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RESUMO

A exposicao cutanea a radiacao ultravioleta (RUV) € um efeito ambiental inerente a vida humana.
Jéa foi observado, em estudos in vitro, que essa exposi¢ao induz a liberacdo de ATP de células
epidermais, principalmente em queratinécitos. O ATP é fundamental para a célula, pois fornece a
energia livre de que essas células necessitam para realizar suas atividades. Entretanto, sua
presenca no espaco extracelular possibilita seu desempenho como molécula de sinalizacao
intercelular. Essa comunicagdo ocorre através de nucleotideos e nucleosideos, dos receptores
(divididos em familia P1 e P2), bem como das ectonucleotidases que atuam hidrolisando os
ligantes, regulando assim a sua disponibilidade. Todos esses componentes formam a sinalizacéo
purinérgica, sendo esse sistema envolvido em varios processos patofisiolégicos cutaneos. Assim,
nosso objetivo foi avaliar se a exposicao a radiacdo ultravioleta é capaz de modular componentes
da sinalizacéo purinérgica. Para isso, foi realizada uma revisao sistemética e uma analise in silico
para verificacdo da modulacdo de purinoreceptores e ectoenzimas apds a exposicdo a RUV.
Ademais, foi realizado experimentos de bancada com o intuito de avaliar a atividade enzimatica
em células Hacat ap0s exposicdo a UVA e UVB. Os resultados oriundos da revisdo sistematica
apontam que o ATP é rapidamente liberado de células epidermais, queratindcitos e melandcitos,
apos a exposicdo a RUV (1-10 minutos); essa molécula age como um mediador pro-inflamatério
induzindo a liberacdo de IL-1B, IL-6 e COX-2 de queratinécitos e, somado ao carater inflamatério,
0 ATP possui um papel na melanogénese e esse processo parece ser dependente do receptor
P2X7. As andlises in silico ndo indicam modulacdo em nenhum elemento da sinalizacéo
purinérgica (purinoreceptores ou ectonucleotidases) em melandécitos apos a exposi¢do Unica a
RUV nas condicdes investigadas. Por outro lado, queratinécitos irradiados apresentam um
aumento na expressao génica de P2X4, P2Y11 e P2Y13, e diminuicdo na expressdo de P2Y2.
Além disso, as analises in silico indicam aumento nos niveis dos genes ENPP1 e ENTPD4, além
de sugerir diminuicdo nos niveis de ENTPD6. A partir dos resultados experimentais, ndo foi
observado modulacdo no gene NT5E, que codifica CD73, ap6s Unica exposicdo a radiacdo
ultravioleta em queratinécitos. Queratinécitos imortalizados expostos a 3 e 6J/cm2 ndo apresentam
modulacdo na expressdo de NT5E quando comparados ao grupo controle. Esses resultados
sugerem o envolvimento da sinalizacéo purinérgica na sinalizacédo paracrina entre o0 melandcito e
0 queratindcito apos a radiagdo ultravioleta. Uma melhor compreensao dessa modulagéo podera
contribuir para um entendimento mais profundo de diversas alteracdes cutaneas, bem como
auxiliar na compreensao de processos fisiolégicos, como a pigmentacao. Esse conhecimento
podera ser utilizado tanto para uma melhor conducéo de tratamentos dermatolégicos, quanto para

elaboracéo de produtos na industria farmacéutica voltados para a area estética.
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ABSTRACT

Skin exposure to ultraviolet radiation (UVR) is an environmental effect of human live. Already
been shown, in vitro studies, UVR exposure induces release ATP from epidermal cells,
especially keratinocytes. ATP is critical to the cell as it provides the free energy these cells
need to carry out their activities. However, its presence in extracellular space enables role as
an intercellular signaling molecule. This communication occurs through of nucleotides and
nucleosides, receptors (classified in P1 and P2 families) as well as ectonucleotidases that act
by hydrolyzing the ligands, regulating their availability. All of these players composed
purinergic signaling, and this system is involved in various cutaneous pathophysiological
processes. Thus, our objective was to evaluate whether exposure to ultraviolet radiation is
able to modulate components of purinergic signaling. For this, a systematic review and an in
silico analysis was carried out to verify the modulation of purinoreceptors and ectoenzymes
after exposure to UVR. Furthermore, experiments were carried out in order to evaluate the
enzymatic activity in Hacat cells after exposure to UVA and UVB. Results from systematic
review indicate that ATP is rapidly released from epidermal cells, keratinocytes and
melanocytes, after UVR exposure (1-10 minutes); this molecule acts as a pro-inflammatory
mediator and induce release of IL-13, IL-6 and COX-2 from keratinocytes. In addition to the
inflammatory character, ATP has a role in melanogenesis and this process appears to be
dependent on P2X7 receptor. Beyond to this receptor, presence of other purinoreceptors in
human melanocytes was identified (P2X2, P2X4, P2Y1 and P2Y11). However, in silico
analyzes do not indicate modulation in any element of purinergic signaling (purinoreceptors or
ectonucleotidases) in melanocytes after only exposure to UVR. On the other hand, irradiated
keratinocytes showed increase in P2X4, P2Y11 and P2Y13 gene expression and a decrease
in P2Y2 expression. In silico analyzes indicated an increase in the levels of the ENPP1 and
ENTPDA4 genes, in addition to suggest decrease in the ENTPDG6 levels. There is no evidence
of modulation in the NT5E gene, which encodes CD73, in keratinocytes after only exposure
to UVR. Hacat exposed to 3 and 6J/cm? did not modulated expression of NTS5E when
compared with control group. These results suggest purinergic signaling is modulated by
exposure to ultraviolet radiation. A better understanding of this modulation can contribute to a
deeper understanding of several skin changes, as well as contribute with the knowledge about
physiological processes, such as pigmentation. This knowledge can be used for a better
conduction of dermatological treatments and for the elaboration of products in the

pharmaceutical industry aimed at the aesthetic area.
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APRESENTACAO

Caro leitor,

Todos os resultados oriundos dessa dissertacdo serdo apresentados sob a
forma de artigos cientificos. O capitulo 1 é intitulado “Purinergis Signaling in Human
Epidermal Cells after Exposure to Ultraviolet Radiation: a Systematic Review and In
Silico Investigation” e refere-se aos resultados oriundos de revisdo sistematica e de
investigacao in silico. Ja o capitulo 2, intitulado “Characterization of Ectonucleotidases
Activity in Hacat after Ultraviolet Radiation Exposure”, refere-se resultados
preliminares obtidos de experimentos de bancada.

As secdes “materiais e métodos”, “resultados” e “discussdo” referente a cada
estudo encontram-se descritas no proprio artigo. A secéo “referéncias” ao final dessa
dissertacdo contém as fontes das citacfes descritas ao longo da dissertacdo. Os
artigos elaborados nos capitulos 1 e 2 estéo estruturados de acordo com as normas
da revista British Journal of Dermatology cujo fator de impacto € 7,0 (2019). As normas

exigidas pela revista estédo presentes no link abaixo:

https://onlinelibrary.wiley.com/page/journal/13652133/homepage/forauthors.htmi

Obrigada pela atengdo. Desejo que vocé tenha uma 6tima leitura!

Com carinho,
Wwal
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REVISAO BIBLIOGRAFICA

1. RADIACAO ULTRAVIOLETA

1.1 Radiagao Solar

O Sol é a estrela que esta no centro geométrico e gravitacional do nosso sistema
solar e sua radiacdo € a principal fonte de energia que influencia o clima e a atmosfera
da Terral. A distancia entre 0 nosso planeta e o Sol é de aproximadamente 150
milhdes de quildbmetros, o que torna a Terra um local ideal para a existéncia e para a
manutencdo da vida humana?. O Sol, assim como qualquer estrela, possui um corpo
gasoso e é composto principalmente por hidrogénio e hélio®. Sua estrutura pode ser
dividida em regido externa (atmosfera solar) e interna (interior solar). As estruturas

internas sdo categorizadas de acordo com cada processo (Figura 1).

Radiative
Zone

Core

Figura 1 - Estrutura Interna do Sol. Podemos perceber que a estrutura mais interna é o nucleo (“core”),
seguido da zona radiativa e por fim, zona convectiva. (Fonte: https://solarscience.msfc.nasa.gov/.
Visualizado em 24/07/2020)

A energia é gerada no nucleo e é difundida para fora, pela radiacédo, atravées
da zona radiativa e por fluxos de fluido convectivo através da zona convectiva. O
nacleo apresenta uma condi¢do de altissima temperatura e pressado, fazendo com
que nessa regido, o gas se encontre no estado ionizado - o plasma. E nesse local em
gue ocorrem as reacdes de fusdo nuclear, em que ha o consumo de hidrogénio e a
geracdo do hélio. A maior parte da energia gerada dessas reacdes € utilizada para

manter as condi¢bes de temperatura e de pressao internas, mas uma fragdo é emitida
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pela superficie solar através de fotons, atingindo outros corpos espaciais®. Os fétons
se propagam como ondas eletromagnéticas, o que torna a radia¢éo solar um espectro
continuo, podendo ser dividido de acordo com o conteudo energético e com o

intervalo de comprimento de onda (Figura 2).

Raios-y —»«— Raios-X —>«— Ultravioleta —«— Luz Visivel —«— Infravermelho —«— Microondas —«— Ondas de Radio—s}e—

103 nm 10 nm 10 nm 104 nm 106nm 107 nm 10" nm

Figura 2 - Espectro Categorizado pelo Intervalo de Comprimento de Ondas Emitido pela Radiagédo
Solar (Fonte: Adaptado de 1ISO 21348 - 2004)

A partir de comparacdes entre medicdes via satélite do topo da atmosfera e
avaliacbes em inumeros pontos terrestres em diferentes regides geogréficas,
podemos comprovar que nem toda a radiacdo emitida pelo sol atinge a superficie da
Terra*’. Apesar de haver alteracdes dependentes de parametros astronémicos e
atmosféricos como angulo zenital solar, humidade e espessura da camada de 0z6nio,
podemos considerar que cerca de 30% da energia solar é refletida e o restante é
absorvido pela camada atmosférica ou pela superficie do nosso planeta®®. Essa
fracdo que é absorvida € indispensavel para a existéncia da vida na Terra, uma vez
gue a radiacdo solar € a principal fonte de energia, luz e temperatura que mantem o
nosso planeta em condicdes ideais para a existéncia humana. Ademais, a radiacéo
solar tem um papel relevante na manutencao dos niveis de oxigénio, devido a sua
participacdo fundamental no processo de fotossintese. Entretanto, a excessiva e
crbnica exposicdo a radiacdo solar acarreta prejuizos cutaneos, como
envelhecimento extrinseco®1?, processos inflamatérios!?, alteracGes pigmentares! e
de ciclo celular*4, além de ser o principal fator ambiental relacionado com o
desencadeamento de canceres de pele!®. Sob esse contexto, a radiacéo ultravioleta
(RUV) possui um papel impar por ser a faixa da radiagdo solar com menor
comprimento de onda e por consequéncia maior energia, que atinge a superficie

terrestre.
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1.2 Radiagao Ultravioleta

Podemos classificar a radiacédo ultravioleta como néo-ionizante e subdividi-la
em trés bandas considerando suas propriedades fisicas, atividade biolégica e
capacidade de penetracdo cutanea: UVC (100 — 280nm), UVB (280 — 315nm) e UVA
(315 — 400nm)*¢ (Figura 3). O ozdnio atmosférico blogqueia uma grande fracédo da
radiacao ultravioleta, a UVC ¢é absorvida quase totalmente por essa camada e a
radiacao ultravioleta que atinge a superficie terrestre € composta por UVA (90-95%)
e UVB (5-10%)*>17,

WWWWWIWWWW/ /N

uvc uvB UVA

100 - 280 nm 280 -315 nm 315 -400 nm

Figura 3 - Espectro Categorizado pelo Intervalo de Comprimento de Ondas da Radiac¢éo Ultravioleta
(Fonte: Adaptado de Mancebo S. & Wang S., 2014)

Ha uma correlacao inversamente proporcional entre o comprimento de onda e
a frequéncia. O comprimento de onda € a distancia entre dois pontos repetidos e
sucessivos de uma onda, é representado pela letra grega A e expresso em
nandmetros de acordo com o Sistema Internacional de Medidas. Ja a frequéncia se
refere a quantidade de oscilacbes de uma onda em determinado tempo (dado em
segundos), é representada pela letra grega “v” (ni) e expressa em hertz. Ao interagir
com tecidos biologicos, os fotons liberam sua energia. Esse processo é explicado pela
Lei de Planck, onde E = h v. A letra “E” se refere a energia emitida pelo foton, a letra
“h” & a constante de Planck (6,63 x 1034 J.s) e a letra “f” é a frequéncia. Podemos
observar que quanto menor o comprimento de onda, maior sera a frequéncia e, por
consequéncia, maior sera a energia associada ao féton. Sendo assim, podemos
concluir que apesar da radiacdo ultravioleta que atinge a superficie terrestre ser
primordialmente composta de UVA, UVB apresenta maior energia e possui um papel
altamente relevante nas altera¢cGes cutaneas oriundas da exposicao solar. Os danos
celulares desencadeados por essa exposi¢ao serdo discutidos no topico “2.3 Efeitos

da Exposi¢cédo Cutanea a Radiacao Ultravioleta”.
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1.3 Estudos com Irradiacao

