inhibited by the drugs. Moreover, residual levels of
agonist-dependent cAMF production were consistent with residual cell surface
expression, suggesting that the fraction of mutant receptor molecules reaching the
plasma membrane could activate the cAMP pathway in response to the agonist.

The strong effect of DMJ on MCIR availability on the cell surface suggested
that some degree of carbohydrate trimming and processing was necessary for

normal trafficking to the plasma membrane WWe tested this possibility by comparing
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the functional behaviour of MC1R expressed in CHO cells and in two denved mutant
cell lines defective in carbohydrate processing, CHO-Lec! and CHO-Lec8 (Fig. 1).
CHO-Lec! cells have no detectable MN-acetyiglucosaminy-transferase activity, and
therefore glycoproteins expressed inthese cells bear exclusively high mannose type
oligosaccharide chains since further modification is blocked (42:43) CHO-LecS cells
are unable to transport UDP-galactose from the cytosol to the Golgi, because they
lack the Golgi UDP-galactose translocase (44.45) Therefore, in CHO-Lecd cells,
addition of galactose residuss to previously timmed glvcan chains is negated,
thereby abrogating subsegquent addition of sialic acids. In preliminary expenments
parental CHO, CHO-Lec! and CHO-LecE cells showed significant differences in
forskolin-stimulated adenylyl cyclase activity, Accordingly, functional coupling data
were expressed as the percentage of cAMF levels in agonist-stimulated cells
relative to the maximal levels of cAMP achieved upon stimulation with forskolin (46,
As shown in Fig, 42, MC1R expressed in CHO-Lecl cells was approximately 50%
less active than in parental CHO cells. Comparable expression of MCTRE was
ascertained by VWestern blot (not shown). This was consistent with the functional
loss obhserved in HEBL cells treated with DMJ, suggesting that timming (inhibited by
DidJ) and subsequent addition of MN-acetylglucosaming (blocked in CHO-Lec1 cells)
were both required for function. Conversely, the functional response was similar in
CHO-Lecd and parental CHO cells. This suggested that further addition of galactose
was not reguired for normal function, consistent with EndoH  sensitivity of
glycosvlated MCIR and with the minor effect of DMJ on the electrophoretic pattem
of MCTR.
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Fig. 4. Effects of M-glycosylation on the functional coupling of MC1R to the cAMP pathway.
A, Agonist-induced cAMP production in HEK293 cells expressing WT or glycosylation-
deficient rutants. Cells were stirulated with 107 M NDP-MSH for 30 min. cAMP contents
were determined by radioimmunoassay. B, Effect of OMJ or THNM on agonist-stimulated
cAMP production in HEL cells. Cells were treated with DWJ (5 ph, 4800 ar TRM (& pgfml,
18h}, as indicated, before stimulation with NDP-MSH (1III'? M, 30 min) C, cAMP generation in
CHCO cells and mutant CHO-Lecl and CHO-LecB cells expressing MCIR. Cells were
transfected with MC1R and treated with 1077 M NDP-MSH ar 10° M forskolin far 30 min.
cAMP levels were measured and values were referred to the maximal levels obtained after

forskalin treatment. Results are the mean £ sem (n = 3).

Intracellular trafficking pattem of MC1R glycosylation mutants.
iZell surface expression of GPCREs depends upon the balance betwesn

forward trafficking from the ER to the plasma membrane on one hand, and
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refrograde transport by endocytosis on the other (47). We looked for alterations in
forward or retrograde transport of MC1R glycosylation mutants by comparing their
subcellular distnbution by confocal microscopy. HERKZ93T cells transfected with WWT
MCTR or glycosylation mutants were fixed, permeabilized and stained for receptor
and calnexin, an ER-resident chaperone that assists the folding of nascent
membrane proteins of the secretory pathway (Fig. 54). As previously reported (36],
WT MZTR showed low co-localization with the ER marker. A similar pattern was
obtained for single mutant M15Q. In contrast, M29Q and N15Q-MN290 displayed a
significantly higher co-localization with calnexin, indicating their accumulation in the
ER. MCI1R mutants were also co-expressed with Rabl-EGFF. Rabl is a small
=TFase that regulates forward trafficking from the ER to the Golgi (48) and can be
used as a marker of the ERGIC and the cis side of the Golgi. All mutants showed
lowy co-localization with Kab1, similar to WT (Fig. 4B) Therefore, the labelling
pattern of MNZ290 and N150-N290 was indicative of association with the ER,
whereas staining for N15Q was consistent with normal forward trafficking and cell

surface expression.
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B

Fig. 5. Intracellular localization of glycosylation MC1R mutants. A, HEKZ93T cells were
transfected with WT MCI1R or glycosylation mutants N15G, N289G or QG Cells were fixed,
permeabilized and stained for MC1R and calnexin, MC1R is shown in red (upper) and
calnexin (middle) in green. In merged images (lower) co-localization is shown in yellow. B,
HEK.283T cellz were co-transfected with the indicated MC1R forms and Rah1-EGFP. Cells
were stained for MCTR (shown in red) and Rab1-EGFP was detected directly (green). Co-

localization in merged images is shown in yellow.

We also checked whether MCIR glycosylation had any effect on receptor
internalization. YWe performed radioligand binding studies using an acid wash
procedure that distinguishes agonist bound to MCIR at the cell surface and
internalized ligand-receptor complexes (49) YWe found that the rate of intemalization
was similar for WT and N15Q (Fig. BA). However, N290 and MN15Q-M 290 showed a
significant increase in MCTR intemalization, which suggested that the stability of
these forms on the cell surface was impaired. The internalization index forthe T3 14
mutant was the same as for N290 orthe double mutant, confirming the relevance of
occupancy of the second sequon. A similar increase in the rate of intemalization
was observed for HBL cells treated with DMJ (Fig. 8A)

Wye confirmed changes in the rate of intemalization by companng co-
localization of MC1R forms with markers of endocytic vesicles (50) by confocal

microscopy. HEK293T cells were co-transfected with WT or mutant MCI1R, and the
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markers of endosomal compartments Rab5-EGFP or Rab7-EGFP. Rabb shows a
preferential  association with  early endosomes, whereas Rab? is a late
endosomellysosome marker (511 Consistent with their higher intemalization rate,
mutants MN290Q and N150-N290 displayed a significant colocalization with both
endocytic markers, as opposed toWT and the M150 mutant (Fig. 68 and C).
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Fig. 6. Effect of glycosylation on MCIR internalization. A, HEK cells were transfected to
express the indicated MC1R farms and incubated with radiolabelled NOP-MSH . Internalized

MC1R

Rab7-GFP

ao

Merge

ligand was separated from the ligand haund on the cell surface by an acid wash procedure,
and an internalization index was calculated as the percentage of ligand inside the cells
relative to total bound ligand. Also, HEL treated with vehicle or with OMJ (5 pM, 48h) were
incubated with 107" M "FI-NDP-MSH and treated in parallel. CTR stands for untreated
control. Results are the mean £ zem (n= 3). B, HEK293T cells were transfected with WT
MCI1R or glycosylation mutants and the early endosome marker Habi fused to the
fluorescent protein EGFP. Cells were stained for MC1RE (red) and Rah5-EGFP was detected
directly (green). Co-localization in merged images is shown in yellow. C, Same as in B,

except that cells were transfected with the late endosome marker Rab7-EGFP.

ZPCR endocytosis can be followed by dephosphorylation and recycling to
the plasma membrane (resensitization] or targeting to lysosomes or proteasomes
for destruction {down-regulation) (52;53) We tested whether defective glycosylation
and the resulting increase in intermalization had any effect on the intracellular
stability of the protein. This was done by comparing the hal-life of MC1R in HBL
cells grown in the presence or absence of DM.J. Control cells or cells grown with the
mannosidase  inhibitor were treated with the protein  synthesis inhibitor
cycloheximide for varnous times up to 8h, and cell lysates were blotted to compare

residual levels of MCI1RE (Fig. 7). With this approach, we could not only assess the
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effect of DMJ on the stability of the protein, but also compare the relative stability of
the "de nova” receptor and the glycosylated protein, at physiological levels of
expression and in a homologous environment. The relative rate of disappearance of
"de novo' and glysosylated proteins in control cells suggested that glycosylation
increased only very slightly the half life of the protein. On the other hand, DM.J
treatment had no effect on the intracellular stability of the MCIR. Accordingly,
increased internalization of defectively glycosvlated MCIR did not accelerate its

degradation, thus suggesting its recycling.
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Fig. 7. Effect of DMJ on the intracellular stability of MC1R in HEL melanoma cells. HEL cells
treated with vehicle {left blat, CTR) ar DMJ (& wM, 48h, right blot) were incubated with the
protein synthesis inhibitor cycloheximide (Chx) far the times shown on top of each lane, and

residual levels of MC1R in detergent-solubilized extracts were detected by Western blot.

Glycosylation of MC1R mutants

Wie compared the glycosylation pattern of a panel of natural and artificial
MCTR mutants expressed in HEK cells (Fig. 8A) In all cases, the usual doublet of
~29 and 34 kDa bands was detected, but significant differences in the relative
proportion of de nove and glycosylated proteins were found. A seres of mutants
displaved a noticeable impairment of glycosylation as assessed by the lower
proportion of the 34 kDa band. This was the case of L93R vanant, which shows
extensive intracellular retention with dramatically reduced cell surface expression
{113, Interestingly, this was also the case of the D284H and T308A-T 31684 mutants,
which are expressed at plasma membrane densities even higher than WT (29). On
the other hand, several other mutants showed a gain-of-function glycosylation
phenotype manifested by a higher percentage of the fully glycosyliated isoform.
Again, this phenotype did not show a simple relationship with the known intracellular
trafficking properties of the mutants. It was observed for variants displaying
extensive intracellular retention, such as R180VWY, but also for M128T who is
correctly expressed on the cell surface, or the T3080-T3160 double mutant with a
high rate of internalization and extensive association with endocytic vesicles (39). In

order to rule out that these unusual observations could be influenced by expression
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in an heterclogous cell system, we analyzed the pattem of glycosylation and the
sensitivity to EndoH of the major RHC wvariants stably expressed at near-
physiological levels in clones of HEL melanoma cells (Fig. 8B) (36) The results
were comparable, with a higher percentage of glycosylated protein for the R160WY
form, intermediate for R151C and dramatically lower for the D294H wvanant.

Moreover all glycosylated forms were equally sensitive to EndoH.
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Fig. 8 Glycaosylation of MCI1R mutants. A, Electrophaoretic pattern of MCI1R point mutants
expressed in HEK283T cells. Comparable loading contral was ascertained by reprobing the
membranes with an ant-ERKZ antihody. MC1R was detected by Western blot and the
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intensity of the glycosylated and de novo bands was quantified in order to calculate the ratio
of glycosylated MC1R (results given as mean + sem for three independent experiments). B,
Glycosylation pattern of MC1R stably expressed in HEL cells. HBEL cells expressing
physiological levels of Flag epitope-labelled 'WT MC1R ar the RHC variants R151C, R180W
and D284H were solubilized and extracts were digested with EndoH.

DISCUSSION.

M-glycosyation is a common post-transiational modification found in most
membrane proteins, including GPCRs {(14). The functional conseguences of the
presence of a carbohydrate moiety in GPCRs are specific for each receptor and
span a vanety of roles related with the folding, intracellular trafficking and stability
and acquisition or modulation of functional properties (24-31) MC1R contains two
asparagine residues, Asnlg and AsnZ9, which are potential A-linked glycosylation
sites. Frevious studies using glvcosidase treatment demonstrated that MCIR
expressed in HEKZ93T cells and in HEL human melanoma cells migrates as a
doublet comprising a glvcosylated band and a non-glycosylated protein of lower Mr
(33-35). However, it has been shown that a relatively large deletion of the 27 M-
terminal amino acids removing the M-glycosylation seqguons in the MC1R did not
affect ligand binding or expression levels when the deleted mutant was expressed in
Z05-1 cells, thus suggesting a minor rale for glycosylation (24). Moreover, we found
that the WT and fully active glycosylated receptor could be completely digested by
EndoH (33;35), although other researchers reported resistance of the WT but not
mutant MC1R to the endoglvcosidase (34). This prompted us to analvze the MC1R
for sequon occupancy, functional effects of glycosyvation and changes in the
glycosvlation pattern of mutant forms.

WWe Used site-directed mutagenesis to ablate the putative glycosylation sites
(Asn1% and Asn29), alone or in combination, and found that both sequons are
occUpied by structurally inequivalent sugar chains. Moreover, comparson of the
electrophoretic mobility and apparent Mr of the mutants showed that the
oligosaccharnde bound to the As5n23 was bulkier than the one attached to Asn15.
This suggested a different processing for the Aoligosacchande bound to each
residue. Forthe bulkier M-glycan in Asn29, EndoH sensitivity excluded processing to
a complex type oligosacchande, but its contribution to the overall Mr of the protein
was consistent with a hybnd type structure. ©On the other hand, the small size and
EndoH sensitivity of the glycan in Asn1% was compatible with a core high mannose-
type structure (14,

Ligand binding and functional coupling experiments showed that

glycosylation was important for cell surface expression but had no effect on the
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ligand binding and signalling properties of MC1R molecules available on the plasma
membrane. The effect on cell surface expression most likely resulted from a
combination of defective forward trafficking, as shown by accumulation of the
glycosylation-null N150-N290 and MN29Q mutants in the ER, and increased
retrograde uptake, as shown by a higher rate of intemalization and a stronger co-
localization with endosomal markers. Concerning the role of each one of the two
sugar chains, the oligosaccharide bound to Asn1S was dispensable for cell surface
expression and agonist binding affinity as shown by the very similar behaviour of the
W receptor and the N15Q mutant. On the other hand, the glycan chain N-linked to
As5n29 had an important role on cell surface expression, as its removal accounted
forvirtually all the loss of binding sites in the glycosylation-null mutant. The finding of
a functional effect of DMJ, as well as the different behaviour of MC1R expressed in
parental CHO and mutant CHO-Lec cells showed glycan chain(s) are partially
processed by Golgi mannosidases and that this processing is important for full
activity. Howewver, the undetectable effect of DMJ treatment on the electrophoretic
maobility of the protein showed that the oligosaccharide was not extensively
processed by addition of complex residues after the initial removal of terminal
mannose, consistent with its sensitivity to EndoH.

The lower but significant number of receptor molecules available on the
surface of cells transfected with the glycosvlation-null mutant proved that even a
completely deglycosylated MC1R could be trafficked to the cell surface, although
less efficiently than the nomal protein. This observation was consistent with the
finding of an aberrant glycosylation for certain mutants such as D294H which is well
expressed on the cell surface (38) but was severely underglycosyated . A similar
situation was found for the double mutant T308A-53164, Interestingly, comparable
and low rates of internalization have been reported for D284H and T308A-53164,
(39). The marked hypoglycosylation of these mutants suggests the occumence of a
cycle whereby part of the de movo MCIR could reach the cell surface in a fully
unglycosylated form. Absence of an oligosaccharide moisty would lead to a less
stable association with the cell surface and would promote internalization, unless a
specific mutation prevents sequestration, as in D294H or T308A-53164, For the WT
receptor, retrograde transport to the ER would allow for a new round of exposure to
the M-glycosylation machinery and forward trafficking to the cell surface. This
putative cycle accounts for the hypoglycosyliation of mutant forms with impaired
forward trafficking due to retention in the ER (such as S41F or LY93R) as well as
variants with nommal forward trafficking but deficient internalization, such as D294H .

It is also consistent with the observation that the half life of MC1R was not affected
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by DMJ treatment, which showed that increased internalization did not lead to
decreased stability. It also accounts for the different glycoform distribution of the
hypoglycosylated T308A-531684 mutant with decreased internalization compared
with the hyperglycosylated T3080-53160 with a high constitutive internalization rate
(39). However the evidence suggesting this cycle is indirect for the moment, and
furtherwork is required to demonstrate or rule out its occourrence.

In any case, we have demonstrated that the extracellular M-terminus of the
MCTR bears two structurally and functionally ineguivalent oligosaccharide chains,
most likely of the high mannose and hybrid type. We have also shown that the
efficiency of MN-glycosylation does not display a simple correlation with cell surface
expression or forward trafficking of MC1R variants, in that hypoglycosylation can be
found for mutants with a strong intracellular retention as well as mutants with a
normal cell surface expression. Moreowver, the sensitivity to EndoH digestion of the
W mature protein excludes the use of the endoglycosidase as a tool to assess the
degree of posttraslational maturation of the MR It will be important to determine

if similany unusual glvcosylation patterns are found in other GPCRs.

123



Capitulo 1

REFERENCES.

1.

10.

11.

12.

13.

124

GarciaBorron JC, Sanchezdlaorden BL, Jimenez-Cervantes C 2005
Melanocortin-1 receptor structure and functional regulation. Figment Cell
Res 18:393-410

Ito §, Wakamatsu K 2010 Human hair melanins: what we have leamed and
have not leamed from mouse coat color pigmentation. Figment Cell
Melanoma Kes

Busca R, Abbe P, Mantoux F, Aberdam E, Peyssonnaux C, Eychene A,
Ortonne JP, Ballotti R 2000 Ras mediates the cAMP-dependent activation
of extracellular signal-regulated kinases (ERKs) in melanocytes. EMBO J
19:2800-2810

Rees JL 2004 The genetics of sun sensitivity in humans. Am J Hum Genet
TS 739-751

Box NF, Wyeth JR, O'Gorman LE, Martin NG, Sturm RA 19287
Charactenzation of melanocyte stimulating hormone receptor varnant alleles
in twins with red hair. Hum Mol Genet 6:1891-1897

Healy E, Flannagan N, Ray A, Todd C, Jackson |J, Matthews JN, Birch-
Machin MA, Rees JL 2000 Melanocortin-1-receptor gene and sun sensitivity
in individuals without red hair. Lancet 355:1072-1073

Rees JL, Healy E 1997 Melanocortin receptors, red hair, and skin cancer. J
Investig Dematol Symp Proc 2:94-98

Valverde P, Healy E, Jackson |, Rees JL, Thody AJ 1985 Variants of the
melanocyte-stimulating hormone receptor gene are associated with red hair
and fair skin in humans. Mat Genet 11:328-330

Bastiaens MT, ter Huume JA, Kielich C, Gruis NA, Westendorp RG,
Vermeer BJ, Bavinck JN 2001 Melanocortin-1 receptor gene wvariants
determine the sk of nonmelanoma skin cancer independently of fair skin
and red hair. Am JHum Genet 63:8584-5394

Newton Bishop JA, Bishop DT 2002 The genetics of susceptibility to
cutaneous melanoma. Drugs Today (Bare ) 41:192-203

Sanchez MJ, Olivares SC, Ghanem (, Haycock J, Lozano Teruel JA,
GarciaBorron JC, Jimenez-Cervantes C 2002 Loss-of-function vanants of
the human melanocortin-1 receptor gene in melanoma cells define structural
determinants of receptor function. Eur J Biochem 269:6133-6141

Sturm RA, Duffy DL, Box NF, Chen W, Smit DJ, Brown DL, Stow JL,
Leonard JH, Martin NG 2003 The role of melanocortin-1 receptor
polymorphism in skin cancer risk phenotypes. Pigment Cell Res 16:2686-272

Sturm RA, Duffy DL, Box NF, Newton RA, Shepherd AG, Chen W, Marks
LH, Leonard JH, Martin NG 2003 Genetic association and cellular function
of MC1R vanant alleles in human pigmentation. Ann N Y Acad Sci 994 :348-
358



MW-glyeosyiation of MCIE

14.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24

25

26.

27

Wheatley M, Hawtin SR 19399 Glycosylation of G-protein-coupled receptors
for hormones central to normal reproductive functioning: its occumence and
role. Hum Reprod Update 5.356-364

Helenius A, Aebi M 2004 Roles of N-linked glycans in the endoplasmic
reticulum. Annu Rev Biochem 73:1019-1049

Parodi AJ 2000 Protein glucosylation and its role in protein folding. Annu
Fev Biochem 69:69-93

Trombetta ES, Parodi AJ 2003 Quality control and protein folding in the
secretory pathway. Annu Rev Cell Dev Biol 19:849-676

Trombetta ES, Helenius A 2000 Conformational requirements  for
glyvcoprotein reglucosylation in the endoplasmic reticulum. J Cell Biol
148:1123-1129

Cabral CM, Liu Y, Sifers RN 2001 Dissecting glycoprotein guality control in
the secretory pathway. Trends Biochem Sci 26.619-624

Michineau S, Alhenc-Gelas F, Rajerison RM 2008 Human bradykinin B2
receptor sialylation and M-glycosylation participate with disulfide bonding in
surface receptor dimernzation. Biochemistry 45 2699-2707

Hauri H, Appenzeller C, Kuhn F, Nufer © 2000 Lectins and traffic in the
secretory pathway. FEBS Lett 476.32-37

Kundra R, Kornfeld 8§ 1999 Asparagine-linked oligosaccharides protect
Lamp-1 and Lamp-2 from intracellular proteclysis. J Biol Chem 274.31039-
21046

Kaplan A, Fischer D, Achord O, Sly W 1977 Phosphohexosyl recognition is
a general characteristic of pinocytosis of lysosomal glycosidases by human
fibroblasts. J Clin Invest 60:1088-1093

Benya RV, Kusui T, Katsuno T, Tsuda T, Mantey SA, Battey JF, Jensen
RT 2000 Glycosylation of the gastrin-releasing peptide receptor and its effect
on expression, G protein coupling, and receptor modulatory processes. Mol
Fharmacol 58:1480-15201

Boer U, Neuschafer-Rube F, Moller U, Puschel GP 2000 Requirement of
M-glycosylation of the prostaglandin EZ receptor EP3beta for comedct sorting
to the plasma membrane but not for comrect folding. Biochem J 350 Pt 3:838-
847

Frost GH, Bergmann J8, Carney DH 1991 Glycosylation of high-affinity
thrombin receptors appears necessary for thrombin binding. Biochem
Biophys Res Commun 18034 9-355

Kataocoka H, Kume N, Miyvamoto 8 Minami M, Murase T, Sawamura T,
Masaki T, Hashimoto N, Kita T 2000 Biosynthesis and post-transliational
processing of lectin-like oxidized low density lipoprotein receptor-1 (LOX-1).
M-linked glycosylation affects cell-surface expression and ligand binding. J
Biol Chem 27565736579

125



Capitulo 1

23,

29,

30.

31.

32,

33.

34,

35.

36.

37,

38.

39

126

Kelley LP, Kinsella BT 2003 The role of MN-linked glycosylation in
determining the surface expression, & protein interaction and effector
coupling of the alpha (alpha) isoform of the human thromboxane Al2)
receptar. Biochim Biophys Acta 1621:192-203

Lee KH, Ahn JI, Yu DH, Jeong HE, Lee SH, Kim KS, Chung 1Y, Kim JH,
Lee ¥S 2001 Effect of M-glycosylation on ligand binding affinity of rat V1a
vasopressin receptor. Biochem Biophys Res Commun 286.707-713

Michineau S, Muller L, Pizard A, Alhenc-Gelas F, Rajerison RM 2004 M-
linked glycosyation of the human bradykinin B2 receptor is required for
optimal cell-surface expression and coupling. Biol Chem 385 49-57

Moller LB, Pollanen J, Ronne E, Pedersen N, Blasi F 13993 MN-linked
glycosylation of the ligand-binding domain of the human urokinase receptor
contributes to the affinity forits ligand. J Biol Chem 268:11152-11159

Bause E 1983 Structural requirements of MN-glycosviation of proteins.
Studies with proline peptides as conformational probes. Biochem J 209:331-
336

Sanchez-Laorden BL, Sanchez-Mas J, Martinez-Alonso E, Martinez-
Menarguez JA, Garcia-Borron JC, Jimenez-Cervantes C 2008
Cimenzation of the human melanocortin 1 receptor: functional consequences
and dominant-negative effects. J Invest Dermatol 126:172-181

Beaumont KA, Shekar SN, Newton RA, James MR, Stow .JL, Duffy DL,
Sturm RA 2007 Receptor function, dominant negative activity and

phenotype correlations for MCIR variant alleles. Hum Mol Genet 16.2249-
2260

Perez Oliva AB, Femendez LP, Detorre C, Herraiz C, Martinez-Escribano
JA, Benitez J, Lozanc Teruel JA, Garcia-Borron JC, Jimenez-Cervantes
C, Ribas G 2009 Identification and functional analysis of novel varants of
the human melanocortin 1 receptor found in melanoma patients. Hum Mutat

Sanchez-Laorden BL, Herraiz C, VYalencia JC, Hearing VJ, Jimenez-
Cervantes C, Garcia-Borron JC 2009 Abemant trafficking of human
melanocortin 1 receptor variants associated with red hair and skin cancer;
Steady-state retention of mutant forms in the proximal golgi. J Cell Physiol
220:840-654

Femandez L, Milne R, Bravo J, Lopez J, Aviles J, Longo M, Benitez J,
Lazaro P, Ribas G 2007 MCIR: three novel variants identified in a
malignant melanoma association study in the Spanish  population.
iZarcinogenesis 28:16589-1664

Jimenez-Cervantes C, Olivares C, Gonzalez P, Morandini R, Ghanem G,
Garcia-Borron JC 2001 The Pro162 variant is a loss-of-function mutation of
the human melanocortin 1 receptor gene. J Invest Dermatal 117 :156-158

Sanchez-Laorden BL, JimenezLCervantes C, Garcia-Borron JC 2007
Fegulation of human melanocortin 1 receptor signaling and trafficking by
Thr-308 and Ser316 and its alteration in varnant alleles associated with red
hair and skin cancer. J Biol Chem 282:3241-3251



MW-glyeosyiation of MCIE

40,

41.

