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cer in B cells)
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1.- EL RECEPTOR DE LA MELANOCORTINA 1 (MC1R)

El receptor de la melanocortina 1 (MC1R) va ser identificat per primera vegada per dos
grups independents: ChhajlaéaiWikberg [1]i Mountjoy et al [2] I'any 1992Es tracta

d’un receptor acoblat a proteina G (RAPG) gque s’expressa majoritariament a la mem-
brana dels melanocits [3]. El ga¥C1R (codi OMIM: #155555, codi Ensembl:
ENSG00000258839) es localitza en el cromosoma 16g24.3 i a diferéncia de la majoria
de gens que codifiquen per RAPGs presenta una estructura complexa amb diverses vari-
ants desplicing. Inicialment es va descriure com un gen sense introns [4], pero en
I'actualitat, s’ha establert que el gen esta format per 4 exons i déna lloc a diferents
transcrits com a resultat d'wplicing intra i intergenic [5]. El seu transcrit majoritari
MC1R-001 (codi Ensembl: ENST00000555147) esta format pels exons 2, 314 i per 2
introns retinguts (Figura 1). Aquest transcrit presenta una regio codificant de 951 nucle-
otids (nt) que codifica per una proteina de 317 aminoacids (aa) (MC1R-001) considera-
da la forma canonica del receptor MC1R (NP_002377) (Figura 2).

MCIR (exons 1-4)

mciRont [ . — 1
ORF (951 nt)
T e— i T ==
ORF (1149 nt)
Mcir-350 [ X o - i | F—
3 - TUBBS3 (exons 3-5)
ORF (1053 nt)
st C— O O
ORF (2393 nt)
woz et
ORF (1299 nf)

Figura 1. Estructura del genMCI1R. Organitzacié exonica dels diferents transcritsplecing intra-
génic deMC1R(MC1R-001, MC1R-002 i MC1R-350) i dsplicing intergénic deMC1R-TUBB3 Adap-

tada de Herraiet al.[5].
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Figura 2. Representacio de les diferents isoformes del MC1Rdaptada de Herraigt al. [5].

El transcrit MC1R-002 (codi Ensembl: ENST00000555427) esta format pels 4 exons i
presenta una regid codificant de 1149 nt que codifica per una proteina de 382 aa
(MC1R-002). Aquesta isoforma és idéntica a la MC1R-001 fins a I'aa Ser316 i posteri-
orment incorpora una cua C-terminal de 66 aa (Figura 1 i 2). La isoforma MC1R-350
comparteix sequencia codificant amb la MC1R-001 i la MC1R-002 fins a I'aa Cys315 i
posteriorment presenta una extensio C-terminal de 35 aa diferents (Figura 1 i 2) [5].

La regi6 16924 presenta una alta densitat en gens, de manera que les regions intergéni-
ques entrdC1Ri els gens veins son curtes. Aquest factor, juntament amb la preséncia
d'una poliadenilacié inusual i inefica¢ en la transcripcidVd&lR possibilita unspli-

cing intergenic que dona lloc a la formacié de dues proteines de fusié (ISO 1 ISO 2),
TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018
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constituides a partir de la fusio entre transcritM@daRi transcrits del gemUBB3(Fi-
gura 3) [6].

MC1R-001
[ o 1 s e e L e

"

TUBB3

MC1R-002 o %

AL 1L |
o 0 e e e < 8 0 oo BTN
1 362 1 263 14 435 450

Tuitrekin, OTF#es

Figura 3. Representacié estructural dels dominis que constitueixen la isoforma canonica
del MC1R (MC1R-001) i les proteines de fusié ISO 1 i ISO 2daptada de Herraizt al. [6].

Els nivells dels diferents transcrits alternatius poden estar modulats per senyals exoge-
nes [7]. No obstant, calen més estudis per identificar quins poden ser aquests mecanis-

mes de regulacio i determinar la funcié d’aquestes isoformes no canoniques [7].

L’activacio de la forma canonica del MC1R (MC1R-001) comporta un acoblament amb
I'adenilat ciclasa (AC), el posterior augment dels nivells de monofosfat d’adenosina
ciclic (AMPc) i la transducci6 de la senyal d’activad@wnstreangue genera un canvi
fisiologic en la cel-lula [8].

El genMC1R és altament polimorfic, fins a la data, s’han identificat prop de 200 vari-
ants en aquest gen i més de 100 sén no sinonimes [5, 7, 8]. L'alteraci6é funcional que
provoquen la majoria d’aquestes variants en la proteina és desconeguda [7]. No obstant,
hi ha 9 polimorfismes d'un sol nucleotid (SNP): rs1805005 (p.V60L), rs1805006
(p.D84E), rs2228479 (p.V92M), rs11547464 (p.R142H), rs1805007 (p.R151C),
rs1110400 (p.I155T), rs1805008 (p.R160W), rs885479 (p.R163Q) i rs1805009
(p.D294H) que presenten una frequencia al-lelica (MAF) > 0,01 en diferents poblacions
caucasiques i que han estat ampliament estudiats tant a nivell epidemiologic com a ni-

vell funcional [7-9]. Aquests disminueixen I'activitat del MC1R alterant diferents pro-

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018
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cessos claus, com son: I'afinitat amb el seu lligand, 'acoblament amb I'AC i la senya-
litzacié a través del AMPc i/o el transport intracel-lular de la proteina fins a la membra-
na [8]. Entre aquests SNPs, n’hi ha 6 (p.D84E, p.R142H, p.R151C, p.I1155T, p.R160W i
p.D294H) que s’han associat amb una activitat residual del MC1R inferior al 50% i que
es defineixen com a variants de pérdua de funcié (LOF) [5]. L'alteracio funcional del
MC1R causada per la preséncia d'aquestes variants al-leliques és dosi dependent i se-
gueix un model d’herencia additiu [10, 11]. L’activitat del MC1R és practicament inde-
tectable o nul-la en les cel-lules homozigotes o heterozigotes compostes per aquestes
variants LOF de MC1RL2, 13].

2. ROL DEL GEN MCIR EN LA PIGMENTACIO

El color de la pell, dels ulls i del cabell depén principalment de la quantitat, el tipus i la
distribucio de la melanina que és el pigment que es sintetitza en els melanocits i confe-
reix proteccié davant la radiacié ultraviolada (RUV) [14, 15]. Els melanocits son
cel-lules dendritiques que es localitzen majoritariament a I'epidermis i en el fol-licle
pilés. En I'epidermis, els melandcits es troben situats entre els queratinocits de la lamina
basal i cada melanocit connecta a través de les dendrites amb aproximadament 36 que-
ratinocits adjacents, formant les unitats epidéermiques de melanitzacié (Figura 4) [16,
17].

Melanosoma

Queratinocit

Melanina

Melanocit

Lamina bagal

Figura 4. Representacio d'una unitat epidérmica de melanitzacidisposicié dels melanocits i

els queratinocits en I'epidermis. Adaptada de [18].

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018
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El procés de sintesi de melanina conegut com a melanogenesi és un procés gradual que
té lloc durant la maduracié dels melanosomes. Aquests organuls citoplasmatics es tro-
ben en els melanocits i estan especialitzats en la sintesi, emmagatzematge i transport de
la melanina fins als queratinocits. Existeixen dos tipus de melanosomes que difereixen
en mida, forma, estructura i composicio quimica: els eumelanosomes, on es sintetitza el
pigment eumelanina que és el pigment negre-marronds i cromofor protector de I'ADN, i
els feomelanosomas, on es sintetitza el pigment feomelanina que és el pigment groc-

vermellds sense capacitat de proteccio enfront a la RUV (Figura 5) [19].

Melanin granules

%t Stage 1 Melanosome

¥ Stage 2 Melanosome

i Stage 3 Melanosome
* Stage 4 Melanosome

@l® Mitochondria

@ Lysosome

B ABC wransporter

Figura 5. Maduracié dels melanosomes i distribucié de la melanina cap als queratinocits.
Representacid del procés de distribucié de la melanina cap als queratindcits adjacents i representacio dels

eumelanosomes (eumelanina) i feomelanosomes (feomelanina). Adaptada de [20].

La pell té una determinada pigmentacié constitutiva i una pigmentacio facultativa la

qual és induida en resposta a la RUV, totes dues varien en funcié de I'étnia i I'individu

[15]. L'exposicié a la RUV causa dany genotoxic i estrés en les cel-lules cutanies pro-
movent I'activacio de p53 i la sintesi de la proopiomelanocortina (POMC) en els quera-

tinocits. De la POMC deriva la hormona estimuladora del melanod#SH) que acti-

va la via de senyalitzacio canonica del MC1R. Aquesta activacio, comporta un augment

d’AMPc, la posterior fosforilacié de CREB i la transcripcio de MITF que s’uneix a ni-

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018
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vell de promotor i estimula la transcripcié tant de gens de proliferacio cel-lular i antia-
poptotics, com de gens relacionats amb la eumelanogenesi (sintesi d’eumelanina) (Figu-
ra 6) [21]. Aixi doncs, en les zones fotoexposades s’observa un augment del nombre de
melanocits i dels nivells d’eumelanina per tal de conferir fotoproteccié envers a la RUV
[22, 23].

e

| _ @ VELANIN @

UV Other stresses )

p-endorphin - ACTH  a-MSH

KERATINOCYTE

- & __cAMP
S \‘\E )
st MELANOCYTE

Release to blood

Figura 6. Activacio de la sintesi de melanina en resposta a la RU®en & Bartek [21].

La pigmentacid és un caracter complex i poligénic en el que es troben implicats més de
120 gens [8, 24]. Entre tots ells, el gd@1Rs’ha descrit com el gen clau en la regula-
cio del color de la pell i el cabell i és el responsable de controlar la quantitat relativa de

sintesi d’eumelanina i feomelanina [25].

El gran nombre de variants al-léliques identificadeM€iRexplica, en partia diver-

sitat fenotipica que existeix en quan al color del cabell i al fototip cutani (color de pell,
sensibilitat a la RUV i capacitat de bronzejar-se) entre els humans [7, 26, 27]. Tot i que
la majoria de variants identificades MIC1R sOn rares i la seva MAF és < 0,01, hiha 9
SNPsmissensa@ue s’han identificat en diferents poblacions caucasiques d’étnia blanca
amb una MAF > 0,01. Aquests SNPs s’han classificat en 2 grups segons la repercussio
fenotipica que tenen en la pigmentacio. Aixi doncs, les 6 variants LORCIR
(p.D84E, p.R142H, p.R151C, p.I1155T, p.R160W i p.D294H) que disminueixen nota-
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blement la capacitat de senyalitzacié del MC1R a través de la via de ’AMPc i impedei-
xen la sintesi d’eumelanina, s’han definit com a variants ‘R’ (Figura 7) [28]. El indivi-
dus homozigots o heterozigots compostos per a aquestes variants ‘R’ (p.D84E,
p.R142H, p.R151C, p.I1155T, p.R160W i p.D294H) son incapacos de sintetitzar eume-
lanima i sintetitzen feomelanina (Figura 7) [25]. Aquests individus presenten una forta
associacio amb el fenotip “color de cabell vermell” (RHC) [28] que es caracteritza per
una pell molt blanca, cabell pél-roig, un elevat nombre de pigues, una baixa capacitat
per a bronzejar-se i una elevada sensibilitat a la RUV (Figura 7)028fra banda, els

SNPs missensgue disminueixen lleugerament la capacitat de senyalitzacié del MC1R a
través de la via de 'AMPc, pero que no s’associen al fenotip RHC, s’han definit com a
variants ‘r'(p.v6oL, p.V92M i p.R163Q) [28, 30]. El fenotip RHC s’ha associat amb un
augment del risc a desenvolupar cancer cutani, tant melanoma [29] com carcinoma ba-

socel-lular [31] i carcinoma escatos [32].

p=a
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-
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Pheomelanin = - Eumelanin

Figura 7. Via molecular de la sintesi de melanina depenent del MC1R i representacié del
fenotip RHC. Adaptada de [33].
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3. ROL DEL GEN MCI1R EN LA SUSCEPTIBILITAT A MELANOMA

El melanoma (codi OMIM: #155600) é€s una neoplasia originada en els melanocits. Tot
I que representa menys d’'un 5% dels tumors cutanis malignes, és el responsable del
75% de les morts causades per aquests tumors [34-36]. El melanoma és comu en les
poblacions occidentals i la seva incidencia mundial és de 15-25 per 100.000 habi-
tants/any [35, 37] la qual representa aproximadament un 5,2% del total de casos de can-

cer diagnosticats a I'any [38].

Es tracta d’'una malaltia complexa causada per la interaccié entre factors ambientals,
fenotipics i genétics [39]. La RUV és el principal factor ambiental i s’ha descrit una

forta correlacié entre una elevada exposicié a la RUV i el risc a desenvolupar melanoma
[40-42]. Per exemple, els individus que han patit més de 5 cremades amb butllofes al

llarg de la vida presenten el doble de risc a melanoma [34, 43].

De la RUV que arriba a la terra, el 95% ho fa en forma de radiacié W\BAF-400

nm) i el 5% restant en forma de UVB 280-315 nm) [44]. Inicialment, la radiaci6

UVB s’havia definit com la Unica forma responsable de generar dimers de ciclobutiril
pirimidina (CPDs) i fotoproductes 6-4 pirimidina-pirimidona (6-4PPs) que son els res-
ponsables d'originar en ’ADN una signatura mutagenica caracteritzada per la presencia
de mudltiples canvis C per T o CC per TT [45]. Actualment, és coneix que la radiacié
UVA també esta implicada en la formacié de CPDs i en les cel-lules epidermiques, es-
pecialment en els melandcits [46], contribueix a la generacio d’espéecies reactives de
I'oxigen (ROS).

El fenotip que s’associa a un augment del risc a melanoma esta definit per: la preséncia
de multiples nevus melanocitics (100 o més), fototips clars que presenten dificultat per
bronzejar-se i tendéncia a cremar-se (fototip | i Il, segons I'escala de Fitzpatrick [47]),

color clar d’ulls (verd o blau) i color clar de cabell (ros o pél-roig) [48, 49].

Un estudi realitzat en diferents poblacions del nord d’Europa, ha reportat que un 58%
del risc a desenvolupar melanoma és heretat, indicant que el melanoma és un dels can-
cers que presenta un major component genéetic [50]. Aproximadament, un 5-10% dels

casos de melanoma tenen lloc en un context familiar [51]. La susceptibilitat a desenvo-
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lupar la malaltia es manifesta amb la preseéncia de multiples casos de melanoma en fa-
miliars de primer o segon grau, o bé amb la preséncia de multiples melanomes primaris
en un mateix individu [52]. Un 20-40% d’aquestes families [39, 53] i entre un 8-16%
dels pacients amb melanoma primari multiple [54] presenten mutacions germinals en el
genCDKN2A,queésel principal gen d’alt risc a melanoma. Amb una menor frequen-

cia, s’han identificat mutacions ens altres gens d’alt risc c@bK4, BAP1, POT1,

ACD, TERF2IR TERT[55]. Tot i que les mutacions en aquests gens expliquen el 25%

dels casos de melanoma familiar, la causa genética en la resta de casos és desconeguda
[39].

En els pacients amb melanomes esporadics (90-95% dels casos) s’han identificat vari-
ants germinals de mig o baix risc en gens implicats en la regulacié de caracteristiques
fenotipiques associades a melanoma [56]. Es tracta de variants genétiques relativament
frequients (MAF > 1%) i que confereixen un risc moderat o baix a desenvolupar mela-

noma (Figura 8) [57].
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Figura 8. Gens implicats en la susceptibilitat a melanomadaptada de Manoliet al [58].

El genMC1Rés un gen de risc mig que presenta variants genetiques comuns en la po-

blacio i esta implicat en la determinacio d’un fenotip associat a melanoma [57]. A més,
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la presencia de variants genetiquedvVi&2ilR en individus portadors de mutacions en el
genCDKN2Aaugmenta del 50% al 84% la penetrancia de la malaltia [59, 60] i dismi-
nueix 20 anys I'edat mitjana d’aparicié del melanoma en aquests individus [29, 59].

Nombrosos estudis epidemiologics han reportat I'associacio entre la preséncia de vari-
ants hipomorfiques en el gdiC1Ri un augment del risc a desenvolupar melanoma
[28, 61] i altres carcinomes cutanis no melanoma [62, 63]. Els portadors de variants ‘R’
presenten més del doble de risc a desenvolupar melanoma (OR=2,44; 95% IC: 1,72-
3,45) [28] i els portadors de variants ‘r' presenten un lleuger increment d’aquest
(OR=1,29; 95% IC: 1,10-1,51) [61]. Un metanalisi que inclou 5.160 casos de melanoma
I 12.119 controls va confirmar que l'augment del risc a desenvolupar melanoma
(OR=1,66; 95% IC: 1,41-1,96) s’identifica en els portadors de qualsevol de les 9 vari-
ants genetigues meés conegudes (p.V60OL, p.D84E, p.vV92M, p.R142H, p.R151C,
p.1155T, p.R160W, p.R163Q i p.D294H) [64]. EIl treball confirmava I'existéncia d'un
efecte dosi dependent, ja que en els portadors de 2 o més d’aquestes variants genétiques
el risc a melanoma augmentava en mes del doble (OR=2,51; 95% IC: 1,83-3,44) [64].
Els individus portadors de variants genétiquesMEIILR especialment variants ‘R’,
presenten una disminucio parcial o total dels nivells d’eumelanina, aquest fet explica la
sensibilitat d’aquests individus a la RUV i 'augment de la susceptibilitat a melanoma.
Ara bé, el fet que els portadors de variant8/€1Ramb pell fosca, sense pigues i amb

un color de cabell diferent al pél-roig també siguin més susceptibles a desenvolupar
melanoma [64], indica que I'efecte C1R com a factor de risc a la malaltia va meés
enlla del seu rol en la sintesi de pigment.

Diversos treballs han indicat que hi ha altres mecanismes biologics subjacents a aquesta
associacio. S’ha descrit que el MC1R esta implicat en el control de la supervivéncia i
proliferacié del melandcit i en la reparacié del dany en 'ADN causat per la RUV [65-
67]. L’activaciéo del MC1R en resposta a la radiacio UVB controla la supervivencia i
proliferacio dels melanocits a través de la interaccio entre aquest i la proteina PTEN. La
seva unio impedeix la degradacié de PTEN per WWP2 i condueix a la inactivacio de la
via de senyalitzacié PI3K/AKT. Aguest mecanisme de regulacié garanteix la supervi-
vencia del melanocit i el control de la seva proliferacié [65]. Per contra, una pérdua de

funcié del MC1R provoca la degradacio de PTEN i en consequéncia una hiperactivacio
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de la via PI3SK/AKT. L’efecte biologic que causa la hiperactivacié d’aquesta via depéen
molt del context cel-lular en el que té lloc. En els melanocits primaris condueix a la se-
nescencia prematura, mentre que en els melanocits portadors de mutacions en la via de
les MAPkinases potencia una hiperproliferacio i indueix a la transformacié oncogéenica
d’aquests melandcits (Figura 9A) [65]. A més, s’ha descrit que I'activacio de la via ca-
nonica del MC1R comporta un augment de MITF i I'expressi6 de I'antiapoptotic BCL-2
(Figura 9B) [66]. Els melandcits presenten una baixa capacitat de proliferacio, per tant,
evitar-ne I'apoptosi i mantenir ’homeodstasi en les unitats epidérmiques de melanitzacio
es essencial per a garantir la fotoproteccio. D’altra banda, s’ha identificat que I'activacio
del MC1R comporta l'activacié de mecanismes de reparacio del dany en I'ADN i la
reduccio de les ROS (Figura 9C) [67].
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Figura 9A. Control de la degradacioé de PTEN en resposta a la radiacié UVB i regulacié de

la via PI3K/AKT implicada en la proliferacio i supervivéncia del melanocit Adaptada de Cao
et al.[65] i de Phinet al [68].
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Figura 9B. Control dels nivells de I'antiapoptotic BCL-2 a través de la transcripci6 de
MITF. Adaptada de [69].
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Figura 9C. Activacié de mecanismes de reparacio del dany en 'ADN (NER) i reducci6 de
ROS. Abdel-Maleket al.[67].
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Aquests mecanismes moleculars regulats pel MC1R contribueixen a mantenir
I'homeodstasi cel-lular, I'estabilitat genomica i a impedir la transformacié oncogenica
dels melanocits. Per tant, I'alteracio de tots aquests mecanismes regulats pel MC1R en-
front a la RUV, expliquen la relacié subjacent entre la presencia de variants genétiques

en MC1R i 'augment del risc a desenvolupar melanoma.

Un treball realitzat amb models murins, modificats genéticament per desenvolupar me-
lanoma, comparava la capacitat d’aquest desenvolupament i la taxa de supervivencia
entre ratolins negres (Mc1h, pél-roigs (Mc1¥9 i albins (incapagos de sintetitzar me-
lanina (Tyf’®) (Mc1r")) que no havien estat exposats a la RUV [70]. L'estudi va identi-
ficar que els ratolins pél-roigs presentaven una major taxa de melanomes i una menor
supervivéncia respecte als ratolins negres o albins. Aquests resultats indiquen que la
péerdua de funcio del MC1R pot ser carcinogenica i contribuir al desenvolupament del

melanoma independentment de la RUV (Figura 10) [70].
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Figura 10. Els ratolins pél-roigs desenvolupen un major nombre de melanomes i presenten
una menor supervivencia respecte als ratolins negres i albins independentment de la RUV.

Mcdr ** (WT) i Mc1r ®®(portadors d'un codé terminal prematur que codifica per una proteina no funcio-
nal). Adaptada de Mitrat al.[70].

El treball atribuia a la preséncia de feomelanina, la predisposicié a desenvolupar mela-

nomes observada en els ratolins pel-roigs. Aquest treball indica que la sintesi de feome-
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lanina a nivell basal contribueix a la formacio de ROS i causa un increment del dany en
I’ADN i de I'oxidaci6 dels lipids en aquests ratolins [70]. Diversos treballs han confir-
mat un augment de I'estres oxidatiu en les cél-lules que contenen feomelanina i han des-
tacat la capacitat de la eumelanina d’actuar com a receptor scavenger eliminant aquestes
ROS [3, 71, 72].

Sorprenentment, un estudi realitzat amb models murins va mostrar un augment de CPDs
en els melanocits i queratinocits hores després de ser exposats a la RUV [44]. Aquests
CPDs generats “en la foscor” (da@PDs) constituien la majoria de CPDs quantificats

en les cel-lules epidermiques dels ratolins. La generacié d’aquests CPDs depenia de la
preséncia de melanina (eumelanina o feomelanina), ja que aquests no s’observaven en
els ratolins albins [44]. Els nivells més elevatgdddek CPDs tenien lloc en les cel-lules

que contenien feomelanina [44, 73]. La generaciéo d’aqukstsCPDs s’atribueix a
I'excitacid quimica que es produeix quan les ROS, generades a partir de la radiacié
UVA, es combinen amb els electrons de la melanina [44]. Aquesta excitacié crea un
triplet quantic en la melanina que indueix la formacié de CPDs transferint I'energia a
I'ADN independentment de la RUV [73]. Aquests resultats suggereixen que els CPDs es
podrien generar en totes les cel-lules on aquestes ROS i la melanina hi siguin presents
[73, 74]. Aguest mecanisme, juntament amb la incapacitat d’eliminar ROS que té la
feomelanina, pot explicar perque els portadorstevariant ‘R’ enMC1R presenten

una major carrega de mutacions C-T en els seus melanomes [75] i un augment del risc a

desenvolupar cancer cutani [29, 62].

Amb I'objectiu d’'identificar I'impacte de les variants ‘R’ en les cel-lules cutanies inde-
pendentment de I'exposicio a la RUV, es va analitzar el transcriptoma de co-cultius de
gueratinocits i melanocits [76] (Annex 1). A partir de biopsies cutanies de pell sana ob-
tingudes d‘individus portadors de variants ‘R’ MC1Ri individus MC1RWT, es van
establir co-cultius de melanocits i queratinocits per tal d’emular les unitats epidermiques
de melanitzacié. El transcriptoma global d’aquestes cel-lules sanes va ser capturat mit-
jancant micorarrays d'expressio (G4112F, Agilent, US). Al comprar el transcriptoma
obtingut en els co-cultius de cél-lules portadores de variants ‘R’ vs el de cél-lules WT,
es van identificar 3570 gens expressats diferencialment (p-valor ajustat < 0,05) (Annex

). Mitjancant un analisi bioinformatic d’enriquiment funcional, que permetia posar en
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context biologic la signatura genica identificada, es van identificar el conjunt de vies de
senyalitzacié expressades diferencialment en les cél-lules ‘R’ respecte les WT (Taula 1).
Aquest treball va confirmar que les cel-lules portadores de variants ‘R’ mostren una
infraexpressié de gens implicats en la pigmentacio i la diferenciacié melanocitica, i com
a consequéencia una infraexpressid de les vies de senyalitzacié implicades en
I'endocitosi i la formacié dels lisosomes. Aquests processos estan directament relacio-
nats amb la maduracio dels melanosomes i la transferéncia de pigment dels melanocits
als queratinocits (Taula 1) [77, 78]. D’altra banda, es va identificar una sobreexpressio
de gens implicats en la reparacié del dany en I'ADN (reparacio de malaparellament,
reparacio per excisio de nucleotid, reparacié per excisido de base i recombinaci6 homo-
loga) i en processos biologics implicats en el manteniment de I'homeostasi cel-lular,
com son: la replicacié de I'ADN, el control del cicle cel-lular i la fosforilacié oxidativa,

la qual comporta la formacid6 de ROS (Taula 1). Aquests resultats indiquen que les
cel-lules dels individus portadors d’'al-lels ‘R’ presenten un major dany en I’ADN i un
increment de processos oxidatius no causats per la RUV.

De forma interessant, es va identificar una sobrexpressié de gens implicats en vies de
senyalitzacié associades a malalties neurodegeneratives, com son: la malaltia de Parkin-
son, la malaltia d’Alzheimer i la malaltia de Huntington (Taula 1) (Annex 1). Tot i que

la majoria d’aquests gens estan inclosos en les 3 vies de senyalitzacié (hsa05012,
hsa05016 i hsa05010), alguns dells es troben Unicament associats a Parkinson
(PARKY), a Alzheimer (NAE1, FAS) o a Huntington (AP2B1, CREB3L4, POLR2H i
SOD1) (Annex I).

Taula 1: Vies de senyalitzacié desregulades en els co-cultius de cél-lules portadores
d’'al-lels ‘R’ de MC1R.

Num. Num.  p-valor
Via de Senyalitzacio Estat
gens genoma ajustat
Lisosoma (hsa04142) Infraexpressada 123 125 4,70E-03
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Endocitosi (hsa04144) Infraexpressada 211 211 3,83E-02

Reparacio de malaparellament

Sobreexpressada 22 23 1,56E-06
(hsa 03430)
Reparacio per excisio de nucleotid

Sobreexpressada 49 49 7,01E-06
(hsa03420)
Reparacio per excisié de base

Sobreexpressada 34 34 1,07E-03
(hsa03410)
Recombinacié homologa

Sobreexpresada 27 28 6,98E-04
(hsa03440)
Replicacié de 'ADN (hsa03030) Sobreexpressada 34 35 3,83E-14
Cicle cel-lular (hsa04110) Sobreexpressada 116 119 7,87E-14
Fosforilacio oxidativa (hsa00190) Sobreexpressada 132 134 6,91E-05
Malaltia de Parkinson (hsa05012)  Sobreexpressada 126 128 3,10E-05
Malaltia de Huntington (hsa05016) Sobreexpressada 171 174 5,25E-04
Malaltia d’Alzheimer (hsa05010) Sobreexpressada 166 168 3,03E-03

Num. gens: Numero de gens detectats enieloarray, Num. genoma: Namero total de gens associats a
cadascuna de les vies de senyalitzacié. Sobreexpressada: via de senyalitzacié sobrerepresentada en el
grup de transcrits sobreexpressats en les ceél-lules portadores d’'un MC1R no funcional. Infraexpressada:
via de senyalitzacié sobrerepresentada en el grup de transcrits infraexpressats en les cél-lules portadores

d’'un MC1R no funcional.

De forma global, els resultats d’aquest treball van confirmar que les cél-lules portadores
d’'un MC1R no funcional presenten un augment del dany en I’ADN i I'alteracio de pro-

cessos biologics claus per garantir ’homeostasi cel-lular. Aquests resultats indiquen que
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el rol deMC1R, va més enlla del seu paper com a gen clau en la pigmentacié i sugge-

reixen que podria estar implicat en el desenvolupament de malalties neurodegeneratives.

4. EXPRESSIO | ROL DEL MC1R EN EL SISTEMA NERVIOS CENTRAL

Tot i que l'expressio majoritaria del MC1R té lloc en els melanocits, tecniques
d’hibridacioin situ i immunohistoquimica han demostrat la seva expressio en el sistema
nervids central (SNC), concretament en les neurones de la substancia gris periaqueduc-
tal, astrocits i cel-lules de Schwann [79-81]. Els melandcits i les cél-lules del SNC tenen

un origen embrionari comu i deriven de la cresta neural [82].

Diversos estudis han suggerit una implicacio del MC1R en la regulacié de processos
biologics a nivell del SNC. S’ha descrit la implicaciéo del MC1R com a modulador de la
resposta analgesica a través dels receptors x-opioides [83]. En els homes la regulacio del
dolor a través dels receptarsopioides esta modulada per I'accid dels recepterbld
metil-D-aspartat. Mentre que en les dones, la regulacio del dolor a través dels receptors
K-opioides esta modulada per I'accié del MC1R [84]. Un estudi realitzat amb models
murins mostrava que les femelles portadores de 2 al-lels ‘Rtlepresenten una ma-

jor resposta analgésica amb el consum de I'opiaci pentazocina que les femelles amb 1 o
cap variant i que els mascles [85]. Tot i que el mecanisme biologic que explica la inter-
accio entre el MC1R i els receptar®pioides no €s ben conegut, es coneix que els dos
subtipus de receptors senyalitzen a través de la via de 'AMPc [7, 86] i es localitzen en
la substancia gris periaqueductal i erioels coeruleusdues regions cerebrals impor-

tants per a les dimensions sensorials i afectives del dolor [87]. En aquesta mateixa linia,
estudis epidemiologics han reportat una associacio entre la presencia de variants
al-léliques deMC1Ri una major por al dolor, por al tractament dental i un major reque-

riment anestesic [88, 89].

L’expressié del MC1R en les cél-lules de la glia (astrocits i cél-lules de Schwann) i en
les cel-lules endotelials microvasculars [90] suggereix un possible rol immunomodula-
dor i antiinflamatori del MC1R en el cervell. L'activacié del MC1R en el cervell causa
una infraregulacio del factor nuclear potenciador de les cadenes lleugeres kappa de las

cel-lules B activades (NF-KB), a través de la qual modula la resposta inflamatoria que
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es produeix com a consequencia d’'una isquemia, hemorragia o dany cerebral [91]. Aixi
doncs, l'activacio del MC1R confereix neuroproteccio a través dels seus efectes antiin-
flamatoris [91].

Aquestes evidencies posen de manifest I'impacte del MC1R en el SNC i indiquen
I'efecte pleiotropic d’aquesta proteina, ja que en funcid del teixit en el que s’expressa

modula diferents processos biologics.

5. MALALTIA DE PARKINSON

La malaltia de Parkinson (codi OMIM: #168600) va ser descrita per primera vegada per
James Parkinson el 1817 en el seu assaig sobre la “paralisi tremolosa” [92]. No obstant,
la patologia de la malaltia no es va coneixer fins a principis del segle XX. El 1912 el
patoleg alemany Frederick Lewy va identificar I'existéncia d’inclusions citoplasmati-
ques neuronals en diverses regions cerebrals [93] i el 1919 Konstantin Tretiakoff va
destacar que la perdua de neurones dopaminergiquepans lkeompacta de la substan-

cia negra del mesencéfal és l'alteracid6 més important en aquesta malaltia (Figurall)
[94].
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Figura 11. Perdua de neurones dopaminérgiques en la substancia negra del mesencefal.
Adaptada de [95]

La malaltia de Parkinson és la segona patologia neurodegenerativa més prevalent des-
prés de la malaltia d’Alzheimer [96], amb una incidéncia mundial estimada d’entre 5 a

35 casos per cada 100.000 persones/any [97]. La malaltia de Parkinson es caracteritza
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principalment per una perdua anormal de les neurones dopaminergiques i per agregaci-
ons anomales desinucleina que formen els cossos de Lewy en laautia negra del
mesencefal [98]. La malaltia és diagnostica clinicament amb I'aparicié de la bradiciné-
sia i/o altres simptomes motors (rigidesa, tremolor, etc), i a més presenta molts altres
simptomes no motors (depressio, ansietat, fatiga, dolor, apatia, deteriorament cognitiu,
demencia, etc) que contribueixen a la discapacitat general [97]. El Parkinson és una
malaltia complexa causada per la interaccié entre factors intrinsecs del hoste i factors
ambientals [99]. El principal factor de risc és I'envelliment, la malaltia €s poc frequent
abans dels 50 anys, pero la seva incidéncia augmenta de 5 a 10 vegades entre la sisena i
novena decada de vida [100, 101]. La prevalenca del Parkinson en els paisos industria-
litzats és del 0,3% en la poblacié general, del 1% entre els majors de 60 anys i d'un 3%
entre els majors de 80 anys [102, 103]. La incidéencia de la malaltia és més alta en ho-
mes que en dones [101, 104]. En quan als factors ambientals, la malaltia de Parkinson
€s més freqlient en els paisos industrialitzats [105], no obstant, caracteristiques propies
de les zones rurals, com soén: I'exposicidé als herbicides, als pesticides, el consum
d’aigua de pou i de llet s’han associat a I'aparicié de la malaltia [106, 107]. EI consum
de cafeina i el tabaquisme s’han identificat com a factors protectors a desenvolupar Par-
kinson [108, 109]. L'etnia, un historial familiar d’agregacio a la malaltia i factors gené-
tics, es consideren factors de risc a desenvolupar la malaltia de Parkinson [110, 111].

Un 60% del risc a desenvolupar la malaltia de Parkinson és heretat, mentre que la here-
tabilitat atribuida a I'edat d’aparicié del Parkinson augmenta fins a un 98% [112].
Aproximadament entre un 5-108&ls casos, s6n formes monogeniques causades per
mutacions amb una elevada penetrancia i que segreguen amb la malaltia dins de les fa-
milies [113]. Fins a la data, s’han identificat 6 gens que s’associen amb aquestes formes,
mutacions en 3 d’ells presenten un patré d’herencia autosomic domBIsSA (

LRRK2 iVPS35) i en els 3 restants aquestes s’hereten sota un model autosomic recessiu
(Parkin, PINK-1 i DJ-1) [114].Aquestes formes monogeniques de Parkinson mostren
una edat d’aparicio temprana (< 50 anys) [113, H@pximadament un 90% dels ca-

sos de Parkinson sén esporadics i presenten un etiologia complexa basada en la interac-
cid entre multiples variants de baix risc, factors ambientals i factors epigenétics. Els

al-lels associats a les formes esporadiques de Parkinson presenten una frequencia relati-
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vament comu (MAF>1%) en la poblacié general i una baixa penetrancia (Figura 12)
[116].
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Figura 12. Gens implicats en la susceptibilitat a la malaltia de Parkinsordaptada de Mano-
lio et al. [58].

Durant la darrera decada, els esforcos en investigacié s’han centrat en identificar factors
genetics associats a les formes esporadiques del Parkinson [117]. Mitjan¢cant estudis
d’associacio del genoma complet (GWAS) s’han identificat multiples variants geneti-

ques de risc mig o baix en més de 20 loci associats a la malaltia [114, 118]. Malgrat
'important progrés que ha suposat la identificacio d’aquestes variants genetiques, el risc
atribuit a aquestes no explica el percentatge total d’heretabilitat identificat en el Parkin-
son [114]. Aquest fet indica que encara queden variants genétiques pendents

d’identificar implicades en la etiologia de la malaltia.

Donat que I'edat d’inici del Parkinson s’ha definit com un caracter poligenic [112, 119]

i es coneix que serveix com a predictor de la progressio i mortalitat [120], diversos tre-
balls s’han centrat en avaluar si els gens de risc mig i baix a Parkinson poden actuar
com a modificadors en I'edat d’aparicioé de la malaltia [117, 119, 121]. Diferents treballs
han identificat que variants al-1éliques en 3 d’aquests GMSA GBA i1 MAPT modi-

figuen l'edat d’'aparicié de les formes esporadiques de Parkinson [117, 121]. D’altra
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banda, variants al-leliques en els g8NCA, MAPT DNM3 modifiquen I'edat d’inici

de la malaltia en els individus portadors de mutacions d’alta penetrancia en el gen
LRRK2[122-124]. No obstant, el percentatge de variacié atribuit a aquestes variants
genetiques no explica el percentatge total d’heretabilitat atribuit a I'edat d’inici de la

malaltia de Parkinson [125].

Aquests resultats posen de manifest la complexitat genética de la malaltia de Parkinson,
ja que alguns gens contribueixen unicament al risc a desenvolupar la malaltia, altres
confereixen risc i modifiquen I'edat d’aparicié o la progressio motora dels simptomes i
altres presenten un efecte modificador quan interaccionen amb d’altres variants genéti-
gues [125]. Aixi doncs, sén necessaris més estudis centrats en identificar nous gens i/o
variants addicionals que ens permetin comprendre més bé la base genetica de la malaltia
de Parkinson, per tal de millorar en el diagnostic i/o identificar possibles dianes terapéu-

tiques.

6. MALALTIA D’ALZHEIMER

La malaltia d'Alzheimer (codi OMIM: #104300) va ser descrita per primera vegada per
Alois Alzheimer I'any 1906 [126]. Aquesta malaltia és el trastorn neurodegeneratiu més
comu entre la gent gran [127] i es caracteritza per una pérdua gradual de la memoria i
les habilitats cognitives. L’Alzheimer representa més del 50% del total de casos de de-
mencia i actualment té una prevalenca mundial superi@7atslions de casos [128].

La incidéncia de la malaltia supera els 5 milions de casos/any i és del 1% entre les per-
sones de 60-70 anys i del 6-8% entre les persoB8&sanys [127]. S’espera que aguesta
incidencia augmenti en els propers anys degut a I'increment continuat de la longevitat

en les societats actuals [129].

La malaltia d’Alzheimer es caracteritza principalment per la formacié de plagues ami-
loides a I'espai extracel-lular i de cabdells neurofibrilars a I'interior de les neurones, la
formacié d’aquestes estructures comporta la mort neuronal i la pérdua de sinapsis en
amplies arees del cortex cerebral i I'hipocamp (Figura 13) [130]. La proteina precursora
d’amiloide (APP) pot ser escindida per 3 secretases difererfiso(y), quanl’APP és
escindida per la-secretasa el producte resultant és un peptid sohjld és eliminat

amb facilitat per I'organisme. Per contra, si la proteina APP és escindidep sacie-
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tasa i posteriorment per fasecretasa s’origina una proteina beta amiloidy ¢k 42

residus (442) que és altament insoluble i genera oligomers i fibrilles que s’acumulen
extracel-lularment donant lloc a la formacié de plaques amiloides [127]. La formacié
d’aquests oligomers i plaques amiloides augmenta els nivells de ROS i la toxicitat neu-
ronal, fet que desencadena una hiperfosforilacié de la proteina tau que es dissocia dels
microtubuls i genera agregats de tau fosforilada (P-tau) que formen els cabdells neurofi-
brilars (Figura 13) [128, 130].
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Figura 13. Cascada patologica i biomarcadors de la malaltia d’AlzheimeAnoopet al [128].

En l'actualitat, la malaltia d’Alzheimer és diagnostica en base a criteris exclusivament
clinics [131]. No obstant, en els darrers anys s’ha suggerit I'is de biomarcadors en li-
quid cefal-loraquidi (CSF) per a establir el diagnostic [132, 133]. En els pacients amb
Alzheimer s'observa una disminucié dels nivells dpsA (evidencia de diposit
d’amiloide) i un augment dels nivells de T-tau i P-tau (evidencies de degeneracio o lesio
neuronal) en LCR [134]. El estudis on el diagnostic es basa Unicament en els criteris
clinics presenten una sensibilitat del 85% i una especificitat del 70% [135], la inclusio
dels nivells de biomarcadors en LCR incrementa la sensibilitat i I'especificitat diagnos-
tica fins a un 90% i 85%, respectivament [136, 137]. Degut a gluestions metodologiques

i de disponibilitat de mostra no es pot recomanar I'Us generalitzat d’aquests biomarca-
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dors en el diagnostic de I'Alzheimer. A dia d’avui, el seu Us es veu restringit a la inves-
tigacio, als assaigs clinics i al diagnostic de determinats casos seleccionats pels neuro-

legs especialistes.