Os sistemas radiométricos e fotométricos sdo utilizados para caracterizar
fontes de luz. A radiometria pode ser aplicada em todas as fontes 6pticas (incluindo a
radiacao solar e ultravioleta), enquanto a fotometria € aplicada para descrever apenas
fontes de luz visivel. Sendo assim, para uma correta quantificacdo dos efeitos
fotobiologicos oriundos da exposicdo a RUV € necesséria a utilizagdo do sistema
radiométrico. Essa caracterizacdo inclui a utilizacdo de um radidmetro para
verificacdo da acuracia do equipamento, bem como o entendimento das principais
unidades de medida fornecidas pelos aparelhos (Tabela 1). Algumas dessas
unidades foram definidas em 1954 no Primeiro Congresso Internacional de

Fotobiologia.
Termo Unidade Sl Informacg6es Adicionais
Comprimento Distancia entre dois pontos repetidos e sucessivos da onda.
nm
de Onda Simbolo: A
. Watt (W). E uma unidade de poténcia e refere-se a energia emitida
Poténcia w )
por um determinado tempo. W = J x t (segundos)
] Joule (J). Refere-se a energia total contida em um campo ou a
Energia J ) .
energia total entregue a um determinado receptor. J = W x t
Energia fornecida a uma determinada area. Também pode ser
- chamado de “fluéncia”, “dose de exposi¢éo” ou “dose”. Além da
Exposicao J/im2 . o . -
expressdo no padréo internacional, pode ser utilizado J/cm? ou
mJ/cmz2,
Fluxo de radiacdo que atinge uma determinada area. Também pode
o ser chamado de “raz&o da fluéncia”, “razdo de dose” ou
Irradiancia W/mz2

“intensidade”. Além da expressao no padrao internacional, pode ser

utilizado W/cm2 ou mW/cm2.

Tabela 1 — Principais Terminologias Utilizadas para a Quantificacéo da Radiacdo Optica (Fonte:
Adaptado de IARC, 1992)

Existem varios equipamentos que possibilitam o estudo in vitro dos efeitos da
exposicdo a radiacdo solar em células e tecidos biologicos. O tipo de radiacéo
utilizada, bem como a dose e a quantidade de exposi¢cdes variam de acordo com o

objetivo de cada experimento (Tabela 2). Ademais, existem outras unidades de
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medida para a definicdo da dose aplicada para a exposi¢do cutanea, como a “dose
minima de eritema”, do inglés “minimal erythema dose” abreviada comumente como
MED. Essa unidade € definida como a menor dose capaz de induzir eritema visivel
na pele apés 8-24h da exposicédo’®. Essa medida varia com a sensibilidade cutanea
de cada individuo e com a percepcao da vermelhiddo minima de cada observador.
Sob esse contexto, podemos notar que ha certas divergéncias experimentais em
estudos com exposicdo cutanea a radiacdo solar que podem gerar estimulos

biologicos diferentes ocasionando possiveis resultados discrepantes e de dificil

comparacao.
Informacgéo da Radiag&o
Autor / Ano Objetivo do Experimento . Equipamento
) ) Dose Representagao
Tipo Emissé&o (nm)
(mJ/icm?) em MED
Lee E.J. et al. Avaliagao da fototoxicidade e Spectronics Corp,
. uvB 312 10 - 200
/2019 liberacéo de ATP em NHEK e NHEM Westbury, NY (USA)
Avaliagao da possivel fototoxicidade Bio-Sun System,
Henn J.G. et ) )
L/ 2018 do verbascosideo em linhagem de UVA 365 5.000 Vilber-Lourmat
al.
fibroblasto de murino (Germany)
) Caracterizacdo de dano da radiacao )
Ferrucio B. et ) ) Sciencetech Inc.,
solar associada ao carbaril em SSR* 280 — 1000 375 )
al. / 2017 Ontario (Canada)
NHEM
Kawano A. et Avaliagao da fototoxicidade e UVA 360 2.500 — Sankyo Denki, Tokyo
al. / 2015 liberagdo de IL-6 em HaCat 10.000 (Japan)
) Avaliacao de diferentes mecanismos )
Choi W. et al. ) ) Oriel Instruments,
de pigmentacao apds exposicao de SSUVR** 290 e 320 5x0,4e0,5
/2010 Stratford (USA)

diferentes comprimentos de RUV

Tabela 2 - Equipamentos e Informagdes Experimentais. Legenda: NHEK: do inglés “Normal Human
Epidermal Keratinocyte”; NHEM: do inglés “Normal Human Epidermal Melanocyte”; HaCat:
queratinécito epidermal humano imortalizado; ssUVR: do inglés “Solar Simulated Ultraviolet
Radiation”; **Os grupos foram divididos em UVA, UVB ou UVA+UVB e todos receberam 5

exposicdes. SSR: do inglés “Solar Simulated Radiation”; *O equipamento de simulacéo de radiacdo

solar inclui ondas eletromagnéticas no comprimento de UVB, UVA, luz visivel e infravermelho.

De forma geral, cada equipamento é composto de uma parte externa que
protege o operador da irradiagédo, uma regido onde sera colocado o material bioldgico

gue sera exposto e um painel de configuragcdo. A Unidade de Bioanalitica da
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UFCSPA, situada no sexto andar do prédio 3, € equipada com o irradiador Bio-Sun
(Figura 4 e 5). O equipamento Bio-Sun é um sistema de irradiacéo projetado para
atuar nos comprimentos de onda de 312 e 365 nm, ambos estdo dentro da faixa de
ultravioleta, sendo o0 312 nm correspondente ao UVB e 0 365 nm ao UVA. A exposicao
pode ser realizada com ambas as irradiacdes ou separadamente. E possivel aplicar
a irradiacdo em microplacas de cultivo celular ou placas de petri, bem como configurar

a dose (J/cm?) que se deseja utilizar.

A cavnon

Figura 4 — Foto do Equipamento Bio-Sun. (A) Cabo de energia que deve ser colocado na tomada de
220V. (B) Painel de configuracdo do equipamento. (C) Bandeja onde deve ser colocada a microplaca
de cultivo celular ou placa de petri. (D) Botéo liga/desliga.

Figura 5 — Display do painel de configura¢gdes. (A) Programacéo da dose que serd irradiada (J/cm3).
(B) Informacao, em tempo real, da dose irradiada pelo equipamento (J/cm?). (C) Informacgéo da
irradiancia (mW/cm?2). (D) Informag&o dos comprimentos de ondas selecionados.
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2. PELE HUMANA

O sistema tegumentar € composto pela pele e seus anexos (Figura 6). A pele € o
maior 6rgdo do corpo humano, sua espessura varia de 1,5 a 4mm e pode atingir até
25.000 cmz2. Por se tratar de um sistema epitelial, sua principal funcéo é delimitar as
estruturas. O que mais diferencia o tecido epitelial cutaneo dos demais € o fato de

estar constantemente exposto as intempéries ambientais, como a radiacéo solar®.

Terminagbes nervosas livres  Corpusculo de Meissner

Fio dé'cabals Poros de glandulas Estrato comeo.
Melanseito / sudoriparas, Estrato ldcido
¥ 7k m
Mdsculo eretor do pelo )% d / Estrato granuloso [2.
Glandula sebdcea > 4 ) / 5
Cuticula 2 e Y AL  Estrato espinhoso |3
= G v
.| Bainha ‘ - . iﬂl Estrato basal
. - et S
2 | interna :
8 iy )
- ) J [$5° . T
2| Bainha ¢ YT Papila dérmica
o4 externa g 5 1‘ (da camada papilar)
> X A\l
S| Membrana ¢
E vitrea B, | g
Camada 3
de tecido 2
conjuntivo Camada reticular
Cuticula do pelo
Glandula
sudoripara LN NE AT SR Y [ Bl e )
(2]
Matriz capilar g.
Papila Z
do foliculo 3
& c
piloso : 5
Corptsculo de Pacini §

Artéria
Veia

Artéria e veia
subcutaneas

Nervos sensoriais
Fibras elasticas

Ligamentos de pele (retindculo cutaneo) Nervo cutaneo

Nervo motor (autbnomo)

Figura 6 — Imagem Representativa do Sistema Tegumentar Humano. (Fonte: Anderson B.E.,
2014)

A pele apresenta uma organiza¢do complexa com varios tipos celulares que
possibilita diversas funcdes, tais como absorcao e secrecdo substancias, controle da
temperatura corporal, sintese de vitamina D e respostas imunes aos efeitos
estressores??2!, Ademais, proporciona atribuicGes estéticas e sensoriais relevantes
para a vida humana, pois influenciam as relacdes interpessoais e a saude
psicossocial individual.

A pele humana é organizada em duas principais camadas - epiderme e derme -
gue apresentam componentes epiteliais, mesenquimais, glandulares e

neurovasculares. Sob a pele ha o tecido subcutaneo, também denominado
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hipoderme. Esse tecido é responséavel pela regulacdo da temperatura e atua como

deposito energeético.

2.1 Epiderme

A epiderme é a camada mais externa, possui um epitélio estratificado
apresentando células justapostas e auséncia de matriz extracelular (Figura 7). Essa
camada possui aberturas para os poros dos foliculos pilossebaceos e das glandulas
gue se encontram derme, mas sao consideradas apéndices da epiderme. N&o
apresenta rede vascular, sendo mantida pela permeacao de nutrientes oriundos do
plexo vascular superficial da derme papilar. A epiderme € principalmente constituida
de queratindcitos, mas também apresenta melandcitos, células de Langerhans e

células de Merkel?2,

Fio de cabelo B\ Ducto
R sudoriparo

Cérneo~
Licido—
Granuloso”]
Espinhoso—

Basal ou germinativo—

Derme —

Membrana basal

Melandcitos ;
Células de Merkel

Figura 7 — Imagem Esquemdtica da Epiderme. (Fonte: Anderson B.E., 2014)

QUERATINOCITO

O queratindcito possui relevancia impar na manutencdo da arquitetura e da
integridade do tecido tegumentar. Apresenta papel fundamental na coesao a partir
das estruturas de adesédo celular que, consequentemente, contribuem para a
capacidade de protecdo da pele?®. A camada basal de queratinécitos esta
intimamente ligada & membrana basal devido aos hemidesmossomos que ancoram

bY

os filamentos de actina a matriz extracelular. Essas estruturas de fixacdo s&o
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mediadas por integrinas que se diferem devido ao seu componente proteico. Os
hemidesmossomos do tipo | sdo encontrados em epitélio estratificados, como a
epiderme?4. AlteracGes em qualquer uma das proteinas hemidesmossomais podem
desencadear desordens cutaneas, como a epidermélise bolhosa?>. Ademais,
recentemente foi descoberto que os hemidesmossomos possuem relevancia na
migragdo dos queratindcitos humanos uma vez que possuem um padrdo de
agrupamento ordenado durante esse processo?®, indicando que essa estrutura pode
ter importancia em diversos eventos como regeneracao tecidual e envelhecimento
cutaneo?:. A adesdo intercelular entre os queratindcitos é realizada pelos
desmossomos. Essas estruturas ancoram as membranas plasméaticas de duas
células adjacentes ao seu citoesqueleto de filamento intermediario?’. Sua estrutura se
resume em duas placas de insercdo intracelular, a membrana plasméatica do
queratindcito e a desmogleina, proteina transmembrana (Figura 8). H4 uma linha
média densa de elétrons bem na regido central de cada desmogleina que se torna
uma placa homogénea densa de elétrons quando o queratindcito se diferencia do
estrato granuloso para o estrato corneo. Ademais, a membrana plasmatica €&
transformada em um envelope lipidico, a placa externa € incorporada ao envelope
celular cornificado e a placa interna é embutida em filamentos de queratina
densamente compactados. Esses desmossomos modificados encontrados em
gueratinécitos do estrato cérneo, também chamados de cornedcitos, sao

denominados corneodesmossomos.

@ Inner plaque i -I ’C_ e /_ ) [
! 1 I
@Outer plaque i T il 1| Desmocollins
I 1|
% 1 I i Plakoglobin
|| 1 - s %
Keratin filaments L1 ! ! G—i Plakphili
?7 l',, I /i\ v‘ akphilins
11 | | \
: (Il L . O\— Desmoplakin
I Lol 1)
(P 'H I | — ) Desmogleins

/7 i N————
@ Plasma membrane Corneodesmosin

Figura 8 — Imagem Esquematica dos Componentes da Ultraestrutura do Desmossomo.
(Fonte: Ishida-Yamamoto, 2018)
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Além dos desmossomos e juncdes de adesdo, o queratindcito também
apresenta participagcao na capacidade de barreira protetora da pele devido a formacéo
da camada de queratina, pois a0 mesmo tempo que evita a entrada de substancias
estranhas ao organismo, ela impede a perda de agua e eletrglitos. A formacéo dessa
camada, evento denominado cornificacdo ou queratinizacdo, exige que O
queratinécito esteja em constante processo de diferenciacéo e proliferacéo celular?®-
30, Essa dinamica de morte celular programada se inicia no estrato basal, também
chamada de germinativo, e € finalizada no estrato corneo. A epiderme pode ser
dividida em cinco camadas de acordo com as alteracdes morfolégicas do
gueratindcito: estrato basal, estrato espinhoso, estrato granuloso, estrato IUcido
(encontrado apenas em peles glabras e espessas) e estrato corneo. E possivel
observar que durante o processo de maturacado dos queratindcitos ha significativas
alteracbes citoldgicas, como a perda da atividade mitética, a sintese de novas
organelas e proteinas, bem como remodelagem da morfologia individual celular

fazendo com que as células figuem mais achatadas e compactadas.