42.

43

44.

45.

46.

47,

48.

49,

20

51.

b2

SanchezMas J, Guillo LA, Zanna P, .Jimenez-Cervantes C, Garcia-
Borron JC 2005 Role of & protein-coupled receptor kinases in the
homologous desensitization of the human and mouse melanocortin 1
receptars. Mol Endocrinol 19:1035-1048

Jimenez-Cervantes C, Germer 8§, Gonzalez P, Sanchez J, Sanchez CO,
Garcia-Borron JC 2001 Thrd0 and Met122 are new partial loss-of-function
natural mutations of the human melanocortin 1 receptor. FEBS Lett 508:44-
48

Chen W, Stanley P 2003 Five Lecl CHO cell mutants have distinct Mgat1
gene mutations that encode truncated MN-acetylglucosaminyliransferase |
Glycobiology 13:43-50

Zhou F, XuW, Hong M, Pan Z, Sinko PJ, Ma J, You G 2005 The role of k-
linked glvcosylation in protein folding, membrane targeting, and substrate
binding of human organic anion transporter NOAT4 . Mol Phamacol 67.865-
878

Deutscher SL, Hirschberg CB 13986 Mechanism of galactosylation in the
Golgi apparatus. A Chinese hamster ovary cell mutant deficient in
translocation of UDP-galactose across Golgi vesicle membranes. J Biol
Chem 261:96-100

Kawar Z8, Haslam SM, Morris HR, Dell A, Cummings RD 2005 Movel
poly-GalMAcheta 1-4GIcNAC (LacdiNAc) and fucosvlated poly-LacdiNAc M-
glycans from mammalian cells EXpressing betal 4-M-
acetylgalactosaminyltransferase  and  alphal,3-fucosyltransferase. J Biol
Zhem 280:12810-12819

Robbins LS, Nadeau JH, Johnson KR, Kelly MA, Roselli-Rehfuss L,
Baack E, Mountjoy K5, Cone RD 1993 Pigmentation phenotypes of vanant
extension locus alleles result from point mutations that alter M5H receptor
function. Cell 72:827-834

Dong C, Filipeanu CM, Duvernay MT, Wu G 2007 Regulation of G protein-
coupled receptor export trafficking . Biochim Biophys Acta 1768853870

Duvernay MT, Filipeanu CM, Wu G 2005 The regulatory mechanisms of
export trafficking of G protein-coupled receptors. Cell Signal 17:1457-1465

Martin NP, Lefkowitz RJ, Shenoy SK 2003 Regulation of W2 vasopressin
receptor degradation by agonist-promoted ubiquitination. J Biol Chem
278.45954-45959

Ali BR, Wasmeier C, Lamoreux L, Strom M, Seabra MC 2004 Multiple
regions contribute to membrane targeting of Rab GTPases. J Cell Sci
117:6401-6412

Seachrist JL, Ferguson 88 2003 Regulation of G protein-coupled receptor
endocytosis and trafficking by Rab GTRases. Life Sci 74:225-235

Drake MT, Shenoy SK, Lefkowitz RJ 2006 Trafficking of G protein-coupled
receptors. Circ Res 99.570-582

127



Capitulo 1

53. Gray JA, Roth BL 2002 Cell biology. A last GASP for GPCREs? Science
297:5209-531

54 . Schioth HB, Petersson S, Muceniece R, Szardenings M, Wikberg JE

1897 Deletions of the MN-terminal regions of the human melanocortin
receptors. FEBS Lett 410:223-228

128



EERK activation by variant melanocovtin I receptor

CAPITULO 2

Mutaciones en el receptor de melanocortinas 1 tienen un impacto
diferencial a través de la via del AMPc y a través de la via de las

proteinas quinasas activadas por mitégenos ERK.

RESUMEN.

El receptor de melanocortinas 1 (MC1R ), receptor acoplado a la proteina Gs
expresado en melanocitos, es uno de los principales deteminantes de Ia
pigmentacidn cutanea, del fotolipo v del riesgo de padecer cancer. El MCIR activa
la via de sefializacion del AMPC v la vwia de las proteinas quinasas activadas por
mitdgenos ERK1TERKZ. Cuando se expresaron en la linea celular de
feocromocitoma de rata PC12, las variantes alelicas del MC1RE R151C, R160WY v
D224H, asociadas con melanoma v con una sefalizacion reducida wia AMPC,
mediaron la activacion de ERWK v el crecimiento de neuritas inducido por el agonista,
dependiente de ERWK comparable con la mediada por el MC1R silvestre. Las curvas
dosis-respuesta para la activacion de ERK v para la produccion de AMPc indicaron
una mayor sensibilidad en la respuesta de las ERK. Por tanto, las mutaciones del
MCI1R asociadas a melanoma inciden de forma diferente en la sefalizacion via
AMPc v wia ERK, lo gue sugiere que el AMPc no es el responsable del

acoplamiento funcional del MC1R a la cascada de las ERK.

Fublicado en:
Herraiz Serrano C, Jimenez-Cervantes C, fanna F, Garcia Bomon JC. (2009).
FEAS Laftars 19, 3269-3274
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Melanocortin 1 receptor mutations impact differentially on signalling to the

cAMP and the ERK mitogen-activated protein kinase pathways.

ABSTRACT.

MCTR, a Gs protein-coupled receptor expressed in melanocytes, is a major
determinant of skin pigmentation, phototype and cancer risk. MC1R activates cAMP
and mitogen-activated protein kinase ERK1/ERKZ signalling. YWhen expressed in
PZ12 cells, the R151C, R160WY and D294H MCTR wariants associated with
melanoma and impaired cAMP signalling mediated ERK  activation and ERRK-
dependent, agonist-induced neurite outgrowth comparable with wild-type. Dose-
response curves for ERK activation and cAMP  production indicated higher
sensitivity of the ERK response. Thus, the melanoma-associated MCTR mutations
impact differently on cAMF and ERK signalling, suggesting that cAMF is not

responsible for functional coupling of MCI1R to the ERK cascade.

INTRODUCTION.

The human melanocortin 1 receptor (IMCI1R) is a G protein-coupled receptor
(GPCR) expressed in epidemmal melanocytes (1), where it regulates the amount and
type of melanin pigments produced. MC1R is a major determinant of skin phototype,
sensitivity to ultraviolet radiation and melanoma and nonmelamona skin cancer risk
{2} Upon stimulation by « melanocyte stimulating hormone {«hMSH ) or other related
proopiomelanccortin-derived peptides expressed in skin cells (3], MC1R triggers
cAMP synthesis leading to activation of the rate-limiting melanogenic enzyme
tyrosinase and increased production of dark, photoprotective eumelaning {(4:%).
MC1R also activates the mitogen-activated protein kinase (MAPK) module leading
to the SerThr kinases ERK1 and ERKZ2 that control key cellular decisions such as
proliferation or differentiation (8). The ERK pathwyay is most often initiated by binding
of growth factors to cell surface tyrosine kinase receptors, ollowed by sequential
activation of RAS, then members of the RAF family of kinases, the MAPK kinase
MEK and finally ERK1 and ERK2 (7). In addition to this classical tyrosine kinase
receptar pathway, the RAS/RAFMEK/ERK module is also regulated by GPCRs
(6:9) Depending on the cellular context, GPCREs that tigger the cAMP pathway can
either inhibit or activate ERK signalling by partially understood mechanisms (10). In
most cell types, PRA-dependent events such as activation of the small GTPase
Fap1 or phosphorylation of the C-RAF isoform of RAF result in C-RAF inhibition and
lower ERK activity (10). However, ERK activation by cAMP has been reported in a

few cell types including PC12 cells and mouse melanoma cells (8]
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Human MCTR is extremely polymorphic (1:11) and sewveral relatively
frequent alleles are associated with red hair and fair skin (the RHC phenotype ) and
increased nsk for melanoma and other skin cancers (12-14). Three frequent and
penetrant melanoma-associated  alleles, R121C, R1B0WY, and D294H, are
hypomorphic variants with reduced functional coupling to the cAMP cascade (1;15-
17). Since cAMP was reported to trigger ERK activation in melanocytes [6),
signalling to the ERKs might also be impaired for these variants. However, this
possibility has never been investigated.

We have analyzed ERK activation by the melanoma-associated MC1R
variants. Ve show that the R151C, R180WY and D294H variants expressed in PC12
cells activate the ERKs as effectively as wild-type MCIR (wiMC1R) in spite of a
strong impaiment of cAMP production. Vve also show that the adenviy cydase
activator forskolin increases cAMP levels in human melanoma cells but does not
trigger ERK activation. These results open unexpected perspectives on the

functional coupling of MCTR to ERK signalling in melanocytes.

EXPERIMENTAL PROCEDURES.

Cell culture and transfection.

Cell culture reagents were from Gibco BRL-Life Technologies (Gaithersburg,
WMD) HBL human melanoma cells were cultured as described previously (18). PC12
cells grown in DMEM supplemented with 15% fetal bovine serum, 100 L/ml
penicillin and 100 pa/ml streptomycin sulphate, were transfected with 0.3 pg plasmid
DM &Avwell, using Lipofectamine (Inwitrogen, Carlsbad, CA) Expression constructs

were prepared in pcDMNAS (Invitrogen) (17 :18).

Functional assays.

Cells grown in 12-well plates were transfected, serum-deprived for 12-24h and
stimulated as required with the oMSH analogue [Nle*, D-Phe’] aMSH (NDP-MSH )
or nerve growth factor (NGF) (Calbiochem, Damstadt, Germany) at 1077 M and 100
ng/ml final concentrations, respectively, unless stated otherwise. Media were
aspirated and the cells washed with 800 pl ice-cold phosphate buffered saline
(PBES), Iysed with 200 pliwell DN HCI preheated at 70" C, and scrapped. The mix
was freeze-dred, washed with 100 pl H:O and freeze-dried again. cAMP was
measured with a commercial radicimmunoassay from Amersham Fhammacia

Biotech (Little Chalfont, UK. Parallel dishes were used for protein determination
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with bicinchoninic acid. To estimate ERK activation, the levels of phosphorylated
ERK (pERK]) were analyzed by Westem blot. Cells were solubilized in 75 pl PES
supplemented with PMSFE 100 ng/ml, 1% lgepal and 1% phosphatase inhibitor mix
from Calbiochem. Samples were centrfuged [105,000xg, 30 min) and a volume of
supernatant containing 30 pg protein was electrophoresed and blotted as described
(171, Blots were probed with an ant-pERK1/2 rabbit polyclonal 1gG (Santa Cruz
EBiotechnology, Santa Cruz, CA) and stained with a chemiluminescent substrate.
Comparable loading was ascertained by stripping and reprobing the membranes
with an anti-ERKZ2 antibody. Quantification of band intensity was performed with

ImageJ (available at rsh.info nih.gowij).

RESULTS AND DISCUSSION.

MC1R signalling to ERK in heterologous systems.

In order to find an appropriate cellular model to study MCTR-mediated ERK
activation, we measured pERWK levels and cAMF concentrations in HEL human
melanoma cells and P12 cells transiently expressing wiMCITR,  following
stimulation with NDP-MSH. HEL cells were selected because they are wild-type for
MCTR (18], N-RAS and B-RAF (our unpublished results) and PC12 cells because
they are one of the few cell types where cAMP triggers ERK activation, as reported
for melanocytes (6;10:19;20). ERK1/2 activation was detected by Vyestem blot using
an antibody specific for the active enzyme phosphorylated at Thr202 and Tyw204
and cAMP was determined by radioimmunoassay (17 ). In HEL cells, pERK signals
increased rapidly and transiently upon treatment with NDP-MSH, with maximal
activation o min after agonist challenge (Fig. 1A). PC12 cells expressing MC1RE also
showed an increase in ERK phosphorylation, with maximal values 1% min after
stimulation followed by a slower decrease towards baseline (Fig. 1B). NDP-MSH
strongly increased intracellular cAMP in both cell types (Fig. 1C). Accordingly,
transient transfection of PC12 cells was Used to compare signalling from wild-tvpe or
variant MC1R to both the cAMP and the ERK pathways, under identical conditions

of cellular setting and receptor expression levels.

133



Capitulo 2

15
NOP-MSH HBL HBL FC12
[m nj 0 5 15 a0 &0 s £ . -
PERK1/2 |w A —— w|:p42 2 T T
ERKZ | y— e m S o
T
% ok
@ 05
E; =
£
PCiz2
HDP-MSH L
P -
fmn 0 5 1530 6D " 0 30 B0 1B 0 30 G0 180
pERK1F2| i — —-T 14 3

Treatrnent tirne [rrin)

O

Fig. 1. MC1F-mediated ERK activation in melanocytic and heterologous cells. A, HBL
human melanoma cells were serum-deprived and stimulated with 107 M NDP-MSH for the
times shown. Cell lysates were Western hlotted for pERK1/2 and total ERKZ as loading
cantrol. B, PC12 cells transfected to express wihM C1R were serum-deprived, stimulated with
MOP-MZH and probed for ERK activation. C, Agonist-induced cAMP production in HEL and
PC12 cellsexpressing witM C1R ** p < 0.005,** p = 0 0001.

Similar activation of ERKs by wild-type and variant MC1R.

The melanoma-associated R151C, R180WY and D294H mutants show
diminished ability to stimulate cAME synthesis in melanocytic cells (1;15-17).
Functional assays in PC12 cells vielded similar results, confirming that these alleles
are hypomomhic variants (Fig. 22) D224H was the most severely impaired mutant,
consistent with results obtained in other cell types (17;21). Surprisingly, ERK
activation was equally intense in cells expressing varant or witCIR (Fig. 2B).
Moreover the kinetics of ERW phosphorylation was also similar for witMC1R and the
RHC wvariants, with maximal activation occurring roughly 15 min after agonist
challenge. Stripping of membranes and reprobing with an anti-Flag monoclonal
antibody confirmed comparable levels of expression of all MCIRE forms (not shown).
The ERK1/2 cascade was not activated by NDP-MSH in cells transfected with two
complete loss-of-function mutants unable to reach the plasma membrane, L93R and
RE162F (1) or with empty vector (not shown], thus confirming the specificity of the

response.
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Fig. 2. Efficient signalling of RHC wariants to the ERKs. PC12 cells transfected with witd C1R
ar the RHC wariants R151C, R160VY or D294H were challenged with 107 M NDP-MSH. A,
kinetics of cAMP generation upon stimulation with 107 M NDP-MSH. For all time points,
cAMP increases over untreated controls were statistically significant (p = 0.00%) except for
the D294H wariant, that did not display significant responses. B, Kinetics of ERK activation
by wild-type or variant MC1R. Representative blats and quantification of 3 experiments
(mean + standard deviation, righty are shown, * p < 0.05, " p = 0.00%, " p = 0.0001.
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Sustained ERK activation in PC12 cells is associated with their differentiation
into sympathetic cells, a process charactenzed by neurite outgrowth (19;22). To
further demonstrate witC1R and RHC variant signalling to the ERKs, we analyzed
MNODP-MSH-mediated neurite outgrowth. PC12 cells expressing witMCTR  and
stimulated with NDFP45H or NGF as a positive control developed neuntes (Fig. 3A)
Meurite outgrowth was dependent on ERK activation since it was abolished by the
MEK inhibitor PD98059. The percentage of cells developing neurites increased
significantly upon MDF-MSH treatment (28 + 4 %, p < 0.00%) compared with
untreated controls and was roughly consistent with the transfection efficiency,
suggesting that most MC1R-expressing cells were responsive. NDP-MEH failed to
induce neurite outgrowth in cells transfected with empty wector (not shown).
Statistically significant {p < 0.005) NDP-MSH-induced neunte outgrowth was alsa
observed in cells expressing the RHC variants. Although the length of the dendntic
processes was similar, the percentage of cells developing neurites was lower
compared with wild-type (Fig. 3B). This smaller efficiency might be related with their
impaired cAMP signalling, since cAMP has been shown to cooperate with ERK
signalling in promaoting neuritogenesis in FC12 cells (19).

Thus, although the RHC variants showed reduced functional coupling to the

cAMP pathway, they efficiently stimulated ERK activity.
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Fig. 3. MC1R-dependent neurite autgrowth in PC12 cells. A, Cells expressing wit C1R were
treated with NOP-MSH (10'? MY ar MNGF (100 ng/ml) far 48h, with or without PO38053 (&0
piY. B, Meurite outgrowth in cells expressing variant MC1R. Cells expressing the variants
indicated on the left of each row were treated with NDP-MSH or MGF as indicated. The lower
graphs show the percentage of cells dewveloping neurites (left), and the mean length of

dendritic proceszes (right, results shown as mean £ sem).
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ERK activation is induced at lower agonist concentration than cAMP
synthesis.

Treatment of B16 mouse melanoma cells with aMSH or cAMP elevating
agents has been reported to activate ERK signalling in a RAS and B-RAF-
dependent fashion (6), suggesting that MC1R-dependent ERK activation in these
cells is mediated by cAMP. However, the differential effect of the RHC mutations on
signalling to cAMP or the ERKs indicated that ERK activation by MC1TRE might, in
fact, be independent on cAMF production. To further explore the relationship
between cAMF and ERK signalling, we analyzed the functional coupling of 3
artificial variants with altered signalling to cAMP: ES4K, a mutant that signals
constitutively to cAMP in the absence of agonist (18), T308A-53164 and T308D-
53160, two double mutants where the Thr308 and Ser316 targets of G protein
coupled receptor kinase £ are mutated to Ala and Asp respectively. These double
mutants display a dramatically reduced functional coupling to cAMP (17). Moreover,
whereas T308A-53164 is resistant to internalization due to inability to undergo
G RK-dependent phosphorylation, T308D-53160 is constitutively intemalized and
associated with endocytic wesicles (17 As shown in Fig. 44, the internalization-
resistant T308A-53164 mutant with impaired signalling to cAMP was as efficient as
witCTR in tiggering ERK phosphorylation following stimulation with NDP-MSH
Moreover neither the constitutively active ES4K warnant nor the constitutively
intemalized T3080-53160 mutant was mare potent than wihMC1RE in activating the
ERKs. These data suggest that MC1R-mediated ERK activation is independent on
receptor internalization, and does not involve cAMP synthesis. Consistent with
independence on cAMP, treatment of HEL human melanoma cells with the potent
adenylyl cyclase activator forskolin (10 Wk, 15 min) strongly increased intracellular
cAMP levels, but failed to activate the ERWKs (Fig. 4B). Conversely NDP-M5SH
promoted ERK phosphoryation while vielding a smaller stimulation of cAMP
synthesis. The inability of forskolin to trigger ERK phosphorylation was confirmed in
kinetic experiments where HEL cells were treated with the drug from 5 to 80 min
(not shown).

Since activation of the cAMP and ERK pathways are most likely independent
events, they might display different NDP-MSH dose-response curves. To check this
possibility, PC12 cells expressing wiMCI1E were stimulated with NDP-MSH
concentrations from 107" to 107 M, and pERK and cAMP intracellular levels were
measured. ERK phosphorylation was detectable at concentrations as low as 1072 M
(Fig. 4C), whereas cAMF increases were only detected at 107" M or higher (Fig.

400 Accordingly, the dose-response curve for ERK phosphoryiation  was
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dramatically left-shited by up to 3 logs relative to the cAMP curve. These
differences in dose-response curves suggest that ERK activation might involve
effector(s) with higher affinity for MC1R than the G s protein responsible for coupling
to cAMPE. Expernments aiming at the identification of this effector have excluded the
involvement of PKC or calcium fluxes (nat shown) Moreover, the different dose-
response curves for ERKW actvation and Gos-dependent activation of cAMP
synthesis (Fig. 4D} argue against involvement of free By dimers in tiggering ERK
phosphorylation, although a role for By dimers cannot be formally excluded based
on the results reported here. Finally, data obtained with the T308A-5316824 and
T3DED-5316D mutants also suggest that ERK activation is not related with the
arrestin-dependent formation of endocytic vesicles (8). Therefore, the precise

mechanisms coupling MC1R activation to ERK phosphorylation remain unknown,
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Fig. 4. A Agonist-induced ERK activation by MC1RE mutants with altered signalling to cAMP

andfor internalization. PC12 cells were transfected with a constitutively active MCI1R wvariant

(ES4KD, ar variants with decreased signalling to cAMP and impaired (T308A-331684) ar
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enhanced (T3080-S3160) internalization. Cells were stimulated (107 M NDP-MSH, 15 min)
and Western blotted for pERK. A blot representative of 3 experiments is shown . B, Activation
af cAMP synthesis but not the ERKs in HEL human melanoma cells stimulated with Fsk.
HEL cells were stimulated with forskaolin (Fsk, 10 uM, 15 min) or NDP-MSH (107 M, § min),
lysed, and probed for pERK levels (left) or cAMP (right). C stands for contral. Similar results
have been obtained in 3 independent experiments. T, ERK phosphorylation in wih C1R-
expressing PC12 cells challenged with increasing concentrations of MDP-MSH (152 min).
CTR, control. D, Comparison of pERK (sguares, left axis) and cAMP levels (triangles, right
axis) in cells treated with increasing concentrations of NOP-MSH. Results are the mean &
standard deviation(n=4). *p < 0.0, * p < 0.005, ™ p = 0.0001.

I summary, we showed that the frequent melanoma-associated MCTR
variants R191C, R160vWY and D294H are loss-of-function forms in signalling to
cAMP, but activate the ERWs as efficiently as wild-type. This suggests that coupling
of MCI1R activation to cAMP or to ERKs are independent events, and provides a
remarcable example of differential impact of point mutations on two signalling
pathways. Moreover, ERK phosphorylation is triggered at much lower agonist
concentrations than cAMP synthesis, suggesting that melanocytes might display a
graded spectrum of responses to melanocortin ligands of MCIR, with ERK-
dependent processes occurring at lower agonist levels than cAMP-dependent
events. Finally, it also suggests that melanocytes harbouring variant MR might
display an imbalanced functional response to melanocorting, with normal signalling
to the ERKs but reduced coupling to cAMP.
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Signatling from MOIR to ERK nvolves eRIT

CAPITULO 3

La sefializacion del receptor de melanocortinas 1 a las proteinas quinasas
activadas por mitégenos ERK1 y ERK2 implica la transactivacion de c-
KIT.

RESUMEN.

El receptor de melanocortinas 1 (MC1R), receptor acoplado a la proteina Gs
expresado en melanocitos, es Uno de los principales determinantes de la pigmentacidn
cutdnea, del fototipo v del riesgo de padecer cancer. Tras la estimulacion con la
hormona estimulante del melanocito (aMSH]), el MCIR sefiala a través de la via del
AMPC v la via de las proteinas quinasas activadas por mitdgenos ERK1 v ERKZ2. En
melanocitos de ratén, la activacion de las ERK por la unidén de ofMSH al Mclr depende
del AMPC v, los melanocitos se consideran un paradigma para la activacion de ERK
dependiente de AMFC. Sin embargo, vanantes alélicas del MC1R humano asociadas
con pelo rojo, piel clara (fenctipo RHCY v un riesgo aumentado de cancer de piel
muestran una sefalizacién reducida wvia AMPc, pero activan las ERRK  tan
eficienternente como el receptor silvestre en células heterdlogas, 1o gue sugiere que en
melanocitos humanos la sefalizacion a través del AMPc v la senalizacion a través de
las ERK son dos wias independientes. En el presente trabajo, mostramos que la
sefializacion del MCI1R activd la via de las ERKs en melanocitos normales humanos y
células de melanoma que sxpresan niveles fisioldgicos de las wvanantes REHC
enddgenas. La activacion de ERWK fue comparable tanto para el MCI1R silvestre como
para las varantes alélicas del receptor v, ademas, independiente del AMPC; va que no
se activd ni por estimulacion de la sintesis de AMPC con forskoling, ni se blogued par
el inhibidor de la adenilato ciclasa 2, '-didecxiadencosing. La estimulacién del MC1R
con «MSH no condujo a la activacion de FKC v la activacion de ERK no se vio
afectada por inhibidores de PKC. Por el contrano, la interferencia fammacoldgica,
estudios de ARMN pequerios de interferencia (siEMNA), los perfiles de expresidn vy los
experimentos de reconstitucion funcional mostraron que la activacion de ERK inducida
por ahMSH resultd de la transactivacion mediada por la tirosina guinasa Src de c-KIT,
un receptor tirosing quinasa  esencial para la proliferacion,  diferenciacion vy
supervivencia de precursores del melancocito, lo que demuestra la union funcional

entre c-KIT vy el MCIRE . Ademas, este fenomeno de transactivacion es Onico, ya que no
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se ve afectado por mutaciones naturales que reducen la sefalizacion candnica del

MCIR atraveées de la via del AMPC.

Fublicadao en:
Herraiz Serrano C, Jourmé F, Abdeltalek 2, Ghanem &, Jiménez-Cervantes

Garcia-Borrdn JC. (20100, Mol Endocrinol {en prensa).
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Signalling from the Human Melanocortin 1 Receptor to ERK1 and ERK2 Mitogen-

Activated Protein Kinases Involves Transactivation of ¢-KIT.

ABSTRACT.

