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PRESENTACION

Esta tesis doctoral refleja la trayectoria tanto de estudio como de investigacion durante los afios como
investigador predoctoral contratado por el Centro de Investigacion Biomédica en red de Enfermedades Raras
(CIBERER). Fruto de la oportunidad de formacidn y trabajo en el grupo IDIBAPS “Melanoma: Imatge, genética i
immunologia” de la Unidad de Melanoma del Hopital Clinic, el cual forma parte del Grupo de Investigacion en
Genética de Enfermedades Raras (GICER), los resultados de esta tesis reflejan el enorme potencial de la

genética molecular en la investigacién del cancer cutdneo, con un marcado perfil traslacional.

De forma global el cancer cutaneo es la forma neopldsica mas prevalente por lo que representa un problema
de salud publica considerable. Durante los Ultimos afios, se ha avanzado considerablemente en el
conocimiento de la etiopatogénia del cdncer cutdneo gracias en parte, al uso de técnicas de genética
molecular. Mientras que esta bien establecido el papel de la radiacién ultravioleta (RUV) en el desarrollo del
cancer cutaneo, los factores genéticos implicados en el riesgo o desarrollo de estas neoplasias asi como su

relacién con la RUV son aln poco conocidos.

La tesis se presenta en formato de cuatro articulos cientificos las cuales han sido publicados en revistas
indexadas. El primer trabajo es el estudio de la desregulacidn del transcriptoma en células cutaneas debido a
la presencia de mutaciones germinales en el gen CDKN2A o variantes no funcionales en el gen MCIR (ambos
genes implicados en la susceptibilidad a cancer cutaneo). Se identificaron perfiles de expresion y vias
moleculares asociadas a las alteraciones germinales, por lo que dicha desregulacién puede ser considerado un
evento inicial en el desarrollo del cdncer cutaneo. De forma notable se demostré que los perfiles de expresion

de las células fenotipicamente sanas se mantienen en las formas de cancer cutaneo.

El segundo trabajo es un estudio retrospectivo observacional de pacientes de melanoma en el cual se analizé
el papel del gen MCIR en el riesgo a desarrollar melanoma con caracteristicas histopatoldgicas determinadas.
Se identificé una variante sin repercusién fenotipica asociada al riesgo a desarrollar melanoma lentiginoso

maligno.

En el tercer trabajo se presenta la caracterizacion molecular de un grupo de melanomas lentiginosos acrales.
Se observaron alteraciones no conocidas hasta la fecha como son las ganancias de los genes AURKA y TERT. El
trabajo sugiere la existencia de diferentes subgrupos moleculares en base a las alteraciones adquiridas y pone

de manifiesto la importancia de otros genes, mas alla del gen CCND1 en este tipo de tumor cutaneo.
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El cuarto trabajo tiene como objetivo explorar los efectos moleculares de un compuesto que contiene filtros
UV y fotoliasa en pacientes con campo de cancerizacién. Se identificd el papel del gen CPI-17 en la
recuperacién de un fenotipo cutdneo sano, ademas de poner de manifiesto el papel de la inflamacién en el

campo de cancerizacion.
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INTRODUCCION

1. Cancer cutaneo: tipos y epidemiologia

El cdncer cutaneo es la neoplasia maligna mas frecuente en el ser humano, compuesta por
el cadncer cutaneo no melanoma, el cual son tumores que derivan de la proliferacion de los
gueratinocitos, y el cancer cutdneo melanoma el cual se origina en los melanocitos.
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Figura 1. Tipos de cancer cutaneo

CARCINOMA BASOCELULAR (BCC): Este tipo de tumor se desarrolla en los queratinocitos de
la capa basal de la epidermis y de los foliculos pilosebaceos y suelen desarrollarse en
tejido cutaneo con dafo solar de individuos con pieles claras y poca capacidad de
bronceado [1]. Es un tipo de cancer cutaneo poco agresivo y el porcentaje de casos que
desarrolla metastasis se encuentra en 1 caso de cada 10.00 tumores [2-4]. La mayor
incidencia de BCC se observa en personas de edad avanzada, siendo mas frecuente en
hombres. Al contrario, la mayoria de pacientes con una edad de debut menor de 40 afios
son mujeres, lo que podria deberse a determinados habitos como el uso de camas de
bronceado [5].

La mayoria de casos son esporddicos, aunque hay formas familiares (poco frecuentes)
como los afectos del Sindrome de Gorlin.

CARCINOMA CELULAR ESCAMOSO (SCC): Se origina en los queratinocitos de la capa
intermedia de la epidermis. Suele desarrollarse en zonas de la piel fotoexpuestas, aunque
puede hacerlo en cualquier otra parte del cuerpo no expuesta al sol como en la lengua o
en la mucosa bucal o genital. Normalmente se desarrollan en personas de avanzada edad,
aunque pueden desarrollarse en pacientes mas jovenes, especialmente en aquellos con
fototipos de piel claro y con poca capacidad de bronceado. Existen varios sindromes poco
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prevalentes asociados a un mayor riesgo a desarrollar SCC como el Xeroderma
Pigmentosum y la epidermodisplasia verruciformis.

Es un tipo de tumor mas agresivo que el BCC, y el riesgo a desarrollar metastasis se
encuentra relacionado con la zona de origen del tumor primario (los SSC originados en
piel con dafio solar son menos agresivos) y al grosor del tumor (20% de los tumores con
un grosor > 5mm desarrollan metastasis)[6].

MELANOMA (MM): Se origina en los melanocitos de la capa basal de la epidermis. El
fenotipo de riesgo asociado a desarrollar melanoma esta definido por la presencia de
multiples nevus melanociticos, y como en los tumores queratinociticos, a fototipos claros
con dificultad para broncearse y tendencia a quemarse [7], asi como el color de ojos
verdes o azules y/o cabello rubio o pelirrojo[8].

El 90% de casos de melanoma son espordadicos y un 5- 10% son casos de familias con
agregacion a la enfermedad (melanoma familiar). Se ha observado un aumento de la
incidencia de MM, la cual se sitla en un incremento anual del 6%. En los ultimos 50 afios
se ha multiplicado en mas del cuadruple, pasando de 3-4 casos a 10-15 casos por 100,000
habitantes y afio, con especial repercusion entre mujeres jovenes [9, 10]. Estudios a nivel
mundial confirman que esta tendencia al alza se mantendra al menos en las proximas dos
décadas, y se espera que la incidencia se doble de nuevo[11].

SEER Observed Incidence, SEER Delay Adjusted Incidence and US Death Rates®
Melanoma of the Skin, White, by Sex
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Figura 2. Curvas de evolucion de incidencia y mortalidad (nuevos casos/1000.000
hab) de melanoma desde 1975 a 2010 segun la SEER National Cancer Statistics de
EEUU

La incidencia y morbilidad asociada al cancer cutaneo difiere considerablemente segun el
tipo. Aproximadamente, el 90% de los casos de cancer cutaneo corresponden a tumores
gueratinociticos, de los cuales aproximadamente un 80% son BCCs y un 20% son SCC [12].
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Desafortunadamente, una estimacién precisa de su incidencia es dificil de obtener puesto
qgue estos tipos de cancer frecuentemente no se reportan en los registros de cancer.
Mientras que estos tipos de cancer en poblaciones caucasicas son un problema de salud
publica a causa de su elevada incidencia, suponen una baja morbilidad en dichas
poblaciones. Se estima que se diagnostican cada afio 3,5 millones de canceres de piel BCC
0 SCC (presentandose en alrededor de 2.2 millones de estadounidenses, ya que algunas
personas tienen mds de uno) y solamente 2.000 personas mueren al afio a causa de este
tipo de neoplasias, siendo la mayoria de ellos personas de edad avanzada o personas con
el sistema inmunoldgico suprimido [13]. Por otro lado, aunque la incidencia de MM es
notablemente menor (<10% de casos de cdncer cutaneo), es el subtipo que presenta el
mayor indice de mortalidad; siendo el responsable del 75% de las muertes por cancer de
piel.

A nivel epidemioldgico, el aumento de la incidencia del cancer cutdaneo observado en
poblaciones caucasicas, se debe en parte, al papel critico que tiene la radiacion
ultravioleta (RUV) como factor ambiental asociado a estas neoplasias; y por consiguiente,
la capacidad de respuesta a la radiacion y los habitos de fotoexposicién del individuo.
Multiples estudios, han demostrado el incremento de riesgo a desarrollar melanoma [14,
15] o cancer cutdneo no melanoma [1, 16] en base a la radiacién solar. El estudio caso-
control multinacional mas extenso hasta la fecha (1732 pacientes europeos con cancer
cutaneo y 1550 controles) confirma la importancia de la exposicién solar como factor
ambiental, y la pigmentacidon como factor genético en la etiopatogénia del cancer cutaneo
[17]. Ademas, ilustra las diferencias entre los diferentes tipos de cancer, ya que mientras
qgue el tipo SCC estd muy relacionado con la exposicion solar crénica o acumulativa, la
relacién entre RUV y MM es mas compleja (Tabla 1). Tal y como muestra el estudio, el
MM estd mas asociado a la exposicidon intermitente e incluso no se observa un aumento
del riesgo relacionado con los trabajos realizados al aire libre.

Green y col. ya en 1992 establecieron las primeras hipdtesis sobre la influencia de la
localizacién anatdmica, y por tanto el tipo de exposicion solar, en la diferente respuesta
de los melanocitos, y por ello, pudiendo variar el riesgo y tipo de MM desarrollado (Figura
3). Asi se empez6 a diferenciar entre el papel de la exposicion solar intermitente intensa,
implicada en el MM de tronco y extremidades, de la exposicidn crénica continua,
implicada en el MM de cabeza y cuello[18].
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TABLA 1: Factores de riesgo a desarrollar cancer cutaneo en poblacidon Europea.

Se muestran los valores de Odd Ratio (OR) del analisis multivariable ajustado por edad, sexo, fototipo y
pais. * nimero bajo de individuos en esta categoria (datos adaptados del estudio de deVries E. et al [17])

BCC (N=620)

SCC (N=409)

MM (N=360)

Fototipo de piel
(clasificacion
Fitzpatrick

OR (IC95%)

OR (IC95%)

OR (IC95%)

2,01 (1,31-3,08)

3,72 (2,19-6,33)

2,36 (1,38-4,02)

1,51 (1,11-2,04)

2,59 (1,73-3,88)

2,27 (1,51-3,43)

Presencia de nevus
comunes

1,42 (1,11-1,83)

no significativo

2,11 (1,47-3,04)

Presencia de nevus
atipicos

no significativo

no significativo

6,08 (4,24-8,71)

Signos de
fotoenvejecimiento

1,87 (1,45-2,42)

4,23 (2,90-6,17)

1,51 (1,09-2,09)

Presencia de efélides
en lacara

Pocas

1,50(1,18-1,91)

2,37 (1,72-3,27)

1,67(1,25-2,22)

Algunas

2,04 (1,44-2,90)

3,69 (2,40-5,68)

2,22 (1,48-3,34)

Muchas

3,01 (1,63-5,58)

3,99 (1,90-8,37)

no significativo*

Quemaduras solares
en la infancia

1-2 veces

no significativo

no significativo

1,43 (1,04-1,95)

3-5 veces

1,55 (1,09-2,21)

1, 55(1,98-2,45)

1,63 (1,09-2,44)

6 -10 veces

2,33 (1,62-3,36)

2,32 (1,46-3,70)

2,65 (1,76-4,00)

Tener/haber tenido
trabajos al aire libre

1,55 (1,24-1,94)

1,91 (1,43-2,55)

no sign

Practicar/haber
practicado aficiones

al aire libre 1,61 (1,28-2,03) 1,47 (1,09-1,97) 1,51 (1,14-2,00)
Vivir en paises
tropicales

5-10 aiios 4,49 (1,56-12,89) no significativo no significativo

De igual manera, la clasificacion clinico-patoldgica cldsica de Clark apoya esta teoria,
puesto que el MM tipo de extensidn superficial, el 60% en nuestro entorno, se asocia al
tronco y extremidades, debuta en edades mas jovenes, y se asocia mas frecuentemente a
la presencia de nevus melanociticos y exposicién solar intermitente. El MM tipo lentigo
maligno, se presenta en areas de dafio actinico marcado, en pacientes de edad mas
avanzada e independientemente de la presencia de nevus.
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MELANOMAGENESIS

MM EXTENSION SUPERFICIAL | MELANOMA

MELANOMAS INDEPENDIENTES DE
EXPOSICION SOLAR

Figura 3: Melanomagénesis: Los diferentes subtipos
de melanoma y su relacién con la radiacion UV.

El MM tipo lentiginoso acral, es la forma menos comiun de melanoma. Generalmente
ocurre en las plantas de los pies, las palmas de las manos o en la matriz ungueal por lo
gue no encajaria en el modelo de la foto inducciéon. La no asociaciéon a la radiacion solar se
observa también en el hecho de que su prevalencia es igual en diferentes zonas
geograficas, indepedientemente de la raza y el fototipo cutaneo. Es el mas el frecuente en
razas mas pigmentadas puesto que en estas poblaciones, la frecuencia de tipos
marcadamente relacionados con la radiacidn solar es muy baja, debido al efecto protector
del propio fenotipo [19].

2. Queratosis actinicas y campo de cancerizacion

La queratosis actinica o queratosis solar, es una neoplasia intra-epidérmica comdun
caracterizada por la atipia de los queratinocitos y originada en dreas de la piel con
marcado dafio solar. Se presenta, habitualmente, en pacientes de edad avanzada y el
riesgo es mayor en hombres, en individuos con fototipos claros y que no se broncean
facilmente, con color de pelo rojo o claro y/o color de ojos azul [20]. También se observa
un mayor riesgo en pacientes con el Sindrome de Rothmund-Thompson, de Cockayne, o
Xeroderma Pigmentosum [21].

Las queratosis actinicas son consideradas los estadios iniciales de un continuo biolégico
desde que se identificaron como lesiones pre-neopldsicas relacionadas con el cancer
cutaneo. Aunque las lesiones puede mantenerse estables por muchos afios (el ratio de
transformacién maligna en un paciente es menor del 0.1% por afio [22]), las no tratadas
pueden progresar hacia SCC en 8-20% de pacientes [23] y son un factor de riesgo a
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desarrollar BCC y MM [24]. Diversos estudios indican que el 60% de SCCs invasivos se
originan en queratosis actinicas y que el 82-97% de SCCs presentan queratosis actinicas
contiguas al tumor [22, 25, 26]. Dado que pacientes con SCC, en la misma area
fotoexpuesta donde se origina el tumor, presentan otras lesiones, como las queratosis
actinicas en distintos estadios evolutivos; se ha postulado que los primeros eventos
genéticos en el campo de un tumor, podrian llevarse a cabo por la expansidn clonal de
células pre-neoplasicas afectadas por cambios gendmicos en un area de tejido cutdneo
danado (incluso antes de ser valorables por la histopatologia), las cuales conducirian hacia
la adquisicion del fenotipo maligno. Este hecho ha sido denominado campo de
cancerizacioén. Este concepto sugiere que la piel clinicamente normal alrededor del area
de queratosis actinicas ya revela cambios moleculares similares a un carcinoma por lo que
los tratamientos actuales van dirigidos a tratar todo el campo de cancerizacién, para
eliminar otras lesiones que pueden ser practicamente inapreciables pero que podrian
continuar su evolucién en un futuro.

Actualmente, varios autores incluso clasifican las queratosis actinicas como un tipo de SSC
mas que una lesidon precursora [21, 27]. Aunque no existe un consenso en este aspecto, la
hipodtesis que estas lesiones necesitan adquirir determinadas alteraciones antes de una
expresion clinica con caracter maligno es plausible [28].

3. Radiacion Ultravioleta (RUV): Factor ambiental asociado al cancer cutaneo

1. Efectos bioldgicos de la RUV

Los estudios epidemioldgicos ponen de manifiesto que la radiacion ultravioleta (RUV) es la
principal causa del cancer cutaneo. Aunque la RUV es Unicamente el 5% de la radiacion
emitida por el Sol, es la responsable de los principales efectos daiinos de la radiacion
solar, y desde el afio 2003 ya esta incluida dentro de la lista oficial del National Institute of
Environmental Health Sciences [29] de EEUU como cancerigeno conocido y demostrado.

Tanto de forma aguda como crdnica o acumulativa, provoca quemadura solar,
inmunosupresion, fotoenvejecimiento cutdneo y ocular, melanoma y cancer cutdneo no
melanoma.

Rayos X Ultravioletas Luz Visible | Rayos Infrarojos
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Figura 4: Espectro electromagnético de la luz solar
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Debido a la mayor esperanza de vida, y a cambios en los habitos ludico-deportivos y
estéticos a partir del siglo XX, la carcinogénesis inducida por la RUV se ha convertido en un
auténtico problema socio-sanitario, sin olvidar que cerca de 3 millones de personas al
afo, pierden la visidon a causa del dafio actinico ocular y las cataratas fotoinducidas [30,
31].

Por otro lado, la RUV es necesaria para la vida, y ejerce también efectos beneficiosos
mayoritariamente a través de la sintesis de la vitamina D en la piel, necesaria para el
metabolismo musculo-esquelético, fosfo-calcico, y también interviene en diversas
funciones de homeostasis hormonal e incluso anticancerigenas. Estudios epidemioldgicos
han demostrado un posible efector protector frente al desarrollo de diferentes tipos de
neoplasias, y a su vez, un también un papel prondstico de la evolucién del cancer [32].
Existen datos contradictorios sobre la necesidad de fotoprotecciéon extrema en los
pacientes con cancer cutdaneo como es el caso de los afectos de melanoma[33]. Como
ejemplo, el estudio caso-control de Berwick y col. en el cual la supervivencia de los
pacientes de melanoma era mejor en los casos de mayor exposicion solar, una vez
ajustado el analisis por el resto de factores prondstico [34].

2. Fotocarcinogénesis

La RUV es absorbida por diferentes cromoéforos en la piel, y el ADN es su principal diana y
donde provoca sus mayores efectos daninos, por lo que la RUV es una pieza fundamental
en la fotocarcinogénesis melanocitica y queratinocitica[35]. La RUV ejerce estas funciones
deletéreas a través de acciones directas e indirectas, agudas y acumulativas, de
inmunosupresion, dafo directo del ADN celular, y dafio indirecto a través del estrés
oxidativo y formacidn de radicales superéxido.

FOTOCARCINOGENESIS
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La RUVB supone un 5% de la RUV que atraviesa la capa de ozono, es la de mayor energia 'y
menor longitud de onda (A 280-320nm), por lo que alcanza la epidermis hasta la unidn
dermoepidérmica. La RUVA, de menor energia pero mayor longitud de onda, alcanza
estructuras hasta la hipodermis (A 320-400nm) y supone mas del 95% de la RUV que
recibimos en la superficie terrestre, dependiendo de las condiciones meteoroldgicas y
geograficas puede variar [36, 37].

La RUVB se ha considerado la responsable del mayor dafio bioldgico, principalmente a
largo-medio plazo de la fotocarcinogénesis, y de forma aguda de la quemadura o eritema
solar. Molecularmente se conoce bien su capacidad en generar dimeros de ciclobutano de
pirimidina (DCP), y sus fotoproductos (6-4PPs), los cuales son los principales causantes del
dafno en el ADN (Figura 6). Los DCP son especificos del dafio por RUV, pueden
cuantificarse y se sub-clasifican segin qué dimero de bases nitrogenadas, y fotoproducto
se forme; siendo mas caracteristicos de UVB los DCP TT, TCy CT, y los 6-4PP TCy TT.

‘ PYRIMIDINE-PYRIMIDONE 6,4-PHOTOPRODUCT ‘ THYMINE DIMER
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groups Cyclobutyl ring
1 1 : 55 ‘ Reactive 5[ 5f 1 L -
0 L i « double bonds | J | : i e .
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Adjacent thymine and Thymine-¢ylosine (6-4) dimer 7
eytosine bases (pyrimidine-pyrimidone (6-4) Two adjacent thymine bases Thymine dimer
photoproduct} Cyclobutane-pyrimidine dimer

Figura 5: Fotoproductos originados por la radiacion ultravioleta

La RUVA, clasicamente, se habia considerado de menor capacidad carcinogénica, mas
responsable de la induccién de melanina y de la fotoinmunosupresion [38],
principalmente a través de la isomerizacién de la forma trans- a la cis- del acido urocanico,
otro cromoéfero cutdneo. Causa principalmente roturas y entrecruzamientos entre
proteinas y cadenas simples del ADN, y genera radicales superdxido, responsables del
dafo oxidativo en la célula. Sin embargo, actualmente, se ha demostrado que la RUVA por
si sola tiene capacidad de producir dafo directo genético, generando también DCP
(principalmente dimeros TT), por una via independiente del dafo oxidativo [39].

El cadncer cutdneo se incluiria en el modelo de carcinogénesis consistente en iniciacion,
promocion y progresiéon tumoral, donde el acimulo de alteraciones genéticas, sumado a
la ineficacia en la eliminacion de células anormales, y a factores ambientales
favorecedores, explicaria la génesis tumoral. Probablemente la fotocarcinogénesis de los
tumores queratinociticos es diferente a la que induce los melanomas. Se sabe que
melanomas y carcinomas exhiben diferentes mutaciones y activacion de oncogenes, lo
gue probablemente traduce diferente tipo de dafio del ADN.
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3. Fotoadaptacion

La sensibilidad a la RUV en el hombre presenta una variabilidad de hasta 1000 veces entre
individuos, es decir que ante un mismo tipo y cantidad de RUV los efectos dafinos
provocados varian enormemente. Los principales determinantes de esta variabilidad
estan relacionadas con la pigmentacion y por tanto con la capacidad de sintesis de
melanina; y con los diferentes procesos de inflamacién y reparacion del dafio del ADN, es
la lamada fotoadaptacion [40, 41]. Segun las capacidades de cada persona, se alcanza una
fotoadaptacion y un resultado final del dafio fotoinducido, agudo y acumulativo o crénico.
Por lo que genes implicados en los procesos relacionados con la adapatacién a la RUV
pueden modular la respuesta al dafio y por consiguiente estar implicados en el riesgo a
desarrollar cancer cutaneo.

VIAS MOLECULARES IMPLICADAS EN LA
RESPUESTA A LA FOTOEXPOSICION

—PIGMENTACION.

EUMELANINA ’ —
CONSTITUTIVA + INFLAMACION + D)
<4 NOUCIDA | INMUNOSUPRESION-—~

CAPACIDAD DE PROTECCION

DE LA PIGMENTACION v

Fotoadaptacién
SENSIBILIDAD INDIVIDUAL

DANO AGUDO + DPANO CRONICO
DANO ACTINICO ACUMULADO

Figura 6: Respuesta a la fotoadaptacion

4 . REPARACION DEL DANO DEL ADN

1. Vias moleculares de reparacion en humanos

Las mutaciones adquiridas en el ADN y provocadas a menudo por agentes exdgenos, son
generalmente dafinas. Se estima que a diario cada célula humana sufre una media de
25.000 cambios espontaneos de bases del global de 3x10° que posee su genoma, como
consecuencia de las agresiones que recibe. La RUV es la fuente principal de dafio que
recibe el ADN de las células de la piel.

Sin embargo el organismo tiene diferentes vias intracelulares especificas, y eficazmente
dirigidas a prevenir la carcinogénesis inducida por carcinégenos, son las llamadas vias de
reparacion del ADN (Figura 7.a) [42]. El grado de dafio determina el proceso utilizado por
la célula, ya sea inicialmente mediante la detencién del ciclo celular, identificacion y
reparacion del ADN dafado, o si el dafio es muy extenso o la reparacion ha sido ineficaz
mediante la induccion de la senescencia o muerte celular (apoptosis) (Figura 7.b)
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A) Formas de dafio al DNA y mecanismos de reparacién asocidados

ESTRESOR T1PO DE DARO REPARACION
Radiacidn UV 64PP, DCP ‘ :Legas)raciﬁn por escisidn de Nucledtidos
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ionizante, rayos-X u e . CL ga (HR),
lonizante, ray ! crosslinks” DNA-DNA 6 DNA- Unidn de extremos no homologos (NHEJ)
Quimioterapias proteina
Rayos ¥, Radicales de Bases deaminadas y alquiladas, " e
oxigeno, Agentes sitins abasicos oxidados Reparacidn por escisidn de hases (BER)
alguilantes
Errores de replicacidn y Inserciones, Deleciones, Reparacién “mismatch’
recombinacion celular bases “mismatch”

B) Mecanismes celulares aseciados al dafio al ADN

DANO AL ADN
Arresto del Ciclo Celular Senescencia Apotosis

Figura 7: Dafio al DNA: La figura 7.a muestra los diferentes formas de dafio y los
mecanismos de reparacion. La figura 7.b muestra los procesos de respuesta celular segun el
grado de dafio celular.

Una de las vias de regulacién celular ante el fotodafo es la activacion de los “checkpoints”
del ciclo celular los cuales promueven el arresto del ciclo, tanto en la transicion de fase G1
alas, enla de G2 a la de mitosis, o en la fase de replicacion del ADN. Segun el tipo de
dafo del ADN inducido por un carcinégeno, se activara o detendra el ciclo celular
mediado por una via diferente[43].

Diversas proteinas estan implicadas en la regulacion del ciclo celular cuya funcién es
inducir un estacionamiento o inhibicién del ciclo, de forma que haya tiempo suficiente
para la reparacién de dicho dafio, como por ejemplo: p53 (gen TP53), p21 (gen CDKN1A) y
pld y ple (ambas codificadas por el locus CDKN2A). En caso contrario, se induce la
apoptosis celular, evitando que la célula se replique y aparezca un clon aberrante.

El caso mas evidente de alteracién en los mecanismo de identificacién y reparacion del
dano del ADN son los pacientes afectos de Xeroderma Pigmentoso (XP). Estos pacientes
son portadores de diferentes tipos de mutaciones germinales en genes implicadaos en la
reparacion del DNA, lo que provoca un mayor riesgo de neoplasias ante cualquier
agresiodn carcinogénica, en especial a la luz solar. Asi la mayoria de enzimas implicadas en
las vias de reparacion se deenominan con las iniciales XP.
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Se conocen distintos mecanismos: 1) Escisiéon de bases (gen XRCC1); 2) Escisién de
nucleétidos (genes XPA-G, y XPV) [42] y 3) Reparacidn de la doble cadena homologa (gen
XRCC3) [44]. Segun qué polimorfismos y/o mutaciones presenten dichos genes la
reparacion del dano inducido por RUV serd mas o menos eficiente [45, 46].

También se ha relacionado la expresién de la proteina p16 (inducida por exposicion a RUV
como mecanismo reparador del dafio de ADN) y del gen MCIR con la reparacién. De
forma que se demuestra una estrecha relacién entre sintesis de melanina y reparacion del
ADN. El gen MCIR juega un papel importante en fotocarcinogénesis a través de la
estimulacion de produccién de p53 y de p16 ante un daino fotoinducido [47] o a través de
la via de MITF la cual esta implicada en la proliferacién celular tumoral, apoptosis y vias de
reparacion del ADN [48].

Por otra parte se ha sugerido que la RUVA podria tener incluso un mayor papel en la
melanomagénesis por la combinacion de dafo directo del ADN e indirecto del dafio
oxidativo, que se potenciaria mds aun a través de una mayor sintesis de melanina. En un
estudio reciente se pudo demostrar que tanto la RUVB como la RUVA inducen DCP de
igual manera en melanocitos como queratinocitos. En cambio, el dafio oxidativo inducido
por UVA (a través de 8-oxo-7,8-dihydroguanine) fue el doble en melanocitos (2.2 veces
superior), lo que apoya también las hipdtesis de que a mayor sintesis de melanina en el
melanocito, mayor estrés oxidativo sufre la célula [49].

2. Fotoreactivacion y fotoliasa

La via de reparacidn por escisiéon de nucleétidos (NER) reconoce y remueve eficazmente
los 6-4PP, sin embargo el reconocimiento y eliminacion de los DCPs mediante esta via es
limitado [50, 51]. Muchos organismos (bacterias, algas, crustdceos o peces) excepto los
mamiferos placentarios presentan un mecanismo de reparacidon adicional llamado
fotoreactivacion; llevado a cabo por unas enzimas monoméricas llamadas fotoliasas, las
cuales reconocen y reparan eficazmente ambos fotoproductos[52].

En el proceso de fotoreactivacion, la fotoliasa se une a los DCPs en una reaccion
independiente de la luz. Luego se requiere un fotdn cuya longitud de onda esté
comprendida entre 300 y 500nm para que la enzima se active y pueda donar un electrén
al dimero. Esto ultimo inicia una reorganizacidn electrénica que finalmente restablece las
dos pirimidinas intactas.

El potencial de las fotoliasas en la prevencién del cancer cutaneo ha sido reconocido en
base a los resultados obtenidos en varios estudios. Jans J et al. han demostrado los
beneficios de la expresidon de la fotoliasa en la piel de ratones transgénicos [53, 54]. La
expresion transgénica de la enzima en ratones irradiados, reducia drasticamente los
niveles de 6-4PP en epidermis y dermis; y la capacidad de reparacion de las lesiones DCPs
aumentaba un 40%. Ademas, observaron un aumento de la resistencia contra los efectos
inducidos por la RUV y una frecuencia de mutaciones en el gen TP53 similar a la
observada en ratones control no irradiados. Ademas, se ha observado que la aplicacion
tépica en la piel humana de fotoliasa encapsulada en lisosomas proporciona una
proteccidon contra el dafio inducido por la RUVB [55]. En la piel irradiada con RUVB, la
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aplicacion topica del compuesto seguida de una exposicion a luz fotoreactivadora reducia
un 40-45% el nimero de dimeros inducidos por la RUV.

c. Susceptiblidad al cancer cutaneo

En los ultimos afios, se han identificado multiples genes que incrementan el riesgo a
desarrollar cancer cutdneo. Por un lado, se han identificado variantes comunes en genes
implicados en pigmentacion, reparacion del ADN o en el metabolismo de carcindgenos.
Por otro lado, se han identificado genes que se encuentran mutados de forma germinal en
formas etiopatolégicas hereditarias poco frecuentes, y que confieren un elevado riesgo a
desarrollar cdncer queratinocitico (genes de alto riesgo) como son las alteraciones en el
gen PTCH1 en afectos del Sindrome de Gorlin, el gen RECQL4 en afectos del Sindrome
Rothmund—-Thomson, el gen RECQL3 en afectos del Sindrome de Bloom o los genes XP en
pacientes de Xeroderma Pigmentosum [56]. También se ha identificado mutaciones
germinales en individuos con elevado riesgo a desarrollar MMs en los genes CDKN2A y
CDK4 y mas recientemente en el gen BAP1 [57].

1. Papel del gen MC1R en la pigmentacion y riesgo a cancer cutaneo

La melanina es el pigmento que determina el color de cabello, ojos y piel en humanos. El
proceso de sintesis de la melanina se lleva a cabo en el melanocito, y tiene lugar en el
melanosoma, el compartimento subcelular especializado en este proceso. La sintesis de
melanina es un proceso gradual que tiene lugar durante la maduracién del melanosoma.
Los melanosomas maduros son transportados, mediante las proyecciones dendriticas del
melanocito, hacia los queratinocitos circundantes de la piel o del foliculo (Figura 8).

Existen dos tipos de melanosomas que difieren en tamafo, forma, estructura y
composicion quimica. Los eumelanosomas son los compartimentos donde se sintetiza el
pigmento eumelanina (pigmento marrén-negruzco, cromoforo protector del ADN) y los
feomelanosomas son los compartimentos en los que produce la sintesis del pigmento
feomelanina (pigmento amarillo-rojizo, sin capacidad de proteccién, y favorecedor de
dafio oxidativo) [58]. El tipo, la cantidad y distribucion de los melanosomas en los
gueratinocitos determinan el color de pelo y piel [59], mientras que los melanosomas
retenidos en los melanocitos de los ojos son lo que determinan su color [60].

La piel tiene una determinada pigmentacién constitutiva (basal) y una pigmentacion
facultativa la cual es inducida tras una exposicidn solar, ambas son diferentes seglin cada
raza e individuo y estan genéticamente determinadas [61].
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La pigmentacidon es un rasgo complejo a nivel genético, con mas de 120 genes implicados
en su regulacion. De ellos, el receptor de la melanocortina tipo 1 (MC1R) tiene un papel
clave en el proceso de sintesis. El gen codifica un receptor de membrana acoplada a
proteina G-AMPc, de 317—aminodacidos que controla la cantidad relativa de sintesis de los
dos tipos de pigmento que producimos, al unirse a su ligando, la hormona
melanoestimulante a-MSH [62]. Junto con el gen MCIR se han identificado otros genes
reguladores de la pigmentacién como ASIP, DCT, OCA2, SCL24A5, MATP, TYRy TYRP1.

El proceso de sintesis es iniciado por la activacion de MCIR mediante la unién a la
hormona a-MSH, la cual es secretada por los queratinocitos en respuesta a la RUV. La
unidon promueve la activacion del adenilato ciclasa aumentando la formacién de cAMP. El
aumento de cAMP conduce a la activacidn de la proteina Quinasa A (PKA) la cual a su vez,
promueve la transcripcion del gen MITF mediante el factor de transcripcién CREB. MITF
juega un papel clave en el control de la melanogenesis y promueve la transcripcion de
multiples genes como TYR, TYRP1 o DCT implicados en el control de la cantidad relativa y
absoluta de eumelanina y feomelanina [63] (Figura 8). Por lo que la activacion de MC1R
tiene como consecuencia final la transformaciéon de la tirosina en eumelanina,
aumentando asi los niveles de este tipo de pigmento y disminuyendo los niveles de
feomelanina. El incremento del contenido de eumelanina en la piel produce el bronzeado
el cual actua como un fotoprotector, protegiendo a las células cutaneas del dafio inducido
por la RUV y en consecuencia evitando la transformacion maligna.

De forma interesante, la activacion de MITF también promueve la transcripcidon de genes
de proliferacién celular y antiapoptdticos en el melanocito [64]. Por lo que la activaciéon de
MCI1R en respuesta a la RUV es también determinante para garantizar la supervivencia del
melanocito, al inhibir la apoptosis inducida por la RUV.

Actualmente, el gen MCIR, es el mejor caracterizado y validado como gen de riesgo a
cancer cutaneo de baja-media penetrancia. Se ha descrito que la presencia de
polimorfismos de MCIR, en especial los conocidos como “variantes de pelo-rojo” (RHC),
los cuales provocan una proteina no funcional (p.D84E, p.R151C, p.R160W y p.D294H),
incrementan el riesgo a desarrollar cancer cutaneo.

Varios estudios han detectado el efecto del tipo y nimero de variantes en el riesgo a
desarrollar tumores queratinociticos. Las variantes RHC incrementan entre 2 y 3 veces el
riesgo a desarrollar BCCs [65-67] o SSCs [67, 68]. Incluso se ha observado un aumento del
riesgo a desarrollar BCCs asociado a variantes comunes como son p.V60L (OR=3,212) y
p.V92M (OR=2,87)[69].
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Figura 8: Via molecular de la sintesis de melanina

El papel del gen MCIR en la susceptibilidad a MM ha sido ampliamente analizado y esta
bien establecido el incremento del riesgo a desarrollarlo causado por las variantes p.D84E,
p.R142H, p.R151C, p.I155T, p.R160W y p.D294H. La presencia de multiples variantes, se
asocia a un incremento de 2 a 10 veces el riesgo de desarrollar MM, asi como a una
disminucién de la edad de debut [70].

De forma notable en la mayoria de estudios se observa que el riesgo de las variantes es
independiente de las caracteristicas fenotipicas del individuo (color de pelo y piel),
sugiriendo que el gen MCIR puede conferir riesgo independientemente de su relacion con
la pigmentacién. En este sentido, en un estudio caso-control con 960 pacientes y 396
casos se detectd que el riesgo a MM causado por variantes del gen era notablemente
superior en aquellos individuos con fenotipos protectores (color de pelo o ojos oscuros,
buena capacidad de broncearse) o baja exposicién al sol [71].

2. El locus CDKN2A y predisposicion a melanoma

Aproximadamente un 5-10% de los casos de MM tiene lugar en un dmbito familiar y por
tanto en individuos con una predisposicion genética heredada. En dichas familias, se
observa un patréon de herencia autondmica dominante con penetrancia incompleta, con
multiples casos de MM, y habitualmente, asociado a individuos con multiples nevus
melanociticos o nevus displdsicos. Mediante estudios citogenéticos, moleculares y de
ligamiento se han identificado dos genes, CDKN2A y CDK4 como genes de susceptibilidad
a MM. El locus CDKN2A comprende 4 exones y codifica dos proteinas diferentes, las
cuales son transcritas en diferentes pautas de lectura y modificadas mediante “splicing”
alternativo (Figura 9). El transcrito alpha que comprende el exdn 1 alfa, el exén 2 y el exén
3, codifica para p16INK4A y actia como un gen supresor de tumores el cual se une a la
quinasa dependiente de ciclina 4 (CDK4) y a la quinasa dependiente de ciclina 6 (CDK6)
[72]. Esta unidon inhibe la asociacion de las quinasas con la ciclina D1, evitando la
formacion del complejo CDK/Ciclina D. Este complejo fosforila la proteina del
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Retinoblastoma permitiendo al melanocito la progresién del ciclo celular atravesando el
punto de control de la fase G1 [72, 73]. El transcrito beta el cual comprende el exdn 1 beta
y el exdn 2 codifica para la proteina p14ARF. Esta proteina regula la funcion de p53 y la
proteina del Retinoblastoma., uniéndose e inhibiendo la funcion de HDM2 [74] vy, por lo
tanto, favoreciendo la apoptosis y bloqueando la transformacion de los melanocitos en
células malignas.
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Figura 9: Funcion de las proteinas p16INK4A y p14ARF ejn el control celulary
procesos cancerigenos

Aproximadamente el 20% de las familias afectadas de melanoma familiar tanto en los
paises de Europa como en América y Australia son portadoras de mutaciones en CDKN2A,;
aunque la frecuencia varia considerablemente entre paises (0-50%), siendo la frecuencia
mas baja la que se observa en familias de paises europeos.

Aunque la mayoria de mutaciones se encuentran en los exones que codifican para
p16INK4A (1 alfa y exon 2), también se han encontrado mutaciones que tan solo afectan a
p14ARF [75]. Bishop DT et al. estimaron que la penetrancia de las mutaciones en CDKN2A
es, de forma global, de 0, 30 a los 50 afios y de 0,67 a los 80 afnos. De forma interesante, la
penetrancia difere considerablemente entre America del Norte, Europa y Australia. En
este Ultimo pais la penetrancia de la mutacion es de 0.91 a los 80 afios. En el estudio no se
observaron diferencias segun si la mutacién afectaba a un transcrito o a ambos [76]. Estos
datos ponen de manifiesto tanto la existencia de genes modificadores, como el papel de
factor ambiental (RUV) en el riesgo y desarrollo del MM.

Del total de mutaciones identificadas, 5 de ellas se encuentran de forma recurrente,
debido a un origen fundador. Las familias con elevada susceptibilidad de paises del sur de
Europa suelen ser portadoras de las variantes p.G101W o p.V59G [76, 77].
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Junto con las mutaciones germinales, hay evidencias que sugieren que determinados
polimorfismos en CDKN2A podrian aumentar el riesgo a MM, aunque en menor medida
[78, 79].

Por otro lado, la inactivacion de CDKN2A es un evento inicial en todos los tumores
cutaneos, por lo que se ha postulado que formas familiares de SSC podria deberse a
mutaciones germinales en el gen [80]. Sin embargo no hay resultados concluyentes sobre
el papel del gen en la susceptibilidad a desarrollar cancer cutdneo no melanoma.
Recientemente, se ha descrito un paciente portador de una mutacién en CDKN2A con una
elevada incidencia de MMs y de SCCs de cabeza y cuello [81], también se ha identificado
gue la variante rs2151280 localizada cerca de CDKN2A incrementa el riesgo a BCC [82], sin
embargo no se detectaron alteraciones en CDKN2A en una serie de 40 pacientes con SCC
de cabeza y cuello y que desarrollaron un segundo tumor primario[83].