MELANOCITO

O melanécito € derivado da crista neural e é responséavel pela sintese de
melanina que confere coloracdo a pele e aos pelos além de fornecer protecdo a
radiacdo ultravioleta'®3!, Esse tipo celular apresenta uma morfologia bem diferente
do queratindcito. Enquanto os melandcitos apresentam um formato dendritico e sao
menores (Figura 9A), os queratindcitos possuem um formato geralmente mais
cuboide ou hexagonal (Figura 9B). Os melandcitos ficam situados proximos ao
estrato basal (Figura 9C) e formam unidades epidérmico-melanicas associados aos
gueratindcitos préximos, numa proporcdo de 1 melandcito para 30-40 queratindcitos®?
(Figura 9D). E digno de nota que a pigmentag¢io humana é primordialmente resultado
da atividade melanogénica, onde individuos com a pele mais escura apresentam
melandécitos que produzem maiores quantidades de melanina sendo essa do subtipo
eumelanina. A quantidade total de melandcitos e de melanossomos (organelas onde
ocorre a sintese e armazenamento de melanina) € relativamente constante nos

diferentes fototipos humanos3%-32,
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Melanocyte Melanosomes

Figura 9 — Queratindcito e Melandcito Humano. Imagem de Microscopia Optica de Cultura Celular
Bidimensional de (A) Melanécitos e (B) Queratinécitos Humanos. Aumento de 200x (Fonte: Arquivo
Pessoal — Laboratério de Biologia Celular). (C) Disposicdo do Melanécito na Epiderme — Coloracéo
de Melan-A/Giemsa. Aumento de 1000x. Fonte: Miot, 2009. (D) Desenho Esquematico da Unidade

Epidérmico-Melanica. Fonte: Adaptado de Mirostawa, 2013.

2.2 Derme

A derme é uma camada situada abaixo da epiderme e em cima do tecido
subcutaneo. Ela possui espessura variavel de 0,5 a 3 mm e apresenta diversos

componentes como vasos sanguineos e nervos, além de diferentes tipos celulares
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como fibroblastos e macréfagos. A derme contém uma grande quantidade de matriz
extracelular (MEC), sendo composta por tecido conectivo constituido principalmente
de elastina e de colageno, o que confere elasticidade a pele. A MEC hospeda os tipos
celulares que séo distribuidos de maneira aleatéria e as redes de fibras elasticas nédo
possuem direcdo Unica. A derme pode ser subdividida em derme papilar e derme
reticular3®. A derme papilar € justaposta a epiderme e essas duas camadas possuem
interdigitacdes entre si favorecendo nutricdo da epiderme (Figura 10A). A derme
papilar apresenta um plexo sanguineo superficial que € responsavel pela
termorregulacéo, sofrendo vasoconstricdo quando a pele € exposta a temperaturas
baixas e vasoconstricdo, a temperaturas altas (Figura 10B)?2. Além do plexo
sanguineo superficial ser mais delgado, a derme papilar apresenta as fibras de tecido
conjuntivo mais finas e dispostas de maneira mais frouxa quando comparada a derme

reticular3s.

Epiderme \ Papilas dérmicas

Derme
papilar

Plexo

superficial
Derme p ¢

reticular
Plexo
dérmico
profundo

4 .' ; '
Epiderme T )
Derme Papilar subcutaneo
Derivacoes arteriovenosas musculocutaneas

Ramos do plexo
Artéria e veia

Figura 10 — Imagem Esquematica da Derme. (A) Interdigitacdes entre Epiderme e Derme Papilar.

(B) Plexo Dérmico Superficial e Profundo (Fonte: Anderson B.E., 2014)

2.3 Efeitos da Exposi¢ado Cutanea a Radiacdo Ultravioleta

A exposi¢cao do tegumento a radiacao solar € um efeito ambiental inerente a
vida humana. Apesar da radiacdo solar ser imprescindivel para a nossa existéncia,
ela desencadeia inimeros efeitos maléficos no tecido cutaneo. E digno de nota que

a radiacdo ultravioleta foi o primeiro mutdgeno ambiental descoberto. Os primeiros
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trabalhos sobre o tema foram publicados na década de 30 e realizados em Drosophila

melanogaster e milho3+-37,

Algumas respostas a essa condicdo ambiental sdo agudas e ocorrem
rapidamente, como liberacdo de adenosina trifosfato (ATP) e de outros mediadores
proé-inflamatérios®8-4°, Entretanto, outros processos sédo decorrentes da exposicdo
cronica e podem levar anos para o seu desencadeamento, como envelhecimento
extrinseco!®!! e canceres de pele!®>*l, Apés a exposicdo a RUV, uma série de
mecanismos de resposta ao dano desencadeiam diversas cascatas de transducao
para regular varias vias, incluindo reparo de danos no DNA, controle do ciclo celular
e apoptose (Figura 11).

Indugdo de translocacio Inducdo de ERO

Indugdo de danos de pelaradiacdo UV

DNA pela radiagio UV de Bax pelaradiacdo UV  ¢pos

Ativaciode
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Nticleo &Mﬂf\
Fragmentagdo do DNA
(Apoptose Celular)

5

a
[a]
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Caspase-3 e
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Apoptosomo
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Pro-Caspase-8

Agrupamento de
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|

Figura 11 — Vias de ativagcdo de células epidermais apds exposi¢do a RUV (Fonte: Lee et al.,
2013)

Como mencionado no capitulo anterior, a radiacdo ultravioleta que atinge a
superficie terrestre € composta por UVA (90-95%) e UVB (5-10%)>'7. Apesar do
efeito maléfico sinérgico, cada subtipo apresenta suas particularidades. Embora
menos abundante, a radiagdo UVB é considerada mais carcinogénica do que UVA,
induzindo a formacdo de dimeros de pirimidina de ciclobutano (DPCs) e 6,4-
fotoprodutos (6—4PP)*2. As lesGes de DPC sé&o as mais dificeis de serem reparadas
e, entre elas, os dimeros formados entre as citosinas adjacentes (C-C) ou entre a
timina e a citosina (T-C) sdo consideradas as mais mutagénicas*. A radiacdo UVA é
um importante indutor de estresse oxidativo em células epidérmicas. E digno de nota

gue os melandcitos sdo células de proliferacdo lenta que persistem por um longo
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tempo na epiderme e, portanto, estdo expostas a altos niveis cumulativos de espécies
reativas de oxigénio (ROS) induzidas por RUV. Interessantemente, o papel exercido

pelas ROS na melanomagénese ja foi estudado na literatura®*.

Ademais, 0 gueratinécito tem se mostrado uma célula-chave na sinalizacéao
paracrina epidermal pés dano. H& estudos abordando sobre a liberacdo de
mediadores pro-inflamatérios como interleucinas 6 e 10 e fator de necrose tumoral
(TNF-a) pelos queratinécitos apés a exposicdo a RUV#46. Além da ja conhecida
sinalizacdo entre o queratindcito e o melandécito pelo horménio estimulante de alfa-
melandcitos (a-MSH) induzindo a melanogénese, uma recente pesquisa indicou que

0 ATP extracelular possa exercer um papel semelhante.

3. SINALIZACAO PURINERGICA

Foi em 1929 que tivemos o primeiro relato de acao fisioldgica extracelular de
compostos de adenosina®’. O nucleotideo ATP foi proposto como transmissor nao-
adrenérgico e nao-colinérgico, sendo o termo “purinérgico” introduzido por Greoffrey
Burnstock em 197248, A sinalizagcdo purinérgica atua tanto em fungGes celulares
normais como em condicBes patolégicas e possui um papel relevante em varios
processos celulares cutaneos*®*°, Além dos compostos de adenosina, a sinalizacdo
purinérgica abrange as ecto-enzimas que promovem de degradacdo dessas
moléculas em meio extracelular, bem como receptores especificos, agrupados nas
familias P1 e P2 (Figura 12).
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Figura 12 — Esquema Geral dos Componentes da Sinalizagdo Purinérgica. Neste esquema é
possivel visualizar a liberagdo do ATP para o meio extracelular e sua degradacgao pela ectoenzimas.

Figura gentilmente cedida por Sevigny e colaboradores.

3.1 Purinoreceptores

Os receptores do sistema purinérgico, também chamados de purinoreceptores,
podem ser classificados em duas grandes familias: P1 e P25%.. Os receptores da
familia P1 s8o caracterizados em quatro subtipos: Al, A2a, A2s e A3. Todos 0s
receptores P1 sdo seletivos para adenosina, sdo acoplados a proteina G e modulam
a atividade da adenilato ciclase de forma inibitéria (A1, A3) ou excitatéria (A2a, A2g).
Ja se foi observado a presenca de RNA mensageiro (RNAm) do receptor A2s em
estudo in vitro utilizando melandcitos humanos epidermais primarios (NHEM, do
inglés normal human epidermal melanocyte), fibroblastos humanos epidermais
primarios (NHEF, do inglés normal human epidermal fibroblast) e queratindcitos
humanos epidermais primarios (NHEK, do inglés normal human epidermal
keratinocyte)®2. Ademais, ja foi observado a expressdo de RNAm do receptor A2x em
NHEK®3,

A familia de receptores P2 pode ser subdividida em P2X e P2Y. Os receptores
P2X séo receptores de canais idGnicos controlados por ligante, sendo sete
subunidades ja conhecidas (P2X1-7), enquanto que o0s receptores P2Y sédo
receptores acoplados a proteina G, sendo oito subtipos ja conhecidos (P2Y1, P2Y2,
P2Y4, P2Y6 e P2Y11-14)%*. Em NHEM ja foi observado a expressdo de RNAmM dos
receptores P2X2, P2X4, P2X7, P2Y1 e P2Y11%®. Em queratindcitos ja foi observado
a modulacdo da expressdo de purinoreceptores dependendo do tipo de estrato
epidermal em que o queratindcito se encontra®°¢, Em HaCat, uma linhagem de
gueratinécito humano, ja foi identificado a expressédo génica de P2X4, P2X5, P2X7,
P2Y1, P2Y2, P2Y6, P2Y11, P2Y12, P2Y13 e P2Y1457-59,
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3.2 Ecto-enzimas

Através dos purinoreceptores, 0os nucleotideos desencadeiam uma amplitude
de respostas fisioldgicas. Entretanto, essa sinalizacao necessita de um fino controle.
Para isto, existe um grupo de enzimas envolvidas na administracao da disponibilidade
dos ligantes nos purinoreceptores®. O papel das ecto-enzimas é fundamental, pois
elas séo relevantes na orquestra da transmisséo do sinal purinérgico, possibilitando
a prevencao da dessensibilizacao do receptor, o término da ativacao do receptor por

hidrélise do ligante ou a ativacéo do receptor pelos produtos de hidrélise gerados®?.

Os quatro grupos principais de ecto-nucleotidases incluem as ectonucleosideo
trifosfato difosfohidrolases (E-NTPDases), ecto-5-nucleotidase (em/CD73), ecto-
nucleotideo pirofosfatase / fosfodiesterases (E-NPPs) e fosfatases alcalinas (APs)
(Figura 13). As E-NTPDases séo especificas de nucleotideo e hidrolisam trifosfatos
e difosfatos de nucleosideo tendo os monofosfatos de nucleosideo como produto final
da hidrélise. De acordo com o conhecimento atual, elas representam as principais
enzimas de hidrolise de nucleotideos envolvidas na sinalizacédo purinérgica, mas nao
hidrolisam polifosfatos de dinucleosideos, ADP ribose, NAD* ou AMP. Da mesma
forma, a enzima em/CD73 € a principal enzima produtora de adenosina extracelular
a partir do AMP. Os outros dois grupos de enzimas atuam como ecto-nucleotidases,
mas também hidrolisam outros substratos. As E-NPPs hidrolisam trifosfatos e
difosfatos de nucleosideos, polifosfatos de dinucleosideos, ribose ADP, NAD+ e uma
variedade de substratos artificiais, mas ndo AMP. Dados publicados pelo grupo
demostraram que a linhagem HaCat possui atividade de hidrélise para o p-nitrofenol
5°-timidinamonofostato (p-Nph-5'-TMP), substrato artificial das E-NPPs, e apresenta
RNAmM para as isoformas E NPP1, E-NPP2 e E-NPP3 (citar PMID: 24697693). As
fosfatases alcalinas finalmente hidrolisam os nucleosideos tri-, di- e monofosfatos,

pirofosfato e uma grande variedade de monoésteres adicionais de acido fosforico.
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Figura 13 — Locais de Clivagem das Ectoenzimas. As enzimas em azul clivam ATP; em
vermelho, ADP; e em verde, AMP (Fonte: Zimmermann et al., 2012).