MCI1R, a s protein-coupled receptor expressed in melanocytes, is a major
determinant of skin pigmentation, phototype and cancer risk. Upon stimulation by o
melanocyte-stimulating hormone (aMSH), MC1R tiggers the cAMP and ERK1/ERRKZ
mitogen-activated protein kinase pathways. In maouse melanocytes, ERK activation by
allSH binding to Molr depends on cAMP, and melanocytes are considered a
paradigm for cAMP-dependent ERK activation. However, human MI1RE wanants
assaciated with red hair, fair skin (RHC phencotype) and increased skin cancer risk
display reduced cAMP signalling, but activate ERKs as efficiently as wild-type DWT ) in
heterologous cells, suggesting independent signalling to ERKs and cAMF in human
melanocytes. YWe show that MCTR signalling activated the ERW pathway in normal
human melanocyvtes  and melanoma  cells expressing  physiological  levels  of
endogenous RHC variants. ERK activation was comparable for WT and mutant MC1R
and was independent on cAMP, as it was neither triggered by stimulation of cAMP
synthesis with forskolin, nor blocked by the adenylyl cyclase inhibitor 2°5'-
dideoxyadenosing . Stimulation of MC1R with aMSH did not lead to PKC activation and
ERK activation was unaffected by PKC inhibitors. Conversely, phamacological
interference, siEMNA studies, expression  profiles and  functional  reconstitution
experiments showed that afMSH-induced ERK activation resulted from Sre tyrosine
kinase-mediated transactivation of c-kIT, a receptor tyrosine kinase essential for
proliferation, differentiation and survival of melanocyte precursors, thus demonstrating
a functional link between c-kKIT and MCTR. Moreover, this transactivation phenomenon
i5 unigue as it is unaffected by natural mutations impairing canonical MC1E signalling
through the cAMP pathway.

INTRODUCTION.

Melanocytes are skin cells specialized in the biosynthesis of photoprotective
melanin pigments. Their proliferation and the synthesis of melanins are tightly
controlled by interacting chemical and physical cues (1,2). Among the signalling
cascades triggered by these signals, the c&MP and the mitogen-activated protein
kinase (MAFK) extracellular signal-regulated (ERK) ERK1 and ERKZ pathways have
been intensively analyzed. cAMP induces melanocyte differentiation i wiro (3)and i

vivie (4], and ERK signalling is crucial for the control of both proliferation {5 and
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melanogenesis, through the activation of the cyclic AMP response element binding
protein (CREEB) (6) and the microphthalmia-associated transcription factor (MITF), a
master reqgulator of melanocyte development, differentiation and proliferation (7).

cAMP production in melanocytes is strongly stimulated by o« melanocyte
stimulating hormone (ahMSH) and related peptide homones collectively named
melanocortins (MCs). MCs activate the melanocontin 1 receptor (MC1R), a G protein-
coupled receptor (GPCR) that regulates the amount and type of melanin pigments and
is a major determinant of skin phototype, sensitivity to ultraviolet radiation and skin
cancer risk (8). cAMP is responsible for key melanogenic effects of alSH (3], namely
activation of the ratedimiting enzyvme tyrosinase, and a switch from production of light-
coloured and poordy photoprotective pheomelanins to darker and maore photoprotective
eumelaning (). Many of these cAMP-dependent differentiation effects are due to
transcriptional induction of MITF.

On the other hand, the MAPK module involving ERK1T and ERKZ is a major
intracellular signalling pathway that controls key cellular decisions such as proliferation,
differentiation or migration {(10). This pathway is normally initiated by binding of growth
factors to cell surface tyrosine kinase receptors (RTKs) and recruitment of Grb2 and
the guanine nuclectide exchange factor Sos leading to activation of RAS. The GTP-
bound active form of RAS then activates members of the RAF family of protein kinases,
which in turn phosphorylate and thereby activate the MAPK kinase MEK (11,12 MEK
phosphorylates and  activates ERK1 and ERKZ Active ERKs phosphorylate
cytoplasmic and cytoskelstal proteins, and translocate to the nucleus to regulate the
activity of sewveral transcription factors (13). The crucial role of this pathway in
melanocytes is demonstrated by the occurrence of mutations in BRAF or ¥RAS in
roughly 50% or 20-30% of human melanomas, respectively (14-17). Since VEAS and
BRAF mutations are mutually exclusive in melanoma (18], they collectively account for
ERK hyperactivation in over 75% of these tumours.

Within melanocytes, the ERK module is activated by oKIT, a RTK crucial for
melanogenesis, proliferation, migration, and survival of the pigment-producing cells
(19). In mice, c-KIT maps to the dominant whife spoffing (w) locus, and its endogenous
ligand SCF (stem cell factor, KIT-ligand, mast cell growth factor) to the s/ locus.
Mutations in either one of these loci cause a pleitropic phenotype with white spotting of
the fur due to absence of melanocytes, lack of mast cells and defects in
hasmatopoiesis and germ cell development (20}, ¢-KIT mutations hawve also been
identified in human piebaldism (21;22) and at low freguency in human melanomas (23],

and c-KIT expression is often lost inthese tumors (24,2%)
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Several GFCRs can activate the ERK module by a variety of mechanisms that
rely on the activity of second messenger regulated protein kinases such as PKC, non-
receptar tyrosineg kinases (non-ETks) such as Src, or on the generation of intracellular
signalling complexes formed by binding of p-arrestins or other scaffolds to the activated
GPCRs (26-28). Moreover, GPCRs can stimulate ovtosolic or membrane-bound
metalloproteases which cleave the membrane anchorng domain of RTK ligands and
release the active agonist, thus promoting receptor activation (28-30).

In mouse melanoma cells, MC1RE activation by MCs is positively coupled to
cAME and ERK signalling. Based on data from the B16 mouse melanaoma model it has
been proposed that ERK activation in melanocytic cells is due to cAMP-dependent but
FkA-independent activation of NRAS and BRAF (31-33). However, recent findings
suggest that the situation in human melanocytes might be different. The human MCTR
gene is extremely polymorphic (34) and several varnant alleles are associated with red
hair and fair skin (the RHC phenotype) (8;35-37) and increased risk for melanoma and
nonmelanoma skin cancer {38;39). Three freguent and highly penetrant RHC alleles,
R151C, RIABOVY, and D294H (36:40) are diminished function forms with reduced
functional coupling to the cAMP cascade (41-47). Al least for R151C and R180WY this
functional impaiment results mainly from aberrant trafficking with intracellular retention
and reduced cell surface expression, rather than from binding or signalling defects
(41;44:46) However, these hypomorphic vanants retain normal signalling to the ERKs
when expressed in heterologous PC12 cells (438). Moreover, attempts to detect ERK
activation in normal human melanocytes (NHM) treated with the strong cAMP inducer
forskolin (FSK) have been unsuccessful (493 In addition, activation of CREE by ERR-
dependent phosphorylation has been reported in NHMs treated with mitogenic ETk
ligands, but not with cAMP analogs (6). These observations suggest that activation of
the ERK module by human MCIR might be due to unknown cAMP-independent
events.

Here we show that the RHC wvariants of the MC1R with reduced or absent
signalling to cAMP activate the ERKs as efficiently as wild type (WT) MC1R in a
physiclogical setting, both in human melanoma cells and MHWMs. We also show that
ERK activation is independent on cAME, FlA PKC or Ca® Instead, positive functional
coupling of MC1R to the ERKs relies on the transactivation of c-KIT. Moreover, our
data show that oMSH activates the Src non-RTK in melanoma cells independently on
cAME, and that Sreis involved in activation of the ERKs downstream of MCTR, most
likely by mediating alSH-induced c-KIT transactivation. These findings might have
important and unexpected implications for our understanding of the functional

connections of the main signalling pathways controlling human melanocyte proliferation
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and differentiation. Moreover they provide new insights for the rational design of

photoprotective strategies (4]

EXPERIMENTAL PROCEDURES.
Materials.

A radicimmunoassay kit for cAMP was from Amersham Fhammacia Biotech (Little
Chalfont, UK). The transfection reagent Lipofectamine 2000 and competent DHSx cells
were from Irwitrogen, (Carsbad, CA) aMSH, ET-1, 2°.5-DDA, PMA, nifedipine,
FPDO8059, (£}Bay K8644, Igepal CA-630, BSA, EDTA, PMSF, bicinchoninic acid,
ampicilin, p-mercaptoethanol and SDS wers from Sigma Chemical Company (St
Louis, MO, USA). The synthetic aMSH analogue [Nle*, D-Phe’] aMSH (NDP-MSH),
FSK, Ro31-8425, AG1478 ISCKO3, GTP-14564, PD153035, NA-PP-1 and PP-2 were
from Calbiochem (Dammstadt, Gemmany) The o-KIT inhibitor Sunitinib malate was from
Tocris Bioscience (Brstol, UK}, and the pan-Src inhibitor Dasatinib from Biotang Inc
(Waltham, MA, UsA) The cAMF analogue Ep-cAMP was from Biolog [(Bremen,
zemany). Recombinant human SCF was from Genscrpt (Piscataway, MJ). The anti-
PERK1/2Z (pERK1/2) rabbit polyclonal 19, the ant-ERKZ rabbit polyclonal 19G, the
anti-pTyr (PY99) mouse monoclonal antibody, the anti-phospho-c-KIT (Tyr 7217 rabbit
polyclonal antibody, the antip-c-5re (Tyr 930) rabbit polyclonal antibody and the anti-c-
Src mouse monoclonal antibody were from Santa Cruz Biotechnology (Santa Cruz,
A0 The anti-cIT (D1342) rabbit monoclonal antibody and the anti-phospho-c-KIT
(Twri03) rabbit monoclonal antibody were from Cell Signaling. Reagents for 5D5-
FAGE and Westem blot were from Bio-Rad i(Richmond, CA, USA). Other reagents
were from Merck (Darmstadt, Germany) or Prolabo (Barcelona, Spain).

Cell culture.

Cell culture reagents were from Gibco BRL-Life Technologies (Gaithersburg,
MO PC12 cells were grown in 12-well dishes using DMEM, supplemented with 15%
fetal bovine serum (FBS), 100 Wiml penicillin and 100 pgfml streptomycin sulfate.
HEK233 cells were grown in RPMI 1640, with 10% FBS, and the same antibiotics. HBL
(LOCE-MM1) human melanoma cells were grown in MEM with antibictics and 10%
FC5 LOCE-MMET, 79, 94 98, 104 and 117 human melanoma cells (established in the
LOCE, Université Libre de Bruxelles, Belgium) were cultured in HAM F-10 medium
supplemented with 10% FBS and antibiotics (100 Linl penicillin, 100 pgfml kanamycin
sulphate, 100 pg/ml streptomycing. Primary MHWM cultures were obtained from neonatal
foreskins as described (86,87, with the approval of the University of Cincinnati Medical

Centre Institutional Review Board, Cultures were grown in melanocyte growth medium
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containing bovine pituitary extract. This was removed 2 to 3 days prior to, and for the
duration of, each experiment.
Expression constructs and transfection.

All expression constructs were prepared in pcDNAZ (Invitrogen). The following
expression constructs have been previously descrbed: WT-MCTR |, the Flag-tagged
REHC variants R151C, E1680WY and D294H (444588 NREAS QB1R was amplified by
FCR and cloned into pcDMNAZ . cDMNA encoding for human c-KIT was obtained from
Openbiosystems and was subcloned into pcDMAZ. All constructs were verified by
double strand automated sequencing as described (50),

Cells grown to approximately 0% confluence were transfected with 0.3 g
plasmid DAl using Opti-MEM to dilute DA and  Lipofectamine. Stable
transfectants were obtained as described (45;52), and were cultured in the presence of
800 pg/ml G418 sulfate. Transfections with siRNA were performed as previously
described using a pool of 4 target-specific 20-2% mer siRMAs (Santa Cruz
Biotechnology) and two individual c-KIT specific siRNA (Applied Biosystems/ Ambion,
CA USAY o knock down c-KIT expression. As a negative control we used a scrambled
sequence that will not lead to the specific degradation of any mRERNA. Cells were
incubated with the transfection mixture for 6h and then normal growth medium was
replaced, and cells were further grown for 438h.

Functional assays.

Zell surface expression of WT and variant MC1R was determined by radicligand
binding analysis as described previously (46471 For cAMP measurements, cells
grown in 12-well plates were transfected, serum-deprived for 12-24h and stimulated as
required. The medium was aspirated and the cells quickly washed with 500 pl ice-cold
FPES. Cells were |lysed with 200 pliwell 01N HCI preheated at 70° C, and scrapped.
The mix was freeze-dried, washed with 100 pl H,O and freeze-dried again. cAMP was
measured with a commenrcial radicimmunoassay, as per instructions. All cAMP assays
were repeated at least twice and for each independent experiment, duplicate or
triplicate dishes were analyzed. FParallel dishes were used for protein determination
with the bicinchoninic acid method.

Western blot.

Cells were washed twice with FES and solubilized in 75 pl solubilization buffer
(PMSFE 100 ng/ml, 1% Igepal and 1% phosphatase inhibitor mix containing 200 mi
imidazole, 100 mk MaF, 115 mM sodium molibdate, 100 mM sodium o-vanadate and
400 mhd sodium tartrate). Samples were centrifuged (105,000xg, 30 min) and a volume

of supematant containing 30 pg protein was mixed (2:1 ratio) with electrophoresis
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sample buffer (180 mh Tris-HCI pH 8.8, 15% glycerol, 9% 5D%, 0.075% bromophenol
blue and 7.5% p-mercaptoethanol). Electrophoresis and Western blotting were
performed as described (44,4547 Blots were probed with the required antibodies and
stained with a chemiluminescent substrate (Amersham). Comparable loading was
ascertained by stripping and reproking the membranes with an anti-ERK2 antibody.
=tripping was performed by washing the membranes with PES, followed by treatment

with 0.5 N NalH, 10 min at room temperature, and a final 10 min wash with PES.

RESULTS.

ERK activation in NHMs expressing variant MC1R.

It has been reported that activation of the ERK pathway in mouse melanoma
cells stimulated with ahMSH is mediated by cAMP (31,32). Concermning human MCTR it
hias been shown that the melanoma-associated RHC mutants R151C, R1B0WVY and
D294H are hypomormphic in signalling via the cAMP pathway, either in melanocytic
(44-45) or in heterologous cells (43-45), but they are as effective as WT in triggering
ERK activation when expressed in heterologous PC12 cells (48] Since this result could
be affected by receptor overexpression or depend on the cell type, we tested variant
MCTR signalling to ER R in MHM cultures of defined MCTH genotype, at physiological
levels of endogenous receptor expression and homone concentration. Mo cultures
homozygous for any of the RHC vanants were found, but we identified two compound
heterozygotes derived from Caucasian donors [(R1600WVED284H, culture 830c, and
R1S1CHE160VY, culture 1307c). These cultures do not respond to aMSH  with
detectable increases in intracellular cAMP or tyrosinase activity as opposed to a control
culture (13770 WT for MCIR (49500, For these control cells, preliminary experiments
showed a detectable ERW activation, as shown by increased levels of phosphorylated
ERK (pERK) comparable for alSH and its synthetic analogue NDP-MSH inot shown).
In 1377 (WT for MC1R) or 820c (R180W/D294H) NHMs the ERKs were activated
after a 15 min stimulation with 107 M oMSH (Fig. 14). ERK activation was at least as
intense in 830c mutant cells as in WT cells (Fig. 1B). A second heterozygote NHM
culture (1307c, MC1R genotype R1SI1C/REIEONW) vielded similar results with higher
pERK levels than “WT cells after hormmonal stimulation (Fig. 1A and B). Therefore,
activation of the ERKs by physiclogical concentrations of MCTR agonists was
comparable in NHMs expressing endogenous WT orvariant MC1R. Motably, the potent
adenyiyl cyclase stimulator FSK did not activate the ERKs in 1307 cells (Fig. 1A and

B norin several other MHM cultures of different MC1RE genotype tested to date (not
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shown) whereas endothelin 1 treatment caused the expected strong stimulation of ERK

phosphorylation
B 13TTh a30c 1307
A MU TAY T) [RIGOM/D284H)  [R151C/RIB0N]
NHM 5 T
1377h 3% ¢ 1307
BHTANT) [RISOWNDZ4H)  (R151CIR1GOW) _
aMsH -+ - - -+ - - L
ET-1 - - - - .- e £ 4
F5K E
PERK A2 o 3
s
ERHzZ ® 2
L ]
n
1'I‘I‘ \I‘I (1L
o.M5H + - + - + -
L e

C MDP-MSH - * +
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Control NDP-MSH

PD28059

PD28058 +NDPMEH

Fig. 1. Melanocortin signalling to ERK in normal human melanocytes (MHM} and melanoma
cells of defined MCI1R genotype. A, NHM expressing WT MCIR (1377b culture) ar variant
heterozygotes for the R160W and D294H alleles (830c culture) or the R151C and R160WY
variants (culture 1307c) were stimulated for 15 min with aMSH (107 M), 10°* M endothelin 1
(ET-1}, ar 10°M FSK, as indicated. Cell extracts were analyzed for pERK by VWestern blot, and
for total ERK?Y as loading control. A representative blot out of two independent experiments is

shown. B, Quantification of two independent experiments, normalized to the intensity of the
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pERK. signal in control cells. Kesults are given as mean + range. C, ERK activation by NDOP-
MSH in HEL human melanoma cells. Cells were serum-starved for 3h, then treated with NDP-
M =H ('IIII'? M, 5 min) with or without the MEK inhibitor POD380593 (50 uM). Cell lysates were
analyzed for ERK1/2 phosphorylation and total ERKZ as loading control. O, ERK-dependent
marphological changes induced by NOP-MSH in HEL cells. Cells grown in B well plates were
treated with MOP-MSH for 48h in the presence or absence of PD380593, and photographed. The

hoxed areasin the central micrographs are enlarged and shown at a higher magnification.

The results presented above strongly suggest that in human melanocytic cells
MCTR signals to the ERK module independently on cAMP . Since NHMs are extremely
difficult to grow in the absence of potentially interfering cwiokines and growth factors,
we looked for a suitable human melanoma cell line to study the mechanism of ERK
activation by MC1R. The tyrosinase-positive pigmented HEL melanoma cells are WT
for the MCIR (47.51), as well as for NRAS and BRAF {our unpublished data). HBEL
cells stimulated with NDP-M5H showed increased ERK phosphorylation that was
blocked by the MEK inhibitor PD28058 iFig. 1C). A MC-induced change in cell shape
with increased dendncity was equally abolished by PD3E053 (Fig. 1D). Consistent with
their WT MCI1R genotype and with previous results (47 ), HEL cells responded to NDP-
MSH with a strong time-dependent increase in intracellular cAMF with maximal levels
between 1% and 320 min after addition of the MC agonist to the cultures (not shown).
ziven these normal and robust responses, HEL cells were subsequently used as

models.

MC1R signalling to ERK in human melanoma cells is independent on cAMP.

The RHC wvariants R151C, R1680W and D294H have been shown to act as
partial dominant-negative mutants for T MC1R signalling through the cAMP pathway
(41:44:45) Therefore, it was of interest to analyze their effects on MC signalling to the
ERKs in HBEL cells. Cells were stably transfected with WT, R151C, R160WY or D294H,
and one representative clone for each vanant expressing near-physiological levels of
the receptor was selected (468) and analvzed. Cells expressing YWT MCIE and
challenged with NDF-MSH showed a marked increase in pERK, comparable with the
response to the PKC activator PMA used as a positive control (Fig. 2A). pERK levels
were maximal 5 min after stimulation and then returned to control levels. FSK failed to
trigger detectable ERK activation. Clones expressing variant MCI1RE behaved similary
in terms of the strength and kinetics of ERK activation (Fig. 24) Corversely, MC-
induced cAMP production was strongly repressed in HBEL cells expressing wvariant

MCTR (Fig. 2B), consistent with a dominant negative behaviour of the mutants on
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signalling through the cAMF pathway (41.44.45). Cverall, these data showed that: 1)
MCI1R activated the ERK module even at the low levels of cell surface expression
found in parental HEL melanoma cells (4%;46), i) the RHC varants expressed in
melanoma cells did not exert dominant negative effects on WT MCIR signalling to
ERK, but apparently contnbuted to agonist-dependent ERK phosphorylation, and i) a
positive effect of cAMP on MC1RE-dependent ERK activation was unlikely., On the other
hand, the R121C and R160WY receptor forms are strongly retained in intracellular
compartments with cell surface expression levels approximately 5 times lower than WT
(44:46), a feature that accounts for their decreased functional coupling to the cAMP
pathway and for their dominant negative behaviour. Thus, the comparable stimulation
of the ERK shown in Fig. 24 was surprsing. YWWe addressed this point by comparing the
dose-response curves for agonist-induced stimulation of the cAME and ERK pathways
in HBL cells expressing physiclogical levels of the MCITR {~ 03 femtomoles of NDF-
MSH binding sitesfug protein) (44,46 The saturation curve for ERK activation was
strongly left-shifted relative to cAMP production, with ECS0 values approximately two
orders of magnitude lower (Fig. 2C and D). Similar results have been previously
reported in a heterologous cellular model (48) although in this case the strong
overexpression of the receptor protein did not allow for an adequate interpretation of
the data. Therefore, much lower levels of homone-receptor complexes were reguired
to achieve maximal ERK stimulation compared with cAMP production, thus accounting
for the smaller effects of RHC mutations on signalling to the ERK pathway. This
suggests that the plasma membrane levels of MC1R , which are limiting for stimulation

of the cAMP pathway (52) are not the limiting factor for ERK activation.
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Fig. 2. ERK activation by MOP-MZH in human melanoma cells expressing variant MC1TR. A,
Clones of HEL cells stably expressing the MC1R forms indicated on top of each blot were
stimulated with NDP-MSH (107 M) for the times shown, PMA (0.1 ng/pl, 15 mind ar FSK (107 M,
15 miny. Cell extracts were hlotted for pERK. The experimentwas repeated at least 3 times with

similar results. B, Agonistinduced cAMP levels following stimulation with NOP-M5H in HEL
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cells expressing WT or wvariant MC1R. Cellz were serum-deprived for 3h before agonist
challenge for 30 aor 180 min. Results are given as mean = sem, re 4. C, Dose dependence of

NMOP-MSH induced ERK phospharnylation in HEL cells expressing endaogenous WT MC1R. Cells
were serum deprived and challenged with the indicated concentrations of NDP-MSH for & min
hefore estimation of pERK levels by Western hlot. A representative blot out of 3 is shown. O,
Comparison of the changes in pERK levels (squares, left axis) and cAMP accumulation
itriangles, right axis) in HEL cells treated with the indicated concentrations of NOP-MISH.

Results are the mean £ s.em(n=z 3).

However, since functional coupling of MC1R to the ERK pathway is currently
attributed to cAMP (31,32, we performed additional experiments to address this issue.
First, we incubated HEL cells with FSK for times ranging from % to 30 min, in order to
exclude that failure to detect cAMP-dependent ERK activation could be due fo
inadequate selection of the time window (Fig. 324 FSK did not activate the ERKs at the
time points shown or at longer times {1 or 3 b, not shown), and even caused a small
reduction in the levels of phosphorylated ERK. Although this inhibitory effect was
difficult to quantify owing to the already low basal levels of ERK phosphorylation, it
seemed reproducible (see for instance Fig. 3B). These data are in line with the
inhibition of ERK signalling by cAMP in most cell types (52.54) and with reports of
suppression of ER K activity following stimulation of cAMP production with FSK in RAS-
mutated human melanoma cells (25). NMext we compared the levels of cAMP and active
ERKs in cells stimulated with NMOP-MSH or FSK in the presence or absence of the
specific adenylyl cyclase inhibitor 2°, 5'-dideoxyadenosine (DDA). As shown in Fig. 3B
and C, DDA had no effect on MC-dependent ERK activation, but effectively abolished
MC or FEK-induced production of cAMP. Owverall, these results show that caMP s

neither sufficient nor necessary to trigger ERK activation in human melanocytic cells.
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Fig. 3. ERK activation in HBL cells is independent on cAMP. A Inability of FSK to induce ERK
phasphorylation. Serum-starved HEL cells were incubated with FSkK (10'5 M) for the times
indicated, or with the positive controls NDP-MSH (107 M, 8 min) or PMA (0.1 nogipl, 15 min). Cell
lysates were analyzed for pERK or ERKZ as loading control. B, The adenylyl cyclase inhibitor
DDA does not block MC1R-induced ERK activation. HEL cells were challenged with NDP-MSH
(1D'? b, & ar 30 min) or FSK (10'5 b, 30 min), with or without DDA (2.5 mM, 30 min). ERK
phosphorylation was detected by Western blot. C, HBL cells were treated as above and

intracellular cAMP levels were determined. Results are given as mean x sem, nz 4.

Functional coupling of MC1R to the ERK module involves transactivation of a
RTK.

Feqgulation of ERK signalling by GFCEs is complex and dependent on the
cellular context. In addition to the cAMP pathway, the PKC cascade links several
PCRs to the ERKs, either by direct PRC-dependent phosphorylation of members of
the ERK module, or indirectly via activation of non-RTKs such as Src (27,28.30). ERK

activation can also depend on GRy complexes dissociated from the Go subunit upon
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activation of heterctrimeric G proteins (56), or on the formation of signalling complexes
recruited by the GPCRs upon phosphorylation by GRRKs followed by binding of |-
arrestins, which act as scaffolds for proteins of the ERK module (268) Moreover,
several GFCRs trigger ERK signalling via transactivation of RTKs such as the
epidermal growth factor receptor (EGFR) by incompletely defined mechanisms
(27,2830 We tested these possible modes of coupling using HEL cells as a model for
cells of the melanocytic lineage.