6. Eventos moleculares iniciales en el desarrollo del cancer cutaneo

Mediante estudios de genética molecular o inmunohistoquimicos, se han identificado
genes clave en el desarrollo de los diferentes tipos de cancer cutaneo, considerandose de
forma general que su desregulacacidon son eventos iniciales en la progresion del tumor,
como por ejemplo las alteracionaes en genes de la via de las MAPquinasas (H-RAS, N-RAS,
K-RAS y B-RAF) y de control del ciclo celular, senescencia y apoptosis (CDKN2A y TP53).

1. Lesiones y tumores queratinociticos:

Un 50% de queratosis actinicas presentan mutaciones en el gen TP53 (la mayoria de
mutaciones son substituciones de un solo nucledtido de cisteina a timina) [84] y la
activacion constitutiva de la via de las MAPquinasas debido a mutaciones en el gen RAS
(H-RAS y K-RAS) se observa en 16% de las lesiones [85].

Se ha postulado que en las queratosis actinicas, la inestabilidad genética podria promover
la carcinogénesis aunque no hay resultados concluyentes. Mientras que en poblacion
caucasica, aproximadamente un 50% de lesiones presentan de forma recurrente pérdidas
de heterozigosidad en las regiones 17p, 17q, 9p, 9q, y 13q [86, 87]; estas alteraciones
solamente se detectan en un 8% de lesiones de poblacidon asidtica [88]. Estas diferencias
también podrian ser debidas a que existen diferentes mecanismos patogénicos
moleculares entre estas dos poblaciones.

Un evento asociado a la progresion de estas lesiones hacia el desarrollo de un SCC
invasivo es la pérdida de CDKN2A, mediante pérdidas de heterozigosidad de la region
9p21 [89]; lo que demuestra que la inactivacion de p16INK4A es clave en la progresion del
cancer cutaneo. La desregulacién de la proteina también puede ser a causa de mutaciones
adquiridas en el gen.

También se han identificado mutaciones somaticas en el gen CDKN2B, adyacente a
CDKNZ2A, y que codifica la proteina de ciclo celular p15 [90].
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En el BCC, la mayoria de los tumores presentan alteraciones inactivadoras en el gen
PTCH1, que codifica una proteina inhibidora de la via de sefializacién “Sonic Hegdehog”
[91]. Junto con PTCH1, la desregulacion de los genes TP53 y CDKN2A es también clave en
la tumorogénesis del BCCs. De forma interesante, se ha observado que la mayoria de las
mutaciones detectadas en estos son causadas por el efecto carcinogénico de la RUV (C->T
6 C-->TT) [92, 93] lo que confirma a nivel molecular el efecto de la RUV en el desarrollo de
estos tumores.

2. Tumores melanociticos

La caracterizacion molecular de los MMs a nivel somatico ha supuesto una auténtica
revolucién, tanto del conocimiento etiopatogénico como en las nuevas terapias del MM
metastasico. Curtin Ja et al. observaron que existen diferentes patrones de alteraciones
gendmicas adquiridas las cuales, se correlacionan con las caracteristicas del tumor (grado
de dafo inducido por la RUV, sitio de origen del melanoma) y del paciente (edad,
tendencia a asociar nevus o tendencia a presentar fotoenvejecimiento) [94]. Por lo que
determinadas alteraciones se pueden relacionar a subtipos histopatoldgicos concretos de
MM. Estos datos muestran como los diferentes tipos de tumores se pueden considerar en
gran medida como entidades bioldgicas diferenciadas.

Las alteraciones mas frecuentes y que se consideran un evento inicial en la génesis del
tumor, son las mutaciones activadoras en los genes N-RAS y del gen B-RAF. Se detectan
aproximadamente en un 20% y un 50% de tumores respectivamente; y promueven la
activacion constitutiva de la via de las MAPquinasas y en consecuencia la proliferacién
celular [95]. Estas alteraciones son mutualmente excluyentes y su frecuencia difiere entre
los subtipos de tumores. Las alteraciones en N-RAS son mas prevalentes en tumores de
areas cronicamente expuestas a la RUV (como el melanoma lentiginoso maligno) y se
localizan en los exones 2 y 3 del gen. Contrariamente, las alteraciones en B-RAF se
observan mayoritariamente en tumores de zonas del cuerpo con una exposicion a la
radiacion solar intermitente (son frecuentemente detectadas en el melanoma de
extension superficial) y en pacientes de edad de debut temprana. El 90% de mutaciones
se localizan en el codén 600 de la proteina (p.V600E) [96, 97].

Por otro lado, la alteracion mds frecuente en los MM cutdneos no asociados a la RUV,
(melanoma lentiginoso acral) son las ganancias de la regiéon 11q13, donde se localiza el
gen CCND1, el cual es un gen diana de la via de la MAPquinasas y antagonista de
p16INKA4A [98].

En base a estas evidencias, se postula que los mecanismos genéticos implicados en el
desarrollo de este tipo de tumor difieren de los otros subtipos, los cuales estan mas
relacionados con la RUV. La ciclina D1 mediante su unién a CDK4 o CDK6 promueve la
fosforilacion de la proteina del Retinoblastoma. Se ha observado que la distribucion de
alteraciones en CCND1 o incluso en CDK4 esta inversamente relacionada con la presencia
de mutaciones en B-RAF 6 N-RAS, por lo que se les atribuye el mismo efecto oncogénico
[94]. Mas recientemente, se ha detectado que el gen c-KIT se encuentra también
frecuentemente alterado en este subtipo de tumor.[99]
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La pérdida del gen CDKN2A es un evento recurrente en cualquier subtipo de MM,
indicando que, igual que en los tumores queratinocitos, este evento es crucial para el
desarrollo del tumor [100, 101].

Un porcentaje muy elevado de nevus melanociticos (60-80%) presentan mutaciones en el
gen B-RAF. Dado que CDKNZ2A tiene un papel critico en el control del ciclo celular y en la
senescencia activada por oncogenes; se ha postulado que la desregulacion de CDKN2A es
necesaria para evitar la senescencia activada por oncogenes y por tanto, evitar que
formas como los nevus melanociticos progresen desarrollando un tumor.

Finalmente, otros genes de la regién 9p21 podrian estar implicados en el inicio y
progresion del MM ya que se ha identificado tumores en los que la pérdida cromosdmica
se situa fuera del gen CDKN2A [102].
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HIPOTESIS

1. El sustrato genético de un individuo esta implicado tanto en el riesgo a desarrollar

cancer cutdneo como en las caracteristicas moleculares que adquiere el tumor.

2. Las diferencias etiopatoldgicas entres los subtipos de tumores de melanoma pueden
ser atribuidas, al menos en parte, a la interacion que se establece entre los factores de

riesgo y la exposicion a la radiacién ultravioleta.

3. Determinadas alteraciones moleculares pueden estar intrinsicamente asociadas a un

subtipo de tumores con caracteristicas etiopatolégicas concretas.
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OBJETIVO PRINCIPAL

Analizar e identificar genes y vias moleculares criticas para el desarrollo de cancer
cutaneo, tanto en la predisposicion como en el desarrollo mediante el andlisis

molecular de tipos de tumor con unas caracteristicas etiopatolégicas concretas.

SUB-OBJETIVOS

Evaluar el efecto de mutaciones germinales en el locus CDKN2A asi como
variantes no funcionales en el gen MCIR en la desregulacion del transcriptoma y

su papel en la transformaciéon maligna en cancer cutdneo.

Il.  Analizar las frecuencias de variantes en el gen MCIR vy su relacidn con el subtipo

de melanoma.
[1. Estudiar tanto las caracteristicas clinicas del melanoma cutdneo como las
caracteristicas fenotipicas y germinales del paciente que se relacionan con un

determinado subtipo histopatolégico de tumor (ALM).

V. Identificar genes y funciones bioldgicas desreguladas en el campo de

cancerizacién como area promotora del cancer cutaneo fotoinducido.

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014 27



RESULTADOS

PUBLICACIONES
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TRABAJO |

RESUMEN TRABAJO |

Objetivo

Investigar el efecto causado por mutaciones germinales en el locus CDKN2A o variantes no funcionales del
gen MCIR en el transcriptoma de células cutaneas fenotipicamente normales (melanocitos y queratinocitos),

procedentes de individuos con elevada susceptibilidad a desarrollar cancer cutaneo.

Metodologia

Se obtuvieron co-cultivos de melanocitos y queratinocitos primarios a partir de biopsias de piel sana de 2
parejas de hermanos, seleccionados en base al estado gendmico de CDKN2A y MCIR. Se aislé el RNA total de
los cultivos primarios y se capturd la expresidn global de los mismos mediante “arrays” de expresion (Whole
Human Genome Oligo Microarray kit (G4112F, Agilent, US). En primer lugar, se analizd la expresién génica
diferencial en base al estado germinal de los genes CDKN2A y MCI1R, mediante el paquete bioinformatico
“limma” incluido en Bioconductor, y se procedié al ajuste por comparaciones multiples de los p-valores
obtenidos, con la metodologia de Benjamini y Hochberg. La expresién de 13 genes seleccionados en base al
analisis de expresion diferencial, asi como la del gen MC1R se analizaron mediante PCR en tiempo real (RT-

PCR).

En segundo lugar, se realizd6 un andlisis de enriquecimiento basado en vias moleculares mediante la
herramienta Fatiscan, implementada en el programa bioinformatico Babeldmics y utilizando la informaciéon de
la base de datos KEEG (Kyoto Encyclopedia of Genes and Genomes pathways). Mediante este analisis, se

procedié a la identificacidon de vias molecuares sobrerepresentadas en el grupo de genes desregulados.
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Finalmente, los patrones de co-regulacion de expresidn génica detectados en los co-cultivos, se compararon
in-silico con los observados en melanoma y cancer de piel no melanoma (carcinoma celular escamoso). Para
cada tipo de tumor se determiné el “fold-change “de los genes que formanban parte de los perfiles de
expresion detectados en los co-cultivos. Mediante analisis de correlacidn se cuantificé la relacion lineal entre

los diferentes estudios.
Resultados

Analisis de expresion asociado a p.G101W en CDKN2A:

En el estudio de expresidn diferencial se detectan 1536 transcritos diferencialmente expresados en los co-
cultivos protadores de mutacion en CDKN2A, y se identifica una firma de expresién compuesta por 108 genes
que discrimina las células portadoras de la mutacién y las células con la forma salvaje del gen. Dicha firma
incluye un elevado numero de genes implicados en metabolismo y componentes celulares (37% de los genes
sobreexpresados y 42% de los infraexpresados en células mutadas). El segundo grupo mas prevalente de
genes sobreexpresados y el tercero de los infraexpresados lo componen genes inmunomoduladores y de
respuesta al interferén. El perfil molecular también incluye genes de adhesidn celular, crecimiento celular y

proliferacién, diferenciacién epidérmica y melanogénesis asi como varios factores de transcripcion.
Analisis de expresién asociado a polimorfismos de cabello rojo en MCIR:

Por otro lado, 3570 genes se encuentran diferencialmente expresados en los co-cultivos de células portadoras
de variantes no funcionales del gen MCIR comparado con los que tienen la forma salvaje del gen. La firma
genética de las células con variantes no funcionales la forman 159 genes e incluye una infra-expresién de
genes de diferenciacién del melanocito y pigmentacion. Estos genes de diferenciacién del melanocito y de la
pigmentacién son regulados, mayoritariamente, por la via de sefializacion mediada por el propio MCIR.
Ademas, se observa una sobre-expresidon de genes de respuesta al dafio del ADN y de reparacion del ADN,

genes de ciclo celular y proliferacién, y de genes asociados a microtubulos con una funcién motora.

Mediante el andlisis de enriquecimiento funcional se detecta, entre los genes infra-expresados en las células
mutadas en CDKN2A, una sobre-representacion de genes de la via de sefalizacién mediada por Notch
(hsa_04330; p-valor=0,038). Por otro lado, las células con el gen MCIR no funcional presentan una
desregulacién de 17 vias bioldgicas alteradas. Se observa una sobre-expresion de genes de las principales vias
de reparacion del ADN y de la replicacién del ADN, de la via de ciclo celular y la via de la fosforilacion
oxidativa. De forma notable, también se detecta una sobre-expression de las vias asociadas a varias
enfermedades neurodegenerativas (enfermedad de Hungtington, Alzheimer y Parkinson). Por otro lado, se
observa una infra-expresién de las vias de endocitosis y lisosoma, las cuales estan intrinsicamente

relacionadas con la transferencia de los melanosomas por parte de los melanocitos a los queratinocitos.

En los estudios de expresidon diferencial, 621 genes se encuentran desregulados de forma comun
independientemente de la alteracién germinal del co-cultivo. De ellos, 485 genes se encuentran des-regulados

en el mismo sentido (sobreexpresados o infraexpresados) y 136 genes se encuentran inversamente
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desregulados (30 sobreexpresados en las células portadoras de mutacion en el gen CDKN2A y infraexpresada
en la células con el MCIR no funcional y; 106 genes infraexpresados en las células portadoras de mutacién en
el gen CDKN2A y sobreexpresados en la células con el MCIR no funcional. Mediante el analisis de
enriquecimento funcional, no se observa una sobrerrepresentacién estadisticamente significativa de vias

biolégicas en estos grupos de genes.

Finalmente, se evalla si la desregulacion del transcriptoma en co-cultivos de melanocitos y queratinocitos
fenotipicamente normales se observa también en las formas malignas correspondientes. Se compara el
patrén de expresién observado en el estudio con el observado en melanomas y carcinomas escamosos
cutaneos previamente reportados y de libre acceso (disponibles en la Base de datos Gene Expression
Omnibus; set de datos GSE250 y GSE12391). A causa de las diferencias metodolégicas tan solo se evaltan los
genes comunes entre los tres estudios (53,7% de los genes mds desregulados en las células portadoras de
mutaciones en el gen CDKN2A, y 76,1% de los genes mds desregulados en las células portadoras de variantes

en el gen MCI1R).

Los patrones de expresion detectados tanto en las células con mutacidn en el gen CDKN2A o con variantes no
funcionales en el gen MCIR correlacionan estadisticamente con el patrén que presentan dichos genes en los
tumores cutaneos. Cabe destacar, que el patron de expresidon observado en las células con el MCIR no
funcional es mas similar entre los estudios que el patron observado en las células portadoras de mutaciones
en CDKN2A (p-valor<0,005 y p-valor<0,06, respectivamente). Estas diferencias son causadas en parte, a que
un subgrupo de 11 genes presentan un patrén inverso entre la expresién observada en carcinomas de células

escamosas y la observada en melanomas o células cutaneas portadoras de mutaciones germinales en CDKN2A
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ABSTRACT:

Germline mutations in CDKN2A and/or red hair color variants in MC1R genes are
associated with an increased susceptibility to develop cutaneous melanoma or non
melanoma skin cancer.

We studied the impact of the CDKN2A germinal mutation p.G101W and MC1IR
variants on gene expression and transcription profiles associated with skin cancer.
To this end we set-up primary skin cell co-cultures from siblings of melanoma prone-
families that were later analyzed using the expression array approach.

As a result, we found that 1535 transcripts were deregulated in CDKN2A mutated
cells, with over-expression of immunity-related genes (HLA-DPB1, CLEC2B, IFI44,
IFI44L, IFI27, IFIT1, IFIT2, SP110 and IFNK) and down-regulation of genes playing
a role in the Notch signaling pathway. 3570 transcripts were deregulated in MC1IR
variant carriers. In particular, genes related to oxidative stress and DNA damage
pathways were up-regulated as well as genes associated with neurodegenerative
diseases such as Parkinson’s, Alzheimer and Huntington.

Finally, we observed that the expression signatures indentified in phenotypically
normal cells carrying CDKN2A mutations or MC1R variants are maintained in skin
cancer tumors (melanoma and squamous cell carcinoma). These results indicate
that transcriptome deregulation represents an early event critical for skin cancer
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INTRODUCTION

The worldwide incidence of skin cancer, including
non melanoma skin cancer (NMSC) and cutancous
melanoma (CM), is rapidly increasing, being the most
common human cancer[1]. While, both entities are
influenced by the carcinogenic effect of UV exposure, their
incidence and tumor aggressiveness differ considerably,
CM being the least frequent and most aggressive form|[2] .

Approximately, 10% of total melanoma cases
originate in individuals belonging to high-risk melanoma
pedigrees. To date, CDKNZ2A is the major gene associated
with the high risk inherited in melanoma prone families
[3] and in multiple primary melanoma patients [4].
CDKN2A acts as a tumor suppressor gene, negatively
regulating cell cycle progression and promoting cellular
senescence. Recently, a role for CDKN24 in cellular
oxidative stress regulation has been suggested [5, 6].
Recurrent CDKN2A4 mutations have been identified in
melanoma families [7-11], mutation p.G101W being the
most frequent one detected in Mediterranean pedigrees
[12]. Although heterozygous loss of CDKN2A4 is sufficient
to confer a 67% lifetime risk of melanoma [13], the
mechanisms responsible for tumor enhancement still have
to be clarified [14]. In contrast, the role of high-penetrance
CDKN2A mutations in NMSC susceptibility has not been
clearly elucidated [15, 16].

Skin cancer epidemiology is complex due to
the multigenic nature of the disease. In particular, the
MCIR gene is a key regulator of skin pigmentation and
melanocyte differentiation, playing a central role in
determining the pigmentation phenotype, sun sensitivity
and tanning ability[17]. Certain MCIR polymorphisms
are responsible for the red hair color (RHC) phenotype
(red hair, fair skin and poor tanning response)| 18] which
is associated with high UV-radiation sensitivity and
skin cancer susceptibility (CM and NMSC)[19, 20].
Furthermore, MCIR variants are a modifying factor for
melanoma risk in CDKN2A4 mutation carriers, [21-23]
suggesting that multiple medium- and low-penetrance
genes may influence the risk conferred by high penetrance
melanoma genes.

To date, there is a lack of information about the
mechanisms underlying the increased skin cancer risk in
carriers of CDKN2A mutations in association with MCIR
variants. The effect of both genes has been separately
investigated using murine-derived melanocytes and/
or focused on mono-cultured melanocytes [6, 24-26].
However, these mono-cultures exhibit phenotypic
characteristics closely mimicking those observed in
transformed melanocytes, such as elevated growth rate

homeostasis [33, 34]. Thus, the establishment and
characterization of a melanocyte—keratinocyte co-culture
system is essential for elucidating the early molecular
events leading to skin cancer.

The aim of the present study was to investigate the
global molecular effect of germinal CDKN24 mutations
(p.G101W) and MC1R RHC variants in the transcriptome
of primary skin cells from individuals belonging to skin
cancer prone families (familial melanoma pedigrees).

RESULTS

Impact of CDKN2A germinal mutation p.G101W
on Global Transcript Profiles of skin primary
cultures:

Whole genome expression profiling was performed
on melanoctye-keratinocyte co-cultures from CDKN2A
mutation carriers (samples Al and B1 described in Table
1) and wild-type CDKN24 individuals (samples A2 and
B2). After stringent microarray data filtering, 1536 of
the initial 19596 transcripts on the array were found to
be differentially expressed in CDKN2A4 mutated cultured
cells. Specifically, 60.7% of transcripts were found to
be up-regulated (933/1536) and 39.3% of them down-
regulated (603/1536).

Class comparison generated a signature of 108
unique genes that significantly discriminated between
CDKN2A mutation and non-mutation (p-value <0.0001,
listed in Table S1). Functional categorization of those
transcripts belonging to known genes (Figure la, Figure
1b) showed that the mutant CDKN2A signature included
deregulation of a vast number of genes involved in cell
component and metabolism (37% up-regulated and 42%
down-regulated,). Notably, immunomodulation and
interferon response genes represented the second most
prevalent subset of up-regulated transcripts (24%) and
third down-regulated subgroup (13%) which may reflect
a constitutively altered cytokine and chemokine profile
in mutant cells. The set of deregulated genes involved
in immunomodulation and interferon response includes:
CLEC2B, IFI44L, IFITI, IFI44, IF127, IFNK, DDX358,
RNF182, IFIT2, IL15, SP110, BTN3A42, RFX2, IL17D and
HILA-DPBI (Figure 2). The molecular profile also included
deregulation of genes which may confer a phenotype with
the capability for malignant transformation since they are
involved in cell adhesion, cell growth and proliferation.
Over-expression of apoptosis related genes CASP3, XAF1
and SAMDY was also detected. Transcription factors such
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Table 1: Genotype and phenotype features of four individuals from
two melanoma pedigrees.

Pedigree A
Individual |MM* |CDKN2A |MCIR ~ |KiD Eye color |Hair color
phototype
p-R160W,
Al 5 p-G101W pRISIC II Green Red
- p-R160W,
A2 0 Wild-type pRISIC I Green Red
Pedigree B
Individual |[MM* |CDKN2A [MCIR Skin Eye color |Hair color
phototype
Bl 0 p.G101W | Wild-type |II Blue Black
B2 0 Wild-type | Wild-type |[II Blue Brown

Two siblings from each pedigree (A and B) were included. Each individual was considered as a “genomic
condition” in the study. A total of two and three melanoma cases have been found in pedigree A and
B, respectively. Abbreviations: CDKN24: cyclin-dependent kinase inhibitor 2A; MC1R: melanocortin 1
receptor; MM: melanomas. * Number of melanomas in each individual.

analysis revealed an over-representation of down- (hsa_04330; p=0.038) in mutant CDKN2A4 skin cells
regulated genes from the Notch signaling pathway including NCOR2, PSEN, DLLCI, DVL3, NOTCHS3,
Fig 1a
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RENG and the co-activator MAML1 which controls the
growth-promoting effect of Notchl.

Impact of non-functional MCIR gene on Global
Transcript Profiles of skin primary cultures:

MCIR analysis was carried out following the
same workflow used in the CDKN2A analysis. Whole
genome expression profiling displayed 3570 transcripts
differentially expressed in RHC variant (Al and A2) vs.
wild-type MCIR skin cells (B1 and B2). Specifically,
54% of transcripts (1954/3570) were up-regulated
while 46% (1616/3570) were down-regulated. By class
comparison, 159 genes showed highly statistically
significant differences (p < 0.0000001) (listed in Table
S2). RHC skin cells showed a down-regulation of a
subset of genes categorized as melanocyte differentiation
and pigmentation genes. The transcription of most of
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these genes is regulated directly via the MCIR signaling
pathway, or indirectly through keratinocyte differentiation
genes (TYRP1, MLANA, TYR, CRNN, PADII, GDF1I5,
MLPH, KIT, INHBB, DAB2, KLK6, FOXCI, and NDRG4).
Furthermore, RHC variant skin cells exhibited up-
regulation of DNA damage and/or DNA repair response
genes (BUBI, CHEKI, POLQ, RAD51AP1, RAD54B,
RADS5I1C, BLM, UBE2T, GINS2, EXO1, FAM33A4, PTTG2,
PTTGI, RAD541L, DTL), cell cycle and proliferation
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GMNN, CDC6, VRK1, CKSIB, RFC4, CDC45, CENPN,
HAUSS, PSRC, MCM6, MELK, AURKA, NCAPG) and
microtubule-based motors kinesin superfamily genes
(KIF11, KIF15, KIF2C, KIF4A4,KIF23).

The functional enrichment analysis showed a
considerably higher number of altered pathways in non-
functional MCIR cells than in CDKN2A mutant cells. The
RHC skin cells displayed over-expression of genes playing
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Figure 2: Set of immunomodulation and interferon response deregulated in mutant CDKN2A co-cultures. The logarithm
of the Fold change (LogFC) for the set of genes is indicated for wild-type MCIR co-cultures (wt MCIR; green) and for Red Hair Colour

MC R variants co-cultures (RHC MCIR; yellow).
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Table 2: Deregulated pathways in RHC
MCIR melanocyte-keratinocyte co-culture

system.

KEGG Term STATUS | Adj. P-Value
DNA replication

(hs203030) UP 3.83E-14
Cell cycle (hsa04110) UP 7.87E-14
Mismatch repair (hsa

03430) UP 1.56E-06
Nucleotide excision

repair (hsa03420) uP 7.01E-06
Oxidative

phosphorylation UP 6.91E-05
(hsa00190)

Homologous

recombination UP 6.98E-04
(hsa03440)

Base excision repair

(hsa03410) UP 1.07E-03
Purine metabolism

(hsa00230) UP 1.80E-02
Pyruvate  metabolism

(hsa00620) UP 3ATE-02
Valine. leucine and

isoleucine  degradation | UP 8.13E-03
(hsa00280)

One carbon pool by

folate (hsa00670) UP 2.69E-03
Spliceosome (hsa03040) | UP 1.80E-02
Parkinson's disease

(hs205012) UP 3.10E-05
Hugtington's disease

(hs205016) UP 5.25E-04
Alzheimer's discase (hsa

05010) UP 3.03E-03
Endocytosis (hsa04144) | DOWN |3.83E-02
Lysosome (hsa04142) DOWN |4.70E-03

The KEGG term is indicated for each pathway (X-axis). Status: UP:
pathway overrepresented in the group of up-regulated transcripts in
RHC MCI1R; DOWN: pathway over-represented in the group of down-
regulated transcripts in RHC MC1R.

a role in major DNA repair and cell homeostasis pathways
such as DNA replication, cell cycle and also oxidative
phosphorylation which leads to production of reactive
oxygen species (Figure 3 and Table 2). The lysosome and
endocytosis pathways, which are intrinsically related to
melanosome transfer from melanocytes to keratinocytes,
were over-represented in the set of down-regulated

cells also exhibited an up-regulation of genes involved
in neurodegenerative disorders such as Parkinson’s
disease (hsa05012), Huntingtons disease (hsa5016) and
Alzheimer’s disease (hsa05010). Although most of the
genes were involved in several of these pathways, some
of them were restricted to Huntington’s disease (4P2B1,
CREB3L4, POLR2H and SOD1), to Alzheimer’s disease
(NAE1, FAS) or to Parkinson’s disease (PARK7).

Besides the lack of functionality caused by p.R151C
and p.R160W variants, we also analyzed a possible
effect on MCIR levels, by the relative quantification of
MCIR expression. We observed a statistically significant
reduction in MCIR expression in RHC skin cells
(ddCt=0.06+0.02) compared to wild-type MCIR skin
cells (ddCt=0.50+0.07; P-value<0.0001). Furthermore, the
expression of FARPI, SLFN11, GFPT2, COL5A43, TYRPI,
LEF1, KRT2, ST6GALNAC3, MLANA, MSMB, SILV, A2M,
and ALOXS5 was evaluated by RT-PCR confirming the
results obtained in the array (data not shown).

We further examined the overlap between genes
differentially expressed in both mutant CDKN2A4 (n=1536)
and in non functional MCIR cells (n=3570). A total of
485 genes were altered in the same fashion in both
mutant CDKN24 and non functional MCIR cells and the
expression of 136 genes was found inversely correlated
between both groups. Of these 136 genes (listed in
Table S3), 30 were up-regulated in mutant CDKN24 and
down-regulated in non functional MCIR cells and 106
genes were down-regulated in mutant CDKN2A and up-
regulated in non functional MCIR cells (Figure 4). The
functional analysis of these 136 genes did not reveal over-
representation of any specific pathway.

In silico model evaluation

We hypothesized that if the altered gene signatures
observed in non-lesional skin from CDKN2A4 mutation
or RHC MCIR variant carriers are critical for malignant
transformation, these patterns will be maintained across
the carcinogenic process. To support our hypothesis,
the expression pattern of the most deregulated genes in
mutant CDKN2A4 or RHC MCIR variant skin cells was
compared to their expression observed in two previously
published skin cancer datasets. The GSE2503 dataset
contained the whole genome expression of five squamous
cell carcinomas (SCCs) and six healthy skin samples[35]
and the GSE12391 dataset included 23 melanomas (CMs)
at different stages (radial growth phase or vertical growth
phase) and 18 common nevi[36]. Due to differences
in the array platforms used among the studies, only the
expression of genes present in all datasets was evaluated
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genes. Primary co-cultures with the non-functional
MCIR gene showed a statistically significant expression
pattern (p-value <0.005) similar to those detected in
SCCs (Pearson correlation=0.44) and CMs (Pearson
correlation=0.25) (Figure 5a).

Because of platform disparities, the mutant
CDKN2A expression pattern was evaluated analyzing

i i

fold_change

w | |

genes

53.7% of the most deregulated transcripts (58/108).
The expression pattern correlated to those observed in
SCCs (Pearson correlation=0.35) and CMs (Pearson
correlation=0.28) showing a statistical tendency among
datasets (p-value <0.06), in which immunomodulation
and interferon response genes were also up-regulated
(SP110, BTN342, IL15, IFIT2, IFI44, IFIT1, IFI44L and
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Figure 4: Genes inversely expressed in mutant CDKN2A and RHC MC1R. 136 genes were found inversely expressed between
mutant CDKN24 and RHC MC1R genes (listed in Table S3). A: RHC MCIR vs wt MCIR (both mutant CDKN2A4); B: mutant CDKN2A vs
wt CDKN24 (both RHC MCIR); C: mutant CDKN2A vs wt CDKN2A (both wt MC1R); D: RHC MCIR vs wt MC1R (both wt CDKN24).
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CLEC2B; Figure 5b). A correlated expression pattern
was found within a subset of genes between CMs and
mutant CDKN2A skin cells (Pearson Correlation=0.66,
P-value = 0.009; Figure 5c). Remarkably, this subset
of genes presented an expression pattern that inversely
correlated between SCCs and CMs (Pearson correlation=
-0.88, p-value<0.001) and also between SCCs and
mutant CDKN2A skin cells (Pearson correlation= -0.58,
p-value=0.027). Specifically, the expression pattern of
TBXI1, CLDNI17, RFX2, COL5A3, IFIT2, CEACAMI,
WDR78, LXN, SLC39A48, ZNFI'83, RPS27L, LSM3, CTSK,
and PMP22 was exclusively correlated to MM and mutant
CDKN2A MM prone skin cells, and inversely with NMSC.

DISCUSSION

The aim of the study was to determine the
constitutional effect of germline CDKN2A mutations or
MCIR variants in skin cancer, in order to identify carly
critical molecular targets implicated in the disease. To
do so we analyzed co-cultured melanocyte-keratinocyte
systems derived from two siblings belonging to two
melanoma prone families with a founder CDKN24
mutation and/or carrying non-functional MCIR alleles to
compare global gene expression profiles.

To date, CDKN24 is the major gene responsible
for increased melanoma susceptibility in high-risk
pedigrees. Germline high-penetrance mutations are
found in 10% of melanoma prone families and somatic
CDKNZ24 alterations are also recurrent events in primary
melanomas[37] and melanoma cell lines[38]. Alterations
in gene expression in as yet phenotypically normal cells
but bearing single-hit mutations in tumor suppressor genes
appear to be the earliest molecular change during cancer
development[39].

Altered baseline expression signatures associated
with CDKN2A mutations in cultured normal skin
fibroblasts from familial melanoma patients have
already been reported [40]. However, the transcriptome
deregulation within keratinocytes and melanocytes where
cutaneous carcinomas and melanomas arise have not
been previously assessed. We found that transcriptome
signatures were altered by single hit CDKN2A4 mutations
in co-cultured melanocyte-keratinocyte systems. CDKN24
mutant cells exhibit mainly baseline differences in genes
related to cell components, metabolism and immune
response. Melanoma cells are addicted to oncogene-
driven energy production which can be mediated by
somatic BRAF mutations [41], our findings indicate that
non transformed skin cells already have a deregulated
metabolic profiling which may be necessary for the skin

rancar 1tnitiatinn

[44]. Consistent with this hypothesis, our data reflects
the important role of innate immunity and immune
response pathways which may be deregulated in
carly steps of melanoma development. Skin cells also
exhibited deregulation of epidermal differentiation and
melanogenesis genes. Thus, we found down-regulation
of the TYRPI gene, a melanocyte differentiation marker
and over expression of MFI2 gene, a cell-surface
glycoprotein playing a role in melanoma cell proliferation
and tumorigenesis [45] and EFEAI gene, a marker of
carly endosomes [46]. Interestingly, EEA1 interacts with
MIFI2 regulating endosome fusion and trafficking [47].
Early endosomes are direct precursors of melanosomes,
which are the specialized organelles for the biosynthesis
and storage of melanins[46]. These findings may indicate
that constitutive disorganized melanosomal structures
and changes in pigment production may favor malignant
transformation which in turn, could be related to
autoimmune response deregulation [48, 49].

Via functional analyses, we observed a down-
regulation of the Notch signaling pathway in CDKN2A4
mutant cells. This pathway is essential in epidermal-
melanocyte interactions [50, 51] and recent evidence
suggests Notch pathway as a link between the control
of epidermal differentiation and proliferation and skin
homeostasis [52, 53]. Notch signaling has a dual action (as
oncogene or as tumor suppressor) in skin cancer. While,
up-regulation of the Notch pathway is observed in CMs or
in SCCs at sun-protected sites, it is down-regulated in UV-
related solar keratoses SCCs or in common melanocytic
nevi (reviewed in Panelos and Massi, 2009 [54]). A
high melanocytic nevi count is the strongest known risk
factor for melanoma[55] and a potent predictor of mutant
CDKN24 gene carrier status[56]. Thus, the baseline down-
regulation of the Notch signaling pathway in CDKN2A4
mutation carriers may proffer a melanocyte proliferation
advantage, which can trigger common nevi development
in human skin.

The pigmentation related gene MCIR acts as a
moderate melanoma risk gene and variants in this gene
are modifying factors for melanoma risk in CDKN24
mutation carriers [21-23]. Furthermore, MCIR variants
have also been clearly associated with elevated NMSC
susceptibility [19, 20]. We observed that the number of
genes differentially expressed in non-functional MCIR
was considerably higher than in mutant CDKN2A4. Both
p.R151C and p.R160W alleles halted MCIR activity and
also induced an altered cell surface molecule expression
due to impaired export traffic [57] that could lead to a
reduction in MCIR gene expression levels as observed in
our study. We found that RHC MCIR skins cells differ
from wild-tvoe in the dereculation of eenes involved in
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increased DNA damage without UV radiation exposure
were up-regulated, indicating that RHC variants contribute
to cancer risk in humans increasing the DNA damage
mediated by intrinsic UV-independent mechanisms as
recently observed in mice models [58]. Notably, RHC
MCIR skin cells also showed up-regulated pathways
related to neurodegenerative diseases. The MCIR gene is
expressed in cells of the nervous system and its activation
decreases oxidative stress and has anti-inflammatory
and immunomodulatory effects [59]. Co-occurrence
of Parkinson’s disease (PD) and CMs [60, 61] has been
reported in epidemiological studies. The diagnosis of CM
is associated with an approximate 50% increased risk
of subsequent PD[61] development whereas individuals
with PD have a two-fold increase in risk of subsequent
CM][62] development. Previous data suggests that this
relation is associated with pigment-related genes[63]
rather than Parkinson’s-related genes[64, 65]. Our study
further supports that MCIR is involved in the cross-
link between both diseases. Thus, MCIR variants may
increase the oxidative damage in brain cells and deregulate
inflammatory processes which consequently, increase the
susceptibility to neurodegenerative disorders.

Previous studies showed that many of the alterations
associated with transcriptome and protecome signatures
of as yet phenotypically normal cells bearing inherited
alterations are also present in the corresponding form
of cancer [39]. Thus, in our study, expression patterns
detected in MM prone cells from non-lesional areas of the
skin were compared with those observed in skin cancer
tumors (SCCs and CMs) [35, 36]. Although differences in
the experimental designs among studies (normal skin cells
vs tumoral tissue or cultured cells vs fresh-frozen tissue)
may interfere in the analysis, the expression patterns
detected in our study correlate to those observed in skin
tumors. Interestingly, the MCIR expression pattern was
more similar among studies than the CDKN24 pattern
(p-value<0.005 and p-value<0.06, respectively). These
differences are caused in part by a subset of genes showing
a converse pattern which allows us to distinguish between
SSCs versus CMs and mutant CDKN2A4 skin cells (MM
prone cells). Accordingly, previous studies have detected
the inverse expression of two genes from this subset
(CEACAM1 and CTSK) between SSCs and MMs [66,
67]. Such differences may underlie the epidemiological
differences observed between MCIR and CDKN2A and
skin cancer susceptibility since MCIR polymorphisms
arc involved in both CMM and NMSC susceptibility
while CDKN2A mutations are closely related to CM
susceptibility rather than SCC susceptibility.

In conclusion, we have identified baseline
expression signatures in skin cells carrying germline

to skin cancer, highlighting the role of genes involved in
immune response, in melanosome biogenesis and the
Notch signaling pathway Also, our data indicates that
non functional MCIR variants promote DNA damage by
intrinsic UV-independent mechanisms in human skin cells.
Furthermore, our study revealed a role for MCIR in the
susceptibility to neurodegenerative diseases which may
be related to its role in oxidative stress and inflammatory
processes.

METHODS

Study Design

To detect the effect of CDKN2A and MCIR genes,
two melanoma families (A and B) were selected (Table I).
The most frequent mutation, p.G101W, resulting from a
common ancestor in Mediterranean pedigrees, was chosen
in relation to the CDKN2A status. Regarding MCIR status,
the presence of two red hair variants in each individual
(RHC: p.R151C and p.R160W) was analyzed. To reduce
the effect of intra-individual variability, two siblings from
each family were selected, resulting in four different
extreme genotypic conditions: a carrier of variants in both
genes (sample A1), an individual without variants in any
gene (sample B2) and two carriers of variants in one of
these genes (samples A2 and B1), respectively.

The study was approved by the IRB and signed
informed consents were obtained from all individuals.

Primary keratinocyte and melanocyte co-culture

Skin biopsies from non-lesional areas were taken
and human keratinocytes and melanocytes were obtained
by mechanical fragmentation and enzymatic digestion
[68]. Briefly, skin biopsy fragments were digested with
collagenase type I solution (2mg/ml) (Sigma—Aldrich,
Gillingham, UK) for 90 minutes. The collagenase solution
was then completely eliminated and the remaining skin
biopsy was introduced into a mixture of 0.05% trypsin
/0.02% EDTA (T/E) (Sigma). Every 30 min, T/E was
changed for a fresh T/E mixture. Collected T/E was
inactivated with serum containing culture medium and
was centrifuged at 1400 rpm for 10 minutes. Primary
keratinocytes and melanocytes obtained by this method
were cultured on a feeder layer of lethally irradiated
(X-ray; 50 Gy) 3T3-J2 cells (a gift from Dr J. Garlick,
SUNY), as previously described [69, 70]. The seeding

media was a 3:1 mixture of Dulbecco’s Modified Eagle
NMadinim (MMEN (ATRON_RDT Rarnalana  Cnain)
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culture medium was changed every two days. This co-
culture system has been extensively proven to preserve
stemness of keratinocytes[69-71] as well as to maintain
the physiological melanocyte:keratinocyte ratio (1:40)[72,
73]. Moreover, by using the skin cells from this type of
co-culture, the donor’s phenotypic pigmentation and UV-
response features are preserved in vivo on a humanized
skin mouse model[74].

RNA extraction

Total RNA isolation from primary cultures on
passage 3-4 was performed using the Trizol extraction
method (Invitrogen Life Technologies, Carlsbad,
CA) followed by purification in commercial columns
(Qiagen, Valencia, CA). Total isolated RNA was further
purified using an RNeasy kit (Qiagen, Valencia, CA).
RNA concentration was determined using a NanoDrop
Spectrophotometer (Thermo Scientific) and integrity
of the RNA was verified by Bioanalyzer 2100 (Agilent,
USA). The RNA integrity number was in all cases higher
than 8.