L’Alzheimer és una malaltia complexa causada per la interaccié entre factors intrinsecs
del hoste i factors ambientals. Els 3 principals factors de risc son I'edat, el sexe femeni i
la presencia de l'al-lel 4 de I'apolipoproteina E (AR®H138]. Tenir un baix nivell
educatiu i factors de risc cardiovascular (hipertensié, tabaquisme, diabetis, hipercoleste-
rolemia, fibril-lacio auricular, la obesitat i la inactivitat fisica) s’han associat, amb un

menor consens, a un augment del risc a desenvolupar Alzheimer [139].

Un 1-5% dels casos d’Alzheimer son formes monogéniques causades per mutacions
rares amb una elevada penetrancia. Aquestes formes segreguen amb la malaltia amb un
patré autosomic dominant dins de les families i presenten una major velocitat de pro-
gressio [140]. S’han identificat 3 genSRP, PSEN1 iPSEN2) associats a aquestes for-

mes d’heréncia mendelianes [141], tots ells codifiquen per proteines implicades en la
degradacio de la APP i la sintesi de la proteifa l&&s mutacions en aquests gens

s’associen a les formes d’Alzheimer d’inici tempra < 65 anys.

Un 95% dels casos d’Alzheimer sén esporadics i presenten la malaltia e éfats
anys. Aquestes formes d’inici tarda sén multifactorials i s’ha estimat que entre un 60-
80% del risc a desenvolupar-les és genetic [140, 142]. Fins fa una decada, la preséncia
de I'al-lel 4 de I'apolipoproteina E (AP®4 era I'Unic factor genétic de risc associat a

les formes esporadiques d’Alzheimer 65 anys). Els individus heterozigots per
'APOEe4 presenten 3 vegades meés risc a desenvolupar #timmalaquest augmenta

fins a 12 vegades en els individus homozigots (ARIAPOE:4) [143, 144]. LAPOE

és el principal transportador de colesterol en el SNC i esta implicat en I'eliminacio de la
proteina A, la presencia de 'APQ# s’ha associat a una menor eficiencia en aquest
procés d’eliminacié [145]. El risc atribuit a TAP®E representa menys del 50 % del

risc geneétic atribuit a desenvolupar Alzheimer [146]. En els darrers anys, mitjancant
estudis GWAS i de sequenciacié massiva (NGS) s’han identificat variants de baix risc a
desenvolupar la malaltia en 20 gens diferents [146-151], els quals es troben implicats en

el control del sistema immunologic i la resposta inflamatoria, el metabolisme de lipids i

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

35



INTRODUCCIO

colesterol i la endocitosi [141]. A més d’aquestes variants de baix risc, els estudis de
NGS han identificat el geMREM2 com a gen de risc mig a desenvolupar la malaltia
d’Alzheimer [152, 153] (Figura 14).
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Figura 14. Gens implicats en la susceptibilitat a la malaltia d’AlzheimelAdaptada de Mano-
lio et al.[58].

El genTREM2 (codi OMIM: #605086) esta implicat en I'activacio de la resposta im-
munologica en macrofags i cel-lules dendritiques [152]. Els individus portadors de la
variant rara p.R47H en TREM2 presenten 4 vegades meés risc a desenvolupar Alzheimer,
aquest és similar al risc atribuit a la preséncia de I'ARQES2, 153]. Malgrat I'exit
d’aquests treballs, el risc atribuible a aquestes variants al-leliques no explica el percen-
tatge total d’heretabilitat identificat en aquesta malaltia [154] i suggereix que altres gens

pendents d’identificar estan implicats en la etiologia de I'Alzheimer.

Malgrat I'edat d’aparicio de la malaltia d’Alzheimer és un caracter poligenic [155], Uni-
cament 'APOE4 s’ha identificat, amb consens, com a variantlelalénodificadora de

I'edat d’aparicié de la malaltia [156-160]. Amb menor consens, els @Rs;BIN1,
PICALM, NCSTi ZBTB4s’han identificat com a gens modificadors de I'edat d’inici de

les formes tardanes de la malaltia [155, 157]. No obstant, el percentatge de variacié
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atribuit a aquestes variants genetiques no explica el percentatge total d’heretabilitat atri-

buit a I'edat d’aparicio de la malaltia d’Alzheimer [155].

Aixi doncs, sOn necessaris més estudis centrats en revalidar els gens candidats prévia-
ment identificats i en identificar nous gens i/o variants genetiques que ens permetin
comprendre més bé la complexitat genética d’aquesta malaltia. La identificacié de fac-
tors genetics implicats en la patogénesi de la malaltia d’Alzheimer ens permetria millo-

rar en el diagnostic i/o identificar possibles dianes terapeutiques.

7. MALALTIA DE HUNTINGTON

La malaltia de Huntington (codi OMIM: #143100) va ser descrit per primera vegada per
George Huntington I'any 1872 [161]. Aquesta malaltia és el trastorn neurologic mono-
génic més comu als paisos desenvolupats [162] i es caracteritza per I'aparicid de movi-
ments involuntaris, trastorns de conducta, trastorns psiquiatrics i deméncia. Es tracta
d’'una malaltia progressiva que dura entre uns 15-20 anys i en la qual I'edat mitjana
d’aparicié és als 40 anys [168Is primers simptomes de la malaltia acostumen a apa-
reixer entre els 30-50 anys. No obstant, s’han reportat casos on la malaltia apareix en
edats molt tempranes (2 anys) o en edats molt avan¢ca88safiys) [164]. La inciden-

cia de la malaltia és de 4,7-6,9 casos per mili6 de persones/any i la prevalenca és de
10,3-13,7 persones per cada 100.000 habitants [1Gbjnalaltia de Huntington pre-

senta un patré d’heréncia autosomic dominant i esta causada per I'expansio anomala
d’un trinucleotid citosina-adenina-guanina (CAG) en I'ex6 1 dell§jEn (codi OMIM:
613004), que es tradueix en una repeticio anomala de glutamines (polyQ) en I'extrem N-
terminal de la proteina Huntingtina (Htt) (NP_002102) [164]. Aquesta forma mutada de
la proteina Htt presenta propietats neurotoxiques i provoca una mort neuronal progres-

siva en el nucli estriat (Figura 15) [165].
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Figura 15. Representacio de la mutacio dinamica CAG en el gétlT T i de la proteina Htt
mutada. Adaptada de [166].

Els al-lels que presenten < 27 repeticions del trinucledtid CAG s6n normals i els que
comprenen entre 27-35 repeticions s’anomenen al-lels intermedis. Aquests al-lels no sén
patogenics pero poden expandir-se fins a rangs de patogeri@&trépeticions) en la
transmissié de la linia germinal (predominantment per via paterna) i causar individus
afectes en la descendeéncia [167, 168]. Els al-lels patogénics son els que presenten entre
36-120 repeticions [169]. Dins d’aquest rang s’han identificat al-lels amb penetrancia
reduida (36-39 repeticions), que poden trobar-se tant en individus afectes com en indi-
vidus que no presenten simptomatologia en edats avancad@&s80 anys), i al-lels

amb penetrancia completa40 CAG repeticions) [170].

En la malaltia de Huntington es dona un fenomen d’anticipacié intergeneracional, ja que
en les successives generacions s'observa una simptomatologia més severa i/o una anti-
cipacié en l'edat d'aparici6 de la malaltia. Degut a la inestabilitat i la capacitat
d’expandir-se que presenten els triplets CAG durant 'espermatogénesi, aquest fenomen

€s més frequent en la transmissio paterna [171].

Existeix una correlacié inversa entre el nombre de repeticions CAG i I'edat d’aparicio

de la malaltia de Huntington. Aquesta correlacié explica aproximadament entre un 50-
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70% de la variacio en I'edat d’inici i els valors maxims d’aquesta es donen en els ex-
trems de l'interval de repeticions CAG [163, 172, 173]. Els individus portadors d’al-lels

> 60 CAG repeticions debuten majoritariamer20 anys i és defineixen com a formes
juvenils [174], mentre que els individus portadors de 36-39 CAG repeticions, en cas de
presentar la malaltia, debuten en edats tardanes (> 60 anys). No obstant, aquesta corre-
lacié disminueix fins a un 50% en el rang de 40-50 repeticions que és el majoritari en
les formes adultes [175]. Per tant, tot i que el nombre de repeticions CAG en el gen HTT
ésel principal factor determinant de I'edat d'inici de la malaltia, no la determina per

complet

Un 20% de la variacié en I'edat d’aparicié del Huntington no atribuida a I'expansio
CAG, s’ha atribuit a altres factors genétics [176, 177] i el percentatge restant a factors
ambientals [178, 179]. En els darrers anys, nombrosos treballs han identificat factors
genetics modificadors de I'edat d'inici del Huntington implicats en diferents processos
biologics com: l'estrés oxidatiMAP3K5,MAP2KG PPARGC1A[180, 181], la trans-
missié sinapticaHAP1 i ADORA2) [182, 183], la resposta glutamaerg@RIN2A i
GRINZ2B [184], l'autofagia ATG7) [185], la proteolisidCHL) [186] i els mecanismes

de reparacié del dany en 'ADN (MLH1 i MLH3) [187]. Malgrat aquests avencos, el
percentatge de variacié en I'edat d'inici del Huntington atribuit a la majoria d’aquestes
variants al-leliques és aproximadament d’'un 1% per a cadascuna d’elles, de manera que
hi ha factors genetics modificadors de I'edat d’aparicio de la malaltia pendents

d’identificar.

La identificacié de nous factors genetics modificadors de I'edat d’aparicié de la malaltia
de Huntington pot servir per realitzar un consell genetic més acurat i/o identificar possi-

bles dianes terapéutiques per retardar o prevenir I'aparicié de la simptomatologia clinica

8. RELACIO EPIDEMIOLOGICA ENTRE EL CANCER | LES MALALTIES
NEURODEGENERATIVES

Estudis epidemiologics indiquen una associaciod inversa entre el risc a desenvolupar
cancer i diverses malalties del SNC [188], especialment amb les malalties neurodegene-
ratives comunes associades a I'envelliment, com son la malaltia de Parkinson i la malal-

tia d’Alzheimer [189]. S’ha descrit, que els supervivents de cancer presenten una dismi-
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nucié d’'un 20-50% del risc a desenvolupar Parkinson i Alzheimer, i que els malalts de
Parkinson o Alzheimer presenten un risc notablement menor a desenvolupar cancer
[190, 191]. Tot i que els processos biologics subjacents a aquesta relacid inversa sén
forca desconeguts, s’ha identificat que el cancer i les malalties neurodegeneratives com-
parteixen gens i vies de senyalitzacio desregulades en sentits oposats, com la via de p53,
de Pinl, de Wnt i de la ubiquitina-proteosoma [189]. La infraregulacié de p53 i la so-
breregulacié de Pinl, de Wnt i de la ubiquitina-proteosoma afavoreix el desenvolupa-
ment de cancer i protegeix de la neurodegeneracio, en el sentit invers succeeix el contra-

ri.

De forma significativa, nombrosos treballs han reportat una associacio bidireccional
entre el risc a desenvolupar Parkinson i cancer cutani [192], especialment melanoma
[193, 194]. Els pacients de melanoma presenten un augment del 50% del risc a desenvo-
lupar Parkinson (OR=1,44; 95% IC: 1,03-2,01) [195] i els pacients de Parkinson presen-
ten casi 2,5 vegades més risc a desenvolupar melanoma (OR=2,43; 95% IC: 1,77-3,32)
[196, 197]. Un treball presentat I'any 1972, va hipotetitzar que I'augment de la inciden-
cia del melanoma entre els malalts de Parkinson es devia al tractament amb levodopa
(L-dopa) que rebien aquests pacients [198]. Diversos estudis van donar suport a aquesta
hipotesi [199-201] basant-se en el fet de que la L-dopa és un producte intermediari tant
en el procés de sintesi de melanina com de neuromelanina [202] (Figura 16), i que tant
els nivells de melanina com els de neuromelanina es troben alterats en els melanomes i

en els cervells de pacients amb Parkinson, respectivament [199, 200].

TH TYR
\ / DOPA descarboxilasa
L-Tirosina — (L )JDOPA » DA -@

TH, TYR TH
/ 5,6-dihidroxindol —» ( Fumelanina

(L-YDopaquinona

5 8-cisteina L-dopa—— ( Feomelanina

Figura 16. Biosintesi de la neuromelanina i la melaninaédaptada de Pagt al.[203].
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Aquests estudis suggerien que 'augment de L-dopa en sang que es produeix en els pa-
cients de Parkinson que reben tractament amb levodopa, pot comportar un augment de
la produccié de melanina en els melanocits i en consequéncia el desenvolupament d’un
melanoma [199-201]. No obstant, aquests treballs obviaven que sén factors genetics els
que provoquen una proliferacido descontrolada dels melanocits, i que 'augment de la
sintesi de melanina en els melanomes és el resultat d’aguesta proliferaci6 melanocitica
descontrolada [34]. A més, tant la neuromelanina en les neurones dopaminérgiques,
com la melanina en els melanocits, tenen un paper protector degut a la seva activitat
scavengerenfront de les ROS [204, 205]. Paral-lelament es van publicar un seguit
d’assaigs clinics i estudis prospectius que demostraven que la freqiieéncia de casos de
melanoma era més alta entre els pacients de Parkinson inclis abans que aquests debu-
tessin amb els primers simptomes, i per descomptat, abans que iniciessin el tractament
amb levodopa [206-20&quests resultats indicaven que l'associacio entre aquest trac-

tament i el melanoma és casual i no causal [209, 210].

D’altra banda, un treball que va avaluar I'associacié epidemiologica entre presentar an-
tecedents familiars de cancer i el risc a desenvolupar Parkinson, va identificar que els
individus amb antecedents familiars de melanoma (en un familiar de primer grau) pre-
sentaven un major risc a desenvolupar la malaltia de Parkinson (RR=1,85; 95% IC: 1,2-
2,8) [211]. El treball descartava una associacio entre el risc a desenvolupar Parkinson i
antecedents familiars de cancer de colon, mama, pulmdé i prostata. Per tant, els resultats
d’aquest treball suggereixen que el melanoma i el Parkinson comparteixen factors gene-
tics de risc [211].

La major taxa d’incidencia del melanoma i del Parkinson s’observa en la poblacio cau-
casica, mentre que la taxa d’'incidencia més baixa per ambdues malalties s’observa en la
poblacié africana [212, 213]. En base a aquestes evidéncies es va hipotetitzar que gens
implicats en la pigmentacié podrien ser factors genetics de risc a desenvolupar tant me-
lanoma com Parkinson [214]. En aquesta linia, un estudi cas-control que incloia 539
casos de Parkinson, va identificar una associaci6 significativa entre el color clar de ca-
bell i un major risc a desenvolupar Parkinson. Concretament, els individus pel-roigs
presentaven dues vegades més risc a desenvolupar Parkinson (RR=1,93, 95% IC: 1,08-

3,43) que els individus amb el cabell negre [215]. Aquests resultats indiquen que exis-
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teix una sobrerepresentacio d’individus pél-roigs entre els pacients de Parkinson, igual

gue succeeix entre els pacients de melanoma.

Ara bé, aquesta associacio es veu restringida al Parkinson, ja que cap estudi ha identifi-
cat una associacio epidemiologica entre el risc a Alzheimer i el risc a desenvolupar can-
cer cutani [216].
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HIPOTESI | OBJECTIUS

La hipotesi de la present tesi doctoral és que el BEEILR podria estar implicat en la

patogenesi de les malalties neurodegeneratives.

Objectiu general:

Analitzar el paper del MC1R com a factor genetic de risc a desenvolupar malalties neu-

rodegeneratives i/o com a factor modificador en I'edat d’aparicié d’aquestes malalties.

Objectius concrets:

1. Avaluar el gerMC1Rcom a factor genétic de risc a desenvolupar la malaltia de

Parkinson.

2. Avaluar el genMC1R com a factor genétic de risc a desenvolupar la malaltia

d’Alzheimer.

3. Avaluar el gerMC1Rcom a factor modificador de I'edat d’aparicio de la malal-

tia de Parkinson, la malaltia d’Alzheimer i la malaltia de Huntington.

4. ldentificar processos biologics alterats a nivell constitutiu en les cel-lules cutani-
es portadores de variants de perdua de funcM@bR que en part expliquin, la

patogenesi observada en les malalties neurodegeneratives.
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TREBALL |

Treball realitzat per donar resposta als objectiu 1 i 3 de la present tesi doctoral.

Titol:

The MC1Rmelanoma risk variant p.R160W is associated with Parkinson disease

Doi: 10.1002/ana.24373

Resum:

En la darrera decada, diferents treballs epidemiologics han indicat una associacio bidi-
reccional entre el risc a desenvolupar melanoma i el risc a desenvolupar Parkinson. Hi
ha dades que indiquen que factors genetics poden estar implicats en aquesta associacio, i
més concretament, que aquests poden ser gens implicats en la regulacié de la pigmenta-
cio. El fet que les cél-lules cutanies portadores de variants LOFC&R mostrin una
desregulaci6 constitutiva de gens implicats en les vies de senyalitzacié de malalties neu-
rodegeneratives, suggereix que el yED1R podria estar implicat en la patogénesi de la
malaltia de Parkinson.

L’objectiu principal d’aquest treball era avaluar el ¢¢81R com a factor genetic de
risc a desenvolupar la malaltia de Parkinson i com a factor modificador de I'edat
d’'aparicié d’aguesta malaltia.

Per a donar resposta aquest objectiu, es va dissenyar un estudi cas-control que incloia
870 pacients de Parkinson i 736 controls aparellats per edat i sexe, tots ells d’origen
espanyol. El geMC1Res va caracteritzar molecularment en el conjunt total de casos i
controls, sequenciant la regié codificant sencera del transcrit (ENST0000555147) que

codifica per la forma canonica del receptor MC1R (NP_002377).

De forma global es van identificar un total de 47 variants al-leliques (13 sinonimes i 34
no sinonimes) en el geMiC1R. Entre aquestes, 38 variants (12 sinonimes i 26 no sino-
nimes) van ser detectades en pocs 0 en un unic individu i presentaven una MAF < 0,01.

La frequéncia global d’aquestes variants rares (MAF < 0,01) es va comparar entre casos
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(0,053) i controls (0,043) i no es va detectar una diferencia estadisticament significativa
(p-valor = 0,383).

L’analisi d’associacio genotipica cas-control es va dur a terme amb el conjunt de vari-
ants que complien els seglents criteris: variants no sinonimes, en equilibri Hardy-
Weinberg en la poblacié control i amb una MAF > 0,01 en els pacients de Parkinson.
Se’n van detectar 7: p.vV6OL (0,13), p.V92M (0,06), p.R151C (0,03), p.I155T (0,01),

p.R160W (0,02), p.R163Q (0,02), i p.D294H (0,01). Tots els analisis d’associacio geno-

tipica cas-control es van ajustar per I'edat i el sexe.

Els resultats de I'analisi d’associacio genotipica van mostrar que els individus portadors
de I'al-lel p.R160W (rs1805008) presenten un augment del risc a desenvolupar la malal-
tia de Parkinson (OR=2,10; 95% IC: 1,18-3,73; p-valor ajustat = 0,009, p-valor corregit
per Bonferroni = 0,063). Aquest resultat explica, en part, la relacié epidemiologica bidi-
reccional entre el risc a melanoma i el de Parkinson, ja que variants LKOEJRin-
crementen la susceptibilitat a desenvolupar ambdues malalties. El fet que els individus
portadors de I'al-lel ‘R’ p.R160W s’associin amb el fenotip RHC, explica la sobrerepre-
sentacié d’individus pél-roigs que s’ha identificat entre els pacients de Parkinson. La
resta de variants avaluades, tant ‘r' (p.V60L, p.V92M i p.R163Q) com ‘R’ (p.R151C,
p.1155T i p.D294H) no es van associar amb un augment del risc a desenvolupar Parkin-
son en aquesta cohort d’origen espanyol. Cap de les variants analitzMigtRes va
associar a una variacié en I'edat d’aparicié de la malaltia de Parkinson, indicant que el
genMC1Rno és un factor modificador de I'edat d’inici d’aquesta malaltia, almenys en

aguesta cohort d’origen espanyol.
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The MC1R Melanoma Risk
Variant p.R160W Is Associated
with Parkinson Disease

Gemma Tell-Marti, MSc,'?
Joan Anton Puig-Butille, PhD,%?
Miriam Potrony, MSc,’
Celia Badenas, PhD,%?
Montserrat Mila, PhD,%?
Josep Malvehy, MD, PhD,'?
Marfa José Mart/, PhD,"
Mario Ezquerra, PhD,"
Rubén Fernandez-Santiago, PhD," and
Susana Puig, MD, PhD"#%"

Epidemiological studies have reported the co-occurrence
of Parkinson disease (PD)} and melanoma. Common
genetic variants in the MC1R (melanocortin 1 receptor)
gene, which determines skin and hair color, are associ-
ated with melanoma. Here we investigated whether
genetic variants in MCTR modulate the risk of PD by
sequencing the entire gene in 870 PD patients and 736
controls ascertained from Spain. We found that the
MC1R variant p.R160W (rs1805008) is marginally associ-
ated with PD (odds ratio=2.10, gender- and age-
adjusted p = 0.009, Bonferroni-corrected p = 0.063). Our
results suggest that MC1R genetic variants modulate the
risk of PD disease in the Spanish population.

ANN NEUROL 2015;00:000-000

Epideminlngiml studies have described an inverse assa-
ciation between cancer and age-related neurodegener-
ative diseases.! Thus, patients with Parkinson disease (PD)
have a reduced incidence of most types of cancer excepring
cutancous melanoma (CM),” whose incidence is higher in
PD.? In addition, CM patients have also shown an
increased risk for PD.* Different hypotheses have been
proposed to explain the co-occurrence of both discases™ ;
however, the underlying mechanism remains unknown.
Genetic variants in the pigmentation genes could underlie
the bidirectional link between both diseases, because a
higher incidence of both diseases has been detected in
Caucasians compared to black popu!alions.? In addition,
individuals with fair phototype (pale skin and light-
colored hair) show an increased risk of developing CcMm®
and PD.” Furthermore, skin cells from red hair color indi-
viduals have a constitutive deregulation of genetic path-

{ y o 10
ways involved in neurodegenerative discases.

BRIEF COMMUNICATION

In the present study, we have investigated whether
genetic variants in the MCIR (melanocortin 1 recepror)
gene are associated with PD. The MCIR gene is the mas-
ter regulator of pigmentation phenotype in humans.''
Recessive MCIR loss-of-function genetic variants are
responsible for the red hair color (RHC) phenotype (red
hair, fair skin, and poor tanning response) and increase
the risk of developing CM.'" Six loss-of-function MCIR
variants (R variants) are strongly associated with the RHC
phenotye and a higher risk of CM (p.D84E, p.R142H,
p-RISIC, p.R160W, p.1155T, and p.D294H)."" In addi-
tion, other MCIR variants with partal loss-of-function
that are not associated with the RHC phenotypical charac-
teristics (r variants) increase moderately the risk of CM
(p-V6OL, p.V92M, and p.R163Q)."* To explore the role
of MCIR in PD, we sequenced the entire coding region
of MCIR in 870 PD cases and 736 gender- and age-
matched controls ascerrained from Spain, and analyzed all
the common nonsynonymous R and r variants with an
observed minor allele frequency (MAF) of at least 0.01.

Subjects and Methods

Subjects

We performed a case—ontrol study of 870 PD patients (mean
age = standard  deviation [SD] = 57.64 £ 11.89 years, male
60.5%/female  39.5%) and 736 gender- and age-marched
healthy controls (mean age*SD = 56.69 £ 12.74 years, male
56.1%/female 43.9%). All study subjects were Mediterranean
Caucasians ascertained from Spain. All PD  pacdents were
recruited ar the Parkinson’s Disease and Movement Disorders
Unit of the Hospital Clinic of Barcelona and diagnosed accord-
ing to the United Kingdom Parkinson’s Disease Socicry Brain
Bank criteria.'” The control group included healthy individuals
withour signs of neurodegencrative or psychiatric disorders
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obrained from 2 independent control series. OF these, 131 con-
trols were spouses of patients examined by movemenr disorders
specialists ar the Hospital Clinic of Barcelona. The remaining
605 controls were a population-based series of healthy subjeces
recruited ar the Spanish National Bank of DNA. These subjects
passed a questionnaire on health status supervised by a physician
and reported no signs, symptoms, or familial history of PD or of
other neurological diseases. Dermarology and oncology parients
were not included among these control subjeces. All study pareici-
Pﬁ"[s gave written i'ﬂfﬂﬂ'ﬂcd consent, ﬂnd rl'l{.' Sr'lldy was :lpprnvi:d

by the local ethics committee of the Hospiral Clinic of Barcelona.

MC1R Molecular Screening

Genomic DNA from blood samples was isolared using the Wizard
Genomic DNA Purificarion Kic (Promega, Madison, WI). The
MCIR gene, which consists of a single exon encoding a 317-
amino-acid prorein (ENST00000555147), was sequenced using
50 to 100ng of toral DNA per sample. Polymerase chain reaction
(PCR) amplification was carried our as previously described'®
using an initial denarurizing step at 95°C for 5 minutes, followed
by 35 PCR cycles (94°C for 1 minure, 55°C for 1 minure, 72°C
for 3 minutes) and a final extension ar 72°C for 10 minutes. PCR
prnducts were pllriﬁc‘d using Mulriscreen Filter p|ales {Mif]ipnrc,
Billerica, MA). We sequenced the entire coding region of MCIR
using the internal primers TM-F 5'AACCTGCACTCACCC
ATGTA3 and TM-R 5'TTTAAGGCCAAAGCCCTGGTS and
the BigDye Terminator v3.1 Cycle Sequencing Kir according to
the manufacturer’s instructions (J\ppﬁl:d Biosystems, Foster Ciry,
CA). Sequences were run on an ABI3100 automaric sequencer
(Applied Biosystems) and analyzed using the SeqPilor 4.0.1 soft-
ware (JSI Medical Systems, Ertenheim, Germany).

Statistical Analysis

The nonsynonymous MCIR variants were classified as red hair
color (R) or non—red hair color (r) according to the classical
criteria used in melanoma studies.'* We focused on nonsynony-
mous MCIR variants with an observed MAF of ar least 0.01 in
PD patients. All variants were in Hardy—Weinberg equilibrium
except p.R142H, which was excluded for further analysis. The
allelic association analysis was performed using the 2-ril con-
tingency x-,“' test. The genorypic association analysis was per-
formed using mulriple logistic regression models (codominant,
dominant, recessive, overdominant, and log additive). The
selection of the most suitable model of inheritance was per-
formed based on borth the Akaike informarion criterion and the
Bayesian informartion criterion. Once the model was deter-
mined, differences in genotypic frequencies were calculared
using a 2-tail contingency j{iz test (Table 1), All stacistical analy-
ses were performed using the SNPStats software.'” All reported
odds ratios (ORs), 95% confidence intervals (CI), and probabil-
ir}’ va'ucs were adil.L‘“:d ﬂ)r gcndcr and Hg‘_‘ and 315(’ CDIT{:C“.‘(]

using the Bonferroni correction for multiple comparisons.

Results

We detected 7 common nonsynonymous MCIR variants
with an MAF>0.01 in PD patients: p.V6OL (0.13),

p-V92ZM  (0.06), p.R151C (0.03), p.R160W (0.02),
p-R163Q (0.02), p.1155T (0.01), and p.D294H (0.01;
Fig) and compared their frequencies with those from
controls. Results from the allelic and genotypic associa-
tion analyses of these MCIR common variants are sum-
marized in Table 1. We found that the red hair color var-
iant p.R160W was associated with an increased risk of
PD  (gender- and age-adjusted OR=2.10, 95%
ClI=1.18-3.73, gender- and age-adjusted p = 0.009).
After Bonferroni correction, this finding did not reach
the threshold for statistical significance, yer showed
a strong  association twrend  (Bonferroni-corrected
2 =0.063). The model of inheritance of p.R160W could
not be determined, because homozygous carriers were
not detected in our population and therefore the homo-
zygous major allele genotype was compared only with
the heterozygous genotype. In addition, we also identi-
fied a total of 38 rare variants with an MAF < 0.01 in
MCIR (12 synonymous, 26 nonsynonymous) whose
overall frequency distribution in PD patients (0.053)
and controls (0.043) was not statstically different
(p=0.383; Table 2). A to1al of 18 of these rare variants
were novel,

Discussion

We have investigated the association of common nonsy-
nonymous genetic variants in MCIR with PD by
sequencing the entire coding region of the gene in a
case—control cohort from Spain. We found that the
MCIR variant p.R160W (rs1805008) showed a strong
trend with increased risk of PD
(OR=2.10, 95% Cl=1.18-3.73, gender-and age-
adjusted  p = 0.009, Bonferroni-corrected p = 0.063).
Two other studies™'® have previously genotyped MCIR

of association

genetic variants in PD patients. The first study analyzed
exclusively the loss-of-function variant p.R151C and
found an increased risk of PD for this variant in 1 North
American population.” Our study validates findings from
this previous report indicating that loss-of-function
MCIR variants modulate the susceptibility to PD. The
second study specifically genotyped 2 loss-of-function
MCIR variants, p.R151C and p.R160W, and reported
no association with PD in a non-Hispanic white cohort
from North America.'® Population-specific allele frequen-
cies of MCIR variants, which differ considerably across
populations,’” may underlic the different results observed
between this study and our study. Furthermore, the dif-
ferent degree of genetic heterogeneity in this population
and our population could also lead 10 different resulis.
In our study, 1o minimize the effect of genetic heteroge-
neity, we analyzed a well-defined cohort consisting of
ethnically homogencous Mediterranecan Caucasian cases
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FIGURE 1: Localization of the commen nonsynenymous genetic variants with a miner allele frequency > 0.01 depicted in the
MC1R protein. Relative positions of the R (red hair color) and r (non-red hair color) variants are shown in black and gray, respec-
tively. The black arrow indicates variant p.R160W, which is associated with an increased Parkinson disease risk in our study.

and controls ascertained in Spain. It is important to note
here that both MCIR variants associated with PD 1o
date (p.R160W and p.R151C) have previously shown the
strongest association with RHC phenotype and CM
risk."” This is consistent with the observed overrepresen-
tation of RHC individuals among PD and CM pali:’:ms.'J
Altogether, these data suggest that the genetic variation
in the MCIR gene may modulate the suscepribility not
only for CM bur also for PD.

The exact biological mechanism underlying the
association of MCIR varianis with PD is not known.
Nonetheless, it should be mentioned thatr MCIR is
expressed not only in melanocytes'® but also in neurons,
where it has a neuroprotective effect.’” More specifically,
MCIR has been shown 1o induce the downstream expres-
sion of NURRI (also known as NR4A2), which is an
essential transcription factor for the development and
maintenance of the dopaminergic neurons from the sub-
stantia nigra.y""12 Moreover, posumortem studies in PD
patients showed that the downregulation of NURR! cor-
relates with the presence of a-synuclein containing inclu-
sion bodies in the substantia nigra.™® One auractive
hypothesis is that MCIR loss-of-function R variants may
be associated with PD through NURRI signaling.”" >
Interestingly, primary human melanocytes  carrying

homozygous R MCIR variants have also shown the
downregulation of NURR1.%® However, future functional
studies are needed 1o further explore this hypothesis in
neuronal models of PD.

Our study, although exploraiory, has some limita-
tions. First, the sample size, albeit relatively large, is some-
what limited when considering the low frequency of the
p-R1GOW risk allele ‘T" in our Spanish population (2% in
PD, 1% in controls). Therefore, the risk associated with
this variant may be somewhat difficult to estimate precisely.
Second, it is to be expected thar a small proportion of the
subjects used as controls in our study, although neurologi-
cally healthy at the time of sample donation
(56.69 = 12.74 years old), will develop symptoms of PD in
the furure according to the age-dependent increasing inci-
dence of PD (1 in 100 in those aged >60 ;y::ars‘.]l,24 Third, it
would have been interesting to evaluate whether environ-
mental factors related o PD, such as caffeine intake, alco-
hol intake, or smoking staws, affect the association of the
MCIR variant p.R160W with PD, but unfortunately these
environmental data were not available for our PD cohort.

In conclusion, our study indicates that the MCIR
variant p.R160W is marginally associated with PD in the
Spanish population. Further studies should be conducted
to validate our findings in other PD populations.

Volume 00, No. 00
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TABLE 2. Frequency of Rare Genetic Variants in the MC1R Gene in PD and Controls

Rare MCIR Variants PD Patients, n = 870 Controls, n =736

Synonymous variants

A103A (c.309C>T)het o 1/736
11381 (c.414C>T)het” S 1/736
A139A (c.417C>T)het” 1/870 =
A161A (c.483G>A)het” 3/870 —
11681 (c.504C>T)het" = 1/736
Y183Y (c.549C>T)het" i 1/736
12211 (c.663C>T)het — 1/736
R229R (c.687C>T)het” 1/870 —
Q233Q (c.699G>A)het 13/870 9/736
Y298Y (¢.894C>T)het” 1/870 —
F300F (c.900C>T)het = 31736
$316S (c.948C>T)het 1/870 21736
Nonsynonymous variants

V38M (c.112G>A)het - 1/736
N56D (c.166A>G)het” 1/870 =
R67W (c.199C>T)het” 1/870 g =
L8OV (c.238C>G)het” — 11736
S83P (c.246T>C)het 1/870 1/736
D84E (c.252C>A)het 1/780 1/736
T95M (c.284C>T)het - 21736
V122M (c.364G>A)het 7/870 1/736
V140M (c.418G>A)het” 1/870 -
R142C (c.424 C>T)het 1/870 =
Y152* (c.456C>A)het 1/870 i
V156A (c.467T>C)het 1/870 —
A161E (c.482C>A)hel® 2/870 .
T272M (c.815C>T)het 1/870 =
V193M (c.577G>A)het” — 1/736
R213W (c.637C>T)het 3/870 —
R223W (c.677C>T)het” 1/870 =2
A218T (c.652G>A)het 1/870 =
P230L (c.689C>T)het - 11736
P268R (c.803C>G)het o 11736
C273W (c.819C>G)het” — 1/736
N281$ (c.842A>G)het - 1/736
C289R (c.865T>C)her 1/870 -
D294N (c.880G>A)het” 1/870 —
Y298H (c.892T>C)het” s 1/736
A299S (c.895G>T)het” 1/870 s
Total of MCIR rare variants 46/870 (0.053%) 32/736 (0.043%)

Impact Score™

0.49
1.00
1.00
1.00
0.99
0.99
0.88
0.12
0.39
1.00
1.00
0.95
0.99
0.97
0.89
0.02
0.02
0.93
0.00
1.00
1.00
0.25
0.99
1.00
1.00
0.99

“Impact score of the amino acid substitution on the structure and function of MCIR compured using Polyphen2 software (scores

close ro 0 indicare a benign muration, whereas scores close to 1.0 indicare damagjng muration).
ariants thar are novel and have not been reported before.
her = change derecred in heterozygosis; PD = Parkinson discase.
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TREBALL Il

Treball realitzat per donar resposta als objectiu 2 i 3 de la present tesi doctoral.

Titol:

A Common Variant in the MC1RBene (p.V92M) is associated with Alzheimer's Disea-
se Risk

Doi: 10.3233/JAD-161113

Resum:

Malgrat en els darrers anys, s’han identificat variants al-leliques de risc a desenvolupar
les formes esporadiques de la malaltia d’Alzheimer (edat d'inici de la mata&

anys), la suma del risc atribuit a aquestes variants genetiques juntament amb l'atribuit a
'APOEe4, explica poc més del 50% del risc genétic atrilaitdesenvolupament
d’aquestes formes tardanes d’Alzheimer. Donat que el MC1R s’expressa en les cel-lules
del SNC i que en les cél-lules cutanies portadores de variants LRAEHR, s’ha iden-

tificat una desregulacioé constitutiva de gens implicats en les vies de senyalitzacié de
malalties neurodegeneratives; varem hipotetitzar que eVi@tR podria estar implicat

en la patogenesi de la malaltia d’Alzheimer.

L’objectiu d’aquest treball era avaluar el gd€1R com a factor genétic de risc a des-
envolupar les formes esporadiques de la malaltia d’Alzheimer i com a factor modifica-

dor de I'edat d’aparicié d’aquesta malaltia.

Per a donar resposta aquest objectiu, es va dissenyar un estudi cas-control que incloia
525 pacients d’Alzheimer (edat d’inici de la malalti®5 anys) i 160 controls, apare-

llats proporcionalment per edat i sexe, tots ells d’origen espanyol. El genotip de 'APOE
va ser determinat mitjancant sondes Tagmgplied Biosystemsn el conjunt total de

les mostres. El geMIC1Res va caracteritzar molecularment en el conjunt total de casos

i controls, sequenciant la regié codificant sencera del transcrit (ENST0000555147) que

codifica per la forma canonica del receptor MC1R (NP_002377).
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De forma global es van identificar un total de 22 variants al-léliques (4 sinonimes i 18
no sinonimes) en el gaWiC1R. Entre aquestes, 16 variants (3 sinonimes i 13 no sino-
nimes) van ser detectades en pocs o0 en un unic individu i presentaven una MAF < 0,01.
La frequencia global d’aquestes variants rares (MAF < 0,01) es va comprar entre casos
(0,049) i controls (0,050) i no es va detectar una diferencia estadisticament significativa
(p-valor = 0,888).

L’analisi d’associacio genotipica cas-control es va dur a terme amb el conjunt de vari-
ants genetiques que complien els seguents criteris: variants no sinonimes, en equilibri
Hardy-Weinberg en la poblacié control i amb una MAF > 0,01 en els pacients
d’Alzheimer. Se’'n van identificar 5. p.v60L (0,16), p.V92M (0,7), p.R151C (0,02),
p.R160W (0,02) i p.R163Q (0,02). Tots els analisis d’associacio genotipica es van ajus-
tar per I'edat, el sexe i el genotip dAPOE que son els 3 principals factors de risc a

desenvolupar les formes esporadiques d’Alzheimer.