To study the role of the diacylgIiceroIfCaz‘—aotivated FkC, we analyzed both
FkC activation by MDP-MSH and the effects of the specific PR inhibitor Ro31-8424%
on MC-dependent ERWK activation. PKC  activity was estimated by detection of
phosphorylation of the mynstoylated alanine-rich PKC substrate (MARCKS), a major
and ubiguitous PKIZ substrate (57). Mo evidence of PKC activation was obtained in
cells treated with NDF-MSH, as shown by lack of detectable MARCKS phosphorylation
as opposed to rapid and strong phosphorylation in cells stimulated with PMA (Fig. 44
This response was specific for PKC activation, as it was abolished by preincubation
with Ro31-8425 but was not sensitive to the PKA inhibitor Rp-cAMP or the MEK
inhibitor FD28058 . Moreover, Rp-cAMP and Ro31-842% failed to decrease MC-
mediated activation of the ERKs (Fig. 4B). In addition, since PKC activation by GFCRs
is dependent on transient increases in cytosolic Ca®", we checked the effects of
nifedipine, a dinydropyridine Ca®*" channel blocker, and {(+)-Bay K&644, a L-type Ca®"
channel activator. Neither of these agents had any significant effect on basal or WMC-
induced pERWK levels (Fig. 4C). Cwverall, these data show that ERK activation in
melanocytic cells stimulated with NDP-MSH is independent on Ca® fluxes or PKC.
Moreover they strongly suggest that MC1R does not activate PKC in melanocytic cells,

as opposed to other receptors of the MCRE family (5859
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Fig. 4. MC1R-mediated ERK activation in HEL cells is independent on PKC, calcium fluxes or
PkA A HBEL cells were preincubated for 1 hin the presence or ahsence of the protein kinase
inhihitors PO38059 (50 M), Ko31-8425 (25 nM) or Ep-cAMP (20 uh) and then challenged with
either MOP-MSH [1III'? b, 5 min) or PMA (0.1 ngiul, 15 min). Cell lysates were analyzed by
Western hlot for detection of phosphorylation of a PKC substrate (MARCKS, upper blot) and
total ERKZ as loading control. B, HEL cells were challenged with NDP-MSH (10'? M, & min) with
orwithout preincubation (1 h) with Ho31-8425 or Bp-cAMP. Cell extracts were blotted for pERK.
Z, HEL cellz were challenged with MOP-M3SH (1III'? M, 2 min) with or without (£)-Bay K8644 (1
wht, 1 kY or nifedipine (10 pg/ml, 1 h). ERK phosphorylation was analyzed by Western blot.

Given that we did not find evidence of c&MP, PKA, PKC or Ca®tinvolvement in
MC-induced ERK activation, we considered the possibility of transactivation of a RTK.
When HEL cells were challenged with NDP-MSH, a rapid and transient increase in
tyrosine (Tyr) phosphorylation was detected by VWestern blot, which was maximal
slightly sooner than maximal pERK levels were reached (Fig. 54) Conversely, FSk did
not mediate a similar stimulation of Tyr phosphorylation (Fig. 5B} Therefore, NDP-
MSH stimulated Tywr kinase activity in HEL cells independently on cAMP . with kinetics
compatible with a role in activation of the ERKs. We next tested the effect of AG 1478
(tyrphosting, a strong and fairly specific EGFR inhibitor (nanomolar 1Cq, values) that
also inhibits other RThks at much higher concentrations. Preincubation of HBL cells with
AG14T7E effectively inhibited basal and NDP-MEH-induced ERK phosphorylation only
at micromolar concentrations (Fig. 5C), and occurred upstream of NREAS since AG 1478
(50 uM) had no effect on ERK activation by a constitutively active NRAS mutant (Fig.
5C) Therefore, treatment of HEL cells with NDP-M5SH activated a Tyr kinase located
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upstream of NRAS and sensitive to relatively high concentrations of AGI1478, thus
most lilkely different from EGFRE family members. Since transactivation of RTKs
downstream of GPCRs is best established for the EGFR (30), we wished to confirm
lack of involvement of this receptor by means of a more specific inhibitor of the EGFR
family. WWe used PD15303%, a selective compound that inhibits EGFR with an [C50 as
lowy as 25 ph (60). Following preincubation of HBL cells with FD153035% at a 0.1 uhd
concentration, i.e. several orders of magnitude above its 1C50 forthe EGFR we did not
observe any inhibition of either basal, NDP-MSH-stimulated or mutant NREAS-
dependent ERK phosphorylation in HBL cells (Fig. 5 D). Thus, EGFR is not the BT

transactivated upon MCI1R stimulation in HEL cells.
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Fig. 5. Activation of Tyr phosphorylation by MOP-M3IH. A, Serum-deprived HEL cells were
challenged with MOP-M3SH for the times shown and Tyr phosphorylation was detected by
Western blot. B, Failure of cAMP to induce Tyr phosphorylation in melanoma cells. HEL cells
were incubated with NDOP-MSH or FSK and probed for pTyr by Western blot. C, ETK inhikition
completely blocks ERK. activation by BMDOP-MZH. Control, untransfected HEL cells were
preincubated with increasing concentrations of AG 1478 for 45 min, then treated with NOP-MSH .
Cell extracts were analyzed for ERK phosphorylation. As a control for specificity, cells
transiently transfected with empty vector ar the NRAS constitutively active mutant QB1R, as
indicated, were incubated with a fixed 50 pM concentration of AG1478 for 1 h and pERK was
detected by Western blot. O, NOP-MSH-induced Tyr phosphorylation is not mediated by the
EGFR.HEBEL cells transfected with empty vectar or with the QF1R NFAS mutant were pretreated
ar not with the specific EGFR inhibitor PO1523035 (0.1 pM, 45 min), and then challenged with
107 M NDP-MSH for the tirmes shown. nERK. levels were estimated by Western hlot. ldentical

results were obtained in two independent experiments.

Src and ¢c-KIT link MC1R signalling to ERK activation

The next seres of expenments aimed at the charactenzation of the putative
ETK transactivated by MC1R . We focused on o-kKIT, a RETk expressed in cells of the
melanocytic lineage (19:61). CHKIT is the receptor for STEEL/SCF, a ovtokine that
regulates melancblast proliferation, differentiation, migration, and survival (19). Loss-of-
function (LOF) dominant alleles of c-KIT yield a white coat in mice (19), and LOF
mutations in humans are causally associated with pigbaldism and cochlear deafness
(21:22). Moreover, oral administration of the specific inhibitor of c-KIT RETK activity
ISCKO3 causes reversible and dose-dependent hair depigmentation in C57ELE mice
and topical application of this drug decreases UV-induced pigmentation and epidermal
melanin in Brownish guinea pigs in vivo (B2).

Activation of c-kIT by SCF triggers autophosphorylation on several cytoplasmic
Tyr residues, with phosphorylation at Tw?21 allowing binding and activation of PI3
kinase [671,63) MNDP-MSH induced the transient phosphoryation of cIT Twr?21 in

HEL cells (Fig. BA), indicative of rapid transactivation of c-KIT. Similar results were
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obtained for HBL cells expressing the RHC mutants (not shown), but no significant
increases in c-KIT phosphorylation were observed in HBL cells treated with FSK (Fig.
BB} ISCKOD3 is a phenyl-imidazolosulfonamide compound that selectively inhibits c-kIT
activity at low micromolar concentrations without any effect on HGF-induced ERK
phosphorylation in S01mel melanoma cells (62). Freincubation of HEL cells with
[SCKO3 (% phd) effectively blocked NDP-MSH-induced ERK phosphorylation without
effect on mutant NRAS-induced ERK activity (Fig. BC). Given that the phamacology of
SCKO3 is relatively poorly established, two better charactenzed inhibitors of c-KIT
were employed: GTP-14564 and Sunitinib (SU11248) (Fig. 60). GTP-14564 has been
reported to inhibit c-KIT at low micromolar concentrations. At the working concentration
used in Fig. 60 (1.0 uk) the compound is extremely selective, as it has no effect on
most Tyr and Ser/Thr kinases such as EGFR, KDRE or HERZ (1C50 2 10 uM), Src, PKA,
AKT, MEK or ERK (64). Sunitinib is a highly potent inhibitor of c-KIT (Ki ~ 4 nh) used
as a chemaotherapeutic agent (65), and was employed at a 10 nM concentration. Both
compounds inhibited ERK activation by NDP-MSH in HBEL cells (Fig. 60 but had no
effect on ERK phosphorylation in cells expressing a constitutively active NEAS mutant
(not shown). Although Sunitinib is not fully specific for c-KIT and also tangets vascular
endothelial growth factor receptor and platelet-derived growth factor receptor with
similar potency, taken together the results obtained with the 3 pharmacological
inhibitors strongly suggested that o-KIT is the RTK transactivated upon stimulation of
the MCIR.
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Fig. 6. cAMP-independent transactivation of c-KIT in MDP-MZH-stimulated HBL cells. A,
kinetics of c-KIT activation by NDP-MSH. Serum-starved HBL cells were stimulated with NOP-
MZH for the times shown and analyzed for c-KIT phosphorylation at Tyr7 21 by Western blot. B,
Lack of c-KIT activation by FSK. Cells were treated with FSK (1 0°M, 30 ming or NOP-MSH (1EI'?
M, 4 min) as positive contral and hlotted for c-KIT phosphorylation at Tw?21 (upper), ERK
activation (middle) or total ERK (lower, loading control). C, The c-KIT inhibitor |3CKO3 blocks
ERK activation by NDOP-M3SH. Cells were transiently transfected with the empty vectar (pcDOMNA3)
arwith a constitutively active NRAS mutant (Q61R), preincubated with ISCTKO3 (1 wh, 1 h), then
challenged with NOP-MSH for 4 min. Cell extracts were analysed by Western for pERK. D,
Impaired ERK activation by NOP-MSH in HEL cells treated with the o-KIT inhibitors GTP-14564
and Sunitinib. HEL cells were pretreated for 1 h with the indicated concentrations of the c-KIT
inhibitors, then challenged with NOP-MSH (1 0'M, 2 or4 min} before estimation of pERK. levels
by Western blot,

We confirmed these pharmacological evidences of c-KIT involvement in ERK
activation downstream of MC1R by a series of more conclusive molecular approaches.
Depletion of c-KIT with a mixture of 4 pre-designed siEMNA oligonucleotides abolished
MC-dependent ERK activation (Fig. 7A) This result was confirmed with 2 independent
siEMA oligonucleotides emploved individually. Moreover, the specificity of this inhibitory
action and the absence of off-target effects were suggested by comparable stimulation
of cAMP synthesis by NDP-MSH in the presence of c-KIT-directed or control siRMNA
(Fig. 7B). To further demonstrate that o-KIT is required for positive functional coupling
of MC1R to the ERKs we performed functional reconstitution experiments in HEKZ293
cells transfected with MCIR or c-KIT, alone or in combination. c-KIT expression was
analyzed by VWestern blot that showed two major bands of ~ 110 and 145 kDa, most
likely comesponding to the "de novo" incompletely processed form and the mature

protein, respectively. Treatment with NDP-MSH failed to achieve ERK stimulation in
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cells expressing MCI1R alone, but the MC caused a reproducible increase in ERK
phosphorylation in cells expressing both MCIR and c-KIT, of similar intensity as the
one produced by stimulation with the c-KIT ligand SCF (Fig. 7C). As a further control,
cells transfected to express c-KIT alone showed increased pERK levels after
stimulation with SCF but not with NDFP-MSH (not shown). Of note, a NDP-MSH-
induced time-dependent phosphoryation of c-KIT was also detected in cells expressing
MCTR and c-KIT (Fig 7 C, lower blot),

A Contrel sIRMA eIT sIRMA [mleture)
MERP-MSH [ n) 0 2 4 1] 2 4
eHIT
pERK1Z
ERK2
sIRMA c 21 ¥4 G - -4
NBP-MSH - ; ; - + -
el|T
pERI1r2
ERHK2
Control siRMA clIT siRRA
c 3+
k1
5 I
a
m 24 I
=
[ R
=
T4
w
2
<
£
a u 1 ) T ]
a 30 a 30

Treatment time {min}

165



Capitulo 3

C
pcDMAS+MCIR MCIR+cKIT
SCF fmin) SCF {min)
MOP-MSH [(miny O Z 4 ] g 1] ] 1] 2 4 8 1] 8 5
T | | o M S g g s
d
pERK1R | |”M Rl | “"""""=E:2

el e ]

MC1R+cKIT
NDP-MSH [min) O 2 4 & & 10
p-ehIT - .. 150
[Ty} m m o ¥ 100

ER 2 |mmmm“”|

Fig. 7. Relationship of c-KIT expression and MC-dependent ERK phosphorylation. A, Effect of
c-KIT silencing on ERK phosphorylation induced by NOP-MSH. In the upper series of blots,
cells were transfected with a mixture a 4 c-KIT-directed siEMA or a scrambled sequence as a
negative control, and stimulated with NDOP-MSH for the times shown . Efficient silencing was
verified by analyzing total c-KIT levels (upper hlot), and ERK activation was assesszed by
estimation of pERK levels (middle). Total EREKZ2 was used as loading contral {lower). In the
lower series, cells transfected with control siRNA [C) or with 2 unrelated individual c-KIT-
directed siRNAS (#1 and #2), were stimulated with NOP-MSH (107 M, 4 min), and analyzed for
c-KIT, pERIK and total ERK as above. B, Lack of effect of c-KIT silencing by siENA an M-
dependent cAMP production. Cells treated with the same siRMA mix as in the upper blot were
analyzed for intracellular cAMP by radicimmunoassay (results are the mean £ semzrd). C,
Feconstitution of c-KIT and ERK activation by MDOP-MSH in HEKZEI cells transfected with
MCI1R and c-KIT. HEKZ293 cells were transfected to express MCI1R alone (blot labelled pcOMNA
+ MCTE), or MCI1E and c-KIT simultaneously. In the upper series of blots, cells were serum-
deprived and stimulated with NOP-MSH [1EI'? My ar SCF (50 ngfml) far the times shown., ERK
phosphorylation, total c-KIT expression (labelled c-KIT), c-KIT phosphorylation at Tyr?21
(lahelled pc-KIT) and total ERKZ were detected by Western hlot.

Melanoma progression is often associated with loss of cIT expression
(24:25) If ERK activation by MCI1R is indeed dependent on transactivation of o-KIT,
then loss of c-KIT expression in melanoma cells should uncouple MCIR from the
ERKs. We analyzed a panel of human melanoma cell lines for c-KIT expression. Only
cell lines WT for MEAS or BRAF were considered, in order to avoid interferences due
to mutations in these upstream components of the ERK pathway. Four such c-KIT-
positive and 5 c-KIT-negative cell lines were identified (Fig. 84), according to the
presence or absence of a majority band of ~ 145 kDa in Westermn blots, consistent with

the electrophoretic mobility reported for the mature, glycosylated form of the protein
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(BB). These cell lines were tested for MC-induced ERWK activation. The ERKs were
activated by MDOP-M5SH in c-KIT-positive cell lines whereas c-KIT-negative cells were
unresponsive (Fig. 8B and C). Of note, neither c-KIT-positive nor c-KIT-negative cells

increased ER K phosphorylation when stimulated with FSK (not shown ).
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Fig. 8 Functional coupling of MC1R to the ERK pathway in human melanoma cell lines is
dependent on c-KIT expression. A, Expression of c-KIT in human melanoma cell lines. Cell
extracts from LOCE-MM28, 61, 78, 84 858 104, 117,118 and 119 human melanoma cells were
analyzed for c-KIT expression by Western blot. B, Effects of NDP-MSH on pERK levels in c-KIT
positive and negative human melanoma cells. After serum deprivation, cultures of the indicated
cell lines were stimulated with NOP-MSH and ERIK phosphorylation was compared by Western

hlot. , Quantification of ERK activation in c-KIT positive and negative human melanaoma cells.
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Two independent blots as shown in panel B were quantified and the intensity of the pERK signal
was normalized to the intensity of the band in contral cells, after carrection for Ioading. Results

are given as fold increase in pERK [mean + range).

Dverall, the results presented thus far prove that MC1RE stimulation tiggers
activation of the ERKs through the cAMP-independent transactivation of o-KIT.
Moreover, our data formally exclude cAMP and PKC-related events as the
mechanisms relaving MC binding to the MC1R to ERK activation. In an attempt to
identify components of this signalling pathway downstream of MC1R and upstream of
c-KIT, we focused on Src, a non-RTK that has been shown to play key roles in BT
transactivation (30,56,67-69) sre kinase activity s controlled by
phosphoryation/dephosphorylation,  with  a major role  for changes in the
phosphorylation status of a specific Tyr residue located near the C terminus (Tw530 in
human Src). When phosphorylated, this residus binds intramoleculady to a SH2
domain, leading to the stabilization of a compact and inactive conformation. Regulated
dephosphonyation of Tyra30 dismupts this intramolecular interaction and is sufficient to
comvert Src to an open and catalytically active state (68-70), which can be further
activated by phosphorylation of other residues, mainly Tyd 16 Accordingly, the
functional status of Src can be estimated from the degree of phosphorylation of the C-
terminal Tyr530 by means of phosphospecific antibodies. Stimulation with MDP-MSH of
HEL melanoma cells or heterologous HEK233 cells transfected to express both MCTR
and c-KIT caused a rapid and transient dephosphorylation of Sne TyrS30 (Fig. 940
Thus, MC signalling resulted in activation of Src. Importantly, FSK falled to attenuate
the phosphorylation of Tyr230 in Sre (Fig. 9B), eventhough SCF tnggered ERK
activation {see below) These data suggest that Src is activated downstream of MCTR

in HEL melanoma cells, and that its activation by NDP-MSH is cAMP-independent.

A role for Sroin transmitting the MO signal to the ERK s was next analyzed with
a set of 3 different phamacological inhibitors. The pyrazolopyrimidine denvatives MNa-
FP1 and PP-2 are potent and selective inhibitors of the Src family of non-RTKs (71)
with a submicromolar 1C50 for Src inhibition, and potencies about one order of
magnitude lower for a few other kinases such as p38 MAFK (72). These compounds
were used at final concentrations ranging from 0.1 to 10 gk, The clinically relevant
Dasatinib was described as a potent pan-Sroinhibitor with 1C50 values near 1 nhd (73],
but it has also been shown to inhibit several RTKs including c-KIT at higher
concentrations, with 1C50 around 100 nh (74, Accordingly, Dasatinib was used at a

fixed concentration of 10 nh, expected to block Src-dependent responses with minor
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effects on the activity of c-KIT and other RTKs. Preincubation of HEL cells with Na-PP1
or PP-2 before stimulation with NDP-MSH dramatically inhibited MC-induced ERK
phosphorylation in a dose-dependent manner (Fig. 9C), with a higher potency for FP-2
consistent with the reported phamacological data for these compounds (72) ERK
activation was completely blocked by 1 pM PF-Z2, but was already attenuated at
nanomolar concentrations of the inhibitor. Although the specificity of PP-2 is not
absolute, those doses should be selective for Sre (V1) Moreover, Dasatinib at a 10 nkd
concentration completely abolished ERK activation by NDP-MSH [Fig. 9C). This
concentration is most likely sufficient to completely inhibit Sre activity with marginal
effects on c-KIT, according to the reported [C50. Failure of Ma-FP-1, PP-2 or Dasatinib
to block mutant RAS-induced ERKW phosphoryation at comparable doses placed their
targets upstream of NEAS and further suggested selectivity of the compound (Fig. 9C)
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Fig. 9 Activation of Src by MCTTR signalling and possible role in downstreamn activation of the
ERK pathway. A, Kinetics of Src activation in HEL cells (left) or HEK233 cells transfected with
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MC1R and c-KIT (right) following stimulation with 1077 M NDP-MSH (left). Src activation was
assessed by decreased inhibitory Tyr530 phosphorylation. B, Lack of Src activation by FSK.
HBL cells were treated with 107 M FSK for the times shown and tested for Sre activation as in
panel A, C, Effect of the Src inhibitars Na-PP-1 (upper), PP-2 [middle} and Dasatinib (lower) on
ERK activation mediated by MOP-MSH ar by the constitutively active QB1R mutant of NRAS.
HEL cells transfected with empty pcONA3 or with a construct corresponding to the QBETR NEAS
mutant were preincubated with the Srcoinhibitors at the concentrations shown, and then
challenged with NDP-MSH |[1D'? M & min). ERK activation was estimated by Western hlat.

To locate the position of Srein the signalling pathweay linking MC1R to the
ERKs and to further test a model of MC1R-dependent ERK activation based on c-KIT
transactivation mediated by Src, we analyzed the effects of c-KIT stimulation with SCF
on Src activity. SCF did not induce the dephosphoryation of the inhibitory phosphor-
Tw530 eventhough the o-KIT ligand triggered ERK activation (Fig. 104). Finally, we
confirmed the previous results obtained with an  antibody specific for the
phosphorylated form of c-KIT Tw721 by means of a different antibody that recognizes
phosphoTyr/ 03, Phosphoryation of Tw703 has been shown to provide a docking site
for the adaptor protein Grb2 that may link c-KIT activation to the RASRAFMEK/ERK
pathwray (61,75). As shown in Fig. 10B, NDP-MZH triggered the phosphorylation of o
KIT Twr703 In the presence of the Src inhibitor PP-2 at a 1 M concentration, NDP-
MSH-induced Tywr703 phosphoryiation was blocked, with a concomitant inhibition of
ERK phosphoryiation. Corversely, the SCF-dependent phosphorylation of Tyr?03 was
much less sensitive to PP-2, suggesting that the inhibitor targets a component of the
signalling pathway located upstream of c-KIT. Moreover, PP-2 had no effect on SCF-
dependent ERK phosphorylation even at high concentrations previously found to block
completely MC1R signalling to the ERKs (Fig 10B).

Owverall, the data presented above showed that Src was activated by NDP-
MSH independently of cAMP, and suggest that pharmacological inhibition of Sre kinase
activity blocked MC1R-mediated activation of c-KIT and of the ERKs. Moreover, given
that Src is not activated by SCF, and that PF-2 has a small or negligible effect on SCF-
mediated c-KIT and ERK activation, it would appear that the non-ETK is located
upstream of c-KIT in the pathway linking MC1R and the ERKs (Fig. 10C).
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Fig. 10. Src is moast likely located upstream of c-KIT. A, Inability af the «KIT ligand SCF ta

attenuate inhihitory Tyr330 phosphorylation in HEL melanoma cells. Serum starved cells were
stimulated with SCF (30 ngi/ml) far the times shown and analyzed for Tyrs 30 phosphorylation by
Western blot. B, Effect of PP-2? on c-KIT phosphorylation and ERK activation following
stimulation with NDP-MSH or SCF. Control HEL cells ar cells pretreated with the concentrations
of PP-2 shown were challenged with 107 M NDP-MSH or 80 ng/ml SCF (4 min), then lysed and
tested for activatory c-KIT phosphorylation at Tyr703, and pERK levels. T, A model far
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signalling from MCI1R. Two different signalling pathways ariginate from the MC1H, the cAMP
(left branch} and the ERK pathways (right branch). Both pathways converge at the level of
MITF. cAMP increases MITF gene expression via PKA and CREE, and ERK-dependent
phosphorylation of MITF increases its transcriptional activity but targets the protein for
degradation. Whereas functional coupling to the cAMP cascade is strongly impaired by the RHC
mutations, ERK activation is triggered by transactivation of c-KIT via Src and is comparably
efficient for variant and WT MCTR.

DISCUSSION.

It has been reported that treatment of mouse melanoma cells with MCI1RE
ligands or with cAMP-elevating agents such as FSK and the phosphodissterase
inhibitar IBMX leads to stimulation of the ERKs, and accordingly it has been assumed
that human MC1R signalling to the ERKs is also dependent on cAMP (32). However,
we have presented here extensive and conclusive evidence disproving a positive role
for cAMP in MC1R-mediated activation of the ERKs in human melanocytic cells. This
evidence includes. a) efficient activation of the ERKs by MC1R mutant alleles with
impaired or absent cAMP signalling in NHM and human melanoma cells at
physiological levels of receptor expression and hormone concentration, b) different
dose-response curves for ERK activation and cAMP production at physiclogical MCTR
levels, ¢ faillure of the adenylyl cyclase activator FSK to activate the ER ks, d) inability
of the cAMF antagonist Ep-cAMP to block ERK activation in human melanoma cells
expressing WT MCTR, and &) lack of effect of the adenylyl cyclase inhibitor DDA on
MCT1R-dependent ERK activation in spite of complete inhibition of MC-stimulated cAMP
production. This  combination of complementary genetic and  pharmacological
approaches unequivocally showed that cAMP is neither sufficient nor necessary for
positive functional coupling of MCIR o the ERK pathway. Moreover, we found a
reproducible inhibition of basal levels of phosphoryvlated ERK following treatment of
HEL cells with FSK, extending previous reports of cAMP-dependent suppression of
ERK activity in RAS-mutated human melanoma cells (55) to at least one cell line WT
for MRAS and BRAF. Owverall, these data called for a re-evaluation of current
paradigms on the crosstalk between the cAMP and ERK pathways in human
melanocytic cells (53,5476, and, accordingly, we analyzed possible cAMP-
independent mechanisms accounting for ERK activation in MC-stimulated human
melanocytic cells. We found that in HEL cells, signalling from MC1RE to the ERKSs is
mediated by the transactivation of ¢cKIT. Again, this conclusion was reached on the
basis of both phamacological and molecular approaches that showed: a) a rapid

increase of tyrosing phosphoryation and o-KIT activation in cells treated with NDP-

172



Signatling from MOIR to ERK nvolves eRIT

MSH but not with FSK, b) efficient blockade of ERK activation in MC-stimulated cells by
3 oKIT inhibitors (ISCKO3, GTP-14584 and Sunitinib), but not by EGFR specific
inhibitors (PD 115303% and low concentrations of A 1478} under conditions that fail to
block downstream signalling initiated at the level of NEAS ) ablation of MC-induced
ERK activation following silencing of ¢c-KIT expression with siEMNA, d) ERK activation
following MC stimulation of c-kIT-positive human melanoma cells but not of cell lines
lacking c-KIT expression and &) reconstitution of c-kIT activation by MCs and of a
positive pERK response to the MCIR ligand in HEK cells simultaneously transfected
with MC1R and c-KIT constructs, but not with either one of the individual constructs
alone.