Expression array

Analysis of global expression was performed using
the Whole Human Genome (4x44k) Oligo Microarray kit
(G4112F, Agilent, US). The microarray contains probes
from over 41,000 unique human genes and transcripts,
all with public OMIM annotations (RefSeq, Goldenpath,
Ensembl, Unigene Human Genome and GenBank
databases). Overall, 50 ng of RNA were labeled using
Low input Quickamp Labeling kit (Agilent, US). In all
samples 10 commercial controls probes were added
in order to standardize the results (RNA Spike-in kit,
one color, Agilent, US). The arrays were scanned using
the DNA Microarray Scanner G2565CA (Agilent, US).
Finally, Feature Extraction Software (FES, Agilent, USA)
was used both to perform the quality control process and
to extract the information. Three replicates from each
primary culture were analyzed.

Quantitative real-time reverse transcriptase
polymerase chain reaction (QRT-PCR) of selected
genes

To confirm the microarray results, the expression
of 13 genes (FARPI, SLFN11, GFPT2, COL5A3, TYRPI,
LEFI1, KRT2, ST6GALNAC3, MLANA, MSMB, SILV,
A2M, and ALOX35) was validated by RT-PCR. Also. MCIR

Core Reagent kit (Roche Applied Science, Penzbergf,
Germany). Real-time PCR was performed using Taqgman
Universal PCR master Mix (Roche Applied Science,
Penzbergf, Germany). Reaction was performed in an ABI
Step One plus RT-PCR sequence detection instrument
(Applied Biosystems, CA, US). Primer design and gene-
specific probe selection were carried out by the Universal
Probe Library software (UPL, Roche, Mannheim,
Germany).

Data was evaluated using the relative quantification
method of ddCt[75]. Expression values were evaluated by
T-test for equality means using the SPSS 17.0. P-values
less than or equal to 0.05 were considered statistically
significant.

Microarray data and statistical analyses

The Agilent Processed Signal was standardized
across arrays using quantile normalization[76].
Differential gene expression analysis was carried out using
the limma package from Bioconductor. Multiple testing
adjustments of p-values were performed according to
Benjamini and Hochberg methodology[77].

Gene set analysis was carried out for the Kyoto
Encyclopedia of Genes and Genomes pathways (KEGG)
using FatiScan[78] in Babelomics[79]. This tool detects
significantly up- or down-regulated blocks of functionally
related genes in lists of genes ordered by different criteria
such as differential expression, KEGG pathways and
others. The core of the method is based on an algorithm to
test whether a set of genes, labeled with terms (biological
information), contain significant enrichments of one
or several of these terms with respect to another set of
reference genes. FatiScan uses a Fisher’s exact test for
2x2 contingency tables for comparing two groups of genes
and extracting a list of KEGG terms whose distribution
among the groups is significantly different. Given that
many KEGG terms are simultaneously tested, the results
of the test are corrected for multiple testing to obtain an
adjusted p-value. FatiScan returns adjusted p-values based
on the False Discovery Rate (FDR) method[77]. KEGG
Pathways for the genes in the microarray where taken
from the KEGG web.

In order to gain insight into the co-regulation
patterns on transcript expression profiles, data from our
microarray experiments were clustered together with
expression data obtained from two previous experiments
focused on NMSC (GSE2503 dataset[35]) and MM
(GSE12391 dataset[36]). Raw data were obtained from
the Gene Expression Omnibus. For each dataset we
analyzed the differential expression and determined the
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scenario, fold-changes were normalized using the quantile
method[76] to compare differential expression results in
all experiments. We performed a hierarchical clustering
analysis of differentially expressed transcripts and the
graphical representation showed the relationship between
experiments. The correlation analysis quantified the linear
relationship between the different studies m

Supplemental Data Description

Supplemental Data includes two tables with the list
of the most deregulated genes associated with CDKN2A4
mutations or MCIR variants; and one table containing the
list of genes inversely deregulated between CDKN2A and
MCIR.
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Supplementary Material:

Table S1: List of the most significant deregulated transcripts regarding CDKN2A status (p.G101W
vs wild-type), adjusted P-value< 0.0001. Only genes identified in both MCIR wild-type and MCIR
RHC variant carriers are included (N=108)

Abbreviations: FC: Fold Change; P-value: adjusted P-Value of such comparison; wt: wild-type.
*Statistical values of mutant CDKN2A vs wild-type in MCIR RHC skin cells (individual A1 vs
individual A2).

**Statistical values of mutant CDKN2A vs wild-type in wild-type MCIR skin cells (individual B1
vs individual B2)

Gene ID Gene Name FCin P-value in FCin wt P-value in
MC1R MC1R MC"R** wt
RHC * RHC * MC1R™*
NM_002121 HLA-DPB1 -4.83 4.05E-13 -2.60 5.79E-10
NM_005766 FARP1 -3.6 1.32E-11 -1.53 5.80E-07
NM_152270 SLFN11 -3.4 1.87E-06 -2.08 7.47E-07
NM_005110 GFPT2 -3.2 5.49E-06 -2.50 5.64E-05
NM_015719 COL5A3 -3.1 1.87E-06 -2.28 3.91E-05
NM_000550 TYRP1 -2.76 1.43E-06 -2.34 6.40E-06
NM_016269 LEF1 -2.69 1.73E-09 -1.64 6.46E-07
NM_000423 KRT2 -2.45 7.93E-05 -2.70 1.58E-05
NM_000304 PMP22 -2.41 9.22E-10 -1.80 3.50E-08
NM_152996 ST6GALNACS3 -2.38 1.38E-08 -1.44 4.65E-06
NM_138284 IL17D -2.31 7.53E-06 -2.02 2.08E-05
AF086044 unknown -2.23 1.74E-10 -3.42 5.23E-13
NM_198951 TGM2 -2.08 4.10E-06 -2.42 4.33E-07
NM_138375 CABLEST1 -2.08 5.78E-09 -3.31 8.92E-12
NM_006426 DPYSL4 -2.03 3.01E-05 -3.92 6.81E-09
NM_032048 EMILIN2 -1.83 5.82E-06 -2.04 1.00E-06
AK074473 unknown -1.83 6.09E-06 -2.43 1.29E-07
NM_001129 AEBP1 -1.81 2.43E-07 -1.40 3.91E-06
NM_014070 unknown -1.78 2.71E-07 -1.31 8.02E-06
BC004343 C21orf122 -1.66 5.99E-06 -1.47 1.48E-05
NM_148897 SDRIC7 -1.63 3.91E-05 -1.83 6.51E-06
AF131834 unknown -1.53 2.07E-06 -2.60 1.81E-09
NM_080647 BX1 -1.53 4.46E-06 -1.21 3.80E-05
NM_012131 CLDN17 -1.47 4.17E-05 -1.79 2.57E-06
NM_000635 RFX2 -1.38 2.98E-06 -1.08 2.98E-05
ENST00000224809  unknown -1.28 6.59E-06 -1.81 6.37E-08
NM_032534 KRBA1 -1.21 2.92E-06 -0.97 2.25E-05
NM_152359 CPT1C -1.08 1.08E-05 -1.48 1.50E-07
NM_001077263 TMPRSS13 -0.87 4.43E-05 -2.81 9.51E-12
NM_000396 CTSK -0.74 7.83E-05 -1.81 1.05E-09
NM_003798 CTNNAL1 0.71 6.15E-05 0.81 9.91E-06
NM_015920 RPS27L 0.77 4.43E-05 0.86 8.34E-06
NM_001015509 unknown 0.79 1.13E-05 0.68 3.46E-05
THC2657938 unknown 0.81 4.28E-05 2.08 2.37E-10
NM_000022 ADA 0.87 8.65E-06 1.08 3.92E-07
THC2698177 unknown 0.89 6.21E-05 1.75 1.38E-08
NM_005760 CEBPz 0.90 3.14E-05 2.20 3.14E-10
NM_004346 CASP3 0.91 1.50E-05 1.31 1.23E-07
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NM_004487 GOLGB1 0.95 5.49E-06 1.17 2.84E-07

BC027178 PRPF40A 0.99 8.74E-05 2.62 3.74E-10
NM_004280 EEF1E1 1.00 7.97E-05 1.06 2.48E-05
NM_004986 KTN1 1.04 2.90E-06 2.53 1.59E-11
ENST00000377156  unknown 1.07 1.97E-05 1.09 9.97E-06
NM_007047 BTN3A2 1.09 1.77E-05 1.11 9.31E-06
NM_020169 LXN 1.11 3.10E-05 1.97 1.97E-08
ENST00000306024 LSM3 1.12 2.45E-05 0.99 5.33E-05
NM_001033719 ZNF404 1.13 4.49E-05 2.13 1.58E-08
NM_016010 FAM164A 1.13 1.23E-05 0.99 3.29E-05
NM_001007234 unknown 1.15 1.63E-06 1.42 7.87E-08
NM_001012334 MDK 1.16 6.19E-05 1.20 2.48E-05
NM_181453 Gcc2 1.19 6.48E-05 1.56 1.83E-06
NM_033514 LIMS3 1.20 8.85E-07 1.16 8.49E-07
NM_033316 MFi2 1.20 9.60E-05 1.87 3.91E-07
NM_002890 RASA1 1.22 1.18E-06 0.86 3.86E-05
NM_018300 ZNF83 1.23 5.73E-05 1.70 8.63E-07
NM_201612 unknown 1.23 1.19E-05 2.28 4.38E-09
NM_207014 WDR78 1.30 6.81E-05 1.50 8.56E-06
NM_002078 GOLGA4 1.31 4.03E-05 1.21 5.59E-05
AKO075484 SAMD4B 1.31 1.52E-05 3.52 3.01E-11
NM_003566 EEA1 1.33 9.48E-05 2.36 7.47E-08
NM_144777 SCEL 1.33 5.55E-07 1.01 9.54E-06
CB050071 unknown 1.41 5.52E-05 1.53 1.31E-05
NM_022154 SLC39A8 1.43 8.09E-05 1.54 2.19E-05
CR603437 unknown 1.44 1.33E-06 1.35 1.75E-06
NM_018169 C120rf35 1.48 2.17E-05 2.02 3.71E-07
NM_207331 unknown 1.49 9.36E-06 1.28 3.07E-05
AB075826 FAM171B 1.49 5.31E-05 1.47 3.83E-05
NM_004510 SP110 1.53 1.66E-07 0.94 3.63E-05
NM_172174 IL15 1.55 5.30E-08 1.29 4.08E-07
NM_000888 ITGB6 1.55 3.99E-05 2.52 8.05E-08
NM_005059 RLN2 1.58 1.97E-05 1.38 5.37E-05
NM_025114 CEP290 1.67 1.90E-05 2.70 3.88E-08
AK096536 unknown 1.70 3.16E-06 1.36 2.52E-05
THC2683448 unknown 1.72 2.01E-06 1.91 3.87E-07
NM_001013728 unknown 1.74 1.34E-05 2.23 4.47E-07
BC029919 unknown 1.78 4.62E-06 1.40 4.30E-05
NM_001712 CEACAM1 1.80 1.35E-06 1.56 4.49E-06
NM_003020 SCG5 1.83 2.10E-08 2.37 5.14E-10
NM_004921 unknown 1.86 8.41E-05 1.74 9.87E-05
NM_018429 BDP1 1.90 1.48E-05 2.05 3.60E-06
THC2676635 unknown 1.93 2.93E-08 1.27 3.49E-06
NM_178445 CCRL1 1.99 1.68E-05 1.98 1.08E-05
THC2740317 unknown 2.04 7.85E-06 1.75 2.63E-05
NM_182762 MACC1 2.05 5.66E-09 0.89 8.55E-05
XR_015158 unknown 2.15 6.40E-10 1.91 2.32E-09
NM_001547 IFIT2 2.16 4.68E-08 217 3.56E-08
NM_152737 RNF182 2.19 1.05E-05 1.78 5.97E-05
NM_014314 DDX58 2.22 3.99E-08 1.53 2.66E-06
AK022351 unknown 2.26 4.01E-05 2.74 2.66E-06
THC2526509 unknown 2.26 6.31E-08 1.19 7.99E-05

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014 46



NM_181501 ITGA1 2.38 1.07E-08 1.09 8.38E-05
NM_018284 GBP3 2.40 1.80E-07 2.10 6.58E-07
Al078143 unknown 2.60 2.11E-07 1.52 7.46E-05
THC2510656 unknown 2.62 8.54E-06 2.91 1.51E-06
THC2549494 unknown 2.72 4.74E-06 2.48 8.65E-06
NM_020124 IFNK 2.74 7.98E-07 2.36 3.02E-06
NM_152703 SAMDIL 2.98 8.72E-06 2.94 6.15E-06
NM_005532 IFI27 3.03 3.42E-11 0.92 5.22E-05
NM_017654 SAMD9 3.04 1.08E-07 1.98 1.26E-05
NM_006417 IF144 3.07 3.28E-12 2.71 7.74E-12
THC2679528 unknown 3.18 4.40E-07 2.89 9.26E-07
AK023743 unknown 3.18 1.52E-10 1.95 7.56E-08
NM_001548 IFIT1 3.28 6.99E-11 1.59 5.54E-07
BF213738 unknown 3.46 3.06E-11 1.34 2.66E-06
NM_006820 IF144L 3.49 6.99E-11 2.28 1.49E-08
D89479 SULT1B1 3.56 1.70E-08 3.24 4.36E-08
NM_005127 CLECZ2B 3.66 1.61E-13 1.20 1.33E-07
NM_017523 XAF1 5.11 1.98E-08 3.00 9.40E-06

Table S2: List of the most significant deregulated transcripts regarding MCIR status (p. R106W
and p.R151C vs wild-type) identified in both comparisons.

Adjusted P-value < 0.0000001. Only genes identified in both analyses are included (N=159)
Abbreviations: FC: Fold Change; P-value: adjusted P-Value of such comparison; wt: wild-type.
*Statistical values of MCIR RHC vs wild-type in mutant CDKN2A skin cell (individual Al vs
individual B1).

**Statistical values of MC1R RHC vs wild-type in wild-type CDKN2A skin cell (individual A2 vs
individual B2).

Gene ID Gene Name FCin P-value in FC in wt P-value in wt
L S CDKN2A™*  CDKN2A™*
CDKN2A* CDKN2A*
NM_005672 PSCA -7.30 2.39E-12 -7.02 1.20E-12
NM_000550 TYRP1 -7.24 2.85E-12 -6.82 2.14E-12
NM_000095 COMP -6.79 3.34E-13 -5.08 2.95E-12
NM_005511 MLANA -5.74 2.51E-09 -6.96 7.05E-11
NM_000372 TYR.TYRL -5.59 1.29E-12 -7.19 1.62E-14
NM_002443 MSMB -5.30 1.03E-14 -4.05 1.47E-13
NM_006928 SILV -4.79 1.66E-08 -6.05 3.02E-10
NM_000166 GJB1 -4.72 2.43E-10 -2.76 9.95E-08
NM_000014 A2M -4.52 3.06E-08 -7.21 2.40E-11
NM_000698 ALOX5 -4.17 3.63E-11 -2.19 6.05E-08
NM_016190 CRNN -4.14 8.50E-10 -4.68 5.89E-11
THC2711870 unknown -3.98 8.16E-09 -6.00 1.27E-11
THC2675163 unknown -3.73 6.81E-12 -6.37 5.96E-15
NM_032588 TRIM63 -3.70 6.23E-10 -5.36 1.70E-12
NM_004750 CRLF1 -3.70 1.31E-10 -2.14 6.30E-08
NM_013358 PADI1 -3.61 1.08E-08 -4.16 6.97E-10
ENST00000366930 TGFB2 -3.56 3.31E-10 -2.27 4.78E-08
NM_004864 GDF15 -3.31 8.19E-11 -4.23 1.09E-12
NM_020182 PMEPA1 -3.18 2.39E-12 -1.98 4.44E-10
NM_001712 CEACAM1 -3.12 6.03E-10 -3.36 7.97E-11
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NM_005512
NM_144497
NM_130808
NM_001901

NM_001039212

NM_024101

ENST00000264554

NM_000201
NM_000222
NM_201631
NM_002193

NM_001001547

NM_001945
NM_002463
NM_173198
NM_001343
NM_138375

NM_001012964

NM_016463
NM_001453
NM_003793
NM_022910
NM_006989
NM_145804
NM_003565
NM_030912
NM_206836
NM_005915
AY163812

CR600585

NM_033514
NM_016126

NM_001079525

NM_016448
NM_003579
NM_032636
NM_033417
NM_018455
NM_030771
NM_017868
NM_003258
NM_003504
NM_002916

ENST00000367003

NM_145231
NM_003798
NM_014317
NM_004219
NM_001159
NM_018186
NM_001826
BX640843

LRRC32
AKAP12
CPNE4
CTGF
unknown
MLPH
SHC2
ICAM1
KIT
TGM5
INHBB
CD36
HBEGF
Mx2
NR4A3
DAB2
CABLES1
KLK6
CXXC5
FOXC1
CTSF
NDRG4
RASA4
ABTB2
ULK1
TRIM8
PECI
MCM6
C170rf80
unknown
LIMS3
HSPB11
PAICS
DTL
RAD54L
PSRC1
HAUSS8
CENPN
CCDC34
TTC12
TK1
CDC45L
RFC4
Cilorf97
C14o0rf143
CTNNAL1
PDSS1
PTTG1
AOX1
Cilorf1i12
CKS1B
unknown

-3.11
-3.10
-2.97
-2.94
-2.87
-2.86
-2.80
-2.75
-2.75
-2.69
-2.61
-2.60
-2.59
-2.59
-2.45
-2.42
-2.23
-2.19
-2.10
-1.94
-1.92
-1.84
-1.67
-1.45
-1.39
-1.25
1.33
1.33
1.34
1.45
1.46
1.47
1.50
1.53
1.54
1.59
1.59
1.61

1.64
1.67
1.72
1.75
1.76
1.77
1.84
1.85
1.86
1.87
1.87
1.94
1.96
1.99

8.78E-08
8.04E-08
4.58E-09
9.98E-10
9.12E-11
1.13E-08
1.77E-08
2.83E-09
6.97E-09
6.67E-09
3.47E-10
1.37E-08
4.84E-08
2.72E-09
2.44E-10
2.64E-08
1.35E-09
2.71E-09
3.00E-08
1.02E-09
4.54E-08
9.53E-09
7.49E-08
7.91E-08
7.35E-08
5.80E-08
6.12E-08
9.39E-08
6.62E-08
8.28E-09
3.69E-08
6.42E-08
1.12E-08
5.00E-09
6.67E-09
5.94E-08
6.77E-08
2.25E-08
3.02E-09
7.74E-10
8.63E-08
6.55E-09
1.32E-09
2.25E-08
1.04E-08
2.44E-10
3.58E-08
9.03E-09
8.16E-09
5.99E-09
5.59E-09
5.94E-09

-3.21
-2.91
-2.69
-4.13
-3.14
-4.17
-2.97
-2.45
-5.47
-2.57
-2.46
-2.58
-2.56
-5.66
-4.42
-3.27
-3.46
-4.55
-2.26
-1.72
-3.15
-1.55
-2.15
-2.40
-1.75
-1.13
1.23
1.69
1.47
1.35
1.42
1.48
2.03
1.85
1.87
1.67
1.71

2.40
3.26
2.18
1.83
1.99
2.19
2.65
1.86
1.94
2.19
1.92
2.23
1.94
2.00
2.51

2.37E-08
7.23E-08
6.33E-09
4.12E-12
9.05E-12
3.06E-11
3.32E-09
4.99E-09
3.15E-13
4.59E-09
2.87E-10
6.28E-09
2.20E-08
4.69E-14
5.15E-14
1.92E-10
1.49E-12
8.27E-14
4.70E-09
2.04E-09
2.38E-11
3.44E-08
1.08E-09
3.58E-11
1.36E-09
8.84E-08
6.13E-08
1.62E-09
7.72E-09
7.88E-09
2.13E-08
2.29E-08
7.45E-11
1.41E-10
1.86E-10
1.21E-08
1.05E-08
4.13E-11
1.47E-13
7.74E-12
1.53E-08
4.57E-10
2.50E-11
4 11E-11
3.46E-09
4.44E-11
1.71E-09
2.48E-09
3.05E-10
2.12E-09
1.55E-09
9.73E-11
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NM_182620
NM_003686
NM_004282
NM_014051
NM_016095
NM_145014
NM_024037
NM_003384
BC040051
NM_001254
NM_014176
NM_203467
NM_000057
NM_024808
NM_006607
NM_001928
NM_015895
NM_018101
AKO027541
NM_001766
NM_002876
NM_000946
NM_005030
NM_031299
NM_012415
NM_006479
NM_138555
NM_018193
NM_014791
NM_175617
NM_012177
NM_001012271
NM_001012267
NM_001827
BC044246
NM_012310
NM_199420
NM_001274
NM_001005414
NM_182751
NM_001010897
NM_001034
NM_145018
NM_031966
NM_005059
NM_006845
NM_001211
NM_198433
NM_004701
NM_020242
NM_004523
NM_001255

FAMB33A
EXO1
BAG2
TMEM14A
GINS2
HYLS1
Ctlorf135
VRK1
unknown
CDCé6
UBE2T
PPIL5
BLM
C130rf34
PTTG2
CFD
GMNN
CDCA8
unknown
CD1D
RAD51C
PRIM1
PLK1
CDCA3
RAD54B
RAD51AP1
KIF23
FANCI
MELK
MT1E
FBXO5
BIRC5
CENPP
CKS2
TMEMZ200A
KIF4A
POLQ
CHEK1
unknown
MCM10
SERP2
RRM2
C11iorf82
CCNB1
RLN2
KIF2C
BUB1B
AURKA
CCNB2
KIF15
KIF11
cDc20

2.01
2.01
2.02
2.09
2.12
2.13
2.13
2.15
2.15
2.20
2.23
2.23
2.26
2.27
2.27
2.30
2.31
2.34
2.35
2.36
2.37
2.38
2.40
2.41
2.43
2.46
2.48
2.50
2.50
2.52
2.54
2.55
2.56
2.57
2.57
2.57
2.58
2.58
2.62
2.62
2.65
2.67
2.71
2.74
2.78
2.80
2.81
2.85
2.92
2.93
2.96
3.05

1.76E-09
2.93E-10
9.45E-10
1.45E-08
7.82E-10
5.04E-08
8.41E-10
6.03E-10
5.79E-08
8.16E-08
1.12E-11
9.58E-10
7.59E-08
8.38E-08
2.24E-10
3.69E-08
1.29E-10
7.82E-10
2.05E-08
6.03E-09
4.47E-10
2.14E-09
8.38E-08
2.46E-09
6.39E-08
3.02E-08
8.16E-09
4.23E-11
1.91E-09
6.20E-10
1.32E-09
9.58E-10
2.85E-12
1.36E-10
7.02E-09
3.81E-09
6.02E-08
1.29E-10
6.03E-10
2.54E-08
3.23E-09
1.05E-08
1.68E-10
2.63E-11
9.81E-09
1.74E-09
4.88E-08
1.71E-08
2.85E-12
5.10E-09
1.80E-08
4.70E-09

1.72
2.19
2.61
2.14
2.14
2.66
2.22
2.37
2.00
2.57
2.18
1.82
2.85
2.54
1.92
2.45
1.77
2.36
2.34
2.53
2.20
2.22
2.41
2.09
2.34
3.80
2.87
2.38
2.50
2.12
2.45
2.63
1.76
2.22
2.04
2.48
3.45
3.00
1.95
3.10
2.27
2.47
2.95
2.84
2.58
2.78
3.45
2.81
3.11
4.62
3.18
2.92

5.18E-09
3.22E-11
1.14E-11
4.46E-09
2.35E-10
1.08E-09
1.78E-10
5.77E-11
5.83E-08
4.42E-09
5.39E-12
5.22E-09
1.45E-09
7.74E-09
7.20E-10
6.65E-09
1.51E-09
2.52E-10
8.84E-09
9.33E-10
4.50E-10
1.94E-09
3.33E-08
6.11E-09
4.24E-08
3.48E-11
4.69E-10
2.70E-11
7.39E-10
2.36E-09
8.26E-10
2.35E-10
1.78E-10
3.37E-10
5.61E-08
2.30E-09
5.20E-10
5.77E-12
1.10E-08
1.09E-09
9.59E-09
1.16E-08
1.85E-11
5.39E-12
1.05E-08
7.12E-10
1.32E-09
8.31E-09
5.71E-13
4.38E-12
2.81E-09
3.13E-09
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BC013418

AL834537

NM_004336
NM_004117
NM_052913
NM_001067
NM_005733
NM_001813
NM_152515
NM_001237
NM_018136
NM_007280
NM_138419
NM_020675
NM_018492
NM_022346
NM_024094
NM_032117
NM_001809
NM_001786
NM_145697
NM_021186
NM_016343
NM_001790
NM_018131
NM_016195
NM_014750
NM_005192
NM_018365
NM_012484
NM_080672
NM_001956
NM_153046
NM_032935
BC004565

C130rf3
CCDC150
BUB1
FKBP5
TMEMZ200A
TOP2A
KIF20A
CENPE
CKAP2L
CCNA2
ASPM
OIP5
FAM54A
SPC25
PBK
NCAPG
DScCcC1
MND1
CENPA
cDhc2
NUF2
ZP4
CENPF
cDca25C
CEP55
KIF20B
DLGAP5
CDKN3
MNS1
HMMR
PHACTR3
EDN2
TDRD9
MT4
unknown

3.10
3.11
3.13
3.14
3.14
3.14
3.15
3.18
3.18
3.19
3.20
3.21
3.23
3.26
3.28
3.29
3.31
3.35
3.38
3.38
3.40
3.49
3.52
3.60
3.63
3.68
3.71
4.04
4.09
4.51
4.53
4.78
4.83
5.04
5.05

3.10E-09
3.65E-08
2.15E-10
4.53E-08
8.40E-08
9.65E-11
1.78E-11
6.03E-10
8.97E-08
2.93E-10
1.92E-09
1.51E-11
3.04E-11
1.59E-12
3.26E-09
5.95E-13
3.47E-10
6.71E-12
7.61E-11
2.39E-12
8.28E-09
1.03E-14
1.25E-09
3.47E-08
4.13E-10
4.08E-10
2.39E-12
7.94E-08
5.55E-10
2.85E-12
8.83E-10
2.38E-09
1.87E-12
2.85E-12
1.16E-11

3.42
4.61
3.42
3.43
2.96
3.93
2.96
4.69
3.74
3.25
3.55
2.87
3.07
3.45
3.95
3.50
3.99
3.77
3.90
3.27
4.81
4.91
2.85
3.67
3.89
2.62
417
4.03
3.31
5.25
3.81
4.67
4.59
5.54
2.65

3.24E-10
7.45E-11
2.35E-11
5.67E-09
7.23E-08
1.70E-12
1.38E-11
1.24E-12
4.49E-09
8.24E-11
1.78E-10
2.37E-11
2.01E-11
1.87E-13
9.92E-11
7.81E-14
1.02E-11
5.71E-13
3.72E-12
1.24E-12
3.22E-11
3.21E-17
7.88E-09
1.06E-08
5.89E-11
1.36E-08
1.87E-13
3.28E-08
3.38E-09
1.87E-13
3.34E-09
1.19E-09
1.08E-12
4.26E-13
2.23E-08
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Table S3: List of genes inversely deregulated between CDKN2A and MCIR analyses. Abbreviations: F.C: Fold

Change; P-value: adjusted P-Value of such comparison; wt: wild-type.

HGNC_symbol
XAF1

MX2

IF144L

IFIT3

CAPN14

IFI44
KRT19
IFNK
IFI6
BTN3A3
LMO2
GBP3
RNF182
RHOBTB3
IFIT2
USP18
EPSTI1

RSAD2

CLCA3
PARP9
SCG5
HS3ST1
CEACAM1
OAS1

C5o0rf56
CRNN

PADI1

TNFSF10
F3

IL15
SP110
BST2
CLCA4

Ensembl_link
NM 017523
NM 002463
NM 006820
NM 001549
AK092257
AK023743
NM 006417
NM 002276
NM 020124
NM 022873
NM 006994
NM 005574
NM 018284
NM 152737
NM 014899
NM 001547
NM 017414
NM 033255
A 32 P53976
NM 080657
AK023660
THC2676635
NM 004921
NM 031458
NM 003020
NM 005114
NM 001712
NM 002534
L06175
AK124281

ENST00000378953

NM 016190
AK025669

NM 013358
THC2640099
NM_ 003810
NM_ 001993
NM 172174
NM 004510
NM_ 004335
NM 012128

mutant CDKN2A vs wt
CDKN2A (both RHC

MC1R)

log F.C
5.11
4.14
3.49
3.26
3.25
3.18
3.07
2.86
2.74
2.56
2.42
241
2.40
2.19
2.17
2.16
2.14
2.12
2.01
1.96
1.96
1.93
1.86
1.83
1.83
1.80
1.80
1.76
1.75
1.75
1.73
1.67
1.67
1.66
1.63
1.61
1.56
1.55
1.53
1.49
1.49

adj.p.value
1.98E-08
1.32€-11
6.99E-11
8.18E-09
3.91E-05
1.52E-10
3.28E-12
3.59E-10
7.98E-07
3.45E-08
1.07E-05
1.43E-10
1.80E-07
1.05E-05
1.04E-05
4.68E-08
1.55E-08
3.99E-05
3.17E-05
0.001691807
4.65E-08
2.93E-08
8.41E-05
2.21E-06
2.10E-08
2.00E-05
1.35E-06
0.000121473
0.000889078
5.68E-05
0.000157045
0.000105303
0.000315954
0.000201315
0.003962305
3.76E-05
0.007308907
5.30E-08
1.66E-07
0.00349873
0.001612926

mutant CDKN2A vs wt
CDKN2A (both wt

MC1R)

log F.C
3.00
1.06
2.28
1.26
2.20
1.95
2.71
0.81
2.36
1.05
1.55
0.79
2.10
1.78
1.01
2.17
0.52
1.77
1.10
1.44
0.92
1.27
1.74
1.21
2.37
1.12
1.56
0.79
1.36
1.40
0.84
1.13
1.77
1.12
1.41
1.04
1.28
1.29
0.94
1.52
1.67

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014

adj.p.value
9.40E-06
0.000133758
1.49E-08
0.00036059
0.00113099
7.56E-08
7.74E-12
0.000744197
3.02E-06
0.000601236
0.000669858
1.00E-04
6.58E-07
5.97E-05
0.008209935
3.56E-08
0.018990885
0.000160602
0.005270514
0.012103521
0.000195518
3.49E-06
9.87E-05
0.000138412
5.14E-10
0.001411596
4.49E-06
0.039773363
0.004950943
0.00033138
0.030463445
0.002501087
0.000112469
0.004289502
0.008167973
0.001525958
0.019400875
4.08E-07
3.63E-05
0.00211498
0.000362464

RHC MC1R vs wt MC1R
(both mutant CDKN2A)

log F.C
-1.11
-2.59
-0.93
-1.57
-1.37
-0.49
-0.76
-1.31
-1.04
-0.79
-1.08
-1.12
-0.70
-0.93
-1.98
-1.48
-0.69
-1.70
-0.86
-2.71
-0.81
-0.86
-1.54
-0.63
-1.87
-1.00
-3.12
-1.04
-1.82
-0.90
-1.03
-4.14
-1.00
-3.61
-1.45
-1.37
-1.14
-0.82
-0.67
-3.36
-1.67

adj.p.value
0.041921124
2.72E-09
0.000400236
3.37E-05
0.032844763
0.039372674
5.31E-05
4.49E-06
0.007725554
0.00606156
0.011856791
1.67E-06
0.020231435
0.015597153
1.59E-05
3.08E-06
0.002714314
0.0002321
0.026819981
4.60E-05
0.000669435
0.000221405
0.000333218
0.024137843
8.28E-09
0.003458263
6.03E-10
0.007622258
0.000403092
0.011971445
0.008749111
8.50E-10
0.013197622
1.08E-08
0.006843443
0.000112711
0.039539591
5.92E-05
0.000916414
4.60E-07
0.000354497

RHC MC1R vs wt MC1R

(both wt CDKN2A)

log F.C adj.p.value
-3.22 1.59E-06
-5.66 4.69E-14
-2.14 9.59E-09
-3.57 5.21E-10
-2.42 0.0002558
-1.71 1.27€-07
-1.12 2.60E-07
-3.36 8.78E-12
-1.43 0.000326988
-2.30 2.96E-08
-1.95 3.31E-05
-2.75 5.51E-12
-1.00 0.000961856
-1.33 0.000585284
-3.14 2.33E-08
-1.47 1.46E-06
-2.31 1.21E-09
-2.05 1.60E-05
-1.77 3.55E-05
-3.23 2.96E-06
-1.85 2.23E-08
-1.52 1.43€-07
-1.65 8.58E-05
-1.26 4.46E-05
-1.32 2.93E-07
-1.69 1.14E-05
-3.36 7.97E-11
-2.01 7.90E-06
-2.22 2.73E-05
-1.25 0.000538014
-1.93 1.47E-05
-4.68 5.89E-11
-0.90 0.017900911
-4.16 6.97E-10
-1.67 0.001407815
-1.93 1.06E-06
-1.42 0.007227404
-1.09 1.10E-06
-1.26 4.53E-07
-3.33 2.09E-07
-1.48 0.000637245
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HOXA10
TLR2

OASL

PSCA

SPINK1

DHX58

MDK
S100A4
BTN3A2
ALDH1L1
SEPP1

HCP5

ITGA2
WNT7A
NEBL
PLAT
EIF2AK2

ALDH1A3

FMO2

ZSCAN4
APOL6
STS

PPARG
IFITM1

ENC1
KCNN4
SPINK5

BX090412
BC045163
NM 018951
NM_ 003264
THC2657493
NM 003733
CR625594
NM_ 005672
A 24 P476718
NM 003122
CR612518
A 32 P169353
BC062324
NM 024119
BM989848
NM 001012334
NM 002961
NM 007047
NM 012190
NM_ 005410
THC2671679
NM 006674
AK026517
THC2754005
NM 002203
NM 004625
NM_ 006393
NM_ 000930
NM 002759
AF086052
NM_ 000693
BC056662
NM 001460
A 32 P35031
k03200
AK130514
NM 152677
NM 030641
NM_ 000351
THC2543120
NM 138711
NM 003641
CA314451
THC2551769
NM 003633
NM_ 002250
NM_ 006846

1.48
1.45
1.43
1.42
1.38
1.34
1.34
1.32
1.31
1.29
1.28
1.20
1.19
1.18
1.16
1.16
1.12
1.09
1.09
1.08
1.07
1.06
1.05
1.02
1.01
0.99
0.99
0.98
0.98
0.98
0.96
0.96
0.96
0.95
0.93
0.91
0.90
0.89
0.87
0.86
0.86
0.85
0.84
0.84
0.83
0.82
0.76

0.001281109
3.62E-05
4.44E-06
0.000310032
0.000134482
1.66E-05
0.000464881
0.002415497
0.000870782
0.005034924
0.006785661
0.045002273
0.01579769
5.99E-06
0.011329228
6.19E-05
0.000446466
1.77E-05
0.006504537
0.017795719
3.76E-05
0.007759651
0.002902491
0.000456872
0.022552265
0.000464881
3.91E-05
0.000875467
0.020075442
0.009230344
0.000531565
0.014386956
0.037434212
0.000214111
0.005429992
0.017250913
0.014937773
0.018487069
0.014650689
0.009788415
0.001039611
0.002663548
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0.004358863
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0.001825778

1.47
0.58
0.86
1.80
1.47
0.58
1.05
1.59
2.24
0.96
1.14
1.48
1.22
0.71
0.98
1.20
0.72
1.11
1.35
2.85
0.73
1.33
1.06
1.29
0.94
0.53
0.73
1.35
1.52
1.53
0.60
1.04
2.94
0.62
0.89
0.93
1.41
1.35
1.50
1.06
1.19
0.62
0.89
0.73
1.05
1.03
0.47
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0.000930605
0.040103551
0.000579266
1.61E-05
4.25E-05
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0.002484941
0.000301512
1.89E-06
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0.000279708
0.000505697
0.000108672
0.001361535
2.54E-05
0.018223872
0.00853883
0.008331505
0.000153929
0.000785576
0.033705902
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-0.89
-1.55
-0.77
-0.57
-1.46
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-1.24
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-1.77
-0.52
-2.14
-1.38
-1.38
-1.10
-1.04
-3.92
-0.59
-1.51
-1.39
-1.54
-1.98
-2.58
-0.83
-0.84
-0.67
-1.83
-0.69
-1.96
-1.34
-0.70

0.037340541
3.12E-05
0.022134445
7.17E-07
4.46E-07
0.001967307
0.03890031
2.39E-12
9.86E-06
1.10E-07
0.032090928
2.98E-05
0.00082046
0.001151375
0.042562201
1.14E-06
0.007225432
0.00559599
0.000386161
1.49E-06
3.55E-06
3.33E-05
0.015527585
0.000244525
0.012631859
4.27E-07
0.008729268
8.14E-08
0.001188256
0.000353702
8.25E-05
0.006569774
2.36E-08
0.00820823
3.96E-05
0.000462002
0.000105108
8.89E-06
1.92E-07
0.009051891
0.000819453
0.012012196
9.45E-06
0.012821531
1.05E-07
5.13E-05
0.002501485

-0.88
-2.25
-1.10
-1.95
-2.07
-1.54
-0.98
-7.02
-1.00
-3.73
-1.11
-2.56
-1.64
-1.15
-1.07
-1.51
-1.17
-0.55
-1.20
-1.00
-1.58
-1.57
-0.79
-0.77
-1.13
-2.24
-0.78
-1.77
-0.84
-0.83
-1.46
-0.96
-1.94
-0.91
-1.55
-1.38
-1.03
-1.51
-1.95
-0.63
-0.50
-0.90
-1.79
-0.79
-1.74
-1.14
-0.99

0.025448576
3.73E-08
2.33E-05
2.78E-06
3.14E-07
7.42E-07
0.002738176
1.20E-12
0.00360047
1.34E-08
0.009489293
4.67E-05
0.000563989
2.09E-06
0.010191815
7.03E-07
0.000100805
0.004476681
0.001386589
0.01532286
7.50E-08
9.87E-05
0.011579443
0.002241279
0.005479826
8.20E-09
0.000141682
3.78E-07
0.027870165
0.013843783
1.54E-06
0.007518063
5.37E-05
0.000104052
1.55E-05
0.00028677
0.002697114
9.06E-05
2.61E-06
0.035366686
0.023893587
0.000693909
6.00E-06
0.003004577
2.01E-07
0.000158723
5.08E-05
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ovoL2
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NR 002330
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NM 144683
NM 012131
NM 003149
NM_020404

0.73
0.73
0.71
0.71
0.71
0.71
0.68
0.67
0.66
0.64
0.60
0.59
0.51
0.48
0.45
0.45
0.39
0.38
-0.31
-0.42
-0.43
-0.51
-0.52
-0.57
-0.58
-0.62
-0.63
-0.63
-0.74
-0.76
-0.76
-0.78
-0.80
-0.95
-0.97
-0.99
-0.99
-1.08
-1.26
-1.45
-1.47
-1.57
-2.04

0.000832073
0.001230432
0.02260588
0.003114957
0.004745127
0.01514181
0.009014906
0.040190654
0.009630083
0.030845413
0.015740285
0.004377494
0.043998571
0.009949949
0.047091148
0.028015892
0.028250766
0.044356931
0.031798838
0.047666353
0.026532957
0.011609739
0.001084197
0.011569948
0.019198248
0.005105333
0.001524882
0.042808398
7.83E-05
0.048590758
0.000552736
0.005759911
0.000944624
0.002645754
0.002390052
0.000144723
0.001983455
1.08E-05
0.001348714
0.00088615
4.17E-05
0.001093743
2.85E-05

1.96
0.63
0.95
1.27
0.59
1.04
0.68
0.78
0.77
0.63
0.64
0.42
0.78
0.67
0.52
0.43
0.37
0.45
-0.29
-0.78
-1.00
-0.47
-0.39
-0.75
-0.90
-0.84
-0.73
-0.63
-1.81
-0.83
-0.87
-0.93
-0.74
-0.76
-0.63
-0.44
-0.74
-1.48
-0.76
-1.72
-1.79
-1.23
-1.14
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6.81E-09
0.002667999
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7.07E-06
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0.00660204
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1.44
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0.80
1.23
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1.32
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5.82E-05
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0.001068743
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0.005094908
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0.000114668
0.044702714
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0.001844654
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0.001792781
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0.000345671
1.66E-06
0.00667932
0.012418953
0.000297324
0.00068922
0.000180492
2.56E-05
7.09E-06
0.001366222
6.23E-05
0.043609023
0.049370648

-4.05
-1.27
-0.71
-0.76
-1.25
-0.95
-0.86
-0.73
-0.71
-0.64
-1.68
-0.67
-1.19
-0.43
-0.68
-0.58
-0.47
-0.72
0.30
1.16
0.41
0.52
0.60
0.83
1.13
0.72
0.48
2.41
0.58
0.92
0.65
1.54
0.66
0.93
151
1.36
1.48
0.54
2.50
1.05
1.01
1.22
1.67

1.47E-13
8.66E-07
0.012721232
0.000708175
6.53E-06
0.000706483
0.000563989
0.014330567
0.002542575
0.017239992
1.76E-07
0.000579911
1.50E-05
0.01171219
0.001635126
0.002388652
0.004029612
0.000155666
0.023463075
3.00E-06
0.02114696
0.004986322
0.000100716
0.000227367
2.30E-05
0.000647845
0.005629305
3.33E-08
0.000331696
0.008832468
0.000881113
2.21E-06
0.001912744
0.001307708
9.74E-06
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1.20E-05
0.003391166
2.08E-07
0.005333513
0.000593411
0.003788264
7.16E-05
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RESUMEN TRABAJO Il

Objetivo

Analizar el papel de variantes del gen MCIR en el riesgo a desarrollar un tipo de melanoma con

caracteristicas histopatolédgicas determinadas.