Jé& foi descrito que a exposi¢cado cutanea a agentes agressores, como radiacao
ultravioleta, causa a liberacdo de ATP de células epidermais, especialmente de
gueratindcitos3-40.6263 Esse ATP extracelular pode ser uma via de sinalizagdo
paracrina ou autdcrina ainda pouco compreendida. Interessantemente, Chia-Lin Ho e
colaboradores (2013) observaram que HaCat, em condi¢cdes basais, apresentam
expressao génica de E-NTPDase2 e E-NTPDase3 e valores muito baixos ou ausentes
para as enzimas E-NTPDasel e E-NTPDase8. Ademais, foi visto que apenas a
utilizacdo de RNA de interferéncia para a NTPDase2 diminui significativamente a
hidrolise de ATP. Esses resultados indicam que a atividade da NTPDase2 em
gueratindcitos pode modular a concentracdo de ATP no microambiente®’. Essa
modulacdo se torna relevante, pois o eATP induz a liberacdo de mediadores pro-
inflamatérios pelos queratindcitos3®63 que podem resultar em uma resposta imune
cutanea exacerbada®. Em HaCats, foi demostrado pelo nosso grupo que estas
células possuem similar capacidade de hidrolisar ATP e ADP e uma maior capacidade
de degradar AMP®5, Por fim, é digno de nota que células dendriticas epidermais,
Células de Langerhans, podem ser identificadas a partir da presenca de ATPases®®.
Georgiou e colaboradores (2005) observaram a expressédo da CD39 (E-NTPDasel)
em Células de Langerhans humanas, mas ndo em NHEK. Em Célula de Langerhans
de camundongo CD39-/-, ndo foi visto atividade ecto-NTPDase. A exposicdo a
produtos quimicos irritantes causaram inflamacdo exacerbada da pele em

camundongos CD39 -/-. Em contra partida, a hipersensibilidade de contato alérgica
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mediada por células T foi severamente atenuada em camundongos CD39 -/-87. Esses
resultados indicam que a deficiéncia de CD39 causa efeitos opostos na dermatite de
contato irritante versus alérgica. Esses achados mostram a relevancia de mais
estudos para um melhor entendimento do papel da sinalizacdo purinérgica em efeitos

cutaneos.
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JUSTIFICATIVA

Ja foi observado que a exposicdo a agentes agressores, como a radiacao
ultravioleta, acarreta na liberacdo de ATP de células epidermais, principalmente de
queratindcitos. Esse ATP extracelular (ATPe) pode atuar diretamente em
purinoreceptores da familia P2 ou ser hidrolisado por ecto-enzimas. A modulagédo do
ATPe no microambiente epidermal é fundamental para que ndo tenhamos uma
resposta imune exacerbada, o que poderia desencadear alteracdes cutaneas, como
a dermatite de contato irritante, a dermatite alérgica e rosacea. Ademais,
recentemente um estudo in vitro mostrou que o ATPe também pode atuar como uma
molécula de sinalizacdo paracrina entre o queratinécito e o melandcito induzindo a
sintese de melanina em NHEM. Esse conhecimento poderia ser aplicado para uma
melhor compreensao de alteracdes pigmentares, como o vitiligo e o melasma. Apesar
de se conhecer a relevancia da sinalizacdo purinérgica em VAarios processos
patofisiologicos, pouco se sabe da sua modulacdo em células epidermais humanas
apo6s exposicdo a radiacdo ultravioleta (RUV). A compreensdo das alteracbes da
sinalizacdo purinérgica apos a exposicdo a RUV poderia contribuir com um melhor
entendimento de diversas alteracdes cutaneas, bem como auxiliar na compreensao
de processos fisiolégicos, como a pigmentacéo epidermal. Esse conhecimento pode
ser utilizado tanto para uma melhor conducéo de tratamentos dermatolégicos, quanto

para elaboracdo de novos produtos na industria farmacéutica.
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OBJETIVOS

1. Objetivo Geral

Avaliar a modulagdo da sinalizagdo purinérgica ap0s a exposicdo a radiacdo

ultravioleta em cultura de células epidermais humanas.

2. Objetivos Especificos

1) Revisar sistematicamente o0s principais achados na literatura relacionados as
alteracbes na sinalizacdo purinérgica em células epidermais humanas, apos
exposicdo a radiacdo ultravioleta, incluindo as ecto-enzimas e purinoreceptores

(capitulo 1);

2) Realizar investigacao in silico sobre as ecto-enzimas e purinoreceptores em células

epidermais humanas apés exposicao a RUV (capitulo 1);

3) Caracterizar a hidrélise dos nucleotideos ATP, ADP e AMP em queratinécitos

humanos imortalizados (HaCaT) apds exposicdo a UVA e UVB (capitulo 2);

4) Caracterizar a expressao génica das enzimas E-NTPDases 1, E-NTPDases 2 e
em/CD73 em queratindcitos humanos imortalizados apos exposi¢cdo a UVA e UVB

(capitulo 2).
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CAPITULO 1: PURINERGIC SIGNALING IN HUMAN EPIDERMAL
CELLS AFTER EXPOSURE TO ULTRAVIOLET RADIATION: A
SYSTEMATIC REVIEW AND IN SILICO INVESTIGATION

* Manuscrito em Preparacao para a Revista British Journal of Dermatology, Fator de
Impacto 7,0 (2019)

ABSTRACT

Background

Several studies have shown that the exposure of skin cells to ultraviolet radiation (UVR) induces adenosine 5'-
triphosphate (ATP) release. Although purinergic signaling has been implicated with several functions in skin, little
is known about modulations in purinergic signaling after UVR exposure.

Objective

The aim of this study was to perform a systematic review on relation between UVR and purinergic signaling and in
silico analyses to evaluate how UVR exposure can affect the purinergic signaling and also whether these changes
may contribute development or worsening of the cutaneous disorder.

Methods

Systematic review of the published literature was realized using three electronic medical databases: PubMed,
Scopus and Cochrane Library. Study selection and data extraction were performed according to PRISMA
statement guidance that were carried out independently by two authors. In silico analysis was performed using

Gene Expression Omnibus of database of the National Center for Biotechnology Information (NCBI).
Results

Extracellular ATP (eATP) induces IL-13, IL-6 and COX-2 release. In addition to the inflammatory character, eATP
has a role in melanogenesis and this process appears to be P2RX7 dependent. Beyond to this receptor, presence
of others purinoreceptors in human melanocytes was identified (P2X2, P2X4, P2Y1 and P2Y11). However, in silico
analyzes do not indicate modulation in any element of purinergic signaling (purinoreceptors or ectonucleotidases)
in melanocytes after exposure to UVR. On the other hand, irradiated keratinocytes showed increase in P2X4,
P2Y11 and P2Y13 expression and a decrease in P2Y2. In silico analyzes indicated an increase in ENPP1 and
ENTPD4 and decrease in ENTPD6. There is no evidence of modulation in the NT5E gene, which encodes CD73,
in keratinocytes after exposure to UVR.

Conclusion

These results suggest purinergic signaling is modulated by exposure to ultraviolet radiation. A better understanding
of this modulation can contribute to a deeper understanding of several skin changes, as well as contribute with the

knowledge about physiological processes.
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1. INTRODUCTION

Skin exposure to sun light is an environmental factor inherent to human life. Solar
radiation is composed by a spectrum of electromagnetic radiation, including visible
light, infrared and ultraviolet radiation (UVR). UVR can be segmented in three
wavelength bands based on electro physical properties, biological activity and the
extent to which they can penetrate in the skin: short-wavelength ultraviolet (UVC 100-
280 nm), mid-wavelength ultraviolet (UVB 280-315 nm) and long-wavelength
ultraviolet (UVA 315-400 nm)*6. Atmospheric ozone reflects around 30% of UVR#8?°,
The ultraviolet radiation on Earth surface is composed for a mixture of 90-95% of UVA
and 5-10% of UVB'"-€8, |t is well known that UVA radiation induces indirect genotoxicity
through reactive oxygen species (ROS) production and oxidative stress®. On
the other hand, UVB radiation induces mutagenesis through DNA damage® 't
Despite differences, UVA and UVB have harmful synergistic effects in the skin and
extensive exposure to UVR is able to induce skin impairment leading to extrinsic
aging'®tt72 inflammatory effects'2:39.40636473 = gskin pigmentation!33%7475  and
changes in cell cycle and signaling*. In addition, chronic exposure to UVR is the main

etiological factor leading to skin cancers®41.42.76,

Several studies have shown that UVR exposure to human skin cells induces
adenosine 5'-triphosphate (ATP) release®063, Besides being a well-known
intracellular energy source, extracellular ATP (eATP) is an important signaling
molecule that has been known since 1970s%%77. eATP has been implicated in several
roles in the maintenance of healthy as well as in the pathologies of skin*®7"8, In the
extracellular space, ATP is sequentially hydrolyzed for ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDases) generating ADP and AMP which is converted into
adenosine by ecto-5"-nucleotidase (CD73; encoded by NT5E gene)®. Extracellular
nucleotides can be recognized by purinoreceptors of the P1 or P2 family>. P1
receptors are selective for adenosine and there are four subtypes: Al, A2a, A2s and
A3 receptors®®. These receptors are encoded by ADORA1, ADORA2A, ADORA2B,
ADORA3 genes, respectively. Family of P2 receptors are classified into two
subfamilies (ionotropic P2X or metabotropic P2Y) based on structure and function. So
far, the P2Y family is composed by eight cloned distinct subtypes P2YR1-2, P2YR4,
P2YR6, P2YR11-14. P2YR1-2, P2YR4, P2YR6 and P2YR11 subtypes are coupled to
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G¢/G11, leading to calcium release via phospholipase C/inositol-1,4,5-triphosphate

activation. P2YR12-Y14 receptors are coupled to Gi/o proteins and its stimulation

inhibit the activation of adenylate cyclase, modulating the flow through ion

channels9:80,

P2X receptors are ATP-gated ion channels for Na*, K* and Ca?*. Seven

P2X (P2XR1-7) receptors have been cloned and characterized pharmacologically®.

In Figure 1, we summarize experimental data in literature of purinoreceptors and

ectonucleotidases expressed in human epidermal cells3839.52,5355-58,62,81-84  Mqore

information about these studies, included experimental data in human immortalized

keratinocyte, is available in Table 1.
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Figure 1 - Purinoceptors and Ectonucleotidases Expressed by Human Epidermal Cells. Schematic representation of P1

and P2 purinoreceptors and ectonucleotidases expressed in human keratinocyte, melanocyte and Langerhans cells. This figure

was drawn using the vector image bank of Servier Medical Art by Servier (http://smart.servier.com/). Licensed under a Creative

Commons Attribution 3.0 Unported License (https://creativecommons.org/ licenses/ by/3.0/).
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First Author

Sample

Purinoreceptors

Ectonucleotidases

Experimental

/ Year Technique
Tissue Source o Type/ P1 P2X P2y
Tissue
P2X2, P2X4  povy and P2v11 NA RT-qPCR
and P2X7
Lee E.J./ Human normal NHEM NA
2019 skin (foreskin)
pP2X7 P2Y11 NA Confocal microscopy
NHEM,
Le Poole C. Hu_man norn_]al NHEF and A2B NA NA NA RT-gPCR and flow
/1999 skin (foreskin) cytometry
NHEK
LiY.F./ Human normal
2018 skin (abdominal) NHEK A2A NA NA NA Western blot
Inoue K. / Four strains of P2X1, p2X4, P2Y1, P2Y2,
2007 NLIEKS NHEK NA P2X5, P2X6 P2Y4, P2Y11, NA RT-gPCR
and P2X7 P2Y12 and P2Y13
. Human normal
Greig A.V.H. skin (abdominal, NHEK NA P2X5 and P2Y1 and P2Y2 NA Immunohistochemistry
/2003 P2X7
leg and breast)
Human normal
Dixon C.J./ skin (foreskin or RT-qPCR and
1999 neonatal NHEK NA NA P2Y2 NA in situ hybridization
rectoauricular)
Human normal
Burrell H.E./  skin (foreskin or NHEK and P2Y1, P2Y2,
2002 neonatal HaCaT NA NA P2Y4 and P2Y6 NA RT-gPCR
rectoauricular)
Ka";%”l%A' / - HaCaT NA P2X7 P2Y11 and P2Y13 NA Western blot
. P2Y1, P2Y2,
Ishimaru M. - HaCat NA p2x4 and P2Y6, P2Y11 and NA RT-gPCR
/2013 P2X5
P2Y12
Ho C.H./ P2Y1, P2Y2, NTPDase2 and
2013 - HaCat NA NA P2Y6 and P2Y13 NTPDase3 RT-gPCR
. P2Y1, P2Y2,
T@“}‘ggoltg - HaCaT NA Pzg(z‘r’xa;”d P2Y6, P2Y12, NA RT-gPCR
' P2Y13 and P2Y14
Gonczi M. / P2X1, P2X2 Western blot and
2007 ) HaCaTl NA and P2X7 P2Y1 NA immunocytochemistry
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NHLC NA P2X7 NA CD39

Georgiou Human normal

J.G./2005  skin (abdominal) Flow cytometry

NHEK NA P2X7 NA NA

Table 1 — Purinergic Receptor and Ectonucleotidases Expressed by Human Epidermal Cells. Summary of purinoreceptor
and ectonucleotidases present in epidermal human cells. Abbreviations: HaCat: keratinocyte human immortalized; NA: not
available; NHEF: Normal Human Epidermal Fibroblast; NHEK: Normal Human Epidermal Keratinocyte; NHEM: Normal Human

Epidermal Melanocyte; NHLC: Normal Human Langerhans Cells.