Els resultats dels analisis d’associacié genotipica van mostrar que els individus porta-
dors de lal-lel p.V92M (rs2228479), variant ‘r' que no s’associa amb el fenotip RHC,
presenten un augment del risc a desenvolupar Alzheimer sota un model d’heréncia addi-
tiu (OR: 1,99; 95% IC: 1,08-3,64, p-valor ajustat = 0,026). Es va identificar una associ-
acio inversa entre la variant al-lelica p.V92MME1RIi I'al-lel 4 de TAPOE La resta

de variants avaluades, tant ‘r' (p.V60L i p.R163Q) com ‘R’ (p.R151C i p.R160W) no es
van associar amb un augment del risc a desenvolupar Alzheimer en aquesta cohort
d’origen espanyol. De forma interessant, quan I'analisi es va restringir a un subgrup de
69 individus on el diagnostic d’Alzheimer s’havia confirmat mitjancant I'is del perfil

de biomarcadors en LCR (dB, T-tau i P-tau), 'associacio entre la variant p.V92M i

el risc a desenvolupar Alzheimer augmenta (OR: 3,40; 95% IC: 1,40-8,27, p-valor ajus-
tat = 0,007). Els resultats d’aquest treball indiquen que I'al-lel p.vV92M del MC1R aug-
menta el risc a desenvolupar Alzheimespecialment en aquells individus on el risc
genetic no pot atribuir-se a 'APQ#, a través de la desregulacio de vies de senyalitza-
ci6 modulades pel MC1R independents de la via canonica de senyalitzacio. Cap de les
variants analitzades éiC1R es va associar a una variacio en I'edat d’aparicioé de la
malaltia d’Alzheimer, indicant que el gdAC1Rno és un factor modificador de I'edat

d’inici d’aquesta malaltia, almenys en aquesta cohort d’origen espanyol.
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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, we sequenced the MCIR gene in 525
Spanish LOAD patients and in 160 controls. We observed that a common MCIR variant p.V92M (rs2228479), not related to
pigmentation traits, was present in 72 (14%) patients and 15 (9%) controls and confers increased risk of developing LOAD
(OR: 1.99, 95% CI: 1.08-3.64, p=0.026), especially in those patients whose genetic risk could not be explained by APOE
genotype. This association remains and even increased in the subset of 69 patients with typical AD cerebrospinal fluid profile
(OR: 3.40 95% CI: 1.40-8.27, p=0.007). We did not find an association between p.V92M and age of onset of AD. Further
studies are necessary to elucidate the role of MCIR in brain cells through the different MCIR pathways.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder characterized clinically by
memory and cognitive dysfunction and represents
the most common form of dementia in the elderly
[1]. The prevalence of the disease increases after the
age of 65 years and the disease onset is usually after
the age of 70 years [2]. However, familial AD (FAD)
patients carry autosomal dominant mutations in high-
risk Alzheimer susceptibility genes (APP, PSENI,
and PSEN2) and 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 [3]. To
date, the e4 allele polymorphism in the Apolipopro-
tein E (APOE) gene has been well established as arisk
factor for developing late-onset Alzheimer’s disease
(LOAD) [3]. The disease-attributable risk in LOAD
patients related to the &4 allele in APOE is less than
50% [4]. Previous genome-wide association studies
(GWAS) have identified low-risk variants associated
with LOAD [5-10], which account for a small pro-
portion of risk. The inclusion of these novelrisk genes
to the risk attributable to the APOE gene accounts for
roughly half of the total genetic variance [ 11], indicat-
ing that additional undiscovered genetic factors may
contribute to AD susceptibility.

The main pathological hallmarks of AD are extra-
cellular amyloid plaques, intracellular neurofibrillary
tangles, and loss of neurons and synapses, resulting
in brain atrophy [12]. 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 potential mechanisms of neuronal death in
AD [13]. The accumulation of intracellular damage
determined by reactive oxygen species might pro-
duce the progressive loss of control over biological
homeostasis and the functional impairment typical of
damaged brain cells in AD [14].

The Melanocortin 1 receptor (MCIR) gene
encodes for a G protein-coupled seven transmem-
brane receptor for melanocortin peptides (a-MSH,
ACTH) and mediates its effects mainly by activating
a cAMP-dependent signaling pathway [15]. MCIR
expression is observed in several types of neuronal
cells suggesting that it may be a key regulator in brain
cell functions and survival [16]. The MCIR activa-
tion has anti-inflammatory and immunomodulatory
effects in brain cells [16] and promotes pigmentation

synthesis in melanocytes [17]. It has been estab-
lished that several MCIR polymorphisms constitute
a risk factor to develop skin cancer (melanoma and
non-melanoma skin cancer) [18, 19], in part, by pro-
moting an increased oxidative stress in skin cells [20].
Notably, co-occurrence of Parkinson’s disease (PD)
and cutaneous melanoma (CM) has been reported in
epidemiological studies [21] and previous evidence
indicates that MCIR is involved in the bidirectional
link between both diseases [22, 23]. Thus, we hypoth-
esized that certain MCIR variants may increase the
oxidative damage and/or deregulate inflammatory
processes in brain cells, which consequently, increase
the susceptibility of developing other neurodegen-
erative disorders beyond PD. In the present study,
we analyzed the role of the MCIR gene as a puta-
tive genetic risk factor in LOAD patients, and we
observed that a common MC/R variant, not related to
pigmentation traits, confers risk of developing LOAD
in a Spanish population.

MATERIAL AND METHODS

We performed a case-control study of 525 unre-
lated LOAD patients (Mean age £ SD, 76.35 £5.61
years (the age of onset was after 65 years in all
patients studied; male 29.7%/female 70.3%) and
160 controls (Mean age +SD, 73.81 4 5.87 years;
male 36.3%/female 63.7%). All patients studied were
recruited from two hospital-based series from the
same geographical area: the Alzheimer’s Disease and
Other Cognitive Disorders Unit at Clinic Hospital of
Barcelona and from the Memory Unit at Sant Pau
Hospital of Barcelona. All AD patients were diag-
nosed using the NINCSDS-ADRDA criteria [24].
Furthermore, 69/525 had a CSF biomarker profile
typical of AD (AR4o/p-tau ratio <6.43) [25].

The control group included healthy individuals
without signs of neurodegenerative or psychiatric dis-
orders obtained from three independent control series
from Spain: Hospital Clinic of Barcelona (N=13),
Sant Pau Hospital of Barcelona (N=85), and the
Spanish National Bank of DNA (N =62) (Table 1).

All individuals included in the study gave their
written informed consent according to the Declara-
tion 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,
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Demographic data and APOE genotype of the samples analyzed

LOAD (N=515) Conirols (N = 160)

AOO

Gender Male
Female

1APOE APOE /-
APOE —/+
APOE +/+

Hospital based-series Hospital Clinic of Barcelona
Sant Pau Hospital of Barcelona

National Bank of DNAP

Mean + SD* 76.35+5.61 73.81+5.87

N (%) 156 (29.7) 58(36.3)
N (%) 369 (70.3) 102 (63.7)
N (%) 283 (53.9) 128 (80)

N (%) 218 (41.5) 32200
N (%) 24 (4.6) 0{;

N (%) 110(21) 13(8)

N (%) 415 (79) 85 (53)

N (%) 0(0) 62(39)

# _J— individuals who carry no £4 allele. —/+individuals who carry one £4 allele. +/+individuals who carry two &4 alleles " from The University

of Salamanca. *SD standard deviation.

Fitchburg, Wisconsin, USA). APOE genotype was
determined through the analysis of rs429358 and
rs7412 using TagMan (Applied Biosystems) geno-
typing technologies.

CSF biomarkers determination

69 subjects underwent a spinal tap during the morn-
ing. The samples were centrifuged and stored in
polypropylene tubes at —80°C within 2 h. Levels of
APy, t-tau, and p-tau were measured by experienced
laboratory personnel using commercial sandwich
ELISA kits (Innogenetics, Ghent, Belgium) [26].
We are participants of the QC program, and APy4o,
t-tau, and p-tau levels obtained in our lab for the
Alzheimer’s Association QC samples were within
mean =+ 2 SD.

MCIR molecular screening

The MC IR gene, which consists of one single exon
encoding a 317 amino-acid protein (ENSTO0000
555147), was sequenced using 50-100ng of total
DNA per sample. PCR amplification was carried out
as previously described [27] using an initial denatur-
izing step at 95°C 5 min, followed by 35 PCR cycles
(94°C 1 min, 55°C 1 min, 72°C 3 min), and a final
extension at 72°C 10 min. PCR products were puri-
fied using Multiscreen Filter plates (Millipore). We
sequenced the entire coding region of MCIR (a 1,107
bp fragment) using the following internal primers
(TM-F: 5’AACCTGCACTCACCCATGTA3’ and
TM-R: 5’TTTAAGGCCAAAGCCCTGGT3") and
the BigDye Terminator v3.1 Cycle Sequencing kit,
according to manufacturer’s instructions (Applied
Biosystems, Foster City, CA). Sequences were run on
an ABI3100 automatic sequencer (Applied Biosys-
tems) and analyzed using the SeqPilot 4.0.1 software
(JSI Medical Systems). The entire coding region was

sequenced in 110 LOAD patients and in all controls.
In 415 LOAD patients, the MCIR gene was exclu-
sively sequenced using TM-R primer. This strategy
allows us to detect all MCIR variants, except for the
presence of p.D294H and p.T3147T variants.

Statistical analysis

We focused the analysis on the non-synonymous
MCIR variants with an observed minor allele fre-
quency (MAF) in at least 1% of cases. Synonymous
variants were considered as wild-type MCIR alleles.
Public databases such as dbSNP (http://www.ncbi.
nlm.nih.gov/), MelGene DB (http://www.melgene.
org/), and Ensembl genome browser (http://www.
ensembl.org/) were used to determine whether the
detected non-synonymous variants have been previ-
ously described. In-silico analysis of each rare non-
synonymous variant was carried out using software
Polyphen2 (http://genetics.bwh.harvard.edu/pph2/)
[28].

The genotypic association analysis was per-
formed using multiple logistic regression models
(co-dominant, dominant, recessive, over-dominant,
and log-additive) in the whole set of patients
(N=525) and in the subset of patients with CSF
biomarkers data (N =69). The selection of the most
suitable model of inheritance was performed based
on both Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC). All reported
odds ratios (ORs), 95% confidence intervals (CI), and
p-values were adjusted for age, gender, and APOE
genotype.

The goodness-of-fit of our logistic regression
model was evaluated by the Hosmer-Lemeshow test.
In the genotypic association analysis with the whole
set of samples (525 patients and 160 controls), we
obtained the best fit of our model by categorical trans-
formation of the age. We converted the numerical
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Genetic variants detected in the MCIR gene
MCIR variants Subjects
LOAD (N=525) Controls (N=160) Polyphen
s MAF (%) (EAJ/AA/AL*  AA change cDNAchange N (%) N (%) Score 2
Synonymous
rs146544450 0.2151/0.0969/0.1761 p-Q233Q (c.699G>A)Het 4(0.7)
15181269865 0.1064/0.0712/0.0947 p.I2641 (¢.792C>T)Het 2(04)
UN UN p-L309L (€.927C>G) et 1(0.2) - -
rs2228478 10.7936/40.8062/20.8104  "“p.T314T* (c.942A>G)Het 21 (19 24(157
(c.942A>G)Homo 227
Non-synonymous
rs1805005 13.3419/2.2612/9.6064 “p.V6OL (c.178T>G)Het 137 (26) 40 (25) 0.988
(c.178T>G)Homo 18 (3) 3(3)
rs372590533 0.0117/0.0/0.0078 p.R6TQ (¢.200G=>A)Het 3(2) 0.744
rs34474212 0.1051/0.0228/0.0773 p.S83P (¢.247T>C)Het 1(0.2) - 0.999
rs1805006 1.0028/0.1826/0.7254 “p.DS4E (c.252C>A)Het 1(0.2) - 1.000
rs2228479 8.5784/1.9389/6.3311 “p.VIIM (c.274G>A)Het 72(14) 15(9) 0.015
(c.274G=>A)Homo 2(0.4) -
rs201192930 0.0116/0.0228/0.0154 p.V122M (c.364G>A)Het 1(0.2) - 0.126
18374235260 0.0116/0.0/0.0077 p-MI2ZET (¢.383T>C)Het 1(0.6) 0.235
rs11547464 0.7442/0.0682/0.5155 “p.R142ZH (c.425G>A)Het 61(1) 1(0.6) 1.000
rs1805007 7.6163/1.7061/5.6171 “p.R151C (c.451C>T)Het 26 (5) 9(6) 1.000
rs201326893 0.0349/0.0/0.0231 p.Y152% (c.456C>A)Het 1(0.2) 1.000
rs1110400 1.0468/0.2959/0.7928 ~pI155T (c.464T>C)Het 6(1) 5(3) 0.986
UN UN p.V156E (c.467T>A)Het 1(0.2) - 0.981
rs1805008 7.7147/1.3452/5.5624 “p.R160W (c.4TBC>T)Het 18 (3) 4(2) 0.861
rs885479 4.8207/1.5269/3.7068 “p.R163Q (c.488G>A)Het 24(5) 3(2) 0.004
UN UN p.vV1741 (€.520G>A)Het - 1 (0.6) 0.002
rs200000734 0.0594/0.0239/0.0476 p.R213W (c.637C>T)Het 1(0.2) - 0.019
rs1805009 2.0716/0.6859/1.6111 ~p.D294H? (c.880G>C)Het 547 6 (4)° 1.000
(c.880G>C)Homo 1 (0.9
UN UN p-Y298H (c.892T=C)Het 2(1.2) 1.000

#The minor-allele frequency in percent listed in the order of European American (EA), African American (AA) and all populations
(All) (delimited by /). Variants in bold have not been reported before. UN =Unknown. Het: variant in heterozygosis. Homo: variant in
homozygosis.” MCIR common variants.Score Polyphen2: predicts possible impact of an amino acid substitution on the structure and func-
tion of a human protein (scores close to (L0, indicate a benign mutation; score close to 1.0, damaging mutation) * MCIR variants evaluated

in 110 LOAD patients and 160 controls.

variable (age) into a categorical variable, dividing
the age into different categories. In this analysis, the
logistic regression model was adjusted for age (as
categorical variable), gender, and APOE genotype.
Otherwise, in the genotypic association analysis with
the subset of patients with typical AD CSF biomark-
ers (69 patients and 160 controls), we obtained the
best fit of our model, including the age as a numer-
ical variable. In this second analysis, the logistic
regression model was adjusted for age (as numerical
variable), gender, and APOE genotype.

We evaluated whether MCI/R and APOE geno-
types modify age of onset (AOO) among the Spanish
LOAD group using the Student’s t-test. We evalu-
ated whether interaction between MC/R variants and
APOE alleles exists using the two-tail x> test.

p-values less than (.05 were considered statis-
tically significant. All tests were two sided, and
Bonferroni correction for multiple comparisons was

applied to all p-values <0.05. We performed all the
analyses using STATA v.11 software.

RESULTS

MCIR genotyping was carried out in 525 LOAD

patients and in 160 control subjects. Non-significant
difference in the gender distribution was detected
between patients and controls (p=0.118). The study
identified 22 MCIR variants (4 synonymous and
18 non-synonymous), four rare variants (p.V156E,
p.VI74E, p.Y298H, and p.L309L) had not been
previously identified (Table 2). Five recurrent non-
synonymous variants showed a frequency =1%
in LOAD patients: p.VO0L (16%), p.VI2M (7%),
p.RI151C (2%), p.R160W (2%), and p.R163Q (2%).
All variants were in Hardy-Weinberg equilibrium
within both the control population and LOAD
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Table 3

1069

Results of association analysis of MCIR variants and LOAD

Controls (N = 160)

LOAD

patients (N = 525)

AA change “MAF Genotype frequency MAF Genotype frequency CONTROL vs LOAD patients
2 1-1 1-2 2-2 2 1-1 1-2 2-2 OR (95% CI)" p-value®
p.V6OL 0.16 072 0.25 0.03 0.16 0.71 0.26 0.03 0.93 (0.69-1.33) 0.695
p.VIZM 005 09 0.1 0 0.07 0.859  0.137 0.004 1.99 (1.08-3.64) 0.026
p-R163Q 0.01 098 002 0 0.02 0.95 0.05 0 2.47 (0.69-8.81) 0.162
p.RISIC 0.03 094 (.06 0 0.025 095 0.05 0 LOT (0.44-230) 0.979
pRIGOW 0.01 0.975 0.025 0 0.02 0.966 0.034 4] 0.92 (0.29-2.91) 0.882

MAF: Minor allele frequency. *Allele described as 1 (wild type allele) or 2 (variant allele). " Adjusted for gender, age (converted in a
categorical variable) and APOE genotype. The genetic model used was log-additive, the homozygous for ‘variant allele’ (a/a) has double
the risk of the heterozygous (Afa). The statistically significant result is highlighted in bold.

patients (allelic and genotypic frequencies are listed
in Table 3). Moreover, frequencies of MCIR vari-
ants observed in control subjects were compared with
those observed in other set of controls (N=736)
free from neurodegenerative disorders used in other
study [29]. No statistical significant differences were
observed between both groups.

The APOE genotype was obtained for all cases
and controls. The frequency of heterozygous APOE
e4 carriers was 41.5% (218/525) in LOAD patients
and 20% (32/160) in controls. The APOE e4/e4
genotype was only detected in 4.6% (24/525) of
LOAD patients. The carriers of at least one APOE
£4 allele had a higher than three-fold increased risk
of developing LOAD (OR: 3.47, 95% CI: 2.24-5.39,
p<0.0001).

We evaluated the 5 most common MCIR vari-
ants detected in the study with the risk of developing
LOAD (Table 3). We detected that variant p.V92M
was enriched in LOAD patients compared to controls,
being associated with an increased risk of develop-
ing LOAD under the log-additive genetic model (OR:
1.99,95% CI: 1.08-3.64, p=0.026), after Bonferroni
correction this association did not reach statistical
significance (Bonferroni corrected p=0.13).

We re-evaluated the association between MCIR
variant p.V92M and LOAD risk within the subset
of 69 patients with typical AD CSF profile (Table 4)
and we found it was statistically significant and we
evidenced an even higher OR (OR: 3.40 95% CI:
1.40-8.27, p=0.007). We did not detect statistically
significant differences in the different CSF biomark-
ers levels between p.V92M carriers and non-carriers
(data not shown).

In order to identify whether the p.V92M associa-
tion with LOAD risk was modulated by the presence
of the APOE &4 allele, we evaluated the interaction
between both alleles within the whole set of LOAD
patients (Table 5). The frequency of variant p.V92M

Table 4
Demographic data and CSF biomarkers levels of LOAD patients
subset confirmed by CSF analysis

LOAD (N =69)
AQO Mean+SD*  T71.46+4.74
Gender Male N (%) 26 (37.7%)
Female N (%) 43 (62.3%)
“APOE APOE /- N (%) 30 (43.5%)
APOE —/+ N (%) 31 (44.9%)
APOE +/+ N (%) 8 (11.6%)
CSF protein levels ARy Mean = S5D  348.64 £ 143.14
t-tau Mean+SD  711.25+385.51
p-tau Mean£SD 100,46 £42.002

* /- patients who carry no &4 allele. —/+patients who carry one
&4 allele. +/+patients who carry two &4 alleles. *SD standard
deviation.

in the MCIR gene was significantly lower (p=0.041)
in carriers of at least one APOE &4 allele compared to
non-carriers (35.1% and 64.9%, respectively). This
result suggests an inverse correlation between both
alleles.

Finally, we observed a significantly lower AOO
associated with APOE &4 allele (p <0.0001), in con-
trast, no significant effect on AOO was observed for
MCIR variant p.V92M (Table 6).

DISCUSSION

LOAD form accounts for more than 90% of AD
cases [30]. To date, the APOE gene is the major
genetic factor in LOAD susceptibility [31], while
other genetic factors related with LOAD susceptibil-
ity remain largely unknown. Thus, identification of
novel genetic factors may be crucial to detect indi-
viduals with an inherited AD risk.

In this study, we report a novel association between
the p.VO92ZM variant in the MCIR gene and the risk
of developing LOAD. After Bonferroni correction,
the association detected in the overall set of patients
did not reach statistical significance. However, the

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

70



RESULTATS

1070 G. Tell-Marti et al. / p.V92M MCIR Variant is Associated with AD

Table 5
Analysis of p.V92M distribution regarding APOE genotype within
LOAD patients (N =525)

fp.VIZM p-value
0 >1
APOE genotype N % N e
APOE &4 () 235 52.1 48 64.9 0.041
APOE &4 (+) 216 479 26 35.1

APOE &4 (-): non carriers of APOE &4 allele. (+): carriers of at
least one APOE &4 allele. * p.V92ZM (0): non carriers of variant
p.VO92ZM. (=1): carriers of at least one p.V92ZM allele.

Table 6
Analysis of AOO regarding APOE genotype and p.V92ZM variant
gl.:ﬂ(!l",’rﬂ_‘

Age of onset p-value
*APOE genotype N Mean + SD*
APOE &4 283 77361533 <0.0001
APOE &4 + 242 75.17+£5.70
“MCIR genotype
p.VI2IM () 451 76.38 £ 5.64 0.758
p.VIIM (+) 74 76.16 £ 5.43

*SD. standard deviation.®-/-patients who carry no &4 allele.
—/+ patients who carry one £4 allele. +/+ patients who carry two £4
alleles. * p.V92M (-): non carriers of p.V92M variant. (+): carriers
of at least one p.V92M allele.

association in the subset of biochemically confirmed
AD patients was even stronger than in the overall set
of patients, suggesting that the MC/R variant plays a
role in the etiology of AD. This gene is highly poly-
morphic, and p.V92M and other variants are common
in the Caucasian population. During the last few
years, several GWAS have been conducted to iden-
tify common LOAD risk variants [5-10], and none of
these studies reported an association between MCIR
and the disease. This could be caused by method-
ologicalissues (coverage level of MCIR in SNP-array
platforms or conservative statistical correction proce-
dures) 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 presence of the MCIR
variant could contribute to AD susceptibility, espe-
cially in those patients whose genetic risk could be not
attributable to the APOE genotype. Further studies
restricted to MCIR variants and APOE alleles should
be conducted using previous GWAS data to elucidate
such an inverse correlation.

Clinicopathological studies have shown that the
sensitivity and specificity of the classical clinical cri-
teria for AD diagnosis are roughly 85% and 70%,
respectively [32]. CSF studies measuring Af342 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 the sensitivity
and specificity with the inclusion of specific CSF
biomarkers profiles are roughly 90% and 85%,
respectively [33, 34]. In accordance with this evi-
dence, a recent study has found after inclusion of
CSF results, 90% of amnestic and 82% of the non-
amnestic AD presentation could be categorized as
“high probability of AD etiology”, while 3% of AD
patients fit into the category “dementia probably not
due to AD” [35]. Thus, we included a subset of
patients with typical CSF AD biomarkers, demon-
strating evidence of AD pathophysiological process
and increased probability of AD etiology as a cause of
symptomatology of the patient according to NIA-AA
criteria [36]. This fact is relevant, because dif-
ferent studies have demonstrated neuropathological
changes that sometimes do not correlate with clinical
diagnosis [37]. Therefore, the role of the MCIR vari-
ant p.V92M in the AD risk was re-analyzed in these
well-characterized AD patients. Notably, in spite of
the sample size reduction, the association remains sta-
tistically significant and the LOAD risk in p.V92ZM
carriers increased more than three fold. Thereby, the
risk of p.V92M is more evident within more accu-
rately diagnosed AD patients.

In this study, decreasing age of onset was restricted
to the APOE &4 allele. Thus, the p.V92M variant
should be considered like those prior variants which
increase the risk of developing AD but do not modu-
late AOO [38].

The MCIR gene encodes a membrane receptor,
which is expressed, in neurons of the periaqueductal
gray matter, astrocytes, and Schwann cells activated
by melanocortin peptides [16, 39]. This receptor may
have an important role in the anti-inflammatory brain
response [ 16] and in female specific mediation mech-
anisms of analgesia [40]. MCIR is also expressed in
melanocytes, a cell type with a common embryonic
origin with brain cells [41], which determine hair and
skin color [42], and certain variants increase the risk
for skin cancer (melanoma and non-melanoma skin
cancer) [18, 19]. Functional studies of MC /R variants
conducted in melanocytes, reveal that certain variants
reduce cell surface protein expression and diminished
capacity to stimulate cAMP, resulting in the red hair
color phenotype [17]. Interestingly, two MCIR vari-
ants related to red hair color phenotype modulate
the risk to develop PD [22, 29]. These findings par-
tially explain the previous epidemiological evidence
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describing a bidirectional link between PD and CM
[21]. 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.
This can be explained as the p.V92M variant does not
confer a risk to develop CM [18] and by the fact that
variant p.V92M promotes a decrease in the affinity of
the receptor for its ligand a-MSH, but showed nor-
mal cell surface expression and normal capacity to
stimulate cAMP, consequently it does not impact on
the phenotype [17, 39]. Notably, a functional defi-
ciency of «-MSH in the brain cells of LOAD patients
had been previously reported, suggesting that a-MSH
may be critical in the development of LOAD [43].

To date, functional evaluation of MCIR vari-
ants in other cell types such as the nervous system
cells is limited. However, there is evidence that
certain variants may also impact physiological con-
ditions beyond skin and hair pigmentation, such
as risk of depression disorders [44], pain response
[40], and anesthetic requirement [45]. Interestingly,
a case-control study indicates that variant p.V92M
is associated with the response of desipramine treat-
ment in depression disorder [44].

Our study, although exploratory, has some limi-
tations. The major one being sample size, which is
not large enough to provide reliable evidence for a
genetic AD risk factor, especially if we focus on the
controls size (N = 160) which is small. However, our
work provides positive results from our hypothesis
and highlights a putative role of the MCIR gene in the
genetic susceptibility to developing neurodegenera-
tive diseases, which is in the same line as previously
published works [22, 23].

Another minor limitation is the exclusion of the
p.D294H MCIR variant from the genetic association
analysis. As we explained in the Material and Meth-
ods section, the entire coding region was sequenced in
110 LOAD patients, but the other 415 LOAD patients
were exclusively sequenced using TM-R primer. This
strategy allowed us to detectall MC IR variants except
one common non-synonymous variant (p.D294H).
However, we compared the frequency of the p.D294H
variant observed in 110 LOAD patients (minor allele
frequency was 3%) with the frequency observed in
160 controls (minor allele frequency was 2%), and we
did not detect any statistically significant difference.

In conclusion, the present study suggests that
MCIR variant p.V92M may increase the risk to
develop LOAD. Although, the molecular mech-
anisms underlying the increased risk of LOAD

associated with p.V92M variant are not known, this
variant may have biological relevance through non-
pigmentation pathways involved in inflammatory or
immunomodulatory processes.

Larger genetic studies are necessary to confirm the
association of p.V92M with AD. Additionally, further
functional studies should be carried out to elucidate
the role of the MCIR receptor in brain cells.
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TREBALL IlI

Treball realitzat per donar resposta a I'objectiu 3 de la present tesi doctoral.
Titol:

The p.R151C Polymorphism in MCXERene Modifies the Age of Onset in Spanish
Huntington's Disease Patients

Doi: 10.1007/s12035-016-0305-5
Resum:

La longitud de I'expansié del trinucledtid CAG en I'exd 1 del 8T, correlaciona
inversament amb l'edat d’aparicid de la malaltia de Huntington, perd no la determina
per complet. Part de la variacid restant s’ha atribuit a altres factors genétics i es coneix
que en queden d’altres pendents d’identificar. Donat que el MC1R s’expressa en les
cel-lules del SNC i que en les cél-lules cutanies portadores de variants MIFLBn

s’ha identificat una desregulacié constitutiva de gens implicats en les vies de senyalitza-
ci6 de malalties neurodegeneratives; varem hipotetitzar que &@&R podria ser un

factor modificador de I'edat d’aparicio de la malaltia de Huntington.

L’objectiu d’aquest treball era avaluar el gd@1Rcom a factor modificador de I'edat
d’inici de la malaltia de Huntington.

El genMC1R es va caracteritzar molecularment en 600 casos de Huntington d’origen
espanyol, seqlienciant la regio codificant sencera del transcrit (ENST0000555147) que
codifica per la forma canonica del receptor MC1R (NP_002377). Mitjangant un model
de regressio lineal es va avaluar el percentatge de variacié en I'edat d’inici de la malal-
tia atribuit a I'expansio del trinucleotid CAG. L'efecte de les variants al-leliques de
MC1Res va avaluar mitjangant un model de regressio lineal multiple, en el qual I'edat
d’inici es definia com a variable dependent i I'expansio del triplet CAG i les variants

al-léliques de MC1Rom a variables independents.
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De forma global es van identificar 34 variants al-leliques (10 sinonimes i 24 no sinoni-
mes). Per a I'analisi, es van seleccionar el conjunt de variants no sindbnimes que presen-
taven una MAF >0,01. Se’'n van identificar 8: p.V60L (0,14), p.V92M (0,05), p.R142H
(0,02), p.R151C (0,02), p.I155T (0,02), p.R160W(0,01), p.R163Q (0,02) i p.D294H
(0,01). Les frequencies al-leliques de les variantd@&R identificades en els pacients

de Huntington no van mostrar diferencies significatives respecte a les frequencies iden-

tificades en poblacié control espanyola.

A través del model de regressié lineal varem ideatifque un 58% de la variacié en
I'edat d’aparicid de la malaltia esta determinat pel nimero de repeticions CAG en la
cohort espanyola analitzada. La inclusié de la variant p.R151C (rs1805007) en el model
de regressié lineal multiple va mostrar un efecte significatfu<(f®,583, p-valor =

0,004, p-valor corregit per Bonferroni = 0,032). L’al-lel p.R151@A@ELR contribueix

a explicar un 1,42% de la variacié restant que no s’explica per I'expansio del triplet
CAG. Aquest percentatge de variacié és similar al previament atribuit a altres variants
genetiques identificades en els g&GHL1 (1,7%),PGC-1a(1.5%) iATG7 (1%) Els
pacients de Huntington portadors de I'al-lel p.R151C en heterozigosi presenten una edat
mitjana d'’inici = 43,95 anys, que representa una disminucio de 5,13 anys respecte als

individus no portadors d’aquest I'al-lel.

Aquests resultats suggereixen per primera vegada un paper modificador N Hen
en l'edat d’inici de la malaltia de Huntington i indiquen que la pérdua de funci6é del
MCI1R, que s’associa a l'al-lel p.R151C, pot contribuir a la fisiopatologia del Huntin-

gton.
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Abstract The expansion of CAG repeats (=36 CAG) in the
HTT gene is the only known genetic cause of Huntington’s
disease (HD) and the main determinant of the course of the
disease. The length of the expanded CAG repeats correlates
inversely with the age of onset (AOO) but does not completely
determine it. We investigated the role of the melanocortin 1
receptor (MCIR) gene as a modifier factor of AOO in 600 HD
patients from Spain. We sequenced the entire region of the
MCIR gene and analyzed all the nonsynonymous MCIR ge-
netic variants with a minor allele frequency of at least 0.01 in
HD patients. The variability in AOQO attributable to the CAG
repeats and MCIR polymorphisms was evaluated using a mul-
tiple linear regression model. We found that the loss-of-
function p. R151C MCIR polymorphism has a significant
influence on the AQO (P = 0.004; Bonferroni-corrected
P =10.032) which explains 1.42% of the variance in AOO that
cannot be accounted for by the expanded CAG repeat. Our
results suggest that the MCIR gene could modify the AOO in
Spanish HD patients and encourage the evaluation of loss-of-
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function MCIR polymorphisms in other HD populations with
a higher frequency of these MCIR polymorphisms.

Keywords Huntington’s disease - Age of onset -
Melanocortin 1 receptor (MC/R) gene - p. R151C -
Neurodegenerative discases

Introduction

The expansion of CAG repeats in the [T gene (=36 CAG) is
the only known genetic cause of Huntington’s disease (HD) [1].
The length of the expanded CAG repeats correlates inversely
with the age of onset (AOO), explaining 42-73% of its variance,
but does not completely determine it. The existence of additional
genetic modifying factors have been reported, indicating that
AOO is modulated by multiple genes involved in a wide range
of physiological functions such as oxidative stress (ASK/,
MAP2K6, and PGC-1cv) [2, 3], synaptic transmission (HAP/
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and ADORA2) [4, 5], glutamatergic response (GRIN2A and
GRIN2B) [6], autophagy (ATG7) [7], proteolysis (UCHL) [8]
or DNA handling and repair mechanisms (MLH 1, MLH3) [9].

The melanocortin 1 receptor (MCIR) gene encodes for a
protein that activates pigmentation, antioxidant, DNA repair,
and survival pathways [10]. Although the MCIR protein is
mainly expressed in melanocytes, it is also detected in
neurons where it has a neuroprotective effect [11]. We have
observed that skin cells harboring loss-of-function MCIR
polymorphisms show a deregulation of genes involved in neu-
rodegenerative discases pathways, including Huntington’s
disease [12]. It has also been shown that skin cells with loss-
of-function MCIR polymorphisms showed a significantly
greater oxidative DNA and a lipid damage [13]. Elevated
levels of oxidative damage are a physiological condition
found in areas of degeneration in HD brains suggesting that
oxidative stress and consequent protein oxidation is a potential
mechanism of neuronal death in HD patients [14]. Thus, we
hypothesize that the loss-of-function MC/R polymorphisms
may impact on the onset of HD by increasing the oxidative
stress in the brain cells. To explore the role of the MC/R gene
as a modifying factor of the AOO, we sequenced the entire
coding region of MCIR in 600 HD Spanish patients and ana-
lyzed all the nonsynonymous genetic variants with an ob-
served minor allele frequency (MAF) of at least 0.01.

Subjects and Methods
Subjects

The study includes 600 unrelated HD patients (265 (44.2%)
males and 335 (55.8%) females) from five hospital-based se-
ries from Spain: the Biochemical and Molecular Genetics
Service from Hospital Clinic of Barcelona (N = 213), the
Medical Genetics Department of the Complejo Hospitalario
de Navarra (N = 141), the Genetics Service from Hospital
Universitario Central of Oviedo (N = 112), the Health
Research Institute Hospital La Fe of Valencia (N = 76), and
the Department of Genetics from Health Research Institute—
Jimenez Diaz Foundation University Hospital (1IS-FID) of
Madrid (N = 58).

The mean age of 600 studied patients was 49 + 14 (SD)
years and the expanded (CAG)n sequence ranged from 36 to
90 repeats (4.8% of patients had <40 CAGs, 89.7% had 40-50
CAGs, and 5.5% had >50 CAGs), with an average of 44 = 4.8
(SD) CAG repeats. All HD patients were clinically diagnosed
by neurologists, and AOO was estimated as the age at which
motor symptoms first occurred.

All study participants gave their written informed consent,
and the study was approved by the ethics committee of the
Hospital Clinic of Barcelona.

) Springer

HTT (CAG)n Analysis

DNA was obtained from blood samples, and the (CAG) repeat
number in the /7T gene (NM_002111.6) was determined by
PCR using the primers HD1/HD2 and nested HD1/HD3 [15]
FAM labeled and sizing by capillary electrophoresis in an ABIL
3100 automatic sequencer (Applied Biosystems, Foster City,
CA, USA).

MCIR Molecular Screening

The MCIR gene, which consists of one single exon encoding
a 317 amino-acid protein (ENST00000555147), was se-
quenced using 50-100 ng of the total DNA per sample and
carrying out the methodology previously described [16].

Statistical Analysis

Allelic and genotypic frequencies of MC/R variants were de-
termined by SNPStats software (hitp:/bioinfo.iconcologia.
net/SNPstats). In-silico analysis of nonsynonymous variants
was carried out using Polyphen2 software (http:/genetics.
bwh.harvard.edu/pph2/).

We analyzed nonsynonymous MC/R variants with an ob-
served MAF of at least 0.01 in HD patients. The association of
MCIR polymorphisms with AOO was evaluated by encoding
the genotype of MCi R polymorphisms as a binary independent
variable based on the absence/presence of the polymorphism
(major allele homozygotes = 0 and heterozygotes or minor
allele homozygotes = 1). Variability in AOO attributable to
the expanded HD allele was assessed by a linear regression
using AOO as the dependent variable and expanded HD allele
as the independent variable. The goodness-of-fit was evaluated
by the proportion of variation in the AAO explained by the
coeflicient of determination (1{2), We obtained the best fit of
our data by logarithmic transformation of the AAO and the
CAG repeat number. The association of MC1 R polymorphisms
with AOO was assessed by multiple linear regressions.
correcting for the effect of expanded HD allele, and using
AOO as the dependent variable and the polymorphisms and
the expanded HD allele as the independent variables. A change
of R2 after adding the effect of the polymorphisms indicated a
relative improvement of the model and thus identified the per-
centage of variance attributable to the MCIR polymorphisms
when there was a significant P value (P < 0.05). Bonferroni
correction for multiple comparisons was applied to all P < 0.05.
All calculations were carried out using R version 2.15.2.

Results

MC IR genotyping was carried out in 600 HD Spanish patients
with similar CAG repeat distribution as previously observed
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Table 1. Genetic variants in the

MCIR gene detected in HD Huntington disease (HI)) patients

patients

MCIR variants HD patients minor alleles MAF* Impact score”
(N = 1200 total alleles)

AA change cDNA change

Synonymous variants
p. ALIOA e3NT=>C 2/1200 _ _
pAlLLA €333G=>A 1/1200 _ _
p. C133C e3C=T 1/1200 = -
p. RISIR ed453C=>T 1/1200 . =
p. Al61A cA83G= A 1/1200 _ _
p. Y182Y (c.546C > T) 2/1200 _ _
p. Q233Q €.699G > A 8/1200 e s
p. 12641 e792C>T 1/1200 = ”
p.T314 T e M2A =G 93/1200 0.08 _
p. 83168 c948C>T 1/1200 _ _

Nonsynonymous variants
p. V60O L cl78G =T 163/1200 0.14 0.988
. ARIT c241G= A 1/1200 _ 1000
p. DR4E e252C= A 1/1200 o 0.94
p. VO2 M c2T4G = A 65/1200 0.05 0.015
p. VIZZ M 3G > A 2/1200 _ 0.120
p. R142C c424C>T 1/1200 _ 1.000
p. R142H c425G > A 18/1200 0.02 1.000
p. R151C cd51C>T 21/1200 0.02 1.000
p. Y152* cA56C > A 1/1200 _ 1.000
p. 1155T cdbd T=>C 19/1200 0.02 0.985
p. V156A cd6TT>C 1/1200 - 0.951
p. PL59L cdToC>T 1/1200 _ 0.084
p. R160W cATRC>T 17/1200 0.01 0.934
p. R1630Q cABBG = A 22/1200 0.02 0.032
p. VITOM c.508G > A 1/1200 _ 0.292
p-VI93 M c57T1G> A 1/1200 _ 0.532
p. R213W e637C>T 1/1200 _ 0.079
p. 1245V eT33A=G 1/1200 ra 0.205
p. G248D cT43G= A 1/1200 B 1.000
p. H270Y cBOBC>T 1/1200 _ 0.998
p. A285T cB53G > A 1/1200 _ 0.004
p. D294H c.880G>C 15/1200 0.01 1.000
p. R306C c916C>T 1/1200 _ 0.067
p. R307K e 920G = A 1/1200 0.001

“MAF minor allele frequency of all the variants with an observed minor allele frequency (MAF) of at least 0.01

*Impact score of the amino-acid substitution on the structure and function of MCIR computed using the
Polyphen2 software (scores close to 0 indicate a benign mutation whereas seores close to 1.0 indicate a harmful

mutation)

in other Spanish studies [17]. We detected 34 variants within
the coding region of the MC/R gene (10 synonymous and
24 nonsynonymous) (Table 1), eight of which were
nonsynonymous MC/R variants with a MAF = 0.01: p.
V60 L (0.14), p. V92 M (0.05), p. R142H (0.02), p. R151C
(0.02), p. 1155T (0.02), p. R160W (0.01), p. R163Q (0.02),

and p. D294H (0.01) (Table 1). The allelic frequencics
observed in HD Spanish patients were not statistically
different from those observed in a set of 736 controls free
from neurodegenerative disorders used in a previous study
[16] and from those reported in other Spanish controls sets
[18, 19].
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Table 2. Effect of MCIR SNPs
on the age of onset in 600 HD
patients

Variable R” AR Additional P value
explained variance (%)

HD CAG (36-90) 0.577 <0.0001
HD CAG + MCIR p. Va0 L 0.577 0.000 ns

HD CAG + MCIR p. V2 M 0.577 0.000 - n.s

HD CAG + MCIR p. R142H 0.578 0.001 - ns

HD CAG + MCIR p. R151C 0.583 0.006 1.42 0.004
HD CAG + MCIR p. 1155T 0.578 0.001 n.s

HD CAG + MCIR p. R160W 0.577 0.000 ns

HD CAG + MCIR p. R163Q 0.578 0.001 ; ns
HD CAG + MCIR p. D294H 0.578 0.001 - ns

HD CAG expanded CAG allele in HTT gene. R coefficient of determination, illustrates the relative improvement
of the regression model when the genotypes were considered in addition to the CAG repeats, AR’ value quantify

these differences

n.s not statistically significant

The level of significance was set to P value < 0.05

Linear regression analysis of the effect of the expanded HD
allele in AOO indicated that the HD mutation explained ~38%
of the variation in AOO (R* = 0.577, P < 0.0001) (Table 2).
We then assessed MCI R as amodifying factor of AOO using a
multiple linear regression model, including the MC/ R variants
with a MAF = 0.01 as covariants (Table 2). The inclusion of p.
R151C polymorphism revealed a significant effect on the
AOO (R? = 0.583. P = 0.004, Bonferroni-corrected
P =10.032). The p. RI51C polymorphism constituted 1.42%
of the variance that could not be explained by the expanded
HD allele (Table 2). HD patients with a heterozygous p.
R151C genotype developed their first symptoms at an average
age of 43.95 years, which was 5.13 years earlier than homo-
zygotes for the major allele (Table 3).