Metodologia

Es un estudio retrospectivo observacional de pacientes de melanoma de dos series de hospitales de los
cuales se tenia confirmacién histopatoldgica del tumor. Se incluyeron pacientes con multiples
melanomas primarios de los cuales se conocia el subtipo histopatoldgico del total de tumores que
desarrollaron y el tiempo transcurrido entre los diagndsticos de los distintos melanomas primarios. De
todos los pacientes se disponia de ADN germinal y se recogieron la informacidn fenotipica, sexo y edad

de debut.

En todos los pacientes se procedié al analisis molecular del gen MCIR mediante PCR y secuenciacion
Sanger. El impacto de las variantes detectadas se analizé in-silico mediante el programa de prediccidn
PolyPhen-2 v2.2.2; y se clasificaron segun los criterios publicados previamente en: “variantes de color

de pelo rojo” y “variantes no de color de pelor rojo”.

En el analisis del numero total de variantes y el subtipo histopatoldgico, de los pacientes con multiples
melanomas primarios se incluyé exclusivamente la informacion del primer melanoma. Por el contrario,
en el andlisis especifico para cada variante, estos pacientes se reclasificaron segin si habian

desarrollado o no, como minimo un melanoma del subtipo que se analizaba. Para cada variante se
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analizé si cumplian el equilibrio de Hardy-Weinberg y se calcularon las frecuencias alélicas vy
genotipicas. La correlacion entre el nimero de variantes y las variables a estudiar se calculé mediante
tablas de contingencia y el test x2 de Pearson. Mediante modelos de regresién multiple se determiné
las variantes asociadas a las caracteristicas fenotipicas y el riesgo a desarrollar un subtipo especifico de

melanoma.
Resultados

Se incluyeron 1679 pacientes de los cuales 85% desarrollaron un Unico melanoma y 15% desarrollaron
multiples melanomas primarios. El subgrupo de pacientes con un Unico melanoma incluye, segun el
subtipo histopatolégico, 979 pacientes que desarrollaron melanoma de extension superficial (SSM;
68,6%), 249 pacientes melanoma nodular (NM; 17,4%), 118 pacientes melanoma lentiginoso maligno
(LMM; 8,3%) y 82 pacientes desarrollaron un melanoma lentiginoso acral (ALM; 5,7%). El subgrupo de
pacientes que desarrollaron multiples melanomas primarios comprende un total de 588 tumores, de

los cuales, 83,5% son SSM, 6,8% NM, 8,2% LMM y 1,5% ALM.

De forma global, se identifican 53 variantes alélicas en el gen MCIR (11 variantes sindnimas y 42
variantes no sinénimas); la mayoria de ellas detectadas en pocos o en un Unico paciente. Se han
identificado 13 variantes no descritas previamente. Del total de variantes, 10 variantes no sinénimas
tienen una frecuencia superior al 1% de casos: p.V60L (30%), p.V92M (11,7%), p.D294H (9,4%),
p.R151C (8,8%), p.R160W (6,2%), p.R163Q (4,2%), p.R142H (3,3%), p.1155T (3,8%), p.V122M (1,5%) y
p.D84E (1,0%). Los andlisis de las caracteristicas fenotipicas o subtipo histopatolégico del tumor se

llevan a cabo exclusivamente en éstas 10 variantes.

En el estudio se han detectado asociaciones previamente descritas como, el riesgo a color de pelo rojo
y/o pieles claras de portadores de las variantes p.R142H, p.R151C, p.R160W y p.D294H o en individuos
portadores de 2 o mas variantes totales. Por otro lado, se detecta un incremento del riesgo color de
ojos claro causado por la variante p.R142H, bajo un modelo de herencia dominante (OR=2,07;

IC95%=1,18-3,65; p-valor=0,011).

El estudio revela que los subtipos histopatolégicos de melanoma difieren en cuanto al nimero de
variantes totales del gen MCIR (p-valor=0,028) o el nimero de variantes de color rojo (p-valor=0,035).
Los subtipos de melanoma LMM y SSM presentan un mayor numero de variantes totales o variantes
de pelo rojo comparado con los subtipos NM o ALM. Por ultimo, se observa que los portadores de la
variante p.R163Q tienen, aproximadamente el doble de riesgo a desarrollar LMM bajo un modelo de

herencia dominante (OR=2,16; IC95%= 1,07-4,37; p-valor=0,044).
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Background Cutaneous melanoma tumour is classified into clinicohistopathological
subtypes that may be associated with different genetic and host factors. Variation
in the MCIR gene is one of the main factors of risk variation in sporadic mela-
noma. The relationship between MCIR variants and the risk of developing a spe-
cific subtype of melanoma has not been previously explored.

Objectives To analyse whether certain MCIR variants are associated with particular
melanoma subtypes with specific clinicohistopathological features.

Methods An association study was performed between MCIR gene variants and
clinicopathological subtypes of primary melanoma derived from 1679 patients.
Results We detected 53 MCIR variants (11 synonymous and 42 nonsynonymous).
Recurrent nonsynonymous variants were p.V60L (30-0%), p.V92M (11-7%),
pD294H (9-4%), pRISIC (88%), p.RIGOW (6-2%), pRI163Q (4-2%)
p.R142H (3:3%), pI155T (3:8%), p.V122M (1-5%) and p.D84E (1-0%). Mela-
noma subtypes showed differences in the total number of MCIR variants
(P =0-028) and the number of red hair colour variants (P = 0-035). Further-
more, an association between p.R163Q and lentigo maligna melanoma was
detected under a dominant model of heritance (odds ratio 2:16, 95% confidence
interval 1-07—4-37; P = 0-044). No association was found between p.R163Q and
Fitzpatrick skin phototype, eye colour or skin colour, indicating that the associa-
tion was independent of the role of MCIR in pigmentation. No association was
observed between MCIR polymorphisms and other melanoma subtypes.

Conclusions Our findings suggest that certain MCIR variants could increase mela-
noma risk due to their impact on pathways other than pigmentation, and may
therefore be linked to specific melanoma subtypes.

What’s already known about this topic?

e The MCIR gene plays a role in pigmentation synthesis and inflammatory processes,
and activates the mitogen-activated protein kinase pathway.

e MCIR variants associated with pigmentation increase the risk of developing mela-
noma and nonmelanoma skin cancer.

e The p.R163Q variant, not associated with pigmentation, is associated with nonmel-

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014

56



MC1R variant p.R163Q and LMM risk, J.A. Puig-Butillé et al. 805

What does this study add?

e The p.R163Q variant, which is not directly associated with phenotype variation, is

associated for the first time with the risk of developing lentigo maligna melanoma.

Cutaneous malignant melanoma (MM) has previously been
classified into distinct subtypes based on histological appear-
ance, biological behaviour and epidemiological features.' ">
Later this classification lost relevance because there was often a
significant overlap between types, and it lacked prognostic
value. Nevertheless, some of these variants show characteristic
clinical features and may be associated with different risk fac-
tors. Differences according to the anatomical location of the
primary tumour, the ultraviolet (UV) pattern of exposure and
somatic genetic alterations have also been identified.*** Over-
all, superficial spreading melanomas (SSMs) develop mostly
on the trunk and extremities, associated with acute—intermit-
tent sun-exposure patterns. In contrast, lentigo malignant mel-
anomas (LMMs) usually originate on the face or chronically
exposed areas. The incidence of both subtypes of melanoma
increases continuously over time in populations of European
origin.” Acral lentiginous melanomas (ALMs), located on the
palms, soles and subungual sites, are not associated with sun
exposure, their incidence being similar in dark- and fair-
skinned populations. The epidemiology of nodular melanomas
(NMs) is not clearly associated with sun exposure, maintain-
ing a stable incidence and mortality.® These associations may
explain the epidemiological differences detected in different
populations and studies. While in most studies intermittent or
recreational sun exposure and sunburns are consistently associ-
ated with melanoma risk (probably with SSM), in a few stud-
ies melanoma has also been associated with occupational sun
exposure, cumulative lifetime sun exposure or markers of such
exposure.”® This risk seems to be associated mostly with
LMM as, in areas with high levels of sun exposure, LMM
becomes the more frequent subtype of melanoma.”®

Risk factors for melanoma development also include genetic
and host characteristics such as fair skin, family history of
melanoma, and eye and hair pigmentation.” "'

Pigmentation-related melanocortin receptor 1 (MCIR),
which is the major contributor to pigmentation diversity in
humans, is also a risk factor for melanoma.'” This gene is
highly polymorphic, with more than 100 variants, many being
nonsynonymous.'* A meta-analysis identified five MCIR vari-
ants (p.D84E, p.R142H, p.R151C, p.R160W and p.D294H)
associated with the red hair colour phenotype, which is char-
acterized by fair pigmentation (fair skin, red hair and freckles)
and sun sensitivity (poor tanning response and solar lenti-
gines).'* Functional studies have revealed the complexity of
MCIR genomic variation. Allelic variants show differences in

loss of function among red and non-red hair colour variants.?

| PR ERUN S EDEPRIES APPSR S ISR | DI S SR AL

p.V60L and p.D294H variants are different even when
comparing different dark-pigmented populations.ls

Few studies have focused on the role of MCIR variants in
melanoma beyond the study of melanoma risk in individuals.
An association between germline MCIR status and the presence
of a somatic BRAF mutation in melanoma was found.'®'’
However, these findings have not been confirmed by other

1820
studies,

illustrating the complexity of cross-talk between
MCIR variants, UV exposure pattern, melanoma subtype and
somatic alterations, which can be over-represented in certain
combinations.

The aim of this study was to analyse whether some MCIR
variants are associated with particular clinicohistopathological

melanoma subtypes.

Materials and methods

Samples

An observational retrospective study was designed including a
series of 1679 patients with melanoma from two hospital-
based series. The inclusion criterion was patients having con-
firmed histopathological information on the tumour. In
patients with multiple primary melanomas (MPMs), only
those with histopathological subtype information for all
tumours and information available on the time of occurrence
for each were included. All patients were treated and con-
trolled at the Melanoma Unit of the Hospital Clinic of Barce-
lona (Barcelona, Spain) and the Instituto Valenciano de
Oncologia (Valencia, Spain).

The study of MCIR variants was approved by the institu-
tional review board of both hospitals, and informed consent
from all study participants was obtained.

The outcome variable of the study was the histopathological
melanoma subtype. For the purpose of the study only the fol-
lowing subtypes were considered: LMM, SSM, NM and ALM.
Patients with other unknown or unclassified tumours were
excluded from the study.

In the analysis of MCIR variants and histopathological sub-
types, the patients with MPM were included only once in
each analysis. In the analysis of the total number and type of
variants, patients were included based on the histopathological
subtype of the first developed melanoma. In the analyses of
each of the 10 most frequent variants and melanoma subtypes
(LMM, SSM or NM), patients with MPM were reclassified
according to whether they had had, or not, the specific mela-

R P« U U MU . RS I S,
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As potential confounders, the following variables were consid-
ered: sex, age at onset, hair colour (red, blonde or brown/black),
skin phototype according to the classification by Fitzpatrick (I-II
vs. II-V)*" and eye colour (dark/brown vs. green/blue).

MC2R molecular screening

Samples from the Melanoma Unit of the Hospital Clinic of
Barcelona were amplified using the primers described by
Chaudru et al.””
initial denaturizing step at 95 °C for 5 min; followed by 35
cycles of 95 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min;

and a final extension at 72 °C for 10 min and maintaining at

Polymerase chain reaction conditions were:

4 °C. Specific internal MCIR primers were designed to analyse
the entire coding sequence (INT-F: TACATCTCCATCTTCTAC
GC and INT-R: GTGCTGAAGACGACACTG). Samples from the
Instituto Valenciano de Oncologia, Valencia, were genotyped

as described by Scherer et al.”?

Statistical analysis

MCIR variants were classified as red hair colour (R) or non-red
hair colour (r) according to previously reported criteria.'*
Therefore, MCIR variants R were p.D84E,
p-R142H, p.R151C, p.R160W and p.D294H. All other non-
synonymous MCIR variants were classified as r. Synonymous

classified as

variants were considered as wild-type MCIR alleles. For the
purpose of this study, only variants with an observed fre-
quency of at least 1% were analysed. In silico analysis of each
variant to predict the effect of the amino acid change in both
protein structure and MCIR function was carried out using
PolyPhen-2 version 2.2.2 (http://genetics.bwh.harvard.edu/
pph2/).** Correlation between the number of MCIR variants
and confounding variables was calculated by cross-tabulations
and Pearson’s ’ test using IBM SPSS Statistics 20 (IBM,
Armonk, NY, U.S.A.). Genetic data were analysed using snp-
Stats software (http://www.bioconductor.org/).>> Multiple
logistic regression models (codominant, dominant, recessive,
overdominant and log additive) were performed for odds ratio
(OR), 95% confidence interval (CI) and P-value. Both the
Akaike information criterion and Bayesian information crite-
rion were used to choose the model of inheritance that fit the
data best. In some analyses, the model was adjusted by con-
founding variables that are associated with the MCIR variant of
interest. P-values < 0-05 were considered statistically signifi-
cant. All tests were two sided, and Bonferroni correction for

multiple comparisons was applied to all P-values.

Results

MCIR genotyping was carried out in 1679 patients who met

the selection criteria, 1428 (85%) were cases of single
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The MPM subset included 198 patients (78:9%) who devel-
oped two MMs, 36 patients (14-3%) who developed three
MMs and eight (3-2%) and nine (3-6%) patients who devel-
oped four and at least five MMs, respectively. Patients with
MPM displayed a total of 588 MMs, 83:5% of which were
SSM (491/588), 8-2% (48) were LMM, 6-8% (40) were NM
and 1-5% (nine) were ALM. The frequencies for each subtype
in the subset of first MMs in patients with MPM (n = 251;
LMM 6-8%, SSM 82-9%, NM 8-3% and ALM 2%) were not
statistically different from those observed in the subset of sub-
sequent MMs in the same patients (n = 337; LMM 9-2%, SSM
83-8%, NM 5:6% and ALM 1-4%).

The rate of the histopathology subtype concordance was
evaluated in patients with MPM. The rate of concordance was
85-6% in patients with SSM (178/208), 35% in LMM (6/17)
and 5% in NM (1/21). None of the five patients with a first
ALM developed other ALMs.

The study identified 53 MCIR variants (11 synonymous and
42 nonsynonymous), most being detected in a small number
of patients or restricted to one (Table 1). Thirteen MCIR vari-
ants had not been identified in previous studies. Among syn-
onymous variants, the highest frequency was observed for
p-T314T (17-6% of patients). In the 1679 patients with mela-
noma, recurrent nonsynonymous variants with a frequency of
at least 1% were p.V60L (30-0%), p.V92M (11-7%), p.D294H
(9-4%), pRISIC (8:8%), pRIOW (6:2%), p.R163Q
(42%), pR142H (3:3%), p.I155T (3-8%), p.V122M (1-5%)
and p.D84E (1-0%). Analyses of MCIR variants, phenotypic
features and histopathological subtypes of the tumours were
carried out only for these 10 variants.

Overall, skin phototype information was available in 94-8%
of cases, and eye and hair colour in 90-5% and 93-4%,
respectively. The p.R142H, p.R151C, p.R160W and p.D294H
variants were statistically significantly associated with red hair
colour and fair skin (phototype I or II) under a codominant
model of heritance (Table 2). The association of MCIR vari-
ants and eye colour was restricted to p.R142H, which was
associated with fair eye colour (green or blue) under a domi-
nant model of heritance (OR 2:07, 95% CI 1-18-3-65;
P=0-011).

Differences in terms of number and type of MCIR variant (r
or R) were analysed. Skin phototype and hair colour showed
differences in the total number of variants (P < 0-001). When
the analysis was focused on the number of r variants, there
was no statistically significant association with phenotypic
characteristics. However, a trend was observed between fair
skin and the presence of at least two variants (P = 0-041). In
contrast, the number of R variants was associated with both
hair colour and skin phototype (P < 0-001). Overall, 89% of
patients with red hair carried at least one R variant, and 54%
of them carried at least two R variants.

According to the number of MCIR variants and histopatho-
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Table 1 Frequency of MCIR variants detected in patients with Table 1 (continued)

melanoma

variants was observed (P = 0-035), showing a lower number
of variants in both the ALM and NM subtypes.
Association of histopathological subtype and specific recur-

rent MCIR variants was restricted to those subtypes associated
with a sun-exposure pattern (SSM, LMM and NM). The logis-
tic regression model was adjusted by the number of primary
tumours, sex, age at onset and phenotypic characteristics. No
statistically significant association was found between certain
MCIR variants and SSM or NM. In contrast, an association was
detected between the p.R163Q variant and LMM development
under a dominant model of heritance (OR 2-16, 95% CI
1:07—4-37; P = 0-044) (Table 4).

Discussion

Since Clark et al. classified melanomas into three distinct sub-
types” and, thereafter, a fourth subgroup was proposed,® sev-
eral studies have elucidated epidemiological and clinical
features that are more associated with a particular histopatho-
logical subtype.””*° Some of these differences can be attrib-
uted to variation of UV exposure (chronic sun exposure or
intermittent).*

Currently, polymorphisms in the MCIR gene are known to
be major determinants of hair and skin colour.*" Furthermore,
MCIR polymorphisms play a role in sun sensitivity and low
tanning ability in response to UV radiation, independently of
skin colour.’” Thus, certain MCIR variants could be related to
a particular histopathological group of melanomas associated
with different patterns of UV radiation.

In the present study, the genomic status of MCIR from
1679 patients with melanoma was analysed according to their
histopathological melanoma subtypes. Patients with MPMs
were also included, as different melanomas from the same
patient may be considered as independent occurrences of the

disease.>® In the association studies for the number of variants,

r P o ~
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Table 2 Analysis of MCIR and phenotypic traits
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Table 2 (continued)

Table 4 Association of MCIR variant p.R163Q and lentigo maligna

Table 3 Number of variants and histopathological subtype of melanorms (TMM) oS

melanoma

Analysis of MCIR variants and phenotypic characteristics was

carried out to find previous well-established associations'* and

to consider them in the later analysis. The variants p.R142H,
p-R151C, pR160W and p.D294H were associated with red
(i.e. if a patient had developed two LMMs, in the LMM analy- hair and fair skin. The p.R142H variant was also associated
sis the patient was recorded once). The systematic exclusion with patients with green or blue eyes. Previous studies have
of 15% of patients with MPM in genetic studies could hide found no effect of MCIR genotype on eye colour. However,
important data concerning differences in genetic background, an epistatic interaction between MCIR and OCA2, which is a
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In the present study, the total number of MCIR variants and
number of red hair colour variants were higher in both the
LMM and SMM subtypes. An increased prevalence of MCIR
variants in tumours on intermittently exposed sites has been
frequently observed. Unfortunately, the MCIR distribution
according to anatomical site was not addressed in our study.

The most relevant finding was the association between
p-R163Q and LMV, independent of phenotypic features (it
was not associated with Fitzpatrick skin phototype, or eye or
hair colour), which suggests that certain variants could be
linked to specific melanoma subtypes.

Different functional influence among MCIR variants has
been shown in terms of cell-surface expression, functional
ability or dominant negative activity in a pigment-related path-

13,38-40
way.

In addition to adenylate cyclase signalling, stimula-
tion of MCIR also activates the mitogen-activated protein kinase
(MAPK) pathway,“ and regulates target genes involved in
inflammation through the nuclear factor-xB pathway.42 Thus,
interpretation of the effect of MCIR alleles in melanoma beyond
its role in pigmentation, such as the relation between p.R163Q
and LMM subtype, is complex. Furthermore, differences in fre-
quency and type of variants between populations could result in
variations in genotype—phenotype correlation.”® The frequency
of the p.R163Q variant is highly variable with ethnicity, being
higher in populations of Asian origin compared with Europeans,
but there are differences also among European populations.'® In
the Japanese population, p.R163Q and p.V92M have been
related to skin lesions associated with UV damage, such as freck-
les and solar Ientigines&3 Previous studies have suggested a rela-
tionship between these variants and chronic UV radiation in
populations of European origin. The p.V92M variant has been
associated with severe photoageing of facial skin, independent
of the presence of other minor and major variants, in European
women.** Furthermore, p-R163Q has been related to nonmel-
anoma skin cancer development in Europeans, underlying its
possible role in tumours related to chronic sun exposure.*’
Thus, our finding that p.R163Q is related to LMM susceptibility
in our population may be a consequence of the role of this vari-
ant in skin photodamage and photoageing, as a propensity to
solar lentigines is a strong predictor of LMM and it is not associ-
ated with any other subtype of melanoma.*®

Interestingly, both p.R163Q and p.V92M presented a
benign score in the in silico analysis (Table 1) and are consid-
ered ‘pseudoalleles” with no significant effect on eumelanin
synthesis.*” Thus, the biological relevance of these variants
could be related to a noncanonical MCIR pathway. Although
the p.R163Q variant does not display changes in either sur-
face expression or cyclic adenosine monophosphate signalling,
a selective decrease in MAPK activation has recently been
described.*® Thus, the cross-talk between specific MCIR vari-
ants and MAPK pathway activation could be responsible in

part for the differing results reported for correlation between

previous study suggested,” our data support that these differ-
ences could be due to unique effects of specific MCIR vari-
ants, the frequencies of which differ somewhat among
populations.

In conclusion, the MCIR variant p.R163Q showed differ-
ences among histopathological melanoma subtypes, showing a
positive association with LMM. Moreover, these ﬁndings
suggest that differences exist beyond the role of MCIR variants
in the pigment synthesis process. Thus, common variants
could be responsible in part for the risk of LMM in popula-
tions without fair skin. Further studies should be directed to
elucidate the mechanisms by which MCIR variants play a role
in susceptibility to melanoma, independent of their relation-
ship with phenotypic traits.
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TRABAJO Il

RESUMEN TRABAJO Il

Objetivo

Caracterizar las alteraciones gendmicas adquiridas en el melanoma lentiginoso acral, mediante el
analisis de regiones candidatas donde se localizan genes implicados en vias de sefializacién, progresion

del ciclo celular o apoptosis.

Metodologia

Se seleccionaron un serie de tumores clasificados patolégicamente como melanomas lentiginosos
acrales (ALM; N=17) de los cuales se disponia de tejido congelado. La caracterizacién molecular de los
tumores comprendia el analisis de los genes B-RAF (exones 11 y 15), N-RAS (exones 1y 2), CDKN2A
(exones 1 alfa, 1 beta, 2 y 3) y MC1R mediante PCR y secuenciacion Sanger; y la caracterizacion del
numero de copias (pérdidas o ganancias) mediante la técnica Multiplex ligadura-dependiente de la
sonda de amplificacion (MLPA) de la regidon 9p21 y regiones candidatas en las cuales se localizan
oncogenes candidatos en cancer cutaneo. La presencia de mutaciones somaticas en los genes B-RAF,
N-RAS, CDKN2A y variantes en el gen MCIR, asi como deleciones en la regidon 9p21 se evaluaron con
estadisticos descriptivos; la distribucion de las alteraciones de numero de copia en las regiones
candidatas se analiz6 mediante agrupacion jerarquica sin supervision. Por Ultimo se evalué la
expresion de la proteina Aurora A mediante inmunohistoquimica en los bloques parafinados

correspondientes a la serie de ALM analizados.
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Resultados

En el grup de ALM analizados, el 62,5% presentaban variantes en el gen MCIR. En 3 de los tumores se
identificaron mutaciones somaticas en el gen N-RAS y en ninglin tumor mutaciones en los genes B-RAF
o CDKN2A, aunque si se identificaron deleciones de la region 9p21 en un 69% de casos, de los cuales 5
tumores presentaban deleciones focalizadas en los genes CDKN2A, CDKN2B y MTAP y 6 delecidon
completa de la toda la regidn. Se detectaron ganancias del nimero de copias de 12 regiones
cromosdémicas (1p13.2, 5p15.33, 5q13, 7q21.3, 8ql1, 11913, 11922, 12q14, 12q14.3, 7925, 19912,
20g13.3) en un rango de 37,5% a 6,2% de casos.

Todos los tumores presentan como minimo una regiéon amplificada, 43.7% dos amplificaciones y 25%
de tumores presentaban 3 o mas regiones alteradas. En total, 4 regiones se encuentran alteradas de
forma recurrente en al menos un 25% de los ALMs: 1p13.2 (gen N-RAS), 5p15.33 (gen TERT), 20q13.3
(gen AURKA) y 11913 (gen CCND1 y genes contiguos). La distribucién de estas alteraciones en los
tumores analizados sugiere la existencia de tres diferentes patrones moleculares en los melanomas

tipo ALM, aunque el andlisis no alcanza la significacién estadistica.

La alteraciones de 20q13.3 (37,5% de los casos) y la de 11g13 (31,25% de casos) son mutualmente
excluyente; y la alteracion 1p13.2 (25% de casos) se observa mas frecuentemente en tumores con

ganancias de 5p15.33 (18,7% del total de tumores presentan ambas).

Dado que la alteracidn mds recurrente es la ganancia del gen AURKA, se evalua la expresion de la
proteina, Aurora quinasa A en 12 tumores de la serie (6 con la alteracion y 6 sin la alteracion). El
resultado fué evaluable en 4 de los 6 tumores con la alteracién. En 3 de ellos se observa expresion de
Aurora quinasa A (rango de 10% a mas de un 75% de células positivas). En contra, no se detecta

expresion de la proteina en ninguno de los 6 tumores sin la amplificacién genémica del gen.
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Abstract: Studies integrating clinicopathological and genetic
features have revealed distinct patterns of genomic aberrations in
Melanoma. Distributions of BRAF or NRAS mutations and gains
of several oncogenes differ among melanoma subgroups, while
9p21 deletions are found in all melanoma subtypes. In the study,
status of genes involved in cell cycle progression and apoptosis
was evaluated in a panel of 17 frozen primary acral melanomas.
NRAS mutations were found in 17% of the tumors. In contrast,
BRAF mutations were not found. Gains of AURKA gene (20q13.3)
were detected in 37.5% of samples, gains of CCNDI gene (11q13)

or TERT gene (5p15.33) in 31.2% and gains of NRAS gene
(1p13.2) in 25%. Alterations in 9p21 were identified in 69% of
tumors. Gains of 11q13 and 20q13 were mutually exclusive, and
1p13.2 gain was associated with 5p15.33. Our findings showed
that alterations in RAS-related pathways are present in 87.5% of
acral lentiginous melanomas.

Key words: acral lentiginous melanoma — AURKA — melanoma — MLPA
— NRAS
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Introduction

Molecular studies have revealed the existence of different biologi-
cal subsets of melanomas based on the patterns of alterations
identified (1-3), some of which correlated with degree of chronic
sun-induced damage and site of origin (3). Furthermore, such
molecular differences could result in clinical and histopathological
differences among lesions (4,5).

Melanomas classified as acral lentiginous melanomas (ALM)
develop on volar skin, usually unexposed to UV radiation and are
characterized by the presence of an atypical lentiginous proliferation.
ALM carry a high number of genomic alterations compared with
other melanoma subtypes and most of them account for a smaller
proportion of genome (1,3). The molecular hallmarks of ALM are
CCNDI amplifications (1,6,7) or somatic mutations in ¢-KIT (8).

Deletions in the 9p21 region where the CDKN2A gene is
located are widely detected (9-11). However, other genes from
this region could be implicated in melanoma because retention of
the CDKN2A locus has been found in tumors with deletions at
one or both sides of CDKN2A (10). Other reported aberrations
include large amplifications of 12q (1,3), 7q or 20q and gains
localized at 5p15, 11q13, 11q14 (3) and 22q11-13 (1).
Questions addressed
To characterize acquired molecular genomic alterations in a set of
ALM from Spanish patients. The study was focused on specific
chromosomal regions where genes involved in signalling pathways,
cell cycle progression and apoptosis are located.

Experimental design
Seventeen fresh-frozen histopathologically confirmed primary ALMs
based on Clark’s classification were included. Sampling was guided
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diagnosis following the step-sectioning protocol for melanoma.
Clinical data are described in Table S1. Genomic characterization of
the BRAF, NRAS, CDKN2A and MCIR genes was performed by
PCR-direct sequencing. Deletions of the 9p21 region and gains of
regions wherein oncogenes of interest are localized were carried out
by the multiplex ligation-dependent probe amplification (MLPA)
approach (Data S1). Significance of AURKA gain into protein was
evaluated by immunohistochemistry method (Data S1).

Unsupervised hierarchical
detected was carried out using Cluster 3.0 developed by Eisen Lab
(University of California, Berkeley, CA, USA) using Pearson’s cor-
relations distance and average linkage clustering. The study was
approved by the institutional review board of Hospital Clinic of
Barcelona (Spain) and tumors were from the sample collection of
Melanoma Unit at the Hospital Clinic of Barcelona.

Results

MCIR variants were found in 62.5% of patients (Table S1). NRAS
missense mutations were detected in three of 17 ALMs. In con-
trast, activating BRAF mutations were not present (Table S1).

9p21 alterations were detected in 69% of tumors, one sample
failed to yield a result (Table S1). While five tumors carried focal
deletions of CDKN2A, CDKN2B and/or MTAP, 6 showed loss of
the 9p21 region. No mutations were detected in CDKN2A.

Copy number gains were detected in 12 different loci (Table 1). All
melanomas showed at least one altered locus; 43.7% of tumors pre-
sented two and 25% presented > 3 loci. Four alterations were detected
in at least 25% of samples: 1p13.2 (NRAS gene), 5p15.33 (TERT gene),
20q13.3 (AURKA gene) and 11q13 (CCNDI and contiguous genes).

Unsupervised hierarchical clustering was carried out to analyse

clustering of amplified regions
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Table 1. List of oncogenes analysed by the MLPA approach

Chromosomic Frequency of tumors

region Oncogenes with amplifications
r01p13.2 NRAS 25%
r01p22.1 BCAR3 0
r01g32 MDM4 0
r03q27 BCL6 0
r05p15.33 TERT 31.2%
r05q13 BIRC1 12.5%
r06p21 CCND3 0
r07g21.3 CDK6 6.2%
ro8q11 MOS 18.8%
r1qg13 RELA, GSTP1, CCNDT, 31.2%'
EMST, FGF3,
r11q22 BIRC3 6.2%
r12p13.32 CCND2 0
r2p13.2 BCLG 0
r12q14 CDK4 12.5%
r12q14.3 MDM2 12.5%
[Sgi2:3 CCNAT 0
r14g32.33 AKT1 0
117925 BIRC5 6.2%
r18q21.3 BCL2 0
r19qg12 CCNET 6.2%
r20g11.1 BCL2L1 0
r20q13.1 PTPNT 0
r20q13.3 AURKA 37.5%
r20q13.33 FLJ20517 0
X025 BIRC4 0

"Frequency regarding gains of the CCND7 gene.

11913 20013.3 5p15.33 1p132

(coNDf) (AURKA) (TERT) (NRAS)

Figure 1. Hierarchical clustering subgroups of acral lentiginous melanoma:
distribution of recurrent gains (1113, 20g13.3, 5p15.33 and 1p13.2).
Amplification of a given region is indicated by grey box.

(37.5%) presented 11ql13 gain (31.25%). Furthermore, gains of
1p13.2 (25%) were more associated with 5p15.33 gains. Deletions
in 9p21 were associated with any specific gained region.

Aurora A protein was evaluated in the corresponding FFPE
biopsies of 12 samples. Among samples harbouring AURKA gains
(six tumors), immunohistochemistry failed in two. Protein expres-
sion was detected in three of four tumors in a range of 10% of
cells up to 75% of cells (Figure S1). In contrast, Aurora A expres-
sion was not detected in samples without alteration.

Conclusion
Although the study showed a high proportion of patients harbour-
ing germinal MCIR variants, the frequency of them did not differ

Reference

from the frequency detected in the control population (data not
shown). Activating NRAS mutations were detected in ALM as pre-
viously described (7,13-15). BRAF mutations were not present in
any sample, which could be explained by the large proportion of
samples carrying other deregulated genes located downstream of
the MAPK pathway (CCNDI or CDK4) as described by Curtin
etal (3).

Focal amplifications have been described as molecular markers of
ALM (1,3). The most frequently gained loci were at 1pl3.2,
5p15.33, 11q13 and 20q13.3. Our data suggest the existence of dif-
ferent ALM subgroups based on the distribution of these altera-
tions. Although a large set of tumors should be analysed to obtain
statistical power to detect such profiles, there is plausible biological
evidence to support the existence of such patterns. A group of
tumors carried 20ql3.3 gains (AURKA gene), which has been
reported previously in melanoma (16). AURKA overexpression,
which has been closely related to gene amplification or genetic
instability (17,18), could be implicated in promoting cancer cell
survival, activating Akt and stimulating the PI3K pathway (19).
Interestingly, AURKA may converge upon oncogenic Ras signalling
through the RALGEF pathway (20,21). Another subgroup presented
11q13 gains including CCNDI, which is a frequent initial molecular
event in ALM (2,6,7,22). Gains of AURKA and CCNDI were mutu-
ally exclusive, suggesting that both genes would lead to the deregu-
lation of cell proliferation in the same way. Revalidation of these
results has been carried out by FISH methodology in a large set of
ALM obtaining concordant findings (manuscript in preparation).

The third subgroup presented 1p13.2 gains (NRAS), frequently
associated with 5p15.33 (TERT) alterations. Increased copy num-
ber of NRAS has been described previously (9,23,24).

In summary, based on these results, we hypothesize that altera-
tions in cell progression genes (NRAS, AURKA or CCNDI) could
play similar roles as driver alterations in ALM. Further studies
have to be performed on a large set of Acral lentiginous mela-
noma to elucidate the existence of these patterns and also to eval-
uate the cross-talk between downstream NRAS pathways and
melanoma development.
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Figure S1. Inmunohistochemistry of AURKA pro-

tein.

Table S1. Clinical and molecular data of acral lentigi-
nous melanomas from Mediterranean patients.
Data S1. Supplementary methods.
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Supplementary Methods

Genomic DNA Isolation, PCR amplification and Mutation analysis: The QIAamp DNA mini kit
(Qiagen, USA) was used to isolate genomic DNA from melanoma tumours according to the

manufacturer's instructions.

Promoter (-34G>T variant), intronic (IVS2-105) and coding regions of the CDKN2A gene (exons
la, 2 and 3 of the p16INK4A protein and exon 1B corresponding to pl14ARF protein) were studied.
MCIR was amplified using primers described by Chaudru et al.[103]. The primers for BRAF exons
11 and 15, NRAS exons 1 and 2, primers were designed to amplify the exons where the most
common mutations are detected. All PCRs were carried out using the PCR Master Mix from

Promega Co (Madison, WI) following the manufacturer’s instructions.

PCR conditions were: initial denaturizing step at 95°C for 5 min, followed by 35 cycles (95°C for 1
min, Tm (BRAF 56°C, NRAS 57°C and MCIR 55°C) for 1 min, 72°C for 1 min), and a final
extension at 72°C for 10 min and maintaining at 4°C until SSCP or sequencing studies were carried
out. Primers for BRAF exon 11F: TTTCTTTTTCTGTTTGGCTTG, 11R:
TGTGGTGACATTGTGACAAGT, exon 15F: TGCTTGCTCTGATAGGAAAA, exon 15R:
TGAGGCTATTTTTCCACTGA. Primers for NRAS exon 1F: CGCCAATTAACCCTGATTAC,
exon 1R: GCTGACCTGATCCTGTCTCT, exon 2F: CCCCTTACCCTCCACACC, exon 2R:
TCTGAAAGGATGATCTTTGTGT. Mutation screening for BRAF, NRAS, and CDKN2A loci was
performed by SSCP. MCIR was directly sequenced. Specific internal MCIR primers were designed
to analyze the entire coding sequence (INT-F: TACATCTCCATCTTCTACGC and INT-R:
GTGCTGAAGACGACACTG).

SSCP analysis was carried out. Samples with abnormal migration products were sequenced as
follows: PCR products were purified using the GFX™ PCR DNA and Gel Band purification kit
(Amersham Biosciences) and automatically sequenced using the BigDye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems, Foster City, CA) and an ABI3100 automatic sequencer
(Applied Biosystems).

Multiplex Ligation-dependent Probe Amplification (MLPA) : For mapping the 9p21 region we
used the SALSA MLPA P024B CDKN2A/2B region (MRC-Holland Amsterdam, The
Netherlands). Analysis of genomic regions wherein oncogenes of interest are localized was carried

out using the SALSA MLPA KIT P172 Gain2 (MRC-Holland Amsterdam, Netherlands)

Analysis of MLPA PCR products was then performed using an ABI3100 Genetic Analyzer with a
mixture of 6.5 pl deionised formamide, 1 pl PCR product and 0.5 pl ROX-500 Genescan (Applied
Biosystems) and analysed using the GeneMapper software (Applied Biosystems) to quantify the

peaks generated.
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For each fragment, the peak area was calculated and normalized for the mean peak area of control
samples (three controls were used). The presence of stroma cells in tumour samples makes it
impossible to discern between homozygous deletion or loss of heterozygosity. For that reason, a
difference was considered significant if the ratio was less than 0.75 (deletion) or higher than 1.35
(copy number gain). A ratio close to 1.0 indicates two copies present (i.e. wild-type. The MLPA

assay was performed twice in some samples in order to confirm the obtained results.
AURKA inmunohistochemistry

The inmunohistochemistry (IHC) was performed using a Leica BOND-MAX™ system (Wetzlar,
Germany) which is a fully automated system for IHC. Sections (3-micron) from formalin fixed and
paraffin embedded tissues were obtained by using a sliding microtome. Immunohistochemical
studies were performed with the automated immunohistochemical system TechMate 500® (Dako
Co, Carpinteria, CA), using the EnVision system (Dako). Briefly, 4 wm sections were
deparaffinized and hydrated through graded alcohols and water. Peroxidase was blocked for 7.5
minutes in ChemMate peroxidase-blocking solution (Dako). Then, the slides were incubated with
the primary antibodies for 30 minutes and washed in ChemMate buffer solution (Dako). The
peroxidase-labeled polymer was then applied for 30 minutes. After washing in ChemMate buffer
solution, the slides were incubated with the AEC substrate chromogen solution, washed in water,
counterstained with hematoxylin and mounted. The primary antibody used in the study was a
polyclonal antibody against Aurora A (dilution 1:200; Abcam, Cambridge, UK). Aurora A
expression of normal epithelium of the colon served as positive control. Slides were scanned and
Pannoramic viewer 1.15 (3D Histech) software was used to evaluate the tumors. All slides were
evaluated in a blind manner. Specimens were considered positive for Aurora A when the

cytoplasm or the nucleus or both were stained in more than 10% of tumor cells.