Keratinocytes, besides provide a physical barrier with the keratin layer
produced in cornification and to maintain the cohesion of the epidermis with the
desmosomes and tight junctions, they have a fundamental role in the paracrine
signaling®. Cytokines and ATP keratinocyte-derived after UV exposure are critical to
induce immune response3?40.6364  Moreover, there is indication that eATP induces
melanogenesis in human skin and this process involves P2X7 receptor®. Although
purinergic signaling is implicated in several skin conditions, including proliferation or
differentiation of keratinocytes, little is known about the profile of the purinergic
signaling in skin cells after exposure of ultraviolet radiation. Therefore, the aim of this
work is to perform a systematic review and an in silico analysis to describe how UVR
affects purinergic signaling in epidermal cells and to understand whether these

modulation may contribute to the development or worsening of the cutaneous disorder.

2. MATERIALS AND METHODS

SYSTEMATIC REVIEW

This systematic review was performed in accordance with the PRISMA
guidelines®. The Population, Intervention, Comparison, Outcomes and Study Design
(PICQOS) criteria, described in Table 2, were used to formulate the main question of
this work: “is some player of signaling purinergic modulated after exposure to

ultraviolet radiation in human skin cells?”.
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Population Skin human cells (keratinocyte, melanocyte and fibroblast)

Intervention Exposure to ultraviolet radiation (UVA and/or UVB) in cell culture

Comparison  pyrinergic signaling modulation
Outcomes  \jodulation in cellular or molecular biology

Study Design  Systematic review

Table 2 — Population, Intervention, Comparison, Outcomes and Study Design (PICOS) Criteria.

SEARCH STRATEGY

Articles were collected from PubMed, Scopus and Cochrane library using the
keywords (“simulated ultraviolet radiation” or solar-simulated or “solar simulator” or
uva or uvb) and (melanocytes or keratinocytes or fibroblast or hacat) and (purinergic
or atp or adenosine). The search included all articles available since the inception until
March 1st, 2021. The language was restricted to Portuguese, English or Spanish
because of the authors linguistic proficiency.

ELIGIBLE STUDIES

All articles were potentially available for inclusion. Studies were excluded if: (i) they
weren’t in the Portuguese, English or Spanish language; (ii) weren’t original article; (iii)
were retracted; (iv) didn’t use human skin cells; (v) didn’t use UVR or (vi) they didn't

contain information about purinergic signaling.

STUDY SELECTION

Titles and abstracts of the papers selected were independently evaluated by two of
the authors (W.S.N and A.P.S.B) using the exclusion criteria previously established.
In cases of doubt due to not provide sufficient information data in the abstract or
disagreement in the authors evaluation, papers were included. In the second phase of

study selection, full-texts were independently evaluated using the exclusion criteria.
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Disagreements were settled by discussion and consensus between authors.

Additional papers were identified by cross-referencing (Figure 2).

IDENTIFICATION

PubMed
(n =80 records)

Scopus
(n = 132 records)

| |

Cochrane
(n = 4 records)

Total number of records identified through database search (n = 216)

SCREENING

|

Records after duplicates removed
(n=173)

Duplicate records excluded
(n=43)

ELEGIBILITY

- 8 Review article

-1 Comment

- 1 Letter to the editors
- 1 Book chapter

- 1 Article retracted

- 11 Articles didn’t use UVR

-1 Article in Chinese language

- 2 Articles didn’t use human skin cells

- 137 Articles wasn't about purinergic signaling

Record after abstracts and title assessed for
eligibility (n = 10)

Records excluded based
on abstract and title (n = 163)

- 2 Article didn’t use UVR

- 2 Article didn’t use human skin cells

Total studies included after full-text
assessed for eligibility
(n=6)

INCLUDED

Records excluded based on full-text
(n=25)

Total studies included
(n=7)

Additional full-articles identified by
cross-referencing (n = 1)

Figure 2 - PRISMA Flow Diagram

DATA ANALYSIS

Data extraction was performed as a descriptive analysis. Study quality was not rated

because of differences in study designs. Due to the methodological heterogeneity and

the low number of studies included no meta-analysis was performed.
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IN SILICO ANALYSIS

In silico investigation was performed using public database for microarray

(GEO
http://www.ncbi.nlm.nih.gov/geo/) database of the National Center for Biotechnology

expression  profiles searched on Gene Expression Omnibus

Information (NCBI). The search includes in vitro studies using the key-words (UVA,
UVB, UVA+UVB or ssUVR) and (melanocyte or keratinocyte). The search included all

database available since the inception until March 1st, 2021.

ELIGIBLE DATASETS

Exclusion criteria of in silico analysis were similar to performed in the articles,
all datasets were potentially available for inclusion and were excluded if: (i) didn’t use
UVR; (ii) small sample size for group; (iii) missing data for the irradiated group or (iv)
in situ analysis (Table 3). After applying the eligibility criteria, data were extracted and

summarized descriptively.

Accession PMID Sample Type of irradiation Exclusion Criteria
GSE1370 15691830 HaCat lonizing radiation |
GSE4223 30083841 HaCat uvB 1l
GSE7060 22195030 HaCat uvB 1l
GSE14466 19580510 NmiKEi”d lonizing radiation |
GSE21429 20147966 In situ lonizing radiation |
GSE23803 NA 3D tissue model lonizing radiation |
GSE23901 NA 3D tissue model lonizing radiation |
GSE27360 NA NHEK uvB 1l
GSE29344 22594378 3D skin model lonizing radiation |
GSES56754 25;511251112”" In situ UVA, UVB or UVA+UVB O\
GSE65034 26121660 HaCat U[\)/fst S\?g(zzloz J?r?]‘;;s Included
GSE79579 27829164 NHEM ssUVR (375mJ/cm2) Included
GSE93423 NA NHEK NA 1l
GSE102676 29051608 HaCat SSR, UVA or UVB 1l
GSE103621 29761935 NHEK UVR (‘,ﬂ? da?gozsﬁﬁz)lo, 20 Included
GSE104870 30466060 NHEK UVA (40 kd/m?) Included
GSE143710 31909885 NHEK UVA 1l

Table 3 — Summary of Exclusion Criteria Employed to Datasets. Abbreviations: HaCat: keratinocyte human immortalized;
NA: Not Available; NHEF: Normal Human Epidermal Fibroblast; NHEK: Normal Human Epidermal Keratinocyte; NHEM: Normal
Human Epidermal Melanocyte. Description Exclusion Criteria: I: didn’t use UVR; 1l: small sample size for group; Ill: missing

data for the irradiated group; IV in situ analysis.
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3. RESULTS

STUDY SELECTION

From libraries, 173 different records were collected since 1986 until 2021.
Studies screened on basis of title and abstract were assessed for eligibility, 10 articles
were selected for full-text review. Among them, 6 studies were included, as well as

one other paper was obtained by cross-referencing?®’, totaling 7 studies included.

MAIN RESULTS OF INDIVIDUAL STUDIES

Among the article analyzed, three studies performed in vitro analysis with
human immortalized keratinocyte (HaCat)3%4%87 two studies used keratinocyte
primary and ex vivo organ-cultured skin3:54 and only one performed investigations in
melanocytes®®. All studies used one single UVR exposure. Most studies used UVB,
whereas just one used UVA radiation3°. None of them used combined radiation of UVA
and UVB or simulated solar radiation. As expected, even at low intensity and single
exposure, UVR altered cell morphology®’” and decreased the cell viability3839.63.87,
Moreover, UVR exposure activated the p38 MAPK cascade*® and stimulated the

release of proinflammatory cytokines such as IL-1B%4, IL-63%62 and COX-24,

ATP IS RELEASED FROM EPIDERMAL CELLS AFTER UVR EXPOSURE

Extracellular ATP has several signaling functions, including danger signals after
injury®8_ From the 7 studies selected, four of them performed the quantification of
ATP released after UVR exposure38-4963 (Table 4). Of these studies, just one®® used
normal human epidermal melanocyte (NHEM), others used normal human epidermal

keratinocyte (NHEK)3262 or keratinocyte immortalized (HaCat)3%4°,

As expected, UVR exposure increases intracellular ATP (iATP) and induces its
release to the extracellular space. In basal conditions of NHEK, iATP is around 645nM,
whereas eATP is around 160 nM. After 30 mJ/cm? UVB exposure, iIATP is around 910
nM, whereas the eATP increased to around 250 nM®3, ATP release occured even in
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cases without cytotoxicity. There are several pathways that could explain this result.
UVB (100 and 200 mJ/cm?) increases expression of vesicular nucleotide transporter
(VNUT) that is an important molecule for ATP storage and exocytosis in NHEK and
NHEM?38, On the other hand, anion transporter inhibitors (glibenclamide and
gadolinium chloride) significantly blocked ATP release induced for UVB exposure at
100 mJ/cm24°, without being affected by UVA exposure at 2,5 J/cm?®. The release of
ATP after induction by UVA was significantly blocked for a nonspecific gap junction
inhibitor (CBX), P2X7 receptor antagonist (AZ11645373), PANX1 inhibitors
(probenecid and trovafloxacin) and Cx43 inhibitors (flufenamic acid and LaCls)°. Even
low UVR intensities, as 30 and 60 mJ/cm? of UVB, were able to induce significative
release of ATP®3. The peak occurred around one minute after irradiation, with
significative differences, when to compared to control, after 10 minutes of
exposure3®49, After the first 10 minutes, eATP was gradually consumed but it was
possible notice significative differences up to 2 hours after UVR exposure3®. Taken
together, these results suggest that ATP released after UVR induction occurs, i) due
to decrease of cell viability, when skin cells are exposed to higher intensities; ii) as well
as in physiological conditions or when skin cells are exposed to lower intensities.
Interestingly, the amount of released ATP from NHEK was bigger than from NHEM38,
suggesting that ATP from keratinocytes primarily affects neighboring skin cells. These

results show that ATP could be a relevant molecule of paracrine signaling in epidermal

human cells.
vV Inf ; Quantification P '
UV Information ATP Released Quantification ATP Analysis Decrease
: - ATP Released . L
First Author / Year Cell Type in Basal after UVR Time after Viability? /
Condition (No Irradiation Assay
Type  Fluency (mJ/cm?) UVR Exposure) Exposure
Human normal No (MTT
skin (foreskin) / uvB 200 ~8nM ~18nM 2h Assay)
NHEM y
Lee E.J. /2019 H |
uman normal
skin (foreskin)/  UVB 100 ~110nM ~170nM 2h Yisss(g"gT
NHEK y
Kawano A. / 2015 HaCat UVA 2500 ~3,5nM * ~6,5nM 1 min No (MST
Assay)
Salzer S. /2014 NHEK uvB 50 NA NA NA No (LDH
Assay)

44



Ruzsnavszky O. /2011 HaCat

uvB

40

NA

NA

NA

Yes (MTT

Assay)
Takai E. /2011 HaCat uvB 100 ~1nM ~3,9nM 1 min No (LDH
Assay)
30 ~160nM ~250nM 1 min Yes (Alamar
Four strains of Blue Assay)
Inoue K. / 2007 NHEKs / NHEK uvB
60 ~160nM ~205nM 1 min Yes (Alamar
Blue Assay)
Four strains of No (Alamar
Inoue K. / 2005 NHEKs / NHEK uvB 30 and 60 NA NA NA Blue Assay)

Table 4 — Quantification of ATP Released from Epidermal Cells after UVR Exposure. Analysis at the highest significative
peak of ATP release after UVR exposure, as well as the response of cells through the cell viability assay. (*) In Kawano A. and
collaborators (2015) quantification of eATP in basal condition (no UVR exposure) was replaced by immediately after exposure
UVA due to lack of information. Abbreviations: HaCat: keratinocyte human immortalized; NA: Not Analyzed; NHEK: Normal

Human Epidermal Keratinocyte; NHEM: Normal Human Epidermal Melanocyte.