Discussion

We have investigated the role of the MCIR gene as a modifier
of the AOO in a set of Spanish HD patients: we found
evidence that the p. R151C polymorphism, which impairs
MCIR function, modifies the AOO in HD patients. The
percentage of the variance attributed to the p. R151C

Table 3.  Mean age of onset by the presence of the p. R151C MCIR

polymaorphism in HD patients

Genotype Genotypic Mean CAGexp Mean AOO
frequency (%) (SD) (SD)

cC 96 4397 (4.88) 49.08 (14.12)

CT 4 43.38 (2.16) 4305 (11L.81)

TT

polymorphism (1.429%) is similar to that reported for other
genetic variants located in the UCHLI (1.7%) [8]. PGC-lax
(1.5%) [3]. and ATG7 (1%) [7] genes.

Previous studies indicate that the loss-of-function polymor-
phisms, such as p. R151C and p. R160W, increase the risk of
developing Parkinson’s disease [16, 20]. Thus, our findings
reinforce the hypothesis that MCIR could play a role in the
etiology of multiple neurodegenerative diseases [12].

Few studies have assessed the role of MCIR in neurons; in
contrast, the gene has been widely studied in the field of skin
cancer, functional studies in melanocytes indicate that p.
R151C reduces MCIR expression on the cell surface and
impairs protein function [21, 22]. Melanocytes with a non-
functional MCIR protein have a compromised DNA repair
capacity and sustain high levels of reactive oxygen species
[10, 13]. Although functional studies of MC/ R variants should
be carried out in brain cells, any modifier effect on the AOQ in
HD attributable to the p. R151C polymorphism could be ex-
plained by a role under similar physiological conditions to
those observed in skin cells. Brain cells of HD patients present
high levels of oxygen species [14]. In addition, other AOO
modifier genes in HD, such as PGC-Ia [3], ASK, [2], and
MAP2K6 [2] are involved in this biological process.
Additional functional studies are needed to further explore
and clarify the effect of MCIR polymorphisms on cells of
the nervous system.

In conclusion, we report for the first time the possible role
of the p. R151C MCIR polymorphism as a genetic modifier of
the AOO in Spanish HD patients. Further studies should be
conducted to validate our findings in other HD populations
with a higher frequency of these MC/R polymorphisms.

CAGexp expanded CAG repeat number, SIJ standard deviation, AOO age
of onset, C major allele, T minor allele
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TREBALL IV

Treball realitzat per donar resposta a I'objectiu 4 de la present tesi doctoral.
Titol:

Genomic expression differences between cutaneous cells from red hair color individuals

and black hair color individuals based on bioinformatic analysis

Doi: 10.18632/oncotarget.14140.

Resum:

Nombrosos treballs han identificat una associacié entre les variants al-leliques LOF de
MC1Ri un augment del risc a desenvolupar cancer cutani, tan melanoma com no mela-
noma. Els co-cultius de melandcits i queratinocits on la funcié del MC1R és nul-la,
mostraven 3570 gens diferencialment expressats respecte als co-cultius MC1R WT.
Entre aquests, 1954 gens estaven diferencialment sobreexpressats i 1616 infraexpres-

sats.

Amb I'objectiu de posar en context biologic aquesta signatura genica associada a la per-
dua de funcié del MC1R, es va realitzar un analisi de xarxes d’interaccié proteina-
proteina (PPI). Es tracta d’'un analisi computacional, basat en la cerca de moduls funci-
onals en llistats de gens (transcrits), segons la interacci6é existent entre les proteines per

les quals codifiquen aquests gens.

Aquest analisi ens va permetre identificar dues xarxes estadisticament significatives (p-
valor < 0,001). Una composada per 557 gens identificada a partir dels 1954 gens sobre-
expressats i una altre constituida per 450 gens identificada a partir dels 1616 gens infra-
expressats. En base a dos parametres topologics de les xarxes, com el nombre de conne-
xions d’'un node dins la xarxa i el grau de centralitat d'aquest node, es van identificar 23
nodes (lub genescom a gens més rellevants en aquestes xarxes. Entre aquests, 12 con-
necten el 48% (270 gens de 557) de la xarxa identificada a partir dels gens sobreexpres-
sats i 11 connecten el 39% (177 gens de 450) de la xarxa identificada a partir dels gens

infraexpressats.
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D’aquests 23 gens, 12 estan implicats en la regulacio de I'autoRi#iad3, ATG4AC
ATG10, SNX2, TRAF2, SQSTM1, CLN3, WIPI2, GABARAPL1l, GABARAPLZ,
MAP1LC3Bi MAP1LC3A, 6 implicats en la reparacié del dany en 'ADN i el mante-
niment de '’homeostasi cel-lulaPRKAALl, CDK1, BUB1B, PCNA, RPABRCA1) i

dos en la regulacié de la fosforilacié oxidativa i la funcié mitocond@&8lAS, ICT1).

L’expressio diferencial d’aquests 23 gens es va avaluar esetkxde dades indepen-
dents: un que contenia I'expressié genica global de 14 biopsies de pell sana d’individus
pel-roigs i de 7 biopsies de pell sana d’individus amb cabell negre (modeb), i un

altre que contenia I'expressié génica global de 20 melanomes de pacients pél-roigs i 6
melanomes de pacients amb el cabell negre.

L’analisi d’expressio diferencial realitzat amb les biopsies de pell sana va identificar
1952 gens expressats diferencialment al comparar les biopsies d’individus pé&ikroigs

les biopsies d’individus amb el cabell negre, entre aquests, 378 gens formen part de la
signatura genica identificada en els co-cultius portadors d’'un MC1R no fundidnal.
expressio genica de 18 dels 23 genesdentificats en el modeh vitro, es va poder
avaluar en etetde dades del modai vivo. L’analisi de revalidacio, va identificar que

8 d’'aguests gens es troben expressats de forma difereGtibi3( ATG10, WIPI2,
SNX2, GABARAPL2, YWHRCNA i GBAS) en les biopsies de pell dels individus pel-
roigs. Per contra, cap d’aquests 23 gens es troba expressat diferencialment al comprar
I'expressio detectada en els tumors de pel-roigsla detectada en els tumors
d’individus amb el cabell negre.

Aixi doncs, aquests resultats confirmen que la perdua de funcié del MC1R promou una
desregulacié genica a nivell constitutiu associada a la sintesi de feomelanina. A més,
destaquen que part de la signatura genica identificada en les cel-lulem sdimeses
revalida en les cel-lules sanesvivo i no en les cél-lules tumorals. Per tant, la signatura
génica identificada s’associa a l'alteracio funcional que predisposa als melanocits a
transformar-se en els estadis inicials de la carcinogénesi i no a la propia progressio del

tumor.
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De forma interessant, el treball confirma un augment de I'estrés oxidatiu en les cél-lules
portadores d’un MC1R no funcional i destaca I'autofagia com un dels processos biolo-
gics que pot estar desregulat a nivell basal en aquestes cél-lules.
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ABSTRACT

The MCIR gene plays a crucial role in pigmentation synthesis. Loss-of-function
MCI1R variants, which impair protein function, are associated with red hair color
(RHC) phenotype and increased skin cancer risk. Cultured cutaneous cells bearing
loss-of-function MC1R variants show a distinct gene expression profile compared to
wild-type MC1R cultured cutaneous cells. We analysed the gene signature associated
with RHC co-cultured melanocytes and keratinocytes by Protein-Protein interaction
(PPI) network analysis to identify genes related with non-functional MC1R variants.
From two detected networks, we selected 23 nodes as hub genes based on topological
parameters. Differential expression of hub genes was then evaluated in healthy
skin biopsies from RHC and black hair color (BHC) individuals. We also compared
gene expression in melanoma tumors from individuals with RHC versus BHC. Gene
expression in normal skin from RHC cutaneous cells showed dysregulation in 8 out
of 23 hub genes (CLN3, ATG10, WIPI2, SNX2, GABARAPL2, YWHA, PCNA and GBAS).
Hub genes did not differ between melanoma tumors in RHC versus BHC individuals.
The study suggests that healthy skin cells from RHC individuals present a constitutive
genomic deregulation associated with the red hair phenotype and identify novel genes
involved in melanocyte biology.

INTRODUCTION Melanin synthesis is controlled by the melanocortin
receptor type 1 (MCIR) which encodes a 7-pass

Human cutancous pigmentation is dependent transmembrane G-protein-coupled receptor. In wild-type

on melanin pigment production (cumelanin and MCIR melanocytes. activation of the receptor by the
pheomelanin) by epidermal and follicular melanocytes. a-melanocyte stimulating hormone (a-MSH) promotes
www.impactjournals.com/oncotarget 11589 Oncotarget
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the synthesis of eumelanin pigment (dark pigment).
reduces UV-induced oxidative stress and enhances DNA
repair through base-excision repair and NER mechanisms
which repairs UV-photoproducts [1]. MCIR is a highly
polymorphic gene and loss-of-function variants (p.R151C,
p.RI42H. p.R161W, p.D294H p.D84E and p.I155T)
result in a minimal receptor activity and mainly produces
pheomelanin (red/yellow) pigment [2].

Epidemiological studies have found that loss-
of-function variants in MC/R can. in part, predict the
red-hair color (RHC) phenotype (red hair, fair skin,
low tan capacity and high UV sensitivity) as well as
melanoma [3] and non-melanoma skin cancer risk
[4]. The decreased eumelanin production compared
to pheomelanin in RHC individuals increases skin
cancer risk due to the weak UV shielding capacity of
pheomelanin, increase in UVA-induced reactive oxygen
species [5. 6] and altered NER pathway. However,
recent data indicate that RHC MCIR variants also
contribute to carcinogenesis by UV-independent
mechanisms. Mitra D et al. observed that the absence
of pheomelanin is protective against melanoma
development in mice models [7]. They detected high
levels of oxidative DNA and lipid damage in RHC
mice in a UV-independent model which still leads to
oxidative damage. In addition. we h|2]ave previously
reported that co-cultured melanocytes and keratinocytes
harbouring loss-of-function MC/R variants show
a constitutive overexpression of genes involved in
oxidative phosphorylation pathway and DNA repair
mechanisms [8].

The aim of this study was to further identify genes
related to the RHC phenotype by analysing the previously
reported expression signature pattern associated with RHC
MCIR variants [8] using protein-protein interaction (PPI)
network analyses. Gene co-expression networks have
the potential to highlight specific molecular mechanisms
and genes related to a specific trait or disease [9-11].
Expression of candidate genes from the PPl network
analyses were further analysed in independent gene
expression data generated from normal skin biopsy from
RHC individuals and Black hair color (BHC) using the
UK MuTHER dataset and in a subset of melanomas from
RHC and BHC patients.

RESULTS

We identified 3,570 differentially expressed genes
(DEGs) in co-cultured melanocytes and keratinocytes
from a pair of RHC siblings carrving non-functional
MCIR variants versus a pair of siblings with wild-
type MCIR alleles as previously described [8]. The
expression signature pattern associated with RHC
MCIR variants was cvaluated by PPI network analysis.
Networks from up-regulated and down-regulated DEGs
were constructed separately as. from a systems biology

perspective. functionally-related genes are frequently co-
expressed across a set of samples [12] and up-regulated
and down-regulated transcripts tend to sub-connect [13,
14]. A statistically significant network composed of 557
nodes was detected among the set of 1954 up-regulated
genes (p< 0.001; Figure 1). Also, we found a statistically
significant network composed of 450 nodes among the
set of 1616 down-regulated genes (p<0.001, Figure 2).
Topological information of networks and name of nodes
(genes) are indicated in Supplementary Data Table 1 and
Supplementary Data Table 2.

We evaluated degree and betweenness centrality in
both networks to investigate relationship between nodes
and select the hub genes in each network. Twenty-three
nodes were selected as hub genes (Table 1). In both
networks, highly connected nodes tend to also show high
betweenness centrality values. However. two nodes with a
low degree centrality value (BUB/B and SNX2 gene) were
selected based on their high Betweenness centrality value.

In the network of up-regulated genes, 13 nodes were
classified as hub genes (Figure 3). These genes play a role
in DNA repair and cell-cyvcle homeostasis (PRKAAL,
CDKI, BUBIB, PCNA, RPAl and BRCAI), oxidative
phosphorylation (GBAS, /CT1) and autophagy (PIK3C3,
ATGHC, ATGI0 and SNX2). The neighbouring genes of
each hub gene are listed in Supplementary Tables 3-14.

In the network of down-regulated genes, 11 nodes
were classified as hub genes (Figure 4). These genes
are involved in apoptosis (SMAD3, YIWHAG), mRNA
metabolism (PABPCI). and autophagy (TRAF2, SOSTMI,
CLN3, WIPI2, GABARAPLI, GABARAPL2, MAPILC3B,
MAP11.C34). The neighbouring genes of each hub gene
are listed in Supplementary Tables 15-25.

Next, we assessed the differential expression of
those 23 genes in an additional whole genome expression
dataset of healthy skin biopsics from the TwinsUK
MuTHER dataset in 14 RHC individuals and 7 BHC
individuals. At 10% FDR, genome wide differential
expression analyses identified 1,952 DEGs between RHC
and BHC individuals. consisting of 1.074 up-regulated
and 878 down-regulated genes in RHC (Supplementary
Table 26). Overall, 378 DEGs were common between the
healthy skin and the co-cultured melanocyte-keratinocyte
datasets. No statistically significant PPI networks were
detected among DEGs scts (data not shown). Expression
data from 18 out of 23 hub genes identified in the
melanocyte-keratinocyte network analysis was available
in the MuTHER dataset (MAPLIC38 was not included in
the array and PABPC1, ATG4C, CDK1 and PIK3C3 genes
failed the quality control). Five out of 18 genes classified
as hub genes in the melanocyie-keratinocyte network
analysis were differentially expressed in the MuTHER
dataset with RHC skin showing down-regulation of CLN3
and A7 10 genes and up-regulation of SNX2, PCNA and
GBAS genes. When the differential expression analysis
was restricted to these 18 hub genes. up-regulation of
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GABARAPL2 and YWTA genes and down-regulation of
IWIP12 gene also reached statistically significant values
(Table 2).

Finally, expression of hub genes was evaluated ina
whole genome expression dataset of 26 melanomas from
6 BHC and 20 RHC patients. None of these genes were
found to be differentially expressed between tumors from
RHC patients compared with BHC patients. Interestingly.
the top two upregulated genes in melanomas from
RHC were PRKAAI (fold change=1.37, p=0.08) and
PIK3C3 (fold change=1.23, p=0.09) while the top two
downregulated were YIWHAG (fold change=0.62. p=0.29)
and CLN3 (fold change=0.77, p=0.3). These p-values were
unadjusted for multiple testing.
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DISCUSSION

In this study. we aimed to uncover genes associated
with the RHC phenotype by analysing a previously
reported gene expression pattern [8]. By PPI network
analysis, we identified two gene co-expression networks
that reached statistically significant values in loss-of-
function MCIR variants cutaneous cells. Since highly
connected nodes are central to the network’s architecture
[15], the study was focused on those nodes with higher
degree and betweenness centrality values. Overall, 23
nodes were selected as hub genes and their expression
was analysed in an additional dataset from non-lesional
skin tissue from RHC individuals or BHC individuals.

FiipL
9“"‘" 0 £

Figure 1: Protein Protein interaction network among up-regulated genes detected in co-cultured keratinocytes and
melanocytes from individuals harbouring Red hair color MCIR variants (GSE44805 dataset). Nodes represent genes
and edges indicate connections between proteins. Nodes are coloured based on number of degree in: low connected node (blue), medium
connected node (yellow) and high connected node (red). Node size is proportional to the betweenness centrality value: the higher the value,
the larger the node. Hub genes are represented with a thicker black border. The GBAS, PRKAAIL ICTT and SNX2 hub genes do not follow
the node size and border criteria to improve graphical representation of the network.
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We detected a gene expression pattern composed
of 1.952 transcripts in cutancous cells from RHC
individuals indicating that skin from those individuals
presents a distinct gene expression pattern compared
to BCH individuals independent of the UV radiation
effect. Altogether, these results confirm that loss-of-
function MC'/R variants promote a constitutive genomic
dercgulation associated with pheomelanin synthesis
as observed in vitro |8] and in mice models [7]. Three
hundred seventy-cight genes were in common in the
set of deregulated transcripts both in vitro and in vivo
cutaneous cells from RHC individuals, including a set of
the network’s hub genes such as CLN3, ATG 10, WIPI2,
SNX2, PCNA, GBAS, GABARAPL?2 and YIWHAG.
Notably, CLN3, ATGI0, WIPI2, SNX2 and
GABARAPL2 are members of the autophagy interaction

network [16]. Autophagy is a highly conserved lysosomal
pathway involved in tissue homeostasis, adaptation to
starvation and removal of dysfunctional organelles or
pathogens [17]. Additional autophagy genes (A7G/12,
ATG24. ATG94, ATG7) are also down-deregulated in
healthy skin from RHC individuals (Supplementary
Table 26). Previous data suggest that regulators of
autophagosome formation play a role in melanosome
formation and destruction of abnormal melanosomes
|18]. Autophagosome formation is a multistep process in
which the expansion and closure of the vesicle membrane
is controlled by the UBL complex [19]. Notably, most
of deregulated gencs (ATG7, ATGI12, ATG10, ATGS
and WIPI) are related to the UBL complex [20. 21].
Moreover. cutaneous cells from RHC individuals show
over-expression of GABARAPL2 which is essential for
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Figure 2: Protein Protein interaction network among down-regulated genes detected in co-cultured keratinocytes
and melanocytes from individuals harbouring Red hair color MCIR variants (GSE44805 dataset). Nodes represent genes
and edges indicate interaction between proteins. Nodes are coloured based on number of degree in: low connected node (blue). medium
connected node (yellow) and high connected node (red). Node size indicate Betweenness centrality values. Hub genes are represented with

a thicker black border.
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Table 1: Topological information of networks detected among deregulated genes detected co-cultured keratinocytes
and melanocytes from individuals harbouring Red hair color MC1R variants (GSE44805 dataset)

Degree Centrality

Network N. of edges

nodes

N. of Highest
Value

Lowest

+
Value Mean + SD

Hub genes*

Up

regulated genes i Li44 n

Down

411 818 42
regulated genes

GBAS (77), PRKAAI (54),
ICTI (54), ATGAC (42),
ATG10 (50) PIK3C3 (30),
PCNA (28), CDKI (27),
BRCAI(27) RPAI (25),
BUBIB (12)%, SNX2(3)"

GABARAPL2 (42) SOSTM 1
(39)
GABARAPLI (38),
MAPILC3B (38), WIPI2
(34), MAPILC3A(31)
CLN3(30), YWHAG(29).
SMAD3(27), TRAF2(27),
PABPC1(24)

1 4.45+6.78

1 3.98+6.07

Betweenness Centrality

Network N. of edges

nodes

N. of Highest
Value

Lowest

Mean + SD
Yhilie can+ S

Hub genes*

Up
regulated genes

Down regulated
genes

514 1144 0.66

411 818 0.15

SNX2(0.66), GBAS (0.29),
ICT1 (0.18), PRKAAI (0.16),
ATG10 (0.11),
ATG4C (0.09), CDK 1 (0.08),
PCNA (0.06), RPAI (0.05),
BRCA1¢0.05) BUBIB (0.04),
PIK3C3 (0.03)

SMAD3(0.15), YWHAG
(0.15), PABPC1(0.14)
TRAF2(0.13), SOSTM]
(0.12), WIPI2 (0.10)
CLN3(0.06), GABARAPLI
(0.05), MAPILC3B (0.05)
GABARAPL2(0.04),
MAPILC3A4(0.04)

0.00 0.01x0.03

0.00 0.01£0,02

Numberof nodes, number of edges. Betweenness Centrality and Degree Centrality from both detected networks, *Name of
hub genes and its Betweenness centrality and degree values. *: BUBIB and SN2 were selected based on its Betweenness

Centrality values.

autophagosome maturation |19] and down-regulation of
CLN3 which play a role in autophagy, endocytosis and
vesicular trafficking [16]. Previous comparison of black
and red human hair melanosomes reveals differences
between cumelanosomes and pheomelanosomes in
physical terms such as shape or structural integrity [22].
Our findings support that autophagy genes are closely
related to melanosome biogenesis and further suggest that
these genes could underlie part of the physical differences
between types of melanosomes.

Findings from healthy skins could not be replicated
in melanomas. This could be because if the network’s
hub genes play a role in melanoma development, it may
be in early tumor initiation as opposed to progression. In
addition, gene expression is under a tighter regulatory
control in tumors than in healthy tissues and differences
are often subtler. requiring a larger sample to be detected.
The largest fold change between RHC and BHC hub
gene expression was 1.37 and the power to detect a
difference of this magnitude at ¢=0.05 with 20 RHC and
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6 BHC tumors was only 37% without multiple testing
adjustments. reducing to 5% with adjustment. This is in
contrast with the gene showing the largest difference in
healthy skins (fold change=2.7. power=0.97 after multiple-
tests correction). Nonetheless, the tumor data reinforce
the possible involvement of cell cycle homeostasis and
autophagy as PRKAAT and PIK3C3 were the top 2 ranked
genes, Additional studies of genes identified in this study
should be conducted in skin cancer tumors to elucidate
their role in malignant transformation.

A previous PPI network analyses conducted in a
whole gene expression dataset of 31 primary melanomas
and 52 metastases reported a PPI network in which PCNA,
CDKI, MAD2LI, RFC4 and BRCAI genes showed
highest degree centrality values among upregulated genes

-!K‘I-a_ '_?W::'
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in metastases [14]. We observed a similar behaviour in
in vitro RHC cutaneous cells since PCNA, CDK] and
BRCAT were hub genes in the network of up-regulated
genes. However, only PCNA reaches statistically
significant values in in vivo RHC cutancous cells. Since
these genes are essential for cell cycle progression and
DNA repair [23-24], these findings suggest that up-
regulation of these genes may be caused by an increased
and continuous DNA damage. The intrinsic pheomelanin
pathway represents an additional contributor to DNA
damage by increasing oxidation [7, 8]. However, the
molecular process underlying the increased DNA damage
is poorly understood. Both in vitro and in vive RHC
cutaneous cells show an overexpression of GGBAS which
encodes a mitochondrial protein involved in oxidative

Figure 3: Hub genes and their first connected genes from network detected among up-regulated genes in co-cultured
keratinocytes and melanocytes from individuals harbouring Red hair color MCIR variants (GSE44805 dataset). Only
the first connection of hub genes is indicated. Nodes represent proteins and edges indicate connections between proteins. Nodes are coloured
based on number of degree: Red (degrees >pt 3o; x>24.8), yvellow (pt 30 < degree>pt 2a; 24.8<degree>18.6), blue (degrees<pt2a,
degree<18.6). Node size indicate betweenness centrality values. Hub genes are represented with a thicker black border. The hub genes
(N=13 nodes) are directly connected with 270 out of 557 nodes within network, The GBAS, PRKAAI, ICT1 and SNX2 hub genes do not
follow the node size and border criteria to improve graphical representation of the network.
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phosphorylation [25, 26]. Further studies are required to
clarify the biological role of mitochondrial related gene in
melanocyte and melanogenesis,

The main limitations of present study are the
disparity between platforms used for gene expression
capture (resulting in presence/absence of gene probes
and probe design), the low frequency of phenotypically

black hair individuals included in the datasets and the
differences in type of samples analvzed (cultured skin
cells vs non-cultured skin cells) Establishment of cultured
cutaneous cells might influence the expression of certain
genes resulting in distinct expression such as A7G /0 gene
expression which is found up-regulated in cultured cells
and down-regulated in non-cultured cells.

P i — ey
-,' ‘v,
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Figure 4: Hub genes and their first connected genes from network detected among down-regulated genes in co-cultured
keratinocytes and melanocytes from individuals harbouring Red hair color MCIR variants (GSE44805 dataset). Only
the first connection of hub genes is indicated. Nodes represent genes and edges indicate direct interaction between proteins. Nodes are
coloured based on number of degree in Red (degrees >p+ 3a; x>22.2). vellow ( pt+ 36 < degree>p+ 2a; 22.2<degree>16.3), blue (degrees<
pi2a. degree<16.3 Node size indicate Betweenness centrality values. Hub genes are those nodes with the widest border. The hub genes

(N=11 nodcs) connects 177 out of 411 nodes.
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Table 2: Differential Expression of hub genes in healthy skin from Red hair color individuals vs Black hair color

individuals
Results for whole list of genes™ Results from list of hub genes™
D (N=1952) (N=18)
logFC p.value adj. p.value logFC p.value adj. p.value

ATG10 -0.431 0.001 0.032 -0.432 >0.001 0.007
CLN3 -0.339 =0.001 0.024 -0.339 >0.001 0.007
GABARAPL2 ns ns ns 0.254 0.0188 0.056
GBAS 0.374 0.005 0.067 0.373 0.005 0.017
PCNA 0.209 > 0,001 0.026 0.209 0.001 0.007
SNX2 0.506 0.002 0.041 0.508 0.001 0.007
wiPI2 ns ns ns -0.156 0.034 0.076
YWHAG ns ns ns 0.273 0.023 0.060

Differential expression of hub genes was assessed (A) by analyzing the whole gene expression dataset and (B) by analyzing
the differential expression of only hub genes. Table shows hub genes with statistically significant p-values and adjusted
P-values (adj.p.value). logFC= logarithm of Fold Change: ns=not significant P-value

In summary, the genes identified may help to reveal
underlying molecular mechanisms associated with red
hair color phenotype and future studies of these genes
may provide insight to better understand the increased
skin cancer risk observed in individuals harbouring loss-
of-function MCIR variants.

MATERIALS AND METHODS

Whole genome expression data from three different
datasets were included in the study. An initial dataset
included whole genome expression from four co-cultured
keratinocytes and melanocytes from two pair of siblings.
Phenotypical data and genetic variants in melanoma
susceptibility genes MCIR and CDKN24 were obtained in
all individuals. A pair of siblings. phenoty pically classified
as RHC individuals were double heterozygous for the
p.R160W, p.R151C variants in MCIR (individual 1 and
individual 2 were 38 and 33 years old, respectively). In
contrast, a pair of siblings with brown hair color carried
wild-type MCIR alleles (individual 1 and individual 2
were 50 and 51 years old, respectively). Morcover, the
germline p.G101W CDKN24 mutation was detected in
one of each pair of siblings. Extraction of the expression
data was carried out using the Whole Human Genome
Microarray 4x44K (Agilent). Generation, pre-processing
and differential expression and pathway bascd analyses
from this dataset (GSE44805) has been previously
reported [8].

Expression profiling in healthy skin tissue was
obtained using Illumina Human HT-12 V3 BeadChips
(Illumina) in 21 of 705 female individuals from the

TwinsUK  Cohort  (http://Awww.muther.ac.uk/public.
html). The only eligibility criterion for the TwinsUK
Cohort was twin status and therefore the sample is
held to be representative of the general population [27,
28]. For the present study. individuals were sclected
based on phenotypical data since the genetic status of
the MCIR gene was not available. Fourteen red hair
individuals (two monozy gotic twin pairs, one dizygotic
twin pair. and 8 singletons) and 7 with black hair (all
singletons) of Caucasian ancestry were selected. The
mean age for the RHC individuals was 50.88 vears old
(range=43.33-39.84), while for the BHC individuals
was 62.04 years old (range=49.23-74.54). All red hair
individuals but two (missing the MC/R genotype) carry
at least one RHC allele. For the pair without genetic
data, multiple photographs taken in different years were
used in order to confirm that they actually had red hair.
Non RHC alleles were detected in black hair individuals.
Probe expression levels were log transformed and quantile
normalized, and only probes mapping uniquely to genes
of known function and not containing common SNPs
were included in the analysis, as detailed elsewhere
[28], resulting in 16.646 genes. Mean expression profile
was used when the same gene was targeted by multiple
probes. Written informed consent was provided by all the
twins, and the Guy’s and St Thomas’ Hospital NHS Trust
Research Ethics Committee approved the study.
Generation, pre-processing and analysis of whole
genome gene expression in melanoma tumors from the
Leeds Melanoma Cohort (LMC, ethical approval MREC
1/3/57, PIAG 3-09(d)/2003) has been described elsewhere
|29]. This data contains 204 melanoma primaries

www.impactjournals.com/oncotarget

11596

Oncotarget

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

95



RESULTATS

expression-profiled using DASL array HT12 v4. Gene
expression was compared between 20 melanoma tumors
from RHC and 6 melanoma tumors from BHC patients.
All RHC melanoma patients carried at least one RHC
allele). One patient has missing MCIR genotype. We
observed that among black haired individuals, one patient
carried two RHC variants. One patient was missing their
MCIR genotype.

Statistical analyses

Standardization of gene expression data across
arrays from co-cultured keratinocytes and melanocytes
was performed with Agilent Processed Signal (Agilent
Feature Extraction Software) using quantile normalization
[30]. Differential gene expression analysis was carried out
using the limma [31] package from Bioconductor. Multiple
testing adjustment of p-values was performed according
to Benjamini and Hochberg (Benjamini & Hochberg,
1995; Benjamini and Yekutieli, 2001) controlling False
Discovery Rate (FDR = 5%).

Protein-protein interaction (PPI) networks were built
based on differentially expressed genes. Identification
of statistically significant PPI networks within the set
of differentially expressed genes was carried out by
SNOW [32] as implemented in Babelomics 5 suite [33].
where approaches for protein-protein interaction data
from 5 databases such as IntAct Molecular Interaction
Database [34], Molecular [INTeraction database [35],
Biomolecular Interaction Network Database [36].
Database of Interacting Proteins [37] and Human Protein
Reference database [38] are included for functional
profiling of genomic data, evaluating the cooperative
behavior of a list of genes as a functional module. SNOW
calculates the Minimal connected network (MCN) for the
proteins/genes in the list. The topology of this MCN is
then compared against 10,000 random MCNs with same
size range to obtain a p-value. Statistically significant
connected networks of differentially expressed genes
were obtained for up and down regulated transcripts in
RHC co-cultured melanocytes and keratinocytes. Further
visualization and evaluation of networks was conducted
using CytoscapeWeb [39]. Networks were evaluated
using two topological parameters, namely degree and
betweenness centrality. Degree centrality counts the
number of edges connected to cach node (protein/gene).
Betweenness centrality counts the number of times each
node is included in the shortest path between any two
other nodes, indicating which node(s) have the larger
influence on the communication between proteins/genes
included in the network. Nodes were classified based
on the mean (p) and standard deviation (c) of degree
centrality value calculated over all proteins/genes in:
lower connected node (degree<p+2g), medium connected
node (pt+2c>degree<pt+3c), and highly connected node
(degree>pu+3c). Highly connected nodes or those not

highly connected nodes but with high betweenness
centrality values were classifv as top nodes (hub genes).

Differential gene expression analysis in healthy
skin tissue was carried out using the limma R package
controlling for family structure and batch ecffects.
Benjamini and Hochberg’'s method, as implemented in
limma, was used to control the false discovery rate at 10%.
Differential expression of the hub genes identified in the
gene expression data from co-cultured melanocytes and
keratinocytes was assessed firstly by analysing the whole
gene expression dataset and then by restricting it to hub
genes only.

Whole differential gene expression was evaluated
by SNOW following the same analyses as in co-cultured
melanocytes-keratinocytes data.

Differential cxpression analysis in tumors was
restricted to the genes that were identified as hub genes
in the melanocyvtes-keratinocyvtes dataset (N=23).
Examination of the probe list in the Ilumina DASL whole
genome array confirmed that 33 probes were arrayed
covering all 23 genes selected as hub genes in networks.
Differential expression in tumors from 20 RHC vs 6 BHC
patients from LMC was performed using lincar regression
and adjusting for potential batch effect. Analysis was
conducted using STATA v12 software.
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Genomic expression differences between cutaneous cells from
red hair color individuals and black hair color individuals based
on bioinformatic analysis

SUPPLEMENTARY TABLES
Supplementary Table 1: Atributes of nodes from networks of up-regulated genes (N=557)

See Supplementary File 1

Supplementary Table 2: Atributes of nodes from networks of down-regulated genes (N=450)

See Supplementary File 1

Supplementary Table 3: First connections of the ATG4C gene: Table shows the first connections of the A7G4C gene within
the network of up-regulated transcripts. Name gene and KEGGKEGG pathway in which gene is associated with, is indicated.
NA= Not associated KEGGKEGG pathway.

See Supplementary File 1

Supplementary Table 4: First connections of the ATG10: Table shows the first connections of the 47'G /0 gene within the
network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA= Not
associated KEGG pathway.

See Supplementary File 1

Supplementary Table 5: First connection of BRCAI: Table shows the first connections of BRCA/ gene within the network
of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with. is indicated. NA= Not associated
KEGG pathway.

See Supplementary File 1
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Supplementary Table 6: First connections of the BUBIB

GEN KEGG
ANAPCI6 NA
ANAPC4 HTLV-I infection (hsa05166), Progesterone-mediated oocyte maturation (hsa04914). Oocyte meiosis
(hsa04114), Ubiquitin mediated proteolysis (hsa04120), Cell cycle (hsa04110)
AP2BI Endocytosis (hsa04144), Synaptic vesicle cycle (hsa04721), Endocrine and other factor-regulated
calcium reabsorption (hsa04961), Huntington's disease (hsa05016)
Progesterone-mediated oocyte maturation (hsa04914). Cell cycle (hsa04110), Oocyvte meiosis
BUBI
(hsa04114)
BUB3 Cell cycle (hsa04110), HTLV-I infection (hsa03166)
HTLV-I infection (hsa05166), Pyrimidine metabolism (hsa00240), Metabolic pathways (hsa01100),
CDC20 Oocyle meiosis (hsa04114). Viral carcinogenesis (Viral carcinogenesis (hsa05203)). Cell cycle

(hsa04110), Ubiquitin mediated proteolysis (hsa04120)

Oocyte meiosis (hsa04114), Ubiquitin mediated proteolysis (hsa04120), Cell cycle (hsa04110),
CDhC27 Ubiquinone and other terpenoid-quinone biosynthesis (hsa00130), HTLV-I infection (hsa05166),
Progesterone-mediated oocyte maturation (hsa04914)

Pathways in cancer (hsa05200). HTLV-I infection (hsa05166). Signaling pathways regulating
pluripotency of stem cells (hsa04550), Hippo signaling pathway (hsa04390), Wnt signaling pathway

LR (hsa(4310), Basal cell carcinoma (hsa05217). Melanogenesis (hsa04916). Notch signaling pathway
(hsa04330)
MAD2L1 HTLV-I infection (hsa03166). Progesterone-mediated oocyte maturation (hsa04914). Cell cycle

(hsa04110), Oocyte meiosis (hsa04114)
MIS12 NA

NF-kappa B signaling pathway (hsa04064), Purine metabolism (hsa00230), Metabolic pathways
(hsa01100), Base excision repair (hsa03410)

UBE2C Ubiquitin mediated proteolysis (hsa04120)

PARP1

Table shows the first connections of the BUB/B gene within the network of up-regulated transcripts. Name gene and KEGG
pathway in which gene is associated with, is indicated. NA= Not associated KEGG pathway.

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

100



RESULTATS

www.impactjournals.com /foncotarget/ Oncotarget, Supplementary Materials 2016

Supplementary Table 7: First connection of CDKI. Table shows the first connections of the CDK/ gene within the network
of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with. is indicated. NA= Not associated
KEGG pathway.

See Supplementary File 1
Supplementary Table 8: First connections of the GBAS gene. Table shows the first connections of the (GBAS gene within

the network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA=
Not associated.

See Supplementary File 1

Supplementary Table 9: First connections of the /CT1 gene. Table shows the first connections of the /CT/ gene within the
network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with. is indicated. NA= Not
associated KEGG pathway.

See Supplementary File 1
Supplementary Table 10: First connectios of PCNA. Table shows the first connections of the ”CNA4 gene within the network

of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA= Not associated
KEGG pathway.

See Supplementary File 1
Supplementary Table 11: First connections of the PIK3C3. Table shows the first connections of the P/K3C3 gene within

the network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA=
Not associated KEGG pathway.

See Supplementary File 1
Supplementary Table 12: First connections of the PRKAAI. Table shows the first connections of the PRK.A4 7/ gene within

the network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA=
Not associated KEGG pathway.

See Supplementary File 1

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

101



RESULTATS

www.impactjournals.com/oncotarget/ Oncotarget, Supplementary Materials 2016

Supplementary Table 13: First connections of the SNX2

GEN KEGG

FNBPI NA

SNX4 Endocytosis (hsa04144)
SNX6 Endocytosis (hsa04144)

Table shows the first connections of the SN.X2 gene within the network of up-regulated transcripts. Name gene and KEGG
pathway in which gene is associated with, is indicated. NA= Not associated KEGG pathway.
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Supplementary Table 14: First connections of the RP4 1. Table shows the first connections of the P4/ gene within the
network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA= Not
associated KEGG pathway.

Sec Supplementary File 1

Supplementary Table 15: First connections of the GABARPALI. Table shows the first connections of the GABARPAL!
gene within the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is
indicated. NA= Not associated KEGG pathway.

See Supplementary File 1

Supplementary Table 16: First connection of CLN3. Table shows the first connections of the CLN3 gene within the network
of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA= Not
associated KEGG pathway.

See Supplementary File 1

Supplementary Table 17: First connections of the GABARAPL2. Table shows the first connections of the GABARAPL2
gene within the network of up-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is
indicated. NA= Not associated KEGG pathway.

See Supplementary File 1

Supplementary Table 18: First connections of the MAPILC3A. Table shows the first connections of the MAPILC34
gene within the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is
indicated. NA= Not associated KEGG pathway.

Sec Supplementary File 1
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Supplementary Table 19: First connections of the MAPLIC3B. Table shows the first connections of the MAPLIC3B
gene within the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is
indicated. NA= Not associated KEGG pathway.

Sec Supplementary File 1

Supplementary Table 20: First connections of the PABPC1I. Table shows the first connections of the PABPC/ gene within
the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated.
NA= Not associated KEGG pathway.

See Supplementary File 1

Supplementary Table 21: First connections of the SMAD3. Table shows the first connections of the SA/Z403 gene within
the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated.
NA= Not associated KEGG pathway.

Sec Supplementary File 1

Supplementary Table 22: First connections of the SOSTM 1. Table shows the first connections of the SOSTA/] gene within
the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated.
NA= Not associated KEGG pathway.

See Supplementary File 1

Supplementary Table 23: First connections of the TRAF2. Table shows the first connections of the TRAF2 gene within the
network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA=
Not associated KEGG pathway.

Sec Supplementary File 1
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Supplementary Table 24: First connections of the WIPI2. Table shows the first connections of the 7P/2 gene within the
network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated. NA=
Not associated KEGG pathway.

See Supplementary File 1

Supplementary Table 25: First connections of the YWHAG. Table shows the first connections of the YIWHAG gene within
the network of down-regulated transcripts. Name gene and KEGG pathway in which gene is associated with, is indicated.
NA= Not associated KEGG pathway.

See Supplementary File 1

Supplementary Table 26: List of differentially expressed genes in healthy skin from Red hair color individuals vs Black
hair color individuals. Table contains Log2 Fold Change (logFc). P-Value and adjusted P-value ( adj.P-Val) for each gene.

See Supplementary File 2
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1. EL GEN MCIR COM A FACTOR DE RISC A DESENVOLUPAR LA MA-
LALTIA DE PARKINSON

En el treball |, I'analisi d’associacié genotipica cas-control indica que els individus por-
tadors de la variant ‘R’ p.R160W (rs1805008) presenten un augment del risc a desenvo-
lupar Parkinson (OR=2,10; 95% IC: 1,18-3,73; p-valor ajustat = 0,009) (Taula 1, Tre-
ball ). Aquest resultat indica que el gBtC1R pot estar implicat en la etiologia de la

malaltia de Parkinson.