Image S1. Inmunohistochemistry of AURKA protein:

This tumour with molecular gains of 20q13.33, showed 20% of positive cells for AURKA nuclear
staining. a) overview of the tumour with negative cells for AURKA expression in the superficial
tumoral cells and positive cells in the deeper part of the tumour (x10 magnification); b) detail of the
superficial part of the tumour, negative for AURKA expression (x20); c) detail of the positive

nuclear expression of tumoral cells in the deeper part of the tumour (x40).
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TRABAJO 11

RESUMEN TRABAJO IV

Objetivo

Explorar los efectos moleculares de la aplicacion tépica de un compuesto que contiene filtros UV y fotoliasa
(reparador natural de dimeros de pirimidina y ciclobutano y fotoproductos 6-4) en pacientes con campo de

cancerizacion. Para ello se utilizé Eryfotona® AK-NMSC (Eryf-AK),

Metodologia

Es un estudio piloto clinico intervecionista y prospectivo. El criterio de inclusién era pacientes con una area
con multiples lesiones de queratosis actinicas (campo de cancerizacién) mayor de 3.6x3.6cm de una zona de
piel expuesta a la radiaciéon UV. Las lesiones del campo de cancerizacidén se clasificaron como queratosis
actinicas en base al examen de microscopia confocal in-vivo y confirmadas por biopsia antes de iniciar la
intervencion. Se incluyeron 5 pacientes varones con fotoenvejecimiento severo en dareas de alopecia
androgenética asi como dos pacientes afectos de Xeroderma Pigmentosum (antebrazos). El producto se
aplicé en el campo de cancerizacion dos veces al dia (mafiana y 4-6 horas mas tarde) durante 4 semanas. El
campo de cancerizacion se subdividié en 4 areas de 0,8x0,8 cm. A lo largo del estudio se obtuvo un “punch”
de 3 mm de cada una de las subdreas para la evaluacidn histopatoldgica y para la extraccién del RNA antes
(areas 1y 2) y después de las 4 semanas de tratamiento (areas 3 y 4). La evaluacion molecular se realizé

mediante el “array” de expresion Whole Human Genome (4x44k) Oligo Microarray kit (G4112F, Agilent, EUA).

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014 72



El conjunto de datos normalizados se analizd mediante el método de Analisis de Componentes Principales
(PCA) para explorar diferencies en cuanto a las caracteristicas de los pacientes puesto que se incluyeron
pacientes afectos del Sindrome de Xeroderma Pigmentosum. Se realizd el analisis de expresion diferencial
mediante el paquete bioinformdtico “limma” incluido en Bioconductor y se procedié al ajuste por
comparaciones multiples de los p-valores obtenidos con la metodologia de Benjamini y Hochberg. Se realizé
un analisis de enriquecimiento basado en ontologias gendmicas mediante la herramienta Fatiscan
implementada en el programa bioinformdtico Babeldmics para identificar funciones bioldgicas sobre-
representadas en el campo de cancerizacion, en las lesiones después del tratamiento con fotoliasa y segun el
tipo de respuesta.

|ll

En base a los resultados generados mediante el “array de expresion” se analizé la expresion génica de CPI-17,

WDR72, TNFy IL-1B mediante PCR en tiempo rea (RT-PCR).

Resultados

Del total de pacientes, 3 de ellos presentaron una respuesta histologica completa, 1 paciente presentd una
mejoria en un 80% del drea evaluada y 3 tres casos presentaron una mejoria histopatologia parcial asociada a
la presencia de inflamacién. En base a los datos histopatologicos, los pacientes se clasificaron como pacientes

con respuesta rapida (FR; N=3) y pacientes con una respuesta lenta o parcial (PR; N=4).

En el analisis de expresidén génica diferencial comparando las lesiones antes del tratamiento y después del
tratamiento, independientemente de la respuesta, no se observd ningln gen significativamente desregulado.
El Andlisis de Componentes Principales no detecté componentes asociados intrinsicamente a los pacientes
afectos de Xeroderma Pigmentosum, y no se observd una correcta agrupacién entre lesiones pre-tratadas y
lesiones post-tratadas con fotoliasa. En cambio, agrupaba las lesiones post-tratadas segun el tipo de
respuesta obtenida (FR vs PR; Anexo V). En base a estos resultados, se evalud la respuesta al tratamiento
analizando la expresidn global entre los pacientes FR y los pacientes PR después del tratamiento, y se detectd
una mayor expresion del gen CPI-17 (p-valor=0,039) y del gen WDR72 (p-valor=0,040) en las lesiones con una
respuesta rapida. Ambos genes se analizaron de nuevo mediante RT-PCR para confirmar su sobreexpresién.
Se confirmd una mayor expresién del gen CPI-17 en las lesiones con una respuesta rapida (p-valor=0,0001).
Mediante esta metodologia se determind molecularmente el grado de inflamacion existente en las lesiones
antes de la aplicacién del compuesto y después del tratamiento mediante el andlisis de la expresién de los
genes TNF y IL-1B. Se observd una menor expresion de TNF (p=0,012) y IL1B (p=0,07) en las lesiones de los
pacientes FR antes del tratamiento. La expresién de la citoquina /L1B es significativamente mayor en los

pacientes PR incluso despues del tratamiento (p=0,038).

En el anadlisis funcional de ontologias gendmicas se identificd una sobre-representacion estadisticamente
significativa de 150 funciones bioldgicas en el campo de cancerizacién antes del tratamiento (p-valor<0.005),

las cuales se agruparon en cuatro grandes grupos bioldgicos: “generacién de especies oxigeno reactivas”;
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“mecanismos de reparacién del DNA”; “procesos de divisién celular” y “lipidos”. De igual modo se
identificaron 66 procesos asociados al tratamiento con fotoliasa, que se agruparon en: “comunicacién celular

» o«

y sefializacion”, “adhesién celular” y “desarrollo tisular”.

Por otro lado, las lesiones con una respuesta rdpida al tratamiento presentaban una sobre-representacion de
24 funciones, la mayoria de ellas asociadas a respuesta celular y homeostasis; y las lesiones con una
respuesta parcial presentavan 28 funciones bioldgicas sobre-representadas relacionadas con procesos

inflamatorios, procesos metabdlicos, produccién de citoquinas y apoptosis.
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Role of CPI-17 in restoring skin homoeostasis in cutaneous field
of cancerization: effects of topical application of a film-forming
medical device containing photolyase and UV filters
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Abstract: Cutaneous field of cancerization (CFC) is caused in
part by the carcinogenic effect of the cyclobutane pyrimidine
dimers CPD and 6-4 photoproducts (6-4PPs). Photoreactivation
is carried out by photolyases which specifically recognize and
repair both photoproducts. The study evaluates the molecular
effects of topical application of a film-forming medical device
containing photolyase and UV filters on the precancerous field
in AK from seven patients. Skin improvement after treatment
was confirmed in all patients by histopathological and molecular
assessment. A gene set analysis showed that skin recovery was
associated with biological processes involved in tissue

homoeostasis and cell maintenance. The CFC response was
associated with over-expression of the CPI-17 gene, and a
dependence on the initial expression level was observed

(P = 0.001). Low CPI-17 levels were directly associated with pro-
inflammatory genes such as TNF (P = 0.012) and IL-1B

(P = 0.07). Our results suggest a role for CPI-17 in restoring
skin homoeostasis in CFC lesions.

Key words: actinic keratoses — CPI-17 — cutaneous field of cancerization —
expression array — PPPIRI4A
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Background

Cutaneous field of cancerization (CFC) is associated with genomic
alterations due to the carcinogenic effect of sun exposure (1) and
comprises actinic keratoses (AKs) and squamous cell carcinomas
(SCCs) (2). UV radiation, particularly UVB, promotes the produc-
tion of cyclobutane pyrimidine dimers (CPDs) and 6-4 photo-
products (6-4PPs) which subsequently interfere with biological
processes that are critical for cell viability (3). The nucleotide exci-
sion repair (NER) system is employed by mammal cells to remove
UV-induced DNA damage (4). However, whereas 6-4PPs are effi-
ciently recognized and removed by the NER system, CPDs recog-
nition and removal is poor (5,6). Many organisms have an
additional repair mechanism named photoreactivation, which is
carried out by photolyases which specifically recognize and repair
either CPDs or 6-4PPs (7). The potential of DNA photolyases in
skin cancer prevention has been increasingly recognized. Beneficial
effects after transferring a CPD photolyase into mammals have
been obtained in transgenic mice (8). Transgenic expression of

photolyases showed a 40% increase in CPD lesion repair,
improved resistance against UV-induced effects suppressing the
formation of skin carcinomas. Furthermore, topical application of
liposome formulations with CPD photolyases onto human skin
provides protection against UVB-induced damage (9).
Questions addressed

We explored the molecular effects of topical application of Eryfo-
tona® AK-NMSC (Eryf-AK; ISDIN, Barcelona, Spain), a film-
forming medical device containing Repairsomes® (photolyase in
liposomes and UV filters), in patients with CFC.

Experimental design

For experimental design and procedures see Data SI.

Results

Three of seven patients with CFC (AK Pretreatment biopsies) pre-
sented a complete histological clearance, one patient presented his-
tological clearance in more than 80% of the sample, and three
additional cases presented partial histological improvement
associated with inflammation. Based upon the histopathology

| 494

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 1. Values of relative quantification of selected genes and markers by
subtype of patients (fast responders versus partial responders) and time of
treatment (prior pretreatment or posttreatment): (a) Values of relative
quantification of CPI-17 (2744, *P.values <0.05, **P-values <0.001. (b) Values of
relative quantification of WDR72 (2~24<Y). P-values pretreatment lesion = 0.631;
P-value posttreatment lesion = 0.211. (c) Values of relative quantification of TNFx
(2744%Y *p.yalues <0.05; P-value posttreatment lesion = 0.447. (d) Values of
relative quantification of /L-18 (2742%Y). *P-values <0.05; P-value pretreatment
lesion = 0.070.

assessment after Eryf-AK treatment, the subjects were classified as
fast responders (FR) versus slow-partial responders (PR) (Table SI).

The differential gene expression analysis of CFC pretreatment
versus posttreatment assessment failed to detect deregulated genes
after correction for multiple testing. However, over-expressions of
CPI-17 gene (2.8-fold increase, P = 0.039) and WDR72 gene
(1.9-fold increase, P = 0.040) were detected in FR subgroup.
CPI-17 expression differences between FR and PR subgroups were
confirmed by RT-PCR (P = 0.001) (Figure la). In contrast, no
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significant differences (P = 0.211) were observed for WDR72
(Figure 1b). Initial CPI-17 levels were higher in FR than PR
patients (P = 0.045; Figure 1a).

Pathological conditions such as inflammation modulate CPI-17
expression (10). Thus, expression of TNF and IL-1B cytokines were
evaluated. FR showed lower expression levels of TNF (P = 0.012)
and IL-1B (P = 0.07) after Eryf-AK (Figure 1c,d). Posttreatment PR
lesions still showed a high IL-1B expression level (P = 0.038).

Gene set analysis identified 150 biological functions (P < 0.005;
Table S2) associated with CFC, which were classified in four major
biological clusters: ‘generation of reactive oxygen species’, ‘mecha-
nisms involved in DNA repair’, ‘cell division process’ and ‘lipids’.

Sixty six processes were associated with Eryf-AK treatment
(P < 0.005, Table S3), which were grouped as ‘cell communication
and signalling’, ‘cell adhesion’ and ‘tissue development’.

Gene set analysis according to treatment response identified 24
GOs over-expressed in FR subgroup mostly involved in cell
response and homoeostasis and 28 GO’s associated with PR
lesions which were related to inflammation and cytokine produc-
tion, apoptosis and lipid metabolic processes (Table 1).
Conclusions
We identified biological processes associated with CFC such as
ROS production and DNA damage repair processes that may be
induced in part by CPDs and/or lipid metabolism. Lipid content
changes are important in AK and BCC (11). After treatment, we
found over-expression of fundamental processes related to tissue
reconstitution (cell communication, signalling and adhesion).

Based on treatment response, treated PR biopsies showed an
over-expression of apoptotic process, lipid metabolism, cytokine
production and inflammation which are directly related to AK.
Inflammation is important for AK maintenance which is abolished
by the topical use of diclofenac combined with hyaluronic acid
through a selective inhibition of COX2 (12-14). The histopatho-
logical evaluation showed the presence of AK in at least 20% of
the biopsy specimen from PR patients. In treated FR subgroup,
we observed an improvement in cell homoeostasis and adhesion

Table 1. Gene ontology terms detected by gene set analysis in posttreatment biopsies by response subgroup

Response to treatment’  Gene Ontology terms (ID and P-value)?

Fast responders (FR)

Cell-cell signalling (0007267, P = 3.02E-06); Embryonic development (0009790, P = 1.15E-05); Cell development (0048468, P = 1.46E-05);

Secretion (0046903, P = 2.10E-05); Regulation of secretion (0051046, P = 1.22E-04); Muscle contraction (0006936, P = 1.87E-04);
Chemical homoeostasis (0048878, P = 2.44E-04); Anterior/posterior pattern formation (0009952, P = 3.05E-04); Cellular homoeostasis
(0019725, P = 4.93E-04); Embryonic development ending in birth or egg hatching (0009792, P = 6.73E-04); Chordate embryonic
development (0043009, P = 1.8E-03); Homoeostatic process (0042592, P = 1.30E-03); lon homoeostasis (0050801, P = 1.53E-03),
Secretion by cell (0032940, P = 1,53E-03); Response to steroid hormone stimulus (0048545, P = 2.00E-03); Cell fate commitment
(0045165, P = 2.19E-03); Response to hypoxia (0001666, P = 2.22E-03); Cellular chemical homoeostasis (0055082, P = 2.23E-03);
Regulation of blood vessel size (0050880, P = 2.76E-03); Smooth muscle contraction (0006939, P = 3.26E-03); Response to inorganic
substance (0010035, P = 4.09E-03); Response to hormone stimulus (0009725, P = 4.37E-03); Neurological system process (0050877,
P = 3.08E-02); Cell morphogenesis (0000902, P = 1.17E+00)

Partial responders (PR)

Organic acid metabolic process (0006082, P = 3.35E-18); Carboxylic acid metabolic process (0019752, P = 3.35E-18); Lipid metabolic

process (0006629 P = 1.28E-13); Cellular lipid metabolic process (0044255, P = 8.13E-13); Lipid biosynthetic process (0008610,

P = 2.09E-09); Regulation of immune response (0050776, P = 1.09E-08); Steroid metabolic process (0008202, P = 7.70E-08); Regulation
of interleukin-6 production (0032675, P = 2.07E-07); Regulation of cytokine production (0001817, P = 2.07E-07); Positive regulation of
immune response (0050778, P = 2,81E-06); Carbohydrate metabolic process (0005975, P = 3.67E-05); Leucocyte migration (0050900,
P = 4.62E-05); Neutral lipid metabolic process (0006638, P = 1.65E-04); Glycerol ether metabolic process (0006662, P = 1.65E-04);
Regulation of lipid metabolic process (0019216, P = 1.80E-04); Positive regulation of cytokine production (0001819, P = 1.83E-04);
Response to drug (0042493, P = 3.12E-04); cellular carbohydrate metabolic process (0044262, P = 3.61E-04); Locomotory behaviour
(0007626, P = 3.91E-04); Lipid storage (0019915, P = 8.60E-04); Response to organic substance (0010033, P = 2.62E-03); Interleukin-12
production (0032615, P = 2.95E-03); Apoptosis (0006915, P = 2.96E-03); Negative regulation of cytokine production (0001818,

P = 3.01E-03); Programmed cell death (0012501, P = 3.68E-03); Response to molecule of bacterial origin (0002237, P = 3.96E-03);
Regulation of programmed cell death (0043067, P = 4.06E-03); Amine metabolic process (0009308, P = 4.74E-03)

"Patients were classified as fast responders and partial responders based on the histopathology assessment after Eryf-AK treatment (see Table S1).

2The ID numbers and the P-values are indicated for each GO.
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which correlates with the improvement in histopathological mea-
sures (Puig et al. 2012; submitted for publication).

CPI-17 over-expression was associated with normal phenotype
recovery. CPI-17 is one of the major Ser/Thr phosphatase iso-
forms, and its activation suppresses the MYPT1-PP1J activity
resulting in muscle contraction (10). CIP-17 expression is detected
in multiple cell types (15-17) involved in several processes
(16,18). MYTP1 inhibition results in more prominent focal adhe-
sions and absence of cell migration (19). CPI-17 is directly associ-
ated with focal adhesion kinases (20) and located at focal
adhesions in fibroblasts and keratinocytes (21). MYPT1-PP1o
complex can also regulate the dephosphorylation of retinoblas-
toma protein (pRb) (22) which shows a deregulated activation in
AK. We observed that inflammation modulates CPI-17 expression
in CFC. Thus, processes such as DNA damage or ROS production
may cause CPI-17 down-deregulation, which could lead to uncon-
trolled MYPT1-PP1¢ activity. Deregulated phosphatase activity in
CFC may affect cell motility, cell adhesion and cell cycle control
mediated by pRb.
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Acknowledgements
S.P and J.M designed the research study. S.P collected skin biopsies and
obtained the clinical data. J.A.P.B performed the whole-genome expression
arrays. M.P performed the RT-PCR. J.A.P.B, F.G.G and ].D analysed and
interpreted the results; J.A.P.B wrote the paper. C.T reviewed the manu-
script. The present project was partially funded by a grant from ISDIN.
The research at the Melanoma Unit in Barcelona is partially funded by
Grants from Fondo de Investigaciones Sanitarias (09/01393), Spain; by the
CIBER de Enfermedades Raras of the Instituto de Salud Carlos III, Spain;
by the AGAUR 2009 SGR 1337 of the Catalan Government, Spain. This
work is also partly supported by grants BIO2008-04212 from the Spanish
Ministry of Science and Innovation (MICINN) and PROMETEO/2010/001
from the GVA-FEDER.

Conflict of interests
The authors state no conflict of interests. The sponsors had no role in the

design and conduct of the study and interpretation of data.

1

Park W S, Lee H K, Lee J Y et al. Hum Pathol 1

1996: 27: 1180-1184.

Vural P, Canbaz M, Sekcuki D et al. Int J Der- 20

matol 1999: 38: 439-442.

Fresu M, Bianchi M, Parsons J T et al. Biochem
J2001: 358: 407-414.

2 Cockerell C J. J Am Acad Dermatol 2000: 42: 12 Maltusch A, Rowert-Huber J, Matthies C et al. 21 Villa-Moruzzi E, Tognarini M, Cecchini G et al.
11-17. J Dtsch Dermatol Ges 2011: 9: 1011-1017. Cell Adhes Commun 1998: 5: 297-305.

3 Vink A A, Roza L. J Photochem Photobiol, B 13 Fecker L F, Stockfleth E, Braun F K etal. J 22 Kiss A, lontay B, Becsi B etal Cell Signal
2001: 65: 101-104. Invest Dermatol 2010: 130: 2098-2109. 2008: 20: 2059-2070.

4 Hoeijmakers J 'H. Nature 2001: 411: 366-374. 14 Rodust P M, Fecker L F, Stockfleth E et al. Exp Supporting Information

5 Bohr V A, Smith C A, Okumoto D S et al. Cell Dermatol 2012: 21: 520-525.
1985: 40: 359-369. 15 Eto M, Senba S, Morita F etal FEBS Lett Additional Supporting Information may be found in

6 Mitchell D L. Photochem Photobiol 1988: 48: 1997: 410: 356-360. the online version of this article:
51-57. 16 Eto M, Bock R, Brautigan D L et al. Neuron Data S1. Study design.

7 Essen L O, Klar T. Cell Mol Life Sci 2006: 63: 2002: 36: 1145-1158. Table SI. Patient demographics and classification
1266-1277. 17 Woodsome T P, Eto M, Everett A et al. J Phys- based on response to treatment.

8 JansJ, Schul W, Sert Y G et al. Curr Biol 2005: iol 2001: 535: 553-564. Table S2. GO’s biological processes overrepresented
15: 105-115. 18 Jin H, Sperka T, Herrlich P et al. Nature 2006: in CFC prior to Eryfotona AK-NMSC treatment.

9 Stege H, Roza L, Vink A A et al. Proc Natl Acad 442: 576-579. Table S3. GO’s biological processes overrepresented
SciU'S A 2000: 97: 1790-1795. 19 Xia D, Stull J T, Kamm K E. Exp Cell Res 2005: in lesional skin post Eryfotona AK-NMSC treatment.

10 Eto M. J Biol Chem 2009: 284: 35273-35277. 304: 506-517.

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014 77



Supplementary Data

DATA S1:
Study Design

A pilot, prospective, controlled, interventional clinical study was performed to evaluate the
effect of Eryfotona® AK-NMSC (Eryf-AK), a film-forming medical device containing
Repairsomes” (DNA-repairing enzyme photolyase in liposomes and UV filters), in the
treatment of the cutaneous field of cancerization (CFC).

Inclusion criteria was patients with an area larger than 3.6x3.6 cm containing multiple
lesions in a sun-exposed skin area which were classified as actinic keratosis (AK) based on
in vivo reflectance confocal microscopy assessment and later confirmed by punch biopsies.

Eleven patients with multiple scalp AK and two patients with xeroderma pigmentosum,
with an area larger than 3.6x3.6 cm affected by CFC in a sun-exposed skin area, were
included. Written informed consent was obtained from all patients after having read and
understood the information approved by the ethics committee. The study was approved by
the institutional research board and was conducted according to the Declaration of Helsinki
Principles. Thirteen patients (mean age 72 years) were screened; one patient refused the
treatment after the first evaluation and before the first biopsy (ery 009). Two patients
refused the second biopsy due to concomitant personal issues (ery 006 and ery 011). In
another three patients RNA extraction failed in one of the samples before or after treatment
(ery007, ery012 and ery013).

Seven patients (two of them affected by xeroderma pigmentosum) completed the study.
The test product was applied twice a day in the treatment evaluation area for four weeks, in
the morning and 4-6 hours later.

Samples

The area assessed for CFC was divided in four 0.8x0.8 cm subareas. A 3-mm punch
biopsy was obtained from area 1 for histopathological evaluation and another 3-mm punch
biopsy was obtained from area 2 before starting treatment, and preserved for RNA
extraction. After four weeks of Eryf-AK application, two additional punch biopsies were
obtained from area 3 for histopathology exam and from area 4 for additional RNA
extraction.

RNA extraction

Punch biopsies were embedded in RNAlater (Quiagen, US) and stored at -80°C. Total
RNA isolation was conducted using Trizol (Invitrogen Life Technologies, Carlsbad, CA)
extraction-based method as indicated in the manufacturer’s protocol, followed by
purification in commercial columns (Quiagen, Valencia, CA). Briefly, disruption and
homogenization of skin samples was performed using Polytron System PT1200E
(Kinematica, Switzerland) homogenized and lysed in Trizol. After chloroform addition,
RNA was isolated from the aqueous phase. RNA was precipitated with isopropanol,
washed with 70% ethanol, and redissolved in RNase-free buffer. Total isolated RNA was
further purified using the RNeasy kit (Qiagen, Valencia, CA). RNA concentration was
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measured using a NanoDrop Spectrophotometer (Thermo Scientific) and integrity of the
RNA was verified with a Bioanalyzer 2100 (Agilent, US). The RNA integrity number was
higher than 7.9 for all samples.

Expression array

Analysis of global gene expression was performed using the Whole Human Genome
(4x44k) Oligo Microarray kit (G4112F, Agilent, US). The microarray contains probes
from over 19.596 specific human genes and transcripts with public domain annotations
(RefSeq, Goldenpath Ensembl Unigene Human Genome and GenBank databases).
Overall, 50 ng of RNA were labeled using Low input Quickamp Labeling kit (Agilent,
US). In all samples, 10 commercial control probes were added to standardize the results
(RNA Spike-in kit, one color, Agilent, US). The arrays were scanned using the DNA
Microarray Scanner G2565CA (Agilent, US); Feature Extraction Software (Agilent, US)
was used to perform the quality control process and extract the information.

TaqMan real-time reverse transcriptase polymerase chain reaction

To confirm the microarray results, the expression of four genes was evaluated by TagMan
real-time reverse transcriptase polymerase chain reaction (RT-PCR). cDNA was reverse-
transcribed from total RNA using TagMan PCR Core Reagment kit (Roche Applied
Science, Penzbergf, Germany). RT-PCR was performed using TagMan Universal PCR
master Mix (Roche Applied Science, Penzbergf, Germany). The reaction was performed in
an ABI 7900HT sequence detection instrument (Applied Biosystems, CA, US). TagMan
gene-specific primers and probes for selected genes (CPI-17, WDR72, TNF and IL-1B)
were purchased from Applied Biosystems. The GADPH gene was used to normalize each
sample. RNA from normal skin was used as a calibrator.

Statistical analyses

For array raw data normalization purposes, the Agilent Processed Signal was standardized
across arrays using quantile normalization. Principal Component Analysis (PCA) method
was used to explore the data generated by the expression arrays to assess if XP patients
have a different expression that could be identified. The analyses did not identify
“components” associated exclusively with the expression profile from the XP patients.
Differential gene expression analysis was carried out using the Linear Models for
Microarray Data (limma) package from Bioconductor (http://www.bioconductor.org).
Multiple testing adjustments of P-value estimates were performed according to Benjamini
and Hochberg. Gene set analysis was carried out for the Gene Ontology (GO) terms and
using a logistic regression model in Babelomics (http://babelomics.bioinfo.cipf.es/). GO
annotation for the genes in the microarray was taken from Ensembl 56 release
(http://www .ensembl.org). Quantitative PCR of selected genes was evaluated using the
relative quantification method of AACt. Expression values were evaluated by t-tests for
means equality using the SPSS 17.0 software. P-values less than or equal to 0.05 were
considered to be statistically significant.
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Table S1: Patient demographics and classification based on response to

treatment.

XP: patient affected by xeroderma pigmentosum; M: male; F: female; AK: actinic

keratosis. TO: time at patient inclusion; TF: assessment after 4-week treatment with
Eryfotona AK-NMSC. * Classification based on the response after 4-week treatment

(histology at TF)
Site of | Histology Histology
Patient | Age (y.0.) | Gender XP lesion TO TF Responders”
Epidermal atrophia with focal
ery001 92 M No scalp AK disarranged basal layer Fast
AK and lympho-eosinophilic
ery002 62 M No scalp AK infiltrate Slow or partial
Focal changes of AK in the
ery003 76 M No scalp AK context of photodamaged skin Fast
Skin with basal pigmentation
ary004 29 F Yes |forearm AK and melanophages Fast
ery005 28 M Yes |forearm AK Normal skin Fast
AK and lympho-eosinophilic
ery008 79 M No scalp AK infiltrate Slow or partial
ery010 67 M No scalp AK AK Slow or partial
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Table S2: GO’s biological processes overrepresented in CFC prior to

Eryfotona AK-NMSC treatment.

150 GO’s were detected in the gene set analysis (levels from 3 to 9, p-value
<0.005) ).* Number of deregulated genes in the analysis. ® Number of genes included in

the Gene Ontology group.
ID Function

G0:0045184 establishment of
protein localization

G0:0015031 protein transport

G0:0007049 cell cycle

G0:0006629 lipid metabolic process

G0:0046907 intracellular transport

G0:0044265 cellular macromolecule
catabolic process

G0:0044255 cellular lipid metabolic
process

G0:0006082 organic acid metabolic
process

GO0:0055114 oxidation reduction

G0:0005975 carbohydrate metabolic
process

G0:0019752 carboxylic acid
metabolic process

GO0:0034613 cellular protein
localization

G0:0022402 cell cycle process

G0:0006259 DNA metabolic process

G0:0051276 chromosome
organization

G0:0006412 translation

G0:0033554  cellular response to
stress

G0:0006886 intracellular protein
transport

G0:0006396 RNA processing

G0:0006066 alcohol metabolic
process

G0:0009308 amine metabolic
process

G0:0046483 heterocycle metabolic
process

G0:0000278 mitotic cell cycle

G0:0007608 sensory perception of

smell

Number of
genes”

940

933
850
873
828
790

724
620

628
624

616
605

580
584
525

506
562

582

586
490

468
472

433
130
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Total
number of
genes”

1040

1031
954
949
902
880

784
679

677
676

674
659

649
648
637

631
630

630

595
523

497
484

478
455

Adjusted p
value

1.37E-06

1.42E-06
7.20E-12
3.80E-10
8.60E-05
6.48E-04

5.39E-10
7.26E-14

8.81E-17
1.87E-03

4.35E-13
9.35E-05

2.65E-11
1.13E-09
1.63E-05

1.81E-05
1.65E-04

3.00E-05

1.07E-03
9.25E-05

3.83E-03
4.67E-03

1.29E-12
1.90E-04

81



G0:0006519

G0:0006974

G0:0006091

G0:0000279
G0:0008610

G0:0034984

G0:0006281
G0:0051726
G0:0006520

G0:0051301
G0:0000087

G0:0006333

G0:0007067
G0:0051186

G0:0006323
G0:0008202

G0:0006260
G0:0006631

G0:0055085

G0:0006334
G0:0006644

G0:0016042
G0:0006457
G0:0015980

G0:0006725

G0:0046486

G0:0007346

cellular amino acid and
derivative metabolic
process

response to DNA
damage stimulus

generation of precursor
metabolites and energy

M phase
lipid biosynthetic
process

cellular response to
DNA damage stimulus

DNA repair

regulation of cell cycle
cellular amino acid
metabolic process

cell division

M phase of mitotic cell
cycle

chromatin assembly or
disassembly

Mitosis

cofactor metabolic
process

DNA packaging
steroid metabolic
process

DNA replication
fatty acid metabolic
process

transmembrane
transport

nucleosome assembly
phospholipid metabolic
process

lipid catabolic process

protein folding

energy derivation by
oxidation of organic
compounds

cellular aromatic
compound metabolic
process

glycerolipid metabolic
process

regulation of mitotic
cell cycle

393

382

361

341
369

353

307
284
275

255
242

206

231
236

192
228

219
227

195

161
201

179
186
174

178

161

140
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447

429

403

394
393

389

335
322
303

287
275

268

265
261

256
244

238
236

222

222
220

211
201
197

193

169

166

1.80E-06

1.66E-08

5.39E-11

1.25E-15
1.92E-06

9.99E-05

1.67E-04
3.82E-05
1.05E-05

3.11E-16
1.53E-14

2.12E-04

8.28E-15
8.53E-18

1.28E-08
2.80E-04

6.25E-15
5.52E-06

1.90E-06

1.44E-07
2.84E-03

6.94E-04
2.78E-04
4.18E-04

1.87E-04

4.83E-03

1.10E-03
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G0:0006119

G0:0022900
G0:0007005

G0:0006310
G0:0042254
G0:0006694

G0:0045333
G0:0046395

G0:0006766

G0:0051321
G0:0007126
G0:0006518

G0:0008654

G0:0016125

G0:0006633

G0:0016072
G0:0042157

G0:0015992
G0:0006364
G0:0018958

G0:0051438

G0:0000075
G0:0022904

G0:0008033
G0:0006839
G0:0009116

G0:0065002

G0:0051351

G0:0051443

oxidative
phosphorylation

electron transport chain
mitochondrion
organization

DNA recombination
ribosome biogenesis
steroid biosynthetic
process

cellular respiration
carboxylic acid catabolic
process

vitamin metabolic
process

meiotic cell cycle
meiosis

peptide metabolic
process
phospholipid
biosynthetic process

sterol metabolic
process

fatty acid biosynthetic
process

rRNA metabolic process
lipoprotein metabolic
process

proton transport

rRNA processing
phenol metabolic
process

regulation of ubiquitin-
protein ligase activity
cell cycle checkpoint
respiratory electron
transport chain

tRNA processing
mitochondrial transport
nucleoside metabolic
process

intracellular protein
transmembrane
transport

positive regulation of
ligase activity

positive regulation of
ubiquitin-protein ligase

113

110
115

113
124
115

104
120

106

98
96
94

103

102

96

96
85

81
92
82

76

69
67

79
79
66

78

72

69
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134

132
129

125
124
124

122
121

120

112
110
106

106

105

104

96
93

93
92
88

82

81
81

80
79
78

78

77

74

1.22E-07

2.43E-11
1.33E-05

2.02E-05
3.07E-04
4.73E-05

9.73E-10
4.61E-06

4.35E-06

9.24E-04
5.96E-04
3.41E-03

1.06E-03

1.52E-03

5.97E-04

2.10E-03
3.84E-03

2.81E-03
4.04E-03
1.22E-03

1.10E-04

8.87E-06
4.71E-06

1.37E-04
5.31E-06
4.90E-03

1.02E-03

1.22E-04

2.73E-04
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G0:0007059

G0:0051437

G0:0051444

G0:0042773

G0:0051436

G0:0043043

G0:0006261

G0:0050708

G0:0045454
G0:0006289

G0:0042158

G0:0006308

G0:0042775

G0:0006302

G0:0006354
G0:0006497

G0:0019395
G0:0009451
G0:0007051
G0:0007093

G0:0009239

G0:0006220

G0:0016126

G0:0009062

activity

chromosome
segregation

positive regulation of
ubiquitin-protein ligase
activity during mitotic
cell cycle

negative regulation of
ubiquitin-protein ligase
activity

ATP synthesis coupled
electron transport
negative regulation of
ubiquitin-protein ligase
activity during mitotic
cell cycle

peptide biosynthetic
process
DNA-dependent DNA
replication

regulation of protein
secretion

cell redox homeostasis
nucleotide-excision
repair

lipoprotein biosynthetic
process

DNA catabolic process
mitochondrial ATP
synthesis coupled
electron transport

double-strand break
repair
RNA elongation

protein amino acid
lipidation

fatty acid oxidation
RNA modification
spindle organization
mitotic cell cycle
checkpoint
enterobactin
biosynthetic process
pyrimidine nucleotide
metabolic process
sterol biosynthetic
process

fatty acid catabolic
process

69

67

66

57

65

62

60

57

63
52

58

51
53

56

51
54

52
50
39
40

41

41

42

39
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73

72

71

71

69

67

67

65

65
63

61

61

61

59

57
56

52
50
50
48

48

42

42

41

6.50E-08

3.36E-04

5.42E-04

1.23E-06

3.24E-04

1.76E-04

3.92E-06

4.95E-03

7.86E-05
2.25E-04

1.75E-03

5.15E-05

2.37E-07

5.52E-06

3.48E-03
7.15E-04

1.91E-06
1.54E-03
3.11E-03
3.21E-04

1.29E-05

2.88E-04

1.33E-04

3.99E-05

84



G0:0009060
G0:0006071

G0:0006505

G0:0006084

G0:0006695

G0:0000819

G0:0007006

G0:0000070

G0:0006626

G0:0009262

G0:0006284
G0:0030262

G0:0006270

G0:0007031

G0:0050709

G0:0007098
G0:0008299

G0:0048535

G0:0065005

G0:0000038

G0:0006309

G0:0000724

G0:0006297

G0:0006637

G0:0008272
G0:0008209

aerobic respiration
glycerol metabolic
process

GPI anchor metabolic
process

acetyl-CoA metabolic
process

cholesterol biosynthetic
process

sister chromatid
segregation
mitochondrial
membrane organization
mitotic sister chromatid
segregation

protein targeting to
mitochondrion

deoxyribonucleotide
metabolic process

base-excision repair
apoptotic nuclear
changes

DNA replication
initiation
peroxisome
organization

negative regulation of
protein secretion

centrosome cycle
isoprenoid biosynthetic
process

lymph node
development
protein-lipid complex
assembly
very-long-chain fatty
acid metabolic process
DNA fragmentation
involved in apoptosis
double-strand break
repair via homologous
recombination
nucleotide-excision
repair, DNA gap filling
acyl-CoA metabolic
process

sulfate transport

androgen metabolic
process

38
37

36

30

32

30

32

29

26

27

27
21

22

23

14

20
18

13

16

13

18

16

17

15
10
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40
37

36

33

33

33

32

32

29

28

27
25

25

23

22

22
21

20

19

18

18

18

17

17

16
16

3.04E-06
4.58E-03

2.61E-03

1.22E-03

7.92E-05

1.03E-04

3.44E-04

1.60E-04

1.25E-06

2.02E-04

3.66E-03
4.96E-03

6.82E-06

1.12E-04

3.18E-03

4.22E-04
2.96E-06

2.75E-03

1.21E-03

2.25E-03

2.49E-03

1.21E-07

4.71E-04

3.24E-04

3.22E-03
1.50E-03
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G0:0019363

G0:0009264

G0:0034384

G0:0006625

G0:0007625
G0:0042375

G0:0051298
G0:0033108

G0:0031649
G0:0006312
G0:0007007

G0:0009263

G0:0022616
G0:0060192

G0:0034379

G0:0042769

G0:0000089
G0:0015802

G0:0006271

G0:0051005

pyridine nucleotide
biosynthetic process

deoxyribonucleotide
catabolic process

high-density lipoprotein
particle clearance

protein targeting to
peroxisome

grooming behavior
quinone cofactor
metabolic process
centrosome duplication
mitochondrial

respiratory chain
complex assembly

heat generation

mitotic recombination
inner mitochondrial
membrane organization
deoxyribonucleotide
biosynthetic process
DNA strand elongation

negative regulation of
lipase activity
very-low-density
lipoprotein particle
assembly

DNA damage response,
detection of DNA
damage

mitotic metaphase
basic amino acid
transport

DNA strand elongation
during DNA replication

negative regulation of
lipoprotein lipase
activity

15

14

13

12

11
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15

14

14

13

12
12

12
11

10

3.84E-04

2.86E-03

1.74E-03

4.39E-03

3.95E-03
6.01E-04

1.51E-04
1.87E-03

4.44E-03
1.83E-03
7.21E-04

9.61E-05

2.90E-03
1.21E-04

9.44E-05

4.36E-03

3.33E-03

1.37E-03

5.30E-04

5.19E-04

86



Table S3: GO’s biological processes overrepresented in lesional skin post

Eryfotona AK-NMSC treatment.