The precise mechanisms coupling MCTR activation by M hormones and c-kIT
transactivation are currently under study in our laboratory. Our data strongly suggest
that the non-ETK Src plavs a key role upstream of c-KIT (Figs. 9 and 10). Indeed, we
found that Src was rapidly activated by treatment of HEL cells with NDP-MESH, but not
with FSK or with the oKIT ligand SCF. Similar results were obtained in HEK cells
transfected to express MCIR and c-KIT. Moreover, the Src inhibitors MNa-FP1,
Dasatinib and FP-2 blocked ERK activation in MC-stimulated cells. Since concerns
have been raised about the selectivity pharmmacological Sre inhibitors (6877 1,77) we
took special care to ascertain sufficient specificity and found that under our
experimental conditions Ma-FPF1 and PP-2 had no effect on either c-KIT or downstream
kinases as shown by inability to block ERK phosphorylation in cells stimulated with the
c-KIT ligand SCF, or expressing a constitutively active NREAS mutant. Dasatinib was
equally unable to block mutant NE AS-driven ERK phosphorylation. Moreowver, our data
clearly located Src upstream of c-KIT and NRAS, since: a) Src was not activated by
direct stimulation of c-KIT with SCF, b} incubation of HEL cells with the Src inhibitar
FP-2 under conditions that completely block the pERK response to NDP-MSH had no
effect on either SCF-induced c-kIT autophosphorylation at Tywr703 or ERK activation,
and c) under identical conditions, PP-2 abolished NDP4SH-mediated phosphoryation
of c-KIT Twr703. Owverall, these results strongly support the involvement of Sre in MC-
signalling to the ERKs although this point should be confimed by complementary
molecular approaches.

The molecular events linking MC1R to Srcon one hand, and Srcto ¢-KIT onthe
other remain unknown. Concerning the latter, we have found expression of the c-kIT
ligand SCF in HEL and other human melanoma cells {unpublished observations), and
accordingly one attractive possibility would be the MC-induced proteolytic activation of
a latent form of this growth factor, with release of the active form on the extracellular

side of the cell membrane. Such a proteclytic ectodomain shedding mechanism has
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been demonstrated for the transactivation of several RTks by GPCR signalling in
various cell types (28307, However, preliminary experiments showed that the broad
spectrum matrix metalloprotease inhibitor GM1001 had no effect on MC1R-dependent
ERK activation (results not shown) Accordingly, other transactivation mechanisms
appear more likely particularly in the light of the extremely complex interplay of Src
family kinases and RTKs (67) and of reports of direct and selective phosphoryation of
c-k T and other ETKs by Src family Kinases (78-80),

Since the first report of EGFR activation by a GPCRE (81), transactivation has
been shown for vanous RTKs such as FGFR1, HER2Z/EmBZ/neu, IGF1R, Trk, FDGFR
and YEGFR . Therefore, transactivation seems a rather general phenomenon that may
underie the mitogenic effects of signalling from certain GFCRs (30). However,
transactivation of c-KIT by MCIE signalling offers several unique aspects. On one
hand, it is the first report of activation of c-KIT by signalling from a GPCR. On the ather,
we have found compelling evidence that whereas ¢-KIT transactivation and hence ERK
activation are comparable forWT-MC1R and the RHC mutants, the REHC forms display
a clear loss-of-function phenotype in signalling to the cAMP cascade (41-45)
Accordingly, the RHC alleles correspond to imbalanced signalling wariants rather than
to Hona fide hypomorphic proteins. This observation can be interpreted in terms of the
different dose—sesponse curves for stimulation of the ERK and c&MP pathways, which
show that the former is fully activated at much smaller concentrations of active
hormone-receptor complexes. Thus, the MC1R/c-KIT system described here (Fig. 10C)
shows that different signalling pathways originating from a single GFCR can be
differentially altered by naturally occurmng mutations, with phenotypic conseguences.

Anaother unique aspect of c-KIT transactivation by MC1R signalling consists of
the convergence of the cAMP and the ERWK pathways triggered by the MCI1E at the
level of MITF, a master regulator of melanocyte biology (3.4, 7). cAMP stimulates MITH
gene expression and the ERKs phosphordate the MITF protein resulting in increased
transcriptional activity but decreased intracellular stability (82). Accordingly, the cellular
responses to the MCs might be fine-tuned by an atypical feedback loop whereby the
cAMP-dependent transcriptional induction of MITF would be counterbalanced by ERK-
dependent downregulation of MITF protein following its activation. Some evidence in
support of a regulatory loop invaolving cAMP and the ERKs has been reported for
mouse melanocytic cells (83). In human melanocytes harbouring RHC mutant MC1TR
alleles, the function of this feedback loop would be altered due to the differential impact
of the mutations on signalling to cAMP production or ERK activation (48). It is tempting

to speculate that loss of positive cAMP-dependent effects and retention of negative
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ERK-dependent regulatory influences would cooperate to maintain low levels of MITF
invariant human melanocytes, thus decreasing their melanogenic activity.

our finding that MC1R recruits c-KIT to activate the ERKs independently on
cAME also accounts for the involvement of NRAS in MC-mediated ERK signalling
previously reported by others (32). Moreover, it might provide a molecular basis for the
observation that treatment of melanocytes with oMSH activates the PI3 kinase-AKT
pathway (84), a process that may participate in the protective action of the MCs against
ultraviolet radiation-induced cellular damage. Indeed, by transactivating a RTK the
MCTR would trigger antiapoptotic and survival pathways.

Human MCTR is a well established melanoma susceptibility gene (85) and the
RHC alleles are strongly associated with increased sk for melanoma and other skin
cancers. It will be interesting to analyze whether imbalanced signalling to the cAMP
and ERK pathways, with impairment of cAMF and photoprotection-related activity but
retention of proliferation-promoting signalling contributes to the association of variant
RHC alleles such as R151C, RGOV and DZ294H with skin cancer. In any case, the
identification of the cAMP-independent, c-KIT-dependent transactivation of the ERK
pathway by the MCs has unexpected and wide implications for our understanding of
the functional connections of pathways critical for the regulation of melanocyte

proliferation and differentiation.
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CAPITULO 4

Relaciones funcionales de las vias del AMPc y de las proteinas
quinasas activadas por mitégenos ERK1 y ERK2 mediadas por el

receptor de MC 1 en células de melanoma humano.

RESUMEN.

El MC1R, uno de los principales determinantes del fototipo de la piel, &5 un
receptor acoplado a la proteina Gs (GPCR) que regula la produccion de pigmento
en los melanocitos. La estimulacidn del MC1R por la hormona estimulante del
melanocito c (ohSH) o peptidos relacionados denominados melanocortinas (MCs)
provoca la sintesis de AMPC gque conduce a la activacidn de la enzima limitante
melanogénica tirosinasa. Ademas, la sefalizacion por MC activa la cascada de las
MAP quinasas ERK1 v ERKZ2, que controla la proliferacidn v diferenciacidn.
Freviamente hemos demostrado que en células melanociticas humanas la
activacion de ERW por MC ocurre a través de la transactivacion del receptor o-KIT
independientemente del AMPc, lo que sugiere que el acoplamienta del receptor a
estas dos vias implica diferentes efectores vy posiblements, mecanismos
reguladores distintos. Con el fin de analizar la regulacion diferencial de Ia
sefializacion del MCTR a las ERK v al AMPc, hemos evaluado el impacto de
mutaciones naturales v artificiales dentro del MC 1R en la activacion de las ERKs, |a
produccian de AMPC v la union del agonista. Varios mutantes que no consiguen
activar la produccion de AMPC fueron capaces de activar las ERKs de manera
gficiente, pero no encontramos ningdn mutante natural que  conservara el
acoplamiento funcional al AMPc siendo incapaz de activar las ERKs. Esto sugiere
gue el acoplamiento funcional a la via de ERK tiene requisitos menos estrictos. La
sobreexpresion de miembros de la maguinara de desensibilizacion responsables
del desacoplamiento del MCTRE de la via del AMPC no tuvo ningldn efecto sobre la
activacion de ERK dependiente de MC. Ademas, |la activacidn de ERK no se vio
afectada por la mahogunin nng finger 1, una proteina que inhibe la sefalizacion del
MCTR ala via del AMPC mediante la competencia por el acoplamiento a la proteina

iz5. Finalmente, examinamos el entrecruzamiento de las vias del AMPc v de las
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ERKs en las células de melanoma humano HEL (genotipo silvestre para MCTR,
MEAS v BREAF). La activacion de ERK por los mutantes constitutivamente activos
MEAS o BRAF v la inhibicidn con PD98059 no tuvo apenas efecto sobre la sintesis
de AMPC estimulada por MC. For otra parte, niveles elevados de AMPC bloguearon
eficientemente |la activacidn de ERK mediada por MC1RE v esta inhibicion tuvo lugar
aguas arriba de ¢cKIT. Por tanto, el AMPC se acopla negativamente a la wia de las
ERK en celulas melanociticas humanas en lugar de positivamente, como se sugind
por analogia con los melanocitos de raton. Por Uftimo, hemos estudiado el estadao
funcional de las vias del AMPC v de las ERK enun panel de 26 lineas celulares de
melanoma humano de genctipo MC1R, NRAS v BERAF definido. En estas lineas, el
acoplamiento funcional del MCI1E a la via del AMFC se encuentra inhibido muy
frecuentemente. Esta alteracion no se explica Onicamente por la presencia de

mutaciones en MC1RE v no es especifica de lineas mutadas en NEAS.
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Functional relationships of the MC 1 receptor-activated cAMP and mitogen-

activated protein kinase ERK1 and ERK2 pathways in human melanoma cells.

ABSTRACT.

MCTR, a major determinant of skin phototype, is a G protein-coupled
receptor [GPCR) that regulates pigment production in melanocytes. MCIR
stimulation by <« melanocyte stimulating hormone or related peptides termed
melanocorting (MCs) tiggers cAMP synthesis leading to activation of the rate-
limiting melanogenic enzyme tyrosinase. MC signalling also activates the MAP
kinase module leading to ERK1 and ERKZ, which control proliferation and
differentiation. Ve showed that in human melanocytic cells ERK activation by MCs
is achieved by transactivation of the c-KIT receptor independently on cAMP,
suggesting that MC1R coupling to these two pathways involves different effectors
and, possibly, different regulatory mechanisms. In an attempt to analyze the
differential regulation of MC1R signalling to the ERKs and the cAMP pathway, we
evaluated the impact of natural and artificial mutations within the MCI1R on
activation of the ERKs, cAMP production or agonist binding. Several mutants that
failed to activate cAMP production were able to achieve efficient ERK activation, but
we did not find any natural mutants preserving functional coupling to cAMP but
unable to activate the ERKs. This suggests less stringent requirements for functional
coupling to the ERWK pathway Owerexpression of members of the GPCRE
desensitization machinery responsible for uncoupling MCI1R from the cAMP
pathway had no effect on MC-dependent ERK activation. Additionally, ERK
activation was insensitive to mahogunin ring finger 1, a protein that inhibits MC1R
signalling to the cAMF pathway by interfering with coupling to Gs. Finally, we
examined the crosstalk of the cAMP and ERK pathways in HBEL human melanoma
cells (WYT for MCITR, NEAS and BERAF) ERWK activation by constitutively active
MEAS or BRAF mutants, and inhibition with PD98059 had little effect on MC-
stimulated cAMF synthesis. On the other hand, high cAMP levels efficiently blocked
MC1R-mediated ERK activation and this inhibition occurred upstream of o-KIT.
Thus, cAMF couples negatively to the ERK pathway in human melanocytic cells
rather than positively, as suggested by analogy with mouse melanocwtes. Finally, we
studied the functional status ofthe cAMP and ERK pathways in a panel of 26 human
melanoma cell lines of defined MC1R, NRAS or BRAF genotype. Inthese cell lines,
functional coupling of the MC1R to the cAMP pathway was very frequently inhibited .
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This impaiment is not always accounted for by mutations in the MC1R and is not

exclusive of NRAS-mutant cells.

INTRODUCTION.

The cAME and the mitogen-activated protein kinase (MAPK) extracellular
signal-requlated (ERK) ERK1 and ERKZ pathways regulate key aspects of
melanocyte biclogy., cAMF induces melanocyte  differentiation by stimulating
responses such as melanin synthesis (1), and ERK signalling is crucial for the
control of both proliferation (2) and melanogenesis (3] Both pathways converge in
the cell nucleus, through the activation of the cyclic AMP response element binding
protein (CREE) (4] and the microphthalmia-associated transcription factor (MITF), a
master regulator of melanocyte development, differentiation and proliferation (%)
cAMP activates CREE via PRA, thereby increasing MITF expression in both namal
human melanocytes and in B16 melanoma cells (6), and the ERKs activate p90o™s¥,
a protein kinase which phosphoryates CREE at Ser133 (4) and phosphorylate
directly MITF at Ser?3, thereby increasing its transcriptional activity, but decreasing
its intracellular stakbility.

cAMP synthesis in melanocytes s strongly stimulated by o« melanocyte
stimulating homone {afMSH) via the MC 1 receptor (MCI1R), a G protein-coupled
receptor (GPCR) that regulates the amount and type of melanin pigments and is a
major determinant of skin phototype, sensifivity to ultraviolet radiation and skin
cancer risk (7). Conversely, cAMP levels are negatively regulated by cAMP-
phosphodiesterases, a family of enzymes which degrade cAMF into AMP (8). MCITR
signalling also results in activation of the ERK1/2 pathway, both in mouse (3] and in
human melanocytes and melanoma cells (9). ERK1 and ERK2 are serine-threonine
kinases, which are activated by dual phosphoryation at Tyr and Thr residues by the
MAPK kinases MEK1T and MEKZ. MEK are phosphorviated and activated by the
RAF kinase proteing, ARAF, BRAF and CRAF. These RAF isoforms are activated
by complex and still incompletely known mechanisms involving the  active
membrane-bound small G protein RAS (10

The human MCTR gene is extremely polymarghic (11) and several variant
alleles are associated with red hair and fair skin (the RHC phenotype) and increased
risk for melanoma and nonmelanoma skin cancer. Three frequent and penetrant
RHC alleles, R151C, R180WY, and D294H with reduced functional coupling to the
cAMP cascade (12,13) retain full capacity to activate the ERKs (9;14) We have
shown that the different effect of the RHC mutations on signalling to the cAMP and

ERK pathways is due to the recruitment of different effectors to activate each

186



Differential regulation of MCIE signalling

pathway (143, Indeed, in human melanocytic cells stimulated with MC1R agonists,
activation of the ERKs is cAMP-independent and most likely involves the sequential
action of the Src non-receptor tyrosing kinase (non-ETK), and ¢-KIT, a ETK crucial
for melanogenesis, proliferation, migration, and survival of pigment-producing cells
{15}

The observation that the ERK and cAMP pathways orginating from the
MCTR initially diverge at the plasma membrane level raised the possibility of a
pathway-specific regulation of each one of the two branches of MC signalling. First,
a differential regulation at the genotype level could be considered, given that it has
been shown that major RHC mutations such as R151C, R180WY and D2894H disrupt
cAMP signalling but not functional coupling to the ERKS. It remains to be seen how
general this differential impact is by analysis of more natural and artificial MC1R
mutants. Second, it is conceivable that MC1R signalling to cAMP on one hand and
the ERKs on the other might be differentially controled by general GPCRE regulators
such as the Farrestins (BARREs) (16]), or more specific MCIR effectors such as
MGEMNT, an endogenous antagonist of functional coupling to the cAMP pathvwiay
(170 We report here a study of these possibilities. Moreover, since the cAMF and
the ERK pathways establish complex and cell type-specific interactions (18;19), we

also analvzed their crosstalk in human melanocytic cells,

EXPERIMENTAL PROCEDURES.

Materials.

A radicimmunoassay kit for cAMP was from Amersham Pharmacia Biotech
(Little Chalfont, UK ). The transfection reagent Lipofectamine 2000 and competent
DHSe cells were from Invitrogen, (Carsbad, CA) Igepal CA-630, BSA, EDTA,
PMSE, bicinchoninic acid, ampiciling p-mercaptosthanol, SDS, anti-HA-peroxidase
conjugate and PD98059 were from Sigma Chemical Company (St Louis, MO,
LSAY The anti-pERK2 (pERKA1/2), anti-ERKZ and anti-phospho-c-kIT (Tyr 721)
rabbit polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
The anti-phospho-c-KIT (Tw703) rabbit monoclonal antibody was  from  Cell
Signaling (Boston, MA, USA) Eeagents for SD5-PAGE and VWestern blot were from
Bio-Rad (Richmond, CA, USA). The synthetic «MSH analogue [Mle*, D-Phe’] atSH
(NDF-MEH) and FSK were from Calbiochem (Darmstadt, Germany). Other reagents

were from Merck (Damstadt, Germany) or Prolabo (Barcelona, Spain).
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Cell culture and treatments.

Cell culture reagents were from Gibco BREL-Life Technologies (G aithersburg,
MO PCA12 cells were grown in DWMEM supplemented with 15% foetal bovine serum,
100 Wml penicillin and 100 pgfml streptomycin sulfate. HBL (LOCE-MMO1) human
melanoma cells were grown in MEM with antibiotics and 10% foetal bovine serum.
All other human melanoma cell lines used in this study were established at the
Laboratory of Oncology and Expenmental Surgery (LOCE), Université Libre de
Eruxelles, Belgium, and were provided by Prof G Ghanem . They were cultured in
Ham F-10 medium with 10% foetal calf serum and antibiotics (100 Usml penicillin,
100 pgiml kanamycin sulphate, 100 po/ml streptomycing. NDP-MSH, FSK o and

PDY805% were used at 107, 107 and 5x10™ M concentrations respectively.

Expression construct and transfection.
Al constructs were prepared in pcDMNAZ {Invitrogen). The following expression
constructs have been previously described. WT-MC1R, the Flagtagged variants
C35A (200, V3BM, S41F, W51A, MA128T, N2815 and C289R (17,21), R162P (22),
L3R and ES4dK (23), T3154, the C-terminus-deleted mutants Al-, A3-, A-MCIR
(24) and A-TMT (20), T157A and T157D (25) Mutants WB0L, V92M and 1155T were
obtained by site-directed mutagenesis with the QuickChange kit (Stratagene, La
Jolla, CAY and WT Flag-MC1R as template. The GREKES and GEKE (26) and the
ZRKE dominant negative mutant GREKE-K215/K216R have also been described
(13). cDMNAs encoding bovine GREKZ and its dominant negative mutant GRKZ-
K220R cloned into pcDMNAZ were gifts from Prof. F. Mayor Jro (Madrid, Spain).
NREAS Q1R and BRAF VEOOE were amplified by PCR and cloned into pcDMASZ. B-
ARKEs were obtained by PCR amplification of cDMNA from HEL cells and were cloned
into pcOMAZ [Pérez-Oliva et al, manuscnpt in preparation). All constructs were
verified by double strand automated sequencing.

Cells grown to approximately 80% confluence were transfected with 0.3 pg
plasmid DMNAMvell, using Opti-MEM to dilute DNA and Lipofectamine.

Functional assays.

Cells grown in 12-well plates were transfected, serum-deprived for 12-24h and
stimulated as required. The medium was aspirated and the cells guickly washed
with 800 pl ice-cold PBES. Cells were Iysed with 200 pliwell 01N HCI preheated at
70 C, and scrapped. The mix was fregze-dried, washed with 100 pl HQ and

freeze-dried again. cAMF was measured with a commercial radicimmunoassay, as
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per instructions. Parallel dishes were used for protein detemmination performed with
the bicinchoninic acid method. Radioligand binding assays were done with 107 1
['*-NDP-MSH as previously described (27).

Western blot.

Cells were washed twice with PBS and solubilized in 75 pl solubilization buffer
(PMSF 100 ng/ml, 1% Igepal and 1% phosphatase inhibitor mix containing 200 mhd
imidazole, 100 mM NaF, 115 mh sodium molibdate, 100 mM sodium o-vanadate
and 400 mh sodium tartrate). Samples were centrifuged (10%,000xg, 30 min) and a
volume of supematant containing 30 pg protein was mixed (21 ratio) with
electrophoresis sample buffer (180 mh Tris-HCI pH 8.8, 15% glycerol, 9% 5DE,
0.075% bromophenol blue and 7.5% p-mercaptoethancol). Electrophoresis and
Western blotting were performed as described (12;13;23). Blots were probed with
the reqguired antibodies and stained with a chemiluminescent substrate (Amersham).
Comparable loading was ascertained by stripping and reprobing the membranes
with an anti-ERKZ2 antibody.

RESULTS.

Effect of MC1R mutations on signalling to the cAMP and ERK pathways.

To study the regulation of MC1R signalling at the genotype level and to gain
insight on differential requirements for functional coupling, we compared aganist-
induced ERK phosphorylation and cAMP production in PC12 cells expressing WT
and mutant MC1R . We selected a panel of 20 mutants spanning the widest range of
functional alterations in signalling to the cAMP, from complete LOF to constitutive
activity (13,17,20-26). PC12 cells were transfected to express the mutants,
stimulated with 107 M NDP-MSH, and lysates were prepared to detect ERK
activation by Westem blot. Agonist-induced cAMP production and the availability of
MDP-MSH binding sites on the cell surface of transfected cells were measured in
parallel (Fig. 1). & mutants out of the 20 MCIR wvariants tested behaved as
essentially complete LOF forms for both pathways (Fig 1, A-C). These were the
354, S41F, L93RE, T157A, R162F and C2ZE859R point mutants, and two deleted
forms, A5 and ATMY lacking the last & C-temminal amino acids and a larger fragment
comprising the seventh transmembrane helix and the complete cytosolic C-terminal
tail, respectively. On the other hand, 9 mutants with different degrees of LOF in the
cAMP pathway showed normal or even slightly increased functional coupling to the
ERKs. These were the highly impaired MA128T ({residual cAMP stimulation ~ 25%],
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the W3aM, WBOL, M55T and A2 alleles retaining ~ 50% signalling, and the V514,
YVO2M, T1570 and C3 154 showing a slight reduction of functional coupling to cAMP
synthesis (residual signalling ~ 75%). Finally, 2 mutants with cAMP coupling similar
to WT (M2815 and A1) and ES4K, a constitutively and hyperactive form analogous
to the Sombre mutation in the mouse, also behaved as WT in signalling to the
ERKs.

We also compared the mutants for their ability to bind agonist when
expressed in PC12 cells (Fig. 1D). Only 2 mutants showed normal cell surface
expression of binding sites (V220 and N2815) and the other variants displayved
variable residual binding. Those with residual binding lower than 10% relative to WT
failed to activate the ERKs. Mutants with an agonist binding capacity over this
threshold were at least as effective as WT in activating the ERKs, in spite of
sometimes important LOF in the cAMP pathway. Conversely, no mutants were

found with a higher decrease in ERK signalling compared with cAMP coupling.
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Fig. 1. MC1RE-mediated ERK activation and cAMP production in PC12 cells expressing
variant MC1R. A PC172 cells were transiently transfected with natural (V38M, S41F WE1A,
WEOL, WAZIM, LA3F, B4k, M128T, 115858T, R162F, N28135, CX39R) and artificial (C354,
T1570, T157A and C3154) MCTR point mutants and variants deleted at the C-terminus (AT,
A3, A5 and ATM7?). Transfected cells were serum-deprived for at least 3h and then,
challenged with 107 M NDP-MSH for 15 min. Cell extracts were analyzed for ERK
phosphorylation by Western biot and for total ERKZ2 as Ioading control. B, Guantification of
two independent experiments each in duplicate, normalized to the intensity of the pERK
signal in control cells expressing each wariant. The upper and lower dashed lines indicate
WT signalling and complete LOF, respectively. T, Agonistinduced cAMP production in
HEK293T cells expressing the natural and artificial MC1R mutations and the deleted forms
mentioned abave. The dashed lines indicates WT signalling. D, Expression of "5 _NDP-MSH
hinding sites. HEK233T cells were transfected with WT or mutant MCTH and incubated with
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"_NDP-MSH (107 M, 10° cpmiwell) to determine specific radioligand hinding. The dashed

line corresponds to a hinding equivalent to WT.

The desensitization machinery terminating activation of the cAMP pathway
does not modulate MC1R-dependent activation of the ERKs.