Dos estudis previs han avaluat determinades varialECdd&Ren pacients de Parkinson

en altres poblacions. Gab al [215] van genotipar la variant p.R151C (rs1805007) en
272 pacients de Parkinson i 1185 controls nord-americans i €aag[217] van ana-

litzar la variant p.R160W en daetsde dades GWAS independents: un prisetique

inclou les dades genotipiques de 808 casos de Parkinson i 1.623 controls de poblacié
nord-americana no hispanica (Estudi PAGE); i un segdmue inclou les dades geno-
tipiqgues de 5.333 casos i 12.019 controls provinents de multiples poblacions caucasi-
gues d’etnia blanca, reclutats per membres del IPDGC (International Parkinson’s Disea-

se Genomics Consortium).

L’'estudi de Gaoet al [215] va identificar que els individus portadors de l'al-lel
p.R151C en homozigosi presenten un augment del risc a desenvolupar la malaltia de
Parkinson (OR=3,10; 95% IC: 1,06-9,37; p-valor ajustat = 0,06) en poblacié nord-
americana. A causa de la baixa frequiencia al-lelica de les variants U@E1dRen la
poblacié espanyola [218, 219], no es va identificar cap cas homozigot per a aquestes
variants al-leliques en la cohort espanyola (Taula 1, Treball ). Per tant, I'associacié amb
el Parkinson identificada en els individus homozigots per l'al-lel p.R151C no es va po-
der revalidar en el treball I. No obstant, el grau d’associacio amb el Parkinson que
s’observa en els individus heterozigots per l'al-lel p.R151C en la cohort espanyola
(OR=1,25; 95% IC: 0,80-1,95) (Taula 1, Treball 1), és similar al observat peet@ho

en poblacié nord-americana (OR=1,23; 95% IC: 0,84-1,82).

En conjunt, els resultats del treball 1i els identificats per &ab. indiquen una associ-
acié entre les variants LOF &mC1Ri un augment del risc a desenvolupar Parkinson.
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Concretament, la susceptibilitat genética a desenvolupar Parkinson, s’atribueix a les
dues variants al-léliques (p.R151C i p.R160W) que presenten una major associacié amb
el fenotip RHC [28] i un major risc atribuible a desenvolupar melanoma [64]. Aquest
fet, explica la sobrerepresentacio d’individus pel-roigs que s’ha identificat en els paci-
ents de Parkinson, i explica, en part, la relacio epidemiologica bidireccional entre el risc
a desenvolupar Parkinson i el risc a desenvolupar melanoma, ja queMiCHBEs un

factor de risc per ambdues malalties.

En el treball presentat per Doegal [217], els autors van avaluar una associacio entre

11 SNPs identificats en 9 genBF4, TYR TPCN2 KITLG, SLC24A4MC1R CDK10,

ASIPi PIGU) associats amb la pigmentacio i/o la susceptibilitat a melanoma i el risc a
Parkinson. L'associacio entre I'al-lel p.R160WME1R (rs1805008) i el risc a desen-
volupar Parkinson es va avaluar en elsskisde dades previament esmentats (PAGE i
IPDGC). L'estudi no va identificar una associacio significativa ni en la cohort PAGE
(OR=1,14; 95% IC: 0,89-1,44) ni en la del IPDGC (OR=0,98; 95% IC: 0,89-1,07).
Tampoc es va revalidar I'associacio entre la variant p.R151C (rs1805007) i el risc a
desenvolupar Parkinson (OR=1,06; 95% IC: 0.94-1.19), que es va analitzar unicament
en la cohort IPDGC [217]. Cap dels SNPs avaluats en aquest treball es va associar amb
un increment del risc a desenvolupar la malaltia de Parkinson. En el mateix treball, es
va avaluar la relacié entre caracteristiques fenotipiques que augmenten el risc a desen-
volupar melanoma (color de cabell pel-roig, color clar d'ulls i fototip cutani clar) i el
risc a desenvolupar Parkinson. Tampoc es va identificar una associaciéo entre cap
d’aquestes caracteristiques fenotipiques i el risc a Parkinson. Per tant, els resultats
d’aquest treball no confirmen un increment del risc a Parkinson en els individus pel-
roigs i tampoc van identificar el g&C1R, ni la resta de gens de pigmentacio, com a

factors genetics de risc a desenvolupar la malaltia.

Posteriorment a la publicacio del treball I, diversos treballs han analitzat el paper de
MC1R en el risc a desenvolupar Parkinson en varies poblacions mitjancant diferents

estrategies metodologiques (Taula 2).
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Taula 2: Avaluaci6 del gen MC1Rcom a factor de risc a desenvolupar la malaltia de Parkinson en diferents cohorts.

. . .. - p.R160W p.R151C
Estudi Poblacio Estrategia metodologica Casos/Controls Resultats Globals OR (95% IC) OR (95% IC)
Genotipacio de p.R160W 778/517 ,!_a variant p.RlG(_)W_ no
s'identifica en cap individu
Foo et al [220] Xinesa Cap de les variants NI NI
Sequenciaci6 dsIC1R 99/99 al-leliques identificades
s'associa a Parkinson
Asiatics amb ascend Metanalisi de variants MC1R Cap de les variants
Jiang& Liu [221] denci a partir de dades de 15 estu- 13.798/95.282 al-léliques identificades NI NI
encia europea . , . )
dis GWAS s'associa a Parkinson
< - Metanalisi de la variant .
Lubbe et al (IPDGC) | Caucasics d'etnia 0.R160W genotipada mit- 5.944/4.642 La’ varlar)t p.RlGQW no 1,01 (0,90-1,13) NA
[222] blancd . : s'associa a Parkinson
jancant Neuro X chip
Lorenzo-Betancoet | Caucasics no hispa Cap de les variants
: nisp Sequenciacié deIC1R 889/940 al-leliques identificades 1,06 P =0.62) 1,27R =0.068)
al.[223] nics de Florida , . )
s’associa a Parkinson
, Cap de les variants
Gan-Or etal(EA) | Nord-americans amp g o ciacio dMCIR 551/956 al-lzliques identificades | 1,13 (0,68-1,90)| 0,92 (0,57-1,47
[224] ascendencia europea , : .
s’associa a Parkinson
: Cap de les variants
Gan-Oretal(NY) | Nord-americansde| g qiienciacis dMCLR 530/265 al-lgliques identificades | 0,92 (0,53-1,57)|  0,77(0,48-1,23
[224] Nova York , . )
s’associa a Parkinson

NI: variant no identificada en la poblacié analitzada.

NA: variant no avaluada en la poblaci6 analitzada.

*Poblacié caucasica d'étnia blanca. Aquesta cohort inclou diferents poblacions: holandesa, alemanya, britanica, nord-americana, francesa i grega, cohorts estudiades dins del
IPDGC (International Parkinson’s Disease Genomics Consortium).
P: p-valor
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Cap d’aquests treballs va identificar el g¢681Rcom a factor de risc a desenvolupar la
malaltia de Parkinson [220-224]. La discrepancia de resultats entre els diferents estudis
pot ser deguda a diferents factors metodologics. Alguns d’aquests treballs [217, 220-
222] van analitzar el geMIC1R com a factor de risc a Parkinson, avaluant Unicament
variants genetiques concretes (p.R160W i/o p.R151C). Donat que la frequéncia de les
variants al-leligues dBIC1R varia molt entre les diferents poblacions [9, 225, 226] i

gue pot existir un efecte poblacional especific associat a una/unes determinades variants
al-léliques [64, 226], és clau caracteritzar molecularment é/\@Ren cada poblacio,

sequenciant tota la regio codificant.

D’altra banda, cap d’aquests estudis [215, 217, 220-224] indica I'exclusié d’individus
que hagin desenvolupat melanoma o que presentin antecedents familiars de melanoma
com a poblacié control. Aquest hauria de ser un criteri d'elegibilitat a tenir en compte, ja
gue s’ha identificat una major freqiiéncia de variants al-léliqu&Cddr en els indivi-

dus susceptibles a desenvolupar melanoma [28, 64]. La inclusié d’aquests individus
com a controls, pot introduir un biaix que modifiqui la freqiieéncia amb la que es produ-

eix 'esdeveniment que s’avalua i donar lloc a una conclusié equivocada (Annex II).

A més, algunes de les cohorts analitzades en aquests treballs [217, 221-224] agrupen
diferents poblacions. Com es demostra en el treball de Letbdld222], la freqlencia

de l'al-lel p.R160W varia molt entre les diferents subpoblacions (holandesa, alemanya,
britanica, nord-americana, francesa i grega) que es van analitzar conjuntament com a
poblacié caucasica d’étnia blanca (Taula 3). Aquest fet es Batigrau de variabilitat
interpoblacional de les variants BEC1R[9]. Per tant, si degut a la heterogeneitat inter-
poblacional, la homogeneitat genetica en les cohorts avaluades és baixa [217, 221-224],
es pot introduir un biaix que alteri els resultats dels analisis d’associaci6 i generi falsos

negatius.
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Taula 3: Analisi d’associacio entre la variant p.R160W i el Parkinson en les dife-

rents poblacions estudiadesidaptada de Lubbet al.[222].

OR (5% Ch) P Controls Cases
MAF N MAF N

NeuroX Genotyped samples® L.01 (0.90-1.13) (L.853 0.062 4,642 0.064 5,944
Durch 0.86 (0.57=1.30) 0.469 0.075 49 0.066 312
French 100 (0.61=1.66) 0.989 0.040 451 0.036 508
German 1.10 (0.87=1.41) 0.425 0.068 8a0 0.075 1,296
Greek 1.34 (0.92-1.95) 0.131 0026 882 0.034 965
UK 0.95 (0.72-1.24) 0.624 0LOBO 583 0.073 1.107
us 0.92 (0.76=1.12) (.385 0.077 1,437 0.074 1,756
Tell-Marti er al® 2.10 (1.18=3.73) 0.009 0010k 736 0.025 870
Dong et al 0.98 (0.89=1.07) 0.624 —_ 13,642 — 6,141
*Logistic regression correcting for sex and population seratification.
hL-ngi.sm. regression correcting for gender and age.
“Meta-analysis of 5,333 cases and 12,019 controls from the International Parkinson'’s Disease Genomics Consortium; and 808 cases
and 1,623 controls from the Parkinson’s Genes and Environment Srudy.
Cl = conhidence interval; MAF = minor allele I'r:t.]ucnc}-'; N = number ufsamp]es‘] OR = adds rario: UK = United K_iu},'dum;
US = Unired States:

En base a aquesta evidéncia, Lubbal.[222] van analitzar una possible associacié de
I'al-lel p.R160W i el risc a desenvolupar Parkinson estratificant per poblacions (Taula
3). No obstant, aguesta associacio tampoc es va revalidar en cap dels subanalisis pobla-
cionals. Cal indicar pero, que la freqiéencia de I'al-lel p.R160W préviament identificada
en altres cohorts control d’origen grec (MAF = 0,010 o 0,012) (Taula 4) (Annex Il) és:

1) notablement inferior a la MAF observada per Lubbal en elsetde controls grecs

(MAF = 0,026), 2) notablement inferior a la MAF identificada per Lubbal. en els
pacients de Parkinson grecs (MAF = 0,034) i 3) és la mateixa freqliéncia que s’ha iden-
tificat en la cohort de controls d’origen espanyol (MAF = 0,012) (Taula 4). Donat que
diversos estudis han mostrat una elevada heterogeneitat genetica entre les poblacions de
I'Europa del Nord i del Sud, i han confirmat una major homogeneitat genetica entre les
poblacions de cada subgrup [227], els resultats identificats per ktilabesn la pobla-

cio grega (Europa del Sud) han de ser interpretats amb precaucio, ja que s’esperaria que

poguessin ser similars als identificats en poblacio espanyola (Annex II).
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Taula 4: Frequencia al-lelica de la variant p.R160W identificada en diferents estu-

dis cas-control.Adaptada de Tell-Martt al.[228].

p.RI60OW in Different Control

pR160W in PD Studies Populations
Population MAEF, MAEF, PD (N} OR [95% CI] r Population MAEF,
Controls (N) Controls (N)
Spuiu1 0.012 (736) 0.024 (870) 2.10 [1.18-3.73] 0.009° Sp;lin? 0.014 (544)
Spuju_' 0.010 {(491)
Letter IPDGC
Greece 0.026 (882) 0.034 (965) 1.34 [0.92-1.95] 0.131 Greece® 0.010 {155)
Greece” 0.012 (166)
France 0.040 (451) 0.036 (508) 1.00 [0.61-1.66] 0.989 Francc_m 0.024 (210)
France'' 0.030 (869)
{_.'c'-mul_ny 0.068 (880) 0.075 (1,296) 1.10 [0.87-1.41] 0.425 (_.'tfmany'] 0.060 (1038)
The Netherlands  0.075 (409) 0.066 (312) (.86 [0.57-1.30] 0.469 The Netherlands'?  0.105 (385)
United States 0.077 (1,437) 0.074 (1,756) 092 [0.76-1.12] 0.385 United States” 0.060 (166)
United States™ 0.062 (179)

United Kingdom 0.080 (583) 0.073 (1,107)  0.95 [0.72-1.24] 0.624 United Kiugdomji 0.091 (93)
United Ki!lgdnm“’ 0.066 (332)

b 0.062 (4,642) 0.064 (5,944) 1.01[0.90-1.13] 0.853 Pooled populadon® 0.053 (3,593)

Pooled populadon
"S{ariszil:alfy signiﬁcam_

PIncludes all populations assessed in the [PDGC snudy.

“Indudes all control popularions listed in this table, excepr those from Spain.

Cl = wnfidence interval; IPDGC = Internadonal PD Generic Consortium; MAF = minor allele frequency; N = number of indi-

viduals included in each study; OR = odds rato; P = Parkinson disease.

No obstant, Lubbet al [222] van concloure que la variant p.R160W no s’associa a un
augment del risc a desenvolupar Parkinson i atribuien els resultats presentats en el tre-
ball I a un fals positiu. Els autors van indicar un possible biaix en les frequéncies
al-leliques detectades en el treball I, ocasionat per un origen poblacional diferent en la
selecci6é de casos i controls, ja que els pacients de Parkinson provenien de Barcelona i

els controls del conjunt del territori espanyol.

Posteriorment a aquesta suggerencia, varem reavaluar la MAF de la variant p.R160W
estratificant la cohort control (N= 736), segons si els individus havien estat reclutats al
Hospital Clinic de Barcelona (N= 131, MAF = 0,015) o en altres hospitals d’Espanya
(N= 605, MAF= 0,011 ). La diferéncia no era estadisticament significativa i a més, la
frequéncia de l'al-lel p.R160W identificada en la cohort control d’origen espanyol
(MAF = 0,012) coincidia amb la frequencia al-lelica que s’ha identificat en altres co-

horts control d’origen espanyol (Taula 4) (Annex II).
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En base aquests resultats, i tenint en compte, que estudis previs han demostrat que la
poblacié espanyola és suficientment homogenia com per realitzar estudis d’associacio
cas-control [229, 230], sense que aquests es vegin alterats per |'estratificacio intraterri-
torial, descartem que els resultats presentats en el treball | es deguin a un biaix ocasionat

per una baixa homogeneitat genética poblacional entre la cohort de casos i controls.

D’altra banda, un factor poblacional pot explicar la discrepancia entre els resultats del
treball 1i els resultats identificats per Febal [220] i Jiang& Liu [221] en poblacio
asiatica. En aquests treballs no es va identificar cap de les variants INIFL&aden-
tificades en poblacié caucasica d’étnia blanca, i Unicament 2 de les variants (p.V92M i
p.R163Q) comunament identificades en poblacié caucasica d’etnia blanea, iden-

tificar en aquestes poblacions asiatiques. Els autors van concloure que les variants LOF
de MC1Rson rares en la poblacid asiatica i que el g€1Rno és un factor de risc a

Parkinson en aquesta poblacio [220, 221].

Aquests resultats, concorden amb el fet que la incidéncia del melanoma en la poblacio
asiatica sigui molt més baixa que en la poblacié caucasica i amb que no s’hagi reportat
una comorbiditat entre el melanoma i el Parkinson en aquesta poblacié. A més, els re-
sultats coincideixen en que els al-lels LORMIE1R sOn inexistents o extremadament

rars en la poblacié asiatica [226], i per tant, és poc probable que modulin el risc a des-
envolupar Parkinson en aquesta poblacié. D’altra banda, la variant p.R163Q, la més
freqlent en la poblacié asiatica [231, 232], disminueix lleugerament la senyalitzacio a
través de la via canonica de MC1R, pero l'activitat residual del MC1R associada a
aquesta variant, és molt superior a I'activitat residual associada a les variants LOF [7,
233]. La p.R163Q augmenta el risc a desenvolupar melanomes que apareixen en zones
cronicament exposades a la RUV, a través pero, de mecanismes independents a la pig-
mentacio i la sintesi de feomelanina [234] (Annex Ill). A més, altres variants prévia-
ment identificades en gens de risc a desenvolupar Parkinson, no s’han identificat o han

resultat ser molt infrequients en la poblacié asiatica [235] (Annex III).

Els resultats d’aquests treballs, reforcen la hipotesi de que unicament les variants LOF

de MC1R s6n variants genetiques de risc a Parkinson i indiquen un efecte poblacional,
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ja que aquestes serien variants de risc en poblacio caucasica d’étnia blanca, pero és poc
probable que ho siguin en poblacié asiatica (Annex Il i Annex V).

En aquesta mateixa linia, un metanalisi va analitzar els resultats de les 6 publicacions
([215, 217, 222-224] i Treball 1), que fins a la data, han analitzat eMg&rR com a

factor de risc a Parkinson en poblacions caucasiques d’étnia blanca [236]. En concret, el
metanalisi va avaluar el risc a desenvolupar Parkinson en base a: tenir el cabell péel-roig
(Figura 17A), ser portador de I'al-lel p.R151CME1R(Figura 17B) o ser portador de
I'al-lel p.R160W de MC1RFigura 17C) [236].

Gao, 2009, HPFSINHS -

Dong, 2014, PAGE —

: 1.68 (95%Cl:1.07, 2.64)
Pooled -

T T
D5 1 2
Relative risk

Figura 17A. Avaluaci6 del risc a desenvolupar Parkinson en els individus pél-rojosclou
1.347 casos de Parkinson. Adaptada de @han[236].
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B
Gao, 2009, HPFS/NHS _ I
Dong, 2014, IPDGC - £
Tell-Marti, 2015, Spanish _| =
Lorenzo-Betancar, 2016, '
Mayo Clinic Non-Hispanic Caucasian | | L=
Gan-0r, 2016, European ancestry | 81—
Gan-Or, 2016, New York — o ;
Pooled 51,1 (95%C1: 1.00, 1.21)
I I [ I
5 1 2 10

relative risk

Figura 17B. Avaluaci6 del risc a desenvolupar Parkinson en els individus portadors de
I'al-lel p.R151C de MCI1RInclou 8.454 casos de Parkinson. Adaptada de €hah[236].

Dong, 2014, PAGE _
Dong, 2014, IPDGC  _

Tell-Marti, 2015, Spanish -

Lorenzo-Betancor, 2016, _|
Mayo Clinic Non-Hispanic Caucasian

Lubbe, 2015, IPDGC -

1]

Gan-0r, 2016, European ancestry |

Gan-Or, 2016, New York — &

1.02 (95%Cl: 0.96, 1.81
J 25 ( )
T

Pooled

1 2 10
relative risk

-

Figura 17C. Avaluacio del risc a desenvolupar Parkinson en els individus portadors de
l'al-lel p.R160W deMC1R. Inclou 14.934 casos de Parkinson. Adaptada de €hain[236].
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Els resultats d’aquest metanalisi confirmen un augment del risc a Parkinson en els indi-
vidus pel-rojos i en els portadors de l'al-lel p.R151C. Ara bé, calen més estudis
d’associacié cas-control que confirmin si I'al-lel p.R160W i la resta d'al-lels ‘R’ de

MC1Raugmenten el risc a Parkinson.

Per tal d’evitar falsos negatius i identificar possibles efectes poblacionals especifics, és
clau que futurs estudis d’associacié cas-control caracteritzin molecularment tot el gen
MC1Ren poblacions genéticament homogenies. Diversos treballs han reportat la neces-
sitat de considerar I'estratificacié per poblacions quan es realitzen estudis genétics en
poblacié Europea o amb ascendencia Europea. La heterogeneitat genética que existeix
entre la poblacié de I'Europa del Sud, I'Europa del Nord o la poblaci6 americana
d’ascendéncia Europea, impedeix analitzar-les conjuntament, sense assumir un impor-

tant biaix causat per aguesta heterogeneitat genetica [227, 230].

D’altra banda, el fet que les variantsME1R presentin una baixa freqiéncia i una bai-
xa penetrancia [236] en comparacié a altres variants al-leliques identificades en altres
gens de risc a Parkinson [116], dificulta la identificacid d’aquestes possibles associaci-

ons.

Ara bé, de manera molt rellevant, Chatral. [237] han confirmat, mitjancant un estudi
funcional, que la perdua de funcié del MC1R augmenta la susceptibilitat a desenvolupar
Parkinson. El treball va avaluar el paper del MC1R en el SNC comparant ratolins negres
(Mc1r") vs ratolins pél-roigs (McH® [237]. Els models murins utilitzats en aquest
treball s6n aquells en els quals s’ha identificat una major susceptibilitat a desenvolupar

melanoma (Figura 10) [70].

Els autors van confirmar I'expressio del MC1R en la substancia pagsacompacta

del mesencéfal, regi6 rica en neurones dopaminergiques i que es veu compromesa en els
pacients de Parkinson. Per tal d’'identificar un possible impacte del MC1R en el sistema
nigroestriatal dopaminérgic, els autors van comparar la integritat de les neurones dopa-
minérgiques en els ratolins MéTrvs els Mc1fi van monotoritzar I'activitat locomo-

tora d’aquests ratolins. A nivell constitutiu, els ratolins pél-roigs (ffzhresentaven

una perdua significativa de neurones dopaminergiques en la substancipansgam-
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pacta i en consequencia una disminucié dels nivells de dopamina en el nucli estriat.
Malgrat de forma general, els ratolins M&eren sans, aquests presentaven una dismi-
nucié de I'activitat locomotora respecte als ratolins M&1Aquestes alteracions, eren
significatives en els ratolins M&ltque tenien 8 i 14 mesos, i en canvi, no es van iden-
tificar en els ratolins més joves (2 mesos de vida). Aquests resultats indiquen que la
pérdua de funcié del MC1R impacta en el manteniment i funcionament de les neurones
dopaminérgiques, i que amb I'envelliment, factor principal de risc a Parkinson, aquests
ratolins presenten alteracions fisiologiques que els predisposen a desenvolupar aquesta
malaltia [237].

Donat que en les cél-lules cutanies d’aquests ratolins ffictha identificat un aug-

ment de les ROS i del dany oxidatiu [70] i que I'estrés oxidatiu esta implicat en la pato-
geénesi del Parkinson [238], els autors van avaluar si aquests ratolin§'{Mpfesen-

ten un major dany oxidatiu en les cél-lules del SNC. Concretament en la regié ventral
del mesenceéfal, rica en neurones dopaminérgiques, i en el nucli estriat, regié cap a on és
projecten aquestes neurones dopaminergiques. De forma interessant, en els ratolins
Mc1r¥® es va identificar un augment del dany oxidatiu en la regi6 ventral el mesencéfal
[237]. Aquest resultat concorda amb que I'activaciéo del MC1R comporta una resposta
antioxidant [67] i indica que ens els ratolins on I'activitat del MC1R és nul-la El@]plr
s’observa un augment de l'estreés oxidatiu, tant en les cel-lules cutanies com en les
cel-lules del SNC.

Per a confirmar si els ratolins ME&isén més susceptibles a desenvolupar Parkinson
que els ratolins Mc1f, els autors els van subministrar les neurotoxines (6-OHDA i
MPTP), comunament utilitzades per a generar models experimentals que reprodueixin
la malaltia de Parkinson. Posteriorment a I'administracié d’aquestes neurotoxines, els
ratolins Mc1f® presentaven una disminucio significativa dels nivells de dopamina en el
nucli estriat i una reduccié notable de neurones dopaminérgiques. Els resultats d’aquest
treball indiquen que la susceptibilitat d’aquests ratolins (R& desenvolupar Par-
kinson, es pot explicar per 'augment del dany oxidatiu i la perdua de neurones dopami-
nérgiques que s'observa constitutivament en aquests ratolins [237].
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En base a aquests resultats, els autors van voler avaluar el paper del MC1R com a pos-
sible diana farmacologica. L'activacio del MC1R mitjangant un agonista selectiu (BMS-
470539) [239], va mostrar un efecte protector, disminuint la mortalitat de les neurones
dopaminérgiques induida per I'efecte neurotoxic del MPTP [237]. Aquesta accié neuro-
protectora, proporciona una nova evidencia per pensar que la perdua de neurones dopa-
minérgiques que s'identifica en els ratolins M&lir la neurotoxicitat dopaminérgica

gue aquests mostren en resposta a les neurotoxines, depenen directament de la funciona-
litat del MC1R.

El fet que els ratolins portadors d’'un MC1R no funcional presentin una major suscepti-
bilitat a desenvolupar tant melanoma com Parkinson, sumat a I'associacio epidemiolo-
gica entre les variants ‘R’ i 'augment del risc a desenvolupar les dues malalties, indica

que el gen MC1Rs un factor de risc tant a melanoma com a Parkinson.

2. EL GEN MCIR COM A FACTOR DE RISC A DESENVOLUPAR LA MA-
LALTIA D'ALZHEIMER

En el treball 1, I'analisi d’associacié genotipica cas-control indica que els individus
portadors de I'al-lel p.V92M dRIC1R presenten un augment del risc a desenvolupar la
malaltia d’Alzheimer sota un model d’heréncia additiu (OR=1,99; 95% IC: 1,08-3,64;
p-valor ajustat = 0,026) (Taula 3, Treball 1I). Aquest resultat indica que eVigdiR

pot estar implicat en la etiologia de la malaltia d’Alzheimer.

En aquest treball es va identificar una associacio inversa entre I'al-lel p.VI2Ka e

i I'al-lel 4 de 'APOE (Taula 5, Treball Il). Aquest resultat indica que la preséncia
d’aquesta variant eMlC1Raugmenta la susceptibilitat a desenvolupar Alzheimer, espe-
cialment en aquells individus on el risc a desenvolupar la malaltia no pot atribuir-se al
principal factor genétic de risc identificat en les formes esporadiques d’Alzheimer
[143].

Donat que el diagnostic de la malaltia d’Alzheimer, en base als criteris clinics utilitzats
avui en dia [131], té una sensibilitat i especificitat del 85% i 70%, respectivament [135],
€s molt probable que alguns dels individus diagnosticats com a pacients d’Alzheimer en

el treball Il i en d’altres treballs, presentin una malaltia neurodegenerativa que no sigui
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Alzheimer [240]. Aquest error en el diagnostic pot introduir un biaix en la seleccio dels
casos, que modifiqui la frequéncia amb la que es produeix I'esdeveniment que s’avalua i
donar lloc a una conclusié equivocada. L'Us del perfil de biomarcadors de LCR (d’
AP4p, T-tau i P-tau) en el diagnostic de la malaltia d’Alzheimer augmenta la sensibilitat

I especificitat diagnostica en un 90% i 85%, respectivament [136, 137]. En base aquesta
evidéncia, en el treball Il es va repetir 'analisi d'associacié genotipica cas-control uti-
litzant el mateix grup de controls i restringint els casos a un subgrup de pacients
d’Alzheimer on el diagnostic clinic havia estat confirmat pel perfil de biomarcadors en
LCR. Malgrat la reducci6 de la mida mostral, es va revalidar I'associacio entre I'al-lel
p.V92M i el risc a desenvolupar Alzheimer. De fet, aguesta associacié augmentava més
de 3 vegades en aquest subgrug de pacients (Taula suplementaria 1, Treball II).

L’al-lel p.V92M és comu en les poblacions caucasiques d’étnia blanca [9] i en la nostre
cohort control presenta una frequiéncia al-lélica de 0,05 (Taula 3, Treball 1l). Malgrat no
ser una variant rara, cap dels estudis GWAS realitzats en la darrera década [146-151] ha
identificat una associacio entre el gd€1Ri la malaltia d’Alzheimer. Aquest fet po-

dria justificar-se per les propies limitacions que presenten aquests estudis GWAS. En
primer lloc, el genMC1R presenta un baix nivell de cobertura en les plataformes de
genotipat d’'SNPs que s’han utilitzat en aquests estudis. D’altra banda els estudis GWAS
presenten una limitaci6 deguda a [I'estratificacio poblacional [241, 242]. Per tal
d’augmentar el poder estadistic per a detectar diferéncies entre casos i controls,
s’analitzen cohorts d’una gran mida mostral que agrupen diferents poblacions en una
Gnica cohort. Tenint en compte l'alt grau de variabilitat interpoblacional, tant de I'al-lel
p.V92M (MAF de 0,3-0,12 en les poblacions caucasiques) com de les altres variants
al-léliques deMC1R[9], és clau que els estudis d’associacio es facin en cohorts geneti-
cament homogenies, ja que el biaix que introdueix I'estratificacié poblacional pot donar
lloc a conclusions incorrectes. A més, els tests de correccié multiple que s'utilitzen en
els estudis GWAS son estadisticament molt conservadors i dificulten la identificacio de
variants genetiques que expliquen un petit percentatge del risc a desenvolupar una ma-

laltia.

El treball 1l presenta una limitacio pel que fa a la cohort control utilitzada. Malgrat esta

ben caracteritzada i permet corregir I'analisi d’associacio genotipica per els principals
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factors de risc a desenvolupar Alzheimer (sexe, edat i gelB@E), aquesta presenta

una mida mostral limitada (N=160). Aquest fet disminueix el poder estadistic del treball
Il per a detectar diferéncies entre casos i controls. Malgrat aixo, la freqiéencia de I'al-lel
p.V92M que s’identifica en edetde controls coincideix amb la préviament identificada
en poblacio control espanyola (MAF= 0,05) [218]. A més, les frequencies al-léliques de
les variants dMC1Ridentificadesn aquesta cohort control (Taula 3, Treball Il) es van
comparar amb les identificades a la cohort control (N= 736) d’origen espanyol analitza-
da en el treball | (Taula 2, Treball I), i no es van detectar diferencies significatives (An-
nex V). Per tant, la cohort control utilitzada en el treball 1l reflecteix les frequéncies

al-léliques de les variants de MCaRa poblacio espanyola.

L’al-lel p.V92M disminueix a la meitat I'afinitat del MC1R amb el seu lligand (
MSH), en canvi, els nivells d’expressié del MC1R en la membrana de les cel-lules por-
tadores d’aquest al-lel s6n normals [8, 233]. Les cél-lules portadores de la variant
p.V92M mostren una lleugera disminucio de la senyalitzacio a través de la via canonica
del MC1R. No obstant, aquestes cel-lules presenten una activitat residual molt superior
a l'activitat residual identificada en les cel-lules portadores de variants LOFECTR

[7, 233]. Aix0 explica perqué l'alteracid funcional associada a la variant p.V92M, no es
tradueix en una sintesi notable de feomelanina i I'al-lel p.V92M no s’associa amb el
fenotip RHC [7, 8, 28]. Els estudis epidemiologics presenten una associacié controver-
tida entre la preséncia de I'al-lel p.V92M i 'augment dels risc a desenvolupar melano-
ma, mentre alguns treballs afirmen que no s’associa amb un augment del risc a mela-
noma [28, 218, 243, 244], altres indiquen que si I'incrementa lleugerament [245, 246].
Aquestes evidencies expliquen perque a diferéncia del que succeeix amb la malaltia de
Parkinson, no s’ha descrit una sobrerepresentacié d’individus pel-roigs entre els paci-
ents d’Alzheimer, ni tampoc un augment del risc a desenvolupar melanoma en aquests

pacients.

Fins a la data, s’han realitzat pocs estudis que avaluin l'impacte de les variants
al-leliques deVIC1R més enlla de I'efecte sobre el cancer cutani. No obstant, s’ha des-

crit que els individus portadors de la variant p.R163Q, que tampoc s’associa amb el fe-
notip RHC, presenten un augment del risc a patir una depressié i que els individus por-

tadors de la variant p.V92M presenten una remissié de la depressio en resposta al trac-
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tament amb desipramina [247]. La prevalenca de la depressio és duplica en les dones,
indicant que el sexe és un factor de risc a desenvolupar aquesta malaltia [248]. Tenint en
compte que la disepramina s’ha utilitzat com a analgésic i que el MC1R modula la res-
posta al dolor en les dones a traves del recegptopsoides [83], s’ha suggerit que la
remissio de la depressid en resposta a la desipramina podria estar regulada pel MC1R a
través de la via del dolor [247]. Malgrat cap treball ha avaluat a nivell funcional
'impacte de les variants ‘r' (p.V60L, p.V92M i p.R163Q) en el SNC, els resultats pre-
sentats en el treball 1l i les evidéencies préviament descrites, indiquen que l'alteracio
funcional del MC1R atribuida a I'al-lel p.V92M pot tenir un impacte en la fisiologia de
les cel-lules del SNC, a través de la desregulacio d’altres vies de senyalitzacio diferents
a la via canonica del MC1R.

En la malaltia d’Alzheimer es produeix una inflamacié cronica en el cervell que desen-
cadena en un déficit cognitiu [249]. Les cel-lules de la barrera hematoencefalica (BHE)
juguen un paper clau tant en el desencadenament com en el manteniment d’aquesta in-
flamacio cronica [250]. L'augment de la produccié de la proteifg Augmenta
I'estrés oxidatiu en les cel-lules del cervell [251], fet que comporta un dany microvascu-
lar que desencadena una resposta inflamatoria a traves de I'activacié de NF-KB [91,
249]. En les cél-lules endotelials microvasculars del cervell i en els astrocits s’ha identi-
ficat I'expressio del MC1R [80, 90]. L’activacio del MC1R en aquestes cél-lules desen-
cadena una resposta antiinflamatoria a través de la infraregulacié de NF-KB [91, 252].
Per tant, suggerim que l'alteracié funcional del MC1R atribuida a I'al-lel p.V92M pot
disminuir la infraregulacié de NF-KB, minvant aquesta resposta antiinflamatoria i con-

tribuint a la inflamacio cronica en el cervell.

Treballs previs han reportat una disminucio dels nivells-tSH en les cel-lules del
cervell i en el LCR dels pacients d’Alzheimer, indicant que la produccié d’aquest neu-
ropeptid derivat de la POMC podria ser clau en la fisiopatologia i progressio de la ma-
laltia d’Alzheimer [253, 254]El fet que les cel-lules portadores de I'al-lel p.V92M pre-
sentin un MC1R amb la meitat d’afinitat peradldSH, podria explicar perqué els por-

tadors d’aquesta variant s6n més susceptibles a desenvolupar Alzheimer.
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3. EL GEN MCIR COM A FACTOR MODIFICADOR DE L'EDAT
D'’APARICIO DE LES MALALTIES NEURODEGENERATIVES

Igual que succeeix en la malaltia de Parkinson i Alzheimer, nivells elevats de dany oxi-
datiu s’han identificat en les arees de neurodegeneracio en els pacients amb Huntington
[255-257]. Aquest fet indica que l'estres oxidatiu pot contribuir a la patogénesi de la
malaltia. L'activacié del MC1R s’ha associat a una resposta antioxidant [67] i en les
cel-lules cutanies amb un MC1R no funcional, s’ha identificat una desregulacié consti-
tutiva de gens implicats en les vies de senyalitzacio de malalties neurodegeneratives
(Annex 1). Aquestes evidencies suggereixen que malgrat la malaltia de Huntington és
una malaltia monogénica, el MC1R pot estar implicat en la fisiopatologia de la malaltia

i modificar I'edat de debut en els pacients.

En el Treball 1ll, es va identificar que I'al-lel p.R151C M€ 1R modifica significati-
vament I'edat d’inici de la malaltia de Huntington (p-valor = 0,004) (Taula 2, Treball
). Els casos portadors de I'al-lel p.R151C presenten una disminucié de 5,13 anys res-
pecte a I'edat mitjana de debut identificada en els casos no portadors.(Taula 3, Treball
[l). Concretament, el percentatge de variacido en l'edat de debut atribuit a I'al-lel
p.R151C és del 1,42%, similar al previament atribuit a altres variants al-leliques en els
gensUCHL1 (1,7%), PCG-141,5%) i AG7 (1%) [181, 185, 186].

Aquest resultat reforca la hipotesi de que el d€1Resta implicat en la fisiopatologia

de malalties neurodegeneratives, i igual que succeix en el Parkinson [215], I'impacte del
MC1R en la malaltia de Huntington s’associa a un al-lel LOM@&R Els estudis fun-
cionals realitzats en ceél-lules cutanies, mostren que l'al-lel p.R151C disminueix
I'expressié del MC1R en la membrana cel-lular i disminueix notablement la capacitat de

senyalitzaci6 a través de la via canonica del MC1R [7, 8].

Els ratolins portadors d’'un MC1R no funcional (I\/Féirmostren, a nivell basal, un
augment del dany oxidatiu en la regié ventral del mesencefal [237], fet que els fa més
susceptibles a desenvolupar Parkinson. Un augment del dany oxidatiu s’ha identificat
també en les arees de neurodegeneracio en els pacients amb Huntington i alguns dels

gens identificats com a modificadors de l'edat d’inici de la malaRRARGC1A
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MAP3K5 i MAP2K6), estan implicats en la regulacié de I'estrés oxidatiu [180, 181,
258]. Concretament, el gdPPARGC1A(codi OMIM: #604517) que codifica per la
proteinaPGC-laimplicada en la regulacié de la biogénesi mitoc@hdrla resposta
antioxidant [259-261], s’ha proposat com una possible diana terapéutica, ja que variants
al-leliques comuns éAPARGC1Aretarden de 2 a 3 anys I'edat d’aparicié i la progres-
sio de la malaltia de Huntington [181, 258]. Models murins deficients en PG4«

tren trastorns del moviment i degeneracié del nucli estriat [2&i8racions que
s’identifiquen en els pacients amb Huntingt&studis realitzats en cel-lules cutanies,
han descrit que I'activacié del MC1R indueigwnstreani’expressio de PGC-1[263,

264]. En base a aquestes evidencies, suggerim que la pérdua de funcié del MC1R asso-
ciada a la variant p.R151C, pot contribuir a la fisiopatologia de la malaltia de Huntin-
gton i avancar-ne la seva aparicio, a través de la infraexpressié dedPGLHifrare-

gulacio de la resposta antioxidant.

L’edat d’inici del Parkinson i de I'Alzheimer sén caracters poligénics amb un elevat
grau d’heretabilitat [112, 155]. Variants al-leliques en gens de risc mig i baix a desenvo-
lupar aquestes malalties, s’han identificat com a factors modificadors de I'edat
d’aparicié de les formes esporadiques d’aquestes malalties [117, 121, 160]. En base a
aguestes evidéncies, varem hipotetitzar que eMfehR pot ser un factor modificador

de I'edat d’aparicio del Parkinson i de I'Alzheimer.

Les variants genétiques MC1Rno sinonimes i amb una freqiiéncia al-lelica > 0,01 en
els casos, van ser analitzades com a variants modificadores de I'edat d’inici d’aquestes
malalties. En el cas del Parkinson, cap d'aquestes variants al-léliques, ni I'al-lel
p.R151C ni el p.R160W, modifiquen I'edat d’aparicié de la malaltia (Taula suplementa-
ria 1, Treball I). D’igual forma en I’Alzheimer, cap d’aquestes variants al-leliques, tam-
poc I'al-lel p.V92M, modifiquen I'edat de debut en els pacients portadors (Taula suple-
mentaria 2, Treball II). En canvi, en els casos d’Alzheimer analitzats en el treball I, es
confirma que 'APOE4 avanca l'edat d’inici de la malaltia (Taula 6, Ga# I1).
Aquests resultats indiquen que el gd€1R no és un factor modificador de l'edat
d’aparici6 d’aquestes malalties neurodegeneratives complexes, almenys a la poblacio

espanyola.
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Tot i que en el cas del melanoma, el yD1Rs’ha identificat com un factor modifica-

dor de I'edat d’aparicio de la malaltia, aquest efecte s’observa quan RIGERInter-

acciona amb un factor genétic d’alt risc. Concretament, s’ha descrit que la presencia de
variants enMC1R augmenta la penetrancia del melanoma en individus portadors de
mutacions aCDKNZ2A [59, 60], i disminueix en 20 anys I'edat mitjana de debut en
aquests individus [29, 59]. Diferents treballs han avaluat si les variants al-leliques de
MC1R modifiquen I'edat d’inici de la malaltia en els pacients amb melanomes espora-
dics [265, 266], i els resultats han estat negatius. En base a aquestes evidencies, calen
futurs treballs en els que s’avalui el g¢d@1R com a modificador de I'edat d’aparicio

de les formes familiars del Parkinson i de I’Alzheimer.