66 GO’s were identified in the gene set analysis (levels from 3 to 9, p-value
<0.005). * Number of deregulated genes in the analysis. ® Number of genes included in the

Gene Ontology group.
ID Function

G0:0007399 nervous system development

G0:0010646 regulation of cell communication

G0:0007155 cell adhesion

G0:0048468 cell development

G0:0009966 regulation of signal transduction

G0:0006468 protein amino acid
phosphorylation

G0:0009888 tissue development

G0:0009887 organ morphogenesis

G0:0006928 cellular component movement

G0:0009790 embryonic development

G0:0010629 negative regulation of gene
expression

G0:0048870 cell motility

G0:0016481 negative regulation of
transcription

G0:0007167 enzyme linked receptor protein
signaling pathway

G0:0016477 cell migration

G0:0001501 skeletal system development

G0:0048871 multicellular organismal
homeostasis

G0:0048598 embryonic morphogenesis

G0:0007265 Ras protein signal transduction

G0:0030029 actin filament-based process

G0:0001944 vasculature development

G0:0001568 blood vessel development

G0:0007169 transmembrane receptor protein
tyrosine kinase signaling pathway

G0:0051056 regulation of small GTPase
mediated signal transduction

G0:0009409 response to cold

G0:0006816 calcium ion transport

Number
of genes
A

965
957
888
782
824
893

699
711
588
537
439

424
398

426

350
374
291

287
309
273
277
272
269

270

217
226

Total number of
genes®

1136
1070
953
921
912
893

808
800
666
619
499

484
458

432

405
394
339

334
316
299
294
288
276

270

266
248

Adjusted p value

2.09E-04
5.03E-05
3.77E-05
7.65E-04
1.54E-05
2.54E-05

5.10E-05
3.26E-04
5.96E-04
5.63E-04
4.62E-03

1.67E-03
3.37E-03

1.51E-04

1.58E-03
1.65E-03
1.31E-03

7.41E-04
9.15E-05
4.18E-03
1.86E-04
1.67E-04
2.18E-03

8.21E-06

3.02E-03
4.20E-03
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G0:0008015
G0:0042309
G0:0050826
G0:0007507
G0:0046578

G0:0048729
G0:0031589
G0:0006814
G0:0007178

G0:0009187

G0:0030155
G0:0007160
G0:0060173
G0:0030198
G0:0035108
G0:0030326
G0:0007179

G0:0002573
G0:0003007
G0:0048771
G0:0045785

G0:0030509
G0:0002455

G0:0046849
G0:0007602
G0:0010811

G0:0045216
G0:0030199
G0:0030048
G0:0034103
G0:0035116

G0:0030901
G0:0043462

blood circulation
homoiothermy
response to freezing
heart development

regulation of Ras protein signal
transduction

tissue morphogenesis
cell-substrate adhesion
sodium ion transport

transmembrane receptor protein
serine/threonine kinase signaling
pathway

cyclic nucleotide metabolic
process

regulation of cell adhesion
cell-matrix adhesion

limb development

extracellular matrix organization
limb morphogenesis

embryonic limb morphogenesis

transforming growth factor beta
receptor signaling pathway

myeloid leukocyte differentiation
heart morphogenesis
tissue remodeling

positive regulation of cell
adhesion

BMP signaling pathway

humoral immune response
mediated by circulating
immunoglobulin

bone remodeling
phototransduction

positive regulation of cell-
substrate adhesion

cell-cell junction organization
collagen fibril organization

actin filament-based movement
regulation of tissue remodeling

embryonic hindlimb
morphogenesis

midbrain development

regulation of ATPase activity

225
198
197
202
221

168
152
145
142

121

123
125
98
96
95
86
83

59
73
69
57

60
35

33
32
31

30
28
21
20
17

15
11

247
244
243
230
221

193
168
155
145

141

140
138
113
110
109
96

89

77
77
76
68

61
44

36
35
32

30
28
26
20
18

17
15

1.05E-03
2.18E-03
2.24E-03
4.65E-04
4.33E-05

9.58E-04
7.48E-06
1.28E-03
2.66E-04

8.94E-04

1.28E-03
3.53E-04
1.70E-04
1.97E-06
2.12E-04
8.22E-04
1.30E-03

1.03E-03
1.24E-03
4.11E-04
7.96E-04

1.31E-03
3.32E-03

3.05E-03
1.21E-03
9.77E-04

3.98E-03
2.37E-04
3.32E-04
4.12E-03
2.64E-03

3.79E-03
5.77E-04
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G0:0032964
G0:0060070

G0:0014910

G0:0007168

G0:0043171
G0:0001957
G0:0010815

collagen biosynthetic process
Whnt receptor signaling pathway
through beta-catenin

regulation of smooth muscle cell
migration

receptor guanylyl cyclase
signaling pathway

peptide catabolic process
intramembranous ossification

bradykinin catabolic process

14
13

12

15
15

12

1.18E-04
4.07E-03

3.79E-03

5.99E-05

1.50E-04
3.23E-03
2.30E-04
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DISCUSION

I. VIAS MOLECULARES Y GENES ASOCIADOS A LA SUSCEPTIBILIDAD AL CANCER
CUTANEO

1. LA DESREGULACION DEL TRANSCRIPTOMA COMO EVENTO INICIAL EN CANCER
CUTANEO.

2. DIFERENCIAS EPIDEMIOLOGICAS DEL CANCER CUTANEO: DIFERENCIAS MOLECULARES.
3. GEN CDKN2A, ViA DE NOTCH, RIESGO A MELANOMA Y LESIONES DE RIESGO.

4. EL GEN MCIR Y ESTRES OXIDATIVO: MAS ALLA DE LA SUSCEPTIBLIDAD A CANCER
CUTANEO.

5. LA VARIANTE p.R163Q DEL GEN MCI1R Y RIESGO A CANCER CUTANEO ASOCIADO A LA
RADIACION UV CRONICA.

Il. VIAS MOLECULARES Y GENES ALTERADOS EN CANCER CUTANEO

1. IDENTIFICACION DE GENES IMPLICADOS EN LA CARCINOGENESIS DEL CANCER CUTANEO
INDEPENDIENTE DE LA RADIACION UV.

2. IDENTIFICACION DE GENES IMPLICADOS EN CANCER CUTANEO FOTOINDUCIDO.

IIl. ESTRATEGIAS DE ANALISIS DE LA EXPRESION GENOMICA: ARRAYS DE
EXPRESION.
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I. VIAS MOLECULARES Y GENES ASOCIADOS A LA SUSCEPTIBILIDAD AL CANCER
CUTANEO.

1. LA DESREGULACION DEL TRANSCRIPTOMA COMO EVENTO INICIAL EN CANCER
CUTANEO.

Previo a la realizacidon de esta tesis, se habia postulado que células fenotipicamente
normales portadoras de una mutaciéon “single-hit” en un gen supresor de tumores
presentan un transcriptoma desregulado. La firma molecular asociada a una mutacién
germinal conferiria unas caracteristicas pre-malignas a las células en cultivo, por lo que
dicha firma molecular podria considerarse un evento inicial en el desarrollo de un cancer.
Bellacosa A et al. observaron que las células epiteliales de mama y ovario de portadores
de mutaciones germinales en el gen BRCA1 o BRCA2 presentan desregulados multiples
genes implicados en cancer de mama o ovario [104]. Herbert B.S et al. observaron el
mismo fendmeno en las células epiteliales morfolégicamente normales de individuos

portadores de mutaciones en el gen P53 (Sindrome de Li-Fraumeni)[105].

Los resultados de estos estudios indican que para un determinado tipo de célula, la firma
molecular esta formada en parte por genes directamente implicados en la susceptibilidad
y desarrollo del cancer. Por lo que la identificacidn de estas alteraciones iniciales pueden

permitir identificar dianas moleculares criticas para el desarrollo del tumor.

En el trabajo | hemos demostrado que las células de un tejido susceptible a desarrollar
cancer; como el tejido cutaneo de los portadores de mutaciones o variantes en los genes
MCIR o CDKN2A también presentan un transcriptoma constitutivamente desregulado. Y
ademas, las firmas observadas en células sanas se mantienen durante el proceso
carcinogénico, observdndose también en las formas de cancer cutaneo (melanoma y

carcinomas escamosos).

Las células cutaneas de portadores de mutacién en CDKN2A presentan principalmente
una desregulacion de genes relacionados con componentes celulares, metabolismo vy
respuesta inmune. Estos resultados reflejan el papel importante de la inmunidad innata y

las vias moleculares de la respuesta inmunoldgica en los estadios iniciales del desarrollo

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014 91



del cancer cutaneo y especialmente del melanoma. Estudios previos observaron un
incremento del riesgo a desarrollar melanoma asociado a polimorfismos del receptor de
la Interleuquina 6 (/L-6R)(rs6684439, rs4845618, rs4845622 y rs8192284) [106] y al
polimorfismo [L-10--1082 AA localizado en el promotor de la Interleuquina 10 (/L10)
[107]. Yang XR. et al, analizaron 152 genes implicados en reparacidon del ADN, apoptosis y
respuesta inmune, y detectaron un incremento del riesgo a desarrollar melanoma en los
portadores del polimorfismo rs2069882 en el gen de la Interleuquina 9 (/L9) [108]. De
forma interesante, observaron que este polimorfismo incrementaba el riesgo en las
familias portadoras de mutacion en el gen CDKN2A; lo que sugiere que genes implicados
en procesos inmunoldgicos podrian actuar de factores modificadores del riesgo en

individuos portadores de mutaciones germinales en CDKN2A.

Por otra parte, las células con el gen CDKN2A mutado presentan una desregulacidon
constitutiva de genes implicados en la melanogénesis y diferenciacion epidérmica. Por
ejemplo, se observé una infra-expresion del gen de diferenciacidon del melanocito TYPR1 y
una sobre-expresion del gen MFI2, el cual tiene un papel en la proliferacion celular del
melanoma [109], y del gen EEA1 el cual es un marcador de endosomas de formas
tempranas [110]. Los genes EEA1 y MFI2 cooperan regulando la fusién y el trafico de los
endosomas [111]. Estos endosomas tempranos son precursores directos de los
melanosomas, los organulos especializados en la biosintesis de la melanina y su posterior
almacenamiento. Estos resultados sugieren que, la desorganizacion de las estructuras
melanosomales y cambios en la produccién de pigmento favorecen la transformacion
maligna de los melanocitos. El hecho de que varias proteinas melanosomales funcionen
in-vivo como dianas de la respuesta autoinmune podria sugerir que los genes implicados
en el desarrollo del melanosoma tienen un papel en la carcinogenesis debido a su relacion
con la respuesta inmune mas que a su funcién en los procesos relacionados con la
pigmentacion [112, 113]. En la mayoria de los tumores, el proceso de diferenciacion
celular discurre en sentido contrario al de la carcinogénesis mientras que en el melanoma,
la diferenciacién celular, plasmada en la producciéon de melanina, transcurre de la mano

del proceso de carcinogénesis asociandose a un peor prondstico del tumor [114].
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Por otro lado, se ha detectado una firma de expresion génica asociada a la presencia de
variantes no funcionales en el gen MCIR, que esta formada por genes implicados en
procesos fisioldgicos claves como son la diferenciacion celular, adhesién celular vy
progresion del ciclo celular. Dichos procesos estan directamente relacionados con la
etiologia del cancer de piel. Ademas se han detectado la desregulacion de otros procesos
claves discutidos en mas detalle en el apartado 4 (“EL GEN MC1R Y ESTRES OXIDATIVO:
MAS ALLA DE LA SUSCEPTIBILIDAD A CANCER CUTANEQ”).

Por tanto, en base a los resultados del trabajo I, parece razonable considerar que en
células fenotipicamente sanas pero con susceptibilidad a desarrollar cancer, puede
observarse un perfil de expresion desregulado similar al que puede observarse en
melanoma y carcinomas escamosos, representando una fase inicial del inicio y desarrollo
del cancer cutaneo. El estudio de los genes que forman estos perfiles puede ser de gran
utilidad para la identificacién de biomarcadores de riesgo a cancer cutaneo y/o de genes
modificadores del riesgo en portadores de mutaciones o variantes no funcionales en los

genes CDKN2A 6 MCI1R, respectivamente.

2. DIFERENCIAS EPIDEMIOLOGICAS DEL CANCER CUTANEO: DIFERENCIAS MOLECULARES.

La epidemiologia del cadncer de piel es compleja debido a la naturaleza multigénica de la
enfermedad. Aunque el melanoma y el cancer cutdneo no melanoma comparten unos
factores de riesgo claramente asociados a la radiacion UV (dafio actinico y lentigos
solares) o relacionados con la respuesta a la radiacion (fototipo, color de pelo y color de
ojos claros); la incidencia de melanoma y cancer de piel no melanoma observada muestra
diferencias considerables. Esa complejidad se observa también a nivel molecular.
Mientras que variantes del gen MCIR incrementan el riesgo a desarrollar melanoma y
cancer cutdneo no melanoma [65, 67-70], la presencia de alteraciones germinales en el
gen CDKNZ2A incrementa particularmente el riesgo a melanomal[76, 82, 83]; aunque el
gen tiene un papel importante durante la progresion de todos los tipos de tumores [89,

90, 93, 100, 101].
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Estos datos indican que ambas entidades presentan un patrén molecular uUnico el cual

debe estar relacionado con procesos propios de cada tipo celular.

En el trabajo | se identifico 485 genes que estaban alterados en el mismo sentido
(sobreexpresado o infraexpresado) tanto en los co-cultivos portadores de variantes en
MCIR como en portadores de mutacidn en CDKN2A, mientras que 136 se encontraban
inversamente expresados entre estas dos condiciones genéticas. Un resultado relevante
del trabajo | fue identificar que el patrén de expresion asociado al gen MC1R no funcional
era mas similar entre las diferentes formas de cancer cutaneo (SSC y melanomas) que el

patrén asociado al gen CDKN2A mutado.

Aunque parte del patron de expresion asociado a las mutaciones en CDKN2A es comun
en los co-cultivos y las formas de cancer cutaneo como por ejemplo, la desregulaciéon de
los genes de la respuesta al interferén y la immunomodulacion, se observa que un
subgrupo de genes muestran un patréon de expresion inverso entre SSC y melanomas 6
células con la mutaciéon en CDKN2A. La expresidon de estos 11 genes es mas similar entre

el melanoma y los co-cultivos pero no lo es con la expresion en SCC (Tabla 2).

Varios estudios han demostrado como la expresion inversa del gen CEACAMI,
identificado en este subgrupo, puede favorecer la carcinogénesis de diversas formas
neoplasicas de manera contraria. CEACAM1 se encuentra infra-expresado en carcinoma
escamoso oral [115] mientras que se encuentra sobreexpresado en melanomas

considerdndose incluso un biomarcador clinico[116].

Para comprender mejor estas complejas relaciones seria necesario realizar nuevos
estudios que permitieran identificar el papel de los genes identificados en la etiologia de
los diferentes tipos de cancer cutdneos y su relacidn con las diferencias epidemiolégicas

observadas asi como su relacidn con los genes de susceptibilidad MC1R y CDKN2A.
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Gen Nombre Funcidn del gen Status en MM | Status en
o cél. CDKN2A | SSC
mutadas
TBX1 T-box transcription factor | Estimulador de proliferacion Infraexpresado Sobreexpresado
durante el desarrollo e
inhibidor del crecimiento
CLDN17 Claudin 17 Mantenimiento de la polaridad Infraexpresado Sobreexpresado
de la célula; implicado en la
transduccion de sefiales
RFX2 Factor regulador X 2 Crecimiento celulary Infraexpresado Sobreexpresado
(factor de transcripcion) modulador de la respuesta de
la célula al gen NRAS
COL5A3 Colageno, tipo V, alpha 3 Componente del coldgeno | Infraexpresado Sobreexpresado
fibrilar
IFIT2 Interferon-induced Promotor apoptosis celular Sobreexpresado Infraexpresado
protein with
tetratricopeptide repeats
2
CEACAM1 Carcinoembryonic Regulador del la proliferacion Sobreexpresado Infraexpresado
antigen-related cell celular, crecimento tumoral,
adhesion molecule 1 apoptosis, angiongenesis,
migracién de las células
endoteliales
WDR78 WD repeat domain 78 Se desconoce la funcién Sobreexpresado Infraexpresado
LXN Latexin Inhibidor de las Sobreexpresado Infraexpresado
metalocarboxipeptidasas
dependientes de zinc
SLC39A8 Xolute carrier family 39 Transportador del Zinc durante | Sobreexpresado Infraexpresado
(zinc transporter), procesos inflamatorios
member 8
ZNF83 Zinc finger protein 8 Se desconoce la funcion Sobreexpresado Infraexpresado
RPS27L Ribosomal protein S27- Posible componente de la | Sobreexpresado Infraexpresado
like subunidad ribosomal 40 S
LSM3 LSM3 homolog, U6 small Participa en el "splicing" del | Sobreexpresado Infraexpresado
nuclear RNA associated pre-mRNA
S. cerevisiae
CTSK Catepsin K Remodelacién 6sea; invasion | Sobreexpresado Infraexpresado
tumoral
PMP22 Peripheral myelin protein | Componente de la Mielina Sobreexpresado Infraexpresado

22

Tabla 2. Listado de genes con un patron de expresion inverso entre carcinomas celulares

escamosos y melanomas o células con mutacién en el gen CDKN2A
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3. GEN CDKN2A, VIA DE SENALIZACION DE NOTCH, RIESGO A MELANOMA Y LESIONES DE
RIESGO.

Existen diferentes caracteristicas fenotipicas asociadas a un mayor riesgo a desarrollar
melanoma como son el tipo de pigmentacién, densidad de efélides y de léntigos solares,
el niumero de nevus comunes o la presencia de nevus atipicos (Tabla 1). Chang YM et al.
analizaron la presencia y caracteristicas de los nevus de 5.421 casos de melanoma y 6.966
controles y demostraron que el principal factor de riesgo fenotipico de desarrollar

melanoma es tener un alto nimero de nevus melanociticos [117].

El hecho de que determinados parametros relacionados con los nevus como su
localizacién, el nimero total de nevus comunes o de nevus atipicos en un individuo son
factores predictivos de que dicho individuo sea portador de una mutacidon germinal en el
gen CDKNZ2A [118] sugiere que dicho gen desarrollaria una funcidon en el proceso de

nevogénesis, aunque en la actualidad se desconoce el mecanismo molecular.

En el trabajo |, se ha observado una infra-expresién de la via de sefalizacion mediada por
el gen Notch en las células portadoras de mutacidon en el gen CDKN2A. Aunque no se
detectd una desregulacion del propio gen NOTCH1, las células mutadas presentaban una
infra-expresion de varios genes de la via, incluyendo el co-activador de Notchl, el gen
MAML1 que controla la capacidad de Notchl para promover el crecimiento. La via
molecular mediada por Nocthl es esencial para las interacciones epidérmicas
gueratinocito-melanocito [119, 120]. Resultados recientes sugieren que esta via es un
enlace entre el control de la diferenciacidon y la proliferaciéon, y, en consecuencia, de la

homeostasis cutanea [121, 122].

El papel de la sefalizacién mediada por Notch 1 en el cancer cutdneo es complejo y
ambivalente puesto que puede considerarse como una via con efectos oncogénicos asi

como con efectos supresores de tumor (Tabla 3)
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Tipos de cancer cutaneo y lesiones benignas Estado de la via de Notch
Nevus comunes melanociticos infraregulada
Nevus displasicos atipicos sobreregulada
Melanoma sobreregulada
SCC de zonas protegidas del sol sobreregulada
SCC de zonas expuestas al sol infraregulada
BCC (subtipo nodular y superificial) sobreregulada
BCC (subtiposubtipo basoescamoso y esclerodermiforme) infraregulada
Carcinoma celular de Merkel sobreregulada
Sarcoma de Kaposi sobreregulada
Metdstasis cutaneas de tumores neuroendocrinos infraregulada

Tabla 3. Estado de la via de Notch en cancer cutdneo o lesiones benignas

En base a los datos epidemioldgicos y moleculares previamente publicados, nuestros
resultados sugieren que el papel del gen CDKN2A en la nevogénesis es, en parte,
mediante su efecto en la via de seializacidon de Notch 1. La desregulacion basal de la via
de forma constitutiva, ofreceria una ventaja proliferativa al melanocito, la cual seria
responsable, al menos en parte, del mayor nimero de nevus comunes melanociticos

observado en la piel de portadores de mutacién en CDKNZ2A.

4. EL GEN MCI1R Y ESTRES OXIDATIVO: MAS ALLA DE LA SUSCEPTIBLIDAD A CANCER
CUTANEO.

Actualmente, estd incrementando el interés por el conocimiento de las posibles
funciones del gen MCIR independientes de su papel en la pigmentacion. En este sentido,
en el trabajo | se observa que las células con un receptor no funcional presentan un
mayor dafio del ADN incluso sin ser expuestas a la RUV, sugiriendo que factores
endégenos provocarian dicho dafio. Ademas, en el trabajo Il, se ha identificado una

variante del gen sin una repercusion en la produccion de pigmento como factor de riesgo
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a desarrollar tumores asociados a la exposicidon crénica a la RUV (apartado 5: “LA
VARIANTE p.R163Q DEL GEN MCIR Y RIESGO A CANCER CUTANEO ASOCIADO A LA
RADIACION UV CRONICA”).

Las células con un receptor no funcional presentan una sobre-representacion de la via de
ciclo celular (hsa04110) y replicaciéon del ADN (hsa03030) asi como de las vias de
recombinacién homdloga (hsa03440) y reparacion “Mismatch” (hsa 03430). Por tanto,
cabe la posibilidad, de que estas células presenten una mayor tasa de errores de
replicacién y recombinacién del DNA debido a una desregulacion del propio ciclo celular

facilitando la aparicion de mutaciones en genes clave para la carcinogénesis.

Por otro lado, se observa una sobre-representacion de la via de la fosforilacion oxidativa
(hsa00190), la cual es necesaria para la produccién de adenosin trifosfato (ATP). Este
proceso, a pesar de ser vital para el metabolismo celular, produce una proporcion de
especies reactivas del oxigeno (superdxido y peréxido de hidrégeno), lo que lleva a un
aumento del estrés oxidativo en la célula mediante la propagacién de radicales libres. El
estrés oxidativo provoca dano celular e inestabilidad gendmica por lo que es considerado
un “hallmark” necesario en el proceso carcinogénico [123]. Junto con el estrés oxidativo,
se observa una sobre-regulacion de la via de reparacion por escision de bases (hsa03410)
la cual repara los daifos causados por dichos radicales de oxigeno. Estos resultados
indican que parte del dafo oxidativo observado en los melanocitos y queratinocitos es

independiente de la radiacion UV.

En el mismo sentido, Mitra y col. demostraron en modelos murinos, que en ausencia de
RUV, las variantes de pelo-rojo junto con la activacién del oncogén B-RAF son suficientes
para inducir melanoma, pero si se inhibe totalmente la sintesis de feomelanina (ratones
albinos), se bloquea la induccién del tumor y expresan menor dano oxidativo celular
[124].

El estrés oxidativo también contribuye al envejecimiento celular y se ha relacionado con
multiples enfermedades. De forma notable, las células cutdaneas con el receptor no
funcional presentan una sobre-regulacién de vias relacionadas con enfermedades

neurodegenerativas (enfermedad de Hugtington (hsa05016); enfermedad de Alzheimer
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(hsa 05010) y enfermedad de Parkinson (hsa05012). El gen MCIR se expresa en las
células del sistema nervioso y su activacion disminuye el estrés oxidativo ademas de
tener efectos anti-inflamatorios e inmunomoduladores [125]. Cabe destacar que el
incremento del estrés oxidativo es un proceso presente en la etiopatogénia de las tres

enfermedades neurodegenerativas identificadas en el estudio [126-128].

La relacion entre cancer cutdaneo y enfermedades neurodegenerativas se ha observado, a
nivel epidemioldgico, entre el riesgo a desarrollar melanoma y Parkinson [129-131]. Los
pacientes de Parkinson tienen el doble de riesgo de desarrollar melanoma comparado
con la poblacién general; y los pacientes de melanoma el doble de riesgo a desarrollar
Parkinson. Recientemente se ha descrito también que los pacientes pelirrojos tienen mas
riesgo de Parkinson, observdandose una tendencia a un mayor riesgo en los portadores
del polimorfismo de cabello rojo p.R151C [132], por lo que se ha postulado que dicha

relacion podria deberse a genes implicados en la sintesis de pigmento [132-134].

En base a los resultados del trabajo I, y fuera del dmbito de la presente tesis, se ha
caracterizado el gen MCIR en 697 pacientes de Parkinson, 519 pacientes de Alzheimer y
482 controles libres de enfermedades neurodegenerativas. Los estudios caso-control
revelan que la variante de color de pelo rojo p.R160W incrementa el riesgo a desarrollar
Parkinson (OR=2,26 1C.95%=1,09-4,69; p-valor=0,02; Anexo Il) y la variante p.V92M
aumenta el riesgo a Alzheimer (OR=1,97, 1C.95%=1,09-3,58, p=0,018, Anexo lll). Los
resultados del trabajo | y los estudios caso-control indican que el gen MCIR tiene un

papel en el riesgo a desarrollar enfermedades neurodegenerativas.

En su conjunto, estos resultados ponen de manifiesto la implicacion del gen MCIR en el
estrés oxidativo celular, sugiriendo que los individuos portadores de variantes no
funcionales presentan unos niveles de estrés oxidativo basal superiores, lo cual
incrementa el riesgo a desarrollar cancer cutdneo y otras enfermedades. Por ello, seria
de gran interés investigar estrategias de proteccion a estas enfermedades mediante

mecanismos antioxidantes.
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5. LA VARIANTE p.R163Q DEL GEN MCIR Y RIESGO A CANCER CUTANEO ASSOCIADO A LA
RADIACION UV CRONICA.

La exposicidon solar crdnica se encuentra estrechamente relacionada con un subtipo
especial de MM que aparece en zonas cronicamente fotoexpuestas y con elevado dano
actinico, el Lentigo Maligno melanoma. Estos tipos de cancer cutdneo considerados
cronicamente fotoinducidos, se caracterizan por desarrollarse en zona altamente
fotoexpuestas. Existe poca informacidén de los componentes genéticos germinales que
incrementan el riesgo a desarrollar este tipo de cancer cutdneo. Aunque es ampliamente
conocido el aumento del riesgo a cancer cutaneo debido a variantes del gen MCIR, nunca
se habia evaluado, previa al estudio incluido en esta tesis, la hipdtesis de que

determinadas variantes puedan estar asociadas a un subtipo especifico de melanoma.

En el estudio Il se analizé las variantes del gen en base a las caracteristicas
histopatoldgicas de los tumores de melanoma de 1679 pacientes, permitiendo la
inclusion de multiples melanomas primarios del mismo paciente. Datos previos indican
que los diferentes melanomas de un mismo paciente pueden considerarse como eventos
independientes de la misma enfermedad [135]. Cabe destacar que su inclusidon fue
debida a que se disponia de la evaluacion histopatolégica de todos los tumores

desarrollados por el mismo paciente.

En el estudio se observd un mayor numero total de variantes y mayor numero de
variantes color de pelo rojo en los subtipos LMM y SSM, los cuales se asocian con una
exposicién a la radiaciéon UV. Por otro lado, el estudio pone de manifiesto que ciertas
variantes del MCIR se pueden encontrar intrinsicamente ligadas a un subtipo
etiopatolégico especifico de MM, puesto que se detectd que la variante p.R163Q
incrementa el riesgo a desarrollar melanomas asociados a una fotoexposicidon cronica
(subtipo LMM). Estudios previos detectaron que la variante p.R163Q incrementa el
riesgo a desarrollar lesiones asociadas a la radiacién UV, tanto lesiones benignas como
malignas (Tabla 4). En poblacidn asidtica, donde p.R163Q es la variante mas comun, los
portadores de dicha variantes presentan mayor riesgo a desarrollar efélides y lentigos

solares [136]. Aunque la presencia de lentigos solares es ademds de un indicador de
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fotoenvejecimiento, un fuerte factor predictivo de desarrollar LMM [137] (aumentando
el riesgo hasta 16 veces), no se detecta una mayor frecuencia de LMMs en poblaciéon
asiatica. Esto podria deberse a que las poblaciones asidticas muestran comportamientos
de proteccion frente a la radiacidon UV mayores que las poblaciones caucasicas [138]. Por
otra parte, los portadores de la variante p.R163Q de poblaciones europeas presentan un

mayor riesgo a desarrollar cancer de piel no melanoma [139].

MCI1R | Caracteristica OR; I1C95% p Num. ref.
Efélides 2.08; 1.01-4.12 0.046 245 Ref. 43
Lentigos solares 1.75; 1.13-2.75 0.024 245 Ref. 43
R163Q Cancer de piel no | 1.76; 1.06-2.95 0.030 529*% ; | Ref. 45
melanona (BCC) 533**
Cdncer de piel | 2.16; 1.07-4.37 0.044 1679*** | Estudio ll
melanoma
(LMM)

Tabla 4. Caracteristicas fenotipicas asociadas a la variante p.R163Q

Nuestro estudio indica que los portadores de la variante p.R163Q presentan un mayor
riesgo a desarrollar MMs en zonas de piel cronicamente expuestas a la radiacion UV.
Junto con los resultados obtenidos previamente, se puede considerar que la asociacion
detectada podria deberse en parte a un mayor fotoenvejecimiento y dafio inducido por la

radiacion UV.

De forma interesante, la variante p.R163Q no tiene una repercusion fenotipica puesto
que no tiene efecto significativo en la sintesis de eumelanina ([140]; Anexo |); por ello es
considerada un pseudo-allelo. En el estudio tampoco se detectd una asociacidon
estadisticamente significativa entre p.R163Q y caracteristicas asociadas a la
pigmentacion (fototipo, color de pelo, color de ojos). Estos datos demuestran que la
relevancia bioldgica de esta variante debe de estar relacionada con vias no candnicas en

la que participa el gen. MCI1R puede activar la via de sefalizacién de las MAPquinasas
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[141] y se ha descrito recientemente que la variante p.R163Q promueve una disminucion

selectiva de la activacion de dicha via [142].

Los resultados del estudio indican que la variante p.R163Q puede ser, al menos en parte,
responsable del riesgo a desarrollar LMM en poblaciones con fenotipos no consideraros
de riesgo (fototipos y color de pelo oscuro) mediante su papel en vias no relacionadas

con la sintesis de melanina.

Il. VI(AS MOLECULARES Y GENES ALTERADOS EN CANCER CUTANEO

1. IDENTIFICACION DE GENES IMPLICADOS EN LA CARCINOGENESIS DEL CANCER
CUTANEO INDEPENDIENTE DE LA RADIACION UV.

El subtipo de melanoma lentiginoso acral (ALM) difiere de las otras formas de melanomas
tanto en las alteraciones moleculares que adquiere como a su relaciéon con la RUV. El
trabajo IV de la tesis constituye la primera caracterizacion molecular de una serie de

tumores de este subtipo de poblacién mediterranea.

En el estudio no se detectd un aumento de variantes germinales en el gen MCIR en los
pacientes con ALM respecto a la poblacién control indicando, conjuntamente con los
resultados del trabajo Il, que este subtipo de MM no se encuentra asociado a la

interaccion entre la RUV y la pigmentacion.

En MM, las mutaciones activadoras en N-RAS o B-RAF estimulan la proliferacidén celular
mediante la activacion constitutiva de la via de sefalizacion de las MAPquinasas. Curtin
et al. identificaron que dichas alteraciones se correlacionan con el grado de dafo
inducido por la RUV vy la localizacion del tumor primario [94]. Mientras que alteraciones
en B-RAF se detectan mayoritariamente en tumores de zonas del cuerpo
intermitentemente fotoexpuestas, mutaciones en el gen N-RAS se observan en
melanomas de zonas con dafio solar crénico. Sin embargo, estas alteraciones se han
descrito también en el subtipo ALM (Tabla 5). En el trabajo de la presente tesis, se han
observado mutaciones en el gen N-RAS en el 17.6% de los ALM analizados. En cambio, no
se detectaron mutaciones en el gen B-RAF sugiriendo que otras alteraciones pueden
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promover la activacion de la proliferacion celular. Un mecanismo postulado por Curtin et
al. seria que la desregulacion de la proliferacion pueda deberse a ganancias de los genes
CCND1 o CDK4, los cuales se encuentran localizados distalmente en la misma via de las
MAPquinasas, lo que tendria el mismo efecto que alteraciones en B-RAF o N-RAS [94]. En
nuestro estudio, la elevada frecuencia de amplificaciones en el gen CCND1 (31.25%) y en
menor medida en el gen CDK4 (12.5%) podrian explicar la no deteccién de mutaciones en
el gen B-RAF. Estos resultados muestran la necesidad de analizar el estado mutacional de
los genes de la via de las MAPquinasas y de otros genes como CCND1 y CDK4 en el mismo
grupo de muestras. Pocos estudios han analizado de forma exhaustiva la presencia de

estas alteraciones en la misma serie de tumores (Tabla 5).

Una caracteristica molecular de los melanomas no relacionados con la radiacion UV es la
presencia de multiples amplificaciones focales [143]. En el andlisis de regiones
candidatas, detectamos cuatro regiones alteradas de forma recurrente (1p13.2, 5p25,
11913 y 20q13.3). La distribucién de dichas alteraciones no sucede al azar y sugiere la

existencia de tres subgrupos moleculares de ALM.

Las alteraciones en vias que estimulan la proliferacidn celular se consideran los eventos
genéticos iniciales en el desarrollo del tumor [160]. Segun nuestros resultados, en el
desarrollo de ALMs, la desregulacion de la proliferacién celular podria resultar de
alteraciones en los genes N-RAS, AURKA o CCND1, por lo que tumores con una de estas
alteraciones tenderian a no presentar ninguna de las otras dos. Cabe destacar que las
pérdidas cromosémicas del gen CDKN2A, implicado en el control del ciclo celular, es la
alteracién mas frecuente en la serie de tumores estudiados y no se encuentra asociadas a

ninguna de las ganancias génicas observadas.

Las alteraciones en el gen TERT han sido consideradas como un segundo evento durante
el desarrollo del MM [160]. Ganancias de este gen ya se habian descrito previamente
tanto en lineas celulares de MM como en tumores [161], lo que promoveria la activacion
de la actividad telomerasa. Sin embargo, la sobre-expresidn de la proteina también podria
conseguirse mediante otros mecanismos [162]. En células epiteliales de ovario y mama se

ha observado que AURKA puede estimular la induccién del gen y por tanto de la actividad
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telomerasa [162]. Por lo que la actividad telomerasa podria encontrarse inducida en los

tumores ALM mediante amplificaciones del propio gen o por alteraciones en el gen

AURKA.

% mut. B-RAF % mut. N-RAS % gan. CCND1 Pais * referencia
No analizado No analizado 47% (7/15)"™ EUA/ Alemania [143]
No analizado No analizado 44% cases EUA [144]
(8/18)
No analizado No analizado 22,7% (5/22)"™ EUA/ Alemania [145]
13% (3/23) No analizado No analizado USA/ Japé [146]
50% (2/4) 25% (1/4) No analizado Alemania [147]
33% (5/15) 0% (0/15) No analizado Japén [148]
10.7% (3/28)" 3.6% (1/28)" 23.8% (5/21)" Japén [149]
25% (6/24)° 12.5% (3/24)° 29% (7/24) USA/ Japén [94]
15% (2/13) No analizado No analizado Reino Unido [150]
9.5% (2/21) 47.4% (9/19) No analizado Reino Unido [97]
No analizado No analizado 23.5% (4/17) Suiza [151]
25% (2/8) 16.7% (1/6)" No analizado Japdn [152]
16.7% (2/12) 11.1% (1/9) No analizado USA/ Japén [153]
30% (7/23) 4% (1/23) No analizado USA [154]
19.9% (34/171) 6.25% (8/128) 29.3% (29/99) Total de Estudios
previos
17.6% 31.25% (5/16) Espaiia Trabajo IV
0% (0/17) (3/17)

Tabla 5: Estado de los genes B-RAF, N-RAS y CCND1 en melanoma lentiginoso acral: mut: mutaciones; gan:
ganancias. a: Origen de las muestras considerando la localizacién del biobanco o Institucién donde se llevé a cabo el estudio.
Amp: Amplificacién de la region 11q13 detectada por hibridacion gendémica comparada (CGH). 1: El estudio incluye 13
tumores primarios acrales y 15 metdstasis. 2: Tumores de localizaciones acrales clasificados histopatolégicamente como

melanomas de extensidn superficial.
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A partir de los resultados de esta tesis del trabajo Ill, se ha validado el papel de las
alteraciones de CCND1, TERT y AURKA en una serie de 58 tumores de ALM (34 tumores
ALM invasivos y 24 nevus acrales) mediante la técnica de hibridacion de fluorescencia in
situ (FISH). El estudio confirma que los genes CCND1, TERT y AURKA no se encuentran
alterados en los nevus acrales, por lo que dichas alteraciones deben estar implicadas en la
progresion a formas neopldsicas mas diferenciadas (ANEXO 1V). Ademas el estudio revela
que el kit comercial de diagnostico de melanoma (Vysis Melanoma FISH Probe Kit, Abbot
S.A) mejora su sensibilidad de diagndstico al incorporar el estado de los genes TERT y

AURKA (el kit contiene una sonda para evaluar el gen CCND1).

P el N-RAS
;"/‘ 25% —\
-7
5 AURKA
'I B-RAF _ _
/4 7 -~
v l P’; 1 |- pren

:
[ l 1 I
: I |
1 ERK 1 I
\ . I} \ BIRC1 BIRCS
[} 1 L 12,5% I 6,2%
i,
. v, : N Y
AW con1 Y | W I |
31,2% | \ | )
D16INKAA CDK4 |
68,8% g & 15.8% \ / 1L
\/ N/
Proliferacion Mantenimiento Supervivencia l—
celular del telomero

Alteraciones detectadas en melanomas acrales lentigionosos: se indica la
frecuencia de cada alteracién y relacidn entre genes, relaciones directas (lineas continuas)
e indirectas (lineas discontinuas).

2. IDENTIFICACION DE GENES IMPLICADOS EN CANCER CUTANEO FOTOINDUCIDO.

Los mecanismos de reparacion del ADN tienen una funcidn critica en la recuperacién del
fenotipo celular normal en células dafiadas debido a la exposicién UV crénica, como las
gue se encuentran en el campo de cancerizacidon cutaneo. El trabajo IV evalué los
cambios moleculares que se producian en la recuperacion de piel dafiada mediante la

aplicacién tépica de un compuesto comercial que contenia fotoliasa. El disefio del estudio
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permite identificar genes claves en dicha recuperacién y por tanto que deben

encontrarse desregulados durante el proceso carcinogénico.

El estudio identific6 una sobre-expresién de los genes CPI-17 y WDR72 asociado a la
recuperacion del fenotipo normal. Sin embargo, solo la expresidon del gen CPI-17 fué

revalidada mediante RT-PCR.

CPI-17 codifica el inhibidor especifico de PP1 (proteina fosfatasa 1) isoforma delta (PP19),
la cual es una de las principales fosfatasas Serina/Treonina en las células de los
mamiferos. El papel de CPI-17 ha sido ampliamente estudiado en la contraccion del
musculo liso. La activacidon de CIP-17 promueve la supresion del complejo MYPT1-PP10.
CIP-17 reconoce selectivamente la PP10 asociada a MYPT1 (myosin phosphatase-
targeting subunit-1) lo que resulta en una inhibicién del MLCP, esta inhibicion promueve
la fosforilacién de la miosina y por tanto, la contraccién muscular [163]. La expresion de
CIP-17 se ha detectado en multiples tipos celulares [164, 165] por lo que esta proteina
puede estar implicada en otros procesos bioldgicos [166, 167]. En las células Hela, la
inhibicion de MYTP1 también resulta en una acumulacion de la miosina en su forma
activa lo que conduce a unas adhesiones focales mas destacadas produciendo una
abolicion total de la migracion celular de dichas células [168]. Ademas, estas células y
otros tipos celulares como los fibroblastos o los queratinocitos muestran un
enriquecimiento de PP10 en las adhesiones focales [169]. Estas evidencias indican que el
complejo MYPT1-PP10 puede estar implicado en la regulacién de las funciones de las
adhesiones focales. De hecho, se ha descrito una asociacion de PP1d con las quinasas de
adhesion focal (FAK) [170]. En el trabajo IV encontramos una sobre-representacién de
funciones bioldgicas como las adhesiones focales, homeostasis celular o sefalizacion
célula-célula en las biopsias de piel de los pacientes con una respuesta rapida al
tratamiento, lo que sugiere que CPI-17 es esencial para recuperar el fenotipo normal en
el campo de cancerizacion de las queratosis actinicas restaurando el control sobre la

organizacion celular, adhesion celular y migracion.