YWe investigated the effects of general mechanisms of GPCR signalling
regulation on functional coupling of MC1R to the ERK pathway. For most GFCRSs,
signalling is strongly reduced within minutes of agonist exposure, N a process
termed homologous desensitization. Desensitization involves the phosphorylation of
the agonist-occupied receptor by specific kinases known as GPCR kinases (GRRKs),
followed by the recruitment to the phosphondated receptor of members of the B-
arrestin (BARE) family of ovosolic proteins, which prevents coupling to the
transducing & proteins (16;28,29) ‘e have previously shown that MCIR
desensitization is mediated by GRKZ or GRRKE, two GRKs expressed in
melanocytes and melanoma cells (26) and that GRKE is also able to trigger MC1R
intemalization (13} YWe analyzed ERK activation by NDP-ME5H in HBEL human
melanoma cells transiently transfected to express these GRKs, as well as GRKE,
another member of the GREK family expressed in melanocytic cells {our unpublished
observations). We also tested two dominant-negative kinase-dead mutants of GREK?2
and GRRKE (GREK-DMN) We found that none of the GRRKs or the dominant-negative
mutants had a significant effect on ERWK activation following NDF-MSH treatment
(Fig. 2A) Mext, we investigated whether the BARR had any effect on MCI1R-
dependent ERK activation. HBL cells wiere transfected with empty pcDNAZ, BARR1
or pARR2 and stimulated with 1077 M NDP-MSH for various times. MNeither BARR 1
nor BARR2 modified the extent or kinetics of ERK activation by NDP-MSH (Fig. 2B).

According to the data shown in Fig. 2. & and B, ERK activation by MC1RE did
not appear to be regulated by the general GPCR desensitization machinery, as
opposed to the reported effect on functional coupling to the cAMP pathway (13,268).
Thus, we analvzed whether functional coupling to the ERK module was modulated
by more specific mechanisms of regulation of MC signalling. Mahogunin ring finger-
T IMGRENT)Is a RING domain-containing ubigquitin ligase that acts as an accessory
protein for MC signalling (30). VWe compared the effects of overexpression of two
isoforms of mahogunin nng finger 1 (MGRENT L {+) and MGEMNT L (-1 HEL cells
expressing HA epitope-labelled MGEMN1 isoforms did not show a significant
modification of the levels of ERK phosphorylation following stimulation with NDP-
MSH (Fig. 2C).
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Fig. 2. MC1R-dependent ERK activation is independent on the GRK/PRAREE system or

MGRMN. A, HEL cells transfected with empty wvector, the indicated GRKs or dominant-
negative mutants were serum-deprived for 3h and stimulated with 107 M NDP-MSH for &
min. Cell extracts were hlotted for phospho-ERK/Z and total ERKZ as loading contral. The
intensity of the bands was measured and normalized to the ERKZ signal. The guantification
of three independent experiments is shown in the lower panel. B, HEL cells grown in 12-well
plates were transfected with empty wectar or with vectors encoding for BARR1 or pARRZ,
and stimulated as in panel A, for times ranging from 4 to 1% min. ERK activation was
detected by Western blot and the quantification of two independent experiments, normalized
with the ERKZ signal, is displayed on the lower panel. T, Cells transfected with empty vector
ar HA epitope-tagged MGREN1-L{(+) ar MGRMN1-L[-) were challenged with 107" M NDP-MSH
for the times shown. Cell lysates were probed for ERKA/Z phosphorylation, MGRMN1
expression (with an ant-HA antibody), and for total ERKZ as loading control. The

guantification of two independent experiments is also shown.

Lack of acute effects of ERK activity on MC1R coupling to the cAMP pathway.
We next examined the possible crosstalk of the ERK and cAMP pathways in
HEL melanoma cells, WT for BRAF, NRAS and MCIR {14}, First, we measured MC-
induced cAMP production under conditions of high ERK activity. These conditions
were achieved by expressing constitutively active NRAS and BRAF mutants (QB1RE
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and YBO0E, respectively). Cells transfected with the mutants were challenged with
ether 107 M NDP-MSH or 107 M FSK for various times and cAMP was determined.
As shown in Fig. 34, cells expressing the constitutively active upstream effectors of
the ERKs responded with comparable stimulations of cAMP production. Therefore,
high ERWK activity did not modify adenylyl cyclase or phosphodiesterase enzymatic
activity or the positive coupling of MCIR to this enzyme. Mext, HBEL cells were
pretreated with the MEWK inhibitor PD98052 to decrease basal levels of ERK
signalling and block their activation before stimulation with NDP-MSH. The cAMP
response to the MCIR agonist was also similar in PD98059 and control cells (Fig.
2B). Accordingly, MC-induced cAMP synthesis was largely insentitive to changes in
ERK activity, thus suggesting that the ERK pathway had little impact on cAMP

production.
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Fig. 3. Lack of effect of ERK activity on cAMP production. A, HEL cells expressing empty
vector or MRAS and ERAF mutants (QB1R and VBOOE, respectively) were stimulated with
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either 107 M NDP-MSH aor 10° M FSK for the times shown. Intracellular cAMP production
was measured by radioimmunoassay. B, HBL cells were challenged as above in the
presence ar absence of the MEK inhibitor PD32058 and intracellular cAMP levels were

analyzed.

This result was somewhat surprising in the light of reports that mutant NEAS
disrupts cAMP signalling at the level of cAMP metabolism in melanocytes and
melanoma cells (30). Therefore, we analyvzed a panel of 26 human melanoma cell
lines for NRAS, BRAF and MC1R genotype, aswell as for the functional response of
the ERK and cAMP pathways to stimulation of MCIR (Fig. 4). This panel consisted
of 15 cell lines WT for MEAS and BRAF, 9 BRAF-mutant and 2 NRAS-mutant cells
lines. Concerning the MCI1R, 9 lines were YWT, 12 heterozygote and 5 either
compound heterozygote or mutant homozygote, Serum-deprived melanoma cell
lines were stimulated for 30 min with either 107 M NDP-MSH or 107 M FSK and
intracellular cAMP levels were measured (Fig. 4. NRAS-mutant cells (MWMO5S2 and
M125) falled to respond to NDP-MSH in spite of a moderate increase in cAMP
levels following FSK treatment. This failure could not be explained by the MCIRE
genotype, since MMOSZ cells were WWT for the receptor, and MMI125 were
heterczygote for the WO2M low penetrance RHC allele which retains significant
activity, according to the data shown in Fig. 1 and with previous reports by others
(3131 Onthe other hand, & out of 9 BRAF-mutant cells did not respond to NDP-MESH
and most of them showed a poor but reproducible response to FSK. Also in this
case, this behaviour could not be readily explained by the MCIR genotype, since
some of the cell lines were homozygous for the WT allele (MMO29) whereas others
were heterozygotes camying WT and mutant MCI1R alleles with significant residual
activity such as R1630Q (32:33), WBOL (3234 or VO2M [31,35,36) One of the
ERAF-mutant cells (MMOET) responded adequately to NDP-MSH and FSK, with
cAME levels comparable with WT cells such as HEL, MMOZE or MM117 cells.
Significantly, these BRAF-mutant but responsive cells were heterozygote camiers of
the MCTR R142H RHC allele.
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Fig. 4 Intracellular cAMP levels in response to NDP-MSH and F3k. Melanoma cell lines
were serum-deprived far at least 3h and then challenged with 107 M NDP-MSH (30 min) ar
10° M FSK (30 min). cAMP production was assessed by radioimmunoassay.
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Inhibition of MC1R-mediated ERK activation by cAMP in human melanoma
cells.

YiWe have shown previously that stimulation of adenvivl cyclase with FSK
decreased basal ERK activity in HBL human melanoma cells {(14), suggesting a
negative regulation of the ERK pathway by cAMP . This finding was in sharp contrast
with the reported activation of ERK signalling by cAMP in mouse melanoma cells
(370, Accordingly, we examined in more detail the effects of cAMP an the functional
status of the ERK pathway by analyzing not only basal ERK phosphorylation, but
also MC1R-dependent activation in human melanoma cells. HEL human melanoma
cells were pretreated with FSK arwith vehicle, and then stimulated with 107 M NDP-
M5H. Since stimulation of the ERKs by MCIR signalling depends on the
transactivation of the cKIT receptor tyrosing kinase (14), we also analvzed the
effects of FSK on ERK activation by the c-KIT ligand SCF. As shown in Fig. 54,
pretreatment of HEL cells with FSK not only decreased basal levels of
phosphorylated ERKs, but also potently inhibited ERK stimulation by NDP-MSH.
Moticeably, FSK had no effect on SCF-mediated ERK activation. These data
indicate that high cAMP levels efficiently blocked MC1R-dependent activation of the
ERKs in human melanoma cells, presumably upstream of the c-KIT RTK. Should
this be the case, then melanoma cell lines with constitutive activation of the ERK
pathway as a consequence of activatory mutations in NRAS or BRAF should not
respond to the inhibitory action of FSK since ERK activation would be initiated
downstream of the site of action of cAMP . We tested this hypothesis by comparing
the effects of FSK on the NEAS mutant (Q61R) cell lines MMOS2 and WM 125 and
the BRAF mutant cell lines MMO4E and MMO74 These cell lines were selected
because they all responded to FSK with moderate to even high increases in cAMP
levels (see Fig. 4). Treatment of the NRAS- or BRAF-mutant cells with agonist or
FSK had no effect on pERW levels (Fig 5B} again suggesting that the site of cAMP

inhibitory action was located upstream of NEAS.

MNDP-MSH - + ; ; + .
SCF ; ; - . ; -
FSK ; ] ) . - +
pERKAL
ERK
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Fig. 6. Effect of FS3K on ERK activation in human melanoma cells. A, HBL cells were
pretreated with 10° M FSK or vehicle for 15 min, then challenged with 107" M NDP-MSH 3]
min}, or 80 ngfml SCF (B min) in the continuous presence of the adenylyl cyclase activator
Cell extracts were analyzed far pERK levels by Western hlot. Taotal ERK2 was used as a
control for comparable loading. B, The melanoma cell lines LOCE-MMOS2 and 125, carrying
the QBETR activatory mutation in NRAS and MMO4E8 and 050, with the YBOOE mutation in
BRAF, were challenged with 107 M NDP-MSH far & min or 10° M FSK, 15 min. pERK level
was detected by Western blot and total ERKZ as loading contral. C, HBEL cells expressing
empty vectar pcOMAZ or constitutively active mutants NEAS (QB1R) or BRAF [VEOOE) were
treated with F3K and hlotted for c-KIT phosphorylation at tyrosine721 or tyrosine703, ERK

activation or total ERK as indicated.
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Finally, we tested the effects of FEK on HEL cells transiently transfected with
the constitutively active NEAS and BRAF mutants. We also analyzed the activation
of c-KIT by comparing the levels of phosphordation at two functionally important Tyr
residues, before and after agonist or FSK treatment. These residues were Tywri721,
and and Tw703 whose phosphorylation provides a docking site for binding and
activation of phosphatidylinositol 3 kinase (358:329), and for the adaptor protein Grb?2
that may link c-kIT activation to the REASKRAFRMEKERK pathway (39:40)
respectively. Expression of mutant NRAS or BRAF increased ERK activity, but had
no effect on the level of phosphorylation of c-KIT (Fig. 5C). FSK treatment did not
block ERK activation by the constitutively active effectors, consistent with the results
previously shown for human melanoma cells expressing endogenously the
oncogenic mutants (Fig. 5B). Conversely, FSK strongly inhibited c-KIT activity, as
shown by decreased phosphorylation at Tyr721 and Tywr703.

DISCUSSION

Stimulation of MC1R by MC agonists has been shown to activate two major
signalling pathways: the canonical cAMP pathway and the ERK module (1,914
The ERK pathway is typically tiggered in melanocyies by growth factors such as the
c-KIT ligand SCF or basic fibroblast growth factor (41) to regulate proliferation. The
cAME pathway activated by the MCITRE upon binding of MC ligands {(11) is weakly
mitogenic for melanocytes and is closely associated with differentiation (30:427 In
mouse melanoma cells, these pathways seem positively connected, since eary
studies suggested that ERK signalling relied on the cAMP-dependent activation of
MEAS by an undefined FKA- and Epac-independent mechanism (37). However, in
human melanocyvtic cells MC signalling to the cAMP and ERK pathways might
diverge immediately downstream MC1RE, since ERK activation apparently follows a
cAMP-independent pathweay involving a different set of effectors including c-KIT
(9141 Accordingly, MC1R signalling to cAMP on one hand, and the ERKs, on the
other, might be differentially regulated. Within melanocytic cells, several layers of
differential MC1E regulation could be considered, including: i) the expression of
variant alleles, i) the modulation of the interaction of MCI1E with downstream
effectors and signalling partners in each module and i) the crosstalk between the
pathways.

In order to analyze the influence of MCIRE genotype an signalling to the
cAMP and ERK pathways, we selected a panel of 20 mutations, of which 12

correspond to natural variants (17;21-23) and the other 8 to arificial mutants
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previously obtained in our laboratory (20,24.25) These mutations were scattered
throughout the MC1R molecule . and together with the previously reported R151C,
RE160WY and D294 H they form a representative repertoire of 23 MC1R variants that
allows for probing most of its relevant structural domains. The variants were
transiently expressed in hsterologous PC12 cells, and tested for their ability to
activate the ERKs when challenged with NDP-MSH. We chose the PC12 model
since we have previously shown that signalling from the RHC alleles R151C,
R160WY and D294H expressed in PC12 cells increases ERK phosphorylation
following stimulation with NDP-MSH as effectively as WT (2,143, despite their
reduced ability to stimulate cAMP production (8,14, Accordingly, the PC12 model
recapitulates the behaviour of EHC variants expressed in melanocytic cells (1,9:13).
We found that functional coupling to the ERK pathway, with around 65% of the
mutants retaining YWWT signalling, was much more robust than association with the
cAME pathway, with around 80% of the mutants showing varying degrees of
functional impairment. Moreover, we did not find a single mutant retaining significant
coupling to cAMP, but unable to trigger the ERK module. Concermning the properties
of the mutants that did not activate the ERKs, they were all characterized by a very
low binding of agonist {less than 10% of the “WT values after transfection in PC12
cells). This dramatically reduced binding was due either to aberrant trafficking with
reduced cell surface expression for C35A, S41F, L93R, T157A or R1682P (17,20-
23,25), or to nomal cell surface expression but very low binding affinity for C2E89R
(17). ©On the other hand, mutants with significantly impaired but detectable
exprassion on the cell surface above a threshold of approximately 10% of WT
valles always retained signalling to the ERKs but often displayed a LOF phenotype
in functional coupling to the cAMP pathway. This suggested that a reduced number
of MCTR-agonist complexes could be suffident to saturate the transduction
machinery connecting the MCTRE to the ERK module, whereas a higher density of
complexes would be required to achieve maximal stimulation of the cAMP pathway.
Hence, for the WT receptor in a normal melanocytic environment, the number of
spare receptors would be much higher for coupling to the ERKs as compared with
the cAMP pathway, consistent with the dramatic left-shit of the dose response
curves for MC-induced signalling to the ERKs compared with cAMP (9147,

On the other hand, the duration and intensity of agonist-induced GPCR
signalling through the cAMPF pathway are regulated by general mechanisms
involving the coordinated action of two families of regulatory proteins, the pARRES
and the GRKs After continuous exposure to the agonist, GPCRs  are

phosphorylated by the GRRks (26,28). This phosphorylation promotes recruitment of
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EARRs, thereby uncoupling the GPCR and the & protein and triggers the
intemalization of the agonist-receptor complex. This cascade of events terminates G
protein-dependent signalling in a process known as homologous desensitization
(29:43). However, PRARRs can also serve as adaptors or scaffolds for various
molecules involved in signalling functions, such as members of the ERK pathwiay
and in fact they are positively involved in activation of the ERKs by a number of
ZPCRs (28;29) Thus, we investigated the possible role of the PARR-GRRK system
on MCI1R mediated ERK activation. VWe found that neither GREKs, nor arrestins
decreased MC signalling to the ERKs, under conditions that desensitize signalling to
the cAMP cascade and cause MCITR internalization (13 ,26). Moreowver, in addition to
the general regulatory mechanisms acting on most GPCREs, other specific processes
contribute to the regulation of MC signalling. The ubiquitin E3 ligase MGRMN1 has
been shown to decrease MCIR signalling to the cAMP pathway by competitive
displacement of Gas (44), a mechanism reminiscent of the mode of action of
PARESs. Ve found that expression of MGRERMNT had no effect on ERK activation. This
was consistent with the lack of effect of BARRS and with our previous report that
signalling from the MC1R to the ERKs is not dependent on Gs, but rather on ¢-KIT .

on the other hand, the cAMF and ERK pathwavs establish a complex, cell
type-specific and often bidirectional crosstallk that contributes to fine-tune the cellular
responses to environmental cues. In most cell types, high cAMP levels inhibit ERK
activity by a number of mechanisms. One of these mechanisms involyes the
inhibiion of CRAF by PkA, either directly or via Akt. Other mechanisms rely on the
activation of Rap1, a GTPase that blocks the ERK pathway by preventing activation
of CRAF by RAS (18.19), or of the MAP kinase phosphatases (MKFs), a small
family of dual specificity tyrosine and serine/threonine phosphatases that target the
MAPKSs (4546) and are transcriptionally activated by cAMP (47:48) Conversely,
ERK activity can impact on the cAMP pathway at several levels, including regulation
of phosphodiesterase activity (49:50), or interference with the functional coupling of
activated receptors with & protein via requlation of GRK activity (51,52

I contrast with previous reports that high cAME levels activate ERK
signalling in mouse melanoma cells [37]), we have shown here that in HEL human
melanoma cells \WT for MCIR, MRAS and BRAF FSK effectively blocks ERK
activation downstream of the MCITR in addition to decreasing the levels of
phosphorylated ERKs in resting cells. VWe have not yet attempted to identify the
targetis) of this strong inhibitory effect. Nevertheless, our data cleary indicate that it
i5 located upstream of MNREAS or BRAF, as shown by lack of effect of FSK on

downstream signalling from constitutively active mutants of these ERK effectors, in
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two experimental setlings: transient expression of the oncogenic mutants in HBL
cells or continuous expression of the endogenous mutant proteins in human
melanoma cells. This may account for high proliferation rates in human melanomas
with hyperactive forms of NRAS or BRAF but WT MCIR . Importantly, FSK inhibition
of MC1R coupling to the ERKs also appeared located upstream of c-kIT, since
pretreatment with FSK prior to challenging HEL cells with the MC1R agonist NDP-
MSH not anly blocked c-KIT activation but even decreased phosphoryation of
specific tyrosing residues important for receptor function below the levels obhserved
in resting cells. Moreover, FSK did not block ERK activation by the physiological o-
KIT agonist, SCF. It is important to point out that our observation that cAMP
inhibited MC1R signalling to the ERKS upstream of c-KIT, NRAS and BRAF, is fully
compatible with the co-mitogenic effect of cAMP in melanocytes. Indeed,
melanocytic cells should be able to activate the ERK mitogenic pathway in response
to canonical growth factors such as SCF and probably basic fibroblast growth factor
even under conditions leading to increased cAMP levels.

Wye also considered the effects of the ERKs on the functional coupling of
MCTR to the cAMP pathway . WWe found that acute modulation of ERK activity did not
modify cAMP levels following treatment of HBL cells with FSK, or with NDP-W5SH |
This showed that the ERKs did not target key components of cAMP metabolism for
rapid ERK-dependent phosphorylation and functional regulation. However, these
data did not exclude the possibility that long-term, continuous activation ofthe ERKs
could lead to modulation of cAMP metabolism as reported by others [(30), through
slower onset mechanisms of action like modulation of gene expression. We
addressed this possibility by analyzing a panel of 26 human melanoma cell lines of
defined MCIE, MRAS and BRAF genotype for their cAMP levels following
stimulation with F3K or MDP-M3SH. We found that 2 out of 2 melanoma cell lines
mutant in NEAS showed absent responsiveness to MDP-MSH but still responded to
FSK with a significant cAMP production, in spite of an MC1R genotype expected to
allow for a normal response to MO agonists. Accordingly, at least part of the
functional defect in these cells should be located upstream of adenylyl cyclase,
hence at the level of MCIR availability on the cell suface or MCTR functional
coupling to the cyclase. Onthe other hand, 8§ out of 9 melanoma cell lines mutant for
BRAF were equally unresponsive to NDP-MEH in terms of increased cAMP levels,
thus showing that disruption of cAMP signalling in human melanoma is not exclusive
of NRAS mutant melanomas. In addition, one BRAF mutant cell line (MWMOT4)
responded nomally to both NDF-MSH and FSK, and several other mutant cell lines
(MNMO32, MNMOZE MMOA S, MMOAE and MMOS0) responded weakly but detectably to
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FSK. This showed that a normal cAMP response to the MCs could be supported by
mutant melanoma cells with a hyperactive ER K pathway, and again suggested that
disruption of cAMP metabolism occurs upstream of the cyclase.

The lack of effect of acute modulation of ERK activity on cAMP metabolism
in melanoma cells WT for MCTR, NRAS or BRAF suggests that chranic, rather than
acUte ERK activation is responsible for the frequent cAMP-deficient phenotype in
melanoma cells mutant in NRAS or BRAF. Mevertheless, other explanations cannot
be ruled out, and it could be that absent or impaired cAMP signalling is the cause
rather than the conseguence of BRAF or NREAS mutations, in keeping with repors
that a mutant MC1R genotype is associated with increased risk of mutation in BRAF
(53547 Alternatively, mutations in members of the ERK pathway on one hand, and
impaired cAMP signalling on the other might be independent and mechanistically
unrelated events that nevertheless cooperate in melanomagenesis, thus increasing
the likelihood of their co-existence in melanoma. In keeping with this possibility, lack
of a cAMP response to agonists andfor FSK was occasionally observed even for cell
ines “WT for MC1R, NRAS and BRAF (MMO7Y9, MWMOSE). This shows that a
genotypic analysis of MCI1R is not a sufficiently accurate index of the functional
status of the cAMP responsiveness to MC ligands in melanoma.

In any case, we have shown that functional coupling of the MC1R to the ERK
and cAMP pathways is differentially regulated by the MC1R genotype, and at the
level of specific interactions with signalling partners. Thus, MC1R-mediated M
signalling to the ERKs might be significant in a number of situations where the MC-
dependent activation of the cAMP pathway would be very low or absent (Fig. 8).
These situations would include inherent properies of given populations of
melanocytes such specific variant MCITR or MGEMN1 genotypes, or extemal factors

such as low MC concentrations or continuous exposure to high levels of agonist.
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Fig. 6. MC1R-mediated cAMP and MAPFK ERKI1 and ERKZ pathways in human melanoma

cells.
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CONCLUSIONES:

1. EI MC1R esta N-glicosilado en los residuos Asnlo v AsnZ9, probablements
por adicion de un glicano rico en manosa v otro de tipo mixto, mas grande v

de mavor complejidad, respectivaments .

2. La presencia del carbohidrato en el MCTR no es imprescindible para el
trafico anterdgrado del receptor ni para suU acoplamiento funcional, pero

aumenta su expresian en la superficie celular.

3. En ceélulas melanociticas hiumanas, la estimulacion de la via de sefalizacion
de las ERKs mediada por el MC1R es independiente del AMPc e implica la

transactivacion del RTH oKIT.

4. 3rc se activa aguas abajo del MR pero aguas arrba de c-KIT en la via de

seflalizacidon no candnica gue conduce a la activacion de las ERKs.

5. La activacidon de la via de las ERKs reguiere niveles mucho mas bajos de

agonista que la sintesis de AMPC

6. Muchas de las variantes alélicas del MCI1R con pérdida del acoplamiento
funcional a la via canonica de sintesis de AMPC, son capaces de activar la
via no-canonica de las ERKs. Entre estas variantes destacan los alelos RHC
de alta penetrancia R151C, R160WY yw D294H.

7. Todas las vanantes del MC1R con pérdida de funcidn en la via de las ERKs
son deficientes en la produccion de AMPC, muy poco frecuentes v se

caracterizan por una muy baja capacidad de unién de agonista.
8. La activacion de las ERKs mediada por MCI1R no esta regulada positiva ni
negativamente por la maguinaria de la desensibilizacién homdloga del

receptor en cuanto a su acoplamiento a la cascada del AMPC.

9. Altos niveles de AMPcC inhiben la activacion de ERK mediada por MCIR vy

esta inhibicidn ocumre aguas arriba de c-KIT.
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216

10. Cambios agudos en el nivel de aclividad de las ERK no modifican la

11.

induccién de la sintesis de AMPC en respuesta a la activacion del MCIR por

s5us agonistas, o de la adenilato ciclasa por FSK.

En los melanomas humanos es frecuente la pérdida de sefializacion de
MCTR a la cascada del AMPC, v este defecto se observa incluso en lineas
celulares de melanoma con genotipo MCIR silvestre v sin mutaciones en
NREAS 0 BRAF.
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INTRODUCTION

The melanccorting (MCs) are structurally related peptides  originally
characterized as regulators of cutaneous pigmentation and cortisol production (1),
MCs are expressed in the pituitary and peripheral locations including the skin. The
natural MCs, ACTH and the melanocyte-stimulating hormones (a-, B-, and wMSH],
derive from the common precursor proopiomelanccortin (POMC) (2) Physiologic
actions of MCs are mediated by a five-member subfamily of Gprotein coupled
receptors (GPCR), the melanocortin receptors (MCRs), which trigger the Gs-protein-
dependent activation of the cyclic AMP (cAMP) signalling pathway (3). Two of these
members, MCI1R and MCSR, are expressed in human epidermis. MCIRE s
preferentially expressed in melanocytes and melanoma cells (4), where it regulates
the amount and type of pigment production and is a major determinant of skin
phototype, sensitivity to ultraviolet radiation and melanoma and non-melanoma skin
cancer risk (5). a=MSH stimulates adenylyl cyclase via activation of MCIR and
leads to elevation of intracellular cAMP . This results in increased transcription of
microphthalmia transcription factor (MITF), which in turn leads to transcriptional
activation of the ratedimiting melanogenic enzyme tyrosinase and increased
production of dark, photoprotective eumelanins (2.8). As a conseguence, cAMP
signalling in melanocytes is mainly related with differentiation, although it also has a
detectable mitogenic action (7).