4. IMPACTE DEL MC1R EN LA REGULACIO DE L’ESTRES OXIDATIU |
L’AUTOFAGIA

Els resultats obtinguts en el treballs I, 11 i Ill juntament amb les evidencies discutides
anteriorment (apartats 1, 2 i 3 de la Discussio), indiquen que &IG&R és un factor

de risc a Parkinson i Alzheimer i que modifica I'edat d’aparicié del Huntington. Tot i
gue l'impacte del MC1R en el SNC s’ha confirmat en models murins, calen estudis fun-
cionals per elucidar a través de quines funcions biologiques, la pérdua de funcio del

MC1R contribueix a la patogenesi d’aquestes malalties neurodegeneratives.

Amb l'objectiu d’elucidar quines poden ser les funcions biologiques alterades associa-
des a la pérdua de funcio del MC1R, en el treball IV és va analitzar la signatura genica
identificada en els co-cultius de cél-lules cutanies portadores de variants MIFLRe
(Annex I), mitjancant un analisi de prediccié d’interaccié proteina-proteina (PPI). Es
tracta d’'un metode computacional d’enriquiment funcional, basat en la cerca de moduls
funcionals en llistats de gens (transcrits) segons la interaccio existent entre les proteines

per les quals codifiquen.

Tenint en compte que des d’ una perspectiva biologica, els transcrits sobreexpressats o
infraexpressats en un fenotip determinat, tendeixen a estar connectats [267, 268].
L’analisi de PPI es va realitzar de forma independent amb el grup de gens sobreexpres-
sats i el grup de gens infraexpressats. A partir d’aquest analisi, varem identificar dues
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xarxes estadisticament significatives (p-valor < 0,001) (Figura 1, Treball 1V) (Figura 2,
Treball IV). Assumint que existeix una forta relacioé entre la funcio biologica i la inter-
accio proteica, aquestes xarxes van ser analitzades en base a parametres topologics de la
propia xarxa, per tal d’'identificar els gens de major rellevancia en aquagbegenesi
determinar quines funcions biologiques s’hi troben enriquides. En base aquests parame-

tres es van identificar 28ub genegFigura 3, Treball IV i Figura 4, Treball 1V).

Les cel-lules cutanies i les cel-lules del sistema nervidés presenten un origen embrionari
comu. Aquest fet, juntament amb la idea que les malalties neurodegeneratives poden
tenir un caracter sistemic en el que es veuen afectats altres teixits més enlla del sistema
nerviés [269-271], ha propiciat I'is de diversos modelgitro, generats a partir de bi-
opsies cutanies, per a estudiar la fisiopatologia de les malalties neurodegeneratives
[272-276]. En particular, al ser cultius primaris generats a partir de cel-lules dels paci-
ents, mantenen I'efecte causat per I'envelliment, la interaccié amb I'ambient i els factors
genetics de risc del propi individu. Diferents treballs han identificat en fibroblast de
pacients amb Parkinson, Alzheimer i Huntington, biomarcadors que poden ser utils tan

per al diagnostic, com per comprendre la fisiopatologia d’aquestes malalties [277-280]

Aixi doncs, els resultats obtinguts en el treball IV poden ser d’interes per comprendre
quines son les funcions biologiques alterades, que fan als individus portadors de vari-

ants LOF deViC1Rmés susceptibles a desenvolupar malalties neurodegeneratives.

Entre els 2hub genesdentificats, els genPRKAAL, CDK1, BUB1B, PCNA, RPAl
BRCAL) estan implicats en el manteniment de I’homeostasi cel-lular i la reparacié del
dany en I’ADN [281-285] i els gen&BAS iICT1) estan implicats en la regulacio de la
fosforilacié oxidativa i la funcié mitocondrial [286, 287]. Donat que la mitocondria és
una de les principal fonts de generacio de ROS [288] i que un augment d’aquestes in-
crementa el dany en 'ADN i afecta directament a processos implicats en el manteni-
ment de I’homedstasi cel-lular [289, 290], I'alteracié funcional identificada en aquestes
cel-lules correlaciona amb un augment de I'estres oxidatiu. Aquest resultat coincideix
amb l'augment del dany oxidatiu previament identificat en els ratolins portadors d’un
MC1R no funcional (McFf9 [237] i indica que la pérdua de funcié del MC1R pot con-

tribuir a la neurodegeneracié augmentant I'estrés oxidatiu en les cél-lules del SNC.

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

127



DISCUSSIO

De forma interessant, 12 dels gens que s'’identifiquen chobayenesn el modein

vitro (PIK3C3, ATG4ACATG10, SNX2, TRAF2, SQSTM1, CLN3, WIPI2, GABARAPL1,
GABARAPL2, MAP1LC3BMAP1LC3A estan implicats en la regulacié de I'autofagia

i 5 d’ells (CLN3, ATG10, WIPI2, SNX2GABARAPL?2) s’identifiquen diferencialment
expressats també en les biopsies de pell sana dels individus pél-rojosi(modsl. A

més, en aquests biopsies s’identifiquen diferencialment expressats altres gens implicats
en l'autofagia ATG12,ATG2A ATG9AI ATG7) (Treball 1V, Taula suplementaria 26).
L’autofagia és un procés catabolic que permet a la cel-lula degradar a través dels liso-
somes els components innecessaris 0 no funcionals i perllongar la supervivencia

cel-lular en condicions d’estres [291]

Una de les caracteristiques comuns en la majorimalalties neurodegeneratives, €s
'acumulacié anomala de proteines-ginucleina, AB, tau i Ht). La degradacio
d’aquests agregats a través del sistema ubiquitina-proteosoma és clau per a disminuir la
toxicitat i I'estres oxidatiu que té lloc en les cél-lules on es dipositen aquests agregats de
proteines neurotoxiques [292]. Nombrosos treballs han associat la preséncia d’aquests
agregats a una disfuncié del sistema ubiquitina-proteosoma en els pacients amb malalti-
es neurodegeneratives [293-295]. Aixi doncs, una correcte autofagia, procés secundari
implicat en la degradacié d’aquests agregats proteics, és clau per a disminuir I'estrés
oxidatiu i impedir la neurodegeneracio en els individus que presenten una alteracio fun-
cional del sistema ubiquitina-proteosoma [296]. No obstant, nombrosos treballs han
reportat defectes en l'autofagia en la majoria de casos de malalties neurodegeneratives
[291, 297-300].

Recentment, un treball realitzat amb fibroblasts de pacients amb Parkinson ha identificat
gue aquests presenten un augment de les ROS, una disfuncié mitocondrial i una desre-
gulacio de l'autofagia respecte als dels individus control [301]. Per tant, aquest treball
identifica alterats en aquests fibroblasts, processos biologics que es troben alterats en les
neurones dels pacients amb Parkinson i confirma doncs el caracter sistemic d’aquesta
malaltia. De forma interessant, els processos biologics alterats en els fibroblasts
d’aquests pacients coincideixen amb els processos biologics identificats a partir de
I'analisi PPl en les cel-lules cutanies portadores d’'un MC1R no funcional. Per tant,

'augment de I'estres oxidatiu i I'alteracio de I'autofagia podrien explicar la susceptibili-
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tat a desenvolupar malalties neurodegeneratives identificada en els individus portadors
de variants al-leliques LOde MC1R.
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CONCLUSIONS

Més enlla del seu rol en la pigmentacio, el §EDd1Resta implicat en la patoge-

nesi de les malalties neurodegeneratives.

L’al-lel p.R160W deMC1Raugmenta el risc a desenvolupar la malaltia de Par-

kinson a la poblaci6é espanyola.

Les variants al-leliques de perdua de funci®é@LRaugmenten el risc a desen-
volupar tant melanoma com Parkinson, fet que explica la relacié epidemiologica

bidireccional entre el risc a melanoma i el de Parkinson.

L'al-lel p.vV92M de MC1R augmenta el risc a desenvolupar la malaltia
d’Alzheimer a la poblacié espanyola, especialment en aquells individus on el

risc no pot atribuir-se a l'al-lel 4 dAPOE

L" al-lel p.R151C deMC1Rdisminueix I'edat d’aparicié de la malaltia de Hun-

tington a la poblacié espanyola.

El genMC1Rno és un factor modificador de I'edat d’aparicié de les formes es-

poradiques de Parkinson i les formes esporadiques d’Alzheimer.

La pérdua de funcié del MC1R pot contribuir a la patogéenesi de les malalties
neurodegeneratives a través d’'un augment del dany oxidatiu, una disminucio de

la resposta antiinflamatoria i una desregulacié de I'autofagia.
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ABSTRACT:

Germline mutations in CDKN2A and/or red hair color variants in MC1IR 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 MCI1R
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 MC1R
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 MCIR 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
development.

www.impactjournals.com/oncotarget 1439 Oncotarget
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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 entitics arc
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, CIDAN24 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 CDKNZ2A 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 CDKN2. 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 discase. 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 MC'IR polymorphisms
arc 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, MC'/R variants are a modifying factor for
melanoma risk in CDKN2A 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 CDKN24 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
characleristics closely mimicking those observed in
transformed melanocytes, such as elevated growth rate
[27. 28] and acquired expression of melanoma-associated
antigens|29, 30] which are abolished when they are co-
cultured with keratinocytes[30-32]. This data indicates
that melanocyte proliferation and behavior is controlled by
surrounding basal keratinocytes which regulate epidermal

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

The aim of the present study was to investigate the
global molecular effect of germinal COKN2A mutations
(p.G101W) and A/C /R 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 melanoctve-keratinocyvte co-cultures from CDKN24
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 CDKN24 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
CDKN24 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 CDOKN2A4 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, IFI27, IFNK, DDX58,
RNF182, IFIT2, IL15, SP110, BTN3A2, RFX2, IL17D and
HIA-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 apoplosis related genes CASP3. XAF]
and SANMDY was also detected. Transcription factors such
as CEBPZ, LEFI, MACCI, TBXI, ZNF404 and ZNFS8,
epidermal differentiation and melanogenesis genes such
as KRT2, TYPRI, LIMS3, EEAL and MFI2 were also
components of the mutant CDEN2A signature.

Further examination by functional enrichment
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Table 1: Genotype and phenotype features of four individuals from
two melanoma pedigrees.

Pedigree A
Individual |MM* |cDKN2A |McIR |3k Eye color | Hair color
phototype | ™
- pRIGOW.
Al 5 pGIOIW [Pp e |1 Green  |Red
o |pRIGOW.
A2 0 Wildtype |Pp 50 |1 Green  |Red
Pedigree B
Individual |[MM* [cDKN2A [MCIR — [3¥™  |gye color | Hair color
phototype
Bl 0 p.G101W | Wild-tvpe |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: CDAN24: cyelin-dependent kinase inhibitor 2A; MCIR: 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 CDAN24 skin cells
regulated genes from the Notch signaling pathway including NCOR2, PSEN, DLLCI, DVL3, NOTCHS3,
Fig 1a

CELL, COMPONENTS METABCLISM
3T

DIFF. & MELANOGENESIS
e

}.‘!OTII_ITY‘i

2%

APOPTOSIS
6% |

GELL ADHESION

8%

MMUNE MODULATION & IFN

CELL GACWTH & PROLIFERATION
24%

1%

B%

Fig 1b

CELL. COMPONENTS METABOLISM
e

DIFF. & MELANOGENESIS
8%

MOTILITY 'l
&%

IMMUNE MODULATION & IFN
13%

CELL ADHESION

17%
T.FACTORS
o

CELL GROWTH & PROLIFERATION

%
Figure 1: Impact of germinal CDKN2A mutation on global transcript profile in melanocyte-keratinocyte co-culture
system. Functional classification of the set of 78 of 108 dercgulated genes in CDKN2A mutants are indicated in Fig.1a Up-regulated
genes and Fig, 1b Down-regulated genes, T. Factors (transcription factors), Immune modulation & IFN (Immunomodulation and interferon
related genes); Cell. Components and metabolism (Cellular components and metabolism), Diff & Melanogenesis (differentiation and

melanogenesis)
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REFNG and the co-activator MAML ! 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 CDAN2A 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
$2). RHC skin cells showed a down-regulation of a
subset of genes categorized as melanocyte differentiation
and pigmentation genes. The transcription of most of

LogFC

) ' [ |
CLEC2A P44l IFITY  IFMs  IFIZ7

U ITT

i | ' |
FHK  [ODNSB ANFER  IFIT2

GENES

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

MUCIR variants co-cultures (RHC MCIR: yellow).

Hgenes

these genes is regulated directly via the MCIR signaling
pathway. or indirectly through keratinocyte differentiation
genes (TYRPI, MLANA, TYR, CRNN, PADI1, GDF135,
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, POLQO, RAD5IAPI, RAD34B,
RAD51C, BLM, UBE2T, GINS2, EXOI, FAM334, PTTG2,
PTTGI, RADS4L, DTL), cell cycle and proliferation
genes (CDKN3, CDC25, CDKI, CCNA2, CDC20,
CCNB2, CCNBI, CKS, CDCA3, PLK1, PRIM, CDCAS,
GMNN, CDC6, VRK 1, CKSIB, RFC4, CDC43, CENPN,
HAUSS, PSRC, MCM6, MELK, AURKA, NCAPG) and
microtubule-based motors kinesin superfamily genes
(KIF11, KIF15, KIF2C, KIF4A,K1F23).

The functional enrichment analysis showed a
considerably higher number of altered pathways in non-
functional A/C/R cells than in CDEN2A mutant cells. The
RHC skin cells displayed over-expression of genes playing

GROUP
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Figure 3: Deregulated pathways in RHC MC1R melanocyte-keratinocyte co-culture system. In blue are the number of total
genes annotated within the pathway, in red are the number of deregulated genes in the RHC MC/R co-cultures. The KEGG term is indicated
for each pathway (axis X). * Pathways related to neurodegenerative diseases.
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Table 2: Deregulated pathways in RHC
MCIR melanocyte-keratinocyte co-culture

system.
KEGG Term STATUS | Adj. P-Value
DNA replication T
(hsa03030) R 3.538-14
Cell cycle (hsa04110) UP 7.87E-14
Mismatch repair (hsa

S6E-
03430) UpP 1.56E-06
Nucleotide excision
repair (hsa03420) o 201E-06
Oxidative
phosphorylation UpP 6.91E-05
(hsa00190)
Homologous
recombination up 6.98E-04
(hsa03440)
Base excision repair .
(hsa03410) up 1.07E-03
Purine metabolism
(hsa00230) UE LANE-02
Pyruvate  metabolism
(hsa00620) UP 3.47E-02
Valine. leucine and
isoleucine  degradation | UP 8.13E-03
(hsa00280)
One carbon pool by
folate (hsa00670) UF s
Spliccosome (hsa03040) | UP 1.80E-02
Parkinson's disease 5 o
(hsa03012) o SAtB-la
Hugtington's disease
(sa05016) 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 MCIR; DOWN: pathway over-represented in the group of down-
regulated transcripts in RHC MCIR.

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 keratinocyfes.
were over-represented in the set of down-regulated
transcripts as a direct consequence of low pigment
production in RHC skin cells. Interestingly, RHC skin

cells also exhibited an up-regulation of genes involved
in neurodegenerative disorders such as Parkinson's
discase (hsa05012), Huntington's discase (hsa5016) and
Alzheimer’s disease (hsa035010). Although most of the
genes were involved in several of these pathways. some
of them were restricted to Huntington’s discase (AP2B51,
CREB3LA, POLR2IT and SODI). to Alzheimer’s disease
(NAE1, FAS) or to Parkinson’s disease (PARK7).

Besides the lack of functionality caused by p.R151C
and p.R1I60W variants, we also analvzed a possible
effect on MCIR levels, by the relative quantification of
MCIR expression. We observed a statistically significant
reduction in AMCIR 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, SLEN1I, GFPT2, COL5A3, 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 CDEN2A (n=1536)
and in non functional MCIR cells (n=3570). A total of
485 genes were altered in the same fashion in both
mutant CDAN24 and non functional MCR cells and the
expression of 136 genes was found inversely correlated
between both groups. Of these 136 genes (listed in
Table S$3). 30 were up-regulated in mutant CDKN24 and
down-regulated in non functional MCIR cells and 106
genes were down-regulated in mutant CDKN24 and up-
regulated in non functional MC/R 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 CDKN24 mutation
or RHC MCIR variant carriers are critical for malignant
transformation, these patierns will be maintained across
the carcinogenic process. To support our hypothesis,
the expression pattern of the most deregulated genes in
mutant CDKN24 or RHC MC IR 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
(Figure 5). Thus, MCIR expression pattern analyses
included 76.1% (121/159) of the most deregulated
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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

53.7% of the most deregulated transcripts (58/108).
The expression pattern correlated to those observed in
SCCs (Pearson correlation=0.35) and CMs (Pcarson
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, BIN3A2, IL15, IFIT2, [FI44, IFIT1, IFI44L and

-

Figure 4: Genes inversely expressed in mutant CDKN2A and RHC MC1R. 136 genes were found inversely expressed between
mutant COAN24 and RHC MCIR genes (listed in Table S3). A: RHC MCIR vs wt MCIR (both mutant CDEN24); B: mutant CDKN24 vs
wt CDEN24 (both RHC MCIRY, C: mutant COKN24 vs wt CDEN24 (both wt MCIR), D: RHC MCIR vs wt MCIR (both wt CDKN24),
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Figure 5: In-silico model evaluation. Comparison of the expression patterns detected in our study to those observed in Squamous cell
Carcinomas (SSC, GSE2503 dataset) and Melanomas (MM, GSE12391 dataset).

Fig. 5A: Heatmap A/C'IR expression pattern showed a positive correlation among datasets (p-value <0.005),

Fig. 5B: Heatmap CDKN24 expression pattern showed a positive correlation among datasets (p-value <0.06),

Fig. 5C: Subset of genes with an inverse expression pattern between mutant CDEN24 skin cells and SSC and MM. ™V: inversely correlated
pattern.
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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 5¢). 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 CDKN24 skin cells (Pearson correlation= -0.58,
p-value=0.027). Specifically, the expression pattern of
TBX1, CLDNI7, RFX2, COL3A3, IFIT2, CEACAMI,
WDR78, LXN, SLC3948, ZNFS83, RPS27L, LSM3, CTSK,
and PMP22 was exclusively correlated to MM and mutant
CDEN24 MM prone skin cells, and inversely with NMSC,

DISCUSSION

The aim of the study was to determine the
constitutional effect of germline CDKN24 mutations or
MCIR variants in skin cancer, in order to identify carly
critical molecular targets implicated in the disease. To
do so we analvzed co-cultured melanocyte-keratinocyte
systems derived from two siblings belonging to two
melanoma prone families with a founder CDEN24
mutation and/or carrying non-functional MCIR alleles to
compare global gene expression profiles.

To date, CDKN2A 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
CDKN24 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 carliest 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
cutancous carcinomas and melanomas arise have not
been previously assessed. We found that transcriptome
signatures were altered by single hit COKN24 mutations
in co-cultured melanocyte-keratinocyte systems. CDKN2:A
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
cancer initiation.

Previous studies suggest that genetic variation of
some cytokines or their receptors influence melanoma
susceptibility [42, 43] and even modify the risk in
melanoma-prone  families with CDEN24  mutations

[44]. Consistent with this hypothesis, our data reflects
the important role of innate immunity and immune
response pathwavs which may be dercgulated in
carly steps of melanoma development. Skin cells also
exhibited deregulation of epidermal differentiation and
melanogenesis genes. Thus, we found down-regulation
of the 7YRPI gene. a melanocyte differentiation marker
and over expression of AFI2 gene, a cell-surface
glycoprotein playing a role in melanoma cell proliferation
and tumorigenesis [45] and FEAT gene, a marker of
carly endosomes [46]. Interestingly, £/ [ interacts with
MFI2 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 structurcs
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 CDKN2A
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 Panclos and Massi, 2009 [54]). A
high melanocytic nevi count is the strongest known risk
factor for melanomal55] and a potent predictor of mutant
CDKN24 gene carrier status[56]. Thus. the baseline down-
regulation of the Notch signaling pathway in CDEN24
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. MC /R 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 CDAN2A. 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-type in the deregulation of genes involved in
key physiological processes such as differentiation. cell
adhesion and cell cyvcle progression which may be directly
related to the etiology of skin cancer. We found that in
non-functional MCIR cells, pathways associated with
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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 [38]. Notably, RHC
MCIR skin cells also showed up-regulated pathways
related to neurodegencrative 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 [39]. Co-occurrence
of Parkinson’s discase (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 MCJR is involved in the cross-
link between both diseases. Thus, MC /R 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 proteome 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 patltern 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 COKN24 skin cells (MM
prone cells). Accordingly. previous studies have detected
the inverse expression of two genes from this subset
(CEACAMI and C'TSK) between SSCs and MMs [66.
67]. Such differences may underlic the epidemiological
differences observed between MCIR and CDKN2A and
skin cancer susceptibility since MCIR polymorphisms
are involved in both CMM and NMSC susceptibility
while CDKN24 mutations are closely related to CM
susceptibility rather than SCC susceptibility.

In conclusion, we have identified baseline
expression signatures in skin cells carrving germline
CDEN2A mutations and RHC MCIR variants which are
maintained in skin tumors (melanoma and squamous cell
carcinomas). The study identified a large catalogue of
genes in CDKN24 mutant skin cells that are closely related

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 MC /R variants promote DNA damage by
intrinsic UV-independent mechanisms in human skin cells.
Furthermore. our study revealed a role for M/C'IR 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 CDAN2A 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 Mediterrancan pedigrees, was chosen
in relation to the CDKN2A status. Regarding MCIR status,
the presence of two red hair variants in cach individual
(RHC: p.R151C and p.R160W) was analyzed. To reduce
the effect of intra-individual variability. two siblings from
cach family were selected, resulting in four different
extreme genotypic conditions: a carricr of variants in both
genes (sample Al), 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 1 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-]2 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
Medium (DMEM) (GIBCO-BRL. Barcelona, Spain)
and HAM'S F12 (GIBCO-BRL) containing 10% FCS,
0.1 nM choleric toxin, 2 nM T3. 5 pg/mL insulin,
and 0.4 pg/mL hydrocortisone. Cells were cultured at
37°C in a humid atmosphere containing 3% CO2. The
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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 analy zed.

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

To confirm the microarray results, the expression
of 13 genes (FARPI, SLEN1I, GFPT2, COL3A3, TYRPI,
LEFI, KRT2, ST6GALNAC3, MLANA, MSMB, SILV,
A2M, and ALOXF) was validated by RT-PCR. Also, MCIR
expression was evaluated. The ACTE gene was used for
normalization, RNA derived from donors”™ healthy skin
was used as a calibrator in each reaction. A total of 200 ng
of RNA was retrotranscribed to cDNA using Tagman PCR

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 simultancously 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 cach dataset we
analyzed the differential expression and determined the
fold-changes. We selected two subsets: genes differentially
expressed in our study for the MC' /R comparison (RHC
alleles vs. wild-type MC/R) and a second group of genes
differentially expressed in our study for the CDKN2A
comparison (p.G1O1IW vs. wild-type CDKN24). In each
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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 CDKN24
mutations or MC/R variants; and one table containing the
list of genes inversely deregulated between CDKN2A and
MCIR.

ACKNOWLEDGMENTS

The present project was founded by a grant from
CIBER de Enfermedades Raras of the Instituto de Salud
Carlos I11. Spain (INTRA/07/726.2). The research at the
Melanoma Unit in Barcelona is partially funded by Grants
from Fondo de Investigaciones Sanitarias (P.I. 09/01393
and P.I1. 12/00840. co-funded by “Fondo Europco de
Desarrollo Regional (FEDER). Uniéon Europea. Una
manera de hacer Europa™): by the AGAUR 2009 SGR
1337 of the Catalan Government, Spain; by the European
Commission under the 6th Framework Programme.
Contract nr: LSHC-CT-2006-018702 (GenoMEL) and by
the National Cancer Institute (NCI) of the US National
Institute of Health (NIH) (CA83115). This work is
also partly supported by grants BIO2008-04212 and
SAF2010-16976 from the Spanish Ministry of Science and
Innovation (MICINN), PROMETEQO/2010/001 from the
GVA-FEDER and S2010/BMD-2420 (CELLCAM) from
Comunidad de Madrid.

Web Resources:

Bioconductor (http://www.bioconductor.org)

Babelomics (http://babelomics.bioinfo.cipf.es/ )

Kyoto Encyclopedia of Genes and Genomes
pathways (KEGG) (http://www.genome jp/kegg/)

Ensembl 56 release (http://www.ensembl.org)

Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo/)

Accession Numbers The GEO accession number for
the expression microarray data reported in this paper is
GSE44805.

http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi’tok
en=ptormosgomwqds&acc=GSE44805

Conflict of Interest:

The authors state no conflict of interest.

REFERENCES

1. Siegel R, Naishadham D and Jemal A, Cancer statistics,
2012. CA Cancer J Clin. 2012; 62(1):10-29,

2. Thompson JF, Scolyer RA and Kefford RF. Cutancous
melanoma in the era of molecular profiling. Lancet. 2009;
374(9687):362-365,

3. Goldstein AM, Chan M, Harland M, Hayward NK,
Demenais F, Bishop DT, Azizi E. Bergman W, Bianchi-
Scarra G. Bruno W, Calista D, Albright LA, Chaudm V.
Chompret A, Cuellar F, Elder DE, et al. Features associated
with germline CDKN2A mutations: a GenoMEL study of
melanoma-prone families from three continents. J Med
Genet. 2007, 44(2):99-106.

4, Puig S, Malvehy J, Badenas C, Ruiz A, Jimenez D, Cuellar

F. Azon A, Gonzalez U, Castel T, Campoy A, Herrero J.

Marti R, Brunet-Vidal J and Mila M. Role of the CDKNZA

locus in patients with multiple primary melanomas. J Clin

Oncol. 2005; 23(13):3043-3051.

Liontos M, Pateras IS, Evangelou K and Gorgoulis VG.

The Tumor Suppressor Gene ARF as a Sensor of Oxidative

Stress. Curr Mol Med. 2012,

6. Jenkins NC, Liu T, Cassidy P, Leachman SA, Boucher
KM, Goodson AG, Samadashwily G and Grossman D. The
pl6(INK4A) tumor suppressor regulates cellular oxidative
stress. Oncogene. 2011; 30(3):265-274.

7. Lang J, Boxer M and MacKiec RM. CDKN2A mutations
in Scottish families with cutancous melanoma: results
from 32 newly identified families. Br J Dermatol. 2005;
153(6):1121-1125.

8. Larre Borges A, Cuellar F, Puig-Butille JA, Scarone M,
Delgado L, Badenas C, Mila M, Malvehy J, Barquet V,
Nunez J. Laporte M. Fernandez G. Levrero P, Martinez-
Asuaga M and Puig 5. CDKN2A mutations in melanoma
families from Umguay. Br J Dermatol. 2009; 161(3):536-
541,

9. Yakobson E, Eisenberg S, Isacson R, Halle D, Levy-Lahad

E. Catane R, Safro M, Sobolev V. Huot T, Peters G, Ruiz

A, Malvehy J, Puig S, Chompret A, Avril MF, Shafir R,

et al. A single Mediterrancan, possibly Jewish, origin for

the Val59Gly CDKN2A mutation in four melanoma-prone
families. Eur J Hum Genet. 2003; 11(4):288-296.

Majore S, De Simone P, Crisi A, Eibenschutz L, Binni F,

Antigoni [, De Bernardo C, Catricala C and Grammatico P.

CDKN2A/CDK4 molecular study on 155 Italian subjects

with familial and/or primary multiple melanoma. Pigment

Cell Melanoma Res. 2008; 21(2):209-211.

. Eliason MJ, Larson AA, Florell SR, Zone JJ, Cannon-

Albright LA, Samlowski WE and Leachman SA.
Population-based prevalence of CDKN2A mutations

o

www.impactjournals.com/oncotarget

1448

Oncotarget

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

180



ANNEXOS

12.

16.

20,

21

22.

23,

in Utah melanoma families. J Invest Dermatol. 2006;
126(3):660-666,

Ciotti P, Struewing JP, Mantelli M, Chompret A, Avril
MF, Santi PL, Tucker MA, Bianchi-Scarra G, Bressac-de
Paillerets B and Goldstein AM. A single genetic origin for
the GIOIW CDEN2A mutation in 20 melanoma-prone
families. Am J Hum Genet. 2000; 67(2):311-319,

Bishop DT, Demenais F. Goldstein AM, Bergman W,
Bishop JN, Bressac-de Paillerets B, Chompret A, Ghiorzo P,
Gruis N, Hansson J, Harland M, Hayward N, Holland EA,
Mann GJ, Mantelli M, Nancarrow D, et al. Geographical
variation in the penetrance of CDKN2A mutations for
melanoma. J Natl Cancer Inst. 2002; 94(12):894-903.
Talantov D, Mazumder A, Yu JX, Briggs T, Jiang Y,
Backus J, Atkins D and Wang Y. Novel genes associated
with malignant melanoma but not benign melanocytic
lesions. Clin Cancer Res, 2005; 11(20):7234-7242.
Jefferies S, Edwards SM, Hamoudi RA, A’Hern R, Foulkes
W, Goldgar D and Eeles R. No germline mutations in
CDKN2A (pl6) in patients with squamous cell cancer
of the head and neck and second primary tumours. Br J
Cancer. 2001 85(9):1383-1386.

Cabanillas R, Astudillo A, Valle M, de la Rosa J, Alvarez
R, Duran NS and Cadinanos J. Novel germline CDKN2A
mutation associated with head and neck squamous cell
carcinomas and melanomas, Head Neck. 2011,

Rees JL. The genetics of sun sensitivity in humans, Am J
Hum Genet. 2004; 75(5):739-751.

Valverde P, Healy E, Jackson I, Rees JL and Thody AJ.
WVariants of the melanocyte-stimulating hormone receptor
gene are associated with red hair and fair skin in humans.
Nat Genet. 1995; 11(3):328-330.

Bastiaens MT. ter Huoume JA, Kiclich C, Gruis
NA, Westendorp RG, Vermeer BJ and Bavinck JN.
Melanocortin-1 receptor gene variants determine the risk
of nonmelanoma skin cancer independently of fair skin and
red hair. Am J Hum Genet. 2001; 68(4):884-894,

Box NF, Duffy DL, Irving RE, Russell A, Chen W,
Griffyths LR, Parsons PG, Green AC and Sturm RA.
Melanocortin-1 receptor genotype is a risk factor for basal
and squamous cell carcinoma. J Invest Dermatol. 2001;
116(2):224-229,

Box NF, Duffy DL, Chen W, Stark M, Martin NG, Sturm
RA and Hayward NK. MCIR genotype modifies risk of
melanoma in families segregating CDKN2A mutations, Am
J Hum Genet. 2001; 69(4):765-773.

Goldstein AM, Chaudru V. Ghiorzo P, Badenas C. Malvehy
J. Pastorino L, Laud K, Hulley B, Avril MF, Puig-Butille
JA, Miniere A, Marti R, Chompret A, Cuellar F, Kolm I,
Mila M, et al. Cutaneous phenotype and MCIR variants
as modifving factors for the development of melanoma in
CDKN2A G101W mutation carriers from 4 countries. Int J
Cancer. 2007; 121(4):825-831.

Demenais F, Mohamdi H, Chaudru V. Goldstein AM,

24,

26.

27.

28.

29,

30.

3l

32.

33,

34,

Newton Bishop JA, Bishop DT, Kanetsky PA, Hayward
NK, Gillanders E, Elder DE, Avril MF, Azizi E, van Belle
P, Bergman W, Bianchi-Scarra G, Bressac-de Paillerets B,
et al. Association of MCIR variants and host phenotypes
with melanoma risk in CDKN2A mutation carriers: a
GenoMEL study. J Natl Cancer Inst. 2010; 102(20):1568-
1583,

Herraiz C. Jimencz-Cervantes C. Zanna P and Garcia-
Borron JC. Melanocorin | receptor mutations impact
differentially on signalling to the cAMP and the ERK
mitogen-activated protein kinase pathways. FEBS Lett.
2009; 583(19):3269-3274,

. Le Pape E, Passeron T, Giubellino A, Valencia JC. Wolber

R and Hearing VJ. Microarray analysis sheds light on the
dedifferentiating role of agouti signal protein in murine
melanocytes via the Mclr, Proc Natl Acad Sci U S A. 2009;
106(6):1802-1807.

Sviderskaya EV, Hill SP, Evans-Whipp TI, Chin L, Orlow
SJ, Easty DJ, Cheong SC, Beach D, DePinho RA and
Bennett DC. pl6(Inkda) in melanocyte senescence and
differentiation, J Natl Cancer Inst. 2002; 94(6):446-454,
Eisinger M and Marko O. Selective proliferation of normal
human melanocytes in vitro in the presence of phorbol
ester and cholera toxin, Proc Natl Acad Sci U S A. 1982
79(6):2018-2022,

Herlyn M, Rodeck U, Mancianti M, Cardillo FM, Lang A,
Ross AH, Jambrosic J and Koprowski H. Expression of
melanoma-associated antigens in rapidly dividing human
melanocytes in culture. Cancer Res. 1987, 47(12):3057-
3061.

Elder DE, Rodeck U. Thurin J. Cardillo F, Clark WH,
Stewart R and Herlyn M. Antigenic profile of tumor
progression stages in human melanocytic nevi and
melanomas, Cancer Res. 1989; 49(18):5091-5096,
Valyi-Nagy IT, Hirka G, Jensen PJ, Shih IM, Juhasz I and
Herlyn M. Undifferentiated keratinocytes control growth,
morphology. and antigen expression of normal melanocytes
through cell-cell contact. Lab Invest. 1993; 69(2):152-159.
Hsu MY, Meier FE, Nesbit M, Hsu JY, Van Belle P, Elder
DE and Herlyn M. E-cadherin expression in melanoma cells
restores keratinocyte-mediated growth control and down-
regulates expression of invasion-related adhesion receptors.
Am J Pathol. 2000; 156(5):1515-1525.

Phillips J, Gawkrodger DJ, Caddy CM, Hedley S, Dawson
RA, Smith-Thomas L, Freedlander E and Mac Neil S,
Keratinocytes suppress TRP-1 expression and reduce cell
number of co-cultured melanocytes - implications for
grafting of patients with vitiligo. Pigment Cell Res. 2001;
14(2):116-125.

Haass NK, Smalley KS, Li L and Herlyn M. Adhesion,
migration and communication in melanocytes and
melanoma, Pigment Cell Res, 2005; 18(3):150-159,
Hirobe T. Role of keratinocyte-derived factors involved
in regulating the proliferation and differentiation of

Www

.Impactjournals.com/oncotarget

1449

Oncotarget

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

181



ANNEXOS

35.

36.

37.

38.

39,

40,

41.

42,

43

45,

mammalian epidermal melanocytes. Pigment Cell Res.
2005: 18(1):2-12.

Nindl 1, Dang C, Forschner T, Kuban RJ, Meyer T,
Sterry W and Stockfleth E. Identification of differentially
expressed genes in cutancous squamous cell carcinoma by
microarray expression profiling. Mol Cancer. 2006: 5:30.
Scatolini M, Grand MM, Grosso E, Venesio T, Pisacane A,
Balsamo A, Sirovich R, Risio M and Chiorino G. Altered
molecular pathways in melanocytic lesions. Int J Cancer.
2010; 126(8):1869-1881,

de Snoo FA and Hayward NK. Cutancous melanoma
susceptibility and progression genes. Cancer Lett. 2005;
230(2):153-186,

Ogbah Z, Puig-Butille JA, Simonetta F, Badenas C, Cervera
R, Mila J, Benitez D, Malvehy J, Vilella R and Puig S.
Molecular characterization of human cutancous melanoma-
derived cell lines. Anticancer Res. 2012; 32(4):1245-1251.
Herbert BS, Chanoux RA, Liu Y, Baenziger PH, Goswami
CP, McClintick JN, Edenberg HJ, Pennington RE, Lipkin
SM and Kopelovich L. A molecular signature of normal
breast epithelial and stromal cells from Li-Fraumeni
syndrome mutation carriers. Oncotarget. 2012; 1{6):405-
422

Fan M, Pfeffer SR, Lynch HT, Cassidy P, Leachman S,
Pfeffer LM and Kopelovich L. Altered transcriptome
signature of phenotypically normal skin fibroblasts
heterozy gous for CDKN2A in familial melanoma: relevance
to carly intervention. Oncotarget. 2013; 4(1):128-141,

Hall A, Meyle KD, Lange MK, Klima M, Sanderhoff M,
Dahl C, Abildgaard C, Thorup K. Moghimi SM. Jensen
PB, Bartek J, Guldberg P and Christensen C. Dysfunctional
oxidative phosphorylation makes malignant melanoma
cells addicted to glycolysis driven by the (V6DOE)BRAF
oncogene. Oncotarget, 2013; 4(4):584-599,

Gu F, Qureshi AA, Niu T, Kraft P, Guo Q. Hunter DJ
and Han J. Interleukin and interleukin receptor gene
polymorphisms and susceptibility to melanoma. Melanoma
Res. 2008; 18(5):330-335.

Howell WM. Turner SJ, Bateman AC and Theaker JM. IL-
10 promoter polymorphisms influence tumour development
in cutaneous malignant melanoma. Genes Immun. 2001;
2(1):25-31.

Yang XR, Pleiffer RM, Wheeler W, Yeager M, Chanock S,
Tucker MA and Goldstein AM. Identification of modifier
genes for cutaneous malignant melanoma in melanoma-
prone families with and without CDEN2A mutations. Int J
Cancer. 2009; 125(12):2912-2917.

Guo J, Wen DR, Huang RR, Paul E, Wunsch P, Itakura
E and Cochran AlJ. Detection of multiple melanoma-
associated markers in melanoma cell lines by RT in situ
PCR. Exp Mol Pathol. 2003: 74(2):140-147.

Raposo G and Marks MS. The dark side of lysosome-
related organelles: specialization of the endocytic pathway
for melanosome biogenesis, Traffic. 2002; 3(4):237-248,

47.

48,

49,

50.

51

52.

53.

Lh
L

56.

57.

60.

Ramanathan HN and Ye Y. The p97 ATPase associales
with EEA to regulate the size of early endosomes. Cell
Res. 2011; 22(2):346-359.

Sakai C, Kawakami Y, Law LW, Furumura M and Hearing
VI, Jr. Melanosomal proteins as melanoma-specific immune
targets. Melanoma Res. 1997, 7(2):83-95.

Hearing VJ. Biochemical control of melanogenesis and
melanosomal organization. J [nvestig Dermatol Symp Proc.
1999; 4(1):24-28.

Schouwey K. Delmas V., Larue L. Zimber-Strobl U, Strobl
LJ, Radtke F and Beermann F. Notchl and Notch2 receptors
influence progressive hair graying in a dose-dependent
manner. Dev Dyn. 2007; 236(1):282-289.

Okuyama R, Tagami H and Aiba 5. Notch signaling; its role
in epidermal homeostasis and in the pathogenesis of skin
discases. J Dermatol Sci, 2008; 49(3):187-194.

Xin Y, Lu Q and Li Q. IKKIl control of epidermal
differentiation is modulated by notch signaling. Am J
Pathol. 2011; 178(4):1568-1577,

Lin HY, Kao CH, Lin KM, Kaartinen V and Yang
LT. Notch signaling regulates late-stage epidermal
differentiation and maintains postnatal hair cycle
homeostasis. PLoS One. 2011; 6(1):¢15842.

Panelos J and Massi D. Emerging role of Notch signaling in
epidermal differentiation and skin cancer. Cancer Biol Ther.
2009; 8(21):1986-1993,

. Chang YM, Newton-Bishop JA, Bishop DT, Armstrong

BK, Bataille V, Bergman W, Berwick M, Bracci PM,
Elwood JM, Emstoff MS, Green AC, Gruis NA, Holly
EA, Ingvar C, Kanetsky PA, Karagas MR, et al. A pooled
analysis of melanocytic nevus phenotype and the risk of
cutancous melanoma at different latitudes. Int J Cancer.
2009; 124(2):420-428.