La desregulacion del ciclo celular es un evento critico en el proceso carcinogénico

cutaneo. Alteraciones en el mecanismo molecular de la activacién de la proteina del
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retinoblastoma (pRb) como por ejemplo la sobre-expresiéon de ciclina D1 (CCND1) y la
pérdida del inhibidor de ciclo celular son procesos que ocurren en las queratosis actinicas
[171]. En su estado activo, la pRb es fosforilada y es capaz de actuar como un supresor de
tumores inhibiendo la procesiéon del ciclo celular. Aunque el papel de las proteinas
fosfatasas es menos conocido en este proceso, parece razonable pensar que la
desfosforilacion de la proteina pRB puede regular el complejo MYPT1-PP1d [172]. Por lo
que el restablecimiento del control del ciclo celular en las queratosis actinicas estaria
también mediado por la actividad de CP/-17 la cual podria promover la actividad de pRB.
De forma interesante, todos los pacientes con una respuesta rapida al tratamiento,

presentaban un nivel superior de expresién de CPI-17 antes del tratamiento (ANEXO V).

Cambios en los niveles de expresidon del gen pueden ser causados por condiciones
patolégicas como la inflamacién [163, 173]. Nuestro trabajo indica que la inflamacidn
modula la expresidn de CPI-17 en las queratosis actinicas. La evaluacion de las citoquinas
pro-inflamatorias mostrd que las lesiones con baja expresion de IL-1B y TNF presentaban
niveles altos de CPI-17 antes del tratamiento comparado con los pacientes con una
respuesta parcial. Por lo que el perfil antes del tratamiento de altos niveles de CPI-17 y

bajos niveles de IL-1B y TNF se asocia a una mejor respuesta al tratamiento.
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Mecanismo de accién del gen CIP-17 en el campo de cancerizacion
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En base a los resultados obtenidos, postulamos que la inflamacidon del tejido cutaneo
debida a procesos bioldgicos como el dano al DNA o estrés oxidativo causaria una infra-
regulacion de la expresion de CPI-17 en las queratosis actinicas lo cual conduciria a una
actividad incontrolada del complejo MYPT1-PP15. Ademds la activad fosfatasa
desregulada podria afectar diferentes procesos biolégico como son la motilidad vy

adhesidn celular y el control del ciclo celular mediado por pRB.

Este estudio indica que el gen CPI-17 tiene un papel destacado en la reconstitucion de la
homeostasis cutdnea y remarca la importancia de las fosfatasas en los procesos

carcinogénicos cutaneos.

I1l. ESTRATEGIAS DE ANALISIS DE LA EXPRESION GENICA: ARRAYS DE EXPRESION.

En los trabajos | y IV se han utilizado técnicas de genética molecular convencionales como
PCR en tiempo real para analizar la expresion génica de determinados genes. Esta técnica
se basa en el estudio de genes de forma aislada sin englobar la interacidn que tiene lugar
en la célula entre multiples genes. Junto a ésta, se ha utilizado la tecnologia de
“microarray“desarrollada e implementada en el campo de la genética molecular durante

la realizacion de la tesis.

Las tecnologias de alto rendimiento basadas en la tecndlogia “microarray” han cambiado
de forma sustancial la habilidad para estudiar las bases moleculares de las células y/o
tejidos sanos o enfermos. Los “arrays” de expresién permiten analizar en una muestra
determinada la expresién de miles de transcritos simultdneamente, generando una
enorme cantidad de datos (el array utilizado en los trabajos de esta tesis incluye 19.596
transcritosN). Este hecho hace que sea indispensable el uso de herramientas
bioinformaticas para el analisis y posterior interpetacion de los resultados. El proceso
inicial es la normalizacién de los datos obtenidos, con el objetivo de reducir la
variabilidad experimental entre los diferentes puntos del array y manteniendo la
variabilidad bioldgica [174]. Posteriormente, se realizan los andlisis de expresion

diferencial mediante estadisticos como los t-test, test no-parametricos y modelos
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Bayesanos para obtener una lista de genes diferencialmente expresados entre

condiciones experimentales.

Existen algunas limitaciones destacables de esta tecnologia, como son la capacidad de
deteccién y cuantificacidn precisa de transcritos poco abundantes, el ruido biolégico que
puede aparecer al analizar un numero pequefio de muestras o limitaciones
metodoldgicas como los procedimientos de correccion estrictos de los p-valores crudos
con el fin de evitar resultados falsos positivos[175]. Por lo que, cambios en condiciones
experimentales no siempre dan lugar a variaciones significativas en el nivel de expresion.
Un ejemplo de ello son las diferencias entre los trabajos | y IV en cuanto al numero de
transcritos que alcanzaron un nivel de significacion estadistica en el analisis de expresion
diferencial. Mientras que en el trabajo | se observé un elevado ndmero de transcritos
desregulados; en el trabajo IV no se detectaron genes diferencialmente expresados entre
las muestras antes y después del tratamiento, e incluso en el andlisis segun el tipo de
respuesta al tratamiento sélo 2 genes alcanzaron la significacidon estadistica (revalidando

mediante RT-PCR el gen CPI-17).

Por otro lado, puede darse el caso de que multiples genes de una via molecular
determinada se encuentren desregulados sin alcanzar de forma individual un valor
estadisticamente significativo, pero si que en conjunto promuevan un efecto bioldgico
mediante la regulacidn de dicha via. En base a este este concepto, y dado que los analisis
de expresion diferencial son utiles para describir los canvios de expresidn génica pero
tienen un uso limitado para entender los mecanismos subyacentes que gobiernan la red
de interacciones moleculares en un contexto celular, se han desarrollado los Ilamados
analisis de vias 6 de enriquecimento funcional. Estos andlisis se basan en la clasificacion
de los genes en base a sus diferencias en la expresion (p-valores crudos) utilizando para
cada transcrito anotaciones funcionales. Existen dos recursos principales de informacion
funcional: la ontologia gendmica la cual clasifica jerarquicamente los genes en base a su
funcién o proceso biolégico (http://www. geneontology.org/; [176]) o bases de datos
focalizadas en las vias moleculares como KEEG (http.//www.genome.ad.jp/kegg/;[177]) o

GenMAPP (http://www.genmapp.org; [178]).
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El uso de un analisis de enriquecimiento funcional, permitié detectar en el trabajo IV
procesos biolégicos sobrerepresentados de forma comun en las muestras incluidas
(lesiones antes del tratamiento y lesiones con una mejora completa 6 parcial después del
tratamiento) independientemente de no detectar genes diferencialmente expresados y
de la heterogeneidad intramuestral observada inicialmente (analisis de componentes
principales, ANEXO V). En el trabajo |, dichas herramientas identificaron vias moleculares
asociadas tanto al gen CDKN2A (via de sefializacién de Notch) como al gen MCIR (vias
asociadas al estrés oxidativo o enfermedades neurodegenerativas entre otras). Este tipo
de informacién no se detecta mediante un analisis de expresidn diferencial, lo que pone
de manifiesto el potencial de estas técnicas en identificar mecanismos bioldgicos

relacionados con una condicion experimental determinada.

Por ultimo, la utilizaciéon de los “arrays” de expresion ha generado, durante los ultimos
afos, una enorme cantidad de datos la mayoria de los cuales se encuentran almacenados
en repositorios de libre acceso como son la SMD (http://genome-
www.stanford.edu/microarray; [179]), la GEO (http://www.ncbi.nlm.nih.gov/geo; [180]) o
la ArrayExpress (http://www.ebi.ac.uk/arrayexpress; [181]). La libre utilizacién de los
datos almacenados en estos repositorios supone un gran recurso para analizar
eficazmente hipdtesis sin un coste econdmico, asi como para revalidar resultados en otros
grupos de muestras. Un claro ejemplo de la utilidad de los analisis in-silico es el trabajo |

en el que se utilizé datos de expresion génica previamente publicados.
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CONCLUSIONES

. La presencia de alteraciones germinales en el gen CDKN2A o la presencia de variantes no
funcionales en el gen MCIR promueven la desregulacién del transcriptoma de las células
cutaneas, confiriendo unas caracteristicas optimas para su transformacion maligna, por lo
gue puede considerarse como un evento clave e inicial en la carcinogénesis.

. Los patrones de expresion causados por mutaciones/variantes en los genes CDKN2A y
MCIR se mantienen durante el proceso de progresion del cadncer cutaneo.

. Los portadores de variantes no funcionales en el gen MCIR presentan un mayor estrés
oxidativo basal el cual incrementa el riesgo a desarrollar cancer cutdneo
independientemente del efecto de dichas variantes en las caracteristicas fenotipicas
asociadas a la pigmentacién, asi como a enfermedades neurodegenerativas.

. La variante p.R163Q del gen MCIR incrementa el riesgo a desarrollar melanomas
asociados a la exposicidn solar cronica mediante mecanismos independientes al proceso
de pigmentacién.

. Siendo la activacién de la ciclia D1 una de las vias moleculares fundamentales en la
activacién de la via MAPquinasas en los melanomas acrales, independientes de la
exposicién al sol, esta presente en solamente un tercio de los tumores.

. Las alteraciones en el gen AURKA y TERT promueven la carcinogénesis en los melanomas
no asociados a la radiacién UV (melanomas acrales) sin alteraciones en el gen CCND1.

. El gen CPI-17 es clave para el restablecimiento de la homeostasis de la piel en el campo de
cancerizacion mediante su funcidn en el control de las adhesiones focales intracelulares.
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ANEXO |. REPERCUSION FUNCIONAL Y FENOTIPICA DE LAS VARIANTES DEL

GEN MCzR

La tabla presenta el impacto funcional en la via de pigmentacién y fenotipico de las variantes mds recurrentes.
Abreviaciones: TM = dominio transmembrana, RE = reticulo endoplasmatico.

Variante

MCIR Efecto funcional Correlacion fenotipica
Localizada en el TM1, ligera disminucion del acoplamiento de la proteina 'y
0.V38M de la estimulacién de la via del AMPc.
Pérdida de fun_c,lon debida a L,ma reduccién de la expresion en superficie No analizado
celular, retencién de la proteina en el RE.
Localizada en el dominio TM1, casi completa disminucién del acoplamiento
p.SA1F de la proteina y de la estimulacion de la via del AMPc.
Perdld.alde funcion deiblda a una reduccién de la expresidn en superficie, No analizado
retencion de la proteina en el RE.
Localizada en el dominio TM1, casi completa disminucién del acoplamiento
p.V51A de la proteina y de la estimulacién de la via del AMPc.
Perdlc!aj de funcién d/eblda a una reduccién de la expresidn en superficie, No analizado
retencion de la proteina en el RE.
p.V60L Ligera disminucién de la capacidad de estimular la produccion de AMPc. Rubio/castafio claro
DSAE Baja capacidad para estimular la produccién de AMPc.
P- Ligera disminucion de la capacidad de unidn entre la a-MSH y la proteina Pelirrojo
Proteina con dos veces menos afinidad por la a-MSH. No asociada al fenotipo
p.V92M No alteracién en el acoplamiento de la proteina y la estimulacién de la via -
del AMPc pelirrojo
Localizada en el TM3, ausencia casi completa del acoplamiento de la
p.M128T proteina y de la estimulacién de la via del AMPc.
Incapaf:|.ciad para unirse a la a-MSH, correcta transportacion hacia la No analizado
superficie de la membrana celular.
p.R142H No analizado Pelirrojo
R151C Disminucidn del acoplamiento de la proteina.
P- Pobre estimulacion de la via del AMPc en respuesta a la a-MSH Pelirrojo y piel blanca
p.1155T No analizado Pelirrojo
Disminucidn del acoplamiento de la proteina.
p.R160W . ) , Pelirroj iel bl
Pobre estimulacidn de la via del AMPc en respuesta a la a-MSH elirrojo y piel blanca
Pérdida selectiva de la activacidn de las MAPquinasas inducido por a-MSH No asociada al fenotipo
p.R163Q N
[142] pelirrojo
p.N281S Localizada en el TM7, no tiene efecto a nivel funcional No analizado
Localizada en el TM7, ausencia casi completa del acoplamiento de la
0.C289R proteina y de la estimulacién de la via del AMPc. Incapacidad para unirse a
la a-MSH, correcta transportacion hacia la superficie de la membrana No analizado
celular.
Baja capacidad para estimular la producciéon de AMPc. Ligera disminucion
p.D294H ) o . .
de la capacidad de unién entre la a-MSH y la proteina Pelirrojo
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Abstract

Objective: A bidirectional association between Parkinson’s disease (PD) and
cutaneous melanoma (CM) has been reported. We examined whether the
melanocortin 1 receptor (MC1R) gene, a risk factor for CM, was associated with PD
risk in Spanish population.

Methods: We included 708 unrelated Spanish PD patients and 486 controls with no
neurodegenerative disorder. A case-control study was performed to examine the
association between MC1R polymorphisms and PD risk. Determination of variants
within the coding region was carried out by PCR amplification and direct sequencing.
Logistic regression model was used to estimate odds ratios (OR) and the best model
of inheritance was chosen using Akaike and Bayesian information criteria.
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Results: We found that a non-functional MCiR variant (p.R160W) was more
frequent in PD patients, specially in late-onset Parkinson’s disease (LOPD) patients
who developed PD over 40 years of age and are mostly sporadic (OR, 2.26 (1.09-
4.69), 95% C.I., P = 0.02), whereas the non-melanoma associated variant p.V60L
was less frequent than in controls (P = 0.03).

Interpretation: The association between the melanoma associated variant
(p.R160W) and PD suggests that the epidemiological link observed between CM and
PD, could be, at least in part, explained by loss of function of MCI1R, underlying an
increase in oxidative damage. Interestingly this variant is strongly associated with
red hair colour phenotype, reinforcing that an overrepresentation of red hair
individuals had been showed within PD patients. Furthermore our findings highlight
the role of MC1R in brain biology and add new information to the current knowledge
of PD aetiology.

Introduction

An inverse correlation between the risk of developing cancer and Parkinson’s disease
(PD) has been suggested in several epidemiological studies! 2 showing a reduced
risk of most kinds of cancer among individuals with PD!. However, this inverse
relationship has not been observed in the incidence of cutaneous melanoma (CM) in
PD patients until a recent study showed that the occurrence of melanoma (OR (95%
CI)) was 3.61(1.49, 8.77) times higher among PD patients whereas the occurrence
of PD was 1.44 (1.06-1.96) times higher among CM patients>.

Initially some evidence proposed that this association could be related to the role of
the treatments most commonly used in these diseases (levodopa therapy or
chemotherapeutic treatments) rather than with the disease itself. However, results
reported in other studies refuted these factors as putative causes of the
association*>' 8,

One hypothesis is that the co-occurrence of PD and CM could be explained due to
shared environmental’”® or genetic risk factors leading to common pathogenic
molecular pathways®!°. Because a higher incidence has been reported of CM and PD
in Caucasians than in black populations ' 12 and an increased risk of developing PD
has been observed in red hair colour individuals'® the pigmentation pathway may be
related to the risk of developing both diseases.

The melanocortin 1 receptor (MCI1IR) gene, which is a master regulator of skin
pigmentation!?, encodes for a G protein-coupled seven transmembrane receptor for
melanocortin peptides (a-MSH, ACTH) and mediates its effects mainly by activating
a cAMP-dependent signalling pathway!®>. Additionally, in melanocytes, MCI1R
expression has been observed in several types of nervous system cells suggesting
that it may be a key regulator in brain cell functions and survival 1% 7

To date, six non-synonymous MC1R polymorphisms have been associated with the
‘red hair colour’ (RHC) phenotype that is characterized by red hair, fair skin, lack of
tanning ability and high UV-radiation sensitivity. Epidemiological studies have
reported that several MCIR Red hair ‘R’ variants (p.D84E, p.R142H, p.R151C,
p.R160W, p.I155T, p.D294H) or no red hair ‘'r’ variants (p.R163Q) increase the risk
of developing CM with ORs (95% CI) ranging from 1.42 (1.09-1.85) for p.R163Q to
2.45 (1.32-4.55) for p.I155T 18. In this study, we analyzed whether MC1R variants
associated with increased risk for CM, also modulate the risk for PD.
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Subjects and Methods

The study included 708 unrelated Spanish PD patients (mean age: 57.02+12.29
years; female 40.1% and male 59.9%) and 486 age-and gender-matched controls
free from any neurodegenerative disorder (mean age: 59.94+13.16 years; female
44.7% and male 55.3%), all of them from a hospital-based series.

All PD patients were evaluated and clinically diagnosed by neurologists experienced
in the diagnosis of PD and age of onset (AOO) was estimated as the age when
motor or behavioral symptoms were first noticed.

The Subjects of this study were treated according to the World Medical Association
Declaration of Helsinki; ethical principles for medical research involving human
subjects 19. The study was approved by the Institutional Review Board (IRB) of
Hospital Clinic of Barcelona, written informed consent was obtained from all the
study subjects.

MC1R molecular screening

DNA was isolated from blood samples using the Wizard® Genomic DNA Purification
Kit. Determination of variants within the coding region was carried out by PCR
amplification and direct sequencing using 50-100 ng of total DNA. Samples were
amplified using primers previously described 20. PCR conditions were: initial
denaturizing step at 95°C for 5 min, followed by 35 cycles (94°C for 1 min, 55°C for
1 min, 72°C for 3 min), and a final extension at 72°C for 10 min and maintaining at
40C. PCR products were purified using Multiscreen Filter plates (Millipore) and
automatically sequenced using the BigDye Terminator v3.1 Cycle Sequencing kit
(Applied Biosystems, Foster City, CA) and an ABI3100 automatic sequencer (Applied
Biosystems). Specific internal MC1R primers were designed to analyze the entire
coding sequence (TM-F: AACCTGCACTCACCCATGTA and TM-R:
TTTAAGGCCAAAGCCCTGGT). Sequences were analyzed using SegPilot 4.0.1
software (JSI Medical Systems)

Statistical Analysis

MC1R non-synonymous variants were classified as red hair colour ‘R’ or non-red hair
colour 'r’ according to previously reported criteria in melanoma studies?®.

Therefore, MC1R variants classified as ‘R’ were p.D84E, p.R142H, p.R151C, p.I155T,
p.R160W, p.D294H and rare frameshift or stop codon. All other non-synonymous
MC1R variants were classified as 'r’. Synonymous variants were considered as wild-
type MCIR alleles. For the purpose of this study, only non-synonymous amino acid
changes with an observed frequency of at least 1% were analysed. Carriers of non-
synonymous variants with a frequency < 1% were excluded from the analyses.

Public databases such as dbSNP (http://www.ncbi.nlm.nih.gov/), MelGene DB
(http://www.melgene.org/) and Ensmbl genome browser
(http://www.ensembl.org/) were used to determine whether the detected non-
synonymous variants have been previously described. In-silico analysis of each rare
non-synonymous variant was carried out using software Polyphen2
(http://genetics.bwh.harvard.edu/pph2/)?’.

Genetic data were analysed using SNPStats software®?: Allelic and genotypic
frequencies of MC1R variants as well as Hardy-Weinberg equilibrium were
determined. Multiple logistic regression models (codominant, dominant, recessive,
overdominant and log additive) were performed for odds ratios (OR), 95%
confidence intervals (95% CI) and P-value. Both Akaike information criterion and
Bayesian information criterion were used to choose the model of inheritance that fit
the data best. All the reported ORs and 95% CI were adjusted for age and gender.
All P-values less than 0.05 were accepted as statistically significant. All tests were
two sided.
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All red hair colour variants ‘R’ and non-red hair colour variants ‘r’ were grouped in
two categorical variables. Correlation between number of non-synonymous MCIR
variants or type of MC1R variants (R or r) and Parkinson’s disease were calculated
by cross tabulations and Pearson’s x2 using IBM SPSS Statistics 18 (IBM, Armonk,
NY, U.S.A.).

PD patients were stratified by the age of onset, early-onset Parkinson’s disease
(EOPD) ranges from 20 to 40 years and late-onset Parkinson’s disease (LOPD) over
40 years. The same association analyses were carried out in these two subsets.

Results

Genotyping of the MCIR gene resulted in a total of 51% PD patients and 45.6%
controls being wild-type; 39.7% of cases and 44.8% of controls carried one non-
synonymous MCI1R variant, 9.3% of cases and 9.2% of controls carried two non-
synonymous MCIR variants, and only 0.2% of controls carried three non-
synonymous MCI1R variants. Thus, we identified a total of 38 MCIR variants (12
synonymous and 26 non-synonymous) most being detected in a small humber of
patients or restricted to one, reported as rare MC1R variants (Table 1).
Interestingly, rare MC1R variants were more frequently observed in PD patients
(5.1%) than in the control group (3.3%) (Table 1). Of these, fourteen MC1R
variants are novel/ not previously described. Among synonymous variants, the
p.T314T variant showed the highest frequency of occurrence in cases (8.5%). We
also found eight recurrent non-synonymous variants which showed a frequency of
the minor allele at least of 1% in PD patients: p.V60L (12%), p.V92M (6%),
p.R151C (3%), p.R160W (2%), p.R163Q (2%), p.R142H (1%), p.I155T (1%) and
p.D294H (1%).

The p.R142H variant was excluded from the analyses because it was not in Hardy-
Weinberg equilibrium within control groups. Considering that functional analyses for
rare MCI1R variants have not been performed and their effects in the cell are
unknown, carriers of rare MC1R variants were excluded from the analyses. Thus, the
analyses of the MCIR variants for seven recurrent variants (p.V60OL, p.VI2M,
p.R151C, p.I155T, p.R160W, p.R163Q and p.D294H) revealed the following results
(Table 2). Association analyses showed one significant association for p.V60L variant
and two trends for p.R160W and p.D294H which did not reach statistical
significance. The p.V60L variant in the MC1R gene was associated with decreased
risk of developing PD (OR, 0.75 (0.59-0.94), 95% C.I., P=0.015). A trend was
detected between the p.D294H variant and decreased risk of developing PD (OR,
0.53 (0.26-1.07), 95% C.I., P=0.07). In contrast, another trend between the
p.R160W variant and increased risk of PD (OR, 1.80 (0.93-3.46), 95% C.I., P=0.07)
was detected.

We stratified our cohort of PD patients based on the age of onset and assessed the
risk associated with MC1R variants in late-onset Parkinson’s disease (LOPD) patients
(88.8%) who developed Parkinson’s disease aged over 40 years and is mostly
sporadic (N=620) compared with age-and sex-matched controls (N=440). The
frequency of MCI1R variant carriers showed a statistically significant difference
(p<0.037) between control population (56%) and Parkinson patients (46.5%). We
found an association between the p.V60L variant and decreased risk of LOPD (OR
0.76 (0.59-0.98), 95% C.I., P = 0.03) (Table 3). In contrast, the protective trend of
the p.D294H observed in the first analysis was not revalidated in LOPD (OR, 0.58
(0.27-1.24), 95% C.I., P= 0.16). Finally, the increased risk detected in p.R160W
variant and PD reached a statistically significant value in the LOPD group (OR, 2.26
(1.09-4.69), 95% C.I., P = 0.02).
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When the analysis was focused on the number of MC1R variants or type of MCIR
variants (R or r), association with PD was not detected in neither of the analyses.
Differences among cases and controls were related to specific variants and not to
the total number or type of MCIR variants. A gene dosage effect was not observed
in our PD set because a correlation between number of variants and an increased
risk of developing PD was not detected (data not shown).

Discussion

Epidemiological data indicate a bidirectional association between CM and PD. There
is an almost four fold increase in occurrence of CM among PD patients and nearly a
two fold increase of PD among CM patients have been reported®. Furthermore,
evaluation of pigment related phenotypical features showed an overrepresentation
of red hair individuals within PD patients compared to control population 3. The
MC1R gene, which is the master regulator of pigmentation, is also expressed in
brain cells (neurons of the periaqueductal gray matter, astrocytes and schwann
cells) in which it may have a role in the anti-inflammatory brain response !’. In this
study we have assessed the role of the MC1R as a putative risk factor for PD in the
Mediterranean population. The study was conducted on a large cohort of PD patients
(mainly sporadic) since the vast majority of PD cases are late-onset and the age of
onset is the major known risk factor for the disease.

We found that p.V60L and p.R60W are inversely associated with the late onset form
of PD in the Mediterranean population. We detected a more than two fold increased
risk of PD associated with the p.R160W variant. This variant has been classified as a
loss-of-function RHC variant resulting in an overproduction of pheomelanin which is
associated with red hair phenotype (fair skin and red hair colour). The RHC MCIR
variants, including p.R160W, have been shown to increase the risk of CM 8, 1In
addition, we detected that the variant p.V60L was more frequent in controls than PD
cases. p.V60L which is the most frequent variant observed in a healthy
Mediterranean population °, is not associated with red hair phenotype 23 or
increased risk of CM '8, Thus, our data indicates that role of MCIR in PD
susceptibility may be restricted to those variants which clearly promote a loss-of
function of the MC1R. A previous study focused exclusively on the p.R151C RHC
variant, suggests that this RHC variant would also increase the risk to develop PD in
a North-American population 3. MC1R variants have different distributions among
populations 15. The allelic frequency of the p.R151C variant is lower in our
population compared to the North-American population. Thus, inter-population
differences may interfere in the ability to detect a statistically significant association
between other RHC variants and PD in our cohort. Notably, the highest attributable
CM risk to MC1R has been associated with both p.R151C and p.R160W and both
have been strongly associated with the RHC phenotype 2.

Our findings suggest that the epidemiological link observed between CM and PD,
could be, at least in part, explained by non functional MC1R alleles. MC1R functional
studies in melanocytes showed that the p.R160W variant is associated with reduced
cell surface protein expression and diminished cAMP production 24, in contrast to the
p.V60L variant which did not show these alterations 2°. Previous evidence suggest
that stimulation of MCIR by a-MSH is associated with reduced oxidative stress 2°. A
greater oxidative DNA and lipid damage has been found in skin cells from RHC
variants carriers, supporting the hypothesis that the loss-of-function of MC1R
produces an increase of oxidative damage ?’. An elevated oxidative stress has been
previously associated to the degeneration process in PD brains 2. In an
experimental model, Puig-Butille et al. recently described that the MCI1R red hair
polymorphism alters the transcriptome related with neurodegenerative diseases and
specifically PD, in concordance with the results presented herein (“Capturing the
biological impact of CDKN2A and MCIR genes as an early pedisposing event in
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melanoma and non melanoma skin cancer.” (accepted manuscript in Oncotarget
Journal).

In conclusion, we report the largest cohort of LOPD in which the MC1R gene has
been evaluated at the molecular level and the p.R160W variant has been found
associated with an increased risk of PD. Although, this data suggests a role of MC1R
in the etiology of LOPD, functional studies in brain cell should be carried out to
elucidate the molecular mechanisms underlying the risk effect observed for the
p.R160W variants. Finally, future studies in other populations ought to further clarify
the link of MC1R variants and PD.
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Table Legends

Table 1: Rare genetic variants detected in the MC1R gene

Variants in bold have not been reported before. Score Polyphen2: predicts possible
impact of an amino acid substitution on the structure and function of a human
protein (scores close to 0.0, indicate a benign mutation; score close to 1.0,
damaging mutation).

Spain Polyphen

Rare MC1R variants Parkinson Controls Score 2
Synonymous
A103A (c.309C>T)het _ 1 -
1138l (c.414C>T)het _ 1 -
A139A (c.417C>T)het 1 _ -
A161A (c.483G>A)het 3 _ -
1168l (c.504C>T)het _ 1 -
Y183Y (c.549C>T)het _ 1 -
R229R (c.687C>T)het 1 _ -
Q233Q (c.699G>A)het 12 4 -
Y298Y (c.894C>T)het 1 _ -
F300F (c.900C>T)het _ 1 -
S316S (c.948C>T)het 1 1 -
Nonsynonymous
N56D (c.166A>G)het 1 _ 1.000
R67W (c.199C>T)het 1 _ 1.000
L8OV (c.238C>G)het _ 1 1.000
S83P (c.246T>C)het 1 — 0.999
TI95M (c.284C>T)het _ 1 0.889
Vi22M (c.364G>A)het 6 _ 0.126
V140M (c.418G>A)het 1 _ 0.39
R142C (c.424 C>T)het 1 — 1.000
Y152* (c.456C>A)het 1 _ 1.000
T272M (c.815C>T)het 1 _ 0.974
V193M (c.577G>A)het _ 1 0.894
R213W (c.637C>T)het 2 — 0.019
R223W (c.677C>T)het 1 _ 0.019
A218T (c.652G>A)het 1 _ 0.935
P230L (c.689C>T)het — 1 0.004
P268R (c.803C>G)het _ 1 1.000
C273wW (c.819C>G)het _ 1 1.000
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Table 2: Results of analysis of association

a Allele described as 1 (wild type allele) or 2 (variant allele).

Controls (N=482) PD patients (N=697)
AA “Allele Allele CONTROL
change | frequency Genotype frequency [ frequency Genotype frequency | vs Parkinson disease

1 2 1-1 1-2 | 2-2 1 2 1-1 1-2 2-2 | OR (95% CI) P-value

p.V60L 0.84 |0.16] 072 | 025 (003 ] 088 0.12]0.77 | 021 | 0.02 |0.75(0.59-0.94) | 0.01
p.VI2M 094 |006| 0.89 | 0.11 0 094 006 ] 089 | 0.11 0 1.04 (0.73-1.50) | 0.82
p-R163Q [ 098 002 096 | 0.04 0 098 002 ] 097 ]0.03 0 0.82 (0.44-1.56) [ 0.55
p-R151C | 098 ]0.02| 0958 | 0.04 [0.002] 097 0.03 | 095 | 0.05 0 1.16 (0.68-1.99) 1 0.58
pI155T 099 |0.01| 098 | 0.02 0 099 001 ] 098 | 0.02 0 0.89 (0.41-1.92) | 0.76
p-R160W | 099 |001| 097 | 0.03 0 098 002 ]095]0.05 0 1.80 (0.93-3.46) | 0.07
p.D294H | 098 ]0.02{ 096 | 0.04 0 099 0.01 ] 098 ] 0.02 0 0.53 (0.26-1.07) { 0.07
Table 3: Results of secondary analysis of association (late-onset Parkinson’s
disease patients)
a Allele described as 1 (wild type allele) or 2 (variant allele).

Controls LOPD (> 40 YEARS) PD LOPD (> 40 YEARS)

(N=440) (N=620)
AA “Allele Genotype Allele CONTROL
change frequency frequency frequency Genotype frequency vs LOPD

1 2 1-1 1-2 |22 |1 2 1-1 1-2 2-2 | OR (95% CI) P-value
p.V6OL [0.85 [0.15 |0.72 |025 |0.03 (0.89 0.11 [0.78 1020 [0.02 |0.76 (0.59-0.98) 0.03
p.-V2M (094 [0.06 |0.884]0.114]0.002(094 0.06 [0.887 ]0.112 |0.001 | 0.94 (0.65-1.37) 0.75
p-R163Q (098 [0.02 096 |0.04 (O 099 001 |097 1003 (O 0.66 (0.33-1.32) 0.25
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Abstract

Despite the recent identification of some novel risk genes for Alzheimer’s disease
(AD), the genetic etiology of late onset Alzheimer’s disease (LOAD) remains largely
unknown. The inclusion of these novel risk genes to the risk attributable to the APOE
gene accounts for roughly half of the total genetic variance in LOAD. The evidence
indicates that undiscovered genetic factors may contribute to AD susceptibility. In
the present study, the MCIR gene was evaluated in 519 Spanish LOAD patients and
in 162 controls. We observed that a common MCIR variant not related to
pigmentation traits confers a nearly two fold increased risk of developing LOAD
(P=0.018), especially in those patients whose genetic risk could not be not
explained by APOE genotype. We did not find an association between p.V92M and
age of onset of AD. Further studies are needed to elucidate the role of MC1R in brain
cells through the different MC1R pathways.
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Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized
clinically by memory and cognitive dysfunction and represents the most common
form of dementia in the elderly (Gilbert, 2013). The prevalence of the disease
increases after the age of 65 years and the disease onset is usually after the age of
70 years (Jonsson et al., 2013). However, Familial AD (FAD) patients carry
autosomal dominant mutations in high-risk Alzheimer susceptibility genes (APP,
PSEN1, and PSENZ2) present an early age of onset (<65 years). These genes do not
play an important role in either Sporadic AD cases or late onset cases (> 65 years)
indicating that other genomic variants may be involved in the common forms of the
disease. To date, the €4 allele polymorphism in the Apolipoprotein E (APOE) gene
has been well established as a risk factor for developing late onset Alzheimer’s
disease (LOAD) (Bettens et al., 2013). The disease-attributable risk in LOAD
patients related to the €4 allele in APOE is less than 50% (Ashford and Mortimer,
2002). Recently, new low-risk variants associated with LOAD have been identified in
genome-wide association studies (GWAS) (Harold et al., 2009, Lambert et al., 2009,
Seshadri et al., 2010, Hollingworth et al., 2011, Naj et al., 2011) which account for
a small proportion of risk. The inclusion of these novel risk genes to the risk
attributable to the APOE gene accounts for roughly half of the total genetic variance
(Bertram, 2011) indicating that additional undiscovered genetic factors may
contribute to the AD susceptibility.

The main pathological hallmarks of AD are extracellular amyloid plaques,
intracellular neurofibrillary tangles, and loss of neurons and synapses resulting in
brain atrophy (Castellani et al., 2008). Moreover, an elevated level of oxidative
damage products has been observed in areas of degeneration in AD brains
suggesting that oxidative stress and consequent protein oxidation may be a
potential mechanism of neuronal death in AD (Roberts, 1990). The accumulation of
intracellular damage determined by reactive oxygen species (ROS) might produce
the progressive loss of control over biological homeostasis and the functional
impairment typical of damaged brain cells in AD (Cencioni et al., 2013).

Melanocortin 1 receptor (MC1R) gene encodes for a G protein-coupled seven
transmembrane receptor for melanocortin peptides (a-MSH, ACTH) and mediates its
effects mainly by activating a cAMP-dependent signaling pathway (Gerstenblith et
al., 2007). MC1R expression is observed in several types of neuronal cells
suggesting that it may be a key regulator in brain cell functions and survival
(Catania, 2008). The MC1R  activation has anti-inflammatory and
immunomodulatory effects in brain cells (Catania, 2008) and promotes pigmentation
synthesis in melanocytes (Dessinioti et al., 2011). It has been established that
several MC1R polymorphisms constitute a risk factor to develop skin cancer
(melanoma and non melanoma skin cancer) (Bastiaens et al., 2001, Raimondi et al.,
2008), in part, by promoting an increased oxidative stress in skin cells (Kadekaro et
al., 2012). Notably, co-occurrence of Parkinson’s disease (PD) and cutaneous
melanoma (CM) has been reported in epidemiological studies (Olsen et al., 2006, Liu
et al.,, 2011) and previous evidence indicates that MC1R is involved in the
bidirectional link between both diseases (Gao et al., 2009). Thus, we hypothesized
that certain MC1R variants may increase the oxidative damage and/or deregulate
inflammatory processes in brain cells, which consequently, increase the
susceptibility to develop other neurodegenerative disorders beyond PD. In the
present study we analyzed the role of the MC1R gene as a putative genetic risk
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factor in LOAD patients and we observed that a common MC1R variant not related
with pigmentation traits confers a risk to develop LOAD in Spanish population.

Material and Methods

The study includes 519 unrelated LOAD patients, 153 (29.5%) men and 366
(70.5%) women from two hospital-based series from the same geographical area:
Alzheimer's Disease and Other Cognitive Disorders Unit at Clinic Hospital of
Barcelona and from the Memory Unit at Sant Pau Hospital of Barcelona. Controls
were from Alzheimer's Disease and Other Cognitive Disorders Unit at Clinic Hospital
of Barcelona, the National Bank of DNA from the University of Salamanca and
Memory Unit at Sant Pau Hospital of Barcelona.

In all cases the age of onset was after 65 year (mean age=76.48 £5.50 years),
although in 36 of patients their exact age of onset is not available. All AD patients
were diagnosed using the NINCSDS-ADRDA criteria (McKhann et al., 1984).
Furthermore, 69/519 had a profile of CSF biomarkers typical of AD (AB42/p-tau ratio
< 6.43) (Welge et al., 2009). Overall, 162 controls free from any neurodegenerative
disorders, 59 (36.4%) men and 103 (63.5%) women with a mean age=73.81+5.87
were included in the study.

All individuals included in the study gave their written informed consent according to
the declaration of Helsinki. The ethical committee of clinical investigation at the
Hospital Clinic of Barcelona approved the study.

APOE genotype analysis

DNA was isolated from blood samples using the Wizard® Genomic DNA Purification
Kit (Promega, Fitchburg, Wisconsin, USA). APOE genotype was determined through
the analysis of rs429358 and rs7412 using TagMan (Applied Biosystems) genotyping
technologies.

CSF biomarkers determination

69 subjects underwent a spinal tap, during the morning. The samples were
centrifuged and stored in polypropylene tubes at —80°C within 2h. Levels of AB42,
t-tau, and p-tau were measured by experienced laboratory personnel using
commercial sandwich ELISA kits (Innogenetics, Gent, Belgium) (Antonell et al.,
2011).We are participants of the QC program and Ap42, t-tau and p-tau levels
obtained in our lab for the Alzheimer’s Association QC samples were within mean £2
SD.

MC1R molecular screening

Determination of variants within the coding region was carried out by PCR
amplification and direct sequencing using 50-100 ng of total DNA. Samples were
amplified using previously described primers (Chaudru et al., 2005). PCR conditions
were: initial denaturizing step at 95°C for 5 min, followed by 35 cycles (94°C for 1
min, 55°C for 1 min, 72°C for 3 min), and a final extension at 72°C for 10 min and
maintaining at 4°C. PCR products were purified using Multiscreen Filter plates
(Millipore) and automatically sequenced using the BigDye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems, Foster City, CA) and an ABI3100 automatic
sequencer (Applied Biosystems). Specific internal MC1R primers were designed to
analyze the entire coding sequence (TM-F: AACCTGCACTCACCCATGTA and TM-R:
TTTAAGGCCAAAGCCCTGGT). Sequences were analyzed using SeqgPilot 4.0.1
software (JSI Medical Systems). The entire coding region was sequenced in 110
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LOAD patients and in all controls. In 409 LOAD patients, the MC1R gene was
exclusively sequenced using TM-R primer. This strategy allows us to detect all
MCI1R variants except for the presence of p.D294H and p.T314T variants.

Statistical Analysis

The analysis was focused on those non-synonymous variants observed in at least
1% of cases. Synonymous variants were considered as wild-type MC1R alleles.
Public databases such as dbSNP (http://www.ncbi.nlm.nih.gov/), MelGene DB
(http://www.melgene.org/) and Ensmbl genome browser
(http://www.ensembl.org/) were used to determine whether the detected non-
synonymous variants have been previously described. In-silico analysis of each rare
non-synonymous variant was carried out using software Polyphen2
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010).

Allelic and genotypic frequencies of MC1R and APOE variants were evaluated using
SNPStats software (Sole et al., 2006). Multiple logistic regression models
(codominant, dominant, recessive, overdominant and log additive) were performed
for odds ratios (OR), 95% confidence intervals (95% CI) and P-value. Both Akaike
information criterion and Bayesian information criterion were used to choose the
model of inheritance that fit the data best (Log additive model was chosen in all the
analyses). Analyses of MC1R variants were adjusted for age, gender and APOE
genotype.