DIFFERENTS SIGNALING PATHWAYS ARE INDUCED BY eATP

Extracellular ATP acts as an important molecule signaling that mediate several
physiological and pathological processes in skin*®%, Here, we summarized
information about the cellular events in response to the ATP treatment. From the 7
studies selected, six studies of them performed ATP treatment using concentrations
of 10puM to 3mM. As expected, high concentrations ATP (1 and 3 mM) decreased cell
viability in NHEM, whereas low concentration (0.1 and 0.5 mM) did not demonstrate
cytotoxicity3®. ATP treatment was able to triggers calcium signaling in NHEM
(100uM)38, NHEK (100 puM)%2 and HACAT (180 uM)&’. The eATP (100 and 300 uM)
induces release proinflammatory mediators from keratinocytes, such 1L-63%63 as well
as increased release IL-6 induced for UVA exposure®. Besides that, ATP induces
phosphorylation of p38 MAPK in the concentration-dependent manner (0.1 - 100uM)“0.
For the first time was demonstrate extracellular ATP has a role in human
melanogenesis3®. ATP treatment was able to increase protein levels of tyrosinase and
MITF, and tyrosinase activity (single exposure 100 uM). Five days exposure of 100uM
ATP was able induce melanin production in NHEM culture. Two exposures to ATP
(100 pM) were able to induce melanin production in organ-cultured human skin. These
results suggesting ATP is a molecule triggering paracrine signaling in epidermal cells,

however, this intercellular communication is far beyond signaling damage.
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EXPRESSION PROFILE OF PURINORECEPTORS AND ECTONUCLEOTIDASES
AFTER UVR EXPOSURE

Purinergic signaling is composed by ectoenzymes responsible for hydrolyze of
nucleotides and nucleosides, as well as purinoreceptors of the P1 and P2 family. Thus,
we investigated whether UVR exposure could modulate the expression of
purinoreceptors or ectonucleotidases in human skin cells (Table 5). Unfortunately,
some data are inconclusive due to the low amount of information available. There is
no experimental data about P1 receptors and ectonucleotidases after exposure to
UVR in selected studies, it is an important field to be explored. Besides that, the only
type of cell analyzed was keratinocyte and there are different dose and type of

irradiation exposure3962.63,

We performed a in silico investigation for a better interpretation of alterations in
expression profile of purinoreceptors (Table 6) and ectonucleotidases (Table 7).
GSE79579 showed that exposure to solar simulated ultraviolet radiation (ssUVR that
included UVB, UVA, visible light and infrared irradiations) at 375mJ/cmz2 was not able
to modulate any player of purinergic signaling in NHEM, after 6h of exposure. Isolated
types of ultraviolet radiation, just UVB at 20J/cm? in HaCat (GSE65034) or just UVA
(GSE104870) at 40 kJ/m? in NHEK showed low ability to alters expression of
purinoreceptors or ectoenzymes. However, when keratinocytes are exposed at
UVA+UVB at some purinergics players are modulated (GSE103621). Taken together,
these results suggest that keratinocytes could be key-cell in responses to initial
damage after single exposure to ultraviolet radiation.
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Purinoreceptors

First Author / Year Cell Type UVR Information Ectonucleotidases
P1 P2X P2Y
NHEM 200 mJ/cm?/ UVB NA NA NA NA
Lee E.J. /2019
NHEK 200 mJ/cm?/ UVB NA NA NA NA
1 P2Y11
Kawano A. / 2015 HaCat 2500 mJ/cm2/ UVA NA @ P2X7 t P2Y13 NA
Salzer S. /2014 NHEK 50 mJ/cm?/ UVB NA @ P2X7 NA NA
1 P2X1
Ruzsnavszky O. / 2011 HaCat 40 mJ/cm2/ UVB NA 1 P2X3 | P2Y2 NA
| P2X7
Takai E. / 2011 HaCat 100 mJ/cm2/ UVB NA NA NA NA
2
Inoue K. / 2007 NHEK 30 and Sglg“]/ cm?/ NA NA NA NA
1 P2X1
1 P2X3
2
Inoue K. / 2005 NHEK 30 and Sg/ém/ cm?/ NA @ P2X4 @ 5223((21 NA
@ P2X5 l
1 P2X7

Table 5 — Expression of Purinergic Signaling Players in Human Keratinocytes after UVR Exposure. Summary of

experimental data analysis of protein or mMRNA expression of purinoreceptors and ectonucleotidases after UVR Exposure on

human keratinocyte. Abbreviations: NA: not analyzed; HaCat: keratinocyte human immortalized; NHEK: Normal human

epidermal keratinocytes. Legend: @ No significative difference in protein or mRNA expression; 1 Significative increase in

protein or mRNA expression; | Significative decrease in protein or mMRNA expression.
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GSE79579 GSE65034 GSE103621 GSE104870

NHEM HaCat NHEK NHEK NHEK
ssUVR uvB 6 h post SUVR 24 h post sUVR UVA
ADORA1 14} %] (%] 1%} 1%}
ADORA2A 1] (/] (/] a a
ADORAZ2B 1] 1%} %] 1%} 1%}
ADORA3 1] 1%} %] 1 (150 kd/m2) @
P2RX1 14} 1%} (%] 1%} 1%}
P2RX2 (0] (/] (/] a a
P2RX3 (0] (/] (/] a a
P2RX4 14} 1%} 1 (20 kd/m2) 1} 1
P2RX5 %] [%] NA NA a
P2RX6 1] 1%} 1%} 1 (150 kd/m2) 1%}
P2RX7 1] %] 1o} 1 (150 kd/m2) 1}
P2RY1 1] (%] NA NA (/]
P2RY2 1] (%] NA NA |
P2RY4 1] %] %] NA 1}
P2RY5 %] %) @ NA !
P2RY6 (0] (] (%] NA a
P2RY8 14} 1%} 1 (150 kd/m2) 1} 1%}
P2RY10 (%] (] NA (0] a
P2RY12 (%] [%] NA NA a
P2RY13 1] (%] NA NA (/]
P2RY14 (%] [%] NA NA (]

Table 6 - Modulation of mMRNA Expression Profile of Purinoreceptors from Epidermal Cells after UVR Exposure.
Summary of Analysis of MRNA Expression Modulation of Purinoreceptors after UVR Exposure on Epidermis Skin Cells.
Abbreviations: NA: not analyzed; HaCat: keratinocyte human immortalized; NHEK: Normal human epidermal keratinocytes;
NHEM: Normal human epidermal Melanocytes; SSUVR: Solar simulated ultraviolet radiation; sUVR: Simulated ultraviolet
radiation (UVA+UVB). Legend: & No significative difference; 1 Significative increase in mRNA expression; | Significative

decrease in mMRNA expression.
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GSE79579 GSE65034 GSE103621 GSE104870

NHEM HaCat NHEK NHEK NHEK

ssUVR uvB 6 h post UVR 24 h post UVR UVA
ENPP1 4] 1%} 1 (150 kd/m2) [0} (o]
ENPP2 1] [%] NA NA (%]
ENPP3 4] 1%} 1%} NA (o]
ENPP4 1] [%] NA NA (%]
ENPP5 4] 1%} 1%} 1%} %]
ENPP6 1] [%] NA NA l
ENPP7 4] 1%} NA NA (o]
ENTPD1 4] 1%} NA NA (o]
ENTPD2 a [%] NA NA (%]
ENTPD3 1] (%] NA NA (%]
ENTPD4 %) %] 1%} 1 (10 and 150 kJ/m2) (%]
ENTPDS 1] (] (] (%] (%]
ENTPD6 %) %] 1 (150 kd/m2) 1%} (%]
ENTPD7 (0] (] (] (%] (%]
ENTPD8 1] (] (] (%] (%]
NT5E 4] 10} 10} (6} (6]

Table 7 - Modulation of mMRNA Expression Profile of ENTPDs, ENPPs and NT5E from Epidermal Cells after UVR
Exposure. Summary of Analysis of Ectonucleotidases mRNA Expression Modulation after UVR Exposure on Epidermis Skin
Cells. Abbreviations: NA: not analyzed; HaCat: keratinocyte human immortalized; NHEK: Normal human epidermal
keratinocytes; NHEM: Normal human epidermal Melanocytes. Legend: @ No significative difference; 1 Significative increase in

mRNA expression; | Significative decrease in mRNA expression.

4. DISCUSSION

Purinergic signaling begins with release of ATP into extracellular space. ATP is
released from epidermal cells under static culture conditions®” or after exposure to
aggressive agents, such ultraviolet radiation. The peak of ATP release is observed
shortly after UVA or UVB exposure (1-10 minutes). ATP extracellular induce release
of pro-inflammatory mediators, such as IL-6, IL-13 and COX-2 from keratinocytes.
These processes suggest the relevant role still little explored of purinergic signaling in
inflammatory skin disorders, such rosacea. It is noteworthy that beyond to be a
damage signaling molecule and to induce ATP is involved in others paracrine signaling

processes not yet explored, such as melanogenesis.

The paracrine crosstalk between epidermal keratinocyte and melanocyte is

already well-known. In response to UVR, keratinocytes release factors that stimulates
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melanin production by melanocyte, such endothelin-1 and a-melanocortin (a-MSH)?°.
Melanin is deposited in the keratinocytes as a defense mechanism’#%, For the first
time, it was proposed that ATP could be another molecule related to skin pigmentation.
Lee E.J. and collaborators (2019) observed that the amount of released ATP from
keratinocytes was higher than from melanocytes suggesting these cells are more
sensitive to UVR exposure than melanocytes. These experiments reinforce the idea
that keratinocytes are important signaling players releasing paracrine mediators to
melanocytes®:22, In fact, ATP may have a more relevant role in melanogenesis not yet
fully investigated. This knowledge could be useful in pigmentary disorders, such as
vitiligo, melasma, solar lentigines and post inflammatory hyperpigmentation. However,
it is important to note that these effects caused by 100uM ATP, a noncytotoxic dose,
could not be observed in a physiological condition®3. Moreover, it would be interesting
to analyze the release of ATP from others cell types and included UVA radiation,
because it can penetrate more deeply into the skin than UVB, affecting cells located
in the dermis, such as fibroblasts®*. In experiments with human melanocytes, it would
be interesting to separate donor groups by phototype because is not known whether
more reactive melanocytes from individuals with higher phototypes have changes in
the expression of purinergic receptors when compared to melanocytes from patients
with lower phototypes. There are few studies about purinoreceptors and
ectonucleotidases in human melanocytes. Although Lee E. J. and collaborators (2019)
showed for the first time the presence of P2X2, P2X4, P2X7, P2Y1 and P2Y11
receptors in human melanocyte, they did not evaluate modulations in these receptors
after UVR exposure. In silico evaluation using data from GSE79579 there is no
modulation on ecto-enzymes and purinoreceptors in NHEM exposed to ssUVR
(375mJ/icm?). However, the exposure to phenolic agent (4-tertiary butyl phenol)
induces upregulation of adenosine A2sR and melanocyte apoptosis, it could be

involved in the occupational vitiligo®2.

ATP release in extracellular space triggering the signal through the P2
receptors. UVA exposure (2500mJ/cm?) in Hacat was able to increase protein
expression of P2Y11 and P2Y13 and this modulation is related to IL-6 release®. Inoue
K. and collaborators (2007) show UVB exposure (30mJ/cm?) in NHEK was able to
induce ATP release and increase IL-6 mRNA expression. The group identified
expression mMRNA of P2Y11 and P2Y13 receptors in NHEK in basal conditions, but
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didn’t analyze their modulation after UVR exposure®3. The results from GSE104870
showing downregulation of P2RY2 on NHEK also are in accordance with GSE102676
that showed the downregulation of this receptor on HaCaTs cells, after exposition to
ssUVR?!, In addition, there was a decrease in protein expression at 24 and 36 hours,
followed by a decrease in mMRNA levels at 12, 24 and 36 hours after exposed to UVB
(40 mJ/cm?)®, Besides that, exposed to UVB (30 and 60mJ/cm?) was able to decrease
MRNA P2Y2 in NHEK?®2, Interesting, the P2RY2 receptor was found co-localized with
keratinocyte proliferation markers®>°6, Taken together, this data suggests that the
decrease in P2RY2 levels could be an earlier marker to be evaluated, after exposition
to UVR, in order to infers whether the proliferation is altered, without impairs cellular

viability of keratinocytes.