Bishop JA, Wachsmuth RC, Harland M, Bataille V,
Pinney E, Mac KP, Baglietto L, Cuzick J and Bishop DT.
Genotype/phenotype and penetrance studies in melanoma
families with germline CDKN2A mutations. J Invest
Dermatol, 2000; 114(1):28-33,

Sanchez-Laorden BL, Herraiz C, Valencia JC. Hearing
VI, Jimenez-Cervantes C and Garcia-Borron JC. Aberrant
trafficking of human melanocortin 1 receptor variants
associated with red hair and skin cancer: Steady-state
retention of mutant forms in the proximal golgi. J Cell
Physiol. 2009; 220(3):640-654,

Mitra D, Luo X, Morgan A, Wang J, Hoang MP, Lo J,
Guerrero CR, Lennerz JK, Mihm MC, Wargo JA, Robinson
KC, Devi SP, Vanover JC. D'Orazio JA, McMahon M,
Bosenberg MW, et al. Anultraviolet-radiation-independent
pathway to melanoma carcinogenesis in the red hair/fair
skin background, Nature, 2012; 491(7424);449-453,

59, Catania A, Neuroprotective actions of melanocortins; a

therapeutic opportunity. Trends Neurosci. 2008; 31(7):353-
360,

Liu R, Gao X, Lu Y and Chen H. Meta-analysis of the

www.impactjournals.com/oncotarget

1450

Oncotarget

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

182



ANNEXOS

61.

62,

63.

[

65.

66,

67,

68.

69.

70.

71

72.

relationship between Parkinson disecase and melanoma.
Neurology. 2011; 76(23):2002-2009,

Olsen JH, Friis S and Frederiksen K. Malignant melanoma
and other types of cancer preceding Parkinson discase.
Epidemiology. 2006; 17(5):582-587.

Olsen JH, Friis S, Frederiksen K, McLaughlin JK,
Mellemkjaer L and Moller H. Atypical cancer pattern in
patients with Parkinson’s disease. Br J Cancer. 2003;
92(1):201-205.

Gao X. Simon KC, Han J, Schwarzschild MA and Ascherio
A, Genetic determinants ol hair color and Parkinson’s
disease risk. Ann Neurol. 2009; 65(1):76-82.

Meng S, Song F, Chen H, Gao X, Amos CI, Lee JE, Wei Q.
Qureshi AA and Han J. No association between Parkinson
disease alleles and the risk of mel . Cancer Epidemiol
Biomarkers Prev. 2011: 21(1):243-245.

Hassin-Baer S, Laitman Y, Azizi E. Molchadski I, Galore-
Haskel G, Barak F, Cohen OS and Friedman E. The
leucine rich repeat kinase 2 (LRRK2) G20198S substitution
mutation. Association with Parkinson disease, malignant
melanoma and prevalence in ethnic groups in Israel. J
Neurol, 2009; 256(3):483-487,

Shinozuka K, Uzawa K, Fushimi K, Yamano Y, Shiiba M,
Bukawa H, Yokoe H and Tanzawa H. Downregulation of
carcinoembryonic antigen-related cell adhesion molecule
1 in oral squamous cell carcinoma: correlation with
tumor progression and poor prognosis. Oncology, 2009;
76(6):387-397.

Quintanilla-Dieck MJ, Codriansky K, Keady M., Bhawan
J and Runger TM. Cathepsin K in melanoma invasion. J
Invest Dermatol. 2008; 128(9):2281-2288.

Rheinwald JG and Green H. Serial cultivation of strains
of human epidermal keratinocytes: the formation of
keratinizing colonies from single cells. Cell. 1975;
6(3):331-343.

Llames SG, Del Rio M. Larcher F. Garcia E. Garcia
M, Escamez MJ, Jorcano JL, Helguin P and Meana A.
Human plasma as a dermal scaffold for the generation of a
completely autologous bioengincered skin. Transplantation,
2004; 77(3):350-355,

Del Rio M. Larcher F, Serrano F., Meana A, Munoz M.
Garcia M, Munoz E, Martin C. Bernad A and Jorcano JL.
A preclinical model for the analysis of genetically modified
human skin in vive. Hum Gene Ther. 2002; 13(8):959-968,
Larcher F, Dellambra E, Rico L, Bondanza S, Murillas
R, Cattoglio C, Mavilio F, Jorcano JL, Zambruno G and
Del Rio M. Long-term engraftment of single genetically
modified human epidermal holoclones enables safety pre-
assessment of cutaneous gene therapy. Mol Ther, 2007;
15(9):1670-1676.

De Luca M, Franzi AT, D’Anna F, Zicca A, Albanese
E, Bondanza S and Cancedda R. Coculture of human
keratinocytes and melanocyies: differentiated melanocyles
are physiologically organized in the basal layer of the

73.

4.

75.

76.

77.

79.

cultured epithelium. Eur J Cell Biol. 1988; 46(1):176-180.

Guerra L, Capurro 8, Melchi F, Primavera G, Bondanza
S, Cancedda R, Luci A, De Luca M and Pellegrini G.
Treatment of “stable™ wvitiligo by Timedsurgery and
transplantation of cultured epidermal autografts. Arch
Dermatol, 2000; 136(11):1380-1389,

Garcia M, Llames 8. Garcia E, Meana A, Cuadrado N,
Recasens M, Puig S, Nagore E. Illera N, Jorcano JL, Del
Rio M and Larcher F. In vivo assessment of acute UVB
responses in normal and Xeroderma Pigmentosum (XP-
C) skin-humanized mouse models, Am J Pathol. 2010;
177(2):865-872.

Livak KJ and Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402-
408.

Bolstad BM. Irizarry RA, Astrand M and Speed TP. A
comparison of normalization methods for high density
oligonucleotide array data based on variance and bias.
Bioinformatics. 2003; 19(2):185-193,

Benjamini Y, Drai D, Elmer G, Kafkafi N and Golani L
Controlling the false discovery rate in behavior genetics
research. Behav Brain Res. 2001; 125(1-2):279-284,

. Al-Shahrour F, Arbiza L. Dopazo H. Huerla-Cepas J.

Minguez P, Montaner D and Dopazo J. From genes to
functional classes in the study of biological systems. BMC
Bioinformatics, 2007; 8:114.

Medina I, Carbonell J, Pulido L., Madeira SC, Goetz S,
Conesa A, Tarraga J, Pascual-Montano A, Nogales-Cadenas
R, Santoyo J, Garcia F, Marba M, Montaner D and Dopazo
J. Babelomics: an integrative platform for the analysis
of transcriptomics, proteomics and genomic data with
advanced functional profiling. Nucleic Acids Res. 2010;
38(Web Server issue):W210-213,

www.impactjournals.com/oncotarget

1451

Oncotarget

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

183



ANNEXOS

Supplementary Material:

Table S1: List of the most significant deregulated transcripts regarding CDKN24 status
(p.G101W vs wild-type), adjusted P-value< 0.0001. Only genes identified in both

MC IR wild-type and MC IR 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 CDKN2A4 vs wild-type in MC /R RHC skin cells
(individual Al vs individual A2).

**Statistical values of mutant CDKN2A4 vs wild-type in wild-type MCIR skin cells
(individual B1 vs individual B2)

Gene ID Gene Name FCin P-value in FCinwt P-value in
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 SLFN1T1 -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 ST6GALNAC3 -2.38 1.38E-08 -1.44 4.65E-06
NM_138284 IL17D -2.31 7.53E-06 -2.02 2.0BE-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 CABLES1 -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
AKOT74473 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 1.4BE-05
NM_148897 SDRY9C7 -1.63 3.91E-05 -1.83 6.51E-06
AF131834 unknown -1.53 2.07E-06 -2.60 1.81E-09
NM_080647 TBX1 -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 CPTIC -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-05 208 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 a3 1.23E-07
NM_004487 GOLGB1 0.95 5.49E-06 117 2.84E-07
BC027178 PRPF40A 0.99 8.74E-05 262 3.74E-10
NM_004280 EEF1E1 1.00 7.97E-05 1.06 2 4BE-05
NM_004986 KTN1 1.04 2.90E-06 253 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
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NM_020169
ENST00000306024
NM_001033719
NM_016010
NM_001007234
NM_001012334
NM_181453
NM_033514
NM_033316
NM_002890
NM_018300
NM_201612
NM_207014
NM_002078
AK075484
NM_003566
NM_144777
CB050071
NM_022154
CR603437
NM_018169
NM_207331
AB075826
NM_004510
NM_172174
NM_000888
NM_005059
NM_025114
AK096536
THC2683448
NM_001013728
BC029919
NM_001712
NM_003020
NM_004921
NM_018429
THC2676635
NM_178445
THC2740317
NM_182762
XR_015158
NM_001547
NM_152737
NM_014314
AK022351
THC2526509
NM_181501
NM_018284
Al078143
THC2510656
THC2549494
NM_020124
NM_152703
NM_005532
NM_017654
NM_006417
THC2679528
AK023743
NM_001548
BF213738
NM_006820
D89479
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LXN
LSM3
ZNF404
FAM163A
unknown
MDK
GCcc2
LIMS3
MFi2
RASA1
ZNF83
unknown
WDR78
GOLGA4
SAMD4B
EEA1
SCEL
unknown
SLC39A8
unknown
C120rf35
unknown
FAM171B
SP110
IL15
ITGB6E
RLN2
CEP290
unknown
unknown
unknown
unknown
CEACAM1
SCG5
unknown
BDF1
unknown
CCRL1
unknown
MACC1
unknown
IFIT2
RNF182
DDX58
unknown
unknown
ITGA1
GBP3
unknown
unknown
unknown
IFNK
SAMDSL
IFI27
SAMD9
IFl44
unknown
unknown
IFIT1
unknown
IFI44L
SULT1B1

1)1
1.12
1.13
1.13
1.15
1.16
1.19
1.20
1.20
1.22
1.23
1.23
1.30
1.31
1.31
1.33
1.33
1.41
1.43
1.44
1.48
1.49
1.49
1.53
1.55
1:55
1.58
1.67
1.70
1|77
1.74
1.78
1.80
1.83
1.86
1.80
1.83
1.89
2.04
2.05
215
2.16
219
2.22
2.26
2.26
238
240
2,60
262
2u02
274
298
3.03
3.04
3.07
3.18
3.18
3.28
3.46
3.49
3.56

3.10E-05
2.45E-05
4 48E-05
1.23E-05
1.63E-06
6.19E-05
6.48E-05
8.85E-07
9.60E-05
1.18E-06
5.73E-05
1.19E-05
6.81E-05
4.03E-05
1.52E-05
9.48E-05
5.55E-07
5.52E-05
B8.09E-05
1.33E-06
2.17E-05
9.36E-06
5.31E-05
1.66E-07
5.30E-08
3.99E-05
1.97E-05
1.90E-05
3.16E-06
2.01E-06
1.34E-05
4.62E-06
1.35E-06
2.10E-08
8.41E-05
1.48E-05
2.93E-08
1.68E-05
7.85E-06
5.66E-09
6.40E-10
4.68E-08
1.05E-05
3.99E-08
4.01E-05
6.31E-08
1.07E-08
1.80E-07
2.11E-07
8.54E-06
4.74E-06
7.98E-07
B.72E-06
3.42E-11
1.08E-07
3.28E-12
4.40E-07
1.52E-10
6.99E-11
3.06E-11
6.98E-11
1.70E-08

1.97
0.99
213
0.99
1.42
1.20
1.56
1.16
1.87
0.86
1.70
2.28
1.50
1.21

3.52
2.36
1.01

1.53
1.54
1.35
2.02
1.28
1.47
0.94
1.29
252
1.38
2.70
1.36
1.91

2.23
1.40
1.56
237
1.74
2.05
1.27
1.98
1.75
0.89
1.91

217
1.78
1.53
2.74
1.19
1.09
210
1.52
291

2.48
236
294
0.92
1.98
27N

2.89
1.95
1.59
1.34
2.28
3.24

1.97E-08
5.33E-05
1.58E-08
3.28E-05
7.87E-08
2.4BE-05
1.83E-06
B.49E-07
3.91E-07
3.86E-05
8.63E-07
4.38E-09
8.56E-06
5.59E-05
3.01E-11
7.47E-08
9.54E-06
1.31E-05
2.19E-05
1.75E-06
3.7T1E-07
3.07E-05
3.83E-05
3.63E-05
4.08E-07
B.05E-08
5.37E-05
3.88E-08
2.52E-05
3.87E-07
4.47E-07
4.30E-05
4.49E-06
5.14E-10
9.87E-05
3.60E-06
3.49E-06
1.08E-05
2.63E-05
8.55E-05
2.32E-09
3.56E-08
5.97E-05
2.66E-06
2.66E-06
7.98E-05
8.38E-05
6.58E-07
7.46E-05
1.51E-06
8.65E-06
3.02E-06
6.15E-06
5.22E-05
1.26E-05
7.T4E-12
9.26E-07
7.56E-08
5.54E-07
2.6BE-06
1.49E-08
4.36E-08
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NM_005127 CLEC2B 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 MC1 R 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 MC/R RHC vs wild-type in mutant CDKN24 skin cell (individual A1 vs
individual B1).

**Statistical values of MC/R 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
mutant mutant 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 373 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 BT, 4.78E-08
NM_004864 GDF15 331 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
NM_005512 LRRC32 -3.11 8.78E-08 -3.21 2.37E-08
NM_144497 AKAP12 -3.10 8.04E-08 2.9 7.23E-08
NM_130808 CPNE4 2.97 4.58E-09 -2.69 6.33E-09
NM_001901 CTGF -2.94 9.98E-10 413 4.12E-12
NM_001039212 unknown -2.87 9.12E-11 -3.14 9.05E-12
NM_024101 MLPH -2.86 1.13E-08 -4.17 3.06E-11
ENST00000264554 SHC2 -2.80 1.77E-08 -2.97 3.32E-09
NM_000201 ICAM1 -2.75 2.83E-09 -2.45 4.99E-09
NM_000222 KIT 275 6.97E-09 -5.47 3.15E-13
NM_201631 TGM5 -2.69 6.67E-09 2,57 4.59E-09
NM_002193 INHBB -2.61 3.47E-10 -2.46 2.87E-10
NM_001001547 cD36 -2.60 1.37E-08 -2.58 6.28E-09
NM_001945 HBEGF -2.59 4.84E-08 -2.56 2.20E-08
NM_002463 Mx2 -2.59 2.72E-09 -5.66 4.69E-14
NM_173198 NR4A3 -2.45 2.44E-10 -4.42 5.15E-14
NM_001343 DAB2 2.42 264E-08 -3.27 1.92E-10
NM_138375 CABLES1 -2.23 1.35E-09 -3.46 1.49E-12
NM_001012964 KLK6 -2.19 2.71E-09 -4.55 8.27E-14
NM_016463 CXXC5 -2.10 3.00E-08 2.26 4.70E-09
NM_001453 Foxci -1.94 1.02E-09 A.72 2.04E-09
NM_003793 CTSF 1.92 4.54E-08 -3.15 2.38E-11
NM_022910 NDRG4 -1.84 9 53E-09 -1.56 3.44E-08
NM_006989 RASA4 -1.67 7.49E-08 -2.15 1.08E-09
NM_145804 ABTB2 -1.45 7.91E-08 -2.40 3.58E-11

(5]
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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
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
AK027541
NM_001766
NM_002876
NM_000946
NM_005030
NM_031299
NM_012415
NM_008479
NM_138555
NM_018193
NM_014791
NM_175617
NM_012177
NM_001012271
NM_001012267
NM_001827

ULK1
TRIMS
PECI
MCM6E
C17orf80
unknown
LIMS3
HSPB11
PAICS
DTL
RADS4L
PSRC1
HAUS8
CENPN
CCDC34
TTC12
TK1
CDC45L
RFC4
C1orfo7
C14orf143
CTNNALT
PDSS1
PTTG1
AOX1
Clorf112
CKS1B
unknown
FAM33A
EXO1
BAG2
TMEM14A
GINS2
HYLS1
Clorf135
VRK1
unknown
CDC6
UBE2T
PPILS
BLM
C130rf34
PTTG2
CFD
GMNN
CDCA8
unknown
CD1D
RADS1C
PRIM1
PLK1
CDCA3
RADS54B
RADS1AP1
KIF23
FANCI
MELK
MT1E
FBXO5
BIRCS
CENPP
CKS2

-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
107
1.84
1.85
1.86
1.87
1.87
1.94
1.86
1.99
2.01
2.01
2.02
209
212
213
2.13
215
2.15
2.20
2.23
2.23
2.26
2.21
2.27
2.30
2.31
2.34
2.35
2.36
2.37
2.38
2.40
24
243
2.46
2.48
2.50
2.50
2.52
2.54
2.55
2.56
2.57

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
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

-1.75
-1.13
1.23
1.69
1.47
1.35
1.42
1.48
2.03
1.85
1.87
1.67
711
240
3.26
218
1.83
1.99
219
2,65
1.86
1.84
219
1.92
2.23
1.94
2.00
2.51
1.72
219
261
214
2.14
2.66
2.22
2.37
2.00
2.57
2.18
1.82
2.85
2.54
182
2.45
1.77
2.36
2.34
2.53
2.20
2.22
2.4
2.09
2.34
3.80
2.87
2.38
2.50
212
245
263
1.76
2.22

1.36E-09
B8.84E-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
2.4BE-09
3.05E-10
2.12E-09
1.55E-09
9.73E-11
5.18E-09
3.22E-11
1.14E-11
4 46E-09
2.35E-10
1.0BE-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
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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
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

TMEM200A
KIF4A
POLQ
CHEK1
unknown
MCM10
SERFP2
RRM2
C11orfg2
CCNB1
RLN2
KIF2C
BUB1B
AURKA
CCNB2
KIF15
KIF11
CcDC20
C130rf3
CCDC150
BUBT
FKBPS5
TMEM200A
TOP2A
KIF20A
CENPE
CKAPZL
CCNA2
ASPM
0OIP5
FAMS54A
SPC25
PBK
NCAPG
Dscct
MND1
CENPA
cDc2
NUF2
P4
CENFPF
CDC25C
CEPS55
KIF20B
DLGAP5
CDKN3
MNS1
HMMR
PHACTR3
EDN2
TDRD9
MT4
unknown

2.57
2.57
2.58
2.58
2.62
262
2.65
267
2.7
2.74
2.78
2.80
2.81
2.85
2.92
2,93
2.96
3.05
3.10
3N
3.13
3.14
3.14
3.14
3.15
3.18
3.18
3.19
3.20
321
323
3.26
3.28
3.29
3.3
3.35
3.38
3.38
3.40
3.49
3.52
3.60
3.63
3.68
3.
4.04
4.09
4.51
4.53
4.78
4.83
5.04
5.05

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
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

2.04
2.48
3.45
3.00
1.95
3.10
2.27
247
2.95
2.84
2.58
2.78
3.45
2.81
3N
462
3.18
2,92
3.42
4.61
3.42
343
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
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sity Central Hospital), L. Myllykangas (Folkhalsan Insti- anch et baitcolor: phentypera.mets-analysis. Ink.J Cancer. 2008;

) 3 122:2753-2760.
tute of Genetics and Department of Pathology,
i 2. Tell-Martl G, Puig-Butille JA, Potrony M, et al. The MC1R mela-

University of Helsinki), and R. Sulkava (Department of risena fisk vartabt p.R10W 16 assotiated Wity Patkinson, ditéass.
Public Health and General Practice Division of Geriat- Ann Neurol 2015;77:889-894.
rics, University of Eastern Finland) for the Finnish con- 3. DongJ, Gao J, Nalls M, et al. Susceptibility loci for pigmentation

P and melanoma in relation to Parkinson’s disease. Neurobiol. Agin:

rols (Vanwa85 + GWAS data). We used genome-wide 2014:35:1512.65-10. Aging
association dara generated b_v_ the Wellcome Trust Case- 4 Gorstenbiit MR, Goldstain AM, Fargnoll MC, et al. Comprehensive
Control Consortium 2 (WTCCC2) from UK p:lliell[s evaluation of allele frequency differences of MCIR variants across

with Parkinson’s disease and UK control individuals from pepulations, Hum Mutat 2007,28:435-505,

the 1958 Birth Cohort and National Blood Service. 5. The 1000 Genomes Project Consortium. A global reference for

. : . human genetic variation. Nature 2015;526:648-74.

We thank Jeffrey Barrert for assistance with the design
&. Gayan J, Galan JJ, Gonzalez-Pérez A, et al. Genetic structure of

of the ImmunoChip. the Spanish population. BMC Genomics 2010;11:326.
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J.H., PH., N.W.W., A.B.S.. and H.R.M. were responsible for

sample and/or dara collection,
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Joan Anton Puig-Burille, PhD,*? Miriam Potrony, MSe,!
Celia Badenas, PhD,** Monwerrat Mila, PhD,*” ,

. i Josep Malvehy, MD, PhD,'* Maria José Mard, MD,
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grants from Ipsen Fund during the conducting of the study; Based on the epidemiological co-occurrence of cutaneous mela-

noma (CM) and Parkinson disease (PD) rl:pnrlcd in Cauca-

grants from Motor Neuron Disease Association, grants from

- 1 - o - Y - o g 1] H
Welsh Assembly Government, personal fees from Teva, personal sians,’ we recently sequenced the MCIR gene, which is

fees from AbbVie, personal fees from Teva, personal fees from involved in CM suscepribility, in 870 patients with PD and
736 controls from Spain and found a significant association of
the p.R16OW variant with PD (Table).® More recenly, this
association has not been detected in an international cohort of
5,944 PD cases and 4,642 controls from the International PD
' Department of Clinical Neuroscience, Institute of Newrology, Genetic Consortium (IPDGC). In chis study, Lubbe er al stared
University College London, Londan, United Kingdom, *Insti- that our sclection of controls could act as a potential source of
tute of Psychological Medicine and Clinical Neurosciences, bias because (1) we specifically excluded melanoma patients as
Medical Research Council Center for Newropsychiatric Genetics
and Genomics, Department of Psychological Medicine and
Neurology, Cardiff University School of Medicine, Cardiff;
United Kingdom, *Inserm U 1127, CNRS UMR 7225, Sor-
banne Universités, UPMC Université Paris 06 UMR § 1127,

UCB, personal fees from Boerhinger Ingelheim, and personal
fees from GlaxoSmithKline outside the submirred work.

controls for our PD patients; and (2) our controls were from a
wider Spanish population, whereas the PD cases were from Bar-
celona. First, we would like to point our thar the noninclusion
of melanoma partients as parr of the control population should

Institut du Cerveau et de la Maelle épiniéve, ICM, F-75013, be a mandarory eligibility criterion in such comorbidity studies
Paris, France, *Department for Newrodegenerative Diseases, o a“"_'_’i‘l any confounding overrepresentation of MCTR risk var-
Hertie Institute for Clinical Brain Research, University of iants.” Second, we have re-evaluated the minor allele frequency
Tithingen, Tubingen, Germany and Genome Biology for New- (MAF) of p.R160W in our controls® from the wider Spanish
rodegenerative Diseases, German Center 5ﬁ;r Neurodegenerative area  (MAF=0.011; n=0605 and from Barcelona

Diseases (DZNE), Tiibingen, Germany, ~Department of Molec- (MAF = 0.015; n=131) and found similar MAFs thar were
wular Neuroscience, Institute uf Nﬂzrﬂ_fog)g Unir:tﬁf{}' Cﬂﬂegt'
Londan, London, United Kingdom, °Reta Lila Weston Insti-
tute, University Ca}.!v'.":gr London Institute of Newrology, London,
Inited Kingdom, ~(GGenome Bi r Newr rative Dis- : By
i;“l ({G'ermﬂii Bantr g‘br ;ﬂ::;,%;:fﬂﬂ?:{; giﬁf;?LZNé), ularmn.lr’ these n:sults‘ indicare thall our uwraI‘l .contrf.)l .szmplc
Tiihingen, Germany, “UCL Genetics Institute, University Col- lacks signs of generic heterogeneity. In addidon, it is well

also largely similar to those reported in other Spanish studies
(sce Table).™ In accordance with previous reports showing
large homogeneity and minor strarification in the Spanish pop-

lege London, London, United Kingdom, qf.x:bommry of Newuro- known from the melanoma field thac the FTC“’]“':""-')’ of MCIR
genetics, National Institute on Aging, Bethesda, MD, and '“see variants varies considerably across populations,” as also observed
Supplementary Text in the IPDGC study (see Table). Thus, in this pooled cohort
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TABLE 1. Allele Frequency of p.R160W MC1R Variant Reported in Different Case-Control Studies
p-R160W in Different Control
p-R160W in PD Studies Populations
Population MAF, MAF, PD (N) OR [95% CI] p Population MAF,
Controls (N) Controls (N)
Spain: 0.012 (736) 0.024 (870) 2.10 [1.18-3.73] 0.009" Sp:lirfi 0.014 (544)
Spain’ 0.010 (491)
Letter IPDGC
Greece 0.026 (882)  0.034 (965) 1.34 [0.92-1.95] 0.131 Greece® 0.010 (155)
Greece’ 0.012 (166)
France 0.040 (451)  0.036 (508)  1.00 [0.61-1.66] 0.989 France' 0.024 (210)
France'' 0.030 (869)
Germany 0.068 (880) 0.075 (1,296) 1.10 [0.87-1.41] 0.425 Gcrmany‘ ) 0.060 (1038)
The Netherlands  0.075 (409)  0.066 (312) 0.86 [0.57-1.30] 0.469 The Netherlands'®> 0.105 (385)
United States 0.077 (1,437) 0.074 (1,756) 0.92 [0.76-1.12] 0.385 United States"’ 0.060 (166)
United States' 0.062 (179)
United Kingdom  0.080 (583)  0.073 (1,107) 0.95 [0.72-1.24] 0.624 United Kingdom"" 0.091 (93)
United Kingdom"‘ 0.066 (332)
Pooled popuhlionh 0.062 (4,642) 0.064 (5,944) 1.01 [0.90-1.13] 0.853 Pooled population® 0.053 (3,593)
*Sraristically signiﬁc-mr.
“Includes all populations assessed in the IPDGC study.
“Includes all control populations listed in this rable, excepr those from Spain.
CI = confidence interval; IPDGC = International PD Genetic Consortium; MAF = minor allele frequency; N = number of indi-
viduals induded in each study; OR = odds ratio; PD = Parkinson disease.

different subpopulation strarification could be limiring the rep-
lication of our findings. Moreover, it should be mentioned that
the MAF of p.R160W in Greck control populations previously
reported in skin cancer studies (MAF = 0.010-0.012) (1) dif-
fers to that observed by Lubbe er al (MAF = 0.0206), (2) is consid-
erably lower than the MAF reported in their Greek PD patients
(MAF = 0.034), and (3) is similar to thar observed in our Spanish
controls. Thercfore, resules from the Greek population of the
IPDGC study should be interpreted with caution. We conclude
thar furure comorbidity studies aiming ro validare our association
findings of MCIR and PD should be performed in larger and
homegencous populations in which control samples should specif-
ically nor include subjecrs with CM or family history of CM so as

to avoid an overrepresentation of risk variants in the controls.
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individuals, consistent with its absence or extremely low fre-
quencies in 1000 Genomes East Asians.

To identify novel varianes in MCIR that may be specific
to the Chinese population, we sequenced MCIR in 198
Chinese samples from Singapore (99 early onser PD cases and
99 controls). We identified 5 nonsynonymous variants, includ-
ing 2 commeon variants p.V92ZM (rs2228479, allele frequency
27.5%) and p.R163Q (rs885479, 56.9%) and 3 rare variants
p-R67Q (1534090186, 1.26%), p.l1207T (1533932559, 4.04%),
and p.R307S (novel, 0.25%). With the exception of the R307S
vartant, which was found in only 1 control subject, we geno-
typed the other 4 recurrent variants, along with the pigmenta-
tion and skin cancer risk variant p.R151C (rslﬁﬂsﬂﬂ?),ﬁ in the
full ser of 778 cases and 517 controls. The p.R151C variant
was also not found in any of our case or control individuals.
None of the 4 polymorphic variants showed any evidence of
association with PD in our Chinese samples (Table).

Our results show that both the p.RIGOW and p.R151C
vartants are extremely rare in the Chinese population. None of
the other rare or common variants in MCIR identified in our
Chinese samples is associated with PD. We conclude that non-
synonymous variants in MCIR are rare in the Chinese popula-

tion and not a major risk factor for PD.
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and Susana Puig, MD, PhD"*?"

Recessive genetic loss-of-function variants in the melanocortin 1
recepror (MCIR) gene (p.DS4E, p.R142H, p.R151C, p.R160W,
p.1155T, and p.D294H) are responsible for the red hair color
(RHC) phenotype (red hair, fair skin, poor tanning abiliry,
and heavy freckling) and increase the risk of developing cura-
neous melanoma.' Based on the epidemiological comorbidity
of melanoma and Parkinson’s discase (PD) reported in Cauca-
stans, we sequenced the entire MCIR gene in one Spanish
population encompassing 870 PD pacients and 736 healthy
controls.” We found an association between PD and the
MCIR loss-of-function p.R160W variant, which showed an
allelic frequency of 2% in PD patients and 1% in controls
(odds rario = 2.10).

Suhscqut'mly, Foo er al. in\f::srigan:d whether nonsynony-
mous varianets in MCIR influence the PD risk in one Chinese
population ascertained from Singapore by studying 778 PD
cases and 517 controls. The enrire coding region of MCIR was
scqu{:n,c{:d in a subset of 99 PD cases and 99 conrrols, and
then top frequent varianes, together with the PD-associared
loss-of-function variants, p.R160W? and p.R151C,” were geno-
typed in the entire sample. Foo er al. did not derecr the var-
iants, p.R160W and p.R151C, in any of the subjects of study
and the most frequent variant, p.R163Q (allelic frequency of
61.12% in PD parients), was not associated with PD. These
findings are not surprising given that (1) melanoma occurs ar a
much lower incidence in Asians and comorbidicy with PD in
these populations is not as well documented as in Caucasians;
(2) previous reports showed thar p.R1GOW and p.R151C are
absent or extremely rare in Asians® and rhus unlikely ro modu-
late PD or melanoma in these ethnicities; and (3) the most fre-
quent MCIR variant reported, p.R163Q, is nor associated with
the RHC phenotype and causes only a slight reduction of
MCIR function." Yer, p.R163Q has been shown to increase
melanoma risk after chronic sun exposure owing to its role in
photodamage and/or phumaging, bur independentdy of the
RHC risk phenotype.”

Akin ro this MCIR study, the effect of genetic variants
located in other PD-associated genes, including PD pathogenic
mutations, have been shown to be uncommon or absent in
Asians. For instance, missense mutations in the leudne-rich
repeat kinase 2 (LRRK2) gene are the most frequent cause of
familial PD®” and also sporadic PD. The LRRK2 G2019S mura-
tion alone explains up to 6% of familial and 3% of sporadic PD
cases in Europeans™ and up to 20% of roral cases among Ash-
kenazi Jews'" or 40% in North African Berbers.!' However, the
G2019S mutartion has rarely been derecred in Asians (<0. 19).'2

In conclusion, results from studies published to date on

PD and melanoma®™ reinforce the hypothesis thar only loss-of-
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funcrion MCIR variants modulate the risk of PD and indicate
a population-specific effect of MCIR variants in modulating
the risk for PD, ar least in Caucasians, but perhaps nor in

Asians.
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Gemma Tell-Mard, MSe,’

Joan Anton Puig-Butille, PhD,*” Miriam Potrony, MSc,'
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Josep Malvehy, MD, PhD,"* Maria José Mard, MD,”
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Recessive generic loss-of-function variants in the melanocortin 1
recepror (MCIR) gene (p.DB4E, p.R142H, p.R151C, p.I155T,
p.RI6GOW, and p.D294H) are responsible for the red hair color
(RHC) phenotype (red hair, fair skin, high UV sensitivity, and
poor anning ability) and increase the risk of curancous melanoma
(CM)." Based on the cpidcminhgicai co-occurrence of CM and
Parkinson’s discase (PD) reported in Camc;lsians,l and the over-
representation of RHC individuals in PD patients,” we recently
investigated whether MCIR generic variants could also be associ-
ared with PD risk. We sequenced the entire MCIR gene in 870
patients with PD and 736 controls from Spain and found a mar-
ginal significant association of the p.R160W variant with PD.* In
a recent study, Jiang and Liu analyzed MCIR variants publically
available from PD genome-wide associarion studies (GWAS).
They reported that none of the 26 MCIR variants investigated in
these GWAS was associated with PD. However, none of these 26
markers included the well-known loss-of-funcrion MCIR variants
involved in CM, including p.D84E (rs1805006), p.R142H
(rs11547464), p.R151C (rs1805007), p.J155T (1s1110400), p.
D294H (rs1805009), or p.R160W (rs1805008), which was the

868

only variant showing association with PD in our study. This is
important given that association reports suggest that, yet with pos-
sible population-specific effects, only loss-of-funcrion MCIR var-
iants modulate the risk of PD.**

Author Contributions

R.E-S. and 8.2 contributed equally as senior authors.

Potential Conflict of Interest
Northing ro report.

' Dermatology Department, Melanoma Unit, Hospital Clinic
and August Pi i Sunyer Biomedical Research Institute (IDI-
BAPS), Barcelona, Spain, *Center for Networked Biomedical
Research on Rare Diseases (CIBERER), Carlos II Health Insti-
tute (ISCIII), Barcelona, Spain, 3 Biochemical and Molecular
Genetics Service, Hospital Clinic and August Pi i Sunyer Bio-
medical Research Institute (IDIBAPS), Barcelona, Spain, * Lab-
oratary of Neurodegenerative Disorders, Department of Clinical
and Experimental Neurology, August Pi i Sunyer Biomedical
Research Institure (IDIBAPS), Hospital Clinic of Barcelona,
Center for Networked Biomedical Research in Neurodegenera-
tive Diseases (CIBERNED), Barcelona, Spain, and ~Medicine
Department, University of Barcelona (UB), Barcelona, Spain

References

1. Raimendi S, Sera F, Gandini §, et al. MCIR variants, melanoma
and red hair color phenotype: a meta-analysis, Int J Cancer 2008;
122:2753-2760.

2. Lu R, Gao X, Lu Y, Chen H. Meta-analysis of the relationship

between Parkinson disease and melanoma. Neurology 2011;7&:
2002-2009.

3. Gao X, Simon KC, Han J, Schwarzschild MA, Ascherio A. Genetic
determinants of halr color and Parkinson's disease risk. Ann Neural
2009;65:76-82.

4. Tell-Marti G, Puig-Butille JA, Potrony M, et al. The MC1R mela-
noma risk variant p.R160W is associated with Parkinson disease.
Ann Neurol 2015;77:889-8%4.

DOI: 10.1002/ana.24629

Volume 79, No. 5

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018

198



ANNEXOS

(ererre yueHeA) 7 10 (S[o[Te 2dA) pliM) [ S€ PRqUOSAD STV,
Aouanbery oo 00Uy VI

ELEPT BUR/ZOOT 0T S1OP T8 19 *D MEN-[[.L, Ul papodal sjonuo))
EITT9T-AVI/CETE OTI0P ‘T8 18 ‘D IHEW-[[9 L, U Pauodal SJonuoy),

680 0 00 860 16°0 0 §C00 SL6'C 100 mo9ryd
S0 €000 6¢0°0 8560 w00 0 900 6’0 ¢0'0 o1sTad
1T0 0 Y00 96'0 w0 0 00 860 100 Ogorad
90 €000 010 €680 SO0 0 I'o 60 €00 NT6A'd
£9°0 Y200 (4440, PeL0 STO €00 qy cL0 910 109A°d
T (4! I-T (4 (44 (4! I-1 C
agueyd
L>uanbaay ad{youany AVIN Lduanbaay adLyoudny, AVIN: g
anpea-q
(9€L=N) S[onpuo), (09T=N) SI0U0)),;

ANNEX V

SJIGA0 S[OXIU0Y JUIpuAdapul o) Sucuie SJUBLIBA YDA JO seruanbaaj Jpqe jo uosuedmio)) :3jqe I, Lgjusnurjddng

199

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018



ANNEXOS

ANNEX VI

The official journal of

INTERNATIONAL FEDERATION OF PIGMENT CELL SOCIETIES - SOCIETY FOR MELANOMA RESEARCH

PIGMENT CELL & MELANOMA

Research

Melanocortin 1 receptor (MCTR) polymorphisms’ & ME ENT CEL i

influence on size and dermoscopic features Research A N O M A
of nevi iy S

B | —— ! oy
Maria Gabriela Vallone | Gemma Tell-Marti | Miriam Potrony | 2 9

Aida Rebollo-Morell | Celia Badenas | Joan Anton Puig-Butille |
Pol Gimenez-Xavier | Cristina Carrera | Josep Malvehy |
Susana Puig

DOI: 10.1111/pcmr.12646
Volume 31, Issue 1, Pages 39-50

If you wish to order reprints of this article,
please see the guidelines here

Supporting Information for this article is freely available here
EMAIL ALERTS

Receive free email alerts and stay up-to-date on what is published
in Pigment Cell & Melanoma Research — click here

Submit your next paper to PCMR online at htt;):.ﬁ"f’ mMC.Mmanuscri pi_cs';_‘nifml .com/pcmr

Subscribe to PCMR and stay up-to-date with the only journal committed to publishing
basic research in melanoma and pigment cell biology

As a member of the IFPCS or the SMR you automatically get online access to PCMR. Sign up as
a member today at www.ifpcs.org or at www.societymelanomaresarch.org

To take out a personal subscription, pleaqe click her

 information about Pigment Cell & Me )ma Research at www.pigment.org

TESI DOCTORAL. GEMMA TELL MARTI. UNIVERSITAT DE BARCELONA. CURS 2017-2018
200



ANNEXOS

Received: 15 May 2017 | Accepted: 1 September 2017

DOI: 10.1111/pemr. 12646

ORIGINAL ARTICLE

WILEY

Melanocortin 1 receptor (MC1R) polymorphisms’ influence on
size and dermoscopic features of nevi

Maria Gabriela Vallone21

| Gemma Tell-Marti**! | Miriam Potrony® |

Aida Rebollo-Morell' | Celia Badenas®* | Joan Anton Puig-Butille®* |

Pol Gimenez-Xavier'® |

"Dermatology Department, Melanoma
Unit, Hospital Clinic, IDIBAPS {Institut
d'Investigacions Biomédiques August Pii
Sunyer), Barcelona, Spain

?’Dermatology Department, Hospital Aleman,
Buenos Aires, Argentina

“Centro de Investigacién Biomédica en Red
de Enfermedades Raras (CIBERER), ISCIII,
Madrid, Spain

“Biochemical and Malecular Genetics
Service, Hospital Clinic, IDIBAPS (Institut
d'Investigacions Biomeédiques August Pii
Sunyer), Barcelona, Spain

*Medicine Department, Universitat de
Barcelona, Barcelona, Spain

Correspondence

Susana Puig

Emails: susipuig@gmail.com and
spuig@clinic.ub.es

Funding information

The research at the Melanoma Unit in
Barcelona is partially funded by Spanish
Fondo de Investigaciones Sanitarias grants
PI112/00840, PI115/00716, and P115/00%56;
CIBER de Enfermedades Raras of the Instituto
de Salud Carlos lll, Spain, co-financed by
Eurcpean Develop R | Fund "A
way to achieve Europe” EDRF; AGAUR
2014_SGR_603 of the Catalan Government,
Spain; European Commission under the

6th Framework Programme, Contract No.
LSHC-CT-2006-018702 {GenoMEL) and

by the European Commission under the

7th Framework Programme, Diagnoptics:

A grant from “Fundacié La Maraté de TV3,
201331-30," Catalonia, Spain; a grant from
Telemaraton of Spain "Todos somos raros”
and a grant from “Asociacién Espanola Contra
el Cancer (AECC)” The work was carried out
at the Esther Koplowitz Center, Barcelona.
Miriam Potrony is the recipient of a PhD
Fellowship FI14/00231 (PFIS) from Instituto
de Salud Carlos Ill, Spain.