The mitogen-activated protein kinase (MAFK ) module leading to the SerThr
kinases ERK1 and ERKZ is a major intracellular signalling pathway controlling key
cellular decisions such as proliferation or differentiation (8). This signalling cascade
is most often initiated by binding of growth factors to cell surface tyrosine kinase
receptors (RTKs), followed by sequential activation of RAS, then members of the
RAF family of kinases, the MAPK kinase MEK and finally, ERK1 and ERKZ2 (9).
Active ERK phosphoryiates multiple cvtoplasmic and ovtoskeletal proteins (107,
including several subfamilies of MAPK-activated protein kinases, MKs (MSKs,
MMk s, RSKs). Additionally, active ERK1/2 translocate to the nucleus and regulate
the activity of transcription factors such as c-Myc, Elk1 and ATFZ, influencing gene
transcription and thereby controlling cellular proliferation {11;12). The crucial role of
the RAS/RAFMEK/ERK pathway in the regulation of melanocyte proliferation is
demonstrated by the occumence of BRAF mutations in 20-70% of human
melanomas (9;13-15). Moreover, NREAS activating mutations are another prevalent

genetic alteration in melanoma found in 20-30% of lesions (14,1617, Since AWRAS
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and BRAF mutations are mutually exclusive in melanoma (18], they collectively
account for the cbhserved ERK hyperactivation in over 75% ofthese tumours.

Within melanocytes, the ERK signalling pathway is activated, among other
receptars, by o-kIT, a RTK crucial for melanogenesis, proliferation, migration, and
survival of the pigment-producing cells, again demonstrating the importance of ERK
signalling in melanocytes (19). o-KIT is allelic with the W (while sooffing) locus in
mice and its ligand, SCF, is the product of the 5/ locus. Mutation in either of these
loci results ina pleitropic phenotype with white spotting of the fur due to absence of
melanocytes, lack of mast cells and defects in haematopoiesis and germ cell
development (20). c-KIT mutations have also been identified in human piebaldism
(21227 and at low frequency in human melanomas (23), and c-KIT expression is
often lost in these tumors (2425

In addition to this classical RTK pathway, the RASIRAFMEK/ERK module is
also regulated by GFCRs (26-29) In this case, ERK activation is usually dependent
on the activity of second messenger regulated protein Kinases such as FKC, naon-
receptar twrosine kinases (non-KTks) such as Src or on the generation of
intracellular signalling complexes formed by binding of p-amestins or other scaffolds
to the activated GPCRs. Moreover, GPCHs can stimulate cytosolic or membrane-
bound metalloproteases which cleave the membrane anchorng domain of RTK
ligands to release the active agonist, thus promating receptor activation (29-31).

In mouse melanoma cells, MC1R activation by MCs is positively coupled to
cAMP and ERK signalling. Based on data from the B16 mouse melanoma model it
has been proposed that ER W activation in human melanocywtic cells is due to cAMP-
dependent but PRA-ndependent activation of MREAS and BRAF, although the
mechanism of MEAS activation is still unknown (32;33) Moreowver, a direct
verification of this hypothesis was missing when we Undertook this waork,

Human MCTR s extremely polymorphic and more than 100 non
conservative natural mutations have been reported (34 Several relatively frequent
alleles are associated with red hair and fair skin {the RHC phenotype) (5,25-27) and
increased risk for melanoma and other skin cancers (358,39). Accordingly, the study
of the structural and functional characteristics of these mutants is of wide biomedical
interest. Three frequent and penetrant melanoma-associated alleles, R151C,
RE180WY and D294H, are hypomorphic variants with reduced functional coupling to
the cAMP cascade (40-45) Since cAMP was reported to trigger ERRK activation in
melanocytes, signalling to the ERKs might also be impaired or absent for these
variants. However, this possibility has never been investigated. In addition, the

natural mutations could conceivably have a differential impact on the cAMP and
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ERK pathways, thus causing an imbalanced response to the MC. Again, this
hypothesis has not been tested.

on the other hand, many GPCRs undergo  M-glycoswlation  during
intracellular traffic from the ER to the plasma membrane {46 This post-translational
modification may play a crtical role in high affinity ligand binding, cell surface
expression andfor functional coupling (47-23) MCI1E contains two potential M-
glycosylation sequins, ""NST' and **NQTY, located at the extracellular N-terminus.
Frevious studies have demonstrated that MCI1R is expressed as a glvcoprotein both
in heterglogous systems (43) and in melanoma cells (34:54). However, these
studies did not address the occupancy of each specific glycosyiation sequon within
the extracellular M-terminus of the receptor, or the functional consequences of
glycosylation Moreover, MR glycosylation pattern was highly unusual in that WWT
MCTR was sensitive to endoglycosidase H (EndoH) digestion, which only cleaves
core high-mannose MN-glycan chains and hybrid-type chains. This feature was
surprising for a fully active \WT protein, and apparently excludes the use of this
endoglycosidase as a tool to study the processing of mutant MC1R . Accordingly, no
data are available on the possibility of alterations in the glvcosyviation pattem of

MCTR mutants that may underie aberrant signalling properties.

AIMS

In an attempt to better characterize the functional and phenotypic effects of
natural mutations in the human MCI1E gene, we considered the following specific

aims:

1- Analysis of the glycosyiation pattern of WT MCIR and several natural

variants associated with cutaneous phenotypes and increased skin cancer.
2- Functional characterization of the carbohydrate in MC1R.
3- Analysis of the effect of frequent and penetrant melanoma-associated MC 1R
mutations, such as BE151C, R1680WY and D284H, on MC1RE-dependent ERK

activation.

4- Study of the mechanism of human MC1R-mediated ERK activation.

222



Surnenary

5- Assessment of the impact of a wide panel of MC1R mutations on signalling
to the ERK and cAMP pathways.

6- Examination of the possible crosstalk between RASRAFMEK/ERK and
cAME signalling pathways mediated by MR,

RESULTS AND DISCUSSION

1. N-glycosylation of the human melanccortin 1 receptor. Occupancy of

glycosylation sequons and functional role.

As previously reported (34.42:54), we confimed that MCTR expressed in
HEK cells and in HBL melanoma cells migrated as a doublet comprising a
glycosylated band of Mr~ 24 kDa and a non-glycosylated protein of apparent Mr ~
29 kDa. Both EndoH and PNGaseF fully digested the upper 34 kDa band but the
mobility of the 29 kDa form remained unchanged, and identical to the one of the
glycosylation-null mutant. To analyze the MC1R for sequon occupancy, functional
effects of glycosylation and changes in the glycosyation pattem of mutant forms, we
used site-directed mutagenesis to ablate the putative glycosylation sites (Asn1% and
AsnZ29), alone or in combination. We found that both sequons are occupied by
structurally ineguivalent sugar chains. Moreover, comparison of the electrophoretic
maobility and apparent Mr of the mutants showed that the oligosacchande bound to
the AsnZ239 was bulkier than the one attached to Asn1%. This suggested a different
processing for the Aoligosacchande bound to each residue. For the bulkier M-
glycan in Asn29, EndoH sensitivity excluded processing to a complex type
oligosacchande, and its contribution to the overall Mr of the protein was consistent
with a hybrid type structure. On the other hand, the small size and EndoH sensitivity
of the glycan in Asn15 was compatible with a core high mannose-type structure
(461 Then, we assessed the effect of glycosylation on MCIRE cell surface
expression and on binding affinity by performing radicligand binding studies using
"% labelled NDP-MSH in HEK cells transfected with WT MC1R or the glycosylation
mutants. We found a decreased agonist binding to cells expressing MN290 or the
glycosylation-null mutant, most probably due to lower cell surface expression, rather
than impaired affinity. Moreover, we also tested the effect of two drugs on MC1R
ligand binding: the nucleoside antibiotic tunicamycin (TR, which blocks the initial

transfer of the dolichol phosphate-bound oligosacchande chain to Asn acceptors in
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proteins by inhibition of ER phosphosugar transferases and 1-deocxymannojirimycin
(OhJ), which inhibits Golgi-resident mannosidases, preventing trimming  and
processing  of the initial carbohydrate chain to hybrid  or complex  type
oligosaccharides. HEL cells treated with either THRM or DMJ bound significantly
lower amounts of the MCIRE radiocligand, but the electroforetic pattem of MCIRE
remained unchanged after DWMJ treatment. Additionally, we examined cAMP
production in cells expressing MCI1R glycosylation mutants and in HEL cells treated
with Dk or THM. The cAMP respaonse was strongly decreased for N29Q, T31A and
M15Q-M290 and cAMP levels were also significantly inhibited by the drugs in HBL
cells. We looked for alterations in forward or retrograde transport of MCIR
glycosylation mutants by companng their subcellular distnbution by confocal
microscopy. MWye found that the labelling pattern of N29Q and MN150-N290 was
indicative of association with the ER, whereas staining for M 150 was consistent with
normal forward trafficking and cell surface expression. Ve also checked whether
MCTR glycosation had any effect on receptor intermalization. Wye found that 290
and WN150-M290Q showed a significant increase in MC1R internalization, which
suggested that the stability of these forms on the cell surface was impaired. A
similar increase in the rate of internalization was observed for HEL cells treated with
D, Wve compared the co-localization of MCIR forms with markers of endocuic
vesicles (55). Consistent with their higher internalization rate, mutants N29Q and
M15Q-M290 displayed a significant co-localization with the endocytic markers Rabs
and Rab? (56), as opposed to WT and the N15GQ mutant. Howewver, defective
glycosylation and the resulting increase in internalization had no effect on the
intracellular stability of the protein, as degradation of MC1R was not accelerated by
incubation with OMJ in HEL cells, thus suggesting its recycling to the cell surface.
Finally, we compared the glycosvlation pattern of a panel of natural and artificial
MCTR mutants expressed in HEK cells. We showed that the efficiency of M-
glycosylation did not display a simple comelation with cell surface expression or
forward trafficking of MC1R wvariants, in that hypoglycosylation was found for
mutants with a strong intracellular retention as well as mutants with a normal cell
surface expression. In summary, we demaonstrated that MC1R is N-glycosylated at
residues Asni1d and Asn29, with structurally and functionally different glycan chains.
Wiye also showed that M-glycosylation is not necessary for high affinity agonist
binding or functional coupling. Conversely, glycosylation had a strong effect on the
availability of MCIR molecules on the plasma membrane, most likely by a
combination of improved forward traficking and decreased intemalization. Finally,

we found that MC1R mutants exhibited different degrees of glycosylation which did
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not show a simple correlation with their degree of functional impaimment or their

intracellular traficking.

2.  Melanocortin 1 receptor mutations impact differentially on signalling to

the cAMP and the ERK mitogen-activated protein kinase pathways.

ERK activation by cAMF has been reported in a few cell types including
FC12 cells and mouse melanoma cells (8). In order to study MC1RE-mediated ERK
activation, we selected a human melanoma cell ling, HEL (WT for ARAS, BRAF and
MCTR)and PC12 cells. In HEL cells, pERK signals increased rapidly and transiently
upon treatment with the synthetic melanocortin analogue NDF-MSH, with maximal
activation & min after agonist challenge. PC12 cells expressing MCIR also showed
an increase in ERK phosphorylation and maximal values were achieved 15-20 min
after NDP-MSH stimulation. In both cell types, cAMP levels also increased strongly
after aganist treatment. Then, we analyzed ERK activation by the melanoma-
associated MCIR variants. The R121C, R160WY and D224H vanants expressed in
FC12 cells activated the ERKs as effectively as WT MCTR with similar kinetics and
phosphorylation extent, in spite of a strong impairment of cAMP production. To
further demonstrate YWT MCTR and RHC vanant signalling to the ERKs, we studied
MNDP-MSH-induced neurite outgrowth in PC12 cells, since sustained ERK activation
in these cells is associated with their differentiation with neurite outgrowth (57,58].
MNDP-MSH induced neurite outgrowth in cells expressing “WT MCI1R or the RHC
variants. This differential effect of the RHC mutations on signalling to cAME or the
ERKs indicated that ERK activation by MCITE might be independent on cAMP
production. Consistent with independence on cAMF, treatment of HEL human
melanoma cells with the potent adenviyl cyclase activator forskolin (FSK) strongly
increased intracellular cAMP levels, but failed to activate the ERKs. This suggested
that coupling of MCTR activation to cAMP orto ERK s were independent events, and
provided a remarkable example of differential impact of point mutations on two
signalling pathways. To further explore the relationship between cAMP and ERK
signalling, we analyzed the functional coupling of 3 arificial variants with altered
signalling to cAMP. The internalization-resistant T308A-53164A mutant (44) with
impaired signalling to cAMP was as efficient as WT MCIR in triggenng ERK
phosphorylation following stimulation with NDP-MSH. Meither the constitutively
active in cAMF signalling ES4K wanant (59) nor the constitutively intemalized
T3080-53160 mutant (44 ) were more potent than WT MR in activating the ERks.
These data suggested that MC1R-mediated ERK activation was independent on
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receptor intemalization, and did not involve cAMP synthesis. Moreover, NDP-MEH
dose-response curves in PC12 cells overexpressing the MC1R studies showed that
ERK phosphorylation was triggered at much lower agonist concentrations than
cAMPE synthesis, suggesting that melanocytes might display a graded spectrum of
responses to melanocortin ligands of MCI1RE, with ERK-dependent processes
ococurmng at lower agonist levels than cAMP-dependent events. Accordingly, our
data showed that melanocvies harbouring wariant MCI1E  might display an
imbalanced functional response to MCs, with normal signalling to the ERKs but

reduced coupling to cAMP.

3. Signalling from the Human Melanocortin 1 Receptor to ERK1 and ERK2

Mitogen-Activated Protein Kinases Involves Transactivation of cKIT.

We have shown that human MCTR variants assodated with red hair, fair skin
(RHC phenotype) and increased skin cancer nisk display reduced cAMP signalling,
but activate ERKs as efficiently as WT in heterclogous FC12 cells (60), suggesting
independent signalling to ERKs and cAMP in human melanocywtes. Ve tested
variant MC1RE signalling to ERK in normal human melanocytes (NHM) cultures of
defined MCTR genctype and in human melanoma HEL cells. VWe showed that
MCTR signalling activated the ERK pathway in MHM and melanoma cells
expressing physiological levels of endogenous RHC varants. ERK achivation was
comparable for WT and mutant MCI1R and was independent on cAMP, as it was
neither triggered by stimulation of cAME synthesis with FSk, nor blocked by the
adenylyl cyclase inhibitor 2* 5'-dideoxyadenasine. Overall, these results show that
cAMPE 15 neither sufficient nor necessary to trigger ERK activation in human
melanocytic  cells.  Accordingly, we analyzed possible  cAMP-independent
mechanisms accounting for ERK activation in MC-stimulated human melanocdic
cells. Ve found that ERK activation in melanocytic cells stimulated with NDP-MMSH is
independent on PKA, Ca®* fluxes or PKC. Then, we considered the possibility of
transactivation of a RTK in MC-induced ERK activation. WWe found that in HEL cells,
signalling from MC1R to the ERKs is mediated by the transactivation of c-KIT. This
conclusion was reached on the basis of both phamacological and molecular
approaches that showed: a) a rapid increase of tyrosine phosphorylation and c-KIT
activation in cells treated with NDPFP-MSH but not with FEK, b) efficient blockade of
ERK activation in MC-stimulated cells by 3 c-KIT inhibitors (ISCR03, GTP-14564
and Sunitinib), but not by EGFR specific inhibitors (PD 115303% and low

concentrations of AG 1478) under conditions that fail to block downstream signalling
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initiated at the level of NRAS ¢} ablation of MC-induced ERK activation following
silencing of c-KIT expression with siRMNA, d) ERK activation following MC stimulation
of c-KIT-positive human melanoma cells but not of cell lines lacking c-KIT
expression and e) reconstitution of c-KIT activation by MCs and of a positive pERK
response to the MCTR ligand in HEK cells simultaneously transfected with MC1RE
and o-KIT constructs, but not with either one of the individual constructs alone. Inan
attempt to identify components of this signalling pathway downstream of MC1R and
upstream of ckIT, we focused on Sre, a non-RTK that has been shown to play key
roles in RTK transactivation (31,61,62) We found that Src was rapidly activated by
treatment of HEL cells with NDP-MSH, but not with FSK or with the cIT ligand
=CF. Similar results were obtained in HEW cells transfected to express MC1R and c-
BIT. Moreover, the Src inhibitors MNa-FE1, Dasatinib and PP-2 blocked ERK
activation in MC-stimulated cells. Owverall, our data located Sre upstream of c-KIT
and NRAS, since: a) Srowas not activated by direct stimulation of ¢-KIT with SCF,
bl incubation of HEL cells with the Src inhibitor FPP-2 under conditions that
completely block the pERWK response to MNDP-MSH had no effect on either SCF-
induced c-KIT autophosphorylation at Tw703 or ERK activation, and ¢ under
identical conditions, PP-2 abolished MNDP-MSH-mediated phosphoryation of c-KIT
Twr703 These results strongly support the involvement of Sre in MC-signalling to
the ERWKs, although this point should be confimed by complementary molecular

approaches.

4. Functional relationships of the melanocortin 1 receptor-activated cAMFP and
mitogen-activated protein kinase ERK1 and ERKZ pathways in human

melanoma cells.

The observation that the ERK and cAMP pathways mediated by MCITR
initially diverge at the plasma membrane level raised the possibility of a pathway-
specific regulation of each one of the signalling modules. Several lavers of MCI1TR
requlation can be considered, including a genotypic level through the expression of
variant alleles, protein-protein interactions modulating the association of MC1R with
signalling partners and crosstalk between cAMP and ERK pathways. To study the
requlation of MC1R signalling at the genctype level and to gain insight on differential
requirements for functional coupling, we compared agonist-induced ERK
phosphorylation and cAMP production in PC12 cells expressing WT and a panel of
20 mutants MC1R with different functional alterations in signalling to the cAMF, from
complete LOF to gain-of-function and constitutive activity (34,44:45:59,62-67) The
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C35A, BMF, LO3R, T157A, RIA62P and C289R point mutants, and two deleted
forms, AS and ATMY, lacking the last 5 C-terminal amino acids and a larger fragment
comprising the seventh transmembrane helix and the complete cytosolic C-terminal
tail respectively, behaved as essentially complete LOF forms for both pathways. On
the other hand, @ mutants with different degrees of LOF in the cAMP pathweay
showed normal or even slightly increased functional coupling to the ERKs, whereas
the other 2 mutants with cAMP coupling similar to WWT (N2815 and A1) and E24K, a
constitutively and hyperactive form also behaved as WT in signalling to the ERKs.
Wiy'e glso compared the mutants for their ability to bind agonist when expressed in
FC12 cells. Vanants with residual binding lower than 10% relative to WT failed to
activate the ERK 5. Mutants with an agonist binding capacity over this threshold were
at least as effective as WT in activating the ERKs, in spite of sometimes important
LOF in the cAMP pathway Cornversely, no mutants were found with a higher
decrease in ERK signalling compared with cAMP coupling. Mext, we investigated
the effects of general mechanisms of GPCR signalling regulation on functional
coupling of MCI1RE to the ERK pathway. One of these mechanisms is GPCRE
homologous desensitization. After continuous exposure to the agonist, GFCRs are
phosphorylated by the GRKs. This phosphorylation promotes the interaction of
proteins of the arrestin family with the receptor, which uncouples the GPCR from the
> protein, tiggers the internalization of the agonist-receptor complex and terminates
> protein-dependent signals. We found that neither GREKs, nor arrestins decreased
melanocortin signalling to the ERKs, under conditions that desensitize signalling to
the cAMP cascade and cause MCIR internalization. Additionally, we tested the
effects of MGRMNT (Mahogunin ring finger-1) (658) on ERK activation. MGREMNT is a E3
ubiguitin ligase that decreases MC1R signalling to the cAMP by a mechanism that
involves physical association with the receptor with competitive displacement of the
iz5 protein. HEBL cells overexpressing MGREMNT isoforms did not show a significant
modification of the levels of ERK phosphorylation following stimutation with NDP-
MSH . We checked the possible crosstalk of the ERK and cAMP pathways in HBL
melanoma cells under conditions of high or low ERK activity. These conditions were
achieved in cells expressing constitutively active NEAS and BRAF mutants (Q61R
and VEOOE, respectively) or in the presence of the MEWK inhibitor, PD2805S. Ve
found that melanocortin-induced cAMP synthesis was largely insentitive to the level
of ERK aclivity, thus suggesting that the ERK pathway had little impact on cAMP
production. In contrast, other reports have demonstrated that mutant NRAS disrupts
cAMP signalling at the level of cAMF metabolism in melanocytes and melanoma

cells (68]). Therefore, we analyzed a panel of 26 human melanoma cell lines for
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MNRAS, BRAF and MCI1R genotype, as well as for the functional response of the
ERK and cAMP pathways to stimulation of MCTR . WWe found that NRAS-mutant cells
showed absent and decreased responsivensss to MNDOP-MSH and the adenylyl
cyclase activator forskolin (FSK ), respectively, in terms of cAMP production. On the
other hand, 8 out of 9 BEAF-mutant cells were equally impaired in MC signalling to
the cAMF pathway, showing that disruption of cAMP signalling in human melanoma
is not exclusive of NEAS mutations but may be a charactenstic of cells with ERK
hyperactivity. Finally, we examined the effects of cAMP on the ERK pathway in
human melanoma cells. We have previously shown that FSKK decreased basal ERK
activity in HEL human melanoma cells (Y0). Cornversely, other studies have reported
that cAMP activated ERK signalling in mouse melanoma cells (8). Thus, we
analyzed human melanoma cells not only for basal ERK phosphorylation, but also
for MC1RE-dependent activation. Our data indicated that high cAMP levels efficiently
blocked MCI1R-dependent activation of the ERKs in human melanoma cells,
presumably upstream of the c-KIT RTK, since FSK had no effect on SCF-mediated
ERK activation. We also compared the effects of FSK on ERK phosphordation in
MNREAS- or BRAF-mutant cells. Mone of the cell lines tested were responsive to FSK
stimulation, again suggesting that the site of cAMP inhibitory action was located
upstream of MREAS. Additionally, we tested the effects of FSK on HEL cells
transiently transfected with the constitutively active NRAS and BRAF mutants. FSK
treatment did not block ERK activation by the constitutively active effectors, but
strongly inhibited cKIT activity, as shown by decreased phosphorylation at Tywri 21
and Tyri03. Taken together our results show that cAMP blocks MCI1RE functional
coupling to the ERK pathway at a site located upstream of c-KIT, NRAS and BRAF.
This allows for a nomal response to the c-KIT ligand even in the presence of high

levels of cANMP, consistent with the co-mitogenic action of this second messenger.

CONCLUSIONS
1. MCIR is M-glycosylated at both residues Asn15 and AsnZ29, most probably by

addition of a core high-mannose MN-glycan chain and a bulkier hybrid-type chain,

respectively.
2. M-glycosylation is not an essential requirement for forward trafficking of the

receptor to the plasma membrane or its functional coupling, but increases its cell

sUrface expression.
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2 In human melanocytic cells, non-canonical signalling from MC1R to the ERKs is

cAMP-independent and relies on the transactivation of c-KIT.

4 5rc s likely activated downstream of the MC1TR but upstream of c-KIT in the

non-canonical signalling pathway leading to ERK activation.

5. ERK actwation is achieved at much lower agonist concentrations than cAMP

synthesis.

. Many of the frequent allelic vanants with strongly impaired functional coupling to
the cAMP canonical pathway are still able to activate the non-canonical ERK
pathway as effectively as VWT. Among these variants are E151C, R160WY and
D294H.

7. MCIR wariants with complete LOF in the ERK pathway are always cAMP-

deficient, very rare and have extremely low agonist binding.

8. The homologous desensitization machinery is not involved in the regulation of
MC1TR signalling to the ERKs.

9. High cAMP levels block MC1R-mediated ERK activation in human melanoma

cells and this inhibition occurs upstream of c-KIT.

10, Acute modulation of ERK activity does not modify cAME levels in response to

MC-induced MC1R activation or adenylyl cyclase stimulation by FSKK.

11, In human melanomas, loss of MCITR signalling to the cAMF cascade is frequent
and this impairment is observed even for cell lines WT for MCI1R, NEAS and BRAF .

PUBLICATIONS

Faola T. Zanna, Berta L. Sanchez-Laorden, Ana B. Perez-Oliva, Maria C.Turpin,
Cecilia Herraiz, Celia Jménez-Cervantes, José C. Garcia-Borron. Mechamiem of
danenzation of the human mefanocortin T recepfor. Biochem Biophys Res
Commun, 2008, 2, 211-217.

230



Surnenary

Ana B. Férez Oliva, Lara P. Fernandez, Carlos DeTorre, Cecilia Herraiz, Jorge A,
Martinez-Escribano, Javier Benitez, José A Lozano Teruel, José C. Garcia-
Bomon, Celia Jménez-Cervantes, Glona Ribas. fdentficalion and funchional
analysis of novel variants of the human melnocortin 1 receptor found in

melanoma patisnts. Human Mutation, 2009, 6, 811-822.