The Student t test was used to evaluate whether MC1R and APOE genotypes
modifies age of onset (AOO) within the Spanish LOAD group. In the subset of
patients with available CSF biomarker data, the putative modifying effect of MC1R
variants on these biomarkers was evaluated by the Student t test. Finally, MC1R
non-synonymous variants were classified according to reported criteria in melanoma
studies such as red hair color ‘R’ or non-red hair color ‘r’ (Raimondi et al., 2008).
MCI1R variants classified as ‘R’ were p.D84E, p.R142H, p.R151C, p.I155T, p.R160W,
p.D294H and rare frameshift or stop codon. All other non-synonymous MCI1R
variants were classified as ‘r’. All ‘R’ and 'r’ variants were grouped in two categorical
variables. The risk to develop LOAD by number or type of MC1R variants (R or r)
was evaluated by Pearson’s x2 using IBM SPSS Statistics 18 (IBM, Armonk, NY,
U.S.A.). All tests were two sided and p-values of less than 0.05 were accepted as
statistically significant.

Results

MC1R genotyping was carried out in 519 LOAD patients and in 162 control subjects.
Non significant difference in the gender distribution was detected between patients
and controls (p= 0.096). Overall, 45.7% (237/519) of LOAD patients and 53.1%
(86/162) of controls did not present MC1R variants. The frequency of one non-
synonymous MCI1R variant was 46.1% (239/519) in cases and 39.5% (64/162) in
controls. Two non-synonymous MC1R variants were detected in 8.3% (43/519) of
cases and 7.4% (12/162) of controls and no individual included in the study carried
more than 2 non-synonymous MC1R variants.

The study identified 22 MC1R variants (four synonymous and 18 non-synonymous)
Three rare variants (p.V156E, p.V174E and p.L309L) had not been previously
identified (Table 1). Five recurrent non-synonymous variants showed a frequency
21% in LOAD patients: p.V60L (16%), p.V92M (7%), p.R151C (3%), p.R160W
(2%) and p.R163Q (2%). All variants were in Hardy-Weinberg equilibrium within
both the control population and LOAD patients (allelic and genotypic frequencies are
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listed in Table 2). The p.D294H variant was excluded from the analyses because it
was only assessed in 110 LOAD patients. Although this is a limitation in our study, a
non significant difference in the frequency of variant D294H was observed between
110 LOAD patients (minor allele frequency was 3%) and 162 controls (minor allele
frequency was 2%)

The APOE genotype was obtained for all cases and controls. The frequency of
heterozygous APOE ¢4 carriers was 41% (213/519) in LOAD patients and 20%
(32/162) in controls. The APOE e4/¢4 genotype was only detected in 5% (24/519) of
LOAD patients. The carriers of at least one APOE ¢4 allele had a higher than three-
fold increased risk of developing LOAD (OR: 3.37, 95% CI: 2.22-5.12, P <0.0001)

We evaluated the 5 most common MCI1R variants detected in the study with the risk
of developing LOAD (Table 2). We detected that variant p.V92M was significantly
associated with an increased risk of developing LOAD (OR: 1.97, 95% CI: 1.09-
3.58, P= 0.018). The analysis focused on the number or type (R or r) of MC1R
variants did not detect any association with LOAD risk (data not shown). Thus, the
risk of developing LOAD was associated to a concrete MC1R variant rather than a
number or type of variant (data not shown).

We re-evaluated the association between p.V92M MCI1R variant and LOAD risk
within the subset of 69 patients with typical AD CSF profile (Table 3) and we found it
remained statistically significant and, we even evidenced a higher OR (OR: 3.12
95% CI: 1.32-7.38, P= 0.01). We did not detect statistically significant differences
in the different CSF biomarkers levels between p.V92M carriers and non carriers
(data not shown).

In order to identify whether the p.V92M association with LOAD risk was modulated
by the presence of APOE ¢4 allele, we evaluated the interaction between both alleles
within a complete set of LOAD patients (Table 4). The frequency of variant p.V92M
in the MC1R gene was lower in carriers of at least one APOE ¢4 allele compared to
non-carriers (11.0% and 16.7%, respectively). Although this result did not reach a
statistically significant value (p= 0.063), it suggests an inverse correlation between
both alleles.

Finally, we observed a significantly lower AOO associated with APOE ¢4 allele (P=
<0.0001), in contrast, no significant effect on AOO was observed for p.V92M MC1R
variant (Table 5).

Discussion

Late onset Alzheimer disease (LOAD) form accounts for more than 90% of AD cases
(Bosco et al., 2013). To date, the APOE gene is the major genetic factor in LOAD
susceptibility (Li and Grupe, 2007) while other genetic factors related with LOAD
susceptibility remain largely unknown. Thus, identification of novel genetic factors
may be crucial to detect individuals with an inherited AD risk.

In this study, we report a novel association between the p.V92M variant in the MC1R
gene and the risk of developing LOAD. This gene is highly polymorphic, and the
p.V92M and other variants are common in the Caucasian population. During the last
few years, several genome-wide association studies (GWAS) has been conducted to
identify common LOAD risk variants (Harold et al., 2009, Lambert et al., 2009,
Seshadri et al., 2010, Hollingworth et al., 2011, Naj et al., 2011, Lambert et al.,
2013) and none of these studies reported an association between MC1R and the
disease. This could be caused by methodological issues (coverage level of MC1R in
SNP-array platforms or statistical conservative correction procedures) or by the
molecular or clinical heterogeneity of patients included. Interestingly, we observed
an inverse tendency between the APOE genotype and p.V92M suggesting that the
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presence of the MC1R variant could contribute to AD susceptibility especially in
those patients whose genetic risk could be not attributable to the APOE genotype.
Further studies restricted to the MC1R variants and APOE alleles should be
conducted using previous GWAS data to elucidate such an inverse correlation.

CSF studies measuring AB1-42 and tau protein levels in AD patients with confirmed
pathology have demonstrated that abnormal levels of both biomarkers constitute a
specific signature of the underlying AD-pathology (senile plaques and neurofibrillary
tangles respectively). Furthermore, multiple studies have shown that CSF AD
biomarkers have an acceptable diagnostic sensitivity and specificity (Molinuevo et
al., 2013). Thus, we included a subset of patients with typical CSF AD biomarkers,
demonstrating evidence of AD pathophysiological process and increased probability
of AD etiology as a cause of symptomatology of the patient according to NIA-AA
criteria (McKhann et al., 2011). This fact is relevant, because different studies have
demonstrated neuropathological changes sometimes do not correlate with clinical
diagnosis (Balasa et al., 2011). Therefore, the role of the p.V92M MCI1R variant in
the AD risk was re-analyzed in these well characterized AD patients. Notably, in
spite of the sample size reduction, the association remains statistically significant
and the LOAD risk in p.V92M carriers increased more than three fold. Thereby, the
risk of p.V92M is more evident within more accurately diagnosed AD patients,
reaching a magnitude similar to that reported for the APOE ¢4 allele or the p.R47H
mutation in TREM2 gene (Benitez et al., 2013, Ruiz et al., 2013).

In this study, decreasing of age of onset was restricted to the APOE €4 allele. Thus,
the pV92M variant should be considered as those prior variants that increase the
risk of developing AD but do not modulate AOO (Thambisetty et al., 2013).

The MC1R gene encodes a membrane receptor which is expressed in neurons of the
periaqueductal gray matter, astrocytes and schwann cells activated by melanocortin
peptides (Garcia-Borron et al., 2005, Catania, 2008). This receptor may have an
important role in the anti-inflammatory brain response (Catania, 2008) and in
female specific mediation mechanisms of analgesia (Liem et al., 2005). MC1R is also
expressed in melanocytes, a cell type with a common embryonic origin with brain
cells (Christiansen et al., 2000), which determine hair and skin colour (Valverde et
al., 1995) and certain variants increase the risk for skin cancer (melanoma and non
melanoma skin cancer) (Bastiaens et al., 2001, Raimondi et al., 2008). Functional
studies of MC1R variants conducted in melanocytes, reveal that certain variants
reduce cell surface protein expression and diminished capacity to stimulate cAMP,
resulting in red hair color phenotype (Dessinioti et al., 2011). Interestingly, a MC1R
variant related to red hair color phenotype modulates the risk to develop Parkinson
diseases (PD) in North American (Gao et al., 2009). These findings explain in part,
the previously epidemiological evidence describing a bidirectional link between PD
and cutaneous melanoma (CM) (Liu et al., 2011). In contrast to PD, an increased
incidence of CM among AD patients and overrepresentation of individuals with
natural red hair within AD patients compared to control population has not been
reported. It can be explained because the p.V92M variant does not confer a risk to
develop CM (Raimondi et al., 2008) and by the fact that variant p.V92M promotes a
decrease in the affinity of the receptor for its ligand a-MSH but showed normal cell
surface expression and normal capacity to stimulate cAMP consequently, it does not
impact on the phenotype (Garcia-Borron et al., 2005, Dessinioti et al., 2011).
Notably, a functional deficiency of a-MSH in the brain cells of LOAD patients had
been previously reported, suggesting that a-MSH may be critical in the development
of LOAD (Anderson et al.,1986) (Rainero et al., 1988).

To date, functional evaluation of MC1R variants in other cell types such as the
nervous system cells is limited. However, there is evidence that certain variants
may also impact on physiological conditions beyond skin and hair pigmentationn,
such as risk of depression disorders (Wu et al., 2011), pain response (Liem et al.,
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2005) and anesthetic requirement (Liem et al., 2004). Interestingly, a case-control
study indicates that variant p.V92M is associated with the response of desipramine
treatment in depression disorder (Wu et al., 2011).

In conclusion, the present study provides evidence that p.vV92M MCI1R variant
increases the risk to develop LOAD. Although, the molecular mechanisms
underlying the increased risk of LOAD associated to p.V92M variant are not known,
this variant may have biological relevance through non-pigmentation pathways
involved in inflammatory or immunomodulatory processes. Further functional
studies in brain cells are needed to elucidate the role of this receptor through the
different MC1R pathways.

Furthermore, the study highlights the importance of the MC1R gene in
neurodegenerative disorders beyond its role in skin cancer susceptibility.
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ABSTRACT

The study of specific chromosomal loci through fluorescence in situ hybridization (FISH)
has proven useful in the differential diagnosis of melanocytic tumours. However, different
sensitivity rates have been reached probably due to the molecular heterogeneity of
melanomas. Acral lentiginous melanomas are characterized as showing copy number
gains of small genomic regions, such as CCND1, TERT and AURKA genes. In a series of
58 acral melanocytic lesions we explored the value of the four-colour FISH probe, together
with MYC, and assessed the potential diagnostic usefulness of newly developed probes
targeting TERT and AURKA. Moreover we tested the CCND1, TERT and AURKA protein
expression by immunohistochemistry. The four-colour FISH probe detected 85.3% of
melanomas while TERT and AURKA copy number gains, 29.4%. When combining the
results of all probes, a sensitivity of 97% (Cl, 82.9% to 99.8%) was found. No MYC copy
number gains were detected. No nevi showed aberrations. Immunohistochemistry showed
a higher percentage of CCND1, TERT and AURKA positive cells in melanomas, compared
to nevi (P<0.001). A significant correlation between gene copy number gain and protein
expression was found for CCND1 (P=0.015). Our results indicate that the addition of
specific FISH probes to the current probe could improve its sensitivity for the diagnosis of
acral melanomas. Further studies are needed in a larger number of cases to validate

these results.
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Introduction

The histopathological evaluation is still the gold standard in differentiating benign from
malignant melanocytic lesions. However, its subjectivity and limitations are widely
accepted, as a number of cases cannot be easily classified as benign or malignant based
only on histopathological evaluation.[178] In recent years investigations on melanocytic
tumors have been focused on identifying gene alterations that could help to differentiate
benign from malignant melanocytic tumors. Comparative genomic hybridization (CGH)
studies have demonstrated that benign and malignant melanocytic tumors differ
dramatically in the presence of numerous chromosomal aberrations.[179] Based on these
results, a commercially available four-colour fluorescence in situ hybridization (FISH)
probe targeting 6p25 (RREB1), 6923 (MYB), 11913 (CCND1) and centromere 6 (CEP6)
was recently developed to assist in differentiating several problematic melanocytic
lesions.[180] This FISH probe has been tested in a variety of clinicopathological settings
and has proven useful in increasing sensitivity and specificity in the differential diagnosis
between benign nevi and melanomas. However, different results have been found, mainly
depending on the melanocytic lesion subtype.[181-185] In fact, there is increasing
evidence that melanomas are heterogeneous at the molecular level and specific tumour
subtypes may harbor distinct genomic alterations.[97] In this sense, a broader set
incorporating 8924 (MYC) and 9p21 (CDKN2A) probes has been recently proposed to
enhance the detection of melanomas, including the spitzoid types.[186]

Acral lentiginous melanoma (ALM), one of the four major histopathological melanoma
subtypes recognized by the current WHO classification,[187] has distinctive
clinicopathological and molecular characteristics. It frequently harbours multiple and
distinctive chromosomal aberrations, mainly gene copy number gains of small genomic
regions such as CCND1, TERT and AURKA genes.[97, 103, 179, 188-190] lis low
incidence in Caucasians might render difficult its deeply clinicopathological and molecular
characterization. In fact, few cases of ALMs and acral nevi (AN) have been studied with
the new multiprobe FISH set to date.[183, 186, 191, 192] Furthermore, from the daily
practice standpoint, acral pigmented lesions may display site-related atypical features,
which can represent potential pitfalls in differentiating benign from malignant tumors.[193]

TERT, at 5p15.33, encodes for the catalytic subunit of telomerase reverse transcriptase
which stabilizes telomeric length. Its up-regulation enhances cellular proliferation and
plays a critical role in oncogenesis.[194] AURKA, at 20q13, encodes for aurora kinase A, a

cell cycle-regulated kinase which is mainly involved in centrosome function and spindle
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assembly during chromosome segregation. Therefore, its disregulation leads to genetic
instability and aneuploidy.[195]

In this study we include a series of 58 acral melanocytic lesions, comprising both benign
and malignant tumors, and we explore the usefulness of the currently available four-colour
FISH probe, together with MYC gene status, for differential diagnosis purposes.
Furthermore, we evaluate the utility of additional FISH probes targeting TERT and AURKA
genes to enhance the detection of ALM. Moreover we test CCND1, TERT and AURKA

protein expression by immunohistochemistry.
Materials and Methods

A total of 58 formalin-fixed paraffin-embedded samples of acral melanocytic tumors was
collected from 2002 to 2008 from the archives of the Pathology Department at the Hospital
Clinic of Barcelona. They included 34 invasive acral lentiginous melanomas (ALM) and 24
acral nevi (AN). Unequivocal diagnosis of ALM or AN was confirmed blindly by two
dermatopathologists (A.D., L.A.). All patients were seen and followed up in the Melanoma
Unit, Department of Dermatology, of the same hospital and clinical data were retrieved
from the review of the clinical files. The study was approved by the Institutional Ethics
Review Board and written informed consent was obtained from each participant in

accordance with the Declaration of Helsinki.
Elaboration of FISH probes targeting TERT and AURKA

Non-commercial probes targeting telomerase reverse transcriptase (TERT) at 5p15.33
and aurora kinase A (AURKA) at 2013 were elaborated using bacterial artificial
chromosomes (BAC). BAC clones were obtained from the Children's Hospital Oakland
Research Institute collection and selected using the genome browser from Centre de
Regulaci6 Genomica, Barcelona, Spain (http://davinci.crg.es/cgi-gbrowse/gbrowse/hg18/,
registration is required; date of last accession: 24/05/2012). Then DNA was labeled using
a nick translation kit (Abbott Molecular) with Spectrum Green or Red (Abbott Molecular).
For AURKA, a centromeric probe was added (CEP20, labelled with Spectrum Orange,
Abbott Molecular). For TERT, another BAC-probe located on 5q15 (MCTP1) was
developed to be used as chromosome control. Table 1 shows the selected BACs, the
gene locus and the labeling-spectrum. Finally, all probes were hybridized to normal
metaphase chromosomes in order to verify their location and to normal skin controls

obtaining the normal pattern of hybridization (2 signals on average for each probe).
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FISH analysis

All cases were analyzed with the commercially available four-colour probe set targeting
the ras responsive element binding protein 1 (RREB1) on 6p25, V-myb myeloblastosis
viral oncogene homolog (MYB) on 6923, cyclin D1 (CCND1) on 11g13 and the
chromosome 6 centromeric region (Abbott Molecular, Des Plaines, IL, USA). Additionally,
cases were hybridized with the commercially available probes LSI Cyclin D1/CEP 11
(Vysis; Abbott Molecular, Des Plaines, IL) and MYC/CEN-8 FISH Probe Mix (Dako; Agilent
Technologies, Santa Clara, CA, USA), which contain both fluorescently labeled gene and
centromere probes, and with the non-commercial probes targeting TERT and AURKA.
From each FFPE sample block, 4 ym thick sections were mounted onto positively charged
slides (SuperFrost Plus, ThermoShandon, Pittsburgh, PA) and they were deparaffinized
and dehydrated. After that, pre-treatment and pepsin digestion (3 min) were carried out
followed by dehydration in 70%, 85%, and 96 % ethanol for 2 minutes each. The slides
were then incubated in a hybridizer (Hybridizer S2450, Dako, Denmark) for denaturation at
90°C for 5 minutes and hybridization at 37°C for approximately 18 hours. Sections were
placed in washing buffer at room temperature for 2-10 min to remove the coverslips and
then immersed in 65-C stringency buffer for 10 min, dehydrated, dried and counterstained
with DAPI.

Enumeration of FISH signals

FISH evaluation was carried out using an epifluorescence microscope (Nikon Eclipse 50i,
Nikon instruments Inc, Melville, NY) equipped with appropriate single band-pass filter sets
(Abbott Molecular). First of all, each case was examined at low-power magnification to
select those areas with abnormal copy number. Then at least 20 adjacent nuclei from
three different areas were enumerated (total of 60 cells) under high-power magnification
(400x). Overlapping nuclei as well as nuclei with less than two signals were not listed.
Moreover, cases in which less than 60 nuclei could be evaluated or in which nuclei did not
show signals for all probes were excluded. For the multicolour commercial probe set, a
case was considered as having a positive FISH result if any of the following criteria were
met: (a) gain in 6p25 (RREB1) relative to CEP6 in >55% of cells or (b) gain in 6p25
(RREB1) in >29%, (c) gain in 11913 (CCND1) in >38% and (d) loss in 6923 (MYB) relative
to CEP6 in >40%, according to the previously determined cut-offs. For the MYC/CEN-8
probe a case was considered positive if = 50% of the enumerated melanoma cells
harboured copy number gains of MYC, as previously described.[196] For the LSI Cyclin
D1/CEP 11 and the non-commercial probes, a tumor was considered positive (with copy
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number gains) if the ratio between gene copy number and centromere copy number was =
1.5. A ratio above 2 was considered amplification, as previously defined. [197] In 19 ALMs

the in situ component was also evaluated.
Immunohistochemistry

All cases were stained for CCND1 (clone SP4, dilution 1:100, Abcam, Cambridge, UK),
TERT (clone Y182, dilution 1:100, Abcam) and AURKA (dilution 1:300, Abcam) with the
automated system Bond Max (Leica Microsystems, Wetzlar, Germany), using the Bond
Polymer Refine Red Detection system (Leica Microsystems). Appropriate positive and
negative controls were used for each antibody.

The percentage of positive cells was recorded semiquantitatively in each case for
cytoplasmic (TERT and AURKA) or nuclear (CCND1, TERT and AURKA) staining.

Statistical analysis

All statistical analyses were performed using PAS W Statistics 18 (SPAA Inc., Chicago,
IL). Associations between variables were performed with use of the exact Fisher test.
Quantitative data were compared between both groups using either a Student’s t-test (for
variables with a normal distribution) or a Mann-Whitney U test (for variables without a
normal distribution). Pearson correlations were performed on quantitative data. To
determine the specificity and sensitivity of FISH, histopathology was considered the gold
standard and the 95% confidence intervals (Cls) of sensitivity and specificity were
calculated with the VassarStats Clinical Calculator 1 (http://www.vassarstats.net/clin1.html;
date of last accession: 23/10/2013), which uses the Wilson score method. The results
were considered statistically significant at a P value of 0.05 or less (2-sided).

Results
Clinicopathological features of patients

The main characteristics of patients with ALMs are presented in Table 2. Seventeen
patients were men and 17 were women (male-to-female ratio 1:1), with a median age of
67 years (range 39-91). In 30 patients (88.2%) the tumor occurred on the feet while in 4
(11.8%) it arose on the hands. The median Breslow thickness was 3.8 mm (range 0.40-12
mm). The Clark level was Il in 2 lesions (5.9%), lll in 4 (11.8%), IV in 19 (565.9%) and V in
9 (26.5%). Ulceration was present in 18 cases (52.9%) and the median mitotic count was
4 mitoses per mm2 (range 0-18).
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In AN, 10 patients were men and 14 were women (male-to-female ratio 1:1.4), with a
median age of 37 years (range 16-64). Twenty-two of the lesions (91%) occurred on the

feet and histologically they were mostly compound (21 of 24, 87.5%).
FISH results

FISH data for ALMs are summarized in Table 3. Overall, 29 out of 34 ALMs had a positive
result when evaluated using the commercial FISH multiprobe set, resulting in a sensitivity
of 85.3% (95% ClI, 68.2% to 94.4%). The RREB1 gain criteria was the most sensitive,
observed in 25 out of 34 cases (73.5%). Twenty out of 34 (58.8%) met the RREB1/CEP6
gain criteria, 14 out of 34 (41.2%) met the MYB/CEP®6 loss criteria (Figure 1) and 8 out of
34 (23.5%) met the CCND1 gain criteria. CCND1 gains were confirmed in all cases with
the commercial probe LS| Cyclin D1/CEP 11, which showed that all of them were gene
amplifications [CCND1/CEP11 ratio: median 4.16 (range 2.18-5.10)]. When using the
non-commercial probes, 10 of 34 tumors (29.4%) gave positive results. TERT copy
number gains were present in 8 cases (23.5%), and in 6 of these cases there were gene
amplifications, with an average ratio above 2 (Figure 1). AURKA copy number gains were
seen in 2 cases (5.9%). CCND1, TERT and AURKA gains were mutually exclusive. No
MYC copy number gains were detected in any case. When combining the results of all
probes, FISH had a positive result in 33 out of 34 ALMs, resulting in an overall sensitivity
of 97% (95% ClI, 82.9% to 99.8%).

We also evaluated the presence of gene copy number alterations in the in situ component
of ALMs, which could be assessed confidently in 19 of the 34 cases. In all of them we
could find RREB1, TERT and CCND1 gene copy number gains in the in situ portion, at
similar levels to those in the invasive one (Figure 2). In addition, in 5 cases, CCND1 and
TERT gene copy number gains were also visualized in scattered cells on the basal layer of

histologically normal-appearing skin beyond the in situ component.

None of the 24 AN showed any significant copy number changes in any of the targeted
genes (Figure 3), resulting in an overall specificity of 100% (95% CI, 82.8% to 100%).

Correlation of FISH results with clinicopathological features

The clinicopathological characteristics of patients with melanomas harbouring CCND1,
TERT and AURKA copy number gains were compared and no differences between these
groups were found. In addition, no histological differences were found when comparing

tumor thickness, ulceration, mitotic rate, tumor cell type, amount of pigmentation or
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presence of tumor-infiltrating lymphocytes of melanomas belonging to the different

groups.
Immunohistochemistry results and correlation with FISH

Immunohistochemical data are summarized in Table 4. ALMs showed a significantly
higher percentage of nuclear CCND1, TERT and AURKA positive cells, compared to AN.
Moreover, AN presented a decreasing CCND1 immunopositivity in deep portions of the
tumor, while ALMs showed a more homogeneous distribution of positive cells. TERT and
AURKA nuclear immunoreactivity did not show any particular distribution pattern. All
lesions (both ALM and AN) showed TERT and AURKA cytoplasmic positivity in nearly
100% of cells.

ALMs harbouring CCND1 gains showed a significantly higher percentage of CCND1
positive cells by immunohistochemistry, when compared to those ALMs without CCND1
gain, with a median of 75% (range 50-95) and 45% (range 30-80), respectively (P=0.002)
(Figure 4). Moreover, in ALMs with CCND1 gains, a positive significant correlation was
found between the percentage of nuclear positive cells and the average number of
CCND1 signals (p=0.90, P=0.015). No correlation was found concerning TERT or AURKA

gene copy number gains with their respective protein expression.
Discussion

ALMs are characterized as presenting frequent gene copy number gains, and we have
detected 2 genes related to oncogenesis that can show an increased copy number in
ALMs: TERT and AURKA. In this study we have confirmed that these genes do not show
copy number gains in any benign AN, thus both are promising genes that can help in
differentiating malignant from benign acral melanocytic tumors. Moreover we have tested
for the first time the commercially developed FISH assay in a series of 58 acral
melanocytic lesions, including both benign and malignant counterparts, as only few acral
melanocytic lesions had been included in previously published studies.[183, 186, 191,
192] This FISH assay was able to identify 29 out of 34 ALMs, while all AN were negative.
These results correlate to a sensitivity of 85.3% (Cl, 68.2% to 94.4%) and a specificity of
100% (ClI, 82.8% to 100%), similar rates to those reached in previous studies. However,
variable sensitivity rates have been found using this FISH probe, ranging from 40 to 100%,
mainly depending on the melanoma subtypes.[181-185] When we added the TERT and
AURKA gene exploration in our series, four ALMs with negative results using the

commercial multi-color probe set showed amplifications. This result increased the
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sensitivity in differentiating ALM from AN to 97% (ClI, 82.9% to 99.8%), and maintained the
specificity of 100% (CI, 82.8% to 100%) as no nevi showed any alterations. Interestingly,
in our series, CCND1, TERT and AURKA gene copy number gains were mutually
exclusive. However, in a previous study,[189] 11913 and 5p15 amplifications were
concurrently detected in the invasive portion of few ALMs. The 6p25 (RREB1) gain
criterion was the most frequent gene alteration in our series of ALM, and it was detected in
73.5% of cases, in agreement with previously published studies on non-acral melanomas.
The second most frequent gene alteration was 6923 (MYB) loss, which we detected in
41.2% of cases. This result reinforces the concept that the presence of a chromosome 6
imbalance is a very common event in the vast majority of melanomas,[183] including
ALMs. CCND1 and TERT copy number gains were both detected in an equal percentage
of cases, 23.5%, and AURKA copy number gains were found in 5.8% of cases. The 11q13
region amplification was first detected by CGH, and considered a common and distinct
event in ALM.[188] This fact was subsequently supported by other studies although the
frequency of CCND1 gene amplification in ALMs has been found to be variable, ranging
from 23 to 44%,[101, 198, 199] in accordance with our results. This amplification rates
variability could be accounted for by the different techniques and cut-offs used in its
assessment. In the previous study by Puig-Butille et al, using MLPA methodology on
frozen samples, a higher proportion of ALM cases with increased CCND1, TERT and
AURKA gene copy number was found. This discrepancy with our results, based on FISH
methology on formalin-fixed paraffin-embedded tissue, could be accounted for by the fact
that different techniques have been used, with different cut-offs and types of samples.
Moreover, there exists a major limitation concerning the low number of cases studied.
Wang et al have recently shown that array-based comparative genomic hybridization has
a higher sensitivity than FISH to detect malignant melanomas, but a good correlation
between both techniques has been found. Moreover, they suggest that the exploration of
additional genes along with the commercial four-colour FISH probe enhances the
detection of melanoma,[200] in accordance with our findings. MYC, a gene located at
8924, has been found to show copy number gains in a subset of melanomas with
distinctive clinicopathological features.[196] lts detection has been recently added to
improve the differential diagnosis between malignant melanoma and nevi.[186] However
we did not detect an increase in MYC copy number in any ALM, in agreement with a
previous study in which a large number of melanomas from different anatomic sites,
including 23 ALMs, were studied by FISH.[198]
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In most cancers, including melanoma, gene amplifications have been linked to tumor
progression since they occur frequently at the later stages.[201] In contrast, and in
agreement with previous studies,[188, 202] we have detected gene copy number gains,
mainly amplifications, in ALMs in both the invasive and the in situ components at similar
levels. This suggests that gene amplifications might arise very early on during
tumorigenesis in this melanoma subset. Furthermore, we have also identified CCND1 and
TERT gene copy number gains in isolated cells lying on histologically normal-appearing
skin, far from the invasive and in situ portions. This particular finding has already been
described for some genes including CCND1 and TERT in ALMs, and these cells have
been referred to as “field cells”. It has been suggested that these “field cells” arise even
before the phase of melanoma in situ, representing clonally related melanocytes in the
seemingly non-lesional epidermis and that they could explain local recurrences that take
place even after an apparently complete melanoma excision.[188, 189] This finding
confers a distinctive biological behaviour on ALMs. CCND1 is a proto-oncogene encoding
cyclin D1, which plays an important role in the progression from the G1 to S phase and
cell proliferation. Its amplification might alter cell cycle progression thus contributing to
tumorigenesis.[203] TERT encodes for the catalytic subunit of telomerase reverse
transcriptase, which stabilizes telomeric length that is essential for cellular proliferation.
Increased telomerase activity has been reported in a majority of human tumors suggesting
that telomeric stability maintenance plays a critical role in oncogenesis.[194] The existence
of amplifications of these two genes in the earlier stages of ALMs would represent severe
genomic instability thus clearly contributing to ALM oncogenesis.

In this study, a significant correlation between gene copy number gains and protein
overexpression was only found for CCND1. However, half of the ALMs without CCND1
gene copy number gains also showed protein overexpression. Actually, protein
overexpression of cyclins is not always caused by gene amplification, as other
mechanisms could be involved in its post-transcriptional regulation, such as translocations
[204] or mutations in upstream genes of the mitogen-activated protein kinase pathway.[97]
Additionally, CCND1 expression was significantly lower in nevi than in melanomas.
CCND1 expression in melanocytic tumors has given controversial results in previously
published studies. Some studies have shown no differences in its expression between
benign and malignant lesions, whereas others have demonstrated clear CCND1
overexpression in melanomas.[182, 205, 206] Interestingly, we have also found a different
CCND1 expression pattern between nevi and melanomas. Nevi showed a clear zonal

TESIS DOCTORAL JOAN ANTON PUIG BUTILLE. UNIVERSITAT DE BARCELONA 2014 152



pattern, with a higher proportion of immunopositive cells near the dermal-epidermal
junction, in accordance with previous studies[206, 207] whereas melanomas showed a
homogeneous pattern of immunostaining. We have also observed a significantly higher
expression of nuclear TERT and AURKA in melanomas compared to nevi. However their
expression was very low in both groups and some nevi showed higher expression than

some melanomas, which limits their usefulness for differential diagnosis purposes.

In conclusion, we have shown that the addition of FISH probes including TERT and
AURKA genes to the commercial four-color probe set could improve sensitivity for the
diagnosis of ALM, while maintaining 100% specificity. Future efforts should be focused on
validating these results by the analysis of larger series, including histopathologically

ambiguous lesions.
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TABLES

Table 1. Elaborated FISH-probes from bacterial artificial chromosomes (BACs) and colour

fluorochromes (spectrum) used to visualize the specific gene.

Gene Locus BAC Spectrum
TERT 5p15.33 RP11-117B23 Green
MCTP1* 5q15 RP11-73K22 Red
AURKA 20q13 RP11-158017 Green

BAC, bacterial artificial chromosome

"The gene MCTP1, located on 5q15, was used as chromosome 5 number control instead of a

centromeric probe.
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Table 2 Main clinicopathological features of patients with acral-lentiginous melanomas.

Case Breslow
4 Age Sex Site Clark level | thickness
(mm)

1 61 M Sole \ 12

2 76 F Sole v 5

3 49 F Sole Vv 6

4 89 F Heel v 3.2

5 67 M Ring finger | Il 0.7

6 68 F Sole v 0.9

7 82 F Sole v 6

8 58 M Sole Vv 4.5

9 87 F Heel \ 10

10 51 F Sole \Y 4.6

11 58 M Palm \ 8

12 54 M Sole \ 12

13 67 M Heel \" 6.5

14 91 F Heel Y 2

15 71 F Palm v 1.4

16 83 M Sole Il 0.9

17 58 M Index A% 1
finger

18 74 M Great toe I 0.4

19 63 M Sole I 1

20 78 F Heel v 3
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21 74 F Heel 1 1
22 77 M Sole v 4
23 78 F Sole v 3
24 39 M Sole v 2
25 40 M Sole \ 2
26 61 M Great toe 1] 0.5
27 75 F Heel v 5
28 60 M Sole v 2
29 73 M Sole v 3.3
30 90 F Sole v 5
31 66 F Sole v 1.2
32 45 M Heel v 5
33 58 F Heel v 3.5
34 83 F Sole A% 2.8

M, male; F, female.
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Table 3 FISH results of acral-lentiginous melanomas.

Case % cells with % cells with | % cells with | % cells with TERTIMC AURKAICEP2
# RREB1 gain RREBIICE CONDT MYBICEPG TP1 ratio 0 ratio
P6 gain gain loss

1 76 70 20 26 1.02 1.66
2 93 83 93 10 0.96 0.93
3 46 53 16 20 1.61 1.02
4 10 10 13 70 0.98 1.07
5 20 30 16 10 2.58 1.18
6 66 60 10 3 1.03 0.96
7 80 60 53 43 1.16 1.23
8 60 40 3 43 1.02 0.96
9 36 33 80 70 0.96 1.09
10 86 66 10 56 1.01 1.00
11 16 10 10 50 4.50 1.07
12 46 56 13 26 4.81 1.06
13 93 83 100 83 1.24 1.13
14 80 53 3 50 1.02 0.95
15 90 56 6 56 1.18 1.06
16 10 16 10 16 3.10 0.98
17 70 50 3 20 0.96 1.10
18 16 16 13 20 1.00 0.91
19 70 76 93 66 0.94 1.02
20 80 80 26 16 1.03 1.00
21 80 76 3 6 1.02 1.03
22 70 60 20 30 1.88 1.00
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23 10 6 20 50 1.00 1.33
24 66 60 13 16 0.91 0.98
25 16 10 0 16 4.16 1.00
26 80 76 90 60 1.23 1.02
27 96 90 96 10 0.98 1.18
28 90 90 13 10 1.02 1.33
29 70 50 16 13 0.91 0.98
30 16 16 6 10 0.98 2.24
31 53 73 3 10 1.13 0.98
32 66 66 20 26 2.49 1.05
33 10 10 13 60 1.08 0.93
34 93 90 100 46 0.93 0.93

Bold lettering if met criteria

Table 4 Immunohistochemical results of acral-lentiginous melanomas (ALM) and acral

nevi (AN)
% of nuclear positive cells
mean (range) P
ALM AN
CCNDf1 57.35 (30-95) 19.58 (5-40) <0.001*
TERT 4.24 (0-20) 0.92 (0-10) <0.001"
AURKA 2.65 (0-15) 0.50 (0-5) 0.001*

ALM, acral-lentiginous melanoma; AN, acral nevi.
* U Mann-Whitney

T Student T-test
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FIGURE LEGENDS

Figure 1 Examples of two acral lentiginous melanomas (ALMs) showing different gene
alterations by fluorescence in situ hybridization (FISH) (cases 4 and 25, respectively). (A)
Low-power magnification showing a large non-pigmented melanocytic tumor arising on
acral skin, with marked associated acanthosis and elongated rete ridges [hematoxylin and
eosin (HE), X40]. (B) The same lesion at a higher magnification. Melanocytes in the
dermis are predominantly epithelioid and show moderate atypia. A lentiginous proliferation
of malignant melanocytes in the dermal-epidermal junction is also evident (HE, X200). (C)
FISH picture of the same case showing MYB loss (gold signal) in relation to CEP6 (aqua
signal) with the commercial multicolour probe set (X1000). (D) Ulcerated ALM arising in
the sole of a 40-year-old man, with moderate pigmentation (HE, X40). (E) Higher power
magnification shows nests of malignant melanocytes with marked pleomorphism. (HE,
X2000). (F) FISH image of the same case showing TERT amplification (green signal) in
relation to the control gene MCTP1 (red signal) (X1000).

Figure 2 Two examples of acral lentiginous melanomas (ALMs) in which chromosoral
aberrations were also detected in the in situ portion by fluorescence in situ hybridization
(FISH). (A) ALM arising in the palm of a 58 year-old man, which shows a marked
lentiginous proliferation pattern at the dermal-epidermal junction [hematoxylin and eosin
(HE), X40]. (B) High-power magnification highlighting the typical lentiginous proliferation of
atypical melanocytes at the border of the tumor (HE, X200). (C) FISH picture of the same
case in which large nuclei at the dermal-epidermal junction showing TERT amplification
(green signal) in relation to the control gene MCTP1 (red signal) can be identified (X1000).
(D) Histological section of another ALM showing marked epidermal acantosis (HE, X40)
and (E) a continuous proliferation of atypical melanocytes adopting a lentiginous pattern
(HE, X200). (F) This case showed amplification of CCND1 (green signal) in the invasive
portion, which was also detected in scattered large nuclei at the dermo-epidermal junction
(X1000).

Figure 3 Example of an acral nevus. (A) Low power magnification showing a non-atypical
melanocytic proliferation, with evident maturation (hematoxylin and eosin, X40). (B)
Fluorescense in situ hybridization image of the same case hybridized with the commercial
multicolour probe set illustrating a normal chromosomal profile (X1000).
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Figure 4 A representative case of an (A) acral lentiginous melanoma [hematoxylin and
eosin (HE), X200]. showing (B) CCND1 protein overexpression by immunohistochemistry
(Cyclin D1, X2000) and (C) CCND1 gene (green signals) amplification by fluorescence in
situ hybridization (X1000)
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ANEXO V. FIGURAS COMPLEMENTARIAS TRABAJO IV

1. Analisis de Componentes Principales (CPA)

Fig.1A Fig.1B Fig.1C
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Figura 1. Gréficas del CPA de los datos normalizados: Cada individuo est4 codificado con un valor numérico,
las muestras estadn dentificadas como lesidn no tratada (tiempo inicial) con la letra “C” y como lesion después del
tratamiento (tiempo final) con la letra “F. Figura 1A: Imagen del CPA incluyendo todos los individuos; Figura 1B:
Imagen del CPA excluyendo los individuos afectos con el Sindrome Xeroderma Pigmentosum. En la figura 1Ay 1B se
indican en rojo las muestras a tiempo inicial y en azul las muestras a tiempo final. Figura 1C: Imagen del CPA
comparando las muestras a tiempo final de todos los individuos , en base a la respuesta al tratamiento (muestras
con una buena respuesta marcadas en rojo y muestras con una respuesta parcial marcadas en azul).

Se realizd el andlisis de componentes principales para evaluar las causas de la
variabilidad del conjunto de valores de expresion normalizados. El CPA no muestra una
agrupacion definida de las lesiones en base al tratamiento (muestras pre-tratadas vs
muestras después del tratamiento, figura 1A y 1B), por lo que la muestras tienden a
agruparse en mayor medida por el hecho de proceder del mismo paciente (factor
“individuo” ), que por ser muestras tratadas o no con el compuesto con fotoliasa (factor
“tratamiento”).

Por el contrario, si que se identifica una agrupacién de las muestras a tiempo final en
base a la respuesta al tratamiento (el factor “respuesta al tratamiento” es mayor que el

factor “individuo”)

2. Expresion del gen CPI-17

En base a las diferencias de respuesta al tratamiento con fotoliasa entre los pacientes
incluidos en el estudio, se evalud la expresiéon del gen CPI-17 entre las lesiones antes

del tratamiento y las mismas después del tratamiento.

De forma interesante, los pacientes con una respuesta completa al tratamiento,
presentan unos niveles superiores de la expresién del gen CPI-17 en el campo de
cancerizacion antes del tratamiento comparado con la expresidn detectada en las

lesiones de los pacientes con una respuesta parcial.
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Figura 2: Valores de expresion del gen CPi-17 en el campo de cancerizacion antes del
tratamiento y después del tratamiento en cada paciente: La variacidn de la expresion entre el
tiempo inicial (TO) y tiempo final (TF) de los pacientes con una respuesta parcial al tratamiento
con fotoliasa se indican en rojo; y la variacién en los pacientes con una respuesta completa en
verde.
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