Cristina Carrera

13 135@

| Josep Malvehy | Susana Puig!3> @

Summary

The melanocortin 1 receptor (MC1R) is a highly polymorphic gene. The loss-of-function
MCIR variants ("R") have been strongly associated with red hair color phenotype and
an increased melanoma risk. We sequenced the MC1R gene in 175 healthy individuals
to assess the influence of MC1R on nevus phenotype. We identified that MC1R variant
carriers had larger nevi both on the back [p-value = .016, adjusted for multiple param-
eters (adj. p-value)] and on the upper limbs (adj. p-value = .007). Specifically, we identi-
fied a positive association between the “R” MC1R variants and visible vessels in nevi
[p-value = .033, corrected using the FDR method for multiple comparisons (corrected
p-value)], dots and globules in nevi (corrected p-value =.033), nevi with eccentric
hyperpigmentation (corrected p-value=.033), a high degree of freckling (adj.
p-value =.019), and an associative trend with presence of blue nevi (corrected
p-value = .120). In conclusion, the MCIR gene appears to influence the nevus
phenotype.
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1 | INTRODUCTION

Melanoma is a complex and heterogeneous disease which results
from the interaction between UV radiation exposure (Gandini, Sera,
Cattaruzza, Pasquini, Picconi et al., 2005) and intrinsic host factors.
Phenotypic characteristics such as hair and eye color, skin phototype,
presence of freckles, number of nevi or presence of atypical nevi
have been associated with melanoma risk (Gandini, Sera, Cattaruzza,
Pasquini, Abeni etal, 2005; Gandini, Sera, Cattaruzza, Pasquini,
Zanetti et al., 2005; Potrony et al., 2015). The melanocortin 1 receptor
(MC1R) gene is a key regulator of human pigmentation traits (Raimondi
et al., 2008). The presence of loss-of-function MCIR variants corre-
lates with red hair color {(RHC) phenotype which is characterized by
fair skin, red hair, presence of freckles, high sun sensitivity, and poor
tanning response (Raimondi et al., 2008). To date, six loss-of-function
MC1R variants, defined as "R" alleles, have been associated with the
RHC phenotype [Raimondi et al., 2008) and a higher risk of developing
melanoma (Raimondi et al., 2008). Additionally, those MC1R variants
not associated with the RHC phenotype, defined as "r" variants, have
been associated with a slightly increased risk of melanoma (Williams,
Qlsen, Hayward, & Whiteman, 2011) and may be linked to specific
melanoma subtypes (Puig-Butille et al., 2013).

Beyond pigmentation-related features, the most significant mela-
noma risk factor is a high nevus count as well as presence of clinically
atypical nevi (Bataille et al., 1996; Carrera et al., 2011; Gandini, Sera,
Cattaruzza, Pasquini, Abeni et al., 2005). Large nevi {5 mm or more in
diameter) are indicative of a highly proliferative melanocytic popula-
tion and have been particularly associated with increased melanoma
risk (Newton-bishop et al,, 2010). Therefore, identifying molecular
mechanisms involved in nevogenesis is crucial to improve knowledge
of melanocyte biology and to identify individuals with high melanoma
risk. The understanding of nevi development has increased with the
use of dermoscopy, which has improved the diagnosis and the manage-
ment of nevi (Malvehy, Puig, Argenziano, Marghoob, & Soyer, 2007).
The dermoscopic classification of acquired melanocytic nevi is based
on the assessment of three main criteria: (i) global pattern (globular,
globular reticular, globular homogeneous, reticular, reticular homoge-
neous, and homogeneous); (i) pigment distribution (uniform, central
hyperpigmentation, central hypopigmentation, eccentric hyperpig-
mentation, eccentric hypopigmentation, and multifocal hypopigmen-
tation or hyperpigmentation); and (i) color {white, red, light brown,
dark brown, blue, gray, and black) (Zalaudek et al., 2007). Specifically,
dermoscopy shows that the majority of common acquired nevi have
a regular overall architecture with reticular global pattern (Hofmann-
Wellenhof & Soyer, 2007; Zalaudek, Docimo, & Argenziano, 2009) and
uniform color (Hofmann-Wellenhof & Soyer, 2007), black and brown
being the most common ones (Zalaudek et al., 2007). In contrast, un-
common dermoscopic patterns such as eccentric hyperpigmentation
and multicomponent (reticular, globular, and homogeneous areas in a
single lesion) patterns are significant predictors of melanoma (Arevalo,
Altamura, Avramidis, Blum, & Menzies, 2008) and also, certain colors
such as dark blue (Popadic, Sinz, & Kittler, 2017) can be present in nevi
simulating melanoma (Arevalo et al., 2008; Hofmann-Wellenhof et al.,

Significance

This study contributes to the identification of the pheno-
typical characteristics of nevi associated with MC1R variants
and reinforces the role of the MCIR gene in nevogenesis,
increasing the risk of developing larger nevi and modifying
their clinical and dermoscopic characteristics. Notably, this
study showed a positive trend between carriers of "R" MC1R
variants and the presence of blue nevi.

2002). Moreover, nevi with a complex dermoscopic pattern (multi-
component or reticular-globular pattern) have been reported to be
more prevalent in melanoma patients (Lipoff et al., 2008).

The dermoscopic pattern of nevi might be influenced by extrin-
sic factors such as UV radiation exposure (Hofmann-Wellenhof et al.,
1998) and intrinsic host factors such as age (Zalaudek et al., 2006),
skin phototype (Tuma, Yamada, Atallah, Mendes Araujo, & Hirata,
2015) and history of melanoma (Lipoff etal, 2008). Furthermore,
nevus count and specific dermoscopic nevi pattern are associated
with genetic variants (Orlow et al., 2015) suggesting that nevi devel-
opment Is modulated by host genetic variants and that dermoscop-
ically defined subsets of acquired nevi are molecularly distinct. To
date, an association between "R" MC1R variants and a hypopigmented
melanoma appearance with fewer dermoscopic features has been
shown, making early diagnosis more difficult {Carrera et al,, 2011) and
indicating the impact of MC1R on dermoscopic melanoma features. |t
was observed that in this "tricky-to-diagnose” melanoma, the number
of colors and the number of structures decrease when the number
of "R" variants increase (Cuéllar et al., 2009; Zalaudek, Meiklejohn,
Argenziano, Thurber, & Sturm, 2009). Moreover, atypical nevi with
structureless areas were more frequently observed in individuals with
two RHC variants while pigment network and dark brown color were
more frequently observed in individuals without “R" variants (Quint
et al., 2012). To date, the study of the impact of MC1R variants on der-
moscopic features has been evaluated in melanoma and atypical nevi
(Carrera et al., 2011; Cuéllar et al., 2009; Quint et al., 2012; Zalaudek,
Meiklejohin, Argenziano, Thurber et al., 2009). Thus, their impact on
dermoscopic features of common acguired nevi is still limited. This
study aims to evaluate the role of the MCIR gene in nevogenesis in
terms of number, size, and dermoscopic features of common nevi.

2 | RESULTS AND DISCUSSION

Overall, 185 healthy individuals from the Hospital Clinic of Barcelona
were included in the study (demographic and phenotypic characteris-
tics are indicated in Table S1). Participants were, predominantly, white
(85.4%), had phototype IlI-V (60.5%), brown eyes (76.2%), brown hair
(79.5%) and a varying degree of sun exposure and presence of sun-
burns. The sun-related behavior, specific dermatological aspects and
dermoscopic nevi features are summarized in Tables $2-54.
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2.1 | Analysis of clinical and dermoscopic nevi
features according to host factors

Phenotype and number of nevi were assessed in the cohort of 185
individuals. We considered all nevi with a diameter of at least 1 mm
and discarded all smaller ones. Overall, 65.9% of individuals had =50
nevi and 34.1% had >50 nevi on total body nevus count (TBNC). We
observed that 21.10% of the individuals had at least one clinically
atypical nevus or Clark nevus [Table 53). The predominant nevus
pattern among 184 of 185 studied individuals, as one individual only
had one nevus, was as follows: reticular (81%), globular (12.5%),
globular reticular {3.8%), homogeneous {1.6%), reticular homoge-
neous (0.5%) and globular homogeneous (0.5%). When considering
nevus on the back and upper limbs, the mean maximum nevi diam-
eter was 5.28 + 2.88 mm on the back (ranging from 1 to 20 mm)
and 3.87 £ 1.76 mm on the upper limbs (ranging from 1 to 12 mm).

WILEY-2

In our cohort, age was inversely correlated with high total body nevus
count (TBNC) (p-value = 008} in agreement that nevi number increases
from puberty to midlife and thereafter decreases (Bataille, Snieder,
MacGregor, Sasieni, & Spector, 2000; Zalaudek, Catricala, Moscarella, &
Argenziano, 2011). As previously reported, higher TBNC was observed in
males (OR: 1.45, 95% Cl [1.25-1.68], adj. p-value <.001), in light-skinned
individuals {OR: 2.76, 95% Cl [1.48-5.18], p-value=.001) (Aalborg,
Morelli, Byers, Mokrohisky, & Crane, 2010; Aguilera et al.,, 2009; Blake
et al., 2014; Echeverria, Bulliard, Guillén, & Nagore, 2014) and correlates
with height (OR: 1.06, 95% Cl [1.02-1.10], p-value = .003) (Ribero et al.,
2016).

We observed previously reported findings related to clinical and
dermoscopic nevi features, such as more red/pink nevi and more nevi
with central hypopigmentation and eccentric hyperpigmentation in
light-skinned individuals (Table 1) (Zalaudek et al., 2007) and higher
TBNC in individuals with a higher degree of sun exposure (>50 nevi)

TABLE 1 Evaluation of nevi characteristics and presence of freckles according to Fitzpatrick phototype

Phototype I-1l
N (%)
Color of nevi
White nevi 8(11)
Red/pink nevi 26(35.6)
Light brown nevi 73 (100)
Dark brown nevi 30(41.1)
Visible vessels 32(43.8)
Dermoscopic patterns
Globular pattern 31(42.5)
Reticular pattern 70(95.9)
Homogeneous pattern 4 (5.5)
Globular homogeneous pattern 7(9.6)
Globular reticular pattern 17 (23.3)
Reticular homogeneous pattern 10(13.7)
Pigment distribution
Central hyperpigmentation 17{23.3)
Central hypopigmentation 7 (9.6}
Eccentric hyperpigmentation 19 (26)
Eccentric hypopigmentation 3(4.2)
Muitifocal hypo/hyperpigmentation 6(8.2)
Uniform 69 (94.5)
Dermoscopic structures
Pigmented network 73(100)
Dots and globules 39(534)
Freckles 26 (35.6)
Clark nevi 21(28.8)
Blue nevus 2(2.7)

Phototype I1I-V
N (%) OR (95% CI) p-value
6(5.4) 2.17{0.72-6.55) 159
23(20.5) 2.14(1.10-4.15) 023
87(77.7) UND <.001
54 (48.2) 0.75(0.41-1.36) 342
37(33.0) 1.58 (0.86-2.90) 138
41 (36.6) 1.28 (0.70-2.33) 424
102 (91.1) 2.28(0.61-8.61) 21
13(11.6) 0.44 (0.14-1.41) 16
6(54) 1.87 (0.60-5.82) 27
22(19.6) 1.24 (0.61-2.54) 55
8(7.1) 2.06 (0.77-5.50) 14
27(24.9) 0.96(0.47-1.91) 90
2(1.8) 5.83(1.17-28.92) 016
11(9.8) 3.23(1.43-7.28) 003
0(0) UND 031
716.3) 1.34 (0.43-4.17) 61
106 (94.6) 0.98 (0.26-3.59) 97
109 (97.3) UND 16
51(45.5) 1.37 (0.76-2.48) 29
14(12.5) 3.87 (1.85-8.09) 001
18{16.1) 2.11(1.03-4.32) 039
7(63) 0.423 (0.085-2.09) 278

UND: Undetermined due to lack of an individual in one of the categories of the 2 % 2 contingency table.

Significant values are in bold.
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TABLE 2 Evaluation of number and size of nevi according to gender and phototype
Gender Phototype
Female Male I-I n-v
Nevi location N Mean (SD) N Mean (SD) p-value N Mean (SD) N Mean (SD) p-value
Back nevi
Total nevus count 126 13.87(33.09) 38  26.32(20.10) <.001 59 18.78(15.85) 105 15.62(15.80) 221
Total nevus count 139 9.30{9.32) 46  19.37(15.44) <001 73 14.71(1250) 112 9.91(11.22) 007
z2 mm
Maximum nevi 134 4.97 (2.7) 44 623 (3.29) 010 71 5.80 (2.93) 107 4.93 (2.82) 049
diameter {mm)
Upper limb nevi
Total nevus count 131 27.03(21.49) 38 39.63(32.10) 107 63 36.24(28.95) 106 2608 (21.11) .009
Total nevus count 139 11.62(12.83) 46  22.63(21.56) <.001 73 18.79(19.42) 112 11.46 (12.83) .002
z2 mm
Maximum nevi 137 3.70(1.61) 45 4.38 (2.10) 031 73 4.27(1.89) 109 3.60 (1.63) 011

diameter {mm)

Significant values are in bold.

(OR: 2.03, 95% Cl [1.08-3.82], p-value = ,003)(Baron et al., 2014)
or individuals who presented sunburns during childhood (OR: 2.26,
95% Cl [1.15-4.44], p-value = ,.003)(Carli, Naldi, Lovati, and Vecchia
(2002). These results indicate that despite the reduced sample size,
the cohort is representative of the general population.

Motably, we detected that gender and phototype also influence
nevi size. We observed that males and light-skinned individuals pres-
ent larger nevi on the back and upper limbs (Table 2), suggesting that
gender-related factors and pigment synthesis may impact on the
proliferative capacity of melanocytes. Gender differences have been
reported in the etiology and prognosis of melanoma (Autier et al.,
2004; Scoggins et al., 2006} as males have more melanomas on the
trunk and worst melanoma prognosis. Pigment-related factors such
as loss-of-function MC1R variants have been also associated with
melanoma development (Bertolotto, 2013; Nan, Kraft, Hunter, &
Han, 2009).

Age, phototype, sun exposure degree and presence of sunburns
during childhood influence the presence of Clark nevi (Naeyaert &
Brochez, 2003; Titus-Emstoff et al,, 1991). These associations were also
confirmed in our cohort where Clark nevi were more prevalent in those
individuals with light skin (Table 1), younger age (p-value = .041), highest
sun exposure degree (OR: 3.83, 95% Cl [1.69-8.67], p-value = .001) and
presence of sunburms during childhood (OR: 2.27, 95% Cl [1.15-4.44],
p-value = 003},

Finally, we evaluated the presence of freckles and we found that
light-skinned individuals were prone to them (Table 1). Although de-
gree of freckling is largely genetically determined (Bastizens etal.,
2001; Flanagan et al., 2000; Rees, 2004), it is also induced by sunlight
(Praetorius, Sturm, & Steingrimsson, 2014). In accordance with this
evidence, we observed that degree of freckling is higher in individuals
with a high degree of sun exposure (OR: 12.44, 95% Cl [1.58-97.90],
p-value = .003) and in those who presented sunburns during child-
hood (OR: 4.92, 95% CI [1.52-15.87], p-value = .004).

2.2 | Analysis of size and dermoscopic features of
nevi according to MC1R gene

The MC1R gene was sequenced and assessed in 94.6% (175/185)
of individuals. Overall, 56.6% of individuals carried at least one non-
synonymous MC1R polymorphism. Based on the MC1R polymorphism
classification, we found two (1.1%) R/R, eight (4.6%) R/r, 25 (14.3%)
R/-, 12 (6.9%) r/r, 52 (29.7%) r/-, and 76 (43.4%) wild-type (WT) in-
dividuals. When we compared MC1R genotype frequencies between
white and other ethnicity subsets, no statistically significant differ-
ences were detected (p-value = 474), indicating that all included in-
dividuals were representative of a homogeneous control population.

We assessed whether the presence of MC1R polymorphisms influ-
ences dermoscopic nevi features, adjusting for all the variables which
have been associated with these dermoscopic features in our cohort
(Tables 3 and 4). The MC1R variants, especially “R" variants, modulate
color (hypopigmentation) and dermoscopic patterns (less "structures”)
of melanomas and nevi, resulting in more discernible vessels (Bassoli
et al,, 2013; Cuéllar et al., 2009; Quint et al., 2012). We detected an
overrepresentation of visible vessels in nevi and a strong association
with eccentric hyperpigmentation pattern associated with "R" MCIR
variants carriers (Table 4).

Motably, we detected that MC1R variant carriers (Table 3) espe-
cially those "R" MC1R variants carriers, were prone to show nevi with
dots and globules. These dermoscopic structures correlate with ag-
gregations of pigmented melanocytes, melanophages or clumps of
melanin within the cornified layer, the epidermis, the dermoepider-
mal junction or the papillary dermis (Meila & Soyer, 2011). Moreover,
nevi with globularcobblestone pattern derive from immature dermal
melanoblasts which proliferate during early childhood in the dermis
(Zalaudek et al., 2011). Based on this evidence and considering that
MC1R is crucial for melanocyte proliferation, regulation and differen-
tiation (D'Mello, Finlay, Baguley, & Askarian-amiri, 2016}, we suggest
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TABLE 3 Evaluation of nevi dermoscopic features according to MCIR genotype
Any MCIR
WT variant” WT versus any MCIR variant
Corrected
N (%) N (%) OR (95% CI) Adj. p-value p-value*

Color of nevi

White nevi 5(6.6) 8(8.1) 1.15(0.36-3.72)° 815" 922°

Red/pink nevi 15{19.7) 32(32.3) 1.81(0.89-3.07)" 102° 408"

Light brown nevi 63(82.9) 88(88.9) 1.36(0.55-3.39)" 504" 704"

Dark brown nevi 35(46.1) 44 (44.4) 0.96(0.52-1.76)" 898® 945"
Visible vessels 21(27.6) 44 (44.4) 2.00 (1.05-3.82)° 036" 240"
Dermaoscopic patterns

Globular pattern 25(32.9) 43(43.4) 1.57(0.84-2.92) 157 523

Reticular pattern 69 (90.8) 93(93.9) 1.57 (0.51-4.89) 434 668

Homogeneous pattern 5(6.6) 12(12.1) 1.96(0.66-5.82) 226 565

Globular homogeneous pattern 4(5.3) 9{9.1) 1.80 (0.53-46.08) 344 668

Globular reticular pattern 13(17.1) 22(22.2) 1.38(0.65-2.97) 403 .668

Reticular homogeneous pattern 5{6.6) 12(12.1) 1.96(0.66-5.82) 226 565
Pigment distribution

Central hyperpigmentation 16{21.1) 27(27.3) 1.40 (0.69-2.86)° 350" 668"

Central hypopigmentation 2(2.6) 6(6.1) 2,01 (0.38-10.48)" 410" 668"

Eccentric hyperpigmentation 719.2) 22(22.2) 2.55 (1.01-6.44)" 048" 2408

Eccentric hypopigmentation 0(0) 3(3.0) - -

Multifocal hypo/hyperpigmentation 7(7.1) 5(6.6) 1.014 (0.30-3.37)° 980" 980"

Uniform 72(94.7) 93(93.9) 0.87(0.23-3.22)" 830° 922"
Dermoscopic structures

Pigmented network 751(98.7) 97{98) 0.44 (0.034-5.70)° .528° 7047

Dots and globules 28(36.8) 58 (58.6) 2.85 (1.44-5.66)° 003° 060°
Clark nevi 13(17.1) 23(23.2) 1.12 (046-2.77)* 7994 922¢
Blue nevi 1{1.3) 8(8.1) 6.59 (0.81-53.91) .045 240

*Corrected by FDR method for multiple comparisons.

“Includes all genotypes (R/R, R/r, R/-, r/r, r/-) except wild-type individuals (WT).

“Adjusted for phototype.
“Adjusted for age, gender, and phototype.

“Adjusted for age, phototype, total nevus count, sun expasure degree, and presence of sunburns during childhood (from O to 10 years old).

Significant values are in bold.

that a decrease in MCIR function could induce a lack of maturation
of melanocytes and hence dots and globules in nevi. In addition, we
assessed whether the MC1R gene may influence the number or size of
nevi. All the analyses included in Table 5 were adjusted for those vari-
ables associated with TBNC in our cohort. We identified that MC1R
variant carriers had larger nevi than wild-type individuals independent
of the body site assessed (back or upper limbs) (Table 5). Although
this association was detected independently to the MCIR variant
subtype, this association reached the highest statistical significance
in "R" MC1R variant individuals (Table 5). A previous study suggests
that sunbums are associated with nevi larger than 2 mm in MC1R vari-
ant carriers (Baron et al., 2014). However, our analyses were adjusted
for sun exposure degree and presence of sunburns, indicating that
MC1R variants influence nevi size as well as UV radiation effects. An

association between MCIR variants and greater size of melanomas
[Carrera et al., 2011} and congenital melanocytic nevi (Kinsler et al.,
2012) has been described; our results indicate that such an effect is
also observed in common acquired nevi. Altogether, these data sug-
gest that MC1R has a growth-promoting effect on melanocytes.

In contrast, when considering total nevus count on upper limbs
and back, association between MC1R variants and a higher number of
nevi was restricted to those individuals harboring “R" MCIR variants
and to those lesions located on the upper limbs (Table 5). In addition,
we observed an association between "R" MC1R variant carriers and
a higher TBNC (OR: 2.34, 95% Cl [1.001-5.65], adj. p-value = .046)
adjusting for gender, age, phototype, height, degree of sun exposure
and presence of sunburns as previously observed (Kanetsky et al.,
2010).
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2 Interestingly, we identified a positive trend between "R" MC1R
v @
E 3 variant and presence of blue nevi (Table 4). Even though the most
T o
g o o = [ common somatic mutations in acquired nevi did not match the so-
o«
? m o o 3 =l E matic mutations identified in blue nevi (Roh, Eliades, Gupta, & Tsao,
.E 2015), both types of lesions could share similar genetic susceptibility
E and MC1R could be a genetic factor involved in the development of
3 Q& 22 g both of them.
a s = o % % .
) %‘ .:,. E -2. Lol ol 2z The MCIR gene has been shown to be a major contributor to
i
& E Bl R E & 2 freckle formation (Bastiaens et al., 2001; Flanagan et al., 2000; Rees,
_E f 2004). We identified a positive association between "R" MCIR variant
3 ‘u’-; carriers and both presence of freckles and higher degree of freckling,
Gl | = Pl g n W L:é even after adjusting for phototype, age, gender, sun exposure and
= presence of sunburns during childhood (Table 6). When we focused
L
= the analysis on number of MC1R variants, we observed that compound
[ ]
E 5 heterozygotes (R/r) and homozygotes (R/R and r/r) had an eightfold in-
E g E creased risk of developing freckles, also being strongly associated with
? S =} « g 3 % a higher degree of freckling (Table 7). These findings correlate with a
% previously described “dosage effect,” in which degree of freckling was
= associated with number of MC1R variants (Bastiaens et al., 2001).
5 § 'uc'-,‘ E @‘ ‘%‘ g The major limitation of our study is the sample size of our cohort.
E E E (2} & '?: = Q However, our work provides positive results from our hypothesis and
§ ﬁ § E § § § = highlights a putative role for MC1R in the genetic susceptibility of de-
= i 7 g veloping larger melanocytic nevi, some specific dermoscopic patterns,
= 5 blue nevi, and freckles. Another minor limitation is that "sun-related
= £ Py 4 "
= 333 232 T behavior” was based exclusively on adult controls, self-reporting hab-
2 its at age 0-10, which is susceptible to recall and reporting bias, and
% that sun-related behaviors after 10 years of age were not considered.
“g ap In conclusion, our results reinforce the role of the MCIR gene as a
E £
E o9 ol - % genetic modifier of nevi size. Specifically, this is the first time that this
g ﬁ =1 § b=t 8 - E influence is described in common nevi. Our study provides further ev-
'E idence supporting that MC1R influences clinical and dermoscopic nevi
% il o T " o g features and suggests an associative trend between MC1R "R" variants
2 = : ; S 3 : m 3 and the presence of blue nevi. Further studies should be conducted to
5% 2 S 5o &odidl = g ] LT : P :
el || o 1 o o o o g & validate our findings in other populations with a higher frequency of
e E| R T oy © Rl ] = ¢ o
g 5 s o B | Bl ] B s MCIR "R" variants.
- - T
e ¥ ge g
H BRI
B = R SR g3 3 | METHODS
g ZE P
=3 [ 1
b = — By 2t 8
> . E @ g § ﬁ 'g H ‘% % We used a cross-sectional study design to analyze the impact of the
= : i i -
5 2 % = % S ?:T §& ¢S MC1R gene on nevus phenotype in 185 healthy individuals collected
(=4 ® w0
.§ g o § - 2l s 28 at the Hospital Clinic of Barcelona (HCB), Spain. All gave their writ-
— o o ~ 0 . » v i
= el = ten informed consent according to the declaration of Helsinki, and
m b
= gl the study was approved by the local ethics committee of the Hospital
) 24 o 0 m o = =% g
g E =z 5 T s B S x 32 Clinic of Barcelona.
g
,,; E . E 5 ::, i g o The inclusion criteria were as follows: adults {218 years old)
c o ‘uE‘: o ‘g [ %g -g considered healthy (able to perform normal activities and in case
-4 w A0 -
§ ‘.::: *g‘ £ ‘g 1::" = § R of presenting a chronic condition, this was treated and under con-
3 = ol &0 T
i g § s 3 § § 3 g g 52 % trol) who were spouses of melanoma patients at the Melanoma
wi (=3 s
a5 5 5 g E| 8 % g E iuﬁ £ g é T Unit (Service of Dermatology of the Hospital Clinic, Barcelona) or
- -8 e
3 § g ¥R R t E S H 8 § % § § volunteers.
@ gl iE 22 a8 2zl 335 = The exclusion criteria were as follows: (i) personal history of
< zZ 4 =] EeZs @ : o ;
- =5 STk melanoma, non-cutaneous malignancies, immunosuppression, or
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TABLE 6 Evaluation of presence and degree of freckling according to MC1R genotype

VALLONE £t .

21 R variant®

/- rir

Any MC1R variant®

Adj. p-value®

N (%) OR (95% CI)
003

Adj. p-value®

OR (95% CI)f Adj. p-value® N (%) OR (95% CI)

N (%)

N (%)

6.38 (1.88-21.66)

15.53

14 (40)

194

566

1.94(0.71-5.28)
207 (0.17-24.80)

14 (21.9)
3(4.7)

.018

3.02(1.21-7.55)

3.

28 (28.3)

8(10.5)
2(2.6)

Freckles

019

7(20)

A9

01

10 (10.1)

Degree of freckling

(1.58-152.91)

(0.56-16.15)

{moderate-severe)*

*Includes all genotypes (R/R, R/r, R/-, v/r, r/-) except wild-type individuals (WT).
"Includes all individuals with at least 1 "R" MC1R variants (R/R, R/r, R/-).

“Adjusted for phototype, age, gender, sun exposure degree, and presence of sunburns during childhood (from O to 10 years old).
The degree of freckling was classified as none, mild, moderate, or severe. In this analysis

results relative to moderate-severe.

Significant values are in bold.

moderate-severe) and we presented the

none-mild versus 2 =

it was categorized into two different categories (1

genodermatosis predisposing to skin cancer (i.e., Xeroderma pigmen-
tosum, albinism, and Gorlin syndrome), (i) familial history of melanoma
in first-degree relatives, (iii) pregnant women, and (iv) relatives of an-
other control individual in the same study.

3.1 | Clinical data

Two dermatologists trained in dermoscopy performed data collection
lquestionnaire and skin examination). Participants completed a de-
tailed questionnaire regarding demographic characteristics (age, gen-
der, and ethnicity), phenotype (phototype and eye and hair color), and
sun-related behavior (sun exposure degree and presence of sunburns)
during childhood (from O to 10 years old). The phototype was assigned
according to the classification by Fitzpatrick from | to V (Fitzpatrick,
1988). For statistical analyses, phototype was divided into two cat-
egories: light-skinned individuals (phototype I-11) and dark-skinned in-
dividuals (phototype lI-V). The sun exposure degree between 10 a.m.
and 4 p.m. from O to 10 years old was graded as low (<50 hr/year),
moderate (51-120 hr/year), or intense (>120 hr/year). For the sta-
tistical analyses, exposure was categorized into two categories: low
exposure (none-mild) and high exposure {moderate-intense). History
of sunburns during childhood was considered as the presence of long-
lasting erythema (212 hr){Holman, Berkowitz, Guy, Hartman, & Perna,
2014) and/or blisters after sun exposure from 0O to 10 years old. For
the statistical analyses, this was categorized into two categories: ab-
sence (no type of sunburn) and presence (any type of sunburn).

Afterward, each participant underwent a whole-skin examina-
tion and dermoscopic examination. We recorded the following data:
Freckles were considered as absent [none) or present, and the degree
of freckling was classified as none, mild, moderate, or severe consid-
ering coverage and density of freckles. For the statistical analyses,
this was categorized into two categories: low degree (none-mild) and
high degree [moderate-severe). As freckles appear early in childhood
and partly vanish with age, direct interrogation about freckles during
childhood and sun exposure complemented the physical examination.
Total body nevus count (TBNC): This included whole-body nevi and
was categorized into four different ranges: 0-50, 51-100, 101-200,
201 or more. For the statistical analyses, this was categorized into two
categories: low TBNC (=50 nevi) and high TBNC (>50 nevi). In addi-
tion, we specifically assessed the total nevus count on two different
anatomical localisations (back and upper limbs) and we categorized
them into two groups according to nevus diameter: the first group in-
cluded all melanocytic lesions with diameters = 1 mm and the second
group included all nevi with diameters = 2 mm. The maximum and the
minimum diameter were recorded from all the nevi evaluated on the
back and the upper limbs.

Based on dermoscopy examination, the following data were con-
sidered: (i) presence of Clark nevi (atypical melanocytic nevi) was
defined as previously reported (Garbe et al., 1994) and (i) presence
of blue nevi (well-circumscribed, homogeneous, relatively confluent
blue-gray to blue-black pigmented lesions) (Malvehy, Puig, Braun,
Marghoob, & Kopt, 2006). Dermoscopic characteristics of nevus: (i)
global patterns of nevi and predominant nevus pattern: All the global
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TABLE 7 Evaluation of presence and degree of freckling according to number of MCIR variants
WT 1 variant (r/-, R/-) 2 variants (r/r, R/R, R/1)
N (%) N (%) OR (95% CIP? Adj. p-value® N (%) OR (95% CI® Adj. p-value®
Freckles 8{10.5) 16 (20.8) 207 (0.77-5.58) 148 12 (54.5) 8.31(2.31-29.93) .001
Degree of freckling 2(2.6) 3(3.9) 1.04 (0.13-8.09) 969 7(31.8) 36.76 .014
(moderate -severe)” (2.08-649.58)

“Adjusted for age, gender, phototype, sun exposure degree, and presence of sunburns during childhood (from 0 to 10 years old).
"The degree of freckling was classified as none, mild, moderate, or severe. In this analysis, it was divided into two different categories {1 = none-mild versus
2 = moderate-severe) and we presented the results relative to moderate-severe.

Significant values are in bold.

patterns were registered as present or absent and the predominant
pattern was specified. The predominant nevus pattern was defined as
the pattern being present in more than 40% of all the individual's nevi
as outlined previously for Clark nevi [Hofmann-Wellenhof et al., 2001).
Global patterns were classified as globular, reticular, homogeneous,
globular homogeneous, globular reticular, reticular homogeneous,
and unclassified (Hofmann-Wellenhof et al., 2001). (i} Type of dermo-
scopic structures: pigment network, dots and globules, projections,
blotches, peppering, regression structures, blue-whitish veil, shining
white sticks, and rosettes were recorded (Malvehy et al., 2006). {iii)
Colors were classified as present or absent in the following catego-
ries: white, red/pink, light brown, dark brown, blue, and black. When
a nevus exhibits more than one color, the one observed in »50% of
the lesion was recorded as "prevalent color” (Zalaudek et al., 2007).
{iv) Pigment distribution was classified as uniform, central hyperpig-
mentation, central hypopigmentation, eccentric hyperpigmentation,
eccentric hypopigmentation, or multifocal (Hofmann-Wellenhof et al.,
2001; Zalaudek et al., 2007). Eccentric hyperpigmentation included
true and pseudo-eccentric hyperpigmentation (Arevalo et al., 2008).
{v) Presence of visible vessels (Giacomel & Zalaudek, 2013).

Whole-body melanocytic lesions were examined with a DermlLite
Il Pro HR dermoscope. Images of back and upper limbs and nevus were
taken solely for illustration proposes.

3.2 | MCI1R molecular screening

Genomic DNA from peripheral blood lymphocytes or cells in saliva of
controls was isolated by standard methods. Saliva was collected using
Oragene DNA collection Kits. Polymerase chain reaction (PCR) amplifica-
tion of the MC1R-coding sequence was conducted using the previously
reported primers (Chaudru et al., 2005), performing an initial denaturiz-
ing step at 95°C for 5 min, followed by 35 PCR 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.
PCR products were purified using Multiscreen Filter plates (Millipore,
Billerica, MA). We sequenced the entire coding region of MC1R using the
following internal primers (TM-F: 5’ AACCTGCACTCACCCATGTAS and
TM-R: 5'TTTAAGGCCAAAGCCCTGGT3') and the BigDye Terminator
v3.1 Cycle Sequencing Kit according to the manufacturer’s instruc-
tions (Applied Biosystems, Foster City, CA). Sequences were run on an
ABI3100 automatic sequencer {Applied Biosystems) and analyzed using
the SeqPilot 4.0.1 software (J5| Medical Systems, Ettenheim, Germany).

3.3 | Statistical analysis

MC1R non-synonymous variants were classified as red hair color
"R" (complete loss-of-function) or non-red hair color “r" (partial
loss-of-function) according to previously reported criteria (Davies
etal, 2012; Duffy etal., 2004; Raimondi et al., 2008; Wendt et al.,
2016). Therefore, MC1R wvariants classified as "R" were p.D84E,
p.R142H, p.R151C, p.1155T, p.R160W, and p.D294H. All other non-
synonymous MC1R variants were classified as °r.” Synonymous vari-
ants were considered as wild-type MCIR alleles "-." According to this
classification, we determined the following genotypes: R/R, R/r, R/-,
rr, tf-, /- (WT). We defined "R" variant carriers as those individu-
als who presented R/R, R/, or R/- genotypes, and "r" variant carriers
those who presented r/r or r/- genotypes. Descriptive analysis was
performed, including mean +standard deviation (SD) and/or percent-
ages for categorical variables. Pearson’s chi-square test and t test
were used to compare the categorical and continuous variables, re-
spectively. For variables not normally distributed, for example, maxi-
mum nevi size and number of nevi of each size {total nevus count both
on the back and on the upper limbs, total nevus count = 2 mm both
on the back and on the upper limbs), the values were log-transformed
for parametric testing.

We used the logistic regression model to assess all the relation-
ships between the categorical dependent variables and one or more
independent variables. Thus, we used the logistic regression model
to analyze the association between the two phototype categories
{Fitzpatrick phototypes I-1l versus lI-V) and many independent vari-
ables such as dermoscopic patterns, dermoscopic structures, nevi
color, pigment distribution, and visible vessels (Table 1).

We also used this statistical method to evaluate the relationship
between the MC1R genotype and total nevus count, categorizing this
variable into two groups (€50 nevi versus >50 nevi), and adjusting
this logistic regression model for age, gender, height, and Fitzpatrick
skin phototype of the volunteers at the time the nevi were counted,
as all of these variables are statistically associated with nevi number.

In Table 2, we evaluated the effect of gender and Fitzpatrick skin
phototype on nevi size using a linear regression model, defining the
maximum nevi size or the nevi number of each size category as de-
pendent variables.

In Tables 3 and 4, we evaluated possible associations between
MC1R genotype and 20 different nevi dermoscopic features (also
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included in Table 1) adjusting for all the variables statistically associ-
ated with each one of these nevi characteristics.

In Table 5, we evaluated the effect of the MC1R genotype on nevi
size by a2 multiple linear regression model, using maximum nevi size
or the nevi number of each size category as dependent variables. The
effect of the MC1R genotype on nevi size was adjusted for all the vari-
ables statistically associated with nevi number and size.

In Table 6, we evaluated the effect of the MCIR genotype on the
presence and degree of freckling using a logistic regression model
which was adjusted for all the variables statistically associated with
freckling. In Table 7, we assessed the same dependent variables ac-
cording to the number of MC1R variants adjusting again for all the
variables statistically associated with freckling.

All statistical analyses were performed using the SPSS software
version 22.0 (IBM Corp. Released 2013. Armonk, NY). Although some
multiple comparisons were performed in Tables 5-7, none of the re-
ported p-values were corrected for multiple testing as the different
comparisons were complementary between them and were focused
on the same basic question (Ridker et al., 2008; Rothman, 1990;
Saville, 1990). However, 20 different non-complementary questions
were assessed in Tables 3 and 4; therefore, all the reported p-values
shown in Tables 3 and 4 were corrected using the FDR multiple com-
parisons method (Benjamini & Hochberg, 1995; Glickman, Rao, &
Schultz, 2014).

All definitive p-values (p-value, Adj. p-value or corrected p-value)
<,05 were considered statistically significant.
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Supplementary Table 1. Demographic and phenotypic characteristics of 185 stud-
ied subjects.

Age (years), mean + SD 42.64 £16.21
Sex N (%)
Female 139 (75.1)
Male 46 (24.9)
Ethnicity N (%)
White 158 (85.4)
Other 27 (14.6)
Phototype' N (%)
I-11 73 (39.5)
I-v 112 (60.5)
Eye colour N (%)
Blue 16 (8.6)
Green 20 (10.8)
Grey 1(0.5)
Brown 141 (76.2)
Black 7 (3.8)
Hair colour N (%)
Red 2(1.1)
Blonde 20 (10.8)
Brown 147 (79.5)
Black 16 (8.6)
N 185 (100)

* "Other” included Latin, mixed and Arab ethnicitiéﬁ’.hototype was determined according to the Fitzpatrick photo-
typing scale (ranging from I-VI). We grouped phototype variables into two groupsgIHHV).
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Supplementary Table 2: Sun-related behaviour during childhood (from 0 to 10
years old).

Sun exposure degree N (%)
None 4(2.2)
Low 81 (43.8)
Moderate 47 (25.4)
Intense 46 (24.9)
Unknown 7 (3.8)
Presence of sunburns N (%)
Absence 131 (70.8)
Presence 49 (26.5)
Unknown 5(2.7)
N 185 (100)
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Supplementary Table 3:

Specific dermatological aspects studied (N = 185).

Freckles N (%)
None 145 (78.4)
Low 25 (13.5)
Moderate 12 (6.5)
Severe 3(1.6)
Nevus total count N (%)
<50 122 (65.9)
51-100 47 (25.4)
101-200 15 (8.1)
>200 1(0.5)
Clark nevus N (%)
Presence 39 (21.2)
Absence 146 (78.9)
Blue nevus N (%)
Presence 9 (4.9)
Absence 176 (95.1)
N 185 (100)
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Supplementary Table 4: Dermoscopic nevi features of 185 subjects studied (N=
185).

Dermoscopic pattern N (%)
Reticular 172 (93)
Globular 72 (38.9)
Globular - reticular 39 (21.1)
Homogeneous 17 (9.2)
Reticular - homogeneous 18 (9.7)
Globular - homogeneous 13 (7)
Unclassified 1(0.5)
Dermoscopic structures N (%)
Pigment Network 182 (98.4)
Dots and globules 90 (48.6)
Projections 1(0.5)
Blotches 3(1.6)
Peppering 2(1.2)
Regression structures 1(0.5)
Blue-whitish veil 1 (0.5)
Shining white sticks 0 (0)
Rosettes 0 (0)
Colour N (%)
Light brown 160 (86.5)
Dark brown 84 (45.4)
Red / pink 49 (26.5)
White 14 (7.6)
Blue 3(1.6)
Black 3(1.6)
Pigment distribution N (%)
Uniform 175 (94.6)
Central hyperpigmentation 44 (23.8)
Central hypopigmentation 9 (4.9)
Eccentric hyperpigmentation 30 (16.2)
Eccentric hypopigmentation 3(1.6)
Multifocal 13 (7)
Visible vessels N (%)
Presence 69 (37.3)
Absence 116 (62.7)
N 185 (100)
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