Cecilia Herraiz Serrano, Celia Jménez-Cervantes, Paocla Zanna, José C. Garcia-
Borrdn, Melanocortin 1 receptor mutations impact differentially on signaling fo the
cAMP and the ERK mifogen-activated profein kingse pathways. FEBS Letters,
200919, 32693274

sanchez-Laorden BL, Herraiz C, Valencia JC, Heanng VJ, Jménez-Cervantes C,
Zarcia-Borron JC. Aberrant frafficking of human melanocortin T recepfor variants
agsociated with red hair and skin cancer, Steady-state retention of mutantfomms in
the proximal ool J Cell Physiol, 2009, 3, 640-654.

Herraiz Serrano C, Journe F, Abdel-Malel £, Ghanem &, Jmenez-Cervantes C,
Garcia-Borron JC. Signaling from the Human Melanocortin 1 Receptor fo ERKT
and ERK2 mifogen-activated profein kinases involves transactivation of k0T . Mol

Endocrinol, 2010 {in press ).

Herraiz C, Sanchez-Laorden EL, Jiménez-Cervantes C, Garcia-Borron JC. /-
gfycosylation of the human melanocortin 1 receptor. Oocupancy of glvoosylation

sequons and functional role. Submitted to Pigment Cell Melanoma Res.

REFERENCES

1. Gantz |, Fong TM 2003 The melanocortin system . Am J Physiol Endocrinol
Metab 284:E468-E474

2. Slominski A, Tobin DJ, Shibahara &, Wortsman J 2004 Melanin
pigmentation in mammalian skin and its hormonal regulation. Physiol ey
B41155-1228

3. Gether U 2000 Uncovering molecular mechanisms involved in activation of
= protein-coupled receptors. Endocr Rev 21:90-113

4. Garcia-Borron JC, Sanchez-Laorden BL, Jimenez-Cervantes C 2005
Melanocortin-1 receptor structure and functional regulation. Figment Cell
Res 18:393-410

231



Surnsnary

10.

11.

12.

13.

14.

14.

16.

17.

18.

232

Rees JL 2004 The genstics of sun sensitivity in humans. Am J Hum Genet
TE739-751

Busca R, Ballotti R 2000 Cyclic AMP a key messenger in the regulation of
skin pigmentation. Figment Cell Res 13:60-69

Abdel-Malek Z, Swope VB, Suzuki |, Akcali C, Harriger MD, Boyce ST,
Urabe K, Hearing ¥J 1995 Mitogenic and melanogenic stimulation of nomeal
human melanocytes by melanotropic peplides. Proc Matl Acad Sci U S A
92:1789-1793

Busca R, Abbe P, Mantoux F, Aberdam E, Peyssonnaux C, Eychene A,
Ortonne JP, Ballotti R 2000 Ras mediates the cAMP-dependent activation
of extracellular signal-regulated kinases (ERKs) in melanocytes. EMBO J
19:2800-2810

Wellbrock C, Karasarides M, Marais R 2004 The RAF proteins take centre
stage. Mat Rev Mol Cell Biol 5:875-885%

Yoon 8, Seger R 2006 The extracellular signal-regulated kinase: multiple
substrates requlate diverse cellular functions. Growth Factors 24.21-44

Murphy LO, Blenis J 2008 MAPK signal specificity: the rght place at the
right time. Trends Biochem Sci 31.2658-275

Turjanski AG, Vaque JP, Gutkind JS 2007 MAF kinases and the control of
nuclear events. Oncogene 26:3240-3253

Davies H, Bignell GR, Cox C, Stephens P, Edkins 8, Clegg S, Teague J,
Woffendin H, Garnett M.J, Bottomley W, Davis N, Dicks E, Ewing R,
Floyd ¥, Gray K, Hall &, Hawes R, Hughes J, Kosmidou ¥, Menzies A,
Mould C, Parker A, Stevens C, Watt 8, Hooper 8, Wilson R, Jayatilake
H, Gusterson BA, Cooper C, Shipley J, Hargrave D, Pritchard-Jones K,
Maitland N, Chenevix-Trench G, Riggins GJ, Bigner DD, Palmieri G,
Cossu A, Flanagan A, Nicholson A, Ho J¥, Leung SY, Yuen ST, Weber
BL, Seigler HF, Darrow TL, Paterson H, Marais R, Marshall CJ, Wooster
R, Stratton MR, Futreal PA 2002 Mutations of the BRAF gene in human
cancer. Mature 41794 8-954

Gray-SchopferV, Wellbrock C, Marais R 2007 Melanoma biology and new
targeted therapy. Nature 445:851-857

Gray-Schopfer VC, da Rocha DS, Marais R 2005 The role of B-RAF in
melanoma. Cancer Metastasis Rev 24:165-183

Alsina J, Gorsk DH, Germino FJ, Shih W, Lu SE, Zhang ZG, Yang JM,
Hait WN, Goydos JS 2003 Detection of mutations in the mitogen-activated
protein kinase pathway in human melanoma. Clin Cancer Res 9:6419-6425

Omholt K, Karsberg S, Platz A, Kanter L, Ringborg U, Hansson J 2002
Screening of MN-ras codon 81 mutations in paired primary and metastatic
cutaneous melanomas: mutations occur early and persist throughout tumor
progression. Clin Cancer Res §:3468-3474

Sensi M, Nicolini G, Petti C, Bersani |, Lozupone F, Molla A, Yegetti C,
Nonaka D, Mortarini R, Parmiani G, Fais 8, Anichini A 2006 Mutually



Surnenary

19.

20.

21.

22.

23.

24,

25.

26,

27.

28.

249.

30.

31

32.

exclusive NRASQEBIR and ERAFYEB00E mutations at the single-cell level in
the same human melanoma. Oncogene 25:3357-3364

Wehrle-Haller B 2003 The role of Kit-ligand in melanocyte development and
epidermal homeostasis. Pigment Cell Res 16:287-296

Bennett DC, Lamoreux ML 2003 The color loci of mice—-a genetic century.
Figment Cell Res 16:333-344

Spritz RA, Beighton P 19398 Piebaldism with deafness: molecular evidence
for an expanded syndrome . Am JMed Genet 75:101-103

Syrris P, Heathcote K, Carrozzo R, Devriendt K, Elcioglu N, Garrett C,
McEntagart M, Carter ND 2002 Human piebaldism: six novel mutations of
the proto-oncogens KIT. Hum Mutat 20:234

Antonescu CR, Busam KJ, Francone TD, Wong GC, Guo T, Agaram NP,
Besmer P, Jungbluth A, Gimbel M, Chen CT, Veach D, Clarkson BD,
Paty PB, Weiser MR 2007 L%76F KIT mutation in anal melanomas
correlates with KIT protein expression and is sensiive to specific kinase
inhibition. Int J Cancer 121.257-264

Huang 8, Jean D, Luca M, Tainsky MA, Bar-Eli M 1998 Loss of AP-2
results in downregulation of c-kIT and enhancement of melanoma
tumorigenicity and metastasis. EMEBOC J 17:4358-43649

Natali PG, Nicotra MR, Winkler AB, Cavaliere R, Bigotti A, Ullrich A 1593972
Progression of human cutaneous melanoma is associated with loss of
expression of c-kit proto-oncogene receptor. Int J Cancer 52:197-207

Lefkowitz RJ, Shenoy SK 2005 Transduction of receptor signals by beta-
armresting. Science 308:512-517

Marinissen MJ, Gutkind JS 2001 G-protein-coupled receptors and
signaling networks: emerging paradigms. Trends Pharmacol Sci 22:368-376

Tohgo A, Pierce KL, Choy EW, Lefkowitz RJ, Luttrell LM 2002 beta-
Amestin scaffolding of the ERK cascade enhances cvtosolic ERKW activity but
inhibits ERk-mediated transcription following angiotensin AT1la receptor
stimulation. J Biol Chem 277:9429-9436

Werry TD, Sexton PM, Christopoulos A 2005 "Ins and outs" of seven-
transmembrane receptor signalling to ERK. Trends Endocringl Metab 16 26-
13

BorrellPages M, Rojo F, Albanell J, Baselga J, Amribas J 2002 TACE is
required for the activation of the EGFR by TGF-alpha in tumors. EMED J
2211141124

Wetzker R, Bohmer FD 2003 Transactivation joins multiple tracks to the
ERKMAPK cascade. Mat Rev Mol Cell Biol 4 551-657

Amsen EM, Pham N, Pak Y, Rotin D 2006 The guanine nucleotide
exchange factor CMrasGEF regulates melanogenesis and cell survival in
melanoma cells. J Biol Chem 281:121-128

233



Surnsnary

33.

34

35,

36.

37,

38.

39.

40.

41.

42.

43.

44

45.

234

Englaro W, Bertolotto C, Busca R, Brunet A, Pages G, Ortonne JP,
Ballotti R 1938 Inhibition of the mitogen-activated protein kinase pathway
triggers B16 melanoma cell differentiation. J Biol Chem 273.99686-9970

Perez Oliva AB, Fernendez LP, Detorre C, Herraiz C, MartinezEscribano
JA, Benitez J, Lozano Teruel JA, Garcia-Borron JC, Jimenez-Cervantes
C, Ribas G 2009 Identification and functional analysis of novel variants of
the human melanocortin 1 receptor found in melanoma patients. Hum hutat

Box NF, Wyeth JR, O'Gorman LE, Martin NG, Sturm RA 1947
Characternzation of melanocyte stimulating hormone receptor varant alleles
in twins with red hair. Hum Mol Genet 6:1891-1897

Duffy DL, Box NF, Chen W, Palmer JS, Montgomery GW, James MR,
Hayward MK, Martin NG, Sturm RA 2004 Interactive effects of MC1R and
DCAZ on melanoma risk phenotypes. Hum Mol Genet 13:447-461

Healy E, Flannagan N, Ray A, Todd C, Jackson |J, Matthews JN, Birch-
Machin MA, Rees JL 2000 Melanocortin-1-receptor gene and sun sensitivity
in individuals without red hair. Lancet 355 1072-1073

Sturm RA 2002 5kin colour and skin cancer - MCI1R, the genefic link.
Melanoma Res 12405-416

Sturm RA, Duffy DL, Box NF, Chen W, Smit DJ, Brown DL, Stow JL,
Leonard JH, Martin NG 2003 The role of melanocortin-1 receptor
polymorphism in skin cancer risk phenotypes. Pigment Cell Res 16.266-272

Beaumont KA, Newton RA, Smit DJ, Leonard JH, Stow JL, Sturm RA
2005 Altered cell surface expression of human MC1R variant receptor alleles
associated with red hair and skin cancer risk. Hum Mol Genet 14:2145-2154

Healy E, Jordan SA, Budd P3S, Suffolk R, Rees JL, Jackson [J 2001
Functional vanation of MC1R alleles from red-haired individuals. Hum Mol
Gensat 10:2397-2402

Newton RA, Emit SE, Bames CC, Pedley J, Parsons PG, Sturm RA 2005
Activation of the cAMP pathway by variant human MR alleles expressed
in HEK and in melanoma cells. Peplides 26:18158-15824

Sanchez-Laorden BL, Sanchez-Mas J, Martinez-Alonso E, Martinez-
Menarguez JA, Garcia-Borron JC, Jimenez-Cervantes C 2008
Dimerization of the human melanocortin 1 receptor: functional consequences
and dominant-negative effects. J Invest Dermatol 126:172-181

Sanchez-Laorden BL, Jimenez-Cervantes C, Garcia-Borron JC 2007
Fegulation of human melanocortin 1 receptor signaling and trafficking by
Thr-308 and Ser-316 and its alteration in vanant alleles associated with red
hiair and skin cancer. J Biol Chem 282:3241-3251

Sanchez-Laorden BL, Herraiz C, Valencia JC, Hearing VJ, Jimenez-
Cervantes C, Garcia-Borron JC 2009 Abemant trafficking of human
melanocortin 1 receptor variants associated with red hair and skin cancer:
Steady-state retention of mutant forms in the proximal golgi. J Cell Physiol
220:640-654



Surnenary

46,

47

43

49

a0

51.

52.

53

24,

55,

26,

57.

b8,

Wheatley M, Hawtin SR 19399 Glycosylation of G-protein-coupled receptors
for hormones central to normal reproductive functioning: its occumence and
role. Hum Reprod Update 5.356-364

Benya RV, Kusui T, Katsuno T, Tsuda T, Mantey SA, Battey JF, Jensen
RT 2000 Glycosylation of the gastrin-releasing peptide receptor and its effect
on expression, G protein coupling, and receptor modulatory processes. Mol
Fharmacol 58:1480-1501

Boer U, Neuschafer-Rube F, Moller U, Puschel GP 2000 Eeqguirement of
M-glycossation of the prostaglandin E2 receptor EP3beta for comect sorting
to the plasma membrane but not for correct folding. Biochem J 350 Pt 3:839-
g847

Frost GH, Bergmann JS, Carney DH 15391 Glycosylation of high-affinity
thrombin receptors appears necessary for thrombin binding. Biochem
Biophys Res Commun 180:348-355

Kataoka H, Kume N, Miyamoto S, Minami M, Murase T, Sawamura T,
Masaki T, Hashimoto N, Kita T 2000 Biosynthesis and post-translational
processing of lectin-like oxidized low density lipoprotein receptor-1 (LOX-1].
M-linked glycoswvation affects cell-surface expression and ligand binding. J
Biol Chem 275657 3-6579

Lee KH, Ahn JI, Yu DH, Jeong HS, Lee SH, Kim K&, Chung Y, Kim JH,
Lee ¥S 2001 Effect of M-glycosvlation on ligand binding affinity of rat VW1a
vasopressin receptor. Biochem Biophys Res Commun 286:707-713

Michineau S, Muller L, Pizard A, Alhenc-Gelas F, Rajerison RM 2004 M-
linked glycosylation of the human bradykinin B2 receptor is required for
optimal cell-surface expression and coupling. Biol Chem 385.48-57

Moller LB, Pollanen J, Ronne E, Pedersen N, Blasi F 19393 M-linked
glycosylation of the ligand-binding domain of the human urckinase receptor
contributes to the affinity for its ligand. J Biol Chem 268 11152-1115%8

Beaumont KA, Shekar SN, Newton RA, James MR, Stow JL, Duffy DL,
Sturm RA 2007 Receptor function, dominant negative activity and
phenotype comelations for MCIR variant alleles. Hum Mol Genet 162249
2260

Ali BR, Wasmeier C, Lamoreux L, Strom M, Seabra MC 2004 tultiple
regions contibute to membrane targeting of Rab GTPases. J Cell Sci
117.6401-6412

Seachrist JL, Ferguson €8 2003 Regulation of & protein-coupled receptor
endocytosis and trafficking by Rab GTPases. Life Sci 74.225-235

Kiermayer S, Biondi RM, Imig J, Plotz G, Haupenthal J, Zeuzem 5,
Piiper A 200% Epac activation convers cAMP from a proliferative into a
differentiation signal in P12 cells. Mol Biol Cell 16:5639-5648

Santos S0, Verveer PJ, Bastiaens Pl 2007 Growth factor-induced MARK

network topology shapes Erk response determining PC-12 cell fate. MNat Cell
Biol 9:324-330

235



Surnsnary

59,

50,

51.

52

63,

54

65,

B6.

67,

65,

69,

70,

236

Sanchez MJ, Olivares SC, Ghanem (, Haycock J, Lozano Teruel JA,
Garcia-Borron JC, Jimenez-Cervantes C 2002 Loss-oFfunction varnants of
the human melanocortin-1 receptor gene in melanoma cells define structural
determinants of receptor function. Eur J Biochem 269:6133-6141

Herraiz C, Jimenez-Cervantes C, Zanna P, Garcia-Borron JC 2009
Melanocortin 1 receptor mutations impact differentially on signalling to the
cAMP and the ERK mitogen-activated protein kinase pathways. FEBES Lett
583:3269-3274

Bromann PA, Korkaya H, Courtneidge SA 2004 The intemplay between Src
family kinases and receptor tyrosine kinases. Oncogene 23:7957-7963

Roskoski R, Jr. 2004 Src protein-tyrosine kinase structure and regulation.
Biochem Biophys Res Commun 32411551164

Fernandez L, Milne R, Bravo J, Lopez J, Aviles J, Longo M, Benitez J,
Lazare P, Ribas G 2007 MCZI1R: three novel variants identified in a
malignant melanoma association study in the Spanish  population.
Carcinogeneasis 28 1659-1664

Jimenez-Cervantes C, Olivares C, Gonzalez P, Morandini R, Ghanem G,
GarciaBorron JC 2001 The Pro162 variant is a loss-of-function mutation of
the human melanocortin 1 receptor gene. J Invest Dermatol 117:156-158

Sanchez-Mas J, Sanchez-Laorden BL, Guillo LA, Jimenez-Cervantes C,
GarciaBorron JC 200% The melanccortin-1 receptor carboxyl terminal
pentapeptide is essential for MCI1RE function and expression on the cell
surface. Peptides 26:1848-1857

Sanchez-Mas J, Guillo LA, Zanna P, Jimenez-Cervantes C, Garcia-
Borron JC 200% Role of & protein-coupled receptor kinases in the
homologous desensitization of the human and mouse melanocortin 1
receptors. Mol Endocrinol 19:10325-1048

Zanna PT, Sanchez-Laorden BL, Perez-Oliva AB, Turpin MC, Herraiz C,
Jimenez-Cervantes C, Garcia-Borron JC 2008 Mechanism of dimerization
of the human melanocortin 1 receptor. Biochem BEiophys Res Commun
368:211-218

Perez-Oliva AB, Olivares C, Jimenez-Cervantes C, Garcia-Borron JC
2008 Mahogunin ring finger-1 (MGREMN1) E3 ubiquitin ligase inhibits signaling
from melanocortin receptor by competition with Galphas. J Biol Chem
284:31714-31725

Dumaz M, Hayward R, Martin J, Ogilvie L, Hedley D, Curtin JA, Bastian
BC, Springer C, Marais R 2006 In melanoma, RAS mutations are
accompanied by switching signaling from BRAF to CRAF and disrupted
cyclic AMP signaling. Cancer Res 66:94583-9491

Herraiz C, Journe F, Abdel-Malek Z, Ghanem G, Jimenez-Cervantes C,
GarciaBorron JC 2010 Signaling from the Human Melanocortin 1 Receptor
to ERK1 and ERKZ Mitogen-Activated Frotein Kinases  Involves
Transactivation of ckIT. Mol Endocrinal



APENDICE.






Apéndice

1. TAMFONES.

a) Generales.

PBS 1X (pH 7.2)
NaCl 137 mm
KCl 2.7 mM
Na,HPO, 10.0 mM
KHP O, 1.0 mM

Tampdn de solubilizacién celularl:

PES 1x
PrASFE 100 ng/ml
lgepal-CAB30 1%

Inhibidores de fosfatasas 1%

Tampén de solubilizacién celular Il

Tris (pH 8.0) 50 mhd
lgepal-CAB30 1%

EDTA 1 mhd
PMSF 0.7 mhd
lodoacstamida 10 mh

Tampén Tris/EDTA para AMPc:

TrsMHC a0 mmd
ECTA 4 mhd

Tampén de desglicosilacidn:

MNaHFO/MaHFPOy 50 m

EDTA 10 mha

sDs 0.1%
Tampon de lavado acido:

Glicina 50 mh

MNalCl 150 mhd

pH 74

pH 7.0
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Tampdn de carga de muestras de ADN (5x):

Ficoll 400 20%
AzUl de bromofenaol 0.05%
Azul xileno 0.05%
ECTA 50 mh pH 7 2

Tampon de recorrido TAE:

Tris 40 mhy!
ECTA 1.0 mh
Acido acético 30 mbA [0 175% v

2. MEDIOS DE CULTIVO DE CELULAS EUCARIOTAS.

Abajo se especifica la composicidn de los medios empleados en mgd, tal v como
aparece en el catalogo de medios de cultivo de GIBCO (Invitrogen) v de Sigma-
Aldrich.

Fara tripsinizar las células se empled tripsina (0.1 mog/mD) v EDTA (0.2 mg/ml) en
PES.

Componentes DMEM Ham's FI0 MCDB 153
Sales inorganicas

CaCl; 2H:0 264.0 44.0 3.33
Ca(NOs); 4H0

CusQ, 5H.0 0.0025 0.00275
FeMNO; -9H,0 0.1

FeSO, 7H.0 0.834 1.39
KClI 400.0 2350 111.83
MgCl; 6HO 5713
MgSOy /H0 200.0 153.0

NaCl 64000 6900.0 75990
NaHCO; 37000 12000

NaH PO, 2H0 140.0

Na;HPO, anhidro 154.5 284.088
ns0, 7HLO 003 0144
Aminoacidos

L-Ala 356 9 391
L-Arg 34.0 211 2107
L-Asn 60.0 15 15
L-Asp 53.0 13.0 3.99
L-Cys 250 4204
L-cistina 48.0

L-Glu 59.0 14.7 14.71
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Componentes DMEM Ham's FI0 MCDB 153
Gly 30.0 7.5 7.51
L-His 420 230 1677
L-hPro

L-Ile 105.0 26 1968
L-Leu 105.0 13.0 6506
L-Lys 1460 290 18.27
L-Met 30.0 4.5 44 .8
L-Phe 66.0 50 496
L-Pro 46.0 11.5 34.53
L-Ser 420 10.5 63.06
L-Thr a5.0 306 11.91
L-Trp 16.0 06 3.06
L-Tyr 720 18 3
L-¥al 94.0 3.5 35.13
Vitaminas

Biotina 0.024 0.0146
Ac. pantoténico 4.0

Cloruro de colina 4.0 0.7 1396
Ac. Félico 4.0 1.3 079
i-Inositol 7.2 0.5 13.02
Nicotinamida 4.0 06

Ac. p-aminobenzoico 1.0
Piridoxina 4.0 0.06171
Riboflavina 0.4 04 0.0376
Tiamina 4.0 1 0.337
Vitamina B, 1.4 0.407
Otros componentes

Drglucosa 45000 1100.0 1031.0
Rojo fenol 17.0 1.2 1.242
Hipoxantina 4.08

Putrescina HCI 0.161
Piruvato sodico 1100 55.0
HEPES 5958 6600.0
Timidina 0.7 0.727

3. REACTIVOS SDS-PAGE Y TRANSFERENCIA WESTERN.

a) SDS-PAGE.

GELES de poliacrilamida: la mezcla acrilamida‘bisacrilamida [AAMAA) se

Ltilizd en la proporcidan 30:0 8. A continuacion se detalla la composicion de los geles
utilizados habitualmente en SOD5-PAGE.

izel separador (10% acrlamida)
H.O 16 ml
VLYoV 133 ml
TrisHCI 1.5 M 0.4% SDSpH 8.8 1.25ml
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(MH4 25204 10%
TEMED

40 pl
Sl

el hacinador (4% poliacrilamida)

H2O
AAMNAR

1.2 ml
270

Tris-HCI 0.6 M 04% SDS pH 6.8 0.5 ml

(MH412520p 10%
TEMED

Tampén de muestra (4x):
Tris HC
licerol
s0DS
Azul de bromofenaol
F-mercaptoetancl
Tampén de recorrido:
Tris (base)
slicina
sDS

b) Transferencia Western.

Tampén de transferencia:

Trs (base)
licina
sDS
Metanol
TGS 10x:
Tris
zlicina
s0DS

TGST.

TGS
Tween 20

242

20 pl
25l

0.25 W
20%
5%
0.08%
7.5%

pH &8

25 mh
190 mm

0.1% (pH aproximado §.3)

48 mhd
39 mha
0.045%
20%

pH 9.2

250 mhd
1.9M
1%

Tx
0.05%



Apéndice

TBS 10x:
Tris 200 mh
MaCl 1.37 M
TBST:
TES Tx
Tween 20 0.1%

Los anticuerpos utilizados, la casa comercial, la dilucion empleada v su

tampdn de unidn estan detallados en el apartado & de Matenales y Métodos.

4. MICROSCOPIA CONFOCAL

Las construcciones Rab1-EGFFP, RabS-EGFP v Rab7-EGFP, fueron cedidas

amablemente por el Or. Miguel Seabra (Imperial College, Londres, Eeino Unido ],

5. MAPAS Y SITIOS DE RESTRICCION DE VECTORES EMPLEADOS.

a) pcDNA3 1. http v invitrogen comdcontent/sfsfvectors/pecdnad 1+ pdf

Himd il
Aspi 18|

+
R—
i |
Prpa- |

AN

peDNA3.1 (+/-)
S428/5427 bp

Comments for pcBNALY [+)

S48 raiclacides

Wi EE primeng s bases 1022410339
e sequency. bases 10281252

{Complemeniany sirandp

big promoder {3} bases 5337
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6. BUSQUEDA DE BIBLIOGRAFIA Y SECUENCIAS.

En la blsgueda de referencias bibliograficas fueron de gran utilidad los
archivos de la Hemeroteca Cientifica de la Universidad de Murcia v las siguientes

direccionas de Infemet;

Centro Macional para la Informacion Biotecnoldgica de Bethesda (NCEI )

http ey ekl nib.gov/entrez/que ny fogi? db=Fubiad

Eiblioteca de la Universidad de Murcia:

hitp Awww Uimes/bibliotecalbibl electrirevistas/azlist/index html

Asimismo, las secuencias de cDMNAS v proteinas se localizaron en el NCEBl y

en el Instituto Sanger,

hitp: Aeeviwg nchionlm. nib gov/entrez/query. feai?db=MNuceotide

hittp Avvew nchi.nlim . nib.gov/entrez/query fegi?db=Frotein

hittp Avven ensembl.orgdfindesx html
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