The analysis of GSE103621 dataset, using commercial NHEK, showed an
increased expression in the levels of P2RX4 genes 6h after exposure (SUVR at
20kJ/m2). In accordance, the analyses of GSE104870, showed an upregulation in the
P2RX4 levels on human primary keratinocytes collected 7h post irradiation (UVA at
40J/cm?). However, expression mRNA of P2X4 in NHEK 6h after UVB exposure (30
and 60mJ/cmz2) was not changed®2. The upregulation of P2RX4 was observed after
ATP released through mechanical stimulation of keratinocytes derived from glabrous
skin®. Mechanistically, it is known that P2RX4 is activated rapidly and desensitize
within the seconds by ATP concentrations ranging from nanomolar to low
micromolar®. The guantification of ATP release after 60mJ/cm?2 was around 250nM®2,
perhaps increase of P2X4 occurs in greater amounts of eATP due to greater dose of
ultraviolet radiation. The analysis of GSE103621 dataset showed an increased in the
P2RX6 genes after 24h of (sUVR at 150kJ/m?). Even though studies evaluating gene
or protein expression and the functionally of P2RX6 are scare. Inoue reported the
presence of P2RX6 mRNA in only one cultured NHEK from four strains tested®?. This
reinforces the heterogeneity of the cell subclones, as well-known in primary cultured
keratinocytes®’.In NHEK, the analysis of GSE103621 dataset showed an increased in
the P2RX7 genes after 24h of exposure (SUVR at 150kJ/m?) and, in accordance, there
was the increase of expression genic P2X7 6h after UVB exposure (30 and
60mJ/cm?2)%?, Despite P2X7 receptor to be a purinoreceptor broadly studied in skin
cells and have proapoptotic role, few studies have evaluated the effects of its

modulation on keratinocytes cells after UVR exposition. Lee and collaborators (2019)
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evaluated the capacity of extracellular ATP modulate melanogenesis through P2X7
receptor in primary human epidermal melanocytes non-irradiated. The Pep19-2.5, a
synthetic anti-lipopolysaccharide (LPS) peptide that promotes activation of P2X7R,
enhanced in both, HaCaT cells and NHEK, the ability of migration and accelerated in
vitro wound closure in a dose-dependent manner®. These effects were abolished in
the presence of non-selective P2 purinergic antagonist PPADS (pyridoxalphosphate-
6-azophenyl-2',4'-disulfonic acid). Indeed, the Pep19-2.5 peptide was showed efficient
in accelerating in vivo wound healing process®. In periderm cells, the P2X7 receptor
was observed immune-colocalized with caspase-3 and with periderm cells that were
positive for TUNEL staining, which evidences nuclear DNA fragmentation®. These
findings suggest a potential role of P2X7 receptor in the process of apoptosis in these
cells. Interesting, just at 15 and 30 minutes after UVB-irradiation with 30 mJ/cm? on
HaCats cells led to increased ERK phosphorylation and intracellular levels of H202,
respectively'®. Indeed, the authors that provide GSE103621 data showed that at 24
h post exposure at a dose of 150 kJ/m?, there is modulation of expression of genes
involved in cell cycle signaling and in DNA repair, as well as in cancer-promoting

pathways'°t,

Considering that UVR exposure leads to ATP release from keratinocytes, which
is subsequently hydrolyzed to adenosine, the up-regulation of receptors of P1 family
is expected and can be rationally justified. The analysis of GSE103621 dataset
showed an increased expression in the levels of ADORA3 genes 6h after exposure
(SUVR at 150kJ/m?2). Of note, there is no studies analyzing the modulation of ADORAS3,
which encodes A3 adenosine receptor, in keratinocytes exposed to UVR. However,
when human skin samples were topically treated with an anti-inflammatory drug,
named Piclidenoson (also known as IB-MECA or CF-101), an agonist to A3 adenosine
receptor, it was observed an increased deposition of melanin from B16 melanoma
cells into keratinocytes'®?. In addition to find in the study with phenolic agent
exposure®?, these results suggests an interesting involvement still little explored

between adenosine/P1 receptors and human pigmentation.

After ATP release, several ecto-enzymes acts in this molecule and others
nucleotides and nucleosides orchestrating the availability of ligants®°. The analysis of

GSE103621 dataset, showed an increased expression in the levels of ENPP1 genes
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6h after exposure (SUVR at 150kJ/m?). Although there is no study investigating
whether there is modulation of ENPP1 gene in keratinocytes in response to UVR,
Fitsialos and collaborators (2007) demonstrated that ENPP1 gene expression is
quickly modulated (up- and down-regulated) in human keratinocytes isolated from

healthy neonatal foreskin during in vitro wound healing.

There is no experimental data about activity or expression of ENTPD4 in
keratinocytes that was showed increased in 15 kJ/m? and 150 kJ/m?, but not in 20
kJ/m? dose of UVR at 24h post exposure from GSE103621 dataset. Besides that, we
observed that mMRNA levels for ENTPD6 were decrease after UVR exposure. This
result is in line with data obtained with HaCaT cells that were collected one week after
been exposed to five repetitive doses of ssUVR at 12 J/cm?, which also led to decrease
on ENTPD6 expression'4. Marais and collaborator (2017) also found in this study
activation of upstream regulator TP63 that is a transcription factor regulating the
expression of NT5E gene. However, our analysis of data from GSE65034 revealed
that there is no modulation in the gene expression levels of receptors or enzymes of

the purinergic signaling, in HaCaTs after exposed to 6 or 12 h to UVB (20 J/m?).

Taken together, these results shown some players of purinergic signaling were
modulated by UVR exposure in epidermal human cells. The results indicated ATP
released by keratinocytes may be a key-molecule in communication with others cells
of skin and more studies about its availability are important for a better comprehension.
Players of purinergic signaling are involved in several skin processes, such aging,
alters in cell cycle or pigmentary and inflammatory disorders. This knowledge could
be useful for a better comprehension for cellular and molecular basis of the several
pathways signaling and help to develop new mechanism for dermatological aesthetic
and health.
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CAPITULO 2: CHARACTERIZATION OF ECTONUCLEOTIDASES
ACTIVITY IN HACAT AFTER ULTRAVIOLET RADIATION EXPOSURE

* Dados experimentais preliminares

1. INTRODUCTION

In 1929 was the first report of the extracellular physiological action of adenosine
compounds*’. Adenosine 5'-triphosphate (ATP) was proposed as a non-adrenergic
and non-cholinergic transmitter and the term “purinergic” was introduced by Greoffrey
Burnstock in the 1970s*77. Purinergic signaling acts in normal and pathological
conditions in several skin cell processes®. Besides to adenosine compounds,
purinergic signaling includes receptors — classified in P1 and P2 families — and ecto-
enzymes. Through purinoreceptors, nucleotides and nucleosides trigger several
physiological responses. Thus, this signaling is fine regulated by a group of
ectoenzymes that by their nucleotidase activity control the availability of ligands levels
in the purinoreceptors®. The four groups of ecto-nucleotidases include ectonucleoside
triphosphate diphosphohydrolases (ENTPDases), ecto-5-nucleotidase (CD73), ecto-
nucleotide pyrophosphatase / phosphodiesterases (ENPPs) and alkaline phosphates
(APs). E-NTPDases are nucleotide-specific and hydrolyze nucleoside triphosphates
(ATP) and diphosphates (ADP), generating nucleoside monophosphates (AMP) as the
end product of hydrolysis. Ecto-5-nucleotidase/CD73, encoded by NT5E gene,
hydrolyze AMP into adenosine.

There are evidences that exposure to aggressive agents, such as ultraviolet
radiation, causes the ATP release from epidermal cells, especially from
keratinocytes3-4063, This extracellular ATP (eATP) can be a paracrine or autocrine
signaling pathway. Interestingly, Chia-Lin Ho and collaborators (2013) observed the
gene expression of nucleoside triphosphate diphosphohydrolase-2
(NTPDase2/CD39L1) and nucleoside triphosphate  diphosphohydrolase-3
(NTPDase3) by HaCat — immortalized human keratinocyte — in basal conditions.
Furthermore, the use of interfering RNA for NTPDase2 led a significantly decreases
of ATP hydrolysis. These results indicate that the activity of NTPDase2 in

keratinocytes can modulate the ATP concentration in the epidermal microenvironment.
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This modulation is relevant because eATP induces the release of pro-inflammatory
mediators by keratinocytes3%3, which in excess could result in an exacerbated skin
immune response®. In addition, HaCat when exposed to high fluency of sUVR
exhibited significant activation of upstream regulator TP63 that is a transcription factor
regulating the expression of NT5E!4. However, there no experimental data about
alterations in ectonucleotidases enzymatic activity after exposure to UVR in epidermal
cells. Therefore, in this study, we aimed to understand the contribution of these

ectoenzymes in this field still poorly understood.

2. MATERIALS AND METHODS

CELL CULTURE

Immortalized human keratinocytes (HaCaT) were maintained with Dulbecco's
modified Eagle's medium with high glucose (DMEM High) (Sigma-Aldrich),
supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1%
penicillin/streptomycin (Sigma-Aldrich), which was changed every 3 days. The cultures
were maintained at 37 °C, 5% CO2, 95% humidity to reach confluence. Cells were

placed as written in each methodology and cultured for 48 h before each experiment.

ULTRAVIOLET RADIATION

Solar simulated UV radiation (sUVR) was performed using instrument Vilber-Loumart,
Eberhardzell, (Germany). Energy emission of UVA was 365 nm, whereas energy
emission of UVB was 312 nm. Fluency used was described in each experiment,
however, the ratio between UVA and UVB remained the same in all tests (95% UVA
and 5% UVB). This proportion was chosen because it resembles sUVR that has
contact with the Earth's surface, mimicking the radiation that would affect human skin.
Plate of control was wrapped with foil during irradiation (sham). Before each sUVR
exposure, medium cell culture was replaced for phosphate buffered saline (PBS)

solution.
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ANALYSIS OF CELL VIABILITY — MTT ASSAY

This method provides a quantitative measurement of the number of cells with
metabolically active mitochondria and is based on the mitochondrial reduction of a
tetrazolium bromide salt (MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay). Cells were plated in a 96-well plate and incubated at 37°C and 5%
COo.. After one day, the medium was removed and replaced for PBS solution than cells
were exposed to UVR. After Oh, 24h, 48h and 72h for exposure, medium was aspirated
and replaced with a fresh standard medium containing MTT (5 mg/mL) for 2h at 37 °C.
After incubation, the supernatant was carefully aspirated from each well, followed by
solubilization with dimethyl sulfoxide (DMSO). The absorbance was read by
SpectraMax M2 (Molecular Devices Corporation, USA) at 560 nm. The results were

expressed by cell viability (%) in comparison sham group.

RNA ISOLATION AND cDNA SYNTHESIS

Total RNA from cells was isolated with Trizol reagent (Life Technologies, Carlsbad,
CA, US.A) in accordance with the manufacturer's instructions. The RNA
concentration and purity were assessed with the NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA) and stored at -80 °C. 1 ug of total
RNA was reverse transcribed to produce cDNA using random and oligo-dT primers
and Superscript Il reverse transcriptase (Invitrogen Life Technologies) in total reaction
volumes of 20 uL. All cDNA sample were diluted 10-fold with diethyl pyrocarbonate
(DEPC)-treated water and stored at -20 °C.

QUANTITATIVE POLYMERASE CHAIN REACTION (gPCR) AND REFERENCE
GENE SELECTION

Quantitative PCR was performed using Applied Biosystems® StepOne™ Real-Time

PCR System using Kit Platinum SYBR® Green qPCR SuperMix-UDG (Invitrogen Life
Technologies, Carlsbad, CA, USA). The quantitative PCR was performed with an initial
denaturation (10 min at 95 °C), followed by 40 cycles of denaturation (15 s at 95 °C),
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annealing and extension (45 s at 60 °C). Melting curve was acquired to ensure that a
single product was amplified in each reaction. Primers sequence, product length and
NCBI reference sequence for reference genes by RT-gPCR was described
previously'®. Quantification of amplified samples was performed based on
amplification of a standard curve with five successive ten-fold dilution points of a pool
of cDNA samples. The relative gene expression values used as reference gene for
normalization was TATA binding protein (TBP). The analyses of GSE102676 dataset,
provided by study of Marais and collaborators, showed that TBP gene has the lowest
coefficient of variation (CV=8,70%) when compared to B-2-microglobulin (B2M;
CV=13.18%), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; CV=20.38%),
hypoxanthine guanine phosphoribosyl transferasel (HPRT-1; CV=21.84%) and (-
actin (ACTB; CV=23,30) genes.

ECTONUCLEOTIDASE ASSAYS

Enzymatic activities of ectonucleotidases in HaCat cells were determined by using
ATP, ADP and AMP as substrates as already described!%4. Briefly, ATPase, ADPase
and AMPase activity were measured by adding 1 mM ATP, ADP or AMP to reaction
medium (2 mM CaClz, 120 mM NacCl, 5 mM KCI, 10 mM glucose, 20 mM Hepes - pH

7.4) at 37 °C. For AMPase activity, the same incubation medium was used with the
exception that 2 mM MgClz was used instead of CaClz and the final nucleotide
concentration was 1 mM. Following 15, 30 and 60min incubation, the reaction was
stopped by removing an aliquot of the incubation medium and transferring it to a pre-
chilled tube containing trichloro-acetic acid (5.0% w/v). The release of inorganic
phosphate (Pi) was measured by the malachite green method?% with KH2PO4 as a Pi
standard. Specific activity was expressed as nmol of Pi released per min per mg of
protein (nmol Pi/min/mg protein). Protein concentration of samples was determined by

Bradford protein assay!%. This experimental data was performed 24h after irradiation.

STATISTICAL ANALYSIS
The GraphPad Prism® version 7 software was used to performed the evaluation

statistical. Student’s t-test was performed to compare two groups while one-way or
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two-way ANOVA was used to compare three or more groups. Results were considered
significant when P < 0.05 (*), P < 0.001 (**) and P < 0.0001 (***).

3. RESULTS AND DISCUSSION

HIGH DOSES OF ULTRAVIOLET RADIATION INDUCES CYTOTOXICITY

First, we determined the effect of simulated ultraviolet radiation (SUVR) on the
viability of HaCat cells using MTT assay (Figure 1). Cells were exposed to radiation
of low (175, 375, 575 and 1.500 mJ/cm?)1%7 and high (3, 6 and 12 J/cm?2)'* fluency.
The viability of cells irradiated at 3 J/cm2 or more was significantly decrease after 72 h
of exposure (Fig. 1A), while the viability of HaCat cells irradiated at 1500 mJ/cm? or
less was not reduced (Fig. 1B). Our data showed that after 72 h of exposition to 3, 6
or 12 J/cm?, cells exhibited losses in their viability in more than 50%, when compared
with sham group. However, lower fluencies did not decrease viability cell. These

results are in accordance with another data of literature with HaCat cells39:108,
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Figure 1 — Effect of high (A) or low (B) fluency of the SUVR exposure on the viability of Hacat. Asterisks denote
significant differences (** p<0.01) after 72h of the exposure in high doses by two-way ANOVA followed by Bonferroni’s multiple
comparison test (n=3).

Next, using the RNA was extracted in both conditions, high and low fluency, we
analyzed the RNA integrity by visualizing the ribosomal RNAs (28S and 18S) bands
on a 1% agarose gel (Figure 2). As result of exposure after high fluency, the analysis
showed intact bands of 28S and 18S at sham and 6 h after exposition sUVR and
degradation of RNA at 12 and 24 h after sUVR exposition (Fig. 2A). It was possible to
note the highest degradation of bands, when cells were exposed in the 12 J/cm? at 6,
12 and 24 h. On the other hand, the bands of RNA of cells exposure to low fluency
revealed integrity bands after 6, 12 or 24 h (Fig. 2B).
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Figure 2 - RNA integrity of HaCat cells sUVR exposure to high and low fluency. The electrophoretic profiles were
assessment using 1,0% agarose electrophoresis of total RNA from HaCat cells exposure to high (A) and (B) low fluency. The
samples shown in this panel are representative of three separate experiments.

ANALISYS OF ECTONUCLEOTIDASES EXPRESSION PROFILE IN HACAT AFTER
sUVR EXPOSURE

To determine whether exposure to UVA/UVB is able to modulate
ectonucleotidases expression in HaCat, we used quantitative PCR (Figure 3). For
these experiments, we used only samples exposed to 3 and 6 J/cm? at 6 h based on
results obtained of RNA integrity. Analysis of the melting curves revealed absence of
ENTPD1 expression (Fig. 3A) and presence of ENTPD2 (Fig. 3B) and NT5E (Fig.
3C) expression. Our results are in accordance with published study that showed
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absence of ENTDP1 gene and presence of ENTPD2 gene®’. High fluencies for sUVR
exposure to HaCat did not modulated expression of NT5E when compared with control
group (p> 0.05) (Fig. 3E).
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Figure 3 — Analysis of mMRNA profile profile of ectonucleotidases from Hacat cells after sUVR Exposure. The melting
curve showed non-specific peak for ENTPD1 gene (A) and a specific peak for ENTPD2 (B) and NT5E (C). The individual value
plots display the expression values for ENTPD2 expression (D) and there is not significative difference in mMRNA expression of

NT5E immediately after and 6h after exposure sUVR (E). Two-way ANOVA followed by Bonferroni’s multiple comparison test
(n=3).

EXTRACELULLAR NUCLEOTIDE HYDROLYSIS BY HACAT AFTER sSUVR
EXPOSURE

Studies have evaluated that epidermal cells release ATP just after UVR exposure3®-
4063 However, there is no experimental data about modulation of extracellular
nucleotide hydrolysis by skin cells after exposure to sUVR. Therefore, we aimed to
perform a panel to test the ability of HaCat irradiated with low fluencies to hydrolyze
extracellular ATP (Fig. 4A-C), ADP (Fig. 4D-F) and AMP (Fig. 4G-1) nucleotides. To

better investigate the pattern of extracellular nucleotides metabolism, cells were
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exposed to 15, 30 and 60 min of incubation, as shown in Figure 4. Low fluencies for
SUVR exposure to HaCat did not affect significantly extracellular nucleotide hydrolysis.
These results are in agreement with our in silico investigation that showed no
modulation on mMRNA of ectoenzymes expressed by HaCat cells, even considering

differences between cell lineages and primary culture, and irradiation conditions.
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Figure 4 — Extracellular nucleotide metabolism in HaCat after sUVR exposure. Cell cultures were incubated with ATP (A-
C), ADP (D-F) or AMP (G-I) for 15’, 30’ and 60’ and the release Pi was determined using malaquites green assay, as describe in
material and methods. Data were expressed as mean and represent the media + SD of at 3 experiments performed in triplicate.
Two-way ANOVA followed by Bonferroni’'s multiple comparison test (n=3)

Preliminary Conclusions
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We observed a tendency of increase in nucleotides degradation in cells that were
exposed to radiation from 375 mJ/cm?. However, the variability observed in the
experiments did not allow this conclusion. Therefore, the results presented in this
chapter are still preliminary and further studies are necessary for understand whether
exposition of epidermal cells to irradiation could modulated the expression or activity
of ectonucleotidases.
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CONSIDERACOES FINAIS

Apesar da exposi¢do do tegumento a radiagdo solar ter efeitos benéficos, como
sintese de vitamina D e liberacdo de endorfinas, € de conhecimento geral os prejuizos
cutaneos oriundos da exposicao cronica a radiacao ultravioleta. Aqui foram abordados
resultados originados de uma revisédo sisteméatica, de analises in silico a partir de
dados depositados em Gene Expression Omnibus do National Center for
Biotechnology Information (NCBI) e de dados experimentais. Focamos compreender
sobre possiveis alteracdes na sinalizacao purinérgica apés a exposicao de células

epidermais a radiacao ultravioleta.

E digno de nota que ha uma grande variacdo experimental, devido aos
diferentes equipamentos e intensidades aplicadas nas analises de radiacdo. Ha uma
vasta possibilidade de combinacfes de tipos de radiacdo, como radiacdo solar
simulada (com todos os comprimentos de onda emitidos pelo sol), radiacdo
ultravioleta simulada (radiacao ultravioleta que atinge a superficie terrestre composta
UVA e UVB), além da utilizacdo de apenas um comprimento de onda possibilitando o
estudo individual do impacto do UVA ou do UVB. Além disso, vale ressaltar que as
diferentes fluéncias e quantidades de exposicdo das radiacdes ocasionaréo
processos celulares distintos. Portanto, associar a dose aplicada no equipamento com
identificacdo de respostas celulares, além da avaliacdo da citotoxicidade, seria uma

abordagem interessante para uma possivel padronizacao.

Acreditamos que os queratindcitos possam de alguma forma “proteger” os
danos da exposicao solar, pelo menos de forma inicial. Entretanto, essa exposicao
guando se torna cronica poderia promover alteragdes. Por isso seria fundamental
analisar de forma concomitante o efeito da radiacdo a curto e a longo prazo nos
queratindcitos. Os dados experimentais sugerem um aumento da degradacgéo de ATP
a partir de 375 mJ/cm? que, possivelmente, néo foi significativo devido a variabilidade
dos resultados. Seria interessante confirmar esses achados, aliando a medida da

atividade em células primarias nas condi¢cfes estabelecidas com as HaCats.
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PERSPECTIVAS

Devido a pandemia, muitos experimentos ndo puderam ser realizados/refeitos.
Abaixo colocamos algumas possibilidades de ensaios que temos interesse em
realizar em curto prazo. Além disso, vale ressaltar que seria interessante explorarmos

as alteracdes oriundas da exposicao cronica de radiacdo ultravioleta.

Acreditamos que apenas uma Unica exposi¢cdo a RUV néo seja o suficiente
para promover alteracdes na expressao e atividade das ectoenzimas. Talvez o pico
de ATP liberado dessa Unica exposicao seja hidrolisado pelas ectoenzimas ja
existentes sem necessidade de aumento de expressao proteica. Ademais, é digno de
nota que as principais alteracdes cutaneas oriundas pela exposicdo solar ao
tegumento humano séo oriundas de inUmeras exposi¢cdes de longo prazo por varios
anos. Sendo assim, seria interessante a elaboracdo de protocolo de exposicéo
seriada/crénica a radiacdo ultravioleta. Utilizando a metodologia de Marais e
colaboradores (2017), realizamos 5 exposi¢cdes das doses altas de UVA+UVB (3, 6 e
12J/cm2) no periodo de duas semanas em HaCats (dados n&do mostrados).
Entretanto, essa dose se mostrou excessivamente danosa e causou a morte de todas
as células. Achamos que essa discrepancia possa ser explicada pela utilizacao de
equipamentos de radiacéo diferentes. A padronizacdo de um protocolo de exposi¢cdes

seriadas poderia ser uma metodologia altamente enriquecedora em nossos estudos.

EXPERIMENTO 1: ANALISE DA CITOTOXICIDADE

Acreditamos que as analises da citotoxicidade pelo teste de MTT apos a
exposicdo a radiacdo ultravioleta nos tempos de 24, 48 e 72h foram adequadas.
Entretanto, no experimento em que as HaCats foram expostas a baixas doses (175,
375, 575 e 1.500mJ/cm?) ha uma tendéncia de significancia na maior fluéncia no
ultimo tempo analisado. Acreditamos que a diferenca estatistica nao foi encontrada
devido a discrepancia no experimento, portanto temos interesse em refazer essa
analise. Ademais, gostariamos de utilizar queratindcitos humanos primarios (NHEK)
nessas mesmas condi¢cdes. ApoOs isso, gostariamos de utilizar esse mesmo ensaio

em HaCats e NHEK expostas de maneira seriada a RUV.
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EXPERIMENTO 2: EXPRESSAO DAS ECTONUCLEOTIDASES

Nesse trabalho, a partir de PCR, verificamos a expressao génica de ENTPD1,
ENTPD2 e NT5E em 0 e 6h apds a exposicao de doses altas em HaCat (3 e 6J/cm?2).
N&o tivemos amplificacdo para ENTPD1, sendo esse resultado coerente com a
literatura®’. Algumas amostras de ENTPD2 também ndo amplificaram, mas
acreditamos que possa ser um erro operacional. Portanto, gostariamos de refazer
esse experimento para fecharmos o n faltante e termos esse resultado finalizado.
Ademais, ja temos material armazenado, de 0, 6, 12 e 24h ap0s a exposi¢ao a baixas
doses (175, 375, 575 e 1.500mJ/cm?) para que consigamos completar esse
experimento. Ademais, gostariamos de utilizar queratinécitos humanos primarios
(NHEK) nessas mesmas condicfes visto que ja foi demonstrado anteriormente pelo
Nnosso grupo que a imortalizacdo pode afetar a expressao génica e proteica das
ectoenzimas!®. Apés isso, gostariamos de utilizar esse mesmo ensaio em HaCats e

NHEK expostas de maneira seriada a RUV.

EXPERIMENTO 3: HIDROLISE DOS NUCLEOTIDEOS EXTRACELULARES

N6s observamos uma tendéncia de aumento da degradacao dos nucleotideos
extracelulares com irradiacbes acima de 375mJ/cmz2. Entretanto, acreditamos que
essa diferenca nao foi encontrada devido a discrepancia nos experimentos. Assim,
gostariamos de refazer essa andlise. Vale ressaltar que o resultado desse
experimento é descrito pela quantidade de fosfato inorganico (Pi) liberado e pela
guantidade total de proteina em cada poco. Apesar dessa correcao pela quantidade
de proteina, uma baixa confluéncia pode alterar o resultado da atividade enzimética.
Devido a um erro operacional, podemos néo ter o resultado correto dessa analise, 0
gue reforca a necessidade de reproduzir esse experimento novamente. Ademais,
gostariamos de utilizar queratinécitos humanos primarios (NHEK) nessas mesmas
condicdes. Apos isso, gostariamos de utilizar esse mesmo ensaio em HaCats e NHEK

expostas de maneira seriada a RUV.
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EXPERIMENTO 4: QUANTIFICACAO DO ATP LIBERADO APOS EXPOSICAO A
RUV

A partir das analises oriundas do artigo de revisdo sistematica, pudemos
compreender que o ATP é liberado imediatamente ap0s a exposicdo a radiacéo
ultravioleta. Lee e colaboradores (2019) mostraram que NHEK liberam por volta de
170nM de ATP, sendo essa avaliacao feita apdés 2h de exposi¢cdo a 100mJ/cmz2 de
UVB. Ja Takai e colaboradores (2011) observaram que HaCats liberam cerca de
3,9nM de ATP logo apos a mesma exposi¢cdo a 100mJ/cm2 de UVB. Esse dado indica
fortemente que queratindcitos humanos primarios liberam uma quantidade maior de
ATP que queratindcitos imortalizados. Acreditamos que seria interessante fazer a
guantificacdo de ATP liberado a partir da exposicdo Unica a radiacdo ultravioleta

utilizando esses dois tipos celulares apés 1, 5, 10, 60 e 120 minutos de exposicao